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PREFACE

Since the first international meeting on Vitamin B involvement in catalysis took place in 1962, there
have been periodic meetings every three or four years. In 1990, scientists studying another cofactor,
PQQ, which had already attracted the scientific community’s interest for its possible involvement in
amino acid decarboxylation and reactions involving amino groups, joined forces with those
investigating pyridoxal phosphate-dependent enzymes. Since then, the international
PQQ/quinoproteins meetings have been held jointly. In the years following the original meeting 37
years ago in Rome, Italy, the scientific gatherings have taken place in Moscow, Russia (1966);
Nagoya, Japan (1967); Leningrad (St. Petersburg), Russia (1974); Toronto, Canada (1979); Athens,
Greece (1983); Turku, Finland (1987); Osaka, Japan (1990); and Capri, Italy (1996). For the first time
in the history of these symposia, the international meeting was held in the United States, from October
31 through November 5, 1999, in Santa Fe, New Mexico.

The scientific program focus shifted significantly beyond the original emphasis on catalysis to aspects
such as cellular and genetic regulation of events involving proteins that require pyridoxal phosphate or
quinoproteins. The growing awareness of the involvement of these proteins in biotechnology
processes and fundamental physiological events, as well as their implication in diseases, was also
represented, with emphasis on the molecular basis of these events.

The meeting was symposium S278, sponsored by the International Union of Biochemistry and
Molecular Biology (IUBMB).

This volume incorporates highlights of the presentations made during the meeting, which have been
speedily processed in order to share the information with the scientific community in a timely fashion.

The Editors

Ana Iriarte
Herbert M. Kagan
Marino Martinez-Carrion



ACKNOWLEDGEMENTS

Honorary President
ESMOND E. SNELL (USA)

International Advisory Board
Osao Adachi (Japan)

Robert Barouki (France)

Temir Berezov (Russia)

Francesco Bossa (Italy)

Philipp Christen (Switzerland)

Jorge Churchich (Hong Kong)
Krishnamurti Dakshinamurti (Canada)
Shawn Doonan (United Kingdom)
Johannis Duine (The Netherlands)
Athanasios Evangelopoulos (Greece)
Toshio Fukui (Japan)

Robert John (United Kingdom)
Hiroyuki Kagamiyama (Japan)
Herbert M. Kagan (USA)

U.S. Organizing Committee
Marino Martinez-Carrion, President
Laura Batenic, Secretary/Treasurer

Jorge Churchich
James Manning
Paul Cook

Scott Matthews
Leodis Davis
Donald McCormick
David Dooley

Sponsors

Jack F. Kirsch (USA)

Timo Korpela (Finland)
Johan Jansonius (Switzerland)
Gennaro Marino (Italy)
Marino Martinez-Carrion (USA)
Donald McCormick (USA)
David Metzler (USA)
Yoshimasa Morino (Japan)
Verne Schirch (USA)

Klaus Schnackerz (Germany)
Kenji Soda (Japan)

Yuri Torchinsky (Israel)
Edith Wilson-Miles (USA)

Edith Wilson-Miles
Michael Dunn
David Metzler
Herbert Kagan
Verne Schirch

Jack Kirsch

International Union of Biochemistry and Molecular Biology (IUBMB); Bayer Corporation,
Pharmaceutical Division; BioMolecular Instruments, Division of Thermo Instrument Systems;
Chiron Corporation; Merck, Sharp & Donne Research Laboratories; MitoKor; Parke-Davis

Pharmaceutical Division of Warner-Lambert Corp.; School of Biological Sciences, University of

Missouri-Kansas City



MOLECULAR REGULATION OF ENZYMES
CONTROLLING LEVELS OF VITAMIN B¢
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and PQQ-dependent Proteins
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Genetic and Genomic Approaches for Delineating the Pathway of Pyridoxal 5°-Phosphate
Coenzyme Biosynthesis in Escherichia coli

Malcolm E. Winkler*
Department of Microbiology and Molecular Genetics, University of Texas Houston Medical
School, Houston, TX 77030, U.S.A.
*Current address: Lilly Research Laboratories, Drop Code 1543, Indianapolis, IN 46285, U.S.A.

Pyridoxal 5’-phosphate (PLP) biosynthesis has been studied extensively in Escherichia coli K-12
by a combination of biochemical and genetic approaches, and the E. coli pathway serves as a
benchmark for understanding PLP biosynthesis in other organisms. The goal of this brief review
is to highlight some of the genomic and genetic approaches that have contributed to delineating
the de novo and salvage pathways of PLP biosynthesis in E. coli. Classical genetic approaches
provided the initial pdx mutants, and the combination of genomics and genetics has helped to
elucidate the functions and redundancy of enzymes involved in PLP biosynthesis. Genetic
approaches have also verified intermediates in the PLP biosynthetic pathway in bacterial cells.

Pyridoxal 5’-phosphate (PLP) is the active form of vitamin B¢ and acts as an essential,
ubiquitous coenzyme in many aspects of amino acid and cellular metabolism (see [1,2]). PLP is
synthesized de novo in E. coli by converging branched pathways that lead to 4-phosphohydroxy-
L-threonine (4PHT) and D-1-deoxyxylulose phosphate (DXP), which are condensed to form
pyridoxine 5’-phosphate (PNP) (Fig. 1) [2-9]. PNP is then oxidized by PdxH oxidase to form
PLP, the active coenzyme (Fig. 1) [1,2,10,11]. PLP is converted to pyridoxamine 5’-phosphate
(PMP) by the half-reaction of transaminases (Fig. 1) (see [1,2,6]). PMP is recycled back to PLP
by the second half-reaction of transaminases and by PdxH PNP/PMP oxidase in the PLP salvage
pathway (see below). Important new findings suggest that part or all of the de novo pathway for
PLP biosynthesis is different in fungi, plants, and some bacteria from that in E. coli [12,13].

PLP can also be synthesized in E. coli by a salvage pathway that utilizes pyridoxal (PL),
pyridoxine (PN), and pyridoxamine (PM) taken up from the growth medium (Fig. 2)



TktA
TktB Dxs Branch
Transketolases
Pyruvate
TalA +
Transaldolase p—Glyceraldehyde—3-phosphate
l Thiamin (Vitamin B,)
Dimethylallyl diphosphate
PdxB Branch 1-Deoxy—D __—" Isopentenyl diphosphate
TktA xylulose 5-phosphate
TktB C-H .‘3 oH .§ oH .'Co' on (bx “CH,0H
%¢~H NaD* NADH *G-OH NaD*NADH ® §-OH gru  ake *,07 A .
Transketolases| H§¢'°H H—c:—oH éz0 u HS‘;!NHz 205"0”20 55/‘ ’3 ol
H-C-OH H-C-OH H-C-OH H>C-OH
5 ; ; SerC -
H Epd i H i eco, N s
p-Erythrose~ 4—-Phospho— 3-Hydroxy- 4-Phospho~ g'yri%oxinhe te
- 4-phospho- hydroxy— ~phospha
4-phosphate erythronate }&ygm‘;syvj hydroxy- ine (PNg) P
—ketobutyrat
(E4P) (4PE) etobutyrate (4PHT)
o, —
? i PAxH(FMN)|
H9
“CH , NH,, “cHO
Aromatic Amino Acids: 20 poH ¢S P OH 2y poH_cS 4 oH
L-tryptophan CRar i T P e bt X S
L-phenylalanine ~ |a — o~ L \
L-tyrosine Q 2 S .
Aromatic vitamins: NG, [ranssminazes]  HON G,
p-aminobenzoate
p-hydroxybenzoate Pyridoxamine Pyridoxal
2,3-dihydroxybenzoate 5'-phosphate 5'-phosphate
(PMP) LP)
Active
coenzyme

Figure 1. de novo PLP biosynthetic pathway in E. coli K-12. See text for details.

[10,11,14,15]. In the salvage pathway, PL, PN, and PM are first phosphorylated by the PdxK
PN/PL/PM kinase or the PdxY PL kinase to form PLP, PNP, and PMP, respectively (Fig. 2)
[14,15]. PNP and PMP are oxidized by the PdxH oxidase, which functions in both the salvage
and de novo pathways [10,11]. Similar salvage pathways are present in other microbes and in
mammalian cells that lack a de novo PLP biosynthetic pathway (see [10,11,14,15]). In
mammalian cells, PLP homeostasis is further maintained by the offsetting activities of PL
kinases and a PLP-specific phosphatase (P’ase) [16]. A cytoplasmic PLP P’ase activity has been
detected in E. coli K-12, but it has not yet been determined whether this P’ase is specific for PLP
[Y. Yang and M. Winkler, unpublished result].

Extensive early hunts for mutants of E. coli B or E. coli K-12 that require PN or PL for growth
were carried out using classical methods, such as antibiotic enrichment, by Walter Dempsey and
coworkers (see [1,2]). The pdx biosynthetic genes were grouped into five different linkage
groups, which later complementation studies showed each consist of a single distinct gene [17].

pdxB mutants of E. coli K-12 require PN, PL, or glycolaldehyde (CHO-CH,OH) (GA)
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Figure 2. PLP salvage pathway in E. coli K-12. See text for details.

for growth (see below and [3]). Point mutations in the serC(pdxF) gene, which encodes the
transaminase used for both PLP and serine biosynthesis (Fig. 1), cause a dual requirement. for
PN, PL, or GA and serine [3]. In contrast, pdxJ and pdxA mutants grow when supplemented with
PN or PL, but not GA [2,3]. This distinct auxotrophy pattern led to the hypothesis that the PdxA
and PdxJ gene products participate in closure of the PLP ring (Fig. 1) using an intermediate
formed by the PdxB and SerC(PdxF) enzymes or synthesized by an alternative pathway from GA
in pdxB or serC(pdxF) mutants [3]. Involvement of PdxA and PdxJ in ring closure was recently
confirmed biochemically [7,8]. pdxH mutants, which are defective in the function of PNP/ PMP
oxidase, were distinguished by growth on media containing PL, but not on PN (Figs. 1 and 2)
[1,2,18].

Most of the genes that encode PLP biosynthetic enzymes in E. coli K-12 are located in
complex superoperons with genes that mediate other functions (see [2,3,15,17,18]). In some
cases, this arrangement may allow integration of PLP biosynthesis with other metabolic

pathways and processes. The presence of PLP biosynthetic genes in superoperons limited the



isolation of polar insertion mutations in some pdx genes. Polar insertion mutations were readily
isolated in pdxB, pdxA, and pdxH, because these genes are located upstream of internal
promoters in superoperons [see (2,17)]. In contrast, insertion mutations could not be readily
isolated in serC(pdxF) or pdxJ for different reasons [3,17]. serC(pdxF) is the first gene of a two-
gene superoperon that contains the aro4 gene involved in the common aromatic compound
biosynthetic pathway; consequently, serC(pdxF) insertion mutants require supplementation by
eight different compounds for growth (PL, PN, or GA, serine, the three aromatic amino acids,
and the three aromatic vitamins) [3]. pdxJ/ is in a very complicated gene arrangement [17]. pdxJ
is expressed from an internal promoter that also drives the expression of the downstream acpS$
gene, which encodes acyl carrier protein synthase essential for fatty acid biosynthesis.

The breakthrough in ordering the PdxB branch of the de novo PLP biosynthetic pathway in E.
coli K-12 came when genomic information was combined with results from isotope tracer and
precursor feeding experiments (see [2,3]). DNA sequence data showed that pdxB encodes a
dehydrogenase that is an evolutionary paralogue of the SerA 3-phosphoglycerate dehydrogenase
involved in serine biosynthesis (see [3]). This finding led to the hypothesis that the PLP and
serine biosynthetic pathways are parallel and utilize analogous phosphorylated four and three
carbon substrates, respectively (see [3]). This reasoning placed the oxidation catalyzed by PdxB
before the transamination catalyzed by SerC(PdxF) (Fig. 1) and was consistent with isotope
tracer and feeding data implicating 4PHT or 4-hydroxythreonine (4HT) as the product of this
branch of the PLP biosynthetic pathway [2-5]. The proposed substrate of PdxB could be
generated by oxidation of erythrose 4-phosphate (E4P), which is the important precursor of the
aromatic vitamins and amino acids (Fig. 1) (see [2,3,6,19]).

Several different genetic approaches were used to verify the PdxB branch of the PLP
biosynthetic pathway. If E4P is the precursor of 4PHT, then mutants deficient in transketolase
activity should require B¢ vitamers for growth. This hypothesis was verified in tkt4 tktB double
mutants that lack function of the two redundant transketolase genes in E. coli [9]. The
assignment of the GapA and Epd(GapB) genes to the first committed step of the PdxB branch of
PLP biosynthesis was achieved by a combination of genomics, biochemistry, and genetics [6,19].
The structural similarity between glyceraldehyde 3-phosphate (GA3P) and E4P suggested that
the missing enzyme was the GapA GA3P dehydrogenase or a paralogue of GapA [19].



Examination of genomic sequences revealed that E. coli contained a paralogue of GapA
designated GapB. Protein purification demonstrated that GapB was indeed an E4P
dehydrogenase, and gapB was renamed epd [19]. Construction and characterization of gap4,
epd, and gapA epd mutants showed that both GapA and Epd are involved in PLP biosynthesis in
E. coli [6]. The redundancy of GapA and Epd(GapB) function accounts for why single mutations
were never identified that block the first step of PLP biosynthesis (Fig. 1).

A genetic approach was also used to demonstrate that 4PHT, not 4HT, is the obligatory
intermediate in PLP biosynthesis in vivo [4]. In E. coli K-12, glycolaldehyde (GA) is not an
obligatory intermediate in PLP biosynthesis; however, GA can be condensed with glycine to
form 4HT [4]. If 4PHT is the obligatory intermediate, then 4HT formed from GA would need to
be phosphorylated by a kinase to allow PLP biosynthesis in a pdxB mutant (Fig. 1). Purified
ThrB homoserine kinase was known to use 4HT as a substrate, and it was postulated that ThrB
converts 4HT to 4PHT in vivo [4]. This hypothesis was verified by the demonstration that thrB
pdxB mutants fail to grow on minimal media supplemented with threonine and GA or 4HT, but
did grow on media containing threonine and PN [4]. Ring closure with 4PHT would lead directly
to PNP as the first B¢ vitamer synthesized de novo. This conjecture suggested that the PL/PM/PN
kinases are not required in the de novo pathway of PLP biosynthesis, but instead are confined to
a salvage pathway [4,5]. These ideas were recently confirmed when pdxK and pdxY kinase
mutants were identified and characterized (see below; [14,15]) and when ring closure by purified
PdxA and PdxJ was shown to produce PNP directly [7,8].

The involvement of DXP in PLP biosynthesis was discovered by isotope tracer experiments by
the laboratories of Hill and Spenser (see [2]). DXP is formed by the condensation of pyruvate
and GA3P [2,20,21]. Searches for mutants defective in DXP synthesis were unsuccessful,
because it turned out that DXP is a precursor of PLP, thiamin (vitamin B;), and isopentenyl
pyrophosphate (IPP) and dimethylallyl diphosphate (DMADP), which are precursors of
isoprenoid compounds essential for cell growth [20,21]. DXP as a precursor of IPP and DMADP
was surprising, because many organisms synthesize IPP and DMAPP by the classical
acetate/mevalonate pathway [20,21]. The dxs gene that encodes DXP synthase was located in E.
coli by applying genomics. Because of the condensation catalyzed, DXP synthase was

hypothesized to contain motifs found in transketolases [20,21]. One candidate ORF was in a



cluster of genes encoding enzymes known to catalyze reactions that use IPP as a substrate
[20,21]. Cloning, overexpression, and purification of the protein encoded by this candidate ORF
showed that it indeed encoded DXP synthase [20,21]. With knowledge of its function, it has been
possible to construct genetic systems in which dxs is conditionally expressed under the control of
a tightly regulated promoter [Q. Sheng and M. Winkler, unpublished result]. Feeding studies of
these conditional mutants demonstrates that DXP is required only for PLP, thiamin, and IPP
biosynthesis in E. coli cells [Q. Sheng and M. Winkler, unpublished result].

Recently genetic approaches have been instrumental in identifying the enzymes involved in the
PLP salvage pathway (Fig. 2). The PdxH PNP/PMP oxidase plays roles in both pathways (Figs.
1 and 2). pdxH mutants do not grow without oxygen [18]. Suppression that allows pdxH null
mutants to grow without oxygen is caused by a single amino acid change in the PdxJ enzyme
involved in ring closure [22]. This mutant PdxJ bypasses the normal biosynthetic pathway [22].
This bypass phenotype was the first indication of an interaction between PdxJ and DXP in ring
closure [22]. The electron acceptor used by the PdxH FMN-dependent oxidase in cells in the
absence of oxygen is an important unanswered question. Other uncharacterized phenotypes of
pdxH mutants are their tendency to form long filamentous cells containing unsegregated
nucleoids and to excrete significant amounts of L-glutamate and o.-ketoisovalerate [18].

Genetic approaches led to the first identification of a gene encoding a PL/PM/PN PdxK kinase
in any organism [14]. This identification was accomplished by using the fact that GA is
converted to phosphorylated 4PHT, which provides the phosphate ester group of PNP (Fig. 1). If
this idea is correct, then pdxB mutants lacking the regular de novo PLP biosynthetic pathway and
missing the gene encoding PN kinase should grow when supplemented with GA, but not with PN
[14]. Following transposon mutagenesis and screening, an insertion mutation was found in pdxK,
which encodes PL/PN/PM kinase [14]. Isolation of a pdxK mutant by this scheme not only
corroborated that PNP is the first B¢ vitamer synthesized de novo by the PLP biosynthetic
pathway, but indicated that the PL/PM/PN PdxK kinase functions in the salvage pathway instead
of the de novo biosynthetic pathway [14]. The PdxK sequence led to the rapid identification of
its mammalian orthologue (see [15]) and showed that PdxK has signature motifs of the PfkB
superfamily of carbohydrate kinases, which includes phosphofructokinases and ribokinases
[14,15].



The identification of the pdxY gene, which encodes a previously unsuspected PL kinase,
provides another example of the power of genomic and genetic approaches to elucidate the PLP
salvage pathway [15]. pdxK kinase mutants still contained an unidentified PL kinase activity
[14]. This observation led to the hypothesis that E. coli must contain two Bg vitamer kinases
[14,15]. This hypothesis was confirmed when amino acid alignments of PdxK with all other E.
coli proteins deduced from the complete genome sequence led to a candidate PL kinase gene,
which was named pdxY [15]. Construction and characterization of the phenotypes of pdxY null
mutants, pdxK pdxY double mutants, and pdxK pdxY pdxB triple mutants led to the strong
conclusion that the PdxK PL/PM/PN kinase and the PdxY PL kinase are the only physiologically
important Bg vitamer kinases in E. coli and their function is confined to the PLP salvage pathway
[15]. Moreover, pdxY is located downstream from pdxH (encoding PNP/PMP oxidase) and
essential #yrS (encoding aminoacyl-tRNA™" synthetase) in a multifunctional operon that may
link together PLP cofactor amount and amino acid supply and charging to tRNA for translation
[15]. The role of the PdxK and PdxY kinases and cytoplasmic PLP P’ases in setting cellular PLP
and PMP levels (Fig. 2) is currently under investigation and will be greatly advanced by the

mutants and genomic and genetic approaches described herein.
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Summary: The evolutionary retention of homologous portions of pyridoxal kinases, both
broadly and narrowly specific, and the occurrence of a highly conserved region of
pyridoxine (pyridoxamine) phosphate oxidase with catalytically involved residues,
emphasize the importance of these enzymes that are potential agents for release of
pharmalogic effectors.

The interactions by which the three, natural, free forms of vitamin B¢ (PN, PL, and PM)
can be routed to the coenzyme pyridoxal 5’-phosphate (PLP) require the successive
actions of pyridoxal kinase and pyridoxine (pyridoxamine) 5’-phosphate oxidase.
Additionally phosphatases catalyze hydrolytic reversions of the vitaminic 5’-phosphates to
free vitamers. These essential interconversions are summarized in Figure 1.

PN PL PM

KlTP KlTP KITP
(o) (0]
PNP —> PLP <— PMP

Fig. 1. Interconversions of B vitamers with their 5’-phosphates noting steps catalyzed by
kinase (K), oxidase (O), and phosphatases (P).

Pyridoxal Kinases

Our purifications and characterizations of the pyridoxal kinases responsible for
catalyzing the phosphorylation of PN and PM as well as PL from both prokaryotic and
eukaryotic sources, revealed that most higher organisms preferred Zn”" rather than Mg®*
as the ATP-chelated cosubstrate and indicated additional activation by K* [1,2].
Extentions of these findings have been made by M. Fonda, J. Churchich, and others.
Confirmation of the stimulatory effect of K" was recently reported for the kinase in human
erythrocytes [3]. A pharmacologically interesting expansion of our earlier studies that
demonstrated the inhibition of pyridoxal kinase by carbonyl reagents [1,4,5] is the recent
finding that the mammalian kinase is also a benzodiazepine-binding protein [6]. Drugs that
inhibit pyridoxal kinase have now been divided into three groups, viz.substrate competitive
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types, e.g. theophylline and progabide; those that form covalent complexes, e.g.
cycloserine, dopamine, isoniazid, and thiamphenicol glycinate; and a third group
comprised of levodopa, D-penicillamine, and muzolimine [7].

It was found by M. Winkler’s group [8] that Escherichia coli has two kinases for B,
viz. one (classic) using all three vitamers and another that uses only PL as substrate. Both
function in the salvage pathway of PLP biosynthesis. In E. coli, unlike mammals,
formation of PNP can be achieved via ring closure of 4-phospho-hydroxy-L-threonine [9].
PNP would then be oxidized to PLP by the oxidase, and the kinases would be used to
recover PL and PN after hydrolytic cleavages of their phosphates. Expression of
mammalian kinase cDNA is reported in this symposium by L. Nutter.

Pyridoxine (Pyridoxamine) Phosphate Oxidases

Early observations of an oxidase that catalyzes the second step in the formation of PLP
from PNP and PMP in liver were reported by Pogell [10] and by Wada and Snell [11].
Our complete purification of this oxidase from rabbit liver, and its certain characterization
as an FMN-dependent enzyme [12], was followed by a fairly extensive delineation of its
properties [13], including ascertaining amino acid residues that may be involved in binding
of the coenzyme and are likely participating in the catalytic mechanism [14]. The oxidase
has since been isolated from other tissues and other organisms, but its general
characteristics are similar even at the level of E. coli [9]. With the sequences of
pyridoxine (pyridoxamine) phosphate oxidase from several sources, and using computer
techniques applied in molecular biology, it was feasible to find out more about this
enzyme. This was done in a few cases with microorganisms [15]; however, extending this
comparison to more eukaryotic species would allow a greater certainty of the essential
residues. A full-length cDNA clone from the Schizophyllum commune library was isolated
by us using a DNA hybridization probe amplified by polymerase chain reaction with
degenerate primers, the design of which was based on conserved regions in sequences of
the oxidase from other organisms [16]. The cDNA clone possessed an open reading frame
encoding a polypeptide of 229 amino acids. The amino acid sequence exhibits a striking
degree of identity with the corresponding enzymes from Saccharomyces cerevisiae (76 %)
[15], Haemophilus influenzae (51 %) [17], Myxococcus xanthus (48 %) [18], and E. coli
(44 %) [19]. The sequence of the oxidase from rat tissues was reported by Ngo et al. [20]
and will be expanded upon by L. Nutter in this symposium. Comparisons of aligned
sequences around the highly conserved signature pattern are shown for these oxidases in
Figure 2.

E. coli 'MSD-----" LEQIEFWQGGEHRLHDRFLY*"----LAP?**
M. xanthus 'MAL-----?"PDRIEFWHAQESRLHDRHVY*----LYP?"°

H. influenzae ~ 'MIL-----"PETVEFWQGRPSRLHDRIRY?"------LSP?®
S. cerevisiae =~ 'MTK--—--'""PLEIEFWQGRPSRLHDRFVY?**-—-LAP**
S. commune  'MAT-—--""PLEIEFWQGRPSRLHDRFVY % LAP?
R.. norvegicus 'MTC----->"PQVMEFWQGQTNRLHDRIVF**---LAP**!

Fig.2. Alignment of homologous sequences of PNP/PMP oxidases. Superscripts depict
residue positions from the N-blocked M at 1 to the C-terminal P.



Yet another similar eukaryotic oxidase sequence, reported as Swiss-Prot: Q20939 in the
EMBL/GenBank data files, is from Caenorhabditis elegans. ScanProsite sequence
searches showed that all known sequences of the oxidase contain protein kinase C
phosphorylation sites. There are also varyingly phosphorylation sites for casein kinase 11
and tyrosine kinase. There are N-myristoylation sites near the amino terminus of the
oxidases from all known sources as well. We had shown earlier that the oxidase from
rabbit liver was N-terminal blocked [21]. Clearly the oxidase is subject to regulation.

As regards amino acid residues involved in binding and catalysis, our spectral and
modification studies using analogues of coenzyme, substrate, and product indicate the
FMN is so situated within the catalytic cleft as to have the dimethylbenzenoid edge toward
solvent [22], and substrate can bear a sizeable secondary amine function [12,23,24]
instead of the natural hydroxymethyl or aminomethyl group at position 4 of the 5°-
phosphopyridoxyl moiety. FMN is bound at the side chain by cationic interaction with the
dianionic 5’-phosphate of the coenzyme and by stereospecific hydrogen bonding to
secondary hydroxyls of the D-ribityl chain [12,22,25], ring association occurs with a W
residue as reflected by mutual quenching of fluorescence [26]. Substrate and product are
bound through their dianionic 5’-phosphate to a guanidium function of an R [27].
Catalysis seems to involve the base function of a H which serves to facilitate abstraction of
a proton from the 4’-group of substrate [28], and a cationic group centered near N'-O” of
FMN [22], thereby enhancing the oxidative propensity of the coenzyme by stabilizing the
dihydroflavin anion generated. Hence, the conservation of W and R residues for binding of
coenzyme and substrate/product, and the absolute requirement for the H residue within
the conserved sequence are all compatible with the mechanism we have proposed earlier
[14]. The kinetics reflect a binary (ping-pong) mechanism with PNP from which hydrogen
abstraction is rate limiting, whereas a ternary complex (sequential) mechanism proceeds
with PMP [29]. Ultimate structural elucidation obtained by crystallographic means should
clarify the exact positioning of residues within the ternary complex of protein, coenzyme,
and substrate.

Kinase/Oxidase Facilitated Delivery of Bioactive Amines

The action of the broad specificity pyridoxal kinase from humans and most eukaryotes,
followed by action of pyridoxine (pyridoxamine) phosphate oxidase, which we have found
competent to catalyze formation of PLP from numerous N-(5’-phospho-4’-
pyridoxyl)amines as well as PMP and PNP, provide a model for transporter-enhanced
delivery of bioactive compounds [30]. Generally for cells there is facilitated entry with
relative specificity for water-soluble vitamins including the Bg group [31]. Our work on
the uptake of Be by renal proximal tubular cells [32], their brush-border membrane vesicles
[33], and binding proteins in the membranes [34] has shown that all three natural non-
phosphorylated forms of B gain facilitated entry. Cells from the kidney and liver also
import N-(4’-pyridoxyl)amines that were synthesized by condensing amines with pyridoxal
and reducing the Schiff base product [30,35,36]. The outline of such events, using
pyridoxal and an effector amine, to generate a stable, transportable compound that gains
facilitated entry into cells where successive actions of kinase and oxidase then liberate the
effector amine and PLP is illustrated in Figure 3. Similar techniques are being applied in
the ongoing search to effect better delivery of pharmacologic agents.
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Pyridoxal
+ ———— Chemical linking —3 N-(4’-Pyridoxyl)amine
Effector amine
Plasma-membrane
transporter

Pyridoxal phosphate
+ «—— Enzymatic cleavage — N-(4’-Pyridoxal)amine
Effector amine

Fig. 3. Transport and metabolism of synthetic N-(4’-pyridoxyl)amines for delivery of
potential effectors.
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Summary

Studies on resistance of the fungus Cercospora nicotianae to singlet oxygen generating
photosensitizers revealed new insights into the biological role of vitamin B6. Heterologous
expression of a gene originally isolated because it complemented photosensitizer-sensitive
mutants revealed that this gene (PDX7) is an essential component in vitamin B6 synthesis. Data
base analysis has revealed that organisms contain either PDX/ homologues or homologues to
Escherichia coli biosynthetic genes but not homologues to both, suggesting the existence of
divergent pathways. Furthermore, vitamin B6 is an efficient quencher of singlet oxygen and
quenching occurs through a chemical interaction during which vitamin B6 is consumed.
Introduction

Although the filamentous fungus Cercospora nicotianae produces high amounts of a toxic
photosensitizer, cercosporin, it is completely resistant to it (5, 6, 14). The toxicity of cercosporin
and other photosensitizers is due to their ability to absorb and transfer light energy to molecular
oxygen to produce toxic oxygen species (19). Under reducing conditions, a number of radical
species can be produced while direct energy transfer produces the extremely toxic, but non-
radical, singlet oxygen (‘O;). There are numerous biological resistance mechanisms against
radical oxygen species, but very few defenses against '0; (5, 6). C. nicotianae is also resistant

to other photosensitizers, and thus exhibits an uncommon general photosensitizer resistance.

Identification of SOR1/PDX1
Functional complementation of a C. nmicotianae strain sensitive to cercosporin and other
photosensitizers (13, 14) led to the isolation of a gene, originally called SOR1, encoding a protein

with extensive homology to numerous proteins in diverse organisms (9, 10). The extent of the
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homology and its cosmopolitan nature was puzzling because it was far more ubiquitous than
photosensitizer resistance itself. Although cercosporin is almost universally toxic at low
concentrations (5, 6), some of the SOR! homologues were from photosensitizer sensitive
organisms while others were from anaerobes. The protein sequence itself lacks conserved
functional domains, and so provided no clue to its biological role.

To determine if heterologous expression of SOR! could enhance photosensitizer resistance, the
ORF was fused to a constitutive fungal promoter and transformed into a highly photosensitizer
sensitive Aspergillus flavus strain. Intriguingly, we recovered numerous transformants with
SORI, but none with the vector control. Comparison of the selection conditions with the
phenotype of the A. flavus strain indicated the strain was a pyridoxine auxotroph and that our
medium lacked that essential ingredient. Our apparent complementation of a pyridoxine
auxotroph using SOR/ led us to test our sor/ mutants for a comparable phenotype. While wild
type C. nicotianae grows on a minimal medium lacking vitamins, sor/ mutants cannot unless it
is supplemented with pyridoxine (8). Because sor!/ mutants are clearly pyridoxine auxotrophs
the name of this gene has been changed to PDX/. All organisms require vitamin B6, whether
they synthesize it or obtain it nutritionally. Plants and microbes, with the exception of some
obligate parasites, synthesize it. The synthesis profile of vitamin B6, therefore, solved the

mystery of why SORI/PDX1 was so ubiquitous and well conserved.

PDX1 represents a divergence in the vitamin B6 synthesis pathway

The solution to one puzzle led to another. In E. coli, pyridoxine auxotrophs have been used to
dissect the biosynthetic and genetic pathways (7, 11, 15, 17, 22). All the E. coli pyridoxine
genes have been cloned and characterized, but none has any homology to PDX1, nor is there any
gene in the entirely sequenced E. coli genome with homology to PDXI. PDXI, however, clearly
plays a role pyridoxine synthesis in both C. micotianae and A. flavus suggesting that PDX]
represents a divergence from the previously characterized pathway.

Homology searches using PDX/ and the E. coli genes pdxA and pdx.J were performed using all
available databases. In organisms with completely sequenced genomes, PDX1 is found in fungi,
archaebacteria and a subset of eubacteria, while the E. coli genes are found only in eubacteria
(Table 1). Without exception, no organism contains both a homologue to PDXI and

homologues to the E. coli genes. Some completely sequenced genomes lack homologues to



either (data not shown). These include Caenorhabditis elegans, the sole animal with a
completely sequenced genome, and seven eubacterial obligate parasites with reduced coding
capacity, presumably due to the fact that they obtain nutrients, such as pyridoxine, from their
hosts. In organisms with incompletely sequenced genomes, PD.X/ homologues are found in nine
plants, four fungi, Dictyostelium discoidum, two archaebacteria and eight eubacteria while pdxA
and pdyx.J are found in eighteen eubacteria. As with those with completely sequenced genomes,

no organism has homologues to both PDX1 and the E. coli genes.

Table 1. Occurrence of PDX1 and the Escherichia coli pyridoxine biosynthetic
genes pdxA and pdx.J in organisms with completely sequenced genomes.

ORGANISM PDX1  pdxA/J Taxon
Saccharomyces cerevisiae + - Fungi
Methanococcus jannaschii + - Archaebacteria
Pyrococcus horikoshii + - Archaebacteria
Pyrococcus abyssi + - Archaebacteria
Methanobacterium thermoautotrophicum + - Archaebacteria
Archaeoglobus fulgidus + - Archaebacteria
Aeropyrum pernix + - Archaebacteria
Haemophilus influenzae + - Eubacteria
Bacillus subtilis + - Eubacteria
Mycobacterium tuberculosis + - Eubacteria
Thermotoga maritima + - Eubacteria
Deinococcus radiodurans + - Eubacteria
Escherichia coli - + Eubacteria
Synechocystis - + Eubacteria
Helicobacter pylori + Eubacteria
Aquifex aolicus - + Eubacteria

These data indicate that a divergence in pyridoxine synthesis genes that occurred during
eubacterial evolution led to the majority of organisms (plants, fungi, archaebacteria and some
eubacteria) ﬁsing the divergent rather than the well characterized E. coli route. There is currently
insufficient information to determine if the divergence is broader than a single step. *N-labeling
data, however, had previously hinted that yeast pyridoxine synthesis utilized a different nitrogen
donor than E. coli (20). Additionally, we have two other C. nicotianae pyridoxine auxotrophs
that are not PDX/ mutants. Because our fungus has no sexual stage, we cannot determine if
these two mutants represent one or two genes in the C. nicotianae pyridoxine pathway. Work is

now underway to isolate the gene(s) mutated in these two strains.
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Pyridoxine and 'O,

The relationship between auxotrophy and 'O,-sensitivity was clarified by examining the
response of one of our pdx/ null strains to cercosporin and other photosensitizers in pyridoxine
dose response experiments. While 10 ng/ml of pyridoxine was sufficient to restore wild-type
growth to the pyridoxine auxotroph in the absence of photosensitizer, 100 pug/ml was necessary
to support the same level of growth in photosensitizer-containing medium (data not shown). An
exogenous source of pyridoxine, therefore, could complement both phenotypes, but
photosensitizer resistance required 1000-fold higher concentrations for full restoration.

Our discovery that B6 vitamers quench 'O, clarified this disparity. Pyridine, the chemical
backbone of vitamin B6, does not quench 'O, so even extensive surveys of 'O, quenchers did
not examine vitamin B6 (2, 21). Our measurements, however, showed that vitamin B6 vitamers
are surprisingly efficient quenchers of 'O, phosphoresence. We determined quenching constants
for four forms of vitamin B6 (pyridoxine, pyridoxal, pyridoxal-5’-phosphate and pyridoxamine)
and showed they quenched 'O as effectively or better than some of the most effective biological
antioxidants known (e.g. vitamins C and E ) (8).

The above work, however, measured total quenching which is the sum of all physical and
chemical quenching. Physical quenchers (e.g. carotenoids and azide) absorb energy form '0,
and dissipate it as heat, remaining unchanged. In contrast, chemical quenchers undergo a
chemical reaction with 'O,, and are altered and/or consumed. To determine if vitamin B6
quenches via a chemical mechanism, the fate of pyridoxine in an irradiated photosensitizer-
containing solution was followed spectrophotometrically. Increased irradiation of a solution
containing both photosensitizer and pyridoxine resulted in decreased pyridoxine concentration.
This decrease could be blocked by adding increasing concentrations of sodium azide, a potent
physical quencher (3). This indicates that pyridoxine loss in the first part of the experiment was
due to 'O, exposure, blocked by addition of azide.

The identification of vitamin B6 as a chemical quencher of 'O, explains the disparity in
pyridoxine levels needed to support growth of a pyridoxine auxotroph in the presence and
absence of photosensitizer. Increasing interaction with 'O, results in decreasing amounts of

pyridoxine, thus skewing the growth curve of the auxotroph. A similar observation was made in



21

Aspergillus nidulans (16), where light preincubation of pyridoxine and photosensitizer-
containing medium produces medium unable to support growth of a pyridoxine auxotroph.

A facile explanation for the inability of pdx/ mutants to grow in the presence of photosensitizer
is their pyridoxine auxotrophy. Other evidence, however, suggests that vitamin B6 plays an
active role against photosensitization. First, the efficient quenching of 'O, by vitamin B6
suggests its synthesis and accumulation has importance additional to its co-factor role.
Secondly, studies in other organisms strongly suggest correlations with active oxygen defense.
In yeast, a PDX1 homologue shows greatly increased transcript and protein accumulation as cells
enter stationary phase, a part of the cell cycle associated with increased production of active
oxygen species (4, 12). In rubbertree, transcript amounts for PDX/ homologues increase upon
exposure to salicylic acid and ethylene (18), two compounds correlated with pathogen response,
which in turn is correlated to increases in active oxygen species. Finally, in Bacillus subtilis,
paraquat, a superoxide inducer, elicits an increase in the corresponding PDX1 protein (1).

Current efforts are focussed on further dissection of the C. nicotianae pyridoxine biosynthetic
pathway with an emphasis on isolation of further genes in that pathway. We are also continuing
to dissect the relationship between pyridoxine and photosensitizer resistance. Studies are
underway to delineate regulatory signals that modulate PDX/ expression and also to determine
cellular concentrations of B6 vitamers. In addition to uncovering what appears to be the
recruitment of an essential compound into a specialized, defensive role, we have shown that

pyridoxine is not synthesized by a universal pathway in all organisms.
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Summary

cDNA fragments of ovine liver pyridoxal kinase were amplified by PCR using degenerate
oligonucleotide primers based on partial amino acid sequence data. Using the PCR product as probes, we
have isolated a full-length cDNA encoding the human brain pyridoxal kinase. The recombinant enzyme was
overexpressed in E. coli, and the recombinant enzyme has maximum catalytic activity in the narrow pH
range of 5.5-6.0. The Km values for two substrates pyridoxal and ATP are 97 uM and 12 pM, respectively.
Zn** is the most effective divalent cation in the phosphorylation of pyridoxal. Results from intrinsic
fluorescence quenching measurements showed that the tryptophanyl residues in the recombinant protein are
more accessible to the neutral acrylamide than to the negatively charged iodide.

Introduction

Pyridoxal 5’-phosphate (PLP) is a cofactor required by numerous enzymes that catalyze
transamination, decarboxylation and racemization reactions (Snell, 1990). The formation of PLP
from pyridoxal and ATP is catalyzed by pyridoxal kinase (EC 2.7.1.35) (McCormick et al., 1961).
Pyridoxal kinase has been detected in all mammalian species as well as in many microorganisms.
The enzyme isolated from sheep brain has been identified to be a dimmer with a molecular weight
of 80 kDa (Kwok and Churchich, 1979; Kwok et al., 1987). The physiological significance of
pyridoxal kinase is not fully understood, but this enzyme is of particular interest because of the
intimate relationship of vitamin B¢ metabolism to brain disorders such as convulsive seizures and
Down syndrome. Further progress in the physiological and functional studies depends upon
detailed information on the structure and action mechanism of the enzyme.

cDNAs encoding pyridoxal kinase have been recently isolated from various species
(Hanna et al., 1997; Gao et al., 1998; Yang et al., 1998), but the tertiary structure of the enzyme is
still not available. In order to further our understanding of pyridoxal kinase, we have isolated a
full-length cDNA encoding the human brain enzyme. Furthermore we expressed a recombinant
human pyridoxal kinase in E.coli, and characterized its catalytic properties. A successful over-
expression of soluble and catalytically active human enzyme should facilitate future studies
involving the utilization of mutagenesis and X-ray crystallography.
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Materials and Methods

Degenerate oligonucleotide primers, 5’-CA(TC)GT(AGTC)AA(CT)CA(AG)TA(CT)GA
(CT)TA-3’ (forward) and 5’-GC(AG)TC(AGTC)AC(CT)TT(AG)TGCAT(CT)TCCAT-3’ (reverse)
corresponding to the sequence of two peptides from ovine pyridoxal kinase, were used in PCR
amplification. The amplified ovine liver cDNA fragment of approximately 0.5kb was labeled by
nick translation, and used to screen the human brain cDNA library constructed in AZAP II vector
(Stratagene).

To facilitate an expression vector construction, two restriction sites of Ndel and BamHI
were introduced by PCR at both ends of the open reading frame. The amplified gene was
subcloned into the pGEM vector, and Ndel fragment was then inserted into pT7-7 vector (pT7-
7/MPK). To construct pMAL-c2/HPK, a BamHI fragment of the pT7-7/HPK-r containing the
reverse oriented gene was inserted into pMAL-c2 expression vector. The bacterial cells IM109,
harboring pMAL-c2/HPK, were cultured in LB media with ampicillin at 37°C until an ODggo of
the culture reached 0.5. Then IPTG was added to a final concentration of 0.3mM, and the cells
incubated overnight at 25°C. For purification of the expressed protein, the cell lysate was applied
to an amylose column for affinity chromatography, and eluted with the column buffer containing
10mM maltose. The purified fusion protein was treated with factor Xa, and the sample was then
applied to hydroxyapatite column to remove the maltose and the protease. Finally the second
amylose affinity chromatography yielded highly purified human pyridoxal kinase.

For the enzyme assay, the initial rate of formation of pyridoxal-5’-P was measured by
following the increase in absorbance at 388nm at least 3 min. The standard assay mixture contains
pyridoxal (0.5mM), ATP (0.5mM) and ZnCl, (0.1mM) in 70mM potassium phosphate buffer (pH
6.0). A unit of enzymatic activity is equivalent to the formation of 1nmol of PLP/min catalyzed by
the enzyme at 37°C.

Results and Discussion

cDNA Cloning and Expression of human brin pyridoxal kinase

Using two degenerate oligonucleotide primers corresponding to the amino acids sequence
of the ovine brain pyridoxal kinase, PCR amplifications were performed to screen an ovine liver
Agtll cDNA library. The amplified cDNA fragment was used for screening of a human brain
cDNA library. One of the isolated clones consists of 1115bp encoding a human brain pyridoxal
kinase. As shown in Fig.1, the deduced amino acid sequence from an open reading frame
corresponds to a polypeptide of 312 amino acid residues with a molecular weight of 35102, which
is identical to the results from the testis cDNA reported by Hanna et al (1997). Comparison of the
deduced amino acids sequence with other mammalian enzymes suggests that the pyridoxal kinase
is highly homologous in mammalian species (Fig. 2).

To investigate enzymatic properties of the human pyridoxal kinase, the recombinant
enzyme was overexpressed in E.coli as a fusion protein with maltose binding protein. Most of the
expressed protein was found in the soluble extract after lysis of the cells. Based on the specific
activity and SDS-PAGE analysis, it was estimated that the expressed protein presents more than
10% of the cellular proteins. After two steps of affinity chromatography, we usually obtain about
10 mg of pure pyridoxal kinase from 1 liter of cultured cells.

Properties of recombinant human brain pyridoxal kinase
Maximum catalytic activity was observed over the pH range 5.5-6.0 when pyridoxal was used as
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cccgagcgagegegagaccegtgeccccgecteggeccecgegegeccgcgecaggeccggcATGGAGGAGGAGTGCCGGGTGCTCTCCATA 90
M EEETCRVLSI 10
CAGAGCCACGTCATCCGCGGCTACGTGGGCAACCGGGCGGCCACGTTCCCGCTGCAGGTTTTGGGATTTGAGATTGACGCGGTGAACTCT 180
Q SHVYIRGYVGNRAATFPLQVLGFETIDAVNS 40
GTCCAGTTTTCAAACCACACAGGCTATGCCCACTGGAAGGGCCAAGTGCTGAATTCAGATGAGCTCCAGGAGTTGTACGAAGGCCTGAGG 270
VQFSNHTGYAHWKGOQVLNSDELAOQETLYESGTLTR 70
CTGAACAACATGAATAAATATGACTACGTGCTCACAGGT TATACGAGGGACAAGTCGTTCCTGGCCATGGTGGTGGACATTGTGCAGGAG 360
LNNMNKYDYVLTGYTRDKSFLAMVYVYDTIVQE 100
CTGAAGCAGCAGAACCCCAGGCTGGTGTACGTGTGTGATCCAGTCTTGGGTGACAAGTGGGACGGCGAAGGCTCGATGTACGTCCCGGAG 450
L KQQNPRLVYVCDPYLGDI KWDGEGSMYVPE 13
GACCTCCTTCCCGTCTACAAAGAAAAAGTGGTGCCGCTTGCAGACATTATCACGCCCAACCAGTTTGAGGCCGAGTTACTGAGTGGCCGG 540
DLLPVYKEKVYVYVYPLADTITITPNQFEAETLTLSSGR R 160
AAGATCCACAGCCAGGAGGAAGCCTTGCGGGTGATGGACATGCTGCACTCTATGGGCCCCGACACCGTGGTCATCACCAGCTCCGACCTG 630
KT HSQEEALRVMDMLHSMGPDTVVITSSDL 19
CCCTCCCCGCAGGGCAGCAACTACCTGATTGTGCTGGGGAGTCAGAGGAGGAGGAATCCCGCTGGCTCCGTGGTGATGGAACGCATCCGG 720
PSPQGSNYLIVLGSQRRRNPAGSVVMETRTITR R 220
ATGGACATTCGCAAAGTGGACGCCGTCTTTGTGGGCACTGGGGACCTGTTTGCTGCCATGCTCCTGGCGTGGACACACAAGCACCCCAAT 810
MDIRKVDAVYFVGTGDLFAAMLLAWTHIKUHPN 25
AACCTCAAGGTGGCCTGTGAGAAGACCGTGTCTACCTTGCACCACGTTCTGCAGAGGACCATCCAGTGTGCAAAAGCCCAGGCCGGGGAA 900
NLKVACEKTVSTLHHVYLQRTTIAOQCAKAQAGTE 280
GGAGTGAGGCCCAGCCCCATGCAGCTGGAGCTGCGGATGGTGCAGAGCAAAAGGGACATCGAGGACCCAGAGATCGTCGTCCAGGCCACG 990
GVRPSPMQLELRMVYQSKRDIEDPETIVVQAT 310
GTGCTGTGAgggccccgecgettgeccgtgacgaccagegegttggtgtetecgtgtttgtecctgtgaaaacatgtaacgtectgectta 1080
vV L * 312
gagccatgaccgaaacttgatatttttttctttea 1115

Fig. 1. Nucleotide and deduced amino acid sequence of human brain pyridoxal kinase. The 5’ and 3’
flanking regions are indicated as lowercase whereas the open reading frame as uppercase letters. The
predicted amino acid sequence is shown below the nucleotide sequence.

l | l | I | |
HBPK MEEECRVLSIQSHVIRGYVGNRAATFPLQVLGFEIDAVNSVQF SNHTGYAHWKGQVLNSDELQELYEGLR
RLPK MEGECRVLSIQSHVVRGYVGNRAAMFPLQVLGFEVDAVNSVQF SNHTGYAHWKGQVLTSQELHALYEGLK
PBPK MQAGSWVVGGGDSDSRVLSIQSHVVRGYVGNRAATFPLQVLGFEVDAVNSVQF SNHTGYAHWKGQVLNSDELHALYEGLK

. Kkkkkkkkkk kkkkkhkdkk dkkkkkkkkk khkhhhkhhkhrxkhkhhrkdikk * k%  hkkkx

HBPK LNNMNKYDYVLTGYTRDKSFLAMVVDIVQELKQQNPRLVYVCDPVLGDKWDGEGSMYVPEDLLPVYKEKVVPLADIITPN
RLPK  ANNVNKYDYVLTGYTRDKSFLGMVVDIVQELKQQNSRLVYVCDPVMGDKWNGEGSMYVPQDLLPVYREKVVPMADIITPN
PBPK LNNVNQYDYVLTGYTRDKSFLAMVVDIVRELKQQNPRLVYVCDPYMGDKWDGEGSMYVPEDLLPVYREKVVPVADIITPN

*k ok kkkkdkkkkkkkkkkk kkdkkk kkkkdkk dokkdkkkkkk kkkk kkkkkkkk kkkdkkk hkkkk kkkkkkk

HBPK  QFEAELLSGRKIHSQEEALRVMDMLHSMGPDTVVITSSDLPSPQGSNYLIVLGSQRRRNPAGSVVMERIRMDIRKVDAVF
RLPK  QFEAELLSGRKIHSQEEAFAVMDVLHRMGPDTVVITSSDLPSPKGSDYLMALGSQRMRKPDGSTVTQRIRMEMRKVDPVF
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Fig. 2. Comparison of amino acid sequences of mammalian pyridoxal kinases. The sequence for human
brain pyridoxal kinase (HBPK) is from present study (or GenBank accession No. U89606), rat liver (RLPK)
from AF020346 and porcine brain enzyme (PBPK) from AF041255. Asterisks represent identical amino
acids (78%), single dots are high similarity, and blank spaces are no homology.
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the substrate. The activity decreases gradually above pH 6, and more dramatically below pH 5.5.
The stability of the enzyme at various pH was taken into consideration in the analysis of the kinetic
parameters. At pH values below 5.5, a gradual irreversible inactivation was observed. On the other
hand, exposure of the enzyme to alkaline buffers prior to the enzymatic assays has no effect on
protein stability. At optimum pH value, the specific activity of recombinant human pyridoxal
kinase is 2470 units/mg and it exhibits Km values of 97 pM and 12 pM for pyridoxal and ATP,
respectively (Table I). In addition, pyridoxal kinase requires a divalent ion for its catalytic activity.
Of the divalent ions examined, Zn** is the most effective, and the order of activation is Zn?* > Co**
> Mn*" > Mg”* > Ca?* (Table II).

Table I, Catalytic parameters of recombinant Table 11, Effect of divalent cations
human pyridoxal kinase on the kinase activity
Specific activity (units/mg) 2470 Compound Ralative activity (%)
Km (uM) Zn? 100
Pyridoxal 97 Co** 85
ATP 12 Mn®* 45
Mg?* 15
Ca* 5

The degree of exposure of the tryptophanyl residues to collisional encounters with small
molecules was derived from intrinsic fluorescence measurements under conditions of iodide (I')
and acrylamide quenching. Upon excitation at 295nm and emission at 350nm, we obtained a
typical Stern-Volmer plot: straight lines for both quenchers with Ksv values for acrylamide and KI
of 9.7 and 4.5M’, respectively. Judging from these results, it appears that the three tryptophanyl
residues in the recombinant human pyridoxal kinase are more accessible to neutral acrylamide
molecules than to the negatively charged iodide ions.
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Summary

We have studied the regulation of transaminase gene expression by hormones and drugs in
humans and rodents. In rodents, most of the regulation is hormonal and is consistent with the role
of these enzymes in gluconeogenesis.In humans, these genes are up-regulated by drugs such as
fibrates, which may partially account for the increase in the activities in serum observed in some
treated patients. Interestingly, fibrates down-regulate these genes in the rat, suggestingthat there
are important differences in the regulation of gene expression between rodents and humans.

Introduction

Alanine aminotransferase (E.C.2.6.1.2.) and aspartate aminotransferase (E.C.2.6.1.1.) are
ubiquitous enzymes present as two isoenzymes, cytosolic and mitochondrial. They catalyze
important reactions, mainly in amino acid metabolism and gluconeogenesis(1). Serum cytosolic
aspartate aminotransferase (CAspAT) levels are important in the diagnosis of liver, heart and
muscle diseases while serum alanine aminotransferase (AlaAT) levels are most useful in the
diagnosis of liver diseases (2). It is assumed that an increase in the serum levels of these enzymes
reflects leakage from the damaged cells. This is certainly the case when the increase in serum
activities is great. In case of moderate and transient increases, an alternative possibility is that
changes in serum levels could reflect changes in the expression of the genes of these enzymes due
to physiological and pharmacological effects. These effects may be either positive, leading to
increased serum activities in the absence of cytotoxicity or negative, leading to serum activities
that may not reflect the intensity of the tissue damage.It is thus important to determine how
these genes are regulated. In our laboratory, we have studied the regulation of the transcription of
the genes encoding both the cytosolic aspartate and alanine aminotransferases in humans and in

rodents by several hormones, nutrients and drugs.
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I. Regulation of the rat cytosolic aspartate aminotransferase (cAspAT)gene promoter by
glucocorticoids, insulin and glucose

In the rat liver and kidney and in the rat hepatoma cell line, Fao, glucocorticoids increase
cAspAT activity and mRNA levels without changingthe activity of the mitochondrial form (3,
4). In Fao cells, this effect is potentiated by cAMP and inhibited by insulin (4). Streptozotocin-
induced diabetes increased the activity and the mRNA level of cAspAT in the rat liver (5). These
effects result from changes at the transcriptional level (6).

We have cloned and sequenced 2405 bp of the promoter of the rat cAspAT gene which
displays properties of both a housekeeping gene and a tissue-specific regulated gene (6). The
basal activity is restricted to 290 proximal basepairs (7) in which the cAMP responsive site is
located. Glucocorticoids exert their action through two regions, a proximal region (-682/-26)
containing both a glucocorticoid responsive element (GRE) and a nuclear factor I site (NFI) and a
distal region (-1983/-1718) (6, 8, 9), which is responsive to insulin (Figure 1).

This distal region was studied in more detail by subcloning deleted fragments in front of
heterologous promoters capable of expressing the chloramphenicol acetyltransferase (CAT)
activity into Fao cells and the parent cell line, H4IIEC3. Measurement of CAT activity showed
that a 282 (-1984/-1702) bp fragment contains the elements required for the induction of gene
expression by glucocorticoids and the negative effect of insulin (data not shown).

Deletions of different sizes of the (-1984/-1702) fragment, cloned in front of the less complex
thymidine kinase (Tk) promoter were transiently transfected into H4IIEC3 cells. A 142 bp
fragment (1844/-1702) retained responsiveness to both hormones. In contrast, several other
deletions led to dramatic changes in the action of glucocorticoids, insulin or both (10).

Several consensus motifs known to bind transcription factors were detected in the (-1844/-
1702) sequence and footprint experiments using rat liver or H4II cell nuclear extracts revealed
binding to three sequences, PI to PIII (Figure 1), (10).

We focused on the -1817/-1775 region which shows sequence similarities to insulin responsive
elements (IREs) found in the promoters of other genes regulated by glucocorticoids and insulin in
a similar manner (11). In this region, 5 different IREs are present which overlap with hepatocyte

nuclear factor-3 (HNF-3) and nuclear factor I (NFI) consensus sequences (figure 1).
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Figure 1. Location of consensus DNA binding sites, of the sites mediating hormonal effects in the

cAspAT gene promoter and of footprints (PI to PIII).

Retardation assays revealed that members of the HNF-3 and NFI families bind to this region
(10). We mutated these IREs and transfected the constructions into H4II cells. Only the
combined mutation of 2 IREs (¢ and d) led to the loss of the insulin effect whereas a 3-fold
stimulation by glucocorticoids was still seen. Additional studies are now under way to determine
which proteins are necessary for the effects of these hormones.

cAspAT participates in gluconeogenesisin the liver and is expected to be a glyceroneogenic
enzyme in the adipocyte (12). In the adipoblast cell line, 3T3-F442A, and in rat adipose tissue,
glucose deprivation induces 3 to 4-fold cAspAT activity and mRNA level (13). This effect is
cell-specific, since neither hepatoma nor muscle or kidney cells responded to glucose deprivation.
Using permanent transfections, it was shown that the region (-1984/-1718), necessary for the
effect of insulin on liver cells, is also required for the effect of glucose. cAspAT responded to
stress in a manner similar to glucose-regulated proteins and is a new member of this family (14).
II. Regulation of rodent cytosolic aspartate aminotransferase (cAspAT) and alanine
aminotransferase (cAlaAT) genes by fibrates

Fibrates were developed as drugs to decrease serum triglycerides and cholesterol in humans

(15). They act through the peroxisome proliferator-activated receptor (PPAR) (16). The effect of
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fibrates was tested because treatment with these drugs trigger moderate elevations in serum
transaminases in some patients. In rats and mice, fibrate treatment leads to an increase in the size
and in the number of peroxisomes in the liver which, eventually, provokes tumors in the animals.
In the mouse, treatment with fenofibrate decreased the level of the mRNAs encoding cAlaAT and
cAspAT by 42 and 81% (17). PPARa. deficient mice displayed a 2 to 3-fold increase of both
cAspAT and cAlaAT compared to normal mice and fenofibrate treatment did not modify these
levels (17). These results strongly suggest that the inhibition by fenofibrate is mediated by
PPARo and that an endogenous ligand for PPARo may repress the transaminase mRNA levels
innormal mice.

The activities of both transaminases were reduced by fenofibrate in the rat hepatoma cell line
Fao, particularly following dexamethasone induction (50 and 70% decrease for cAlaAT and
cAspAT, respectively). This was due to a decrease in the mRNA levels of both transaminases
(unpublished data). A proximal 550 bp fragment of the cAspAT promoter subcloned in front of
the CAT reporter gene was transfected into the rat hepatoma cell line, H4II. Treatment of the
transfected cells by fenofibrate leads to a 40% inhibition of the promoter activity obtained in

control cells (unpublished data), a result in agreement with the effect observed in mice.

III. Regulation of the human cytosolic aspartate aminotransferase (cAspAT) and alanine
aminotransferase (cAlaAT) genes by fibrates

Several of the effects of fibrates in rodents, including increased peroxisome proliferation and
tumorigenesis, have never been observed in man. However, as mentioned above, some patients
treated with fibrates develop moderate and transient elevations of serum transaminases, which is
interpreted as reflecting limited liver toxicity (15). In the human hepatoma cell line, HepG2,
fenofibric acid increases the enzyme activity and the mRNA levels of both cAspAT and cAlaAT,
an effect due an increase in the transcription of the genes (17).
We have recently cloned a 2660 bp fragment of the human cAspAT promoter and found a 65%
homology between the rat and the human promoters in the 800 proximal basepairs. Fibrate

treatment of HepG2 cells transfected with this 800 bp fragment cloned in front of the luciferase
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gene resulted in a 2-fold increase in luciferase activity (unpublished data), suggesting an increase
in transaminase gene expression in human cells. This result could explain the moderate increases
of the transaminases in the serum of some fibrate-treated patients, assuming that the normal
serum levels reflect the general turnover of the cells and of their enzymatic contents. Experiments
are now under way to analyze more precisely the region(s) of the promoter responsible for the
stimulation by fibrates and to understand why these drugs act in opposite ways in man and in

the rat.

Conclusions

For several years, our group has been studying the regulation of transaminase expression in
humans and rodents. We have shown that, despite the fact that cAspAT is a housekeeping
protein, the expression of its gene is regulated in a highly specific manner, at the level of the
tissue and the cell. Glucocorticoids induce the expression of the enzyme only in the liver (5) and
the kidney, (18). The inhibition by insulin is restricted to the liver whereas the stimulation by
glucose deprivation is observed only in the adipose tissue (13). We are still studying the precise
signalling pathways used by insulin and glucose to regulate cAspAT gene expression, as well as
the nuclear targets of these compounds.

We compared the regulation of transaminase gene expression in humans and rodents. Several
conclusions can be drawn : i) there is species specificity, since the regulation of the genes by
fibrates in man is opposite to that in rodents, ii) there appears to be important differences in the
promoter sequences, iii) expression of the human genes can be induced by drugs like fibrates,
which could account, at least partially, for the increased activity in the serum of treated patients.

Additional studies with different drugs are required to further support this hypothesis.
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Mimosine’s Mechanism is Pyridoxal-Phosphate Independent

Emia Oppenheim and Patrick J. Stover
Cornell University, USA 14853

Summary: Mimosine is a toxic plant amino acid and a structural analog of both pyridoxal-phosphate
(PLP) and tyrosine (figure 1) (1). Mimosine has been described as an effective inhibitor of DNA
replication in mammalian cells (2). Several mechanisms have been proposed to explain mimosine’s
inhibitory effects; but none have been reliably confirmed. Our research disproves one of the current
theories that mimosine acts as an inhibitor of serine hydroxymethyltransferase (SHMT) and thereby
inhibits purine nucleotide biosynthesis in mammalian cells. Mimosine has been shown to decrease purine
nucleotide pools in Chinese Hamster Ovary (CHO) cells, and this has been suggested to be the primary
inhibitory effect of mimosine on mammalian cells. It has been suggested that mimosine limits SHMT
activity, a PLP-dependent enzyme that is critical for the synthesis of DNA precursors, and this in turn
results in the depletion of cellular deoxyribonucleotide purine pools. The results of this study indicate
that while mimosine does inhibit human MCF-7 cell proliferation, it does not deplete purine or
pyrimidine deoxyribonucleotide pools in MCF-7 cells. Mimosine’s effects appear PLP independent with
respect to SHMT inhibition.

Introduction: The plant species Leucaena contains the toxic non-protein amino acid mimosine
(figure 1). Since the early 1990’s, mimosine has been actively utilized to arrest the cell-cycle of

mammalian cell cultures.
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Figure 1: Chemical Structure of Mimosine.

Recent studies have demonstrated that mimosine specifically crosslinks to mitochondrial SHMT
in crude CHO cell extracts, suggesting that mimosine may target SHMT (3). SHMT is a PLP-

dependent enzyme that catalyzes the reversible interconversion of serine and tetrahydrofolate to
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glycine and methylenetetrahydrofolate. This reaction generates single carbon units in the form
of methylenetetrahydrofolate that are required for the synthesis of purines and thymidine, and is
also required to remethylate homocysteine to methionine.

Several mechanisms have been proposed describing the role of mimosine in inhibiting
DNA replication. Mimosine has been suggested to deplete ANTP pools by chelating intracellular
iron. Chelation of intracellular iron would be expected to inhibit the iron-dependent enzyme,
ribonucleotide reductase, thereby depleting dNTP pools (4). Alternatively, mimosine, a PLP
antagonist, has been proposed to inhibit SHMT. This mechanism assumes that inhibition of
SHMT would depress the folate-dependent synthesis of purines and deplete purine
deoxyribonucleotide and dTTP pools. This would then inhibit cell-cycle progression. Finally,
another mechanism suggests that mimosine depletes dNTP pools resulting in the induction of
p21 expression, a cell-cycle dependent kinase inhibitor. It has been proposed that the induction
of p21, and not the depletion of purine deoxyribonucleotide pools, directly causes cell-cycle
inhibition (5). All of these mechanisms assume that mimosine depletes purine dNTP pools.

There are two isoforms of SHMT, one in the cytosol (¢cSHMT) and one in the
mitochondria (mSHMT). The mSHMT isozyme, in conjunction with the mitochondria, is
essential for the production of one-carbon units for intracellular reactions (6). The role cCSHMT
has yet to be defined but it may play a role in the regulation of folate metabolism. The cSHMT
isozyme is poised in the folate pathway to regulate the flux of one-carbon units available for
purine nucleotide synthesis, thymidine synthesis and homocysteine remethylation (7). A recent
study found mimosine bound a 50 kDa protein later identified as mSHMT (3). Therefore,
mimosine's effect on purine deoxyribonucleotide pools in CHO cells may result from an
inhibition of ribonucleotide reductase and/or SHMT. In this study, we investigated the effects of
mimosine on dNTP pools and purine ring biosynthesis in human MCF-7 cells. The results of
this study suggest that although mimosine inhibits MCF-7 cell proliferation, it does not influence
dNTP pools in these cells. These studies suggest that mimosine does not inhibit cell proliferation

by depleting purine deoxyribonucleotide biosynthesis, as previous studies have suggested.
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Materials and Methods:

Growth Studies/Hypoxanthine Rescue Studies: The efffect of mimosine on MCF-7 cell
proliferation was determined by measuring [*H]-thymidine incorporation into DNA. MCF-7
cells were cultured in o-MEM with 10% fetal bovine serum, at 37°C in a 5% CO, incubator.
The cells were plated at 20% confluence and treated with mimosine (final concentration of 350
UM). At 24, 48, 72 and 96 h intervals, [*H]-thymidine was added to the culture media (1 pCi/ml)
and the cells were cultured for an additional 12 h. After labeling, the cells were washed 2x with
1 ml of phosphate-buffered saline and fixed with 500 pl of 10% trichloroacetic acid. The fixed
cells were washed with 0.5 ml of 95% ethanol and resuspended with 0.3 ml of 0.2M NaOH. The
amount of [*H] incorporation into DNA was quantified using a liquid scintillation counter. The
amount of label incorporated into DNA was correlated to the rate of cell growth. For the
hypoxanthine rescue studies, the growth studies were repeated in the presence of mimosine and 1
mM hypoxanthine.

Determination of intracellular dNTP and NTP pools by HPLC : Human MCF-7 cells were
cultured with a-MEM media lacking purines, pyrimidines, nucleotides and deoxyribonucleotides
for 24 h. The following day, the media were replaced with media containing 350 WM mimosine
and the cells were cultured for an additional 24 h. The cells were harvested by trypinization and
the cell pellets were washed with 3 ml of phosphate-buffered saline. The cells were lysed with
the addition of 0.5 ml 0.6M TCA, at 4°C. The lysed cells were incubated on ice for 20 min and
the solution was clarified by centrifugation. Cell pellets were set aside for protein quantification
by the method of Lowry. The supernatants were diluted with an equal volume of ice-cold freon
containing 0.5M trioctylamine. The solution was vortexed and centrifuged. The solution formed
two layers. The upper phase contained the nucleotides and was removed, lyophilized and stored
at —70°C. When needed the lyophilized pellets were resuspended in 250 pl of 0.2M ammonium
phosphate, pH 6.0. The samples were filtered through 0.2 wm acrodisc filter prior to HPLC
analysis. NTPs and dNTPs were separated and quantified using a Shimadzu HPLC (LC-10AS)
equipped with a C;s column as described previously (8). Absorbance was followed at 260nm
with 4 nm bandwidth. Buffer A consisted of 0.2M NH4H,PO4 in 1M KCI (pH 5.35) and buffer
B was 0.2M NH4H,PO, with 1.25 M KCI and 10% methanol (pH 5). Samples were applied to
the column pre-equilibrated with 100% buffer A at a flow rate of 0.8 ml/min. Fifteen minutes
following the injection, a linear gradient to 100% buffer B was initiated. After 35 min, the
system returned to 100% buffer A and the column was re-equilibrated for ten minutes in
preparation for the next injection. The identification and concentration of nucleotides in each
sample were determined from standard curves generated from nucleotide standards. All values
were normalized to protein concentration.

Results / Discussion: The effects of mimosine on purine nucleotide biosynthesis was
investigated in the terminally differentiated MCF-7 breast adenocarcinoma cell line. Initially,
the effects of mimosine on MCF-7 cell proliferation was characterized (figure 2). Figure 2
shows that mimosine inhibits MCF-7 cell proliferation, consistent with previous studies

demonstrating that mimosine inhibits CHO cell proliferation (9). MCF-7 cells are also inhibited
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by deferroxamine, a well-characterized iron chelator. Figure 2 also shows that hypoxanthine
supplementation in the culture media does not rescue the MCF-7 cells. Purine nuclotide
biosynthesis can occur through the SHMT independent salvage pathway in these cells, and
supplementation of the media with hypoxanthine did not overcome the inhibitory effects of
mimosine. These results indicate that inhibition of purine ribonucleotide biosynthesis is not the
mechanism through which mimosine inhibits cell growth, and therefore inhibition of SHMT is

not likely the mechanism through which mimosine inhibits cell growth.
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Figure 2. Effect mimosine or deferrioxamine on MCF-7 cell proliferation. The effect of
mimosine (squares), deferrioxamine (triangles) and mimosine with 1 mM hypoxanthine (circles)
exposure on the incorporation of [*H]-thymidine into MCF-7 DNA was determined as described

in Materials and Methods.

These studies were then extended to determine if mimosine inhibited the synthesis of
deoxyribonucleotides in MCF-7 cells as previously demonstrated for CHO cells (9). We
determined the levels of ribonucleotides and deoxyribonucleotides in MCF-7 cells as a function

of mimosine exposure by HPLC (table I).
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Table 1. Effect of 24 h mimosine exposure (350 pM) on nucleotide pools in MCF-7
cells. All values are expressed as pmoles nucleotide per ug protein.

ATP + ADP dATP GTP + GDP CTP dTTP
Without mimosine 78+ 1.5 1.8£0.1 45117 42+3 29102
With mimosine 65+0.2 22+0.1 68 £20 45+3 1.7+£0.7

These results clearly demonstrate that a 24 h mimosine exposure does not dramatically
alter purine nucleotide pools in MCF-7 cells, as has been demonstrated in CHO cells. The lack
of change in adenine and guanine ribonucleotide pools confirms that inhibition of purine
biosynthesis is not the mechanism through which mimosine inhibits cell proliferation.
Additionally, the lack of change in dATP concentrations suggest that mimosine does not inhibit
ribonucleotide reductase in MCF-7 cells. We were unable to accurately measure dGTP levels
due to the sensitivity of our assay. Measurement of nucleotide pools following 72 h of mimosine
exposure yielded similar results, although the experimental values contained more variability due
to the increase in the dead cell population. These results suggest that mimosine does not
influence nucleotide pools in MCF-7 cells as previously observed for CHO cells. These results
also suggest that the effect of mimosine on CHO nucleotide pools is independent of its effects on
cell proliferation.

In summary, our findings suggest that mimosine does inhibit MCF-7 cell proliferation,
but the mechanism of inhibition is independent of nucleotide biosynthesis. The current literature
suggests that purine pool depletion is an essential step in the overall mechanism for mimosine’s
effect on cell proliferation. Mimosine is a PLP antagonist, which could potentially inhibit the
PLP-dependent enzyme, SHMT, and thereby deplete purine nucleotide pools. However,
mimosine did not alter purine pools or requirements in MCF-7 cells. These results suggest that

mimosine’s mode of action is as of yet undefined.
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Summary

In enterobacteria the gad system, which includes genes encoding PLP-dependent glutamic acid
decarboxylases, is required to overcome the acid stress. Herein, we provide evidence that the gad
system is strongly induced also during anaerobic growth and suggest the possible involvement in
gad transcriptional control of two AraC-like proteins. Similarly to other decarboxylation/antiport
systems, the gad system would confer a unique growth advantage under anaerobic conditions by
generating an electrogenic potential which can be used to fuel ATP synthesis.

Introduction

In their natural habitats, pathogenic bacteria are faced with a wide array of environmental
stresses. Understanding how they survive is not only a fundamental issue of biology, but is also
crucial to gain insight into the mechanisms of pathogenicity, since bacteria with impaired stress
response are also less virulent (1). Acidity is one of the most frequently encountered hostile
condition for enteric bacteria. In humans, ingested bacteria are faced with transient acid
conditions since: i) typically the residence time in stomach (pH <3) is 2 hours before reaching the
gut and, ii) these bacteria must also endure an acidic stress within the lower intestine for the
presence of volatile fatty acids (butyrate, propionate, acetate) produced from sugar fermentation.
Thus, the ability to sense and respond to potentially lethal effects of low pH is essential for
persistence of the intestinal microflora. It has recently been demonstrated that the gad system

confers to the enteric bacteria Escherichia coli, Shigella flexneri and Lactococcus lactis, the
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ability to overcome the acid stress (2-4). Genes of the gad system include gad4 and gadB,
encoding two biochemically identical isoforms of the PLP-dependent glutamic acid decarboxylase
(GadA and GadB), and gadC, which has been proposed to encode a putative antiporter
implicated in the export of y-aminobutyrate, the glutamic acid decarboxylation product. We
investigated the regulation of gad during the E. coli growth cycle under different environmental
conditions, and demonstrated that transcription increases at the entry into the stationary growth
phase under aerobic conditions (2). At this stage, gad mRNAs are more abundant when bacteria
are grown in acidic, hypo- and hyper-osmolar environments. By combining RNA blot analyses
and 5'-mapping of gad transcripts, we found that gadd, gadB and gadC can be independently
transcribed and that a polycistronic gadBC mRNA can also originate in vivo from the gadB
promoter. We also found that H-NS, a histone-like protein known to act in the E. coli nucleoid as
a global frans-acting transcriptional silencer, regulates gad expression (2). A correlation exists
between the response of enterobacteria to the acidic stress and the onset of the pathogenic
process, and there are clear evidences that the stationary phase factor oS affects both acid
resistance and the expression of certain virulence genes (5). We suggest that H-NS indirectly
regulates gad expression, through the post-transcriptional control of oS expression (6). We
observed that gad transcription is confined to the stationary phase in the Ans proficient
background, and an insertional mutation in the rpoS gene abrogates gad expression during the
stationary phase. In addition, the induction of gad occurring during the exponential growth in a
hns mutant is completely reversed in a Ans rpoS double mutant, independently of the growth
stage. Based on our results, either RpoS is directly involved in gad transcription or it can be
required for the expression of AppY-like (7) or CadC-like (8) regulatory protein(s) responsible
for gad activation. Moreover, generation of individual gadA, gadB and gadC E. coli knockouts
(2,3) demonstrated that expression of both decarboxylating enzyme (GadA or GadB) and cognate
antiporter (GadC) is required to overcome the acid stress.

In the present report we provide evidence that gad genes expression is strongly induced during
anaerobic growth. The possible involvement in gad transcriptional control of two ORFs,
homologous to the AraC family of transcriptional regulators, located in the same orientation

downstream of gadA, is also discussed.
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Materials and Methods

Construction of gad::lacZ fusions and p-galactosidase assay. Translational fusions were
generated for both gadA and gadB genes by cloning into the vector pMC1403 (9) PCR-generated
fragments spanning from position +50 (codon 17) to positions -15, -96, and -203, relative to the
ATG translation start codon of each gene. Primers used for PCR amplification were designed to
allow directional cloning at the EcoRI-BamHI sites of pMC1403, in frame with the lacZ gene (2).
Plasmids pBsgadA and pBsgadB (10) were used as templates for PCR amplification of the gad
promoter regions. Designation of plasmids carrying the gad.:lacZ fusions are given by the gene
name, followed by positions of first/last nucleotide of the cloned fragment, relative to the ATG
start codon of gadA or gadB. Since transcription begins at position -27, relative to the ATG (2),
the gad-15/+50::lacZ fusions were used to detect basal levels of B-galactosidase expression. The
B-galactosidase activity assays were carried out according to Miller (11) and expressed as

follows: 1,000 x OD45¢/(0ODgqq culturex reaction time x volume).

Results and Discussion

As a premise for a better understanding of the gad regulatory network, the gad.:lacZ fusions
were used to determine a hierarchy of gad inducing environmental stimuli. The conditions
investigated included growth under aerobic conditions in standard LB medium, pH 7.4, at
different temperatures (30°C, 37°C, or 42°C), at different pHs (50 mM phosphate buffer, pH 4,
7.1 or 9), as well as in the absence of NaCl or in the presence of twice the standard NaCl
concentration. Moreover, gad expression in standard LB medium supplemented with glutamate,
aspartate or glutamine (10 mM) and under anaerobiosis at 37°C, was also investigated. [-
Galactosidase assays on exponential cultures grown under the above conditions indicate that
reporter activity increases upon growth in the absence of NaCl, under anaerobiosis and at acidic
pH (Fig. 1). The other conditions tested did not alter the reporter gene activity compared with the

standard growth condition (data not shown).
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Ct -NaCl -0, pH4.0 Ctl -NaCl -0, pH4.0

Figure 1. B-Galactosidase (LacZ) activity directed by different gad::lacZ translational fusions in
E. coli. White bars: gad-15/+50::lacZ;, grey bars: gad-96/+50::lacZ; black bars: gad-203/
+50::/acZ. Different growth conditions are indicated for both gadA and gadB. Ctl: control.

As in the case of gad, both arginine (adi) and the lysine (cad) decarboxylase systems are
strongly induced at low pH under anaerobic conditions (12). Upstream of the cadBA operon and
downstrem of adid, genes have been identified coding for cognate transcriptional activators.
CadC is the response regulator which acts on cadBA4 (8), while AdiY is an AraC-like protein
which stimulates AdiA expression (13). Interestingly, sequence analysis of two ORFs located
downstream of gadA predicts the presence of two AraC-like transcriptional regulators (yhiX and
yhiW, 14). We have aligned their predicted protein products, YhiX and YhiW, with H-NS-
regulated members of the AraC family of transcriptional activators, including AdiY, AppY and
VirF (Fig. 2).The consensus sequence for the helix-turn-helix motif (15), involved in DNA
binding, is also conserved in YhiX and YhiW. The identification of these AraC-like genes closely
downstream of gadA confers an additional level of complexity to the gad regulatory network. Our
findings raise the possibility that H-NS repression on the gad system could occur indirectly, likely
by binding of this global regulatory protein to the control regions of yhiX and yhiW, as previously
demonstrated for appY (6) and virF' (16).
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Figure 2: Sequence alignment of related transcriptional regulators performed using PILEUP
(GCG package). Gaps are indicated by dots. Amino acid residues conserved in the five proteins
are boldfaced. The consensus sequence found in the C-terminal region in at least 50% of AraC-
like proteins (15) is given below the alignment.

Why is the gad system so important for enteric bacteria? The most obvious answer relies on
the maintainance of cellular pH homeostasis, an issue which has been addressed in detail
elsewhere (2). However, acid resistance is not the only functional role played by the gad system.
We have shown that Gad expression in E. coli responds to a variety of environmental stimuli,
including anaerobiosis. The strong increase in Gad (reported as LacZ activity) under anaerobic
conditions represents a novel finding. Anaerobiosis is well known to generate acidification of the
environment due to volatile fatty acids production through fermentative metabolism. Components
of the intestinal microflora facultatively or obligately grow under anaerobic conditions with severe
limitations in their ability to drive ATP synthesis. It has recently been observed that resting
Lactobacillus cells can generate ATP from amino acid decarboxylation/antiport systems (17).
Amino acid decarboxylation is coupled with proton extrusion, thereby generating an electrogenic
potential required for the FoF-(H')-ATPase activity. In an acid environment CO, levels are
reduced, due to chemical equilibrium, and ATP synthesis under O,-limiting conditions requires to
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be coupled to alternative electrogenic systems. The increase in Gad activity under anaerobic
conditions and at low pH would satisfy the CO, growth demand and, combined to the antiporter

(GadC) action, contribute to generate an electrogenic gradient useful to fuel ATP synthesis. If this

is applied to the facultative anaerobes E. coli and Shigella, the gad system would certainly confer

a unique advantage for anaerobic growth, as it would make possible the formation of an

electrogenic potential under conditions in which respiratory chain enzymes would be inactive.

Under this point of view, the presence of glutamate decarboxylases in phylogenetically distant

bacteria comprising the normal gut microflora provides an attractive explanation for the multiple

roles played by the gad system.
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Summary

The glucose dehydrogenase in the membrane of E. coli is a PQQ-containing quinoprotein
dehydrogenase which oxidises glucose to the gluconolactone and thence gluconic acid in the
periplasm. It is produced as the apoenzyme requiring incubation with PQQ and Mg"* for
production of active holoenzyme. Its structure has been previously modelled on that of
methanol dehydrogenase. Results of studies of mutant forms of the enzyme have confirmed
the validity of the model and tested ideas about the mechanism and structure of these
quinoprotein dehydrogenases.

Introduction

The membrane-bound glucose dehydrogenase (GDH) of Escherichia coli is a quinoprotein
having pyrroloquinoline quinone (PQQ) as its prosthetic group (1, 2, 3, 4). It catalyses the
oxidation of the pyranose form of D-glucose (at the C-1 position), and other monosaccharides
to the lactone. The reaction occurs in the periplasm and the electron acceptor is ubiquinone
in the membrane. A divalent metal (usually Mg*") is required for reconstitution of active
holoenzyme from apoenzyme plus PQQ. The N-terminal region forms a membrane anchor
with five transmembrane segments. The periplasmic region shows 26% identity of sequence
with the o subunit of methanol dehydrogenase (MDH), the X-ray structure of which (5) has
been used to produce a model of GDH (6). This model has been the basis of a number of
studies using mutagenesis for investigating the process of production of active enzyme from
apoenzyme, the mechanism, and some aspects of its structure (7-12). Production of mutant
MDH is difficult in methylotrophs and GDH provides an appropriate enzyme for study by
mutagenesis of this type of quinoprotein dehydrogenase. This is a brief review of the structure
and function of GDH and of the properties of some of these mutants that have been used to

test proposals relating to this type of PQQ-containing quinoprotein dehydrogenases.
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The propeller fold superbarrel structure of GDH and MDH

The periplasmic part of GDH is a superbarrel made up of eight topologically identical four-
stranded, twisted antiparallel B sheets (W-shaped), stacked radially around a pseudo eight-
fold symmetry axis. This arrangement is known as a propeller fold, each B sheet motif
representing a propeller blade (Figure 1). A feature likely to have a special function in
maintaining the structure of the superbarrel is the final B sheet motif (W8) which is made up
of strands A, B and C from the C-terminus plus the D strand from the N-terminus. Mutation
in this C8 strand has been shown to alter the stability of GDH (11).

Regions of Trp
docking motifs

Figure 1. The topology of the periplasmic domain of GDH (6). The dark part is the W8 -
sheet which is made up of a D strand from the N-terminus, with A, B and C strands from the

C-terminus. This figure also shows some of the regions of the ‘tryptophan docking motifs’.

The ‘propeller blades’ are held together by a series of tryptophan-docking motifs involving
eight 11-residue consensus sequences. The tryptophan at position 11 is stacked between
alanine at position 1 of the same motif and the peptide bond between residue 6 and an

invariant glycine (position 7) in the next motif. For example, motifs W6 and W7 are held



together by Ala674 and Trp684 in W6 and Gly741 in W7 (Figure 2).
As predicted, mutation of Gly741 to serine leads to unstable and far less active enzyme (7).
The motif W7 is in the most conserved region of sequence of these enzymes and other

mutations in this region lead to production of inactive enzyme (eg mutation of Asp730) (7).

Figure 2. One of the tryptophan docking interactions in GDH. The components of one
tryptophan docking motif are shown in spacefill mode, coloured dark. In this example, Trp684
(of W6) is held between Ala674 (W6) and Gly741 (W7).

The histidines in the active site of GDH

Figure 3 shows the way in which the PQQ is held between the coplanar Trp404 and His262
in the model GDH; when viewed from the outside the two histidine residues are seen partly
to obscure the entrance to the active site. In the X-ray structure of MDH the PQQ is
‘sandwiched’ between tryptophan and a novel disulphide ring which had been proposed to be
involved in electron transport from PQQ to the cytochrome electron acceptor. Mutation of
His262 to tyrosine, however, led to no change in reaction with the ubiquinone electron
acceptor in GDH (12). Similarly, there was little change in interaction with electron acceptor

(phenazine ethosulphate) in the normal dye-linked assay system; the mutation did however
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lead to a large decrease in affinity for glucose and other substrates, consistent with its position
in the entrance to the active site. The mutation led to no change in affinity for PQQ during
reconstitution. By contrast, mutation of the second histidine at the entrance to the active site
(His775) led to a large decrease in affinity for PQQ during reconstitution (H775R and H775A)
and a large decrease in activity, although affinity for glucose was not markedly altered.
remarkably, other mutations in His775 (H775N and H775D) led to an ‘improved specificity’
for glucose with a higher activity with this substrate (7).

Hig775

WE-GDH H282Y-GOH

Figure 3. PQQ bonded between Trp404 and His262 in the active site. The H262Y mutant
GDH is also shown. Both histidines are seen when the entrance to the active site is viewed

from outside the molecule (6,12).
Mutations affecting the mechanism of GDH

Figure 4 shows the active site in the ‘model”’ GDH (6). A Ca®* ion is present in the active site
of MDH (5) but it is possible that Mg** replaces Ca®* in GDH. By analogy with the proposed
MDH mechanism it is proposed that the reaction with substrate is initiated by proton
abstraction (from the C1 anomeric hydroxyl) by Asp466; this is followed by either hydride
or oxyanion transfer to the C5 carbon of PQQ. This is thought to be facilitated by the
interaction of the Ca?* with the oxygen of the C5 carbonyl group.

Mutation of Asp466 to asparagine leads to complete loss of activity, consistent with its
proposed essential role in the initial proton abstraction process (8). Thr424 is proposed to play
arole in binding the active site metal, and this is consistent with the large decrease in activity,

and the altered metal ion specificity that is seen when this is mutated to asparagine (9).



Figure 4. The active site of GDH. Although a Ca®" ion is shown, it is possible that this is
replaced by a Mg ion.

Asn607 is shown to form a hydrogen bond with the C4 carbonyl oxygen of PQQ. Mutation
of this residue to alanine, which would prevent any interaction, led to a small decrease in
activity (to 33%), indicating, as expected, that this interaction is not crucial for activity (8).

As shown in Figure 4, Lys493 interacts with both carbonyl oxygen atoms of PQQ; this
lysine replaces arginine in the MDH structure. When Lys494 was mutated to arginine in GDH
its activity, and its affinity for PQQ during reconstitution, was decreased markedly (8).
Spectroscopic measurements indicated that the reduction of PQQ by substrate is unaffected
and that the mutation has its effect by preventing subsequent oxidation of the reduced quinol
form of PQQ. This suggests that Lys494 may lie on a direct electron transfer pathway from
PQQ to ubiquinone in GDH (8).
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Summary

The X-ray structure of the periplasmic quinoprotein ethanol dehydrogenase (QEDH) from
Pseudomonas aeruginosa shows a homodimer, where each subunit forms a disk-shaped super-
barrel composed of eight antiparallel twisted B-sheets, arranged in a propeller-like fashion. The
B-propeller fold is stabilized by a repetitive Ala/Trp/Gly docking motif, which is modified in four
of the eight docking contacts. The overall folding of the polypeptide is very similar to that known
for the large o-subunit of the quinoprotein methanol dehydrogenase (QMDH) from
methylotrophs. In QEDH phe-408 and leu-409 of the active site cavity replace the bulky trp-531
in QMDH, which results in a less well defined binding site for methanol with regard to ethanol
as substrate.

Introduction

Most microbial alcohol dehydrogenases are cytoplasmic NAD(P)-dependent enzymes. Some
Gram-negative bacteria in addition are able to produce periplasmic alcohol dehydrogenases
which contain the prosthetic group pyrroloquinoline quinone (PQQ) [1]. The best studied
example of the PQQ-dependent enzymes is the quinoprotein methanol dehydrogenase (QMDH)
from methylotrophic bacteria. The enzyme is a heterotetramer of two large 60 kDa and two small
10 kDa subunits. QMDH shows a high pH-optimum above pH 9 and requires an alkylamine as
activator. The enzyme oxidizes methanol and other primary alcohols, but secondary alcohols are
not attacked [2]. The X-ray structures of two QMDHs from methylotrophs have been determined
[3,4].

A different PQQ-dependent alcohol dehydrogenase has been isolated from ethanol grown cells

of Pseudomonas aeruginosa. This quinoprotein ethanol dehydrogenase (QEDH) shows similar
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enzymatic properties as QMDH. But in contrast to the enzymes from methylotrophs it strongly
discriminates between methanol and ethanol preferring ethanol as substrate [5]. Native QEDH is
a homodimer of a 60 kDa subunit, which is coded for by the exaA gene of the ethanol oxidation
gene cluster in P. geruginosa [6,7]. The X-ray structure of QEDH reveals that its overall folding
topology is very similar to that reported for the large subunit of QMDH.

Materials and Methods

Crystallization and data collection: QEDH from P. aeruginosa ATCC 17933 was purified and
crystallized as described previously [5,8]. X-ray diffraction data were collected at the X31
synchroton radiation beamline of the EMBL outstation (DESY, Hamburg, Germany). Reflections
were integrated, scaled and reduced by using MOSFLM [9].

Structure determination: The structure was solved by the method of molecular replacement
choosing a large subunit of the heterotetrameric QMDH from Methylophilus W3A1 [10].

Docking calculations: The software package ICM [11] was used for docking calculations with
methanol and ethanol to the crystal structures of QEDH from P. aeruginosa and QMDH from
Methylophilus W3A1 [10] (PDB identification code 4aah). The alcohol molecules were placed in
the active site with their hydroxyl group pointing toward the interior of the enzyme, but in a
distance of about 7 A from the putative reaction center. Monte-Carlo simulations were performed
to obtain the optimal alcohol positions. The calculations were monitored by recording a stack of

50 low-energy conformations [12].

Results

The overall structure of QEDH from P. aeruginosa showed an 8-bladed B-propeller
superbatrel, where each propeller W; to Wg was formed by four antiparallel B-strands A, B, C,
and D. Blade W3 was a composite structure with strands A, B, and C beeing donated by the C-
terminus while strand D stemed from the N-terminus of the polypeptide. The individual blades
were docked together by close van-der-Waals contacts of an Ala/Trp/Gly triade, with the Ala and
Trp side chains of blade W, and a Gly back-bone of blade W,.;. Modified docking contacts were
found in four out of eight equivalent positions, Table 1 and Fig. 1a-d. Besides the calcium ion

forming a complex with PQQ at the active site, a second calcium binding site was found at the
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N-terminus of QEDH from P. aeruginosa. The two subunits of the homodimeric enzyme showed

an extended interaction area with mainly hydrophobic interactions and hydrogen bonds.

Table 1. Docking of propeller blades in QEDH

Docking contact Residues of propeller blade
' Wit

D; (W +W>) Ala-82 / Trp-92 Gly-137
D, (W, + W3) Ala-131/ Trp-141 Gly-194
D; (W3 +Wy) Ala-188 / Trp-198 Gly-301
D4 (W4 + Ws) modified Gly-295 + Thr-259/ Trp-305 Gly-356
Ds (Ws + We) modified Phe-348 / Phe-362 Gly-476
D¢ (We + W7) Ala-470 / Trp-480 Gly-517
D7 (W7 + Wg) modified Ala-511/ Trp-521 Leu-44
Dg (Ws + W) modified Val-576 / Trp-48 Gly-88

At the active site the prosthetic group PQQ was fixed by a hydrogen bond network with several
amino acid side chains and complex formation with a calcium ion. In addition, there was
hydrophobic interaction with Trp-248 underneath in parallel orientation and van-der-Waals
contact with the sulfur atoms of the disulfide bridge of the two adjacent residues of Cys-105 and
Cys-106. The peptide bond of the 8-membered disulfide ring showed trans configuration. The
walls of the active site cavity were formed by the hydrophobic residues Trp-270, Phe-408, Leu-
409 and Ala-553. The residue Trp-557 formed kind of a lid closing the active site.

Docking calculations were performed with several alcohols at the active site of QEDH for P.
aeruginosa. With methanol and ethanol, the OH-group of the alcohol in the lowest energy
complex pointed to the Asp-316 carboxyl group via a hydrogen bridge. In order to fit higher
alcohols like butanol in the active site a flip of the side chain orientation of Trp-557 was
necessary. The binding of isopropanol is unfavorable in comparison to n-propanol. Ethanol in the
active site showed close van-der-Waals contacts to Cys-106, Asp-316, Phe-408 and PQQ.
Methanol however is bound loosely by direct contact only to Asp-316 and PQQ, Fig. 2a, b.
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Fig. 1. Docking contacts between propeller blades. The four deviating motifs are shown:
a) Wo/Ws: Gly-295/Thr-259/Trp-305/Gly-356; b) Ws/Ws: Phe-348/Phe-362/Gly-476;
¢)W/Wg: Ala-511/Trp-521/Leu-44; d) Val-576/Trp-48/Gly-88. Regular residues in
dark gray, deviating residues in light gray.

Discussion

QEDH from P. aeruginosa shows very similar enzymatic properties in comparison to the
quinoprotein methanol dehydrogenase (QMDH) from methylotrophs [5]. Despite a low sequence
identity of 35% [6] the overall folding topology of these two enzymes is very similar. The 60
kDa subunits of both QEDH and QMDH form a 8-propeller superbarrel. QMDH however is a
heterotetramer of two small 10 kDa and two large subunits [1], while QEDH is a homodimer. No
electron density of a small subunit could be found. QEDH contains at the N-terminus an
additional calcium ion binding site, which contributes to the thermal stability of the enzyme [13]
and is not present in QMDH. This calcium site probably compensates for the lack of a stabilizing
small subunit.

The main differences between the two enzymes are found in the active site cavity. A bulky
Trp-531 in QMDH is replaced by Phe-408 and Leu-409 in QEDH, and Leu-547 in QMDH is
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replaced by Trp-557 in QEDH, where the side chain of this amino acid covers the active site like
alid.

Docking calculations with different alcohols in the active site of QEDH show, that ethanol
makes more close contacts to amino acid residues lining the active site than does methanol,
which suggests, that ethanol might be a better substrate than methanol. This assumption is in
agreement with enzyme kinetic studies, which demonstrate that the Ky-value for methanol is
increased by three orders of magnitude with respect to that for ethanol [5]. QMDH shows similar
K values with methanol and ethanol as substrates [2]. Similar docking calculations with QMDH
indeed indicate that the number of close contacts of both substrates in the active site are not very

different.

Trp-"lid”

methanol

ethanol

Fig. 2. Docking of alcohols in the active site of QEDH: a) ethanol; b) methanol.
Calcium ion and PQQ in dark gray; active site residues in white
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Summary

O-quinone cofactors derived from tyrosine and tryptophan are involved in biological reactions
that range from oxidative deaminations to free-radical-related redox reactions. Among these
cofactors, pyrroloquinoline quinone (PQQ) has excited interest because of its presence in foods,
unusual chemical properties and role as a growth-promoting factor in animals. Oral
supplementation of PQQ in the nmol/g-diet range has been shown to improve B- and T-cell
responsiveness to mitogens, mitochondrial function and reproductive outcome in mice. PQQ is
easily absorbed and efficiently taken up by cultured cells. Consequently, a case can be made that
PQQ may have physiological importance in animals.

Introduction

The nutritional importance of pyrroloquinoline quinone (PQQ) is suggested by studies of
improved neonatal growth and immune function in mice upon its addition to chemically defined
diets devoid of PQQ (1). PQQ administration can counter the effects of various anti-inflammatory
agents (2). PQQ can also substitute for riboflavin in reductases, such as heme reductase (3).
Further, PQQ is present in tissues and fluids (4-6). Kumazawa et al. (4) report that the levels of
“free” PQQ, based on *C-PQQ recovery, range from 4 to 60 ng/g, i.e. from 0.01-0.2 pM, in a
wide variety of plant and animal tissues. Since PQQ reacts readily with amino acids to form
imidazole derivatives (imidazolopyrroloquinoline quinone, IPQ), PQQ may exist in even higher
concentrations when the various adducts of PQQ are included as a part of estimations (5).

PQQ’s chemical properties are analogous to combining the properties of riboflavin, ascorbic
acid and pyridoxal cofactors into one molecule. In particular, PQQ can catalyze redox cycling

reactions such that pmol amounts of PQQ generate pmole amounts of product (6,7).
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PQQ and Neonatal Growth and Development

A chemically defined diet, based on synthetic amino acids, has been used to study the effects
of PQQ on murine growth and development (see Ref. 1 and Table 1). The PQQ-deficient diet is
first fed to weanling females until mating. The mated mice are then maintained on the PQQ-
deficient diet or assigned to a diet containing a specified amount, e.g. 2 mg PQQ/kg-diet or less.

In typical experiments only about half of fj-generation mice produce litters, when fed the
deficient diet (1)

Table 1. Growth of BALB/C mice in Response to PQQ Supplementation

Experiment PQQ Weight, g +S. E. M. Comments
(ng/g diet)  (Number of mice)”
la 0 6.0 = 0.1 (10)* The diet is described in Ref. 1. Succinyl
1b 100 6.1 + 0.2 (10)* sulfathiazole was added at 20 g/kg in the
1c 200 10.5 = 0.9 (10)* Experiment designated la-1f. F,-generation dams
1d 300 13.0 = 0.8 (10) were assigned to one of the designated diets and fed
le 1000 13.4 = 0.6 (10) the diet throughout pregnancy. The F, offspring
1f 5000 145+ 0.4 (10) were then switched to the same diet at weaning. The
weights are for the offspring obtained ~35 days after
conception.
2 0 10.7 £ 1.8 (24)* For Experiments 2-4, the diet composition was
2000 13.5+ 1.1 (20) similar to that reported in Ref. 1. However, no

antibiotics were used and the vitamin E
concentration was adjusted from 400 mg to 40 mg
vitamin E per kg-diet.

3 0 9.7 £0.6 (18)** See comments for Exp. 2
2000 12.7£0.6 (18)

4 0 7.0 £0.8 (18)* See comments for Exp. 2
2000 9.2+0.7(4)

*With respect to these studies, it has been shown that PQQ (as PQQ or IPQ) is efficiently absorbed by the intestine
(> 60 %; Ref. 8) and does not appear to be synthesized by microorganisms that are common to the gut microflora
of the mouse (9).

b % = P <0.05; ** =P <0.1.

PQQ Concentrations in Tissues and Fluids

Most analytical methods underestimate the levels of PQQ in tissues because the contributions
from IPQ adducts are ignored. For example, tissue levels of PQQ are frequently based on enzyme
or redox cycling assays that do not measure contributions from IPQ and IPQ-amino acid
derivatives, (IPQ/R derivatives, where R represents a given amino acid side-chain. When free

PQQ is added to biological samples, it disappears rapidly, which suggests that PQQ in tissues is
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present in or as other products. We have recently utilized diode-array reverse-phase HPLC
methods coupled to electrospray ionization mass spectrometry (ESI/MS) for the identification and
quantification of PQQ and associated derivatives, such as IPQ and IPQ/R (cf. Table 2 and Ref. 5

for experimental details).

TABLE 2. Incubation of PQQ with the Amino Acids (AA) analyzed by Reverse-Phase
HPLC and ESI Mass Spectrometry

IPQ Derivatives IPQ/R Derivatives
AA*® % Yield HPLC  Molecula % Yield HPLC Molecular
(relative to  Retention r Mass ® (relative to  Retention Mass®
total PQQ) (min) total PQQ) (min)
L-Alanine 7 13.6 341 19 13.9 355
L-Aspartate 3 13.6 341 31 12.5 398
L-Arginine 3 13.5 341 11 124 422
L-Cysteine 5 13.6 341 6 12.8 387
L-Tyrosine 54 13.6 341 42 14.2 447
L-tryptophan 62 13.6 341 37 15.9 470
Glycine 98 13.6 341
L-Glutamate 4 13.6 341
L-Serine 67 13.6 341
L-Threonine 64 13.6 341
L-Glutamine 13 13.8 412
L-Methionine 20 14.5 415
L—Phenylalanine 45 16.0 431
L —Serine 17 13.8 370
L -Val 5 14.1 384
L —Histidine 64 12.1 421
L-Isoleucine 9 14.9 397
L —Lysine® 9 14.9 397
5 14.4 409

* Reactions of PQQ with amino acids (1:5 molar ratio) were carried out in 0.1 M phosphate buffer (pH 7.4), for 24
hours at 80°C in the dark. Reactions were stopped by freezing the samples.

® Each mass is the average of two separate determinations.

¢ Products corresponding to PQQ reacting with both the o~ and e-amine functions of lysine.

With regard to tissues and fluids, we have analyzed human milk samples for PQQ, IPQ and
IPQ/R derivatives (5). Sample preparation involved: 1) extraction with hexane to remove lipid; 2)
separation from proteins and other solutes by dialysis against nanopure water; 3) concentration
and further purification by absorption on C;s columns (pretreated with 0.001 N HCI followed by
acetonitrile in 0.1% acetic acid) and elution of PQQ derivatives with 5% pyridine; 4) quantitation

by reverse phase HPLC (5).
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PQQ was most reactive toward Gly, yielding 98% of the IPQ product with Am,y at 422 nm
(Table 2). ESI mass analysis of fractions corresponding to this product indicated that the reaction
product was IPQ with a [M+H+] ion at m/z of 341. Reverse-phase HPLC chromatograms of
PQQ incubated with amino acids resolved 16 products (Table 2). Ala, Asp, Cys, Gly, Glu, Ser,
Thr, and Tyr form IPQ conjugates with PQQ. IPQ and IPQ/R derivatives were formed upon
incubation with Ala, Arg, Cys, Ser, Trp, and Tyr.

With regard to human milk, HPLC chromatograms of samples spiked with PQQ indicated that
spiked PQQ was recoverable (>90 %) as IPQ. Chromatograms of milk (not spiked) demonstrated
the presence of both PQQ and IPQ. PQQ was present in milk at 140-180 ng/ml. On a milk solid

basis, this corresponds to 500-750 ng/g; sufficient to optimize growth and reproduction in mice.

SYSTEMIC EFFECTS OF PQQ DEFICIENCY

The novel feature of nutritional studies involving PQQ is that observed responses result from
PQQ deprivation rather than pharmacological administration. In addition to impaired or abnormal
growth and reproductive performance, PQQ deficiency has a negative impact on B- and T- cell
responsiveness to mitogens (1). We have also observed that PQQ deficiency affects mitochondrial
function in mice. Mitochondrial size and number in mouse liver are affected by PQQ status as well
as changes in the respiratory control rate (RCR). The average RCR for PQQ-deficient mice is ~ 2,
whereas the RCR is ~2.5 in PQQ-supplemented mice (unpublished data). Further, over 90% of
the preparations of mitochondria had sufficient integrity to obtain meaningful measurements
compared to only 20% of the preparations from PQQ-deficient mice. The size and number of

mitochondria from PQQ-deficient mice were reduced to 70 % that of supplemented mice.

DOES THE RESPONSE TO PQQ COMPARE WITH THAT OBSERVED FOR OTHER
AROMATIC POLYPHENOLIC COMPOUNDS

Although other aromatic polyphenolic compounds, e.g. quercetin, catechin, epicatechin,
possess some of the same chemical and biological properties as PQQ (10,11), there are a number
of important differences. The stability of some polyphenols, particularly in the flavane family, e.g.
catechin and epicatechin, is poor (10). Flavanes polymerize easily or interact with protein (11).

This is not the case for PQQ, whose polyanionic character precludes easy polymerization. That
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PQQ is also superior in redox cycling assays to flavonoids and enediols, such as ascorbic acid, is
another important consideration (6,7). PQQ also appears to be readily taken up by cells (Fig. 1).
PQQ is highly soluble in water, which possibly contributes to PQQ’s apparent high availability,

i.e. ease of cellular uptake as well as intestinal absorption (8,9).

Figure 1. Uptake of 3H-PQQ by Human Fibroblasts. *H-labeled PQQ was prepared commercially (NEN® Life
Science Products, Inc., Boston MA 02118 by means of catalytic exchange with tritium gas). The product was next purified by
chromatography on columns of A-25; absorption, extensive washing and elution from C-18 silica columns, and as a last step
reverse phase HPLC as described previously (5). The specific activity of the final product was ~2 Ci/mmol. The fibroblasts
were cultured in Eagle’s medium containing 5% calf serum. At confluence, the cultures (5 x 10° cells) were switched to serum-
free medium and ~2 pCi of 3H-PQQ was added. The cells were incubated for the times indicated. The cells were fractionated
using standard procedures. Radioactivity in a given fraction was estimated following absorption and elution from C-18 prep
columns and scintillation counting. Note that about 0.1-0.2% of the total radioactivity added to cultures was taken up by the
cells.
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In contrast, radiocarbon from 14C-quercetin is not detected in tissues 12 hours after oral
administration. Consequently, it may be inferred that to maintain sustained tissue concentrations
of most flavonoids at ~0.05 pM or greater, one or more grams of given flavonoids must be
consumed daily. In comparison, a 70 Kg person should be able to maintain PQQ at ~0.05 uM
(assuming uniform distribution) with an intake of 1-3 mg per day, i.e. in keeping with values in the
literature for the PQQ tissues levels (4,5).

What remains lacking, however, is a clear definition of the biologic mechanism for PQQ’s

actions on growth, development, and various systemic functions. The most important goal of



66

future work should be directed at defining such mechanism(s). Such an effort would not only

clarify the question of PQQ’s importance, but should aid in improving our understanding of the

putative health benefits of other polyphenolic substances common in foodstuffs and the diet.

Acknowledgements

This work was supported by NIH grant DK56031 and a gift from M&M Mars.

References

1 Steinberg, F. M., Gershwin, E., & Rucker, R. B. (1994) Dietary pyrroloquinoline quinone:

2

10

11

growth and immune response in BALB/c mice. Journal of Nutrition 124.: 744-753.

Urakami, T., Yoshida, C., Akaike, T., Maeda, H., Nishigori, H., & Niki, E. (1997) Synthesis
of monoesters of pyrroloquinoline quinone and imidazopyrroloquinoline, and radical
scavenging activities using electron spin resonance in vitro and pharmacological activity in
vivo. J Nutr Sci Vitaminol (Tokyo) 43: 19-33.

Xu, F., Mack, C. P., Quandt, K. S., Shlafer, M., Massey, V., & Hultquist, D. E. (1993)
Pyrroloquinoline quinone acts with flavin reductase to reduce ferryl myoglobin in vitro and
protects isolated heart from re-oxygenation injury. Biochem Biophys Res Commun. 193: 434-
439.

Kumazawa, T., Sato, K., Seno, H., Ishii, A., & Suzuki, O. (1995) Levels of pyrroloquinoline
quinone in various foods. Biochem J. 307: 331-3.

Mitchell, A. E., Jones, A. D., Mercer, R. S., & Rucker, R. B. (1999) Characterization of
pyrroloquinoline quinone amino acid derivatives by electrospray ionization mass spectrometry
and detection in human milk. Aralytical Biochemistry. 269: 317-325.

Fluckiger, R., Paz, M. A., & Gallop, P. M. (1995) Redox-cycling detection of dialyzable
pyrroloquinoline quinone and quinoproteins. Methods Enzymol. 258: 140-9.

Stites,T., Mitchell A. E., and Rucker, R. (2000) Physiological importance of quinoenzymes
and the 0-quinone family of cofactors. J Nutrition in press

Smidt, C. R., Bean-Knudsen, D., Kirsch, D. G., & Rucker, R. B. (1991) Does the intestinal
microflora synthesize pyrroloquinoline quinone? Biofactors. 3: 53-9.

Smidt, C. R., Unkefer, C. J., Houck, D. R., & Rucker, R. B. (1991) Intestinal absorption and
tissue distribution of [14C]pyrroloquinoline quinone in mice. Proc Soc Exp Biol Med. 197:
27-31.

Zhu Q.Y., Zhang, A., Tasang D., Huang Y., &Chen Z-Y (1997) Stability of Green tea
catedchins. J Ag food Chem.45:4624-4628.

Formica, J.V. & Regelson, W. (1995) Review of the biology of quercetin and related
bioflavonoids. Fd Chem Toxic 33: 1061-1080.



Biochemistry and Molecular Biology of Vitamin Bs 67
and PQQ-dependent Proteins

ed. by A. Iriarte, H.M. Kagan and M. Martinez-Carrion

© 2000 Birkhauser Verlag Basel/Switzerland

Mechanism of Topa Quinone Biogenesis in Copper Amine Oxidase Studied by
Site-Directed Mutagenesis and X-Ray Crystallography

Katsuyuki Tanizawa,' Hideyuki Matsunami,' and Hiroshi Yamaguchi’

'Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka 567-0047, Japan
2School of Science, Kwansei Gakuin University, Nishinomiya, Hyogo 662-8501, Japan

Summary

The copper-dependent, self-catalytic mechanism of the biogenesis of the topa quinone (TPQ)
cofactor has been studied by site-specific mutagenesis of the three His residues (His431, His433, and
His592) involved in binding of the Cu atom in the recombinant phenylethylamine oxidase from
Arthrobacter globiformis. Allthree mutants, H431A, H433A, and H592A, mostly lacked the ability to
form TPQ upon aerobic incubation with Cu?* ion. However, free imidazole added exogenously to the
H592A mutant rescued stable binding of the Cu** ion and TPQ formation, both of which were also
confirmed by X-ray crystallography. In contrast, a tyrosinate-to-Cu®*ion charge-transfer complex was
formed transiently in the H433A mutant. These results demonstrate the functional non-equivalence of
the three Cu-binding His residues and their importance for TPQ biogenesis.

Introduction

Copper-containing amine oxidases require a redox-active organic cofactor, topa quinone
(TPQ), in catalyzing the oxidation of various primary amine substrates (1). TPQ is commonly
encoded by a Tyr codon in all genes coding for the enzymes and is produced by the post-
translational modification that proceeds in a Cu** ion-dependent, self-catalyzed reaction (2, 3).
X-Ray crystallographic structures have been determined for tyramine oxidase from Escherichia
coli (4-7), diamine oxidase from pea seedling (8), pheny lethylamine oxidase from Arthrobacter
globiformis (AGAO) (9), and methylamine oxidase from Hansenula polymorpha (10). These
structural studies revealed their very high similarities in the overall polypeptide fold, active site
structure, and coordination geometry of the Cu atom.

For AGAO, both structures of the inactive precursor form containing the unprocessed Tyr
and the active mature form containing the Cu atom and TPQ have been solved (9). The two
structures have been found almost superimposable, suggesting that the structural changes during
the TPQ biogenesis are limited to the active site. In the precursor AGAO structure, the destined
Cu site is comprised with the imidazole N atoms of three His residues (His431, His433, and
His592) and the 4-hydroxyl O atom of Tyr382, the precursor to TPQ, positioned in an
approximately tetrahedral geometry. In contrast, the TPQ ring in the active AGAO structure is
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tilted away from the Cu site and the Cu atom is coordinated with the same three His residues and
two additional water molecules, arranged in a distorted square-pyramidal geometry. An important
finding obtained from the structural comparison was that the imidazole ring of one of the three
Cu-binding His residues, His592, could adopt two distinct conformations in the two forms,
whereas those of His431 and His433 were restricted to only a single conformation. To elucidate
the mechanism of TPQ biogenesis and the role(s) of the Cu-binding His residues, we have
replaced each His of AGAO with Ala by site-specific mutagenesis and analyzed the mutant
enzymes for their abilities to bind the Cu atom and generate the TPQ cofactor by UV-vis,
electron paramagnetic resonance (EPR), and resonance Raman (RR) spectroscopies as well as by
X-ray crystallography.

Experimental Procedures

Site-specific mutagenesis for His431, His433, and His592 of AGAO, each to be replaced by
Ala, was performed by the two-step polymerase chain reaction using plasmid pPEAO2 encoding
wild-type (WT) enzyme (11) as a template. WT and mutant enzymes were overproduced in E.
coli BL21 (DE3) cells grown on an M9 medium supplemented with 0.4% tryptone, 0.4% glucose,
and 50 pg/mL ampicillin. The enzymes were purified to homogeneity in the Cu/TPQ-free,
precursor form according to the methods reported previously (12). Conversion of the precursor
WT and mutant enzymes into the mature forms was generally performed by incubating each
precursor enzyme (1 mM subunit) with 2 mM CuSO, in 25 mM Hepes (pH 6.8) for 24 h. The
Cu contents in the proteins were analyzed with a Shimadzu AA-6400G atomic absorption
spectrophotometer. UV-vis absorption spectra were measured with a Hewlett-Packard 8452A
diode-array spectrophotometer. EPR spectra were measured on a home-built EPR spectrometer
using a Varian X-band cavity equipped with an Oxford Instruments cryostat (ESR-900). RR
scattering was excited at 514.5 nm with an Ar® ion laser (Spectra Physics, 2017) and detected
with a triple polychromator (JASCO, NR-1800) equipped with a CCD detector (Princeton
Instruments). Single crystals of WT and mutant enzymes were obtained by microdialysis against
0.2 M potassium sodium tartrate in 25 mM Hepes (pH 6.8). X-ray diffraction data of the
crystals were collected using a CCD camera at the beam line 44B2 of the SPring-8, Japan
Synchrotron Radiation Research Institute (Harima Science Garden City, Hyogo, Japan).

Results and Discussion

The H431A, H433A, and H592A mutant enzymes of AGAO have been constructed and
purified in a Cu/TPQ-free, precursor form. When incubated aerobically with excess Cu®* ions,
TPQ is formed by self-processing in the WT enzyme, exhibiting an absorption maximum at 480
nm (2). In contrast, addition of Cu?" ion to the H431A, H433A, and H592A mutants caused
almost no spectral changes, even after 24 h of incubation (Fig 1). This indicates that all of the
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three His residues are very important for TPQ formation, probably through binding of the Cu**
ion. Indeed, atomic absorption analysis showed that the Cu content was decreased by mutation
of either of the three His residues. However, when free imidazole was added exogenously, the
formation of TPQ was significantly enhanced in the H592A mutant (Fig. 1); identities of TPQ in
the WT and imidazole-rescued H592A mutant were confirmed by measurements of their RR
spectra. Exogenous addition of imidazole had almost no effect on WT, Y382F (Phe mutant of the
TPQ precursor), H431A, and H433A mutants. An optimum concentration of imidazole for TPQ
formation in H592A was about 20 mM. Higher concentrations of imidazole were rather
inhibitory for copper binding and TPQ formation, probably due to its chelating activity to the
Cu?" ion. Exogenous imidazole also rescued Cu binding to the H592A mutant, as shown by EPR
spectroscopy which revealed typical features of the non-blue, type II Cu signals, although the
copper coordination geometry appeared slightly different (more rhombic) from that in the WT
enzyme. In accord with the X-ray structures of AGAO, in which the imidazole ring of His592
could have two distinct conformations (9), the mutation of His592 to Ala is assumed to have
created enough of a cavity in the metal-binding site to accommodate a free imidazole molecule,
which assists binding of the Cu atom. Although the imidazole-rescued H592A mutant contained
both Cu?* ion and TPQ, it showed very low catalytic activity, even in the presence of imidazole.
When the substrate 2-phenylethylamine was added to the Cu/TPQ-containing HS92A mutant,
TPQ was reduced very rapidly, even under fully aerobic conditions. Therefore, the low activity
of H592A is due to a decreased rate of the oxidative half reaction, which must be correlated with
the position of the TPQ ring and the Cu coordination geometry, as described later.
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Figure 1: Absorption spectra of WT and mutant enzymes after 24-h incubation with Cu®* ion.
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Although the H433A mutant could not form TPQ upon aerobic incubation with Cu?* ion, we
have observed transient formation of a ligand-to-metal charge-transfer (LMCT) complex upon
addition of Cu®" ions to H433A. Its UV-vis and RR spectra were very similar to those of a
tyrosinate-to-Cu?* jon CT complex reported for galactose oxidase (13), suggesting that the
phenol ring of Tyr382 is positioned slightly closer to the bound Cu atom in H433A than in the
presumed initial state of TPQ biogenesis in the WT enzyme.

Single crystals of the Cu/TPQ-containing H592A and Cu-reconstituted H433A mutants both
diffracted to 1.8-2.0 A resolution in the X-ray crystallographic analysis, and their structures were
refined by molecular replacement using the WT enzyme structure (9). The Fo —Fc difference
Fourier map at a 3.5-¢ level of the H592A mutant clearly indicated a positive electron density
peak, which was ascribed to an imidazole molecule bound to the enzyme; only the metal-binding
side of the imidazole ring appeared to be fixed. M oreover, the TPQ ring in the imidazole-rescued
H592A mutant was markedly close to the Cu atom; this could be a reason for its very low
catalytic activity, together with the absence of a hydrogen bond with the 4-hydroxyl group of
Tyr284, which is probably important as a pivot for the TPQ ring flipping during catalysis (14).
The phenol ring of Tyr382 in the H433A mutant was in an orientation very similar to that seen
in the precursor WT enzyme (9), and this structure was thought to mimic the Cu coordination
geometry (tetrahedral) in the initial stage of TPQ biogenesis.

Altogether, the results reported here demonstrate the importance of the Cu coordination
structure constructed by the three Cu-binding His residues for TPQ biogenesis and suggest that
precise placement of the Cu atom relative to the precursor Tyr382 is essential for the efficient
ring oxidation leading to the TPQ cofactor in copper amine oxidase.
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SUMMARY

Lysyl oxidase is an extracellular enzyme controlling the maturation of the collagen. Because the
similar behavior of lysyl oxidase and collagen III expressions in fibrotic tissues, we investigated
the influence of lysyl oxidase over-expression on the promoter activity of COL3A1 gene. Our
results showed that when COS-7 cells over-expressed the mature form of lysyl oxidase,
COL3A1 promoter activity was significantly increased. Electrophoretic Mobility Shift Assay
showed a binding activity in the region from —100 to -76, that was significantly increased by
lysyl oxidase over-expression. We identified the binding activity as Ku antigen. The study
suggests a new co-ordinated mechanisms that might be critical for the development of fibrosis.

INTRODUCTION

Lysyl Oxidase (LOX) (protein-6-oxidase; EC 1.4.3.13) is the key-enzyme that controls
collagen and elastin cross-linking and consequent maturation (Pinnel and Martin). Several
reports have recently suggested an association between fibrosis and increased LOX activity (Di
Donato, et al., Murawaki, et al., Sommer, et al.). The localization of the enzyme is mainly
extracellular where its acknowledged substrates are located, although, it has been shown that
LOX is localized intracellularly and inside the nucleus as well (Di Donato, et al., Li, et al.).
Considering the critical role of collagen III in the organ fibrosis and that its expression level
changes are often preceded or paralleled by a similar modifications of LOX activity, we
investigated the effects of LOX over-expression on the activity of human collagen III alpha 1
chain (COL3Al) promoter. Our results showed a dramatic increase in COL3A1 promoter
activity when the recombinant LOX was over-expressed. Furthermore we defined the region of
COL3A1 promoter most likely involved in this LOX dependent activation and some of the

possible mechanisms involved.
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MATERIALS AND METHODS

Cell culture

Monkey renal fibroblast COS-7 cell line was obtained from American Type Culture Collection
(ATCC, Rockville, MD) and grown according to ATCC indication.

Expression vectors

The different fragments of COL3 A1 promoter described in the text were derived from the IdF8
clone kindly provided by dr. F. Ramirez (Mt. Sinai School of Medicine, New York, NY) both by
endonuclease restriction and PCR amplification. The fragments were then subcloned into pGL2-
basic vector. Lysyl oxidase coding sequence for the mature 32 kDa protein, obtained by PCR,
was previously cloned into pTrc-His vector (Di Donato, et al.). The fragment Ncol-Bgl II
including the poly-His tag together with LOX coding sequence was subcloned into pSGS.
Transient transfections

COS-7 cells were transfected by DEAE dextran method (Vaheri and Pagano). In order to
normalize each transfection, 2-4 ug of pCMV-lacZ, expressing the B-galactosidase enzyme was
always co-transfected.

Luciferase Assay Luciferase Assay

Luciferase activity was determined by measuring luminescence in a TD-20/20 luminometer
(Turner Designs, USA), according to the Luciferase Assay Kit (Promega Inc., USA) directions.

Gel Retardation Assay
The assay was performed as previously described (Barresi, et al.), using 2-5 pg of nuclear
extracts in a total volume of 20 pl..

Protein Analysis
Approximately 30 ug of proteins from the indicated cell fractions were separated by

electrophoresis on a 10% polyacrylamide gel and blotted to a Hybond-Super C nitrocellulose
membrane (Amersham, UK). The blots were probed with Omni-Probe/M21, an anti-(His), tag
polyclonal antibody to detect recombinant LOX. To detect Ku80 and Ku70 in the indicated cell
extracts, anti-Ku80 polyclonal (M-20) anti-Ku70 polyclonal (C-19) (Santa Cruz Biotechnology
Inc., CA, USA) were used. The blots were developed using an alkaline phosphatase conjugated
second antibody.

RESULTS AND DISCUSSION

Several fragments of COL3 A1 promoter, ranging with their 5' from -1375 to -35 bp from the
transcription start site and extending throughout +61 bp, were cloned into pGL2-basic vector. In
length order the constructs are: pRUP4, pRUPG6, pFV1, pDD1and pDD2, respectively starting at
-1375, -257, -117, -55 and -35 (fig. 1). COS-7 cells were transfected with pSG5-LOX, a
mammalian expression vector that expresses the mature form of LOX tagged with poly(His), at
the NH2 terminus. Interestingly, in our conditions, the recombinant LOX protein was largely
expressed also in the nuclear compartment, in agreement with recent findings (Li, et al.) (data
not shown). Any attempts to detect the recombinant LOX in the extracellular compartment did

not give any positive results (data not shown).
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Fvl >

-117 Consensus 31
TATTTATCAT TTCTTTTACT GCTGAGGGGAT GGGTGCGGCT CTCATATTTC AGAAAGGGGC

DD1 > DD2 >

- 56 Consensus 11 Consensus 414 +1
TGGAAAGTGA GGGAAGCCAA ACTTTTTCCTA TTTAAGGCCA AAGCAAAGGA ATCTCAGTGG

+ 4 Start Codon +60
CTGAGTTTTA TGACGGGCCC GGTGCCTGAAG GGCAGGGAAC AACTTGATGG TGCTA

Fig 1 - The nucleotide sequence of COL3A1 promoter fragments FV1 and its derivatives (DD1 and DD2) used in
the study. Homology among oligonucleotide 31, 11 and 414 is underlined (see text).

When COS-7 cells were co-transfected with pSGS-LOX the activity of the promoter was
increased up to an average of 12 times, depending on the construct. In fig 2A a summary of the
responses of the different promoter fragments to LOX expression is shown.
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Fig 2 A: Luciferase activity of the indicated pGL2 constructs carrying different fragments of COL3A1 promoter in
presence of recombinant LOX expression. B: pGL2: pGL2 basic vector,; pGL2-IL4: pGL2 carrying interleukin 4
minimal promoter, pGL2-P: pGL2 carrying SV40 promoter; pFV1: pGL2 carrying pFV1 COL3Al promoter
fragment. The results are the average of at the least three independent experiments performed in triplicate + s.e.m.

FV1 and DDI regions are the most responsive, although DD2 retains a significant 2-3 time
inducibility upon LOX expression. Then we tested the specificity of LOX effect for COL3A1
promoter by co-transfecting pSG5-LOX together with pGL2-control vector, deprived of any
promoter region or on heterologous promoters, like the SV40 contained in pGL2-promoter
vector and interleukine 4 minimal promoter, also subcloned into pGL2Fig. 2B shows that in all
cases, but with pFV1, LOX expression did not affected the promoter activity. Moreover LOX
induction of COL3Al promoter is dependent on its catalytic activity, being completely

suppressed by its inhibitor, the B-amino-propionitrile (data not shown). Based on these



74

functional findings (fig 2), we guessed that a LOX-responsive sequence must be present at the
least in three copies in the FV1 fragment, since we observed a response to LOX expression in all
three tested fragments, FV1, DD1 and DD2. Therefore we analyzed the homology among the
three fragments, aligning DD2 with the extra nucleotides present in DD1 and in FV1. The result
of the alignment showed in fact an overlapping consensus sequence: (A/G)CT(G/A)
A(G/A)GG(A/G)A. This sequence doesn’t seem to match the consensus for any of the known
transcription factors or DNA binding. EMSA experiments, using a probe containing the
consensus ‘sequence specific for the fragment FV1 (100 to —76), indicated as oligonucleotide
31, showed that this sequence binds a proteic complex. Fig. 3 shows that LOX over-expression

increased the binding of this complex by 3-4 times.
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Fig.3 —A: EMSA using oligonucleotide 31 as [ **P ] labelled probe in presence of: .pSGS5: nuclear extracts from
COS 7 cells transfected with pSGS alone or pSG5-LOX: expressing mature Competitor: as above but in presence of
a 100 time molar excess of indicated cold oligonucleotide. B: as above but also using a mutated version of
oligonucleotide 31 (31m), as radiolabeled probe.

In the same figure the specific competition of the DNA-protein complex by an excess of the cold
oligonucleotide 31 or the other two consensus sequences, 11 and 414, is shown. The mutation of
oligonucleotide 31 (31m) resulted also in a completely different EMSA pattern (fig 3B) and the
pFV1 construct carrying the same mutation showed a dramatic impairment in the response to
LOX over-expression (data not shown). An homology search against the EMBL DNA data base
returned NRE1 (nuclear regulatory element), among the many possible nucleotide matching
sequences. Recent investigations (Torrance, et al.) showed that NRE1 is able to bind the Ku
antigen heterodimer complex (Ku80 and Ku70). Ku antigen usually binds to DNA free ends or
nicked double strand DNA and mediates the binding of DNA-dependent protein kinase (DNA-

PK). The whole complex is involved in some of the main DNA repair and recombination
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processes (Dynan and Yoo). Therefore, we tested the presence of Ku in the DNA-protein
complex shown in our EMSA. Fig 4 shows indeed that both antibodies were able to induce a
typical super-shift. In the case of anti-Ku80 the appearance of the super-shift even abolished the
retarded band. We obviously tested whether the increased binding of Ku was the result of an
higher protein level induced by LOX. That was not the case as tested by Western Blot (data not
shown). Experiments are in process in order to assess a possible physiological link between
increased binding of Ku by COL3A1 promoter and its enhanced activity in presence of LOX

over-expression.
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Fig. 4 — EMSA using oligonucleotide 31 as [ 32p | labelled probe in presence of: .pSG5: vector alone; pSG5-
LOX: same vector expressing the coding sequence for mature LOX. Anti-Ku80 and anti-Ku70 indicates the
presence in the incubation mixture of the specific antibodies. The arrow points to the super-shift.

Further studies are also needed to completely clarify the regulatory mechanism that might link
LOX to Ku. At the moment it is intriguing to think that some of LOX tumor suppressor activities
might be achieved through an improved Ku DNA repair activity.
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TGF-B1 Regulation of Gingival Lysyl Oxidase and Connective Tissue Growth Factor
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TGF-B is a regulator of lysyl oxidase in several tissues and cell types. The present study
investigates the regulation of lysyl oxidase by TGF-B1 in human gingival fibroblasts. Results
indicate that lysyl oxidase activity and mRNA levels are slowly increased compared to previous
studies performed in osteoblastic cells. A possible role for connective tissue growth factor in
mediating TGF-B regulation was assessed. TGF-f3 stimulates CTGF production, but TGF-8 and
CTGF appear to promote collagen accumulation by mostly independent mechanisms in human
gingival cells. In addition, preliminary studies demonstrating the presence of CTGF in oral
tissues are discussed.

Introduction

Gingival overgrowth results from a variety of pathologic conditions including an undesired
consequence of therapy with certain antihypertensive calcium channel blockers, the
immunosuppressive drug cyclosporin A, and the anti-seizure drug dilantin (Hassell and Hefti,
1991). Recently, increased levels of several cytokines have been found in drug-induced gingival
overgrowth tissues (Dill et al., 1993; lacopino et al., 1997; Plemons et al., 1996, Saito et al.,
1996; Williamson ef al., 1994). Evidence for a contributing role for TGF-f-mediated stimulation
of extracellular matrix production by human gingival fibroblasts in familial gingival fibromatosis
has been reported (Tipton and Dabbous, 1998).

Among the genes stimulated by TGF-B1 is connective tissue growth factor (CTGF) (Igarashi et
al., 1993). CTGF has been found at elevated levels in several different hyperplastic or fibrotic
tissues including skin, and aorta (Frazier ef al., 1996; Igarashi ef al., 1996; Igarashi et al., 1995;
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Oemar ef al, 1997). Some of the biological effects of TGF-B, including stimulation of
extracellular matrix accumulation, may be mediated by CTGF (Frazier et al., 1996).

The present study determined in human gingival fibroblasts the regulation of lysyl oxidase by
TGF-B1. In addition, changes in -1 type I collagen mRNA levels were measured. As regulation
by TGF-B1 was surprisingly slow in these cells, we determined whether CTGF was regulated by
TGF-B1, and assessed for a possible role of CTGF in mediating TGF-B1 regulatory effects in
human gingival fibroblasts. The results support the concept that TGF-B1 and CTGF stimulate

collagenous extracellular matrix production by mostly parallel pathways.

Materials and Methods

Preparation of fibroblastic cultures. Non-hyperplastic gingival tissue from different healthy
adult subjects undergoing routine periodontal procedures were obtained from the Boston
University School of Dental Medicine Clinic after informed consent according to Boston
University Institutional Review Board approved procedures. Fibroblastic cells were obtained
from explants (Piche ez al., 1989).

Cell culture. Human gingival fibroblasts were cultured at 37 °C in a 5% CO, atmosphere in
DMEM containing 10% NBS, 0.1 mM non-essential amino acids and antibiotics at passage 3
from frozen stocks in 100 mm tissue culture plates under standard conditions and were passaged
at aratio of 1:7. Cells were grown for three days to about 75 - 85% confluence, and were placed
in serum-free medium and cultured for an additional 24 hours. Cells were then re-fed with this
medium either containing or lacking the cytokine being tested. Cells were harvested at intervals.

Lysyl oxidase enzyme activity. Lysyl oxidase enzyme activity was determined utilizing a
tritium release assay with human tritiated recombinant tropoelastin as substrate (Bedell-Hogan et
al., 1993) except that incubations were carried out at 55° C for 60 min. Enzyme activity
determinations were normalized to the number of cells counted from the same cultures.

Collagen accumulation. Human gingival fibroblasts were cultured to confluence in 100 mm
cell culture dishes. Cells were then cultured in 15 ml of medium containing in addition 50 pg/ml
ascorbate either in the presence or absence of 50 ng/ml CTGF. Cells were re-fed fresh medium

containing ascorbate +/- 50 ng/ml CTGF once every 48 hours for the duration of the experiment.
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Cells were harvested after 0, 4, 1, and 18 days. Aliquots of cell suspensions were analyzed for
DNA content (Vytasek, 1982) and additional aliquots were utilized for amino acid analysis. Per

cent collagen was calculated based on the hydroxyproline content of 13% by weight.

Results

Regulation by TGF-fI. The regulation of lysyl oxidase enzyme activity, and the regulation of
mRNA levels of lysyl oxidase, a-1-type I collagen, and elastin by TGF-B1 was determined in
human gingival fibroblasts. TGF-B1 (400 pM) treatment of N6 human gingival fibroblasts
resulted in time-dependent stimulation of lysyl oxidase enzyme activity. Fold-increases in lysyl
oxidase activity were significantly higher after 48 hours of treatment (2.77 +/ 0.45), but were not
consistently higher after 4 and 24 hours. Time-dependent changes in collagen, lysyl oxidase, and
elastin steady state mRNA levels caused by 400 pM TGF-B1 treatment of gingival fibroblasts
indicate that a-1-type I collagen and lysyl oxidase mRNA levels increase no earlier than after 48
hours of treatment (not shown). Similar results were obtained in experiments performed with
gingival fibroblasts from three different donors, indicating that the results are generally true for

cells cultured from adult human gingiva (Table 1).

Table 1. Regulation of lysyl oxidase enzyme activity, and steady state mRNA levels for lysyl oxidase, a-
1-type I collagen, and elastin in human gingival fibroblast cultures treated with 400 pM TGF-B1 for 48
hours.

N4 cells N5 cells N7 cells Mean +/- SE
Determination Fold Change in TGF-B1-treated Cultures Compared to Untreated Controls
L. O. Activity 2.66 2.17 1.65 2.16 +/- 0.25
L.0O. mRNA 0.96 2.09 2.15 1.73 +/- 0.39
COL1A1 mRNA 1.8 2.16 2.80 2.25+/-0.29
Elastin mRNA 1.26 1.10 1.38 1.25 +/- 0.08

Fold changes in lysyl oxidase enzyme activity were each statistically significant by unpaired t-test
(p <0.05). COL1A1: a-1-type I collagen. Permission granted: Hong et al. (1999) Lab. Invest. 79, 1655-67.

Regulation of CTGF by TGF-pI. Time-dependent regulation of CTGF mRNA levels by 400
pM TGF-B1 in human gingival fibroblasts was determined. As shown in Figure 1, 2.4 kb CTGF
mRNA levels increased dramatically from nearly undetectable levels in untreated controls, to
easily detectable levels after four, 24, and 48 hours of treatment. Scanning laser densitometry

indicates that the stimulation of CTGF mRNA levels was at least 20-fold, and was maximally
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stimulated at 24 hours of treatment.
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exogenously added to human gingival
fibroblasts regulates lysyl oxidase enzyme activity, and mRNA levels of lysyl oxidase and a-1
type I collagen. Zero, 1 ng/ml, 10 ng/ml and 50 ng/ml CTGF was added to human gingival
fibroblasts in serum-free medium, and lysyl oxidase enzyme activity in media samples was
determined after 24 and 48 hours normalized to cell number. Results from several experiments
show 1.3-fold stimulation of lysyl oxidase enzyme activity and mRNA levels by 50 ng/ml CTGF
requiring 48 hours of treatment. Taken together, results indicate that CTGF is a weak stimulator
of lysyl oxidase enzyme activity.

CTGF-induced collagen accumulation. 1t is possible that small increases in lysyl oxidase
enzyme activity over time may be functionally important, and might result in increased insoluble
collagen accumulation. Lysyl oxidase catalyzes the final enzymatic step required for cross-
linking of collagens and elastin and contributes to the efficiency of accumulation of insoluble
collagen. Thus, human gingival fibroblasts were grown in the presence and absence of 50 ng/ml
CTGF and cell layers were analyzed for total DNA, and for total protein, and hydroxyproline
levels. At day zero there was little collagen accumulation in both the control and CTGF treated
cultures. Cell layer collagen/DNA increased after 4, 11, and 18 days in control cells, as expected
for cultures accumulating insoluble collagen. CTGF further increased cell layer collagen by 1.5,

2.0, and 1.5-fold on day 4, 11, and 18, respectively.
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Discussion

The present study evaluated the hypothesis that CTGF may be induced by TGF-B1 in gingival
cells and tissues, and that CTGF itself might stimulate insoluble collagen accumulation. Data
show that CTGF mRNA levels are strongly induced in human gingival fibroblasts by TGF-B1.
Treatment of human gingival fibroblasts with intact CTGF resulted in modest and slow
stimulation of lysyl oxidase activity, and an increase in insoluble collagen accumulation by
cultured human gingival fibroblasts. Thus, CTGF-induced increased lysyl oxidase activity may
contribute to the observed increased insoluble collagen accumulation.

It is interesting that CTGF stimulates lysyl oxidase enzyme activity without increasing lysyl
oxidase mRNA levels. This finding predicts that CTGF increases the amount of active lysyl
oxidase by influencing either lysyl oxidase stability, or by stimulating secretion or processing of
the inactive lysyl oxidase proenzyme. Pro-lysyl oxidase is processed extracellularly principally
by procollagen C-proteinase (Panchenko et al., 1996), and extracellular processing of lysyl
oxidase may contribute to the regulation of the level of active enzyme (Feres-Filho ef al., 1995).

Preliminary findings suggest that CTGF is highly expressed in human dilantin gingival
hyperplasia tissues, and not in non-hyperplastic gingival tissues (data not shown). Studies in
progress are evaluating expression of CTGF protein in other forms of gingival hyperplasia. Such
detailed clinical characterization coupled to histological and immunohistochemical analyses of
human gingival overgrowth tissues may result in new identification and classification of
differences among these tissues that may provide insight into the etiology and treatment of
different forms of gingival overgrowth.
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Summary

The activity of pyridoxal phosphate-dependent dopa decarboxylase in the corpus striatum of
patients with Parkinson’s disease is low. However, pyridoxine which nullifies the beneficial
therapeutic effects of levodopa is contraindicated in patients with Parkinson’s disease. This problem
is obviated by carbidopa, a peripheral dopa decarboxylase inhibitor which does not penetrate the
blood brain barrier and hence does not affect the formation of dopamine in the brain. Administration
of pyridoxine enhances the synthesis of cysteine and dopamine in the brain, and oxidation of
dopamine in the presence of cysteine generates neurotoxic products such as dihydrobenzothiazines.
Moreover, the situation is aggravated by the fact that the concentration of glutathione, a cysteine
containing peptide, is low in the striatum of Parkinsonian patients. In addition, pyridoxal-containing
tetrahydroisoquinoline derivatives, alter mitochondrial functions by inhibiting the activity of

complex I. Therefore, pyridoxine should be used cautiously in patients with Parkinson’s disease.

Introduction

Parkinson’s disease is treated with dopamine-function enhancing substances. Birkmeyer and
Hornykiewicz (1961, 1962) reported that 50-150 mg of L-DOPA, (-)-3(3,4-dihydroxyphenyl)-L-
alanine, administered intravenously produced a decrease in akinesia in patients with Parkinson’s
disease. The effects were maximal at 2-3 hr and lasted up to 24 hr. Administration of monoamine

oxidase inhibitors intensified the effects, whereas D-dopa, dopamine, or 5-hydroxytryptophan, the



84

precursor of serotonin did not produce these beneficial effects. Cotzias (1967) reported that 3-16
gm of oral DL-DOPA given over long periods of time could produce a marked and persistent
improvement in the symptoms and signs of Parkinson’s disease.

L-DOPA synthesized from tyrosine is rapidly metabolized within the cytoplasm to dopamine by
the enzyme aromatic amino acid decarboxylase (AADC). In pathological states with reduced TH
activity, the rate of synthesis of L-DOPA is low. When exogenous L-DOPA is administered, blood
becomes the source of L-DOPA for catecholamine neurons in the brain. L-DOPA, like tyrosine, is
transported across the brain capillary endothelial cell and nerve cell membrane by the L-system, a
carrier-mediated transport system for neutral amino acids with branched or ringed side chains. L-
DOPA entering cells containing AADC is thought to be metabolized nonselectively to dopamine.
AADC is found almost exclusively within catecholaminergic and serotonergic neurons in the brain
(Lovenberg et al., 1962; Lloyd and Hornykiewicz, 1972), and mostly in the caudate nucleus and
putamen (Sourkes, 1966; Lloyd and Homykiewicz, 1970).

Subtypes of dopaminergic receptors

Two subtypes of dopamine receptors, D1 and D2, were identified on the basis of pharmacological
and\biochemical criteria (Kebabian and Calne, 1979). The D1 and the D2 dopamine receptors are
pharmacologically distinct, displaying differing affinities not only for endogenous ligand dopamine,
but also for several other compounds (see Seeman and Grigoriadis, 1987). Benzazepines, including
SCH 23390, bind to D1 receptors with high affinity, and benzamides, such as sulpiride or raclopride,
and butyrophenones, such as spiroperidol, selectively label D2 receptors. At least five genes
encoding subtypes of dopamine receptors have been isolated and categorized as D1-like or D2-like
according to their nucleotide sequences and the pharmacological profile of the expressed proteins.
The D1-like receptors include the D1 and the D5 receptors, whereas the D2-like receptors include
the two isoforms of the D2 receptor, differing in the length of their predicted third cytoplasmic loop,
dubbed D2 short (D2S) and D2 long (D2L), and the D3 and D4 receptors. The D1 and D5 receptors
activate adenylyl cyclase. The D2 receptors couple to multiple effector systems, including the
inhibition of adenylyl cyclase activity, suppression of Ca** currents, and activation of K* currents.

The effector systems to which the D3 and D4 receptors couple have not been unequivocally defined.
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Neuropharmacology of peripheral dopa decarboxylase inhibitors

Carbidopa, (-)-L-a-hydrazino-3,4-dihydroxy-a-methylbenzene propionic acid, and benserazide,
(+-)-DL-seryl-2-(2,3,4-trihydroxybenzyl) hydrazine (fig. 1) are reversible inhibitors of dopa
decarboxylase (Heubert et al., 1983; Baldessarini and Greiner, 1973). They inhibit dopa
decarboxylase within capillary endothelial cells of the cerebral vessels (Burkard et al., 1964) but do
not enter the brain, and therefore, are devoid of central activity. When used in combination with L-
DOPA, they inhibit the metabolism in peripheral tissues. Carbidopa and benserazide are
concentrated in the kidneys, lungs, small intestine, and liver, with lower concentrations found in the

heart. These compounds do not enter the brain to any significant extent (Schwartz et al.,1974;
Porter, 1973).

HO CI:HS
HO CH, C COOH
I
NHNH,
Carbidopa
HO HO
NH,
I
HO CH,NHNHCOCHCH,0H
Benserazide

Figure 1: Peripheral dopa decarboxylase inhibitors.
Cysteine neurotoxicity in Parkinson’s disease

Six vitamers have vitamin B4 metabolic activity: pyridoxine, pyridoxal and pyridoxamine, and
their 5'-phosphates. The metabolically active coenzyme is pyridoxal 5’-phosphate (PLP). In the
liver there is rapid oxidation of the other vitamers to pyridoxal, and rapid phosphorylation to PLP,

which is the main circulating vitamer exported from the liver bound to albumin. Uptake into
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peripheral tissues is by extracellular dephosphorylation, followed by metabolic trapping
intracellularly as PLP. PLP that is not bound to enzymes is rapidly dephosphorylated, and surplus
pyridoxal in tissues is oxidized to pyridoxic acid, which is the main urinary metabolite of the
vitamin.

In amino acid metabolism, PLP reacts with the ct-amino group of the substrate; and the reactions
of PLP-dependent enzymes include:

(a) decarboxylation of amino acids to yield amines, which are neurotransmitters or hormones,
e.g., Y-aminobutyrate, histamine, norepinephrine (and hence epinephrine), serotonin;

(b) transamination of amino acids to yield their keto-acids (oxo-acids), which are then oxidized
as metabolic fuels;

(c) a variety of reactions involving the side-chains of amino acids, including kynureninase (EC
3.7.1.3), cystathionine synthetase (EC 4.2.1.22) and cystathionase (EC 4.4.1.1);

(d) decarboxylation of phosphatidylserine to phosphatidylethanolamine in phospholipid
synthesis (see Bender, 1999).

Homocysteine is an intermediate in methionine metabolism, and may undergo one of two
metabolic fates (as shown in Fig. 2) remethylation to methionine (a reaction that is dependent on
vitamin B, and folic acid), or onward metabolism leading to the synthesis of cysteine (trans-
sulfuration). The trans-sulfuration pathway has two PLP-dependent enzymes: cystathionine
synthetase and cystathionase. Glutathione (GSH) is synthesized by the activity of two ATP-
requiring GSH synthesizing enzymes. Gamma-glutamylcysteine synthetase (y-GCS) is the rate
limiting enzyme for the GSH synthesis. Y-GCS is a heterodimer of heavy, catalytic subunit and
light, regulatory subunit and responsive to many stresses, such as heat shock, oxidative stress, or
cytokines (Kondo et al., 1999).

Glutathione serves as an essential cofactor for a number of enzymes including formaldehyde
dehydrogenase, glyoxylase, maleylacetoacetate isomerase, dehydrochlorinase, and prostaglandin
endoperoxidase isomerase. In addition, glutathione, whose level is reduced in the striatum of
patients with Parkinson’s disease (see Ebadi et al., 1996), possesses a neuroprotective action by
transporting cysteine. Elevated cysteine/cystine is excitotoxic by interfering with the N-methyl-D-
aspartate (NMDA) receptors. Cysteine forming hemithioketals and hemithioacetals generate

substances such as thiazolidinone, which tend to inhibit glutamate decarboxylase. Furthermore,
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Puka-Sundvall, et al. (1998) have shown that subtoxic doses of cysteine administered before or after
hypoxia-ischemia enhances brain injury. Carbidopa enhances the formation of dopamine in the
brain, pyridoxine enhances the formation of cysteine, and oxidation of dopamine in the presence of

cysteine generates neurotoxic products such as dihydrobenzothiazines (Shen et al., 1997).
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Figure 2: The synthesis of cysteine from cystathionine requires a vitamin-dependent cystathionase

Pyridoxine, tetrahydroisoquinolines, and Parkinson’s disease

By using the Pictet Spengler reaction (Ebadi and Govitrapong, 1981) and cyclizing pyridoxal- or
pyridoxal phosphate with biogenic amines, we have synthesized tetrahydroisoquinoline derivatives
from pyridoxal and dopamine (1-(2-methyl-3-hydroxy-5-hydroxymethyl-4-pyridyl1)-6, 7-dihydroxy-
1,2,3,4-tetrahydroiso-quinoline), from pyridoxal phosphate and dopamine (1-(2-methyl-3-hydroxy-5-
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phosphinyloxymethyl-4-pyridyl)-6, 7-dihydroxy-1,2,3,4-tetrahydroisoquinoline), from pyridoxal and
dopa (1-(2-methyl-3-hydroxymethyl-4-pyridyl)-3-carboxyl-6, 7-dihydroxy-6, 7-dihydroxy-1,2,3,4-
tetrahydroisoquinoline), or from pyridoxal phosphate and dopa (1-(2-methyl-3-
hydroxyphosphinyloxy-methyl-4-pyridyl)-3-carboxyl 6, 7-dihydorxy-1,2,3,4-tetrahydroisoquino-
line). These native compounds did not inhibit dopa decarboxylase. However, when incubated with
monoamine oxidase B and, converted to charged molecules, they then became inhibitory not only
to dopa decarboxylase, but also to mitochondrial functions by inhibiting the activity of complex I
(Ebadi et al., 1998). These studies suggest that endogenously produced tetrahydroisoquinoline

derivatives may predispose to Parkinsonism.
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Summary

Lysyl oxidase (LOX) is a copper containing amine oxidase traditionally described as a secreted enzyme that
crosslinks the extracellular matrix proteins elastin and fibrillar collagens. Recently, multiple novel biological
functions have been attributed to LOX and experimental evidence indicates that LOX may have other, intra-cellular
and intra-nuclear substrates involved in these functions. Our results suggest that several genetically different lysyl
oxidases exist that individually function to perform these roles. We report here the gene structure, chromosomal
localization, protein domain structure, evolutionary relationship, tissue specific expression and distribution of these
novel lysyl oxidases, LOX, LOXL, LOXL2 and LOXL3 that could serve as a family of proteins present in distinct
cellular and tissue locations, each with a related but different function.

Introduction

Lysyl oxidase (LOX) belongs to a heterogeneous family of copper dependent amine oxidases that
oxidize primary amine substrates to reactive aldehydes (Janes et al.,1992, Lyles, 1996, Dove et
al., 1996). From the time of the discovery of lysyl oxidase (Pinell and Martin, 1968) most studies
have focused on the specific cross-linking activity and catalytic mechanism of action of this
enzyme on collagen and elastin substrates, essential to the biogenesis of connective tissue. LOX
oxidizes peptidyl lysine in these proteins to B-aminoadipic-B-semialdehyde or allysine. This
peptidyl aldehyde can then spontaneously condense with neighboring amino groups or other
peptidyl aldehydes to form covalent cross-links in several fibrillar collagen types and desmosines
and isodesmosines in elastin (Eyre et al., 1984, Kagan et al., 1994, Smith-Mungo and Kagan,
1998). Recently, multiple novel biological functions have been attributed to lysyl oxidase.
Evidence from several laboratories demonstrated that lysyl oxidase may have other intracellular
or intranuclear substrates involved in these functions. The range of these novel activities
attributed to LOX cover a spectrum of biological functions including developmental regulation,
tumor suppression, senescence, cell growth control and chemotaxis (Contente et al., 1990,
Lazarus et al., 1994, Mello et al., 1995, Csiszar et al., 1996, Saito et al., 1997, DiDonato et al.,
1997). Our hypothesis is that several different lysyl oxidases exist that individually function to
perform these roles. In this work we report three novel proteins that fulfill the requirements of
being fully functional but genetically distinct lysyl oxidases that could serve as a family of
proteins present in distinct cellular and tissue locations, each with a related but different function.



92

Materials and Methods

A database protein homology search (Human Genome Sciences Inc.) identified several human
cDNA clones which had homology to the copper binding and catalytic domains of lysyl oxidase.
Using PCR primers derived from these cDNA sequences, 16 additional cDNAs were isolated
from a spleen cDNA library and two PAC recombinants, containing overlapping human genomic
DNA, were obtained. These clones were used to further characterize new putative lysyl oxidase-
like proteins. A full length cDNA sequence was established by DNA sequence analysis of several
overlapping cDNA clones. In addition an EST (expressed sequence tag) database (http://www.
ncbi. nlm. nih. gov/dbEST/ index. html) was screened for sequence homology to both the highly
conserved copper binding site and the catalytic domains observed in LOX, LOXL and LOXL2.
More than 1,000 lysyl oxidase-homologous EST entries were identified. A BLAST search of
these EST sequences identified 21 unique and novel cDNAs. We have sequenced several of these
human cDNA clones. Two of these cDNAs clearly corresponded to LOXL2 cDNAs. In addition,
five EST cDNAs contained overlapping sequences and were obtained from a mixed cDNA library
of fetal heart, pregnant uterus and melanocytes and cDNA libraries derived from prostate and
brain mRNA. Sequence analysis of these cDNAs identified a copper binding site and the
characteristic catalytic domain of lysyl oxidase. A full length cDNA sequence was generated
from sequenced 5’-end clones that were isolated from brain and placenta cDNA libraries. These
cDNAs encode a new lysyl oxidase variant that we have referred to as LOXL3, which represents
the fourth member of the lysyl oxidase family. Expression of these novel genes was examined by
Northern blot analysis. Chromosomal localization was determined by radiation hybrid mapping.
Immunohistochemistry was performed using specific antibodies designed against regions of
minimal homology among the LOX proteins.

Results and Discussion

The first protein related to lysyl oxidase (LOX) on chromosome 5q23, that we identified, was the
lysyl oxidase-like protein (LOXL) on chromosome 15¢23. More recently, a new lysyl oxidase-
related protein was reported in senescent fibroblasts that contained the same carboxy-terminal
sequence conservation noted in LOX and LOXL (Saito et al., 1997). Our recent results extended
the characterization of this new LOXL2 protein, identified the corresponding gene, mapped to
chromosome 8p21 and confirmed that LOXL?2 is indeed another genetically distinct copper-
binding protein closely related to LOX (Jourdan Le-Saux et al., 1998). Structural comparison of
the LOX, LOXL and LOXL2 genes provides further convincing evidence for the existence of a
gene family. In addition to LOXL and LOXL2, we have recently identified an additional protein,
LOXL3 and the corresponding gene on chromosome 2p13, with sequence homology to LOX that
permits the classification of this new member as lysyl oxidase-like protein. Five of the exons that
encode the conserved copper-binding, carbonyl cofactor and cytokine receptor-like domains are
present in the LOX, LOLX and LOXL2 genes. Only three of the thirteen LOXL3 exons encode
the conserved domains and there is significant sequence and structure divergence within the eight
5’ - end exons of the LOLX2 and LOXL3 genes (Jourdan-Le Saux et al., 1999).

A striking conservation -in amino acid sequence within the carboxy-terminal end of all four
proteins suggests a functional similarity between LOX, LOXL, LOXL2 and LOXL3. These
domains include the copper-binding site containing 4 histidines, two metal-binding domains, a
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cytokine receptor-like motif, ten cysteines and the catalytic domain. It is very likely therefore,
that the novel LOX-like proteins share a functional similarity with the copper-dependent
oxidative deamination activity characteristic of lysyl oxidase.

The discovery of the LOX-like proteins and the possibility that additional lysyl oxidase-like
proteins may exist, prompted us to re-consider the definition of a lysyl oxidase. A database search
for homology to conserved LOX and LOXL copper-binding domains revealed that none of the
other copper-binding proteins contain this particular consensus sequence (Gacheru et al., 1988,
Krebs and Krawetz, 1993).

A

LOXL |

LOXL2 |
LOXL3 |
B
LOX RPRYS YaN:K]e):16):04:SMDEF
LOXL  —-—HT . ———-
LOXL2 NG-HA SHESyNu S,  _ 117
LOXL3 AG-H-AVSE R, _ 17T

Figure 1. A comparison of conserved domains within lysyl oxidase and lysyl oxidase-related proteins. Panel A
illustrates the various domains in lysyl oxidase (LOX) and the presence of these conserved sequences in LOXL, LOXL2 and
LOXL3. The lengths of the un-shaded bars represent the relative sizes of the individual proteins. Dark grey boxes: copper binding
sites, hatched boxes : metal binding sites, grey boxes: catalytic domains and underlined are the cytokine receptor-like domains.
Panel B presents the amino acid sequence of LOX, LOXL, LOX2 and LOXL3 proteins within and immediately surrounding the
conserved copper-binding and catalytic domains. Amino acid sequences were derived from cDNA sequences.

Similarly, the catalytic domain is also highly conserved within all lysyl oxidases in every species
studied so far (human, mouse, rat and chicken; Kim et al., 1995) but was not detected in other
known proteins. In contrast, the less defined metal- binding domains and the cytokine receptor-
like domain, present in several lysyl oxidases, share homology with proteins unrelated to lysyl
oxidases. We, therefore, define lysyl oxidase or lysyl oxidase-related proteins as proteins that
contain the copper-binding domain WEWHSCHQHYH with four histidines and the catalytic
domain DIDCQWWIDITDVXPGNY (Janes et al., 1992, Krebs and Krawetz, 1993, Smith-Mungo
and Kagan, 1998). A comparison of these domains within different lysyl oxidases is summarized
in Figure 1.

In addition to the copper binding site, two domains are conserved within all four lysyl oxidases.
These are the catalytic domain and the cytokine receptor-like domain. While the catalytic
function of LOX is well understood, at least within the extracellular matrix, the role of the
cytokine receptor-like domain within the LOX proteins is unknown. In our initial functional
analysis of these conserved domains, we have tested whether the catalytic domain present in the
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LOXL proteins reflects a function similar to the cross-linking activity of LOX. While our
previous results indicated differences in substrate specificity (Kim et al., 1999) it was not clear
from these initial data if the catalytic activity of LOXL is different to LOX.

To explore the possibility that LOXL will catalyze the oxidative deamination of lysyl residues,
we have tested the cross-linking activity of the LOXL protein on an elastin substrate. We have
detected significant cross-linking activity for a bovine aorta-derived LOXL, previously described
for LOX only and this activity was inhibited by BAPN, a specific inhibitor of LOX cross-linking
activity (Figure 2). These in vitro results indicate that both LOX and LOXL will catalyze the
oxidative deamination of lysine residues in an elastin substrate. While this finding does not
address whether LOX and LOXL specifically utilize an elastin substrate, it does suggest that all
lysyl oxidases, including LOXL2 and LOXL3, will probably be subject to BAPN inhibition.

2500

Figure 2. BAPN inhibitable amine
oxidase activity of LOX and LOXL.
LOX and LOXL were isolated from 2000

extracts of calf aorta by DEAE-cellulose T
chromatography as previously described

(Decitre et al., 1998). Eluates containing 1500 —
both immunoreactive LOX and LOXL

proteins were shown by Western blotting

to lack any immuno-crossreactivity with 1000
each other. These separated fractions were

then assayed for lysyl oxidase activity

using a previously published ultra-

filtration assay that measures the release 500 T

of *H-H,0 from an elastin substrate =

labeled  with  L-[4-5-°H] lysine H

(Shackleton, et al., 1990). BAPN: B- 0 -

amino proprionitrile LOX LOX+ BAPN LOXL  LOXL+ BAPN

The C-terminal regions of human LOX and LOX-like proteins contain sequence homology with
the N-terminal extracellular domain of the growth factor and cytokine receptor superfamily that
overlaps with the catalytic site (Figure 3). We previously reported that the consensus sequence
found in the N-terminal modules of Class 1 cytokine receptors, C-x¢-C-x-W-X.32-C-X10.13-C (Where
C is cysteine, W is tryptophan and x, is a defined number of any amino acid) is conserved in
human LOX and LOX-like proteins (Kim et al., 1995). Furthermore, the first 13 residues fit the
Prosite pattern PS00241, C-[LVDYR]-x(7,8)-[STIVDN]-C-x-W, found in cytokine receptors, where
amino acid residues in [ ] indicate the presence of one such residue and numbers in ( ) indicate the
number of consecutive residues. Examples of proteins in this class include erythropoietin
receptor, granulocyte colony-stimulating factor receptor, granulocyte-macrophage colony-
stimulating factor receptor alpha chain, growth hormone receptor, thrombopoeitin receptor, and
various interleukin receptor chains (Miyajima et al., 1992). Structural analysis of such receptors
indicate that they are related to immunoglobulin constant domains and evolved from primitive
fibronectin type III sequence modules that are also common to various adhesion molecules
(Bazan, 1990).

Three-dimensional crystallographic analysis of the cytokine receptors suggest that the N-terminal
extracellular domain forms two barrel-shaped modules, each consisting of six or seven B-strands
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(Bazan, 1990). Cytokines are presumed to bind into the groove created by a kink between these
two modules. Based on this model, the C-terminal region of human LOX and LOX-like proteins
lacks sequence corresponding to the C-terminal “barrel” module. The LOX and LOX-like proteins
contain cysteine and tryptophan residues at conserved positions within the first five B-strands that
form the N-terminal “barrel” module. Furthermore, secondary structure analysis predicts that 8-
strands are formed (Figure 3). Therefore, this region of the LOX and LOX-like proteins may fold
in a similar manner.

Catalytic Domain

HAYAS! SPY 417

YVSA! QS 574
I GGS 550
RI GDA 732

Cytokine Receptor-Like Region

———

—

Figure 3 : Amino acid alignment of the C-terminal region of human LOX and LOX-like proteins. Conserved
amino acids in each protein are shaded. Residues highlighted in white are conserved in the N-terminal region of Class 1 cytokine
receptors, important for secondary and tertiary structural folds. The arrows below the sequence correspond to regions predicted to
form B-strands in LOX (black), LOXL (grey), LOXL2 and LOXL3 (white) according to a consensus of programs from the Network
Protein Sequence Analysis web site (http:/pbil.ibcp.fr/). The C-terminal amino acid residue position is indicated on the right of
each peptide.

In summary, the catalytic site is embedded within a larger partial cytokine receptor-like domain in
all LOX and LOX-like proteins. Predicted B-strand structure within this larger domain indicates
similar secondary structure for LOX and LOXL that differs only in one B-strand. This difference
may contribute to defining a different catalytic site within these proteins and may result in different
substrate specificity for LOX and LOXL. The secondary structure analysis of LOXL2 and LOXL3
predicts four B-strands in both proteins and consequently a different structure within the catalytic
and cytokine domains. The presence of the partial cytokine binding site overlapping the catalytic
site raises the possibility that the LOX proteins may fulfill biological roles different from the
catalytic function reported for LOX and shown here for LOXL. Evidence for such roles comes
from the works of Lazarus (1994) and Saito (1997) who showed a potential role for LOX and
LOLX2 in leukocyte motility and cell adhesion, respectively.
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Summary

Lysyl oxidase is unusual amongst the copper-containing amine oxidases. It is much smaller (29kDa)
and has a high cysteine content, with ten conserved cysteines. Quantitative NTSB assays show that
lysyl oxidase contains five disulfide links and no free cysteines. Thus lysyl oxidase has six covalent
cross-links (including one on the cofactor) that provide constraints for molecular modeling studies
directed at elucidating the secondary structure of lysyl oxidase and clarifying the geometry of the active
site. Computer modeling of a 34-residue, histidine-rich section of lysyl oxidase implicated as a
copper-binding region indicates that this region alone does not account for the known properties of
the copper-binding site, so we are now extending modeling to the 140-amino acid C-terminal region.

Introduction

Lysyl oxidase, LO, (EC 1.4.3.13) is a highly-conserved 29kDa copper-containing amine oxidase
that catalyzes the oxidation of e-amino groups of lysine side chains in collagen and elastin (1),
ultimately resulting in non-enzymatic formation of the cross-links responsible for the mechanical
strength and flexibility of these important structural proteins. LO is one of the most interesting amine
oxidases but is also the least characterized and most difficult to treat experimentally because of the
difficulty of obtaining large quantities and its limited solubility in the absence of urea. The enzyme
contains an interesting new organic cofactor, lysyl tyrosylquinone (LTQ) (2), a close relative of the
topaquinone (TPQ) cofactor found in all other copper-containing amine oxidases. LO also contains
one Cu(Il). There are few data available regarding this copper, but one EPR study has indicated
that it exists as Cu(Il) in a distorted octahedral environment with a primarily nitrogen ligand
environment (3). All known primary structures of LO show very high homology. The metal
binding ligands are presumed to be conserved and it is usually supposed, largely by analogy with the

larger copper-containing amine oxidases, that three of the eight fully-conserved histidines are bonded
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Bovine: FPQR NQGTSDFLPSRPR HS
Chick: MSMYNLRCAAEENCLAS SAY‘RADVRDYDNRVLLRFPQRVKNQGTSDFLPSRPRYSWEW!{_S
Human: MSMYNLRQAAEENQLASTAYRADVRDYDHRVLLRFPQRVKNQGTSDFLPSRPRYSWEW‘!_{S-2 90
Rat: MSMYNLRCAAEENCLAS SAYRADVRDYDHRVLLRFPQRVKNQGTSDFLPSRPRYSWEW!_{S
Mouse: MSMYNLRCAAEENCLAS SAYRADVRDYDHRVLLRFPQRVIQIQGTSDFLPSRPRYSWEWES
HHHHFh ek x
MDEFSHY VAEGHK

CHOHYHSMDEFSHYDLLDASSHRKVAEGHKASFCLEDTSCDYGYYRRYACTAHTQGLSPG
CHOHYHSMDEFSHYDLLDANTQRRVAEGHKASFCLEDTSCDYGYHRRFACTAHTQGLSPG-350
CHOHYHSMDEFSHYDLLDASTQRRVAEGHKASFCLEDTSCDYGYHRRFACTAHTQGLSPG
CHOHYHSMDEFSHYDLLDANTQRRVAEGHKASFCLEDTSCDYGYHRRFACTAHTQGLSPG
Kkkkhkkkkhkkhhkkkk ek fHEH# Tx-link

DTYNA VSVNPSYLVPESDYSNNIVR YTGHHAYASGQSISPY
CYDTYNADIDCOWIDITDVKPGNYILKVSVNPSYLVPE SDYSNNIVRCD IRYTGHHAYASGCTISPY
CYDTYGADIDCQWIDITDVKPGNY ILKVSVNPSYLVPESDYTNNVVRQ DIRYTGHHAYASGCTISPY-417
CYDTYAAD IDQQW IDITDVQPGNYILKVSVNPSYLVPE SDYSNNVVRCE IRYTGHHAYASGCTISPY
CYDTYAADIDCOWIDITDVQPGNYILKVSVNPSYLVPE SDYTNNVVRCD IRYTGHHAYASGCTISPY

Tx-link

Figure 1: Primary sequence of the C-terminus of LO from various sources. The numbering
sequence is that of human LO. **** represents peptide P24; #### represents the added residues
in P34. Conserved cysteines and histidines are underlined, and LTQ cross-linked residues are
indicated by T.

to the copper. On the basis of structure-prediction calculations Krebs and Krawetz (4) have
suggested His-292, His-294, and His-296 as likely copper ligands.

So far, nothing is known about the 3-D structure of LO, which shows unusual stability in 6 M
urea and at high temperatures (e.g. it is fully active at 55°C). All other copper-containing amine
oxidases, which are much larger with two identical subunits of about 75-90 kDa, have few or no
cysteines. However, LO has ten that are fully conserved. We are investigating the hypothesis
that the disulfide cross-links play a crucial role in stabilizing the structure of LO.

We set out to test the proposed model for the copper-binding site (4), and to develop a computer
model for the 3-D structure of LO utilizing energy minimization methods. An adequate computer
model requires that the disulfide links be identified, so we also set out to determine these. When
incorporated in our model, these will provide important constraints for the calculation of low energy
structures. As a preliminary step, and to test the computer methods, we chose to first work with a 34-

residue histidine-rich section of the LO sequence that has been implicated in copper binding (4).
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Materials and Methods

LO was isolated from bovine aorta using slight modifications of previously published
procedures (1). Free cysteines were determined by DTNB (Ellman’s reagent, 5,5’-dithiobis(2-
nitrobenzoic acid) (5). Disulfides were determined using NTSB (disodium 2-nitro-5-thiosulfo-
benzoate) (6). The net absorbance at 416 nm (em = 13600 M'em™) was used to calculate the
number of reactive thiols. Since both free cysteines and also half pairs of the cleaved disulfide
bonds react with NTSB, the number of disulfide bonds can be calculated by subtracting the
number of free cysteines from the total number of reactive thiols.

Molecular dynamics and energy minimization studies were carried out in two ways.

(a) Three specific histidines were assigned as copper ligands and Cu-N interatomic vectors were
constrained to lengths and angles consistent with crystallographically-determined values (7) for such
sites. All possible choices of histidines in P34 were chosen, in threes, and distance geometry
calculations were carried out with an in-house program to identify favored structures as inputs for
energy minimization and interactive modeling using the Consistent Valence Force Field, CVFF91,
calculation program in Discover, with additional copper parameters from Wiesemann et al. (7).

(b) We then changed to calculations not based on prior assumptions about the copper ligands
using Insight I (Molecular Simulations Inc., San Diego), with Discover-3 for energy minimiza-
tion calculations. Calculations were first done for the apopeptide, then with Cu(I) or Cu(II)

utilizing the ESFF force field and incorporating a 10A pre-optimized layer of water at pH 7.0.

Results and Discussion

We found no free cysteines using Ellman’s reagent, although we are as yet reluctant to
definitively rule out the possibility that one free cysteine is present. The average number of NTBs
released per mole of enzyme was 3.74 for lysozyme (which has 4 disulfides) and 4.91 for LO, with
standard deviations of 0.36 and 0.23. There is some uncertainty in the interpretation of these results
as we used bovine aortic LO, for which the primary sequence is not yet completely determined. The
reported partial sequence (8) shows very high homology with LO from other sources (Figure 1)
except for a C412Q substitution near the C-terminal end, although it now seems likely that this
assignment is in error (private communication, G. Offner and P. Trackman). If there are ten

cysteines, as seems probable, they are all involved in disulfide linkages.
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Using procedure (a) we modeled the specific binding site suggested by Krebs and Krawetz
(4), with histidines 292, 294, and 296 (see Figure 1) as the Cu(II) ligands. We conclude that not
all of these histidines can bind at the same time, as the resulting structure is of very high energy.
Using procedure (b) we investigated the likely Cu(II)-binding site in P24 and P34. Results
without copper show that the peptides have little structure, in confirmation of our CD and NMR
results (not discussed here). Addition of Cu(II) results in a well defined structure, and the lowest
energy structures for Cu(II)P24 and Cu(II)P34 are similar. Both peptides bond to Cu(II) through
two histidine nitrogens (His-2898 and His-2968), one water, and two carbonyl oxygens (from
Ser-302 and GIn-293). His-303 is close to the copper but not directly bonded, with the copper
ion lying directly below the plane of the ring. A comparison with the metal binding site for
Cu(I)P34 indicates that His-303 moves over 3A upon metal reduction.

As the 34-residue region poorly represents the copper-binding site of LO, we are now modeling

a 140-amino acid C-terminal region that contains the organic cofactor and all likely copper ligands.
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Summary

Purified bovine aorta lysyl oxidase conventionally oxidizes peptidyl lysine in elastin and collagen
thus initiating the spontaneous formation of covalent crosslinkages between individual molecules
of these fibrous proteins. The growing evidence that this catalyst may have additional functions in
biology is enhanced by the present finding that it is a potent chemokine for vascular smooth muscle
cells. This chemotactic effect requires the lysyl oxidase-catalyzed formation of hydrogen peroxide

accompanying the oxidation of peptidyl lysine in a cell-associated substrate.

Introduction

Lysyl oxidase (LO) is a copper-dependent amine oxidase of connective tissue that plays a critical
role in the biogenesis of structural matrices by catalyzing the oxidation of peptidyl lysine to peptidyl
a-aminoadipic-6-semialdehyde. This aldehyde serves as the immediate precursor of the lysine-
derived crosslinkages which insolubilize and stabilize the extracellular matrix proteins, collagen and
elastin. Levels of LO increase in fibrotic diseases, exemplified by atherosclerosis, scleroderma, and
liver and lung fibrosis, while expression of the enzyme is decreased in diseases involving impaired
copper metabolism, exemplified by Menke’s disease. In addition to copper, lysyl oxidase contains
a carbonyl cofactor, lysinetyrosyl quinone which is post-translationally derived from tyrosine 349
and lysine 314 of the enzyme protein, using amino acid sequence positions predicted from the
sequence of rat aorta lysyl oxidase cDNA. Evidence indicates that this carbonyl cofactor condenses
with the substrate amino group and serves as a transient electron sink during substrate oxidation (1).
Lysyl oxidase is synthesized as a preproprotein. Following signal peptide removal, the resulting
proenzyme is N-glycosylated, the copper and carbonyl cofactors are inserted or generated,
respectively, and the protein is secreted as a 50 kDa proenzyme from which the 32 kDa functional
enzyme is released by specific proteolysis in the extracellular space (2).

Recent evidence suggests that LO may have roles in biology in addition to that involving the

crosslinking of elastin and collagen. Thus, LO has been found to suppress the oncogenic potential
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of ras oncogene and recent evidence suggests that this may involve the catalytic expression of the
enzyme on a protein signal transduction component acting downstream of ras (3). Of further interest,
LO has been shown to be chemotactic for human blood monocytes (4). This property of the enzyme
is prevented by the inhibition of LO activity by f-aminopropionitrile (BAPN). While elastin and
collagen proteins are conventionally accepted as substrates for this enzyme, these results indicate that
other proteins may also be oxidized by this enzyme. We have previously noted that the substrate
specificity of LO can be flexible. In fact, the purified bovine enzyme oxidized peptidyl lysine in a
variety of basic, globular proteins, including histone H1, although not in proteins with isoelectric
points below pH 8 (5), indicating that LO prefers protein substrates which are predominantly

cationic.

Materials and Methods

Enzyme Purification and Assay. Calf aorta LO (32 kDa) was isolated as described (6). The specific
activity of the enzyme preparation used in this study was 7.5 x 10° cpm of [’HJH,O release/mg
protein in 2 h at 37°C, using 1.25 x 10° cpm of [*H]tropoelastin substrate per assay (6).

Cell Culture and Preparation of Conditioned Media. VSMC were isolated from the aortas of 2-3 day
old rat pups as described (7). Primary cultures were maintained in 10% fetal bovine serum (FBS)
in Dulbecco’s Modified Eagle’s Medium (DMEM) with antibiotics at 37°C in 7.5% CO, atmosphere.
Cells were used at passages 3-6 for this study. To obtain growth arrested cultures, cells were
incubated at 3-4 x 10° cells/cm? in 10% FBS/DMEM for 48 h and then in 0.3% FBS/DMEM for 72
h. To prepare conditioned media, growth-arrested cells were cultured in serum-free DMEM in the
absence or presence of 10 nM LO or 10 nM LO plus 300 units/ml catalase. After 6 h of incubation,
média were collected and assayed for chemotactic activity.

Chemotaxis Assay. Chemotaxis assays were performed using multiwell cluster plates (Corning
Costar Co., Cambridge. MA) containing collagen or fibronectin-coated polycarbonate filters (8 um
micropores) as described (8). Primary cultures were refed with 10% FBS/DMEM 24 h before
experiments. Following trypsinization, cells were resuspended in 0.1% bovine serum albumin
(BSA)/DMEM. Native BSA is not a substrate for LO (5) and was selected as the protein component
of this medium on that basis. Agents tested as chemoattractants were added to the lower

compartments of the wells. Cells (1 x 10°) in 1 ml of 0.1% BSA/DMEM were placed in the upper
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compartments of wells. When included in the experiments, BAPN, an irreversible inhibitor of LO
activity, or catalase were added to both the upper and the lower compartments at the indicated
concentrations. The assembled chambers were incubated for 6 h, the microporous filters were then
removed for Giemsa staining. The numbers of cells migrating from the upper to the lower surfaces
of the membrane filters were counted in a total of 10 fields using a Diaphot Nikon microscope at

high magnification.

Results and Discussion

As noted, LO chemotactically attracts human blood monocytes, raising the possibility that it may
exert a pro-inflammatory effect in response to injury or infection. It has long been known that
normally quiescent, contractile smooth muscle cells of the arterial media are activated in early stages
of atherosclerosis and then migrate to the subendothelial region of the artery where they set up
residence, undergo rounds of proliferation, and then secrete and, by virtue of LO activity also
produced by these cells, insolubilize quantities of elastin and collagen. The deposition of these
proteins in the intima contributes to the growing mass of the arterial lesion which can progress to
the point that occlusion of arterial blood flow occurs with resultant ischemia of downstream tissue.
We have previously shown that lysyl oxidase activity is significantly elevated in the early stages of
arterial lesion development (9). In view of these considerations, we explored the possibility that
vascular smooth muscle cells (VSMC) might be chemotactically activated by lysyl oxidase in an in
vifro assay system.

As shown in Table 1, neonatal rat aorta vascular smooth muscle cells (VSMC), added as a
suspension above the microporous filter of the modified Boyden chamber, are chemotactically
attracted to lysyl oxidase present in solution at different concentrations below the microporous filter.
The maximum effect (3.5-fold over the control) is seen at 10 nM LO (0.32 pg ml™).

The possibility that the catalytic activity of LO is required for this chemotactic effect was assessed
by inhibiting the enzyme with BAPN and/or by assessing for the effect of the H,0, product of LO
action on peptidyl lysine by including catalase under selected incubation conditions. A series of
experiments were performed probing for the role of LO catalysis and, if catalysis proved to be

essential, for the cellular and/or media source of potential substrates of LO in the chemotactic
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Table 1
Chemotaxis of VSMC by LO
Cells per
LO, nM Field % Control p value
0 4+£22° (100)
0.3 59+2.1 148 + 36
1 104+ 2.5 250 + 25 <0.001°
3 114+ 29 285 +25 <0.001
10 14+3.4 350+ 24 <0.001
30 93+3 233 +32 <0.01
100 75+2.5 188 +33 <0.05

‘Data are presented as means * standard deviations and are
representative of three experiments in each of which each control or
variable was assessed in triplicate incubations. *Values significantly
different from the control were assessed from p values determined by
ANOVA analysis.

effect. The possibility was initially assessed that an LO substrate may pre-exist within the non-
conditioned DMEM growth medium by preincubating the freshly prepared, DMEM medium for 6
hours at 37°C in the presence and absence of 10 nM LO, with each of these incubation conditions
including the presence or absence of 300 units of catalase. The incubated samples were added to
the bottom wells of the chemotactic chambers to assay for their chemotactic activities against the
VSMC present above the filters, as described. Chemotactic assays were performed in the presence
and absence of 100 uM BAPN added to suspended cells and to the test solutions at the initiation
of the chemotaxis assay incubations. As shown (Figure 2, Panel A), non-conditioned medium
incubated in the absence of LO did not stimulate VSMC chemotaxis (bars 1 and 2). The media
preincubated with LO was strongly chemotactic (bar 3), but this response was eliminated either by
inclusion of BAPN in the chemotaxis assay (bar 4) or of catalase in the preincubation (bar 5). These
results indicate that the activity of LO is essential and that it is the H,O, product of enzyme action
that is the chemotactic mediator. If the H,0, had been generated during the preincubation of LO
with the non-conditioned medium, the subsequent addition of BAPN would not have inhibited the
chemotactic response. Since the addition of BAPN only during the chemotaxis assay did inhibit this

effect, this argues that the chemotactic response required the expression of catalytic function (and,



105

thus, the formation of H,0,) during the chemotactic assay period when the carry-over, functional
LO had potential access to the VSMC.

The possibility was then tested that substrates synthesized and secreted by the VSMC during
culture might be oxidized in the freely soluble condition by LO added to the growth medium after
the conditioning period and incubated for 6 hours with the conditioned medium only after its
separation from the VSMC. As shown (Figure 2, Panel B), the conditioned medium not
subsequently incubated with LO did not exhibit chemotactic activity above background (bars 6 and
7). Incubation of the conditioned medium with added LO resulted in a strong chemotactic response
(bar 8) which was prevented from developing by the simultaneous presence of added catalase during
the preincubation with LO (bar 9) or by the subsequent inclusion of BAPN in the chemotaxis
chamber assay (bar 10). The conclusions applicable to the results of Panel A also apply here. Thus,
the chemotaxis reflects the catalytic function of carry-over enzyme during the chemotaxis assay
period, only. There does not appear to be evidence that soluble substrates secreted by the VSMC
during the culture period are the sources of enzyme-dependent generation of H,0,.

The possibility was then considered that the presence of added LO during the period of cell
culture, as the cells were conditioning the medium, would influnce the chemotactic response. As
shown (Figure 2, Panel C) once again, conditioned medium, alone, not incubated with added LO,
was not chemotactic (bars 11 and 12). The medium which had been cultured in the presence of 10
nM LO was strongly chemotactic (bar 13). This LO-supplemented, conditioned medium retained
approximately 50% of its chemotactic potential when BAPN was subsequently included in the
chemotaxis assay period (bar 14). Inclusion of catalase during the conditioning period together with
LO completely prevented the chemotactic response (bar 15). These data indicate that the presence
of LO during the conditioning period results in the LO-dependent formation of H,0, to elicit a
chemotactic response which, as would be expected, is not prevented by the addition of BAPN only
during the chemotactic assay period. Since that addition of BAPN reduced the total chemotactic
response by about 50%, this indicates that 50% of the response stems from the expression of LO
function during the chemotaxis assay period and 50% from the carry-over of the H,O, previously

generated.
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Figure 1. Conditioned and non-conditioned cell culture media as substrate sources for the
production of mediators of LO-dependent chemotaxis. Panel A, non-conditioned DMEM
preincubated with LO. Panel B, conditioned medium separated from cells and preincubated
with LO. Panel C, DMEM incubated with LO during conditioning by VSMC. LO, BAPN
and/or catalase were added as described in the text.

In toto, these data suggest that the added LO must be in contact with the cells or with proteins
tightly associated with the cells for LO to generate the chemotactic H,0, product. Such protein
substrates might include conventional, cell-associated LO substrates such as fibrillar forms of
collagen or elastin, or, in view of the potentially flexible substrate specificity of LO, other cell- or
cell-membrane associated proteins. Future work will assess these possibilities.

The present data reveal that LO, which is a secreted product of vascular smooth muscle cells, can
stimulate the migration of these cells to extracellular sites of this enzyme. The migration of VSMC
from the medial region to the sub-endothelial, intimal region of arterial walls occurs as an early
event in atherosclerosis (10). These cells contribute to the development of potentially occluding

vascular lesions in this disease by proliferating, secreting and crosslinking abundant quantities of the
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elastin and collagen substrates of LO which they also secrete at these sites. The resulting release of
H,0, within the developing intimal lesion may stimulate the subsequent, continuing migration of
additional medial cells into the lesion, thus contributing to the chronic nature of atherosclerotic
disease. Indeed, the oxidation of lysine in collagen and elastin by LO in wound repair may be an

important source of chemotactic H,0, in many instances of inflammation and fibrogenesis.
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Summary

The cytosolic molecular chaperone Hsp70 discriminates between the cytosolic (¢AAT) and mito-
chondrial (mAAT) aspartate aminotransferase isozymes, recognizing and binding exclusively
mAAT. By screening a library of synthetic peptides, we have identified six putative Hsp70-
binding sites in mAAT. Phylogenetic analyses indicate that these Hsp70-binding sequences show
less variability in mAAT than cAAT and contain more fixed differences between the two iso-
zymes than the rest of the sequence. Thus, sequence variation between cAAT and mAAT might
direct their selective interaction with molecular chaperones and thereby contribute to their correct
localization in the cell.

Introduction

Members of the Hsp70 family of molecular chaperones are involved in a broad spectrum of
cellular processes including protein folding and translocation across membranes, both in pro-
karyotes and in the different compartments of eukaryotic cells (1, 2). These functions involve the
ATP-dependent interaction of the chaperone with aggregation-prone hydrophobic regions ex-
posed in the surface of unfolded polypeptides either under conditions of stress or during synthesis
of new chains on the ribosome (2). Earlier studies suggested that Hsp70 interacts with most nas-
cent chains (3). Yet, this association appeared to be transient for some proteins while others re-
mained bound to Hsp70 for longer periods of time. In addition, we have shown that Hsp70 binds
rat liver mAAT newly synthesized in cell-free extracts, but not its cytosolic counterpart, CAAT
(4). Since mAAT resides in the mitochondrial matrix but it is synthesized in the cytosol, its asso-

ciation with Hsp70 may contribute to the efficient targeting and translocation of this polypeptide
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into mitochondria, perhaps by preventing premature folding of the passenger protein in the cyto-
sol. However, the structural features of the non-native polypeptides, which allow Hsp70 to dis-
criminate between different potential unfolded substrates, are largely unknown. We have ex-
plored this aspect of the Hsp70 function using the mAAT/cAAT isozyme system. Our results
suggest that the selective recognition of mAAT by Hsp70 might be explained by the presence of
specific recognition sequences in this polypeptide, although the slower folding kinetics of mAAT

may also contribute to this selectivity.

Materials and Methods

Published procedures were used in the purification of recombinant rat liver mAAT and cAAT
(5) and Hsp70 from bovine brain (6). The AAT proteins were unfolded by incubation in 2 mM
TrisHCI, pH 2.0 for 30 minutes at room temperature. In manual mixing experiments, refolding
was initiated by the dilution of aliquots of unfolded proteins in 10 volumes of refolding buffer
(100 mM Hepes, pH 7.5, 0.1 mM EDTA, 1 mM dithiothreitol, 10 uM pyridoxal 5’-phosphate) at
10°C (7). The yield of refolding was estimated by monitoring the recovery of enzyme activity as
described (8). For stopped-flow fluorescence studies, samples of the enzymes at pH 2.0 were
rapidly diluted (Bio-Logic SM-F4 stopped-flow spectrometer, Molecular Kinetics) 2-fold in re-
folding buffer at 10°C. Excitation was at 280 nm and emission was monitored using a cutoff fil-
ter of 309 nm. The dead time of the instrument was determined to be 1-2 ms. The final concen-
tration of AAT monomer was 0.6 pM. The kinetic refolding traces were analyzed using the Bio-
Kine (v. 2.1) software supplied with the stopped-flow instrument or Sigma Plot (v. 5.0; Jandel
Corp.). Sedimentation velocity coefficients were measured in a Beckmann XL-A analytical ultra-
centrifuge using an An-60 Ti rotor at 20°C and 30,000 rpm or 15,000 rpm for the native mAAT
or mAAT;Hsp70 complexes, respectively. Sedimentation coefficients were calculated using the

Optmima XL-A Data Analysis software.

Results and Discussion
Both mAAT and cAAT can be refolded after denaturation at low pH (7). However, the two
isozymes display very different behavior when refolding is performed in the presence of the mo-

lecular chaperone Hsp70. Addition of Hsp70 to the refolding reaction has no effect on the
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Figure 1. Kinetics of refolding of acid-unfolded AATs monitored by following intrinsic fluores-
cence (Aex=280 nm). The final protein concentration was 0.6 uM monomer for both proteins and
the temperature was maintained at 10 °C. The refolding reaction was performed in the presence
of an excess (10uM) of the coenzyme pyridoxal 5’-phosphate. The curves represent the average
of 6 kinetic traces.

reactivation of cAAT but decreases dramatically (from 80 to 20%) the yield of refolding of
mAAT. At low concentrations of the chaperone both mAAT and Hsp70 were recovered in in-
soluble aggregates (7), but they remained in solution when a large excess of Hsp70 over mAAT
(100-fold molar excess or higher) was added. Co-inmunoprecipitation experiments using mAAT
or Hsp70 antibodies confirmed the presence of soluble complexes between Hsp70 and mAAT.
The lack of enzymatic activity and its susceptibility to trypsin hydrolysis indicate that mAAT
bound to Hsp70 remains largely in an unfolded conformation. Previous studies also showed that
the affinity of mAAT for binding to Hsp70 is progressively lost as the protein folds to its native
state (7). Thus, Hsp70 could discriminate between substrates such as mAAT and cAAT accord-
ing to their rate of folding to an intermediate it can no longer recognize. In fact, preliminary
stopped-flow fluorescence analysis of the refolding reaction of the two acid-unfolded isozymes
shows that cAAT fold significantly faster than mAAT (Figure 1). For both proteins, the kinetic
traces were multiphasic and included an initial raise in fluorescence followed by a subsequent
decrease to the native protein value. The initial rapid burst phase was completed over the first 10
ms. For mAAT, this was followed by an intermediate phase of further increase in fluorescence
(rate constant, 0.8 s, about 10% of the total increase) which was not detected in the cAAT reac-
tion (Figure 1). The rate constant for the slow final phase of fluorescence decay is approximately
10-fold faster for cAAT (rate constant, 2.5 min") than for mAAT (0.3 min’"). The faster refold-
ing kinetics of cAAT may explain, at least in part, the inability of Hsp70 to bind and arrest re-
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folding of this isozyme.

The binding of Hsp70 to a particular protein might be also determined by the presence of spe-
cific recognition sequences in the polypeptide substrate. Indeed, these two factors (folding kinet-
ics and presence of binding sequences) may in unison contribute to the ability of chaperones to
discriminate between closely related substrates. The large sedimentation coefficient of the
Hsp70:mAAT complex (11.3 S compared to 5.3 S for the native mAAT dimer) is compatible
with the presence of various Hsp70 molecules associated with a single mAAT polypeptide chain
and therefore suggest that the mAAT sequence may contain multiple binding sites for Hsp70.

no addition MAAT
(refolded, active)
Hsp70
Unfolded .
mAAT mAAT:Hsp70—> mAAT:Hsp70
1:1) (aggregate, inactive)
Hsp70 MAAT Scheme 1
(refolded, active)
Hsp70:peptide

14-mer peptide

Using a classical competition assay (Scheme 1) and a collection of synthetic peptides corre-
sponding to the entire sequence of mAAT, we identified six putative Hsp70-binding sequences in
the primary structure of mAAT (9). Binding to Hsp70 was confirmed by the ability of these pep-
tides to stimulate the weak ATPase activity of Hsp70 (2). These Hsp70-recognition sites are not
clustered in any particular section of the polypeptide chain and localize to regions of the chain
which in the native state adopt regular secondary structure conformations, mainly a-helices, but
are still mostly exposed to the solvent (Figure 2). Due to the characteristics of the assay used in
these studies, additional binding sites may exist in the mAAT polypeptide that we were unable to
detect because they were spliced between two consecutive 14-mer peptides. By contrast, several
cAAT synthetic peptides corresponding to the Hsp70-binding regions found in mAAT were also
analyzed, but none of them competed with unfolded mAAT for binding to Hsp70 or stimulated
the chaperone’s ATPase activity. Based on this limited screening, it appears that cAAT actually
lacks recognition sites for Hsp70, at least in regions analogous to those identified for mAAT.

A structural comparison between the cytosolic and mitochondrial rat liver isozymes reveals that
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Figure 2: Space models of chicken mAAT (11) (PDB code, 8AAT) generated using the program
Rasmol (RasWin Molecular Graphics). The two images represent 180°C rotated views of the
same subunit. The six Hsp70-binding regions are shown in a thicker black trace. Their amino
acid sequence and position within the primary structure of mAAT (bar) are indicated below. The
m-residues (10) have been highlighted in bold.

these potential Hsp70-binding sites are on regions with the lowest similarity score between the
two isozymes (9). Furthermore, phylogenetic analysis of different AAT isozymes using either the
complete amino acid sequence or only the 84 amino acid residues from the six Hsp70-binding
sequences led us to conclude that the chaperone binding sequences are evolving differently than
the rest of the protein sequence. This is further supported by the fact that the amino acid variation
for the six Hsp70-binding peptides among vertebrate AATs is significantly lower in mAAT
(12%) than the same residues in cAAT (34%). In addition, there are more fixed differences be-
tween the two isozymes in the portions of the sequence comprising the Hsp70-binding peptides
(51%) than in the remaining of the protein (39%). In a previous report of a comparative analysis
of the mAAT sequences from chicken, turkey and pig with cAAT from chicken and pig, 36 resi-
dues (m-residues) were identified as unique to the mitochondrial isozymes (10). Of these, 12
(33%) are located in the six Hsp70-binding regions identified in this study (Fig 2). In fact, with
the exception of p-23, all of these peptides contain one or more m-residue, which is not surpris-
ing since our more extensive phylogenetic analysis clearly shows that these Hsp70-binding se-
quences contain more fixed differences between the two isozymes than the rest of the polypetide.

Clearly, these two isozymes are more likely to have different amino acid residues in the Hsp70-
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binding regions than in any other section of the protein. In summary, based on these results, we
can hypothesize that the sequence divergence observed between cytosolic and mitochondrial iso-
zymes might has evolved to promote efficient translocation of the mitochondrial form into mito-

chondria and rapid folding of the cytosolic protein in the cytosol.
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Under the influence of dietary selection pressure, the subcellular distribution of the
pyridoxal-phosphate-dependent enzyme alanine:glyoxylate aminotransferase (AGT) has
changed on numerous occasions throughout the evolution of mammals. Thus, AGT is
mitochondrial in carnivores, peroxisomal in herbivores, and both mitochondrial and
peroxisomal in omnivores. The variable distribution of AGT results from the variable use of
two alternative transcription and translation start sites, such that an N-terminal mitochondrial
targeting sequence is either included or excluded from the open reading frame.

AGT is targeted to different organelles in different species.

As a result of natural selection for optimised function, the vast majority of enzymes in the
eukaryotic cell have a single and unvarying location irrespective of cell type or species.
However, a remarkable exception to this general rule is alanine:glyoxylate aminotransferase
(AGT), an intermediary-metabolic pyridoxal-phosphate-dependent enzyme that has different
subcellular distributions in different species. For example, AGT is peroxisomal in the livers of
some animals, such as humans, great apes, Old World monkeys, rabbits, guinea pigs, fruit bats,
koalas and wallabies, but it is mainly mitochondrial in others, such as cats, dogs, ferrets,
shrews, moles, hedgehogs, frogs, newts and terrapins. In yet other animals, such as most New
World monkeys, rats, mice, squirrels, and opossums, AGT is found in both peroxisomes and
mitochondria. In addition to this variable organellar distribution, significant amounts of AGT

can also be found in the cytosol in some animals, such as guinea pigs and frogs. The
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intracellular location of AGT appears to have changed on numerous occasions during the
evolution of mammals and, in most cases, it appears that the changes have resulted from the

loss of mitochondrial, rather than peroxisomal, AGT.

AGT distribution is related to diet and metabolic function.

The subcellular distribution of AGT in mammals appears to be related to natural diet. Thus,
herbivores tend to have peroxisomal AGT, carnivores tend to have mitochondrial AGT, and
omnivores tend to have AGT in both peroxisomes and mitochondria. The dual organellar
distribution of AGT is thought to reflect its dual metabolic role of gluconeogenesis and

glyoxylate detoxification. AGT catalyses at least two reactions of metabolic significance:-

alanine + glyoxylate — pyruvate + glycine 1.

serine + pyruvate — hydroxypyruvate + alanine 2.

Although both reactions 1 and 2 are predicted to be important in gluconeogenesis, reaction 1
can also be considered as glyoxylate detoxification, because a failure to transaminate glyoxylate
to glycine allows it to be oxidised to oxalate instead, catalysed either by the peroxisomal
enzyme glycolate oxidase (reaction 3) or the cytosolic enzyme lactate dehydrogenase (reaction
4):-

glyoxylate + H,O + O, — oxalate + H,0, 3.

glyoxylate + H,O + NAD" — oxalate + NADH + H* 4

Reactions 3 and 4 are potentially life-threatening because the calcium salt of oxalate is highly-
insoluble and can crystallise out in regions of high concentration, such as the kidney and
urinary tract, to form stones. This happens in the hereditary disorder primary hyperoxaluria type
1 (PH1), a progressive condition, caused by a functional deficiency of AGT, that can eventually
lead to chronic kidney failure and death.

Although for its gluconeogenic function, it is predicted that reaction 1 would be most
efficiently located in the mitochondria or cytosol, for its glyoxylate detoxification function it
would be better placed in the peroxisomes, which is the major site of glyoxylate synthesis.

Proof of the latter is amply shown by the observation that one third of PHI patients have



119

disease, not because they have no AGT, but because it is in the wrong place (i.e. it is
mistargeted from the peroxisomes to the mitochondria).

The relative importance of these two putative roles for AGT depends on diet. Thus,
gluconeogenesis is the more important function of AGT in carnivores, while glyoxylate
detoxification is more important in herbivores. Both functions are presumed to be equally
important in omnivores. The observation that normal human AGT has a ‘herbivorous’ (i.e.
peroxisomal) distribution, despite the fact that we are usually considered to be omnivores, is

likely to be a reflection our herbivorous ancestry.

transcription (TS)
start sites
? B
5 7/ =
MTS / PTS
1 2

N

translation (TL)
start sites

Figure 1. Simplified structure of the mammalian AGT gene

The ancestral transcription (TS) start sites (A & B) and translation start sites (1 & 2) are
described in the text. The N-terminal mitochondrial targeting sequence (MTS) is encoded by
the region between 1 and 2. The peroxisomal targeting sequence (PTS) is a tripeptide located at
the C-terminus.

The AGT gene can encode two targeting sequences.

The archetypal mammalian AGT gene (Figure 1) has the potential to encode an N-terminal
mitochondrial targeting sequence (MTS) and a C-terminal type 1 peroxisomal targeting
sequence (PTS1). The final intracellular distribution of AGT is dependent upon the expression
of the MTS rather than the PTS1, as the former is functionally dominant over the latter. Thus, a
decrease in mitochondrial targeting can automatically lead to an increase in peroxisomal

targeting. The twenty-two amino acid MTS can be included or excluded from the open reading
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frame as a result of the variable use of two transcription start sites (A and B), and two in-frame

translation start sites (1 and 2) (Figures 1 & 2).

Species TS TL N-terminal MTS C-terminal PTS Subcell.
start  start (residues -22 to -1) (residues 390 to 392)  9iStrib.
Human A 2 KKL P
Marmoset A+B  1+2 MFQALAKASAALGPRAAGWVRT  KKL M+P
Rabbit A 2 saL P
Cat A 1+@  MFRALARASATLGPQVAGWART NKL. M+
Rat A+B 142 MFRMLAKASVTLGSRAASWVRN NKL M+P
Guinea Pig B 2 HRL P

Figure 2. Effect of transcription (TS) and translation (TL) start site usage on the targeting
sequences included in the open reading frame and the subcellular distribution of AGT.

Abbreviations are the same as those used in Figure 1. Subcellular distribution = mitochondrial
(M), peroxisomal (P), or both mitochondrial and peroxisomal (M+P). In the cat, although most
translation starts from site 1, there is some readthrough to site 2 due to leaky ribosome
scanning. Thus, although most AGT is targeted to mitochondria a small amount is also targeted
to peroxisomes.

In what we presume to be the more primitive condition, all sites (i.e. A and B, 1 and 2) are
present. In this situation, currently found in animals such as the rat and marmoset, two proteins
of different sizes are synthesised. The longer form which contains the MTS is targeted to the
mitochondria, whereas the shorter form is targeted to the peroxisomes. However if one or more
of these sites are absent then the subcellular distribution of AGT is different. For example,
translation start site 1 has been lost by point mutation independently in the human, rabbit and
guinea pig ancestral lines (Figure 2). The resulting exclusion of the MTS from the open reading
frame allows all the AGT to be targeted to the peroxisomes. In the cat, both translation start
sites are still present but transcription start site B has been lost, consequently most translation
begins at site 1 and most AGT is targeted to the mitochondria. A small proportion of the AGT
is nevertheless peroxisomal in the cat due to leaky ribosome scanning and some translation

from site 2.
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The amino acid composition of the MTS and PTS1 of AGT have also changed during the
evolution of mammals (Figure 2). Four different C-termini have so far been identified, none of
which match completely the consensus PTS1 sequence S/A/C-K/R/H-L/M. The PTS1 of AGT
is highly context specific insofar as it is able to target only AGT to peroxisomes, not reporter
proteins. Thus, as yet unidentified ancillary peroxisomal topogenic sequences are likely to be
present in other parts of the AGT molecule. There is some evidence that AGT PTS1s are less
efficient than the consensus PTS1 SKL. The evolutionary significance of this is unclear, but it
is possible that in the case of some species, at least, a more efficient PTS1 would compete too
strongly with the MTS.

The evolutionary variability of the amino acid composition of the AGT MTS could be due to
the well-recognised degeneracy of MTSs or might be a reflection of previous exclusion from

the open reading frame (with no pressure to conserve) followed by reinstitution.

Variable AGT targeting in primates is a molecular adaptation to positive selection
pressure.

Recent work on the molecular evolution of AGT targeting in primates has contributed more
evidence that AGT distribution has varied under the positive selection pressure of dietary
changes. Although the distribution of AGT in catarrhines (humans, great apes and Old World
monkeys) looks uniform (i.e. it is peroxisomal in all species), there is evidence that the MTS
(and hence mitochondrial targeting) has been lost independently on at least four occasions. In
addition, the MTS has been lost at least once in the New World monkeys even though in most
species it has been retained. Analysis of the relative numbers of synonymous and non-
synonymous mutations accumulated in the region of the AGT gene encoding the MTS suggests
that there has been recent strong, yet episodic, positive selection pressure to lose, or decrease
the efficiency of, mitochondrial AGT targeting in anthropoid primates. This selection pressure
could be associated with a recent shift in diet, from one that is insectivorous/frugivorous to one
that is frugivorous/folivorous. Such a dietary shift would be predicted to change the optimal
AGT distribution from one that is both mitochondrial and peroxisomal to one that is just

peroxisomal.
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Unanswered questions.

The variability of AGT targeting during the evolution of mammals is unparalleled. Although
much has been learnt about its molecular bases, there are still a number of enigmas and many
questions still remain. For example:-

o Is mitochondrial AGT a selective disadvantage to herbivores, as well as being an advantage
for carnivores?

e Would up-regulation of AGT expression in both organelles be as adaptive as a change in
distribution?

e Why do ruminants, the classic herbivores, have low to non-existent levels of AGT?

e What was the distribution of AGT in the ancestral mammal, ancestral vertebrate, ancestral
metazoan and ancestral eukaryote?

e If humans have a non-ideal distribution of AGT, is there any selection pressure to reacquire

some mitochondrial enzyme?
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Summary

A detailed comparison of the structures of AspAT, TrpSB, AlaR, D-AAT and GP has
revealed seven common structural segments of the polypeptide chain, which form an extensive
common structural organization of the backbone chain responsible for the appropriate disposition
of “key” residues interacting with PLPs in these enzymes. Four of the seven fragments in TrpS,
AlaR, and GP share a similar o-f-o- motif. In addition, this common a-B-0a-B supersecondary
structure contains an analogous hydrophobic “minicore” formed from three residues. Despite
these similarities, the five enzyme families represented by spatial structures and compared within
this study are not considered to be related through a common ancestral protein.

Introduction

An earlier study of three-dimensional structures of pyridoxal-5’-phosphate (PLP)-dependent
enzymes has shown that there are at least five distinct folds of the PLP-binding domain
(Alexander et al., 1994; Grishin et al., 1995; John, 1995; Jansonius, 1998). These five dissimilar

folds are formed: (a) in the large domain of aspartate aminotransferase (AspAT) and in the other
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members of the o/y-family of PLP-dependent enzymes; (b) in the carboxy-terminal domain of the
B-subunit of tryptophan synthase (TrpSB) and in the amino-terminal domain of threonine
deaminase (TD); (c) in the carboxy-terminal domains of D-amino acid aminotransferase (D-
AAT) and branched-chain amino acid aminotransferase (BCAT); d) in the barrel domains of
alanine racemase (AlaR) and the mouse ornithine decarboxylase (mODC), and in the yeast
hypothetical protein; and e) in the carboxy-terminal domain of glycogen phosphorylase (GP).
Although the topologies of these five type folds do not resemble each other, there are definite
local structural similarities in the construction of their PLP-binding sites. The phosphate group of
PLP is bound near the amino-terminus of an “anchoring” o-helix and the adjacent edge of the
corresponding [-sheet in each of the folds. The present work demonstrates more extensive
structural similarities among PLP-binding domains in these folds than was observed previously.
The similarities include both the “anchoring” o-helix and an adjacent B-sheet. These structural
units play an important role in the recognition of PLP in the five different families of PLP-

dependent enzymes represented by solved structures.

Materials and Methods

The coordinates of AspAT from Escherichia coli (access code 1ASN), TrpSPB from
Salmonella typhimurium (1A5A), TD from Escherichia coli (1TDJ), D-AAT from Bacillus
sphaericus (1DAA), AlaR from Bacillus stearothermophilus (1BD0), mODC (70DC), the yeast
hypothetical protein (1B54) and GP from rabbit skeletal muscle (1A8I) were obtained from the
Brookhaven Protein Data Bank (PDB; Bemnstein et al., 1977). The molecular modeling software
package SYBYL (Tripos Associates, Inc., St. Louis, MO) and Silicon Graphics ONYX and O2
workstations were used to superimpose the three-dimensional structures. Subsequent
comparisons of the three-dimensional structures were made with computer programs described in
Lehtonen et al. (1999) using two dual-processor personal computers under the Linux operating

system.
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Results and Discussion

Overall Multiple Structural Alignment: First of all, a detailed comparison of the structures
of AspAT, TrpSP, D-AAT, AlaR and GP, which are representative proteins of five dissimilar
folds, was carried out (Denessiouk et al., 1999). The phosphate group of PLP is bound near the
amino-terminus of an “anchoring” o-helix (“H5” in AspAT, “H25” in TrpSP, “H16” in D-AAT,
“H9” in AlaR, and “H31” in GP) and the adjacent edge of the corresponding [3-sheet in each of
these enzymes (secondary structure assignments are taken according to the X-ray coordinate files
from the PDB). Thus, preliminary “hand-made” pairwise superpositions of the PLP-binding
domains of the five protein structures were made on the basis of the Cy-atoms from the amino-
termini of these o-helices using the “Fit Atoms” command of the computer program SYBYL. As
a result, B-strands “S3s1” in AspAT, “S4C” in TrpSB, “S2D” in D-AAT, “S8B” in AlaR, and
“S1G” in GP were found superimposed as well. The protein structures were superimposed again
over the Cy-atoms from the “anchoring” o-helix and the B-strand. Equivalent segments of three
or more consecutive residues were then identified and extended until the main chains diverged
completely (the direction of the polypeptide chain was not taken into consideration in these
comparisons). The procedure was repeated several times and, finally, a number of strands,
helices and loops totalling from 54 (D-AAT/AlaR pair) to 78 (TrpSP/GP pair) structurally
equivalent Cy-atom pairs (equivalencies) were defined and superimposed.

Independently, the five proteins were compared with our newly developed computer program
GENFIT. The GENFIT algorithm is described in Lehtonen et al. (1999), and can make structural
comparisons automatically and without any input from the user except for the structural
coordinate files. After superposition, equivalencies were found to reside within 7 to 9 segments
depending on the pair of proteins compared. Seven segments are common to all five enzymes
and contain 43 Cy-atoms.

Equivalent Segments Form Analogous Supersecondary Structures: One of the most
noticeable features among all ten possible pairwise comparisons of PLP-binding domains is that
AlaR, TrpSP and GP have analogous super-secondary structures that surround their PLP-binding
sites (Fig. 1). Four of the seven common fragments (28 residues) in these enzymes share a

similar o-B-o-f motif, although the enzymes have completely different amino acid sequences
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H24 (207-219)

1T

S4C(226-230)

TrpsP 209 GEETKAQIL 217 225 DAVIA 229
H9 (160-176) S4A(182-186)
TD 170 ALELLQQDA 178 181 DRVFV 185
H8(176-191) S8B(198-200)
AlaR 178 FSYQYTRFL 186 199 VHCAN 203

H.protein

H7(197-213)
195 ENRDFATLV 203

H8 (206-225)

S1C(218-220)
219 LSMGM 223

S3B(231-233)

mODC 208 FVQAVSDAR 216 232 LDIGG 236
H30(650-659) S1G(662-665)
GP 650 VSLAEKVIP 658 661 DLSEQ 665
III v
H25(235-244) S5C(251-259)
TrpsSp 234 GSNAIGMFAD 243 250 VGLI 253
H10(191-203) S5A(208-214)
TD 190 GGLAAGVAVL 199 207 IKVI 210
H9 (204-209) S1B(217-220)
AlaR 204 SAASLRFPDR 213 216 NMVR 219

H.protein

H8 (227-232)
224 SADFREAIRQ 233

HO (248-262)

S2A(237-240)
236 AEVR 239

S2B(270-273)

mODC 249 EEITSVINPA 258 271 IIAE 274
H31(677-683) S2G(687-690)
GP 675 GTGNMKFMLN 684 686 ALTI 689

Figure 1: Four of the seven equivalent segments in TrpSP, TD, AlaR, the yeast hypothetical
protein, mODC, and GP form equivalent o-f-o- supersecondary structures about the cofactor
binding sites, which incorporate “anchoring” o-helices (segment II). Secondary structure
assignments are shown above the sequences (H = helix; S = strand) and according to the X-ray
coordinate files from the PDB (Bernstein et al., 1977). The structurally-equivalent positions
containing common hydrophobic amino acids are marked in bold. The single-letter amino acid
code is used.
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and different functions, and the similarity in their folds does not extend further. The equivalent
elements of secondary structure run in the same direction within this o-B-a-f motif among the
three proteins.

It is possible to speculate that this a-B-0-f motif was initially exploited to form “PLP-
anchoring units” in unrelated families of PLP-dependent enzymes. It is known, for example, that
many enzymes with a B/o-fold have a carboxy-terminal phosphate-binding site in common,
which involves the glycine-rich region between a B-strand and an o-helix (Farber & Petsko,
1990; Bréndén, 1991; Wilmanns et al., 1991; Bork et al.,, 1995). In order to investigate the
relationship between the a-B-o-f motifs of three different folds, we also included comparisons
of the structures of TD, the yeast hypothetical protein and mODC. The common o-B-a- motif
and the root-mean-square deviation (RMSD) for the equivalent 28 Cgy-atom pairs in all six
enzymes are given in Fig. 1 and Table 1 respectively. The overall result for the spatial
comparison of o-B-a-B supersecondary structures is that the differences between motifs of
TrpSP, AlaR and GP with the different folds are practically the same as between the motifs of
AlaR, the yeast hypothetical protein and mODC with the similar folds.

Table 1. The resulting RMSD (A) between the common a-B-0-B supersecondary
structures (28 equivalences) in six enzymes.

Enzyme TD AlaR H. protein mODC GP
TrpSB 1.14 3.16 2.92 2.90 3.90
TD 2.88 2.95 2.63 3.80
AlaR 2.44 3.35 3.40
H. protein 3.37 3.19
mODC 4.07

Equivalent Hydrophobic Positions: There are no identical amino acids common to all six
o-B-a-B motifs after the structure-based alignment (Fig. 1). Only two equivalent positions
(marked in bold in Fig. 1) from segments III and IV contain non-polar residues in all six
enzymes. One additional position in segment II (also marked in bold) contains a hydrophobic

residue in each of these enzymes but not in GP. All of these hydrophobic and non-polar residues
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are clustered together in space forming a common hydrophobic minicore in the cofactor binding
site.

Final Remarks: Despite these similarities, it is generally accepted that these proteins do not
share a common heritage, but have arisen on five separate occasions. The common and
contiguous o-B-0-f structure accounts for only 28 residues and all five enzymes differ greatly in
both the orientation of the PLP pyridoxal rings and their contacts with residues close to the

common structural elements.
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Summary

We have isolated mouse and yeast nifS-like genes and characterized their products (mNfsl and yNFS1,
respectively). We found that both proteins have an amino-terminal extension, which contains a typical
mitochondrial targeting presequence, followed by the several characteristic features common to bacterial
NifS proteins. By Western blot analysis, both the mNfs1 and the yNFS1 were found in the mitochondrial
fraction. The mNfsl was shown to distribute in various mouse tissues. We also found that the yNFS/
gene-disrupted mutant is lethal. These results suggest that both eukaryotic NifS-like proteins may play
some significant roles in mitochondrial functions.

Introduction

To date, various iron-sulfur cluster-containing proteins (iron-sulfur proteins) have
been known to be involved in various redox reactions of metabolic pathways and in
electron transfer of the respiratory chain (Cammack, 1992, Johnson,.1998). In
diazotrophic bacterium, the nitrogenase, a complex of the several iron-sulfur proteins of
different cluster-types, is synthesized from the products of the nitrogen fixation genes (nif
genes). In Azotobacter vinelandii NifS was shown to possess a PLP-mediated cysteine
desulfurase activity that produces L-alanine and elemental sulfur from L-cysteine (Zheng et
al., 1993), and its physiological function has been considered to supply an elemental sulfur
to the iron-sulfur ([Fe-S]) clusters of the active site of nitrogenase (Zheng et al., 1994,
Zheng and Dean, 1994). Recently, another NifS-like protein named IscS has been found in
A. vinelandii (Zheng et al., 1998), which is very similar to the Eschelichia coli NifS-like
protein IscS (Flint, 1996), and both IscS proteins are thought to be participate in the
cluster assembly of constitutively expressed iron-sulfur proteins (Zheng et al., 1998).

In contrast to various descriptions of prokaryotic nifS (and nifS-like) genes, few
studies have been devoted to the eukaryotic NifS-like proteins. The best-characterized
nifS-like gene in eukaryote is Saccharomyces cerevisiae NFS1 (yNFSI in the present
study, alternatively named as spl/I) which may be involved in tRNA splicing (Kolman and
Soll, 1993). In the present study, we have cloned the mouse rifS-like cDNA (named
mNfsI) and identified its product, the mNfs1 protein, in various tissues. Mitochondrial
localization of both the mNfsl protein and its yeast counterpart has also been
demonstrated.
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Materials and Methods

The full-length mNfs/ gene was obtained from an unamplified mouse olfactory

epithelium Agt10 cDNA library (5 x 10° recombinant phages) using a probe of a partial
cDNA fragment of m-Nfs/ which was amplified with degenerated primers as the template.
On the other hands, entire yNFSI gene was amplified by PCR from the Saccharomyces
cerevisiae (strain D273-10B (MAT o)) genomic DNA.

Deduced sequences of mNfsl and yNFS1 proteins were aligned with those of other
bacterial NifS/IscS proteins and the human counterpart. Mitochondrial targeting sequences
were searched by a protein sorting signal searching program (PSORT). Possible PLP-
binding lysine and its neighboring residues are detected by the program PROSITE.

Eleven tissues (brain, heart, lung, thymus, liver, pancreas, stomach, spleen, kidney,
skeletal muscle, and testis) from the mouse (ddY, 5 weeks, males) were extracted,
homogenized, and suspended in the phosphate-buffered saline. Mouse liver cells were
further separated into subcellular (nuclear and cell-debris, mitochondria, microsome, and
cytosol) fractions by sucrose density gradient centrifugation.

The yNFS1 proteins are constitutively expressed with a promoter of glycelaldehyde-
3-phosphate dehydrogenase in the yeast strain W303-1B (MAT o ade2-2 his3-11,15 ura3-
1 leu2-3,112 trpl-1 canl-100), or YN101, a W303-1B derivative strain in which
chromosomal yNFS1 was expressed under the galactose-inducible promoter. Subcellular
and submitochondrial fractionations of yeast cells were performed essentially according to
the published procedure (Nakai et al., 1993).

Western analyses of mNfsl and yNFS1 proteins were performed with purified anti-
mNfsl polyclonal antibody. The immunoreactive proteins were detected with ECL
Western Detection Kit and Hyper ECL film (Amersham, UK).

Results and Discussion

The complete cDNA of 2,051 nucleotides which contained the entire mNfs/ cDNA
was cloned and sequenced (the EMBL accession number AJ222660). The mNfs!
potentially encodes a protein of 459 amino acid residues with a calculated molecular mass
of 50,716 daltons (Da). We also obtained the yNFS! gene, which encoded a protein of 497
amino acid residues, from the genomic DNA by PCR amplification. The amino acid
sequence of mNfsl shows the highest degree of homology to that of the yNFS1 (68.5%
identity) and also exhibits significant similarity to those of diazotrophic bacterial NifS
proteins (39.7 — 43.9% identity).
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Mitochondrial targeting sequence

YNFS1 1 GVKLDDNFSLETHTDIQAAAKAQASARASASGTTPDAVVASGSTAMSHAYQENT 93
mNfsl 1 MVGSVAGNMLLRAAWRRASLAATSLALGRSSVPTRGLRLRVVDHGPHSPVHSEA 54
hNfsl 1 MLLRVAWRRAAVAVTAAPGPKPAAPTRGLRLRVGDRAPQSAVPADTTAAPEV 52
Mitochondrial targeting sequence
YNFS1 GFGTRPI YLDMQ ATTPTDPRVLDT MLKFYTGLY-- GNPH SNTHSYGWETNT A VENARAYVAKMIN ADP-K EI IFTSGATES NNMVLKGVP 180
nNfsl EAVLRPL YMDVQ ATTPLDPRVLDA MLPYLUNYY-- GNPH SRTHAYGWESEA AMERARQQVASLIG ADP-R EI IFTSGATES NNIAIKGVA 141
hNfsl GPVLRPL YMDVQ ATTPLDPRVLDA MLPYLINYY-- GNPH SRTHAYGWESEA AMERARQQVASLIG ADP-R EI IFTSGATES NNIAIKGVA 139
AvIscS MKLPI YLDYSATTPVDPRVAQK MCECLTMEGNF GNPA SRSHVF GWKAEE A VENARRQVAELVN ADP-R EI VWTSGATES DNLAIKGVA 87
EcIscS MKLPI YIDYS ATTPVDPRVAEK MMQFMTMDGTF GNP A SRSHRFGWQAEE AVDIARNQIADLVG ADP-R EI VFTSGATES DNLATKGAA 87
AVNifS MA-DV YLDNNATTRVDDEIVQA MLPFFT--EQF GNPS S-LHSFGNQUGM A LKKARQSVOKLLG AEHDS EI LFTSCGTES DSTAILSAL 84
YNFS1  RFYKKTK KHII TTRT EHKC VLEAARAMMK EGFEV TFLNVDDQ GLIDLKELEDAIRPDTCLVSV MAVNNE IGVIQP IKEIGAICRKNKIYF 270
mNfsl RFYRSRK KHLV TTQT EHKC VLDSCRSLEA EGFRV TYLPVQKS GIIDLKELEAAIQPDTSLVSV MTVNNE IGVKQP IAETRQICSSRKVYF 231
hNfsl RFYRSRK KiLI TTQT EHKC VLDSCRSLEA EGFQVTYLPVQKS GIIDLKELEAAIQPDTSLVSV MTUNME IGVKQP IAEIGRICSSRKVYF 229
AVIScS HFNASKG FHII TSKI EHKA VLDTTRQLER EGFEV TYLEPGED GLITPAMVAAALREDTILVSV MHVNME IGTUND IAAIGELTRSRGVLY 177
EcIscS NFYQKKG FKHII TSKT EHKA VLDTCRQLER EGFEV TYLAPQRN GIIDLKELEAAMRDDTILVSI MHVNNE IGVVQD IAAIGEMCRARGIIY 177
AVNifS KAQPER- KIVI TTVV EHPA VLSLCDYLASEGYT VHKLPVDKK GRLDLEHYASLLTDDVAVVSV MWANNE TGTLFP IEEMARLADDAGIMF 173
Consensus Lysine for PLP-binding
YyNFS1 ~ HTDAAQAYGKIHI DVNEMNIOLL SISS HK IYGPRG 16A} YVRR RPRVRLEPLLS GGGQ ERGLR SGTLAPPLVA GF GEAARLMKKEFDNDQ 360
mNfsl  HTDAAQAVGKIPL DVNDMKILLM SISG HKLYGPKG VGA] YIRR RPRVRVEALQS GGGQ ERGMR SGTVPTPLVV GL GAACELAQQEMEYDH 321
hNfsl HTDAAQAVGKIPL DVNDMKIOLM SISG HKIYGPKG VGA] YIRR RPRVRVEALQS GGGQ ERGMR SGTVPTPLVV GL GAACEVAQQEMEYDH 319
AvIscS HVDAAQ STGKVAI DLERMKVIJLM SFSA HKTYGPKG IGA} YVRR KPRVRLEAQMH GGGH ERGMR SGTLATHQIV GMGEA FRIAREEMAAES 267
EcIscS HVDATQ SVGKLPI DLSQLKVIJLM SFSG HKIYGPKG IGA} YVRR KPRVRIEAQMH GGGH ERGMR SGTLPVHQIV GMGER YRIAKEEMATEM 267
AVNifS HTDAVQ AVGKVPI DLKNSSIHML SLCG HKLHAPKG VGV) YLRR GTRFR--PLLRGGHQ ERGRRAGTENAASII GL GVAAERALQFMEHEN 261
PLP-binding sequence motif
Cy for d ivity
+
YNFS1 AHIKR LSDKLVKGLLSA-EHTTLN GSPDHRY PGCV NVSF AYVEGE SLLMA LRDIAL-- SSGS AC TSASLE PSYVLHALGKDDALA HSSIR 447
mMNfsl  KRISK LAERLVOKIMKNLPDVUMN GDPKQHY PGCI NLSFAYVEGESLLMA LKDVAL-- SSGS ACTSASLE PSYVFRAIGTDEDLA HSSIR 409
hNfsl KRISK LSERLIQNIMKSLPDVVMN GDPKHHY PGCI NLSF AYVEGESLLMA LKDVAL-- S8GS SC SLHPWS PLMCLEQLALMRIYS HSSIR 407
AvIscS RRIAG LSHR-FHEQUSTLEEVYLN GSATARV PHNL NLSFNYVEGESLIMS LRDLAV-- SSGS AC TSASLE PSYVLRALGRNDELA HSSIR 354
EcIscS ERLRG LRNR-LWNGIKDIEEVYLN GDLEHGA PNIL NVSFNYVEGESLIMA LKDLAV-- SSGS AC TSASLEPSYVLRALGLNDELA HSSIR 354
AVNifS TEVNA LRDKLEAGILAVVPHAFVT GDPDNRL PNTA NIAFEYIEGEATLLL LNKVGIAA SSGS AC TSGSLEPSHVMRAMDIPYTAA HGTVR 351
YNFS1  FGIGRFS TEEE VDYVVKAVSDRVKF LRELSP LWEMVQEGIDLNSIKWSGH 497
mNfsl FGIGRFT TEEE VDYTAEKCTHHVKR LREMSP LWEMVQDGIDLKSIKWTQH 459
hNfsl  FGIGAFT TEEE VDYTVEKCIQHVNR LREMSP LWEMVQDGIDLKSIKWTQH 457
AvIscS FTFGRFT VDYAARKVCEAVGK LRELSP LWDMYKDGVDLSKIEWQAH 404
EcIscS FSLGRFT TEEE IDYTIELVRKSIGR LRDLSP LWEMYKQGVDLNSIEWAHH 404
AVNifs FSLSRYT TEEE IDRVIREVPPIVAQ LRNVSP YWSG-NGPVEDPGKAFAPVYG 402

Figure 1. Amino acid sequence alignment of eukaryotic NifS-like proteins and bacterial NifS/IscS proteins.
yNFS1; yeast NifS-like protein, mNfs1; mouse NifS-like protein, hNfs1; human NifS-like protein (Land
and Rouault,1998), AviscS; Azotobacter vinelandii 1scS (Zheng et al., 1998), AVNIfS; Azotobacter
vinelandii NifS, EclscS; Escherichia coli IscS (Flint, 1996). Amino acid residues conserved among them

all were described in bold. Mitochondrial targeting presequences were underlined. A putative PLP-binding

lysine (*) and its neighborhoods were in a box. A cysteine for the desulfurase activity was indicated with
plus (+).

Protein sequences of mNfs1 and yNFS1 were aligned with that of the human NifS-like
protein hNfsl (Land and Rouault,1998) and those of the bacterial (Escherichia coliand
Azotobacter vinelandii) NifS/IscS proteins (Fig. 1). MOTIF-Search analysis identified a
putative pyridoxal phosphate (PLP)-binding motif in both the mNfsl and the yNFS1
sequences; the sequence of the motifis conserved among bacterial NifS/IscS proteins (Fig.
1). It contains a lysine (marked with an star in Fig. 1) which is believed to form a Schiff
base with PLP. The cysteine residue essential for the cysteine desulfurase activity of A.
vinelandii NifS, conserved among the bacterial NifS/IscS proteins, isalso found in the
mNfs1 protein (Cys383; marked with a plus in Fig. 1).

Both eukaryotic NifS-like proteins have an amino-terminal extensionmore than fifty
residues longer than those of bacterial NifS proteins. Although the amino-terminal 58
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residues of mNfs1 have no significant sequence similarities to the corresponding region of
yNFS1, PSORT program detected mitochondrial sorting signals in the amino-terminal
extensions of both (underlined in Fig. 1).

We found that the mNfs/ transcript of the predicted size (2.1-kb) was detected in
various mouse tissues, suggesting that the mNfs/ is ubiquitously expressed. With anti-
recombinant mNfsl-antibody, we also detected the mature-size mNfs1 protein of 47-kDa
in various mouse tissues. The 47-kDa immunoreactive protein was detected mainly in the
mitochondrial fraction of mouse liver as was the mitochondrial marker protein F1-f (the B-
subunit of mitochondrial F1-ATPase). We also showed that the mNfs1 exist in the matrix
fraction of mitochondria.

The intracellular localization of yNFS1 was also analyzed by Western blotting using
anti-mNfs1 antibody. The immunoreactive 50-kDa protein, which corresponded to the
mature-size protein, was associated mainly with the mitochondrial fraction. A small
fraction of the 50-kDa protein was also detected in the cell debris fraction which contains
unbroken cells and a nucleus. Upon submitochondrial fractionation, the 50-kDa protein
was predominantly recovered in the matrix fraction, thus suggesting that the yNFSI
protein also exists in the mitochondrial matrix.

We constructed a yeast strain YN101 in which the chromosomal yNfs/ gene was
expressed under the inducible promoter. When the chromosomal yNfs/ in YN101 was
depressed, cells became lethal. However, when a plasmid-borne yNFS1 was expressed
under a constitutive promoter, the cell viability was restored under the chromosomal
yNFS1 depression. It indicates that the yNfs1 plays an essential physiological function(s)
in yeast cells. Kolman and S6ll have also shown that the S. cerevisiae NFSI gene to be
essential for cell viability because the NFSI disruptant exhibits haploid lethality (Kolman
and S6ll, 1993). they have suggested that the S. cerevisiae NFSI gene is involved in tRNA
splicing based on the fact that its mutated dominant allele (NFSI-1) could complement the
splicing-deficiency of an inactivated supressor tRNA gene (Kolman and Séll, 1993). But
the functional relationship between these enzymes and the yNFS1 has not yet been
clarified.

A. vinelandii NifS possesses a cysteine desulfuration activity (Zheng et al., 1993) and
is believed to support the [Fe-S] cluster formation in nitrogenase maturation in vivo.
However, it can also participate in the construction of [Fe-S] clusters of other iron-sulfur
proteins, SoxR (Hidalgo and Demple, 1996) and FNR (Green et al., 1996) in vitro. E. coli
IscS also have desulfuration activity similar to 4. virelandii NifS, and it has been shown to
contribute to the formation of the [Fe-S] cluster in dihydroxy-acid dehydratase (Flint,
1996). These findings indicate that the prokaryotic NifS proteins can supply an elemental
sulfur for the [Fe-S] cluster of iron-sulfur protein(s). Significant sequence homology found
between the prokaryotic NifS/IscS proteins and eukaryotic NifS-like proteins, including
the PLP-binding site and the cysteine residue essential for the cysteine desulfuration
activity of the A. vinelandii NifS protein(Zheng et al., 1993, Zheng et al., 1994), suggests
that the eukaryotic counterparts also participate in the formation of the [Fe-S] cluster of
some iron-sulfur proteins in mitochondria in vivo. Mitochondria contain a variety of iron-
sulfur proteins such as adrenodoxin, aconitase and Rieske protein of the respiratory
complex III. We are now investigating to ascertain whether the eukaryotic NifS-like
protein functions in the [Fe-S] cluster formation in vivo.
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Summary

8-amino-7-oxononanoate synthase is a pyridoxal 5’-phosphate-dependent enzyme which
catalyses the decarboxylative condensation of L-alanine with pimeloyl-CoA to form 8-amino-
7-oxononanoate. Individual steps in the reaction mechanism of Escherichia coli AONS have
been probed by spectroscopy, pre-steady state kinetics and crystallography. Our results
suggest that conformational transitions, induced by substrate and product binding, play an
important role in catalysis.

Introduction.

The biotin biosynthetic pathway is an essential metabolic pathway found only in plants and
microorganisms, making it an attractive target for herbicide and antibiotic development. In
Escherichia coli, the first committed step in the biosynthesis of biotin is catalysed by the
pyridoxal 5’-phosphate-dependent enzyme 8-amino-7-oxononanoate synthase (AONS) (1).
This involves the decarboxylative condensation of pimeloyl-CoA and L-alanine to produce 8-

amino-7-oxononanoate (AON), coenzyme A and carbon dioxide (Figure 1).

FIGURE 1. Reaction catalysed by AONS.
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The structure and overall reaction mechanism of AONS places it in the o-family of PLP-
dependent enzymes (2). Alignment of the amino acid sequence of AONS with the enzymes of
the a-oxoamine synthase family - 5-aminolevulinate synthase, serine palmitoyltransferase and
2-amino-3-oxobutyrate CoA ligase - shows that almost all of the active site residues are
conserved within this family of enzymes (3). The overall tertiary fold of AONS is closest to
that of dialkylglycine decarboxylase although they have negligible amino acid sequence
identity (4). The PLP cofactor is covalently bound to Lys236 through an imine linkage and
interacts with two other basic residues, His133 and His207, which may play an important role

in substrate binding and catalysis (3).

TABLE 1: Kinetic parameters for AONS.

pimeloyl-CoA L-alanine
kcat Km kcat/ Km K m kca!/ K m k 1
(C) (uM) M's™ (mM) M™M's™ ™M's™
0.06(0.01) 25(2) 2400(430) 0.50(0.04) 120(21) 20000(6000)

The steady state kinetic parameters for AONS exhibit no metal ion dependence, and are
comparable to those of other o-oxoamine synthases (Table 1) (5). Although the kinetic
mechanism of AONS has not been investigated in detail, it is thought to adhere to an ordered
bi-bi model in which L-alanine binds to the enzyme active site before pimeloyl-CoA (6). In
common with the mechanisms of other PLP-dependent enzymes, the initial step of the AONS
catalysed reaction involves displacement of the internal aldimine complex by the incoming
amino acid substrate to form an external aldimine. This is followed by heterolytic cleavage of
the Co—H bond of the amino acid leading to a resonance stabilised quinonoid intermediate
(7). This quinonoid is thought to react subsequently with the other substrate, pimeloyl-CoA, in
a Claisen-type condensation to form a putative [-ketoacid aldimine intermediate.
Decarboxylation of the resultant 3-ketoacid presumably occurs to generate a second quinonoid
intermediate, which is then protonated at C8 to form a product external aldimine. Finally,
product release leads to regeneration of the internal aldimine with Lys236.

Here we report a study of the interaction of AONS with its substrates and product, and
suggest a mechanistic pathway in which conformational transitions of the enzyme play a
critical catalytic role. This mechanism may prove to be common to all four enzymes of the o-

oxoamine synthase family.
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Materials and Methods

Protein characterisation. Purification of AONS and determination of steady state kinetic
parameters were carried out as described previously (3).

Spectroscopic methods. All UV-visible spectra were recorded on a Hewlett-Packard 8452A
diode array spectrophotometer. The AONS concentration in all analyses was 10uM in 20mM
potassium phosphate (pH 7.5). Reference cuvettes contained all other components except
AONS.

Pre-steady state kinetics. Transient absorption kinetics were determined under pseudo-first
order conditions using an Applied Photophysics SX17 stopped-flow spectrophotometer,
thermostatically controlled at 30°C. For the determination of rates of formation of external
aldimine, syringes contained 20uM AONS and 0-100mM L- or D-alanine. Spectra were
recorded at 425nm and fitted to single exponential saturation curves. Rate constants were
determined from the slope of a best-fit line produced from a plot of observed rate constant
versus alanine concentration. For analysis of quinonoid formation, one syringe contained
25uM AONS pre-equilibrated with 10mM L-alanine and the other 0-300uM pimeloyl-CoA.
Spectra were recorded at 486nm and the separate phases fitted to single exponential curves.

Determination of dissociation constants. Enzyme samples were dialysed overnight in 20mM
potassium phosphate (pH 7.5) containing 100uM PLP. Non-enzyme bound PLP was removed
by multiple washes with 20mM potassium phosphate through a Centrex UF2 concentrator
(Schleicher & Schuell). Assays typically contained 10-50mM AONS in 20mM potassium
phosphate (pH 7.5) with varying amounts of L- or D-alanine (0-80mM). Pimeloyl-CoA
(143mM) was included where required. After addition of substrate, the reactants were mixed
and allowed to equilibrate for 20mins at 30°C. Spectra were recorded and changes in
absorbance at 425nm plotted against L- or D-alanine concentration. Data were fitted to a
hyberbolic saturation curve using the equation, AA.ps=AAmax.S/K¢+S where AAna is the
maximal absorbance change, S is the L- or D-alanine concentration, and Ky is the dissociation

constant.
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Crystallography. Crystals of AONS were grown as previously described (3). X-ray
diffraction data of crystals containing AON was collected to a resolution of 2.0A (D. Alexeev,

personal communication).

Results and Discussion.

Substrate external aldimine formation. The absorbance spectrum of AONS holo-enzyme
shows peaks at 334nm and 425nm which we assign to the non-coplanar and coplanar forms of
the AONS-PLP internal aldimine (Figure 2). Addition of L- or D-alanine to AONS leads to an
increase in the absorbance of the 425nm band indicating formation of an external aldimine.
The pre-steady state rate constant, k;, for L-alanine external aldimine formation is 2x10*°M's!
and 125M’'s™" for D-alanine, which is not a substrate. If an ordered bi-bi mechanism is
assumed we would expect k; to approximate kc,/Kn, for L-alanine (6). The fact that kca/ K, is
less than k; for L-alanine suggests that there may be a slow step following external aldimine

formation that is necessary for productive binding of pimeloyl-CoA.

FIGURE 2: Changes in cofactor absorbance spectra. (A) AONS (solid line), AONS + L-
alanine (dashed line) and (B) AONS + pimeloyl-CoA (solid line), AONS +AON (dashed
line).
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The equilibrium between internal and external aldimine forms of AONS is affected by the
presence of pimeloyl-CoA. A plot of absorption increase at 425nm versus L-alanine
concentration gives a curve with dissociation constant, K¢=0.9mM, while titration of AONS
with D-alanine gives a K;=9.8mM (Figure 3). In the presence of saturating amounts of

pimeloyl-CoA, titration of AONS with D-alanine leads to a more than two-fold decrease in
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the dissociation constant (Kg=4.5mM). A decrease in the dissociation constant (K4=0.3mM) of
L-alanine in the presence of pimeloyl-CoA is also observed (data obtained from reciprocal
plots of steady state kinetic data). Although we have no direct structural evidence, we
speculate that the dissociation constant is reduced by binding of pimeloyl-CoA, which blocks
the exit path of the amino acid substrate from the bottom of the binding site. Additionally, it is
also conceivable that pimeloyl-CoA induces a conformational change which leads to a more

tightly bound external aldimine species.

FIGURE 3: Binding of L-alanine to AONS. (A) Absorbance spectra in presence of L-alanine
(from bottom to top 0, 0.1, 0.5, 1, 2, 5, 10, 15 and 20mM), (B) plot of absorbance versus
titrant concentration.
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Addition of L- or D-alanine to AONS does not lead to quinonoid formation as indicated by
the absence of a band at longer wavelength in the absorbance spectrum (Figure 2). It therefore
seems likely that binding of L-alanine alone is insufficient to promote significant proton
abstraction at Ca and leads to a benign form of the external aldimine-enzyme complex. The
L-alanine external aldimine complex has not yet been crystallised, but has been modelled by
analogy with the product aldimine structure (Figure 4). A probable interaction (analogous to
the C7 carbonyl interaction in the product aldimine structure) between a carboxylate oxygen
of the L-alanine-PLP complex and His133 places the Ca hydrogen away from the catalytic
Lys236, making reaction with Lys236 unlikely. Proton abstraction would thus require a
rotation around the N-Ca bond in the pyridine plane, which would direct the Ca hyrogen
towards Lys236. Such a rotation would place the Ca carboxylate, previously interacting with
His133, within hydrogen bonding distance of the side chain of Asn47, and thus generating a

stable external aldimine complex.
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Reaction with pimeloyl-CoA. In addition to enhancing the binding of L-alanine to AONS,
addition of pimeloyl-CoA to the pre-formed external aldimine complex leads to formation of
a quinonoid intermediate (Figure 2). Pre-steady state kinetic experiments revealed that the
formation of this intermediate (kobs=45s'l) is preceded by a distinct lag phase (~30ms). It is
likely that this lag represents conformational transitions of the enzyme which place the Ca
hydrogen of the L-alanine-PLP complex and the catalytic lysine in a favourable orientation for
catalysis. Modelling suggests that docking of pimeloyl-CoA in the active site may lead to
displacement of the carboxylate oxygen of L-alanine from His133 which then forms a
hydrogen bond with Asn47. This new orientation of the external aldimine places the Ca
proton close to Lys236 in a position perpendicular to the pyridine ring leading to cleavage of
the Ca-H bond in accordance with Dunathan’s hypothesis (8). Following this pimeloyl-CoA-
induced Cow deprotonation, the quinonoid is free to attack the thioester carbonyl of pimeloyl-
CoA liberating coenzymeA and producing a -ketoacid-aldimine complex. At present, little is
known about the mechanism of decarboxylation of the B-ketoacid, but our results suggest it is
likely to lead to formation of a second quinonoid intermediate (Figure 2).

Interaction with AON. In solution, incubation of AONS holo-enzyme with the product of the
reaction, AON, gives rise to a spectrum with maxima at 436nm and 520nm (Figure 2). It is
likely that these bands reflect the equilibrium between the external aldimine and quinonoid
forms of the product complex respectively. The quinonoid form has an absorption maximum
at a substantially longer wavelength than the substrate-PLP quinonoid formed earlier in the
catalytic pathway and probably arises from the decarboxylation of the putative B-ketoacid
described above.

The structure of AONS incubated with its product, AON, has been determined to 2.0A
resolution. In contrast to the equilibrium between quinonoid and aldimine forms existing in
solution, only the aldimine form is observed in the crystal. The N8=C4A double bond of the
AON-PLP complex is coplanar with the pyridine ring while the C7 carbonyl oxygen of the
complex is hydrogen bonded to His133. The carboxylate of AON is bound to Arg2l from the
N-terminal domain and Arg349 from the C-terminal domain of the enzyme. A magnesium ion
is coordinated to O3, N8, the hydroxyl of Serl79 and two water molecules. Since the

enzymatic activity of AONS exhibits no magnesium dependence it is unlikely that the ion
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plays a role in catalysis and may have arisen from trace ions present in the crystallisation
buffer.

FIGURE 4: Cofactor binding site. PLP internal aldimine (left) and AON-PLP external
aldimine (right).

C-terminal domain movement. The overall refined protein structure of the AON-enzyme
complex is close to that of the holo-enzyme. However, the -sheet of the C-terminal domain
undergoes a conformational transition whereby three (-strands of this flexible domain fold
towards the active site of the AONS catalytic dimer (Figure 5). This movement narrows the
access to the binding site and may be analogous to the apparent transition which occurs upon
binding of pimeloyl-CoA to the pre-formed substrate external aldimine complex. The release
of this structural cap over the active site must be reversed upon product release and
concomitant reformation of the internal aldimine. The energy barrier for this process is likely
to be large and it may represent the rate determining step in the enzymatic reaction, since

neither substrate external aldimine formation or quinonoid formation approximate kca.

FIGURE 5: Conformational changes in AONS structure.
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Conclusion. These results suggest a mechanistically reasonable pathway for the catalytic
action of AONS which may prove common for other members of the o-oxoamine family of
enzymes. Further studies will shed light on the role of active site residues in the catalytic
reaction and may explain the involvement of conformational changes in the protein during

catalysis.
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Summary

Crystal structures of the tryptophan synthase a,8, complex show binding sites in the § subunit

for pyridoxal phosphate, for substrates, and for a monovalent cation. Cations, including
guanidine at low concentration, activate tryptophan synthase. Molecular modeling indicates that
guanidine could bind to the cation site in the B subunit. Our results demonstrate that the
conformational states of the tryptophan synthase a,B, complex are regulated by monovalent

cations, chaotropic agents, pH, o subunit ligands, and temperature.

Introduction

Bacterial tryptophan synthase is composed of o and § subunits that combine reversibly to form
an ayB, complex [1]. The B subunit was the first pyridoxal phosphate (PLP) enzyme in Fold II
[2] to be analyzed by crystallography in the structure of the tryptophan synthase a,B, complex

from Salmonella typhimurium [3]. Crystal structures of wild-type and mutant forms of the

tryptophan synthase 0,8, complex reveal a unique indole tunnel, binding sites for a monovalent

cation and other ligands, and ligand-induced conformational changes [3-5].

Results and Discussion

Activation by Monovalent Cations Including Guanidinium—A low concentration (0.02 M) of
guanidine hydrochloride (GuHCI) activates the tryptophan synthase o,f, complex 1.4-fold,
whereas 0.1 M NaCl activates 3.2-fold [6] (Figure 1). Higher concentrations of GuHCI inhibit.
The results suggest that GuH" activates tryptophan synthase by binding to the monovalent cation

site in the B subunit [4].
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Figure 1. Effects of GuHCI and of NaCl on the relative activity of the opp, complex in the
reaction of L-serine and indole in the absence of other cations (modified from [6]).
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Figure 2. Cartoons of the Na* and Cs” binding sites in the B subunit based on the X-ray
coordinates [4] and of the GuH"* binding site based on molecular modeling (modified from [6]).
Cartoons of the binding sites for Na * and Cs* in the B subunit [4] show that Na* interacts with
the peptide carbonyl oxygens of 3 residues and with 2 waters (W), whereas the larger Cs"
interacts with the peptide carbonyl oxygens of 6 residues (Figure 2). Molecular modeling of

GuH" into the cation site shows favorable interactions between GuH* (dark lines) and the

peptide carbonyl oxygens of the 6 residues that interact with Cs+. Two of the nitrogens of GuH*
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are located in the model close to the positions of the two waters in the Na* site. Thus, binding of
GuH" to the cation site appears feasible.

Modulation of the Active Site Conformation by GuHCI—Addition of increasing GuHCI
concentrations has strikingly different effects on the rates of the two different p-replacement
reactions of indole with L-serine or B-chloro-L-alanine catalyzed by the tryptophan synthase
apBy, complex [6] (Figure 3A). Low concentrations of GuHCI stimulate the rate of the reaction
with B-chloro-L-alanine more than that with L-serine. Furthermore, the decrease in activity at
higher GuHCI concentrations is much less sharp with B-chloro-L-alanine than with L-serine.

The results suggest that addition of GuHCI results in an altered conformation of the a,B,

complex having higher activity with B-chloro-L-alanine than with L-serine.

E-AA<—E-Ser
1.8 -
CH,=C—COO
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0.14 1
1.4 ANC H :
3‘ . HOCHZ—(IZ—COO
£ B-Cl-Ala g N
8 10 _(g 0.10
206 < 0.06
X
0.2 0.02
0.0 0.1 0.2 0.3 0.4 0.5 300 350 400 450 500 550

[GuHCI). M Wavelength, nm

Figure 3. Effects of GuHCI concentration on the activities of the B, complex in the reactions

with indole and either L-serine or B-chloro-L-alanine (A) and on the absorption spectra of the
apP, complex in the presence of 50 mM L-serine (B) (modified from [6]).
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Table 1. Conformational States of the Tryptophan Synthase 0,8, Complex

Open Closed
Activity (Ser + Ind -> Trp) Low High
Preferred Substrate B-Chloro-L-alanine L-Serine
Major Serine Intermediate E-Ser E-AA
Stabilizers Lower °C Higher °C
Higher pH Lower pH
Na* Cs'
GuHCI or Urea

To explain our finding that some mutant a,B, complexes exhibit high activity with B-chloro-L-
alanine but low activity with L-serine, we have proposed that the wild-type, but not the mutant,
enzymes are converted from a low activity open conformation to a high activity, closed
conformation [7]. The closed conformation facilitates protonation of the weak OH' leaving group
of L-serine but is not needed for protonation of the strong Cl leaving group of B-chloro-L-
alanine [7] (Table 1).

The proposal that GuHCI (>0.1 M) stabilizes the open form of the tryptophan synthase ~ ayB,
complex is supported by the observation that addition of increasing GuHCI concentrations in the
presence of L-serine results in increased absorbance at 424 nm and decreased absorbance at 350
nm [6] (Figure 3B). The 424 nm band is attributed to the E-Ser intermediate that accumulates
with the low activity, open form of the enzyme, whereas the 350 nm band is attributed the E-AA
intermediate that accumulates with the high activity, closed form [7-9] (Table 1).

Modulation of the Active Site Conformation by pH and by Temperature—The pH profile of the
activity of the tryptophan synthase a,B, complex in the reaction with indole and L-serine exhibits
a bell shaped curve with maximum activity at pH 7.5 (Figure 4A). In contrast, activity in the
reaction with B-chloro-L-alanine and indole increases sharply with increasing pH, suggesting that
increasing pH converts the a,B, complex to the open conformer that has higher activity with -
chloro-L-alanine than with L-serine (Table 1). These results are consistent with the earlier
finding that increasing pH stabilizes the open conformer that accumulates E-Ser [9].

We have recently examined the effects of temperature and of cations on the activities of the
ayB, complex in the reaction of L-serine with indole to form tryptophan [10]. Arrhenius plots of
the activity data are nonlinear in presence of NaCl or GuHCI but are linear in the presence of

CsCl or NaCl + GP, an o subunit ligand. At low temperature, the activity in NaCl is much lower
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than in CsCl, whereas at high temperature the activities are the same. The conditions that yield
nonlinear Arrhenius plots also yield temperature-dependent changes in the equilibrium
distribution of the E-Ser and E-AA intermediates in the reaction with L-serine (Figure 4B). E-Ser
is the predominant intermediate at low temperature in the presence of NaCl, whereas E-AA is the
predominant intermediate at high temperature. E-AA is the predominant intermediate at all
temperatures in the presence of CsCl or NaCl + GP. The results support the proposal that

increasing temperature stabilizes the active closed conformation of the o,f, complex. Data
analysis yields values of the changes in enthalpy (AH,,) and entropy (AS,,) for the temperature-
dependent conversion. Importantly, the AH,, is equal to the difference between the activation
energies at low and high temperatures. The large positive entropy change in the open to closed
conformational conversion suggests that the closed conformation results from tightened

hydrophobic interactions that exclude water from the active site.
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Figure 4. Modulation of the active site conformation by pH (A) and temperature (B). A. pH
dependence of the specific activity of the ayB, complex in the reaction of indole with either L-

serine (data from [11]) or B-chloro-L-alanine. B. Effects of temperature on the absorption spectra
of the ayB, complex in the presence of 50 mM L-serine and 0.1 M NaCl (—) or 0.1 M CsCl (ee).

The spectra in the presence of CsCl were not affected by temperature (modified from [10]).
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Conclusions—Our results and the results of others [8,9] provide evidence that higher

temperatures, lower pH, o subunit ligands, and Cs* stabilize the active, closed conformation,

whereas high pH and GuHCI stabilize the open form (Table 1).
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Summary

Control of indole channeling between the a- and [-sites of tryptophan synthase involves
allosteric signals that switch ap-dimeric units between open and closed conformations of low
and high activity. Signaling is triggered by covalent bonding at the B-site and ligand binding to
the o-site, and is postulated to be transmitted between sites via a scaffolding that includes a
monovalent cation (MVC) site and the side chain of BLys 167 in alternating salt bridges with
BAsp 305 or aAsp 56. Via site-directed mutation and MV C-substitutions, we have explored the
roles of the MVC site and salt bridging in the regulation of channeling. From these experiments,
we conclude the BK167-aD56 salt bridge plays an important role in substrate channeling.

Introduction

Channeling of indole between the a- and B-sites of tryptophan synthase occurs via a 25-A long
tunnel (1, 2). Preliminary studies (3-5) indicate that the salt-bridging interactions which link the
o~ and B-sites mediate the transmission of allosteric signals between the two sites, and modulate
catalytic and regulatory properties of the enzyme. Binding of MVCs to an allosteric site located
8 A from the B-active site also alters catalysis and the regulation of channeling (6-10). Solution
studies and x-ray structures show that the o-aminoacrylate and quinonoidal intermediates
stabilize closed structures, while the gem diamine and and aldimine species stabilize open or
partially open conformations (Scheme 1) (1, 2). The switch between open and closed states is
critically important for the regulation of channeling (1, 2, 11). To achieve a more detailed
understanding of the relationship of the salt bridge interactions to the MVC site, herein we
investigate the catalytic and regulatory properties of the aD56A, BK167T, BD305N and BD305A

mutants, both in the presence and in the absence of MVCs.
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G3P
ndol
IGP + L-Ser
—_—_ - C) B8
- + Hzo
AAD
OPEN CLOSED

Scheme 1. Cartoons of an ap-dimeric unit of tetrameric tryptophan synthase depicting the o-
and B-sites, the lids that close over the active sites, the interconnecting tunnel, and the MVC site
(occupied by K*). The interconversion of the open and closed conformations is shown occuring
as the internal aldimine, Ain, reacts with 3-indolyl-D-glycerol 3'-phosphate (IGP) and L-Ser to
form D-glyceraldehyde 3-phosphate (G3P) and indole at the o-site and the a-aminoacrylate (A-
A) at the pB-site. Redrawn from (8) with permission.

Materials and Methods

The materials and methods used have been previously described (3-9).

Results and Discussion

Influence of Allosteric Effectors on Intermediate Distribution. Figure 1A, B shows the
effects of Na” and NH4" on the reaction of wild-type enzyme with L-Ser, and with L-Ser and
indoline. In the L-Ser reaction (Figure 1A), the a-aminoacrylate Schiff base, E(A-A), with Apax
= 350 nm and a shoulder extending beyond 500 nm, is the predominant species formed both in
the absence of MVCs and in the presence of NH," (6-9, 12, 13). Comparable amounts of the L-
Ser external aldimine, E(Aex;), with Ayax = 425 nm, and E(A-A) are present at equilibrium when
the effector is Na*. Clearly, NH," binding stabilizes the closed E(A-A) form, while Na* tends to
stabilize the partially closed E(Aex;) form (14). In the reaction of wild-type enzyme with L-Ser
and indoline (Figure 1B), the E(A-A) intermediate reacts very rapidly with indoline to form a
quinonoidal species, E(Q)mdoline (Amax 464 nm), which very slowly converts to product,
dihydroiso-L-tryptophan (15). The yield of E(Q)mdoine is remarkably dependent upon the
allosteric effector present. Almost no E(Q)idoline forms in the absence of MVCs. In the presence

of NH,", the yield of E(Q)mdoline is small. The distribution of E(A-A) and E(Q)mdotine is shifted
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strongly toward E(Q)mdoiine. by the binding of Na'. Na' is more effective than NH," in stabilizing

the closed form of E(Q)mdoline-

The effects of Na* and NH," upon reaction of BK167T with L-Ser, and upon reaction with L-

Ser and indoline are shown in Figure 1C, D. Na* binding stabilizes E(Aex;), while NH;" binding

gives similar amounts of the E(A-A) and E(Aex;) species (Figure 1C), as seen with the wild
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Figure 1. Static spectra for the reaction of wild-type
enzyme (A, B) and the BK167T (C, D) and aD56A
(E, F) mutants with L-Ser, and with L-Ser and
indoline in the absence of effectors, and in presence
of Na* or NH;". Spectra were measured as follows:
in (A), (C), and (E), a,,, reaction with L-Ser in the
absence of effectors (No MVCs), and in the presence
of 100 mM NacCl, or 50 mM NH4Cl. Spectra in (B),
(D), and (E) were measured under the same effector
conditions as in (A), (C), and (E). Concentrations:
[enzyme] =8.3 uM, [L-Ser] = 40 mM and [Indoline]
45 mM when present, all in 50 mM
triethanolamine buffer at pH 7.80 and 25°C.
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Figure 2. Relaxation rates for the
formation (A) and decay (B) of
E(Aex;) measured in the absence of
effectors (None), and in the presence
of 100 mM Na’ or 50 mM NH," for

the wild-type, oD56A, BKI176T,
BD305N, and PD305A enzymes.
Conditions: 50 mM triethanolamine

buffer at pH 7.80 and 25°C. The *
designates mutants that gave no
detectable decay.
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type enzyme. Reaction of E(A-A) with indoline gives a significant amount of E(Q)idoline only in
the presence of NH," (Figure 1D). Na' binding stabilizes E(Aex;), and no detectable amount of
E(Q)mdoline is formed, indicating Na* strongly stabilizes the partially open conformation.

Reaction of L-Ser with MVC-free oD56A gives E(Aex;). The Na" form gives predominantly
E(Aex,), whereas, the NH," form slightly alters the distribution in favor of E(A-A) (Figure 1E).
In the indoline reaction with aD56A (Figure 1F), the MVC-free species gives almost no
E(Q)indoline, Na" stabilizes E(Aex,) with no detectable E(Q)mdotine, and the NH," form gives a
relatively modest yield of E(Q)mdoline- The rates of formation of E(Q)mdoline are noticeably slower
than for the wild-type enzyme. Again, Na* strongly stabilizes the partially open conformation.

The BD305N mutant (data not shown) shows behavior that is very similar to the wild-type
enzyme (see Figure 2A, B). The BD305A mutant was found to show remarkable differences
from the wild-type enzyme and the aD56A and BK167T mutants; these differences appear to
reflect both an altered role in B-site catalysis and an altered allosteric role involving salt bridging
to BR141. Therefore, the behavior of this mutant will be presented elsewhere.

Influence of Allosteric Effectors on Activity. The B-reaction activity of the effector-free
wild-type enzyme is strongly activated by the binding of MVCs, whereas the a-reaction activity
is somewhat suppressed (6-9). NH," is a better activator of the B-reaction than is Na" (8-fold vs.
5-fold). The o-reaction is inhibited to 33% of the MV C-free value by Na" and to 67% by NH,".
The extent to which the L-Ser reaction activates the a-site is given by the aff/o reaction activity
ratio (16). In the absence of MVCs, there is almost no o-site activation, but strong activation
occurs when Na“or NH;" bind (30- and 40-fold, respectively). Activation is due to an allosteric
interaction between the - and a-sites that switches the o-site from an inactive (open) state to an
active (closed) state triggered by the formation of the E(A-A) intermediate (14, 16, 17).

The B-reaction catalyzed by PK167T is not significantly stimulated by Na’, while NH,"
stimulates by 107-fold (compared to the MVC-free species). The o-activity is suppressed to
~ 10% of the wild-type enzyme activity and is unaffected by MVCs. The B-reaction activates
the a-;ite 12-fold when Na" is bound, and 36-fold when NH;" is bound.

In comparison to the MVC-free species, Na” binding slightly inhibits the B-reaction activity of
oaD56A, NH4" binding activates 5-fold, giving activities that are 25-30 % that of the

corresponding wild-type species. The a-site is only slightly activated by the L-Ser reaction in
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the presence of Na* (2- fold), whereas the NH," form actives 61-fold. As measured by the extent
of a-site activation due to the B-reaction, NH," is more effective than Na" in restoring this site-
site interaction to each enzyme species.

Influence of Effectors on E(Aex;) Formation and Decay. E(Aex;) formation and decay time
courses were determined by fluorescence stopped-flow methods (Figure 2A,B) (7-9, 12). The
relaxation rate constants for formation of the E(Aex;) species of BK167T, aD56A and wild-type
enzyme are significantly increased by the binding of Na®, while the BD305N and BD305A
mutants are unaffected (Figure 2A). NH," also increases the E(Aex,) formation rates for
aD56A, BD305N and BD305A, but inhibits the wild-type enzyme. These data indicate neither
the BK167-aD56 salt bridge, nor a closed conformation are essential for E(Aex;) formation.

Figure 2B shows that, except for MVC-free BK167T, both in the absence of MVCs and in the
presence of NH,4", all of the E(Aex) species decay to an equilibrating mixture of E(Aex,) and
E(A-A). Both in the absence of MVCs and in the presence of NH,", the wild-type enzyme
shows the fastest decay. In the presence of Na', only the wild-type enzyme shows a detectable
decay phase. Figure 2B indicates the BK167-aD56 salt bridge is important for formation of the
closed conformation of E(A-A), and Na* binding destabilizes the closed conformation.

Implications for Channeling and Catalysis. These studies establish that the NH4" species all
exhibit properties that are significantly altered in comparison to the MVC-free and Na" species.
The distribution of E(Aex,) and E(A-A) formed in the NH;" species appears similar for wild-
type enzyme and all the mutants (viz., Figure 1). Figure 2 shows that Na* binding impairs
conversion of the mutant E(Aex,) species to E(A-A), while NH,;" does not. Na* binding
stabilizes wild-type E(Q)imdolines bUt prevents its accumulation in the aD56A and BK167T mutant
enzymes. These data show that NH," binding gives closely similar wild-type and mutant
enzymes where the interconversion of the open and closed states is facile, while Na* does not.

The conversion of af-dimeric units to the completely closed, activated conformation is
postulated to depend upon the covalent transformation of E(Aex;) to E(A-A) at the B-site and
substrate binding to the a-site (1, 16-18). This conformational transition is accompanied by the
closing of loops over the a-site and domain movements in the 3-subunit that block the entrance
from solution to the B-site. Interactions at the MVC site and the switching of BLys 167 between

the alternative salt bridges linking the o~ and (3-sites are essential for triggering the switch
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between open and closed states (3-10). The extent of activation parallels the extent to which the
distribution of species in the L-Ser reaction favors the formation of E(A-A).

Mutation of BK167 to Thr, or aD56 to Ala strongly impairs the regulatory and catalytic
activities of tryptophan synthase, while mutation of BD305 to Asn does not. The impaired
behavior indicates the BK167-aD56 salt bridge plays a critically important role in the switch
between open and closed states, whereas the BK167-aD305 salt bridge is only of minor
importance. Unlike Na* (10), NH," complexes are restricted to a tetrahedral geometry dictated
by the H-bonding of the four N-H protons to acceptor ligands. The repair of catalytic and
allosteric function by NH," likely is due to the re-establishment of wild-type-like conformations
stemming from the tetrahedral geometry of the NH,* complex at the MVC site.
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Summary

The PLP-requiring tryptophanase from E. coli reacts with L-Ala to give an equilibrating
mixture of external aldimine E(Aex) and quinonoid E(Q) species. In agreement with the work of
June et al. (1981), we find that the equilibrium for the interconversion of these two covalent
intermediates is subject to a large equilibrium isotope effect, Ky/Kp, when the C-a hydrogen is
replaced by deuterium. The magnitude of the isotope effect was found to be 3.87 +0.4, which
implies a low fractionation factor (0.29 +0.03) for the base involved in abstracting the o-proton.
The low fractionation factor qualifies as strong evidence for a low-barrier hydrogen bond
(LBHB) in the mechanism of tryptophanase.

Introduction

Ab initio calculations have predicted that hydrogen bonds can be strengthened by external
factors that impose compression. This effect becomes energetically even more important when
the hydrogen-bonded heteroatoms meet the criteria for LBHB formation: namely, similar proton
affinities, sufficiently short interatomic distances, and solvent-excluded environments. Frey and
Cleland have noted that compression can be a general principle in enzymes, where enzyme-
substrate complexes provide the necessary compression for H-bond strengthening (1).

The E. coli tryptophanase is a tetramer of 52kD subunits requiring pyridoxal 5'-phosphate
(PLP) and monovalent cations for activity. It catalyzes the degradation of L-Trp to indole,
pyruvate and ammonia. The step of interest in this pathway is the formation of an enzyme-bound
quinonoid intermediate, E(Q), via abstraction of the proton from the C-a. of the external aldimine
structure, E(Aex). In order to quantify the magnitude of the EIE, our experiments employed a
tryptophanase pseudo-substrate, L-Ala.
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Materials and Methods

Tryptophanase from E. coli JM101/pMD6 was prepared as previously described (2). Protein
concentrations were determined using a value of 4,73 = 0.85 for 1 mg/ml solutions (3). Stopped-
flow kinetic studies were carried out as previously described (4,5). A Hewlett-Packard 8452A
diode-array spectrophotometer was used for other static and kinetic experiments.

Reactions with o-'H-L-Ala and a-’H-L-Ala were carried out under identical conditions in 0.1
M K-POy4, pH 8.0. The stock and dilutions were mixed with dialyzed tryptophanase. Maximum
absorbance due to quinonoid formation was measured at Ama = 502 nm. It was assumed that for
the reaction conditions reported herein, the activity coefficients of o-'H- and o-*H-L-Ala are

equal to unity. Reported concentrations and pH measurements describe conditions after mixing.

Results and Discussion

Upon reaction with L-Ala, the tryptophanase internal aldimine complex (Amax = 337 and 420
nm) is converted to an equilibrating mixture of enzyme-bound PLP species dominated by a
stable quinonoid with Ay. = 502 nm. Deuteration of L-Ala at C-a changes the rates of reaction

as a consequence of a 1° KIE. The equilibrium E(Aex) < E(Q), is also strongly influenced by

the substitution of 2H for 'H at C-o, with the accumulation of E(Aex) favored. The presence of a
very large apparent equilibrium isotope effect (1° EIE) has been noted previously (6). The
overlapping of E(Aex) spectral bands from two different tautomeric forms complicates the
quantification of this 1° EIE. The reaction with L-Ala gives rise to a substantially more
convoluted spectrum, thus, the value of the EIE has not previously been determined.

The magnitude of the EIE can be derived from the concentration-dependent formation of
quinonoid, E(Q), as a function of the concentration (0-400 mM) of either a-'"H-L-Ala or a-*H-L-
Ala monitored at Amax = 502 nm. The reaction of tryptophanase with a-L-Ala proceeds via four
relaxation rates for a-'H-L-Ala and five relaxations for a-’H-L-Ala. The formation of E(Q)
occurs during 1/1;, 1/15, and 1/t3 while 1/174 and 1/ts constitute potentially complicating side

reactions. Both the rate of transamination (3), 1/14, and the rate of isotopic exchange, 1/1s, are
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significantly slower than either 1/11, 1/13, or 1/13 (1/14 is at least 1/1000 times slower, while 1/t5
is at least 1/100 times slower than either relaxations 1/t;, 1/15, or 1/13). Thus, the amplitude of
the spectral contribution from 1/t4 and 1/15 to the total absorbance at Amax = 502 nm is negligible
on the timescale of quinonoid formation and can be ignored. The data points can be described
precisely by the following hyperbolic equation: Abs = (Absmax [L-Ala])/(Kapp + [L-Ala]), where
Abspax = absorbance at Amax = 502 nm at infinite [L-Ala], Kapp = apparent hyperbolic constant,
[L-Ala] = concentration of a-'H- or a-ZH-L-Ala, and Abs = absorbance at Ayax = 502 nm for a
given [L-Ala]. As a consequence of the EIE on K3, the constant for interconversion between
E(Aex) and E(Q), isotopic substitution affects the distribution of species in eq 1.

K K, K,
E(Ain) + L-Ala E(GD) E(Aex) E(Q) )]

If the steps preceding said interconversion are unaffected by isotopic substitution (i.e., KF=K,"
and Ky = K,P), and the same equilibrating steps are involved for both o-'H-L-Ala and o-*H-L-
Ala, then Kqpp oc 1/K3, and the 1° EIE can be expressed as K3"/K3® = Kapp /Kapp > Where Kapp' =
K! KzH K3H and KappD = K° K° K5 Thus, the 1° EIE calculated from Kap,,D/KappH
(0.0670/0.0173) was found to have a magnitude of 3.87 + 0.4. The additional relaxation rate
(1/15), present only in the deuterated sample, is due to a slow exchange of ’H for 'H in the active
site of the enzyme. Nevertheless, only a small percentage of ’H actually exchanges on a time
scale of hours. This lack of exchange is interpreted as evidence for a solvent-excluded active site
environment in E(Q).

Cleland has shown that the 1° EIE assigned to the o-proton of an amino acid is typically 1.13.
If this isotope effect also applies to the E(Aex) a-proton, a 1° EIE of 3.87 gives a calculated
value for the fractionation factor (¢) of 0.29 + 0.03 for the site residue to which the proton is
bound after deprotonation of E(Aex) (7,8). Thus, the low fractionation factor determined herein
along with the solvent-excluded active site provide evidence for LBHB involvement in the
catalytic mechanism of tryptophanase. Since microscopic reversibility demands that abstraction
of the o-proton be followed by reattachment to C-a, the slow rate of exchange requires that the
same proton be transferred back and forth between the C-o and the protein. Thus, the data
support a proposal that this proton become sequestered in a LBHB by conformationally—driven

compression during the process of a-proton abstraction.
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Although we have not been able to ascertain directly the basic residues involved in the
proposed hydrogen bond, some hypotheses can be drawn from the published literature. The Lys
that forms the Schiff-base linkage with the PLP (Lys-270 in tryptophanase) is thought to be the
base responsible for the abstraction of the o-proton (9,10). There is also an abundance of
proposed LBHB's with at least one partner consisting of a carboxylate moiety (11). The crystal
structure of the P. vulgaris tryptophanase internal aldimine (12) has several conserved Glu and
Asp residues, as well as a Tyr, a His, and adjacent Lys residues in the vicinity of the active site,
any pair of which might act to trap the proton abstracted from the C-o in a strong H-bond.
Initially we proposed that a Lys-269 can form a LBHB with the Lys-270 subsequent to proton
abstraction. Our ab initio and DFT calculations indicate that two primary amines can in fact
sequester a proton and exhibit large EIE's. We also compute a large barrier to rotation around
the C-N bond that could account for the lack of scrambling seen in the experimental work. The
K269R mutation yields an enzyme with highly impaired catalytic activity, where the formation
and breakdown of the quinonoid intermediate are selectively affected (13). However, this
mutation does not seem to abolish the large EIE. Therefore, we exclude the possibility of LBHB
formation between two lysines in the active site of tryptophanase, although it seems probable

that one atom for the LBHB involves the Lys-270.
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SUMMARY

The 3-dimensional structure of rabbit liver cytosolic serine hydroxymethyltransferase was
determined in the absence of any ligands and with the external aldimine reduced to a secondary
amine by sodium borohydride. The 3-dimensional structure of E. coli serine hydroxy-
methyltransferase was determined as a ternary complex with glycine and 5-formyltetrahydrofolate
bound at the active site. The structures were used to elucidate the role of active site residues in the
mechanism of the enzyme whose properties had previously been determined by kinetic studies of
site mutants.

Introduction

Serine hydroxymethyltransferase (SHMT) catalyzes the reversible interconversion of serine and
tetrahydrofolate to glycine and 5,10-methylenetetrahydrofolate (1). This reaction is the major
source of one-carbon groups for the biosynthesis of purines, thymidylate, and choline, as well as
numerous methylation reactions. All purified and characterized forms of SHMT contain pyridoxal
phosphate (PLP) bound as an internal aldimine to a Lys residue (Lys229 in E. coli SHMT). The
tetrahydrofolate behaves as a substrate carrying the one-carbon group to other enzymes involved in
biosynthetic pathways. Considerable mechanistic work on the role of both pyridoxal phosphate
and tetrahydrofolate have been published (2-9). Much of this work involved the use of site mutants
of specific amino acid residues believed to be at the active site. These were selected because they
are conserved in the sequence of all SHMTs, and correspond spatially to active site residues in
aspartate aminotransferase, which has a similar fold as SHMT.

The mechanism of SHMT is considered to be a retroaldol cleavage of serine to a glycine anion
and free formaldehyde. The glycine anion is stabilized as a quinonoid intermediate bound to
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pyridoxal phosphate, and the formaldehyde reacts with tetrahydrofolate. These two steps of the
reaction mechanism are shown in Scheme I below.
(o]
R,
I oo I I

R e NN e/ O

PiOH,
N

Scheme I

Materials and Methods

Materials. All chemicals were of the purest grade available. Both rabbit cytosolic and E. coli
SHMTs were purified from glyA™ recA” E. coli cells containing plasmids that overproduce the

respective enzyme (2, 10). Each enzyme was purified from cell extracts by procedures previously
published (7, 10). The rabbit cytosolic enzyme is a mutant in which an Asn-Gly sequence at
position 5-6 was changed to Gln-Gly. The Asn in this sequence has been shown to deamidate to
both Asp and isoAsp residues, which introduces heterogeneity into the structure (11). Each enzyme

was greater than 98 % pure as judged by gel electrophoresis.
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Assays. Serine cleavage was monitored by coupling the oxidation of the product 5,10-
methylenetetrahydrofolate to methylenetetrahydrofolate dehydrogenase and NADP and determining
the rate of formation of NADPH (2). The rate of allothreonine conversion to glycine and
acetaldehyde was measured by coupling to alcohol dehydrogenase and NADH (2). The rate of
transamination of D- and L-alanine was followed by observing the decrease in absorbance of
enzyme bound PLP at 425 nm during its conversion to PMP (3). The rate of exchange of the pro
2S proton of glycine with solvent protons was determined by measuring the release of tritium into
solvent using 2-[*H]glycine as substrate (4).

Affinity of ligands. Ligand affinities were determined from steady state kinetics, observing
changes in the absorption spectrum of enzyme bound PLP upon titration with glycine and
tetrahydrofolate, and changes in the circular dichroism spectra of the bound PLP (4, 5).

Results and Discussion

ﬁ 0
HOHch("«.C/ C\g) H, /u\@

VII VIII
422nm 343nm 425nm

Scheme II

T226A mutant. The numbering system of the E. coli enzyme will be used for both rabbit
cytosolic and E. coli SHMTs (12). A sequence of conserved residues in all SHMTs lies
immediately upstream from the active site Lys229 that forms the internal aldimine with PLP. This
series of residues is -Val-Val-Thr-Thr-Thr-Thr-His-Lys*”®.  Each of these Thr residues were
changed to Ala and the enzymes expressed and purified. Only the T226A mutant enzyme shows
unusual properties (5). It exhibited a 30-fold decrease in catalytic activity, but with almost unaltered
affinity for substrate amino acids. The spectrum of the T226A enzyme was normal, but when
saturated with amino acid ligands it exhibited a large absorption maximum at 343 nm with only a
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small absorption band at 425 nm. The wild-type enzyme exhibits only a small absorption band at
343 nm and a large band at 425 nm. This was interpreted as being the result of the accumulation of
the gem-diamine complex (structure VIII, Scheme II) at the expense of the external aldimine, and it
was inferred that Thr226 plays a role in catalyzing the conversion of the gem-diamine to the
external aldimine (structure VIII to IX in Scheme II). In the E. coli ternary complex structure
Thr226 forms a H-bond with the €-amino group of Lys229. This H-bond rotates the Lys229

amino group away from C4' of PLP hindering its attack on C4' as shown in structure IX in Scheme
II. Converting Thr226 to Ala removes this H-bond, resulting in a very slow conversion of VIII to
IX because of the failure to remove the €-amino group of Lys229 from proximity to C4', which it
can attack in the reverse reaction. This results in the accumulation of intermediate VIII absorbing at
343 nm.

Arg363. Based on sequence homology it was proposed that Arg363 would form an ion pair with
the oxygen atoms of the substrate amino acid carboxylate group (9). R363K and R363A mutants
were made and the former shows a 3000-fold decrease in k,, and the latter shows no detectable
activity. Unlike the complete inactivity of wild-type SHMT in the cleavage of both serine ethyl ester
and serinamide, the R363A mutant shows activity toward these substrates. The results were
interpreted to mean that Arg363 was critical for substrate binding and activation of the bonds at the
o-carbon. The ester or amide of the substrate amino acid could replace in part this activation by
simulating the charge neutralization of the ion pair in the wild-type with uncharged substrate
functional groups.

The crystal structure of E. coli SHMT in complex with glycine and 5-formyltetrahydrofolate
clearly shows that the guanidinium group of Arg363 forms close contacts with the glycine
carboxylate group. The two NH groups of the guanidinium group are 2.7 and 2.8 A from the two
carboxylate oxygens of glycine. In the rabbit cytosolic SHMT structure, which does not contain a
bound amino acid, the guanidinium group is displaced from its site in the E. coli enzyme. Close
examination of the two structures suggests that upon substrate binding the interaction of the
substrate carboxylate group and Arg363 results in a small shift in position of Arg363, which results
in a more substantial movement of segments of the small domain of the enzyme, which generates a
more solvent inaccessible closed structure. This was predicted from the kinetic studies of the
R363A mutant.

Lys229. Lys229 was known to be the residue which forms the external aldimine with PLP. The
residue was changed to Gln, Arg, and His (7), none of which can form an external aldimine. The
most interesting of these site mutants was K229Q. The purified mutant enzyme contains either
tightly bound glycine or serine, and exhibits spectral properties of the external aldimine of the wild-
type enzyme. Addition of tetrahydrofolate results in the rapid single turnover conversion of the

bound serine to glycine and methylenetetrahydrofolate at a rate similar to the steady-state rate
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exhibited by the wild-type enzyme. It was concluded from these studies that Lys229 is required to
expel amino acid ligands from the active site, which is in accordance with the mechanisms shown in
Schemes I and II. Most important though, is the conclusion that the €-amino group of the expelled
Lys229 in the external aldimine is not the active site base that removes the proton for either the
serine hydroxyl group or the pro 2S proton of glycine (structures I and III in Scheme I). The
crystal structures of both the rabbit cytosolic and E. coli SHMTs confirm the role of Lys229 in
forming the internal aldimine with PLP. The structures also confirm that the expelled €-amino
group of Lys229 in the external aldimine is on the wrong side of C4' to act as the active site base.

His228. As noted above, His228 is a residue that lies on the N-terminal side of Lys229 and is
conserved in all known sequences of SHMT. Others have proposed that His228 is the active site
base. This residue was changed to both Asp and Asn in the E. coli SHMT (2, 6) and these studies
showed that His228 is not the active site base, since both mutant enzymes exhibit considerable
enzymatic activity. The studies do suggest, however, that His228 plays a role in the open to closed
conformational change and is involved in orienting the serine hydroxyl group for reactivity.
Although we do not have a 3-dimenisonal structure with serine bound as an external aldimine,
serine as a substrate can be modeled into the active site for both the rabbit and E. coli enzymes.
These structures show that His228 is too far removed from the putative serine hydroxyl group to
form any direct interaction that would explain its properties in the H228D and H228N mutants.
Rather it appears from the crystal structures that the effect of His228 is mediated by Tyr55. To
date this mutant has not been made and characterized. A double mutant of His228 and Y55 should
confirm the roles of these residues in the mechanism of SHMT.

Asp200. In aspartate aminotransferase, an Asp residue forms a salt bridge with N1 of the PLP
ring. Changing this Asp to an Ala results in loss of activity, but replacement with Glu results in
enzyme with low activity. In sequence alignments, Asp200 of SHMT occupies an equivalent
position as the critical Asp in aspartate aminotransferase. We made both D200A and D200E
mutants of E. coli SHMT, which were expressed and purified by the same procedure used for the
wild-type enzyme. The spectra of the mutant enzymes differ from the wild-type enzyme by having
an absorption peak at 335 nm in addition to the one at 422 nm that is present in the wild-type
enzyme. Addition of glycine and tetrahydrofolate does not give any evidence of a quinonoid
complex absorbing at 494 nm. Neither mutant enzyme exhibits any detectable catalytic activity in
any of the reactions catalyzed by SHMT. We conclude that Asp200 in SHMT is absolutely
required to stabilize the quinonoid complex, which is an intermediate on the pathway for all
reactions catalyzed by this enzyme. Attempts were made with the D200A enzyme to refold it in the
presence of 1 M formate in the hope of trapping a formate in the position occupied by the B-

carboxyl group of Asp, but this experiment gave only negative results.
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Summary

The crystal structures of serine hydroxymethyltransferase from three different sources have
recently been solved. Inspection of the active site reveals that, besides K229, whose role as
catalytic base had been ruled out, either E57 or Y65 may be the putative active-site proton
exchanger required for catalysis. Two mutant forms of the £. coli enzyme, E57Q and Y65F, were
produced and their catalytic properties studied. The results show that neither ES7 nor Y65 is the
elusive catalytic base. The Y65F mutation substantially reduced k. and K for cleavage of
B-hydroxyamino acids, although the catalytic efficiency was unaffected. A possible role of Y65 in
the conformational change that is thought to take place upon binding of substrates is proposed.

Introduction

Serine hydroxymethyltransferase (SHMT) uses pyridoxal 5’-phosphate and tetrahydrofolate
(H,PteGlu) as coenzymes to catalyse the reversible interconversion of serine and glycine and the
irreversible hydrolysis of 5, 10-methenyltetrahydrofolate to S-formyltetrahydrofolate. In addition
to these physiological reactions, SHMT also catalyses the retroaldol cleavage of several other
3-hydroxyamino acids in the absence of HyPteGlu, such as allothreonine, and the slow
transamination of D- and L-alanine. The crystallographic structure of SHMT from three different
sources has recently been solved (1-3). The availability of the spatial data prompts the revision of
the mechanistic studies based on mutagenesis experiments and gives new hints for their
interpretation (2). Nevertheless, several important aspects of the catalytic mechanism remain
unclear. The putative active-site base, required to remove the 3-hydroxyl group proton of

substrates in the direction of retroaldol cleavage or the pro (2S) proton of glycine in the reverse
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direction, has so far eluded all investigations. It is known that both a-protons of glycine are
exchanged with the solvent, even if the pro (2S) proton is exchanged 7400 times faster (4).
Moreover, previous studies have shown that different bases at the active site are involved in
removing the proton from the two alanine enantiomers (5). Inspection of the active site of the
Glye5-CHO-H,PteGlueE. coli SHMT (eSHMT) ternary complex (3) reveals that besides Lys
229, whose role has already been investigated (6) and that lies on the side of the pro (2R) proton
of the glycine external aldimine, there are two other residues which may be involved in the acid-
base catalysis and that are located on the pro (2S) proton side: Glu 57 and Tyr 65. Two eSHMT

mutant forms, E57Q and Y65F, were prodhced and their catalytic properties were studied.

Materials and methods

Mutations in eSHMT were obtained by a PCR-based site-directed mutagenesis (7) and all
enzymes were expressed, assayed for activity and purified as previously described (8). Enzyme
expression was carried out in a rec A" E. coli strain which has been shown neither to have any
wild-type SHMT activity nor to undergo reversion of point mutations to form wild-type enzyme
(7). The rate of exchange of the pro (2S) proton of glycine with solvent protons was determined

as previously described (5).

Results and discussion

The two mutant eSHMTs catalysed the transamination of D-alanine with rate constants which
are not vastly different from those observed with the wild-type enzyme (Table 1). Both mutant
enzymes were also able to catalyse the solvent exchange of the pro (2S) proton of glycine (Table
1). With all eSHMT forms, the addition of HsPteGlu increased the rate of exchange, however the
rate constant of the reaction catalysed by the Y65F mutant was 0.27% the value of the wild-type.
Apparent Ky values for glycine and serine binding to each enzyme form were determined by

measuring the change of the cofactor optical activity in titration experiments (Table 1). The
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glycine proton exchange experiments and the unaltered capability of the mutant enzymes to
transaminate D-alanine show that neither Y65 nor ES57 are involved in the glycine a-proton
abstraction. However, while the E57Q mutant retained activity in all of the other reactions
experimented, the Y65F mutation had a considerable effect on the hydroxymethyltransferase
activity of the enzyme. This mutant form displayed a 400-fold decrease in both K,, for serine and
kea for serine cleavage. Thus, the catalytic efficiency (kc./Km) remained unchanged. The same was
substantially true for allothreonine cleavage, except the decrease of the kinetic constants was less
dramatic. Apparently, in the cleavage of 3-hydroxyamino acids, the energy level of the transition
state was not altered by the mutation, while the increased stability of the enzyme-substrate
complex determined an equivalent increase of the activation energy. The affinities for glycine and
for D-alanine were not vastly affected by the mutations, however, glycine bound about 330-fold

tighter to the Y65F enzyme when this was saturated with HyPteGlu.

Table 1
Ligand Y65F E57Q Reaction Y65F E57Q
K., or K4 (mutant) / K, or K4 (WT) k (mutant) / k(WT)
Serine
- HyPteGlu 0.027* 0.7 Serine cleavage 0.0026 0.072
+ H,PteGlu 0.0023" 0.5
Glycine [2-*H] glycine exch.’
- HyPteGlu 0.24° -H4PteGlu 0.52 03
+ H,PteGlu 0.0033° + H,PteGlu 0.0027 2
alloThreonine 0.053° 14° alloThreonine cleav. 0.014 1.1
D-Alanine 0.27° nd D-Alanine transam. 4.1 0.3
H,PteGlu 0.32° 0.24°

* Determined from change in CD spectrum of cofactor

® Determined from catalytic activity

¢ Determined from AAso, nm

¢ Corrected for the difference in affinity for glycine between wild-type and mutants

The function of Tyr 65 in eSHMT is not clear. A possibility is that Y65 plays a role in the
conformational change that is thought to take place upon binding of 3-hydroxyamino acids
substrates or formation of the GlyeSHMTeH,PteGlu ternary complex (9). Evidence in support of
this hypothesis are the observed lack of effect of the Y65F mutation on the transition state energy

level, the increased affinity for 3-hydroxyamino acid substrates and the greatly reduced
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dissociation constant of the ternary complex. Indeed, both the K, and rate constant for
transamination of D-alanine, whose binding does not appear to result in a conformational change
(9), are largely unaffected by the mutation. The latter consideration may equally be applied to
glycine binding and to the glycine proton exchange reaction, but only when HyPteGlu is absent.
Following this hypothesis, the replacement of Y65 with a Phe residue would affect the equilibrium
position of the open-to-closed conformational change. The observed tighter binding of certain
substrates would result from the shift of the equilibrium in favour of the closed form. The
enzyme-substrate complex is then positioned into a deeper energy well, thereby increasing
substantially the activation energy and decreasing the rate of the reactions.

Any attribution of a direct catalytic role to E57 proves difficult. It appears from the
crystallographic data (3) that E57 may be hydrogen bonded to Y65. Therefore, the observed
changes of the catalytic properties of SHMT caused by the E57Q mutation may result from the

loss of this interaction with the more important Y65 residue.
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Summary

1-Aminocyclopropane-1-carboxylate (ACC) deaminase was isolated from fungi Hansenula
saturnus and Penicillium citricum, and their cONA were analyzed. Amino acid sequences of the
enzymes from H. saturnus and P. citrinum showed 61% and 52% of similarity respectively to that
of a bacterial enzyme. Furthermore, the alignment of these sequences indicates their similarity to
the tryptophan synthase B-subunit. This became clearly evident when crystallographical analysis
of ACC deaminase from H. saturnus was conducted. From the three-dimensional figure, three
residues found near the PLP were chosen for preparation of the mutant enzymes.

Introduction

1-Aminocyclopropane-1-carboxylate (ACC) is an immediate precursor of the plant hormone
ethylene, which initiates the ripening of fruit and regulates various processes in plant growth and
development (Adams and Yang, 1978).  Various soil microorganisms grow on a medium
containing ACC as a sole nitrogen source (Honma and Shimomura, 1978). Plant ACC oxidase
cleaves two C-C bonds of a cyclopropane ring to release ethylene, while the microorgism ACC
deaminase cleaves a C-C bond of the ring of ACC to form 2-oxobutyrate and ammonia. The
ring-opening reaction by ACC deaminase is recognized as a sort of intramolecular y elimination
and followed by the same process as other similar enzymes. The cleavage of the ring opening
occurs at the bond between C, and pro-S methylene C, which corresponds to H atom at C, in the
case of D-serine. In fact, D-serine is degraded by ACC deaminase to form pyruvate and ammonia,

but L-serine is not.
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COOH
< NH —»  CH,CH;COCOOH + NH,
3

D-Serine —»  CH,COCOOH + NH,
A unique step in ACC deaminase catalysis is the cyclopropane-ring opening of the ACC-PLP

aldimine. A possible mechanism for this ring-opening was proposed; that was the nucleophilic
addition at pro-S methylene carbon followed by B-proton abstruction, which required a
nucleophile and a base for the enzyme (Walsh et al., 1981). We report the structural similarity of

ACC deaminase to tryptophan synthase -subunit and amino acid residues found around PLP.

Results and Discussion

Several kinds of bacteria have been isolated from soil with the medium containing ACC as a sole
nitrogen source and ACC deaminase genes have been cloned (Klee et al., 1991, Campbell and
Thomson, 1996, Shah et al., 1998, Jia et al.,, 1998). The obtained sequences show an equal size of
338 residues and more than 80% of residues are identical to each other. Two sequences of ACC
deaminase were given by analyses of the enzyme proteins and cDNAs which were isolated from
fungi H. saturnus and P. citrinum (Fig. 1). The enzyme from H. saturnus had 341 amino acid
residues and 61% of residues were identical to the Pseudomonas enzyme. The P. citrinum enzyme
had 360 residues encoded in cDNA and was 52% identical to the Pseudomonas one. Several
regions of these ACC deaminase sequences were similar to the corresponding regions of the
tryptophan synthase B-subunit (Hyde et al., 1998, Minami et al., 1998).

The Pseudomonas enzyme was inhibited by dithiobis (2-nitrobenzoic acid) to a complete loss of
enzyme activity, and the inhibition by iodoacetamide was stimulated by the presence of D-alanine
but not L-alanine. This reactive cysteine residue was identified as Cys 162. However replacement
of the cysteine residue maintained perfect enzyme activity (Murakami et al., 199). This same
residue was not found in the sequence of the Penicillium enzyme. Only one cysteine residue was
retained in three kinds of ACC deaminase in Fig. 1. This residue was also found in a
corresponding site in the sequence of tryptophan synthase B-subunit, which was described to be

close to pyridine N of PLP (Hyde et al., 1988).
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Figure 1: ACC deaminases and tryptophan synthase [-subunit.

Sequences of ACC deaminases from Pseudomonas sp. ACP(PsACP), H. saturnus (H. sat), and P. citrinum (P. cit)
and tryptophan synthase [3-subunit (TrpSB)(Hyde et al., 1988) were alignel. The written amino-acid residues are
different from residues of the Pseudomonas enzyme of a top line. Bars and letters H and S indicate the second
structure of the tryptophan synthase B-subunit, H: o helix and S: B sheet (Hyde et al., 1988).

Crystallographical study gave a three-dimensional structure of the H. saturnus enzyme. The
obtained structure of ACC deaminase monomer has a pair of two [3 sheets and its folding topology
is very similar to that of tryptophan synthase B-subunit. The major differences of ACC deaminase
from the other are deletion at the N terminal and a shortcut at the central part including a long loop
of tryptophan synthase.

Amino acid residues around the PLP were sought by results from the crytallographical analysis.
The aldehyde group of PLP froms a Schiff base with lysine 51 which is at the N-terminal end of a
helix as shown in the structure of tryptophan synthase. This helix of ACC deaminase contains

lysine 54, and structural analysis shows aspargine 79 being close to 3’ hydroxyl group of the PLP.
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Each mutation at K51, K54, or N79 caused an enzyme activity loss. The mutant enzyme KS1A
which had an absorption band at 405 nm, shifted the band to 422-426 nm by the addition of ACC,
D-, L-alanine, D-, or L-sérine. Dissociation constants of D-amino acids were higher than those of
L-amino acids (Table 1). This specificity was also observed in the competitive inhibition
constants to ACC deaminase activity (Table 2). A nucleophile and a base for the mechanism of

ACC deaminase remain to be solved.

Table 1. Reaction of KS1A enzyme with Table 2. Michaelis constant and competitive inhibition constant for
substrate or inhibitor. ACC deaminase.
Amino acid  Amax (nm) K, uM) K, (mM) K, (mM)
None 405 PSACP _ H.sat PsACP H.sat
ACC 425 15 L-Alanine 53 14.5
D-Alanine 422 246 D-Alanine 660 280
L-Alanine 422 33 L-Serine 0.90 2.9
D-Serine 424 240 D-Serine 18 16 13.5
L-Serine 426 22 L-Homoserine 59.0
L-a-Aminobutyrate 63 148
ACC 1.6 2.6

PsACP: ACC deaminase from Pseudomonas sp. ACP
H. sat: ACC deaminase H. saturnus
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Summary

The combined spectral, kinetic, and structural studies on the reaction of E. coli aspartate aminotransferase
(AspAT) with aspartate and its analogue, 2-methylaspartate, provided a new, refined mechanism for this catalytic
reaction. The association of the substrate aspartate and AspAT proceeds via dual routes (E + SH* and EH* + S).
The Schiff base successively increases its pK, from 6.8 in the unliganded state to 8.8 in the Michaelis complex,
and finally to >10 in the external aldimine. These pK, shifts are mainly brought about by relaxing the torsion
around C4—C4’ of the Schiff base through the interaction of AspAT with the substrate. The significance of the low
pK, value in the unliganded enzyme is interpreted to be the ground-state destabilization of the enzyme protein that
increases the k.,/K, value.

Introduction

The reaction mechanism of aspartate aminotransferase has been extensively studied. In
1969, a mechanism of this enzyme was proposed by Karpeisky and Ivanov (3), and combined
with the crystallographic analysis by Jansonius’ group, Kirsch et al. described a detailed
catalytic process, which has generally been accepted (4). In this mechanism, the Schiff base is
almost unprotonated at neutral pH due to the positive charges of the two arginine residues,
Arg292* and Arg386. The substrate binds to the Schiff-base-unprotonated form (E; ) and the
two carboxylates neutralize the positive charges. The pK, of the Schiff base is then increased,
and the proton migrates from the substrate a-amino group to the Schiff base. The free o-
amino group attacks the imine bond, resulting in the external aldimine. The liberated e-amino
group of Lys258 acts as a base catalyst in the subsequent reactions. Mutagenesis and kinetic
analysis supported the validity of this mechanism. However, there remained the following
unresolved problems. 1) Transient kinetics for the reaction of AspAT and aspartate shows
anomalous behavior at low pH. 2) The origin of the low pK, of the Schiff base is not clear.
This must be decreased by 3 units from those of “normal” Schiff bases, and is increased by 2
upon ligand binding. However, mutation of the arginine residues to neutral amino acid
residues gave only moderate increases in the pK, (4pK, = 0.5 for R386L and 0.2 for R292L).
3) The involvement of the enzyme protein is not fully understood. Then, we set out to study
these problems. Most of the results in this proceeding has been recently published (/,2).

Materials and Methods

The wild type and mutant AspATs were purified from E. coli transformed with pUC19—
aspC with appropriate mutations in the coding sequence. Spectroscopic and kinetic
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experiments were carried out in 50 mM buffer (MES, HEPES, or TAPS) in the presence of 0.1
M KCl. Absorption spectra were taken using Hitachi U-3300 spectrophotometer. Single- and
multi-wavelength stopped-flow spectrophotometric measurements were done using Applied
Photophysics SX.17MV spectrophotometer. Global kinetic analyses were performed using
Glint® ver 1.1 (Applied Photophysics).

Results and Discussion

The rate for the conversion of the Schiff-base protonated form of the enzyme (E; H") to the
pyridoxamine form of the enzyme (Ep;) did not show a Michaelis-Menten type dependency at
lower pH values (Figure 1). From a pH jump study, we found that the interconversion of Ej
and E; H* is significantly slow, and based on Scheme 1, theoretical lines were drawn (Figure
1A). The line matched well with the experimental data at pH 6.1, but deviated with increasing
pH and substrate concentration. We noticed that the rise in pH increases the fraction of the o-
amino-group-unprotonated form of the substrate (S). If we take into account the association of
E; H* and S (Scheme 2), we could explain the data. These two routes have been pointed out to
be kinetically equivalent in steady-state kinetics (). However, we could separate them in
transient kinetics.

0 10 20 30 40 [ 10 20 30 40
Aspartate] / mM [Aspartate] / mM

E +SH' = E, .SH’

|

Scheme12  EH'+S T EH .S —> Ey, +P

Figure 1: (A) and (B) Plots of the apparent rate constant for the conversion of E; H* to E, upon reaction with
aspartate. Solid lines are theoretical curves drawn based on schemel (A) and scheme 2 (B) using the previously
determined kinetic parameters and the rate constants for the interconversion of E; H* and E; . The rate constant
for the association of E; H* and S in panel B was the only adjustable parameter, which was determined to be 5.4 x
105 M~!s™!. Schemes 1 and 2 are the same except for that Scheme 1 does not take into account the association of
E;H" and S. Modified from ref. (1)

Based on this result, we analyzed the reaction of AspAT with o-methylaspartate (MeAsp)
(Figure 2). At pH 8.0, where the majority of the enzyme exists as Ej , the spectral change was
fitted to a common two-step mechanism (Scheme 3). At pH 6.8, where both E; and Ef H exist
in equal amounts, we should consider Scheme 4 (upper). With a sufficient concentration of
MeAsp, E;, rapidly converts to the Michaelis complex, whereas E; H* is slowly converted
either to Ej or to the Michaelis complex. Scheme 4 (upper) can then be simplified to Scheme
4 (lower). The time-resolved spectra of Figure 2 were fitted to Schemes 3 and 4 (lower) using
numerical integration, and the spectra of the two intermediates were obtained. At both pH
values, the fraction of the protonated Schiff base is around 8% in the Michaelis complex and
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around 40% in the external aldimine. Thus, the Schiff base is partially protonated and this
does not change with pH. Therefore, we should consider a mechanism in which a proton
shuttles between the Schiff base and a base in the active site. In the Michaelis complex, the
base is considered to be the substrate o-amino group. In the external aldimine, the &-amino
group of Lys258 is the candidate, as has been suggested by Fasella and Hammes (5). We then
changed Lys258 to Ala and made a complex with MeAsp. MeAsp formed an external
aldimine, and it was completely protonated at a pH up to 9.6. This supported that the Lys258
&-amino group is the base and the intrinsic pK, of the external aldimine is greater than 10.
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§ - pH 8.0 5 pH6.8
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Figure 2: Time-resolved spectra (2.3 ms, 3.84 ms, and 2.56-ms intervals) of the reaction of AspAT with MeAsp at
pH 8.0 and pH 6.8 at 298 K. The 430-nm absorption gradually increased (pH 8.0) or decreased (pH 6.8) after

mixing. The spectra of the Michaelis complex (MC) and the external aldimine (EA) were obtained by fitting to
Schemes 3 and 4 (lower).
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Scheme 5: Mechanism of reaction of AspAT and MeAsp leading to the external aldimine
place of MeAsp, E; H'=S leads to the quinonoid intermediate.

. If aspartate is used in
Combining these results altogether, we can draw the catalytic course of the reaction of
AspAT with MeAsp leading to the external aldimine as shown in Scheme 5. There are two
enzyme-substrate combinations (E; —~SH* and E; H*-S) that yields the Michaelis complex.
The equilibrium between the two combinations is shifted upward by a factor of 10*. However,
this is decreased to ~10 in the Michaelis complex and to ~1 in the external aldimine. The pK,
of the Schiff base is shifted to 8.8 in the Michaelis complex, ~1 unit lower than the a-amino
group of MeAsp, and to > 10 and matches that of the &-amino group of lysine in the external
aldimine. These shifts are important for efficient transaldimination and proton abstraction.
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The next question is the mechanism that alters the pK, of the Schiff base during the course
of catalysis. Figure 3 shows the comparative structures of the active site of AspAT with the
unprotonated Schiff base and that with the protonated Schiff base. The unprotonated imine is
almost perpendicular to the pyridine plane. The protonated imine bond approaches the plane
of the pyridine ring in order to form an intramolecular hydrogen bond. As this movement is
restricted by the Lys258 side chain, there must be a compensatory rotation (counterclockwise
in Figure 3) of the pyridine ring. However, this rotation is incomplete because of the hydrogen
bond with Asn194, and van der Waals contact of the pyridine ring with Ala224.

Jor de e e 2 EaST 0N

14

jj )/ 1 ¢_ j 1 Free Enzyme, pH 7.0 Free Enzyme, pH 5.4
Asn14 Asn14 Asniod Asn1s4

2Methyl- 2Methy-

ng’f ﬁif'f gjﬁ}*yjﬁ“
Michaelis Complex External Aldimine

Figure 3 (left): Comparative structures of the active site of AspAT at pH 7 (E. coli, 1ARS) and at pH 5.4 (pig
cytosolic, 1AJR).

Figure 4 (right): Comparative structures of the active site of AspAT at pH 7 (E. coli, 1ARS) and at pH 5.4 (pig
cytosolic, 1AJR), and the complexes with maleate (E. coli, 1ASM) and o-methylaspartate (E. coli, IART). Note
the position of the imine bond of the Schiff base relative to the pyridine ring and the torsion angle around C4-C4’.

K258A-MeNH2 pK, = 9.6 g
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N194A pK, =8.6 'o-; cHy
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Figure 5: pH dependent change in the 430-nm absorption that represents the fraction of E; H*. Either cleavage of
the Lys258 side chain or removal of the hydrogen bond between Asn194 and PLP increased the pK), of the Schiff
base through relaxation of the torsion around C4-C4’.

We have “cleaved” the side chain of the Lys258 side chain by reconstituting the Schiff base
in K258A AspAT with methylamine (K258 A—-MeNH,). This increased the Schiff base pK, by
2.8 pH units (Figure 5). Thus, the torsion of the Schiff base around C4—-C4’ decreases the pK,
by 2.8. The Asn194 mutation also increased the pK, by 1.7. The smaller increase in the pK,
by N194A mutation is considered to be due to the remaining van der Waals contact between
the pyridine ring and the Ala224 side chain. Therefore, the torsion around C4—C4’ is shown to
be the principal factor that decreases the Schiff base pK, value in the unliganded enzyme.
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We next carried out a quantitative analysis using MOPAC calculations. With the increasing
torsion angle of C4—C4’, the protonated Schiff base is destabilized and the unprotonated Schiff
base is stabilized. For direct comparison of the protonated and unprotonated species, the
proton chemical potential was added to the unprotonated aldimine chemical potential. The
protonated aldimine at |¥] = |¥|yin @nd the unprotonated aldimine at |¥| = [¥]max Should have the
same chemical potential at a pH equal to the pK, of the Schiff base. In K258A-MeNH,
AspAT, there is no restriction on the torsion angle. Therefore, 0° < |y] < 90°. The relative
position of the two potential curves was determined in this way. In the wild type AspAT, 35° <
[l <90°. The chemical potential of the protonated aldimine at |}|min = 35° is equal to that of
the unprotonated aldimine at [¥|,,,x =90° and at pH 6.8. This pH value is just the pK, value for
the Schiff base of the wild-type enzyme in the unliganded state.
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Figure 6: Standard chemical potenua]s for the protonated form u° \dH ,()() and the unprotonated form plus

proton u°, (x)+ ,u .+ RTIn[H"'] as functions of the C4-C4’ torsion angle x- Horizontal bars indicate the
range of the value allowed for [x-

In the maleate complex that mimics the Michaelis complex, |}, decreases to 27° (Figure
4). As a dicarboxylic ligand binds to the active site, AspAT undergoes a conformational
change to the closed structure, and Arg386 approaches PLP, together with the side chain of
Asnl194. In addition, the newly formed hydrogen bond between the ligand carboxylate group
and Asn194 will weaken the hydrogen bond between Asn194 and PLP. These are the reasons
for the partial relaxation of the torsion of the Schiff base. In the external aldimine, the
conformation is fixed, and ¥ is also fixed at —24° (Figure 4). Consequently, the pK, values of
these intermediates are determined to be 8.1 and 10.2. In addition, as the electrostatic effect of
the substrate carboxylate groups is estimated to be 0.7 (the difference in pK, of the Schiff base
of R292L/R386L/N194A and N194A AspATs; unpublished results), the pK, value is 8.8 in the
Michaelis complex, and 10.9 in the external aldimine. These values are in good agreement
with the experimental results. In this way, we can understand that the C4—C4’ torsion angle of
the Schiff bases, rather than the electrostatic effect of the two arginine residues, determines the
pK, of the Schiff base at each step in the AspAT catalysis.

The present results have important implications for general enzymology. One is the notion
of pK, in catalysis, and the other is the ground-state destabilization in enzyme catalysis. We
can perform thermodynamic interpretations of the present results based on the free energy
profile shown in Figure 7. If there is no strain in E; H*, the free energy profile is similar to
panel A. Here, the combination E; H* + SH* has the lowest free energy. The activation energy
in the term of k., /K, is the difference between E H* + SH* and the transition state. In the
actual AspAT, the strain destabilizes the E; H*. Therefore, the activation energy is the
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difference between E; + SH* and the transition state, and is decreased from that of the no-
strain enzyme by 16 kJ mol . Apparently, the destabilization energy of the protonated
enzyme is used to decrease the activation energy (panel B). We can also decrease the pK, by
stabilizing E; (panel C). The activation energy is again between E; + SH* and the transition
state. However, the activation free energy is the same as that with the no-strain enzyme (panel
A). It is now clear that decreasing the Schiff base pK, itself is not enough for efficient
catalysis. It must be done by the destabilization of E H" and not by the stabilization of E; . In
other words, what is important for catalysis is not the “pK,”, but the free energy levels of the
acid-base species.

The destabilization of E; H* also destabilizes Ef H*-S. As the reaction proceeds through
this intermediate, it is better not to significantly increase the energy level. In AspAT, this
energy level is lowered by the conformational change in the protein upon ligand binding, by
the mechanism involving Asn194.

(A) No Strain (8) of E H*
pKa=9.8 pKa=6.8

Free Energy / kJ mot-!

ES¥

E+S
E.+8  E..S  EBToANSs 0 e s
NH* o
EL+SH* —> E_.SH* B nn-S
EH*+S —> EH*.S —> E‘“,"L;_n;s. — T8
ELH* + SH* ELH* - SH* EN s
Unliganded Michaells Ext. Ald.

Figure 7: The free energy profiles of the catalytic reaction of AspAT with 1 mM aspartate at pH 7.0. The bottom
comprises two coordinates, one of which represents the reaction step and the other, the total number of protons
involved in the catalysis. Each bar corresponds to the schematic structure shown below. The energy levels at both
ends in the Michaelis complex and the external aldimine are the minimum values estimated from the observation
that the spectra do not change between pH 6.0 and 9.5.

Figure 8 (right): Ground-state destabilization of the free enzyme in order to increase k., /K.

Summary— The pK, of the Schiff base is modulated by the conformation of the Schiff base
during the course of catalysis. The torsion of the Schiff base destabilizes the predominant
species in the unliganded enzyme. This torsion is released after the formation of the external
aldimine. Therefore, this torsion energy can be considered to decease the activation energy,
and hence increases the k., /K, value (Figure 8). Until today, many studies have been devoted
to clarify the mechanism that lowers the free energy level of the transition state. However, the
present study show that the ground state destabilization of the enzyme, and not the substrate,
can be another factor that enhances the catalytic reaction.
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Summary

Downfield resonances from hydrogen bonded protons are delicate sensors of changes in charge distribution in
active sites. They indicate that a tight electrostatic interaction of the phenolate oxygen with the charged amino
group of substrate, coenzyme, or catalytic lysine is maintained in the various enzyme-substrate complexes which
can be viewed as a set of interconverting tautomers. The resonance of the Schiff base N-H proton was observed
in nonenzymatic Schiff bases of PLP with amino acids in 90%H,0/10%D»0 at ~15 ppm.

Introduction

Although aspartate aminotransferase (AspAT) is a large protein of M; 93,000 significant
results have been obtained by many investigators using 31p, 19g, 13, 15N and 1H NMR
spectroscopy. We will discuss observations of 1H and 15N nuclei from previously reported
collaborative research [1-3] and will relate these to tautomerization in the 3-hydroxypyridine
ring system. Figure 1 shows a sketch of the active site of pig cytosolic aspartate
aminotransferase (CAspAT) with many H and N nuclei indicated. Most protons present in
proteins resonate with chemical shift values in the 0— 10 ppm range. A few lie further downfield
in the 10—-20 ppm range. Many of the latter are imidazole, indole, or amide NH protons which
are shifted downfield as a result of hydrogen-bonding to negatively charged oxygen atoms of
carboxylate or phosphate groups.[4] Because these protons exchange rapidly with solvent their
resonances may be difficult to observe with commonly used pulse sequences and may sometimes
be obliterated by phosphate-buffer catalyzed exchange.[2, 4]
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H143 H,C

Figure 1. Sketch of active site region of cytosolic aspartate aminotransferase (cAspAT). In the E. coli enzyme
T139 is replaced by serine and S223 by phenylalanine.

Results and Discussion

We will focus on the hydrogen atoms labeled Hy, Hp, Hy, and Hg in Fig. 1. Figure 2 shows
NMR spectra of homogeneous cAspAT and Escherichia coli AspAT under several conditions.
Peaks A, B, C, D, and D' all represent single proton resonances.[1] Peak A represents H,, the
proton on the ring nitrogen of the coenzyme pyridoxal phosphate (PLP). It is absent in the
apoenzyme, and shifts in the pyridoxamine phosphate (PMP) form. A strong nuclear
Overhauser effect (NOE) from peak A identified peak B as representing the imidazole proton
Hp (N€2). Other NOEs identified peak D as arising from N€2 of His 189. Irradiation of peak D
of cAspAT also elicited NOEs to ring CH protons at 8.25 and 7.57 ppm, indicating that the
imidazole ring of His 189 is not cationic, a conclusion verified by HMQC spectroscopy on E.coli
AspAT.[3] However, the positions of the CH resonances for the His 143 ring are anomolous
suggesting that the ring may be partially dissociated to an anionic form.[2]

The position of peak A varies with pH in a striking way. It moves from a low pH chemical
shift of 17.4 ppm to a high pH value of 15.4 ppm around a pKj value of 6.15, a change of 2.0
ppm. At the same time peak B moves in the opposite direction ~ 1.0 ppm. This is consistent
with the existence of a strong hydrogen bond from the Asp 222 carboxylate oxygen to Hy at low
pH and of a weak hydrogen bond at high pH. Proton H}, forms a weak hydrogen bond at
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Figure 2. 1H NMR spectra of porcine cAspAT and E. coli AspAT measured under the conditions described
previously at 35¢ C. Chemical shifts are relative to sodium 2,2-dimethyl-2-silapentane-5 sulfonate (DSS) a,
Apoenzyme form of cAspAT, pH 6.7; b, PMP form of cAspAT, pH 5.7; ¢, PMP form of E. coli AspAT, pH 6.7,
d, H143A mutant of E. coli AspAT, pH 8.3; e, glutarate complex of cAspAT, pH 6.8; f, glutarate complex of the
H189Q mutant of cAspAT produced in bacteria, pH 6.0.[1]

low pH and a stronger one at high pH. The pK, of 6.15 is that determined spectrophoto-
metrically for Hg, the Schiff base proton. This behavior is related to the chemistry of the 3-
hydroxypyridine ring. As indicated in the following scheme two protons dissociate from the
hydroxypyridine cation with pK, values of 4.9 and 8.6 at 25°C. However, the monoprotonated
form is a mixture of dipolar ionic and neutral uncharged species in a constant ratio R=1. The
first dissociation constant is the sum of two microscopic dissociation constants; K1=K, + Kpg,
while 1/Kp = 1/ K¢ = 1/ Kp. Notice that pK = 5.2 for the pyridinium cation but pK¢ is 3.4
units higher because of the much increased donation of electron density from the phenolate
oxygen atom into the ring in the dipolar ion. The two monoprotonated species are in a constant
ratio R. The chemical shift of peak A in AspAT is explained in a similar way. The Schiff base
proton Hg is hydrogen bonded to the phenolate oxygen, inhibiting donation of electrons into the
ring and allowing formation of a strong hydrogen bond from Hj to the Asp 222 carboxylate.
When the Schiff base proton dissociates the hydrogen bond is weakened and the microscopic
pK, (not observed) of the ring NHY is raised. It was somewhat surprising to find that peak A
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of the PMP form has a pH-independent position of 16.5 ppm, closer to the low pH position of
the peak in the PLP form than to the high pH form. We interpret this as indicating a strong
electrostatic interaction of the phenolate oxygen with the charged amino group of the PMP in
this form of the enzyme. The active site of AspAT contains a constellation of charged groups
appropriate for binding of an amino acid substrate. Two arginines neutralize the two positive
charges of the substrate while the substrate — NH3* group again interacts with the 3-
hydroxypyridine group (Fig. 3). This interaction was shown in a clear way by titration of
cAspAT with o-methylaspartate at pH 8.3. As this quasisubstrate was added peak A shifted
from its high pH value down to ~16.6 ppm, a position we assign to the Michaelis complex with
a charged amino group.[5] Again a tight electrostatic interaction with the phenolate oxygen is
indicated. At the same time a well-resolved peak representing the external aldimine appeared at
17.2 ppm. Its position indicates an even stronger hydrogen bond from Hg to the phenolate
oxygen.

Another comparison with 3-hydroxypyridine can be made. The absorption spectrum of a
mixture of interconverting glutamate and 2-oxoglutarate saturating the active site of cAspAT is
nearly constant over the pH range 5—11. The various components are present in constant ratios.
The maximum velocity is also almost constant. This implies one very low pKj, and one very high
pKy. Let us assume values of 5.5 and 10.0. We can write, as we did for 3-hydroxypyridine that
K1 =K1+ K1p + Kqc + - and 1/Ky = 1/K94 + 1/Kpp + 1/Kpc + -+ . If we can estimate the
fraction f; of each component present, we can also estimate the microscopic dissociation
constants for formation of each intermediate from the low pH form and for dissociation of each
intermediate to the high pH form: K1j = f;K1; Kp; = Kp/f;. The fractions fj in Table 1 were
estimated from absorption spectra.[ 6] Since species 3, 6, 7, and 8 have heavily overlapping
bands their total of 70% was somewhat arbitrarily divided, making use of some data from the o-

methylaspartate complex. The estimation of fractions is crude but the pK,



187

N == R386
)
H

o= N=*H

R292'

Fig. 3. Sketch of the active site with a bound substrate (or dicarboxylate) in front of the coenzyme. The latter
will carry the Schiff base proton Hg for dicarboxylate binding but this will be replaced by the substrate —NH3+ for
amino acid binding. In both cases a close interaction with the phenolate anion of the coenzyme is expected and
observed.

values are precise enough to be meaningful. In each of the eight species listed in Table 1 the
proton is tightly bound to a group that interacts with the phenolate ion of the coenzyme and has
a high pK,;. When a proton moves to another site the pKj, of the latter increases sharply while
that of the previous proton acceptor drops. For example, the pKy of 9.3 in the first Michaelis
complex can be attributed largely to the — NH3% of the bound substrate, but after the proton
jumps to the Schiff base the pKj, falls to 7.0. We can view the system as a set of interacting
tautomers in which the proton donated by the substrate provides the mobility needed in catalysis
but also acts as a glue to keep the intermediates bound into the active site.

The role of the Schiff base proton Hyg is clear but it has been hard to observe in either the free
enzyme or in the external aldimine, probably because of rapid exchange. It may have been seen
in the H143N mutant of E.coli AspAT at 6°C as a broad resonance at 14.8 ppm and in a
glutarate complex of the H143Q mutant of cAspAT at 14.14 ppm.[2] We have now observed
the corresponding proton in Schiff bases of PLP with [15N]L—aspartate a-methyl [15]pL-
aspartate and [15N]L-alanine in 90%H»0/10%D70 at ~15 ppm confirming the expected strong
hydrogen bonding. The I5N chemical shift is ~ 200 ppm changing to ~45 ppm in the reduced
Schiff base. Details will be published elsewhere.
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Table I. Pig cytosolic aspartate aminotransferase nearly saturated with 0.1 M glutamate
+ 1.0 mM 2-oxoglutarate, an equilibrium mixture

Assumed
Component Amax (nm)  fraction pKii pKo;i?
1. Michaelis complex 356 - .20
Substrate—N+H3 ¢ PLP-C=N- 6.2 9.3
2. 2nd Michaelis complex 430 .03
Substrate—NH; ¢ PLP-C=N*tH- 7.02 848
3. Geminal diamines 330 .10
Substrate—NH-CH(PLP)-N+H,-Lys 6.5 9
4. External aldimine 420 .06
Lys—NH, e PLP-C=N+*H- 6.72  8.78
5. Quinonoid-carbanionic 490 .01
Lys—NH3* ¢ Quinonoid 7.5 8
6. Ketimine 327 .30
Lys—NHj ¢ PMP-N*tH=C- 6.02 948
7. Carbinolamine 320 .10
Lys—NH3+ ¢ PMP-NH-CH(OH) - 6.5 9
8. PMP-oxoglutarate 320 20
Lys—NHj ¢ H3*N-PMP 6.2 9.3

2 Apparent microscopic pKa values if pK1 = 5.5 and pKy = 10. Some of these values are
complex constants involving adduct formation etc.
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Summary

Structures of the branched-chain amino acid aminotransferase from E. coli and its complexes with
substrate analogues have been solved by X-ray crystallographic method. BCAT is in a hexameric form, and
catalyzes the transamination of branched-chain amino acids. The hexamer can be regarded as the assembly of
three dimer units around a 3-fold axis. On binding of the substrate analogue, the flexible loop, which is
disordered in the unliganded enzyme, moves toward the active-site entrance and shields the substrate from the
solvent region. a-Carboxylate of the substrate directly interacts with an OH group of Tyr and two NH groups
of B-turn and indirectly with Arg. The side chain of the branched-chain amino acid is in the cavity formed by
aromatic rings and an isopropyl group of the active site residues.

Introduction

A number of X-ray crystallographic studies on aspartate aminotransferases have been
performed to elucidate the structure, function, and catalytic mechanism of the enzymes
(Jansonius, 1998). Branched-chain amino acid aminotransferase (BCAT) exhibits no primary
sequence homology with aspartate aminotransferase, and belongs to an evolutionary class
different from that of aspartate aminotransferase (Kuramitsu et al., 1985; Inoue et al., 1988).
Based on the classification of the PLP dependent enzymes by Grishin et al., (1995) aspartate
aminotransferase and many of the aminotranferases are placed in the fold type I, while BCAT is
placed in the fold type IV together with D-amino acid aminotransferase. The structure of the D-
amino acid aminotransferase has been determined as the first structure of the fold type IV by
Sugio et al (1995). The structure of the unliganded BCAT was then determined as the first
structure of L-amino acid aminotransferase of the fold type IV (Okada et al., 1997 ).

BCAT reversibly catalyzes the transfer of a-amino group of branched-chain amino acids to
2-oxoglutarate to form glutamate. BCAT is a homo hexamer with a subunit molecular weight of
34,000, and each subunit is composed of 308 amino acids residues, and has a covalently bound
pyridoxal 5’-phophate (PLP). BCAT has two absorption maxima at 410 and 330nm (Inoue et al.,
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1988). In contrast to aspartate aminotransferase, BCAT shows no detectable pH dependent
spectral change in the pH range of 5.5 to 8.5. Here we present the structure, induced fit and
substrate recognition of BCAT on the basis of X-ray crystallographic studies of E. coli BCAT
and its complexes with substrate analogues.

Materials and Methods

The overproduced wild type BCAT and its complexes with 4-methylvalerate and 2-
methylleucine were crystallized from PEG400 at pH 7.5. All crystals are isomorphous and
belong to the orthorhombic space group C222,. All data sets were collected to 2.1 to 2.4 A
resolution on a Rigaku Raxis IIc imaging plate detector. All the structures were refined by the
program XPLOR (Briinger et al., 1987) to give R-factors in the range of 0.17 to 0.20. A detailed
account for the structure solutions and refinements is in preparation (K. Okada et al., in
preparation).

Results and Discussion

The overall structure of the unliganded BCAT is shown in Figure 1 (a). Although the enzyme
molecule consists of six subunits, the hexamer can be regarded as the assembly of three dimer
units around the three-fold axis. The dimeric unit along a two-fold axis can be seen in the center
of the molecule in Figure 1 (a). As was expected, the folding of this dimer unit is quite different
from that of the aspartate aminotransferase (Jansonius, 1998 ), and is quite similar to that of the
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Figure 1. (a) View of the molecule along the 2-fold axis. The 2-fold symmetric dimer drawn in dark gray is
shown in the center, with another two dimer units on two sides. (b) The overall subunit structure of
BCAT in complex with 4-methylvarelate. The small and large domains comprise the upper and
lower parts of this figure.
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D-amino acid aminotransferase (Sugio et al., 1995, Peisach et al., 1998), which has a 28%
sequence identity with BCAT.

The subunit structure of BCAT in complex with 4-methylvarelate is given in Figure 1 (b).
The subunit is divided into two domains. The upper half is the small domain characterized by the
o/B structure and the lower half is the large domain characterized by the pseudo barrel structure.
The coenzyme PLP is bound to the central cavity of the subunit, and two loops drawn in black
approach the PLP. These loops are from the small domain of the other subunit of the dimer. Thus,
the active site is comprised of the residues from both domains of one subunit and the small
domain of the other subunit.

Trp126 4 A
rg40
4-Methylvalerate C/ NH,
R % -
HC =<\ NH
N HN Gly127, :
ctt, CH
I \ 6 1 hY NH
UNH HyC H,C , C=0----* HZNY
—C" o) I +
Asn110*} - --m—@ NH
HN'—z -~ \ /N\ ,c Ala128 H
2 }3" t Tyr29 C™ " cH,
N H,0 o~c 9
H,0 \ :
;3-turn

/N C\C/
Leu130 Gly131

Figure 2. Interactions of the interdomain loop with active-site residues with 4-methylvalerate.

It is well known that aspartate aminotransferase shows a conformational change from the
open form to the closed form (McPhalen et al., 1992, Jager et al., 1994, Okamoto et al., 1994,
Miyahara et al., 1994, Nakai et al., 1999). The small domain moves to close the active site
depending on the binding of the substrates. BCAT does not exhibit any domain movement, but
shows the active site closure by the induced fit of the interdomain loop from Pro125 to Glu133.
Thus, there exist open and closed forms in BCAT. In the unliganded form, the interdomain loop
is not visible except for N-terminal two residues because this loop is disordered. On the binding
of the substrate analogue, the interdomain loop, drawn in black, shows its ordered structure to
close the active site. The interactions of the interdomain loop with the active site residues and 4-
methylvalerate as the substrate analogue are given schematically in Figure 2. The loop starts with
the extended form, then makes a B-turn and then makes a further turn by a 3,, helix followed by
a short a-helix. The carboxylate of the bound substrate analogue induce the side chain
movement of Arg40 from the solvent side to the protein side. The guanidino group of Arg40
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interacts with two carbonyl groups of the interdomain loop. The hydroxyl group of Tyr129 is
linked to Asn110* through water molecules. The side chains of Trp126 and Tyr129 approach the
substrate analogue and make a van der Waals contact with the hydrophobic moiety of the
substrate analogue.

When the active site structure of the open form is compared with that of the closed form,
Argd0 is the only residue that significantly changes its side chain conformation and directly
interacts with the interdomain loop. In this respect, the directional change of the side chain in
Arg40 may play an important role in the structural change to the closed form. In addition, two
glycine residues of the interdomain loop are important for the induced fit, since the residues
make the main chain of the loop flexible. The Pro125, Trp or Val126, Gly127, and Tyr129 in the
loop are conserved in many BCAT enzymes, suggesting that the interdomain loops have similar
interactions with the active site residues and substrates in these BCAT enzymes. Interestingly, D-
amino acid aminotranferase does not have the consensus sequence of the interdomain loop, and
possibly the loop behaves differently (Peisach et al., 1998).

The active site structures of the unliganded BCAT and its complex with 2-methylleucine are
drawn schematically in Figure 3 (a) and (b), respectively. The most important feature of the
active site, which distinguishes between the fold type I and IV, is the orientation of PLP. The
orientation of the PLP-Schiff base (Figure 3 (a)) is viewed from the solvent side. In the fold type
IV enzyme, the phosphate group of PLP is on the right side of the pyridine ring, while in the fold
type I enzyme, the phosphate group is on the left side (Yoshimura et al., 1993, Sugio et al., 1995,
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Figure 3. (a) Active-site structure of the unliganded BCAT. (b) Active-site structure of BCAT in comlex with
2-methylleucine.

Okada et al., 1997). Although PLP of the fold type IV enzyme rotates 180° compared with that

of the fold type I enzyme, the substrate L-amino acid takes the same orientation for both fold
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types.

In the active site of the unliganded form (Figure 3 (a)), PLP is bound to the bottom of the
active site cavity and makes a Schiff base with the catalytic residue Lys159. The Schiff base
linkage is coplanar with the pyridine ring of PLP. The pyridine ring of PLP is sandwiched by
Leu217 and the loop at Gly196. Glu193 forms an ion pair with the protonated nitrogen atom of
the pyridine ring of PLP, and Tyr164 is hydrogen bonded to O3’ of PLP. On the left side of PLP,
there exists a hydrophobic cluster formed by Phe36, Tyr31*, Tyr164, and Val109*. Tyr31* is
hydrogen bonded to Arg97, and Arg97 is hydrogen bonded to Tyr95. Arg40 directs its side chain
toward the solvent side.

In the active site of BCAT complex with 2-methylleucine (Figure 3 (b)), the Schiff bond
linkage between PLP and Lys159 is cleaved and a new Schiff linkage is formed between PLP
and 2-methyleucine. The released Lys159 is hydrogen bonded to Tyr164, and PLP rotates about
30° toward the solvent side. Arg40 change its side chain direction to make hydrogen bonds with
the main chain carbonyl groups of the B-turn. The isopropyl group of 2-methylleucine is bound
to the hydrophobic pocket constructed by the hydrophobic cluster (Phe36, Tyr31*, Tyr164, and
Val109*).

Argd0 was expected to make a salt bridge with a-carboxylate of the substrate. Contrary to
our expectation, the a-carboxylate of the substrate interacts with two NH groups of Thr257 and
Ala258 at the B-turn and with the hydroxyl group of Tyr95. Interestingly, Argd0 indirectly
recognizes the a-carboxylate from the solvent side of the B-turn. Arg97, indirectly recognizes
the a-carboxylate through Tyr97. Consequently, Arg97, Tyr95, Arg40 and the B-turn form the
recognition site for a-carboxylate of the substrates.
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Summary

Tryptophan tryptophylquinone (TTQ), the prosthetic group of methylamine dehydrogenase
(MADH), is formed by covalent cross-linking of two tryptophan residues and incorporation of
two oxygen atoms into one of the indole rings. MADH converts primary amines to their
corresponding aldehyde plus ammonia. Catalysis occurs via a transaminase-type mechanism
involving a Schiff base intermediate between the substrate amine and a TTQ carbonyl. In
addition to participating in chemical reactions at the enzyme active site, TTQ forms a bridge
from the active site to the protein surface and mediates electron transfer from substrate to a
copper protein, amicyanin.

Introduction

Methylamine dehydrogenase (MADH) and aromatic amine dehydrogenase (AADH) catalyze
the oxidative deamination of primary amines to their corresponding aldehydes plus ammonia.
For each enzyme a type I copper protein, amicyanin for MADH and azurin for AADH, is the
electron acceptor which reoxidizes the enzyme to complete the reaction cycle. The prosthetic
group which participates in catalysis and electron transfer is tryptophan tryptophylquinone
(TTQ) [1]. This paper will focus on the properties of MADH from Paracoccus denitrificans.

Structure and biosynthesis

TTQ is formed via the posttranslational modification of two tryptophan residues of the
polypeptide chain (Figure 1). Two atoms of oxygen are incorporated into the indole ring of Trp®’
and a covalent bond between the indole rings of Trp®’ and Trp'® is formed. The mechanism by

which this occurs has not yet been elucidated, but it requires the action of other proteins which
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are subject to the same genetic regulation as the structural genes for the enzyme. The

methylamine utilization (mau) gene cluster contains several genes (Table 1), at least four of

FEATURES INFERRED FROM

GENE SEQUENCE

mauR LysR-type transcription activator
* mauF -
* mauB MADH large subunit
* mauE Membrane protein
*mauD  Motif for disulfide bond formation
* maud MADH small subunit
mauC Amicyanin

mauJ -
* mauG Similarity to peroxidases
mauM Similarity to ferredoxins
mauN Similarity to ferredoxins

Figure 1. Tryptophan tryptophylquinone Table 1. The mau gene cluster of P. denitrificans

which encode proteins that are required for biosynthesis of MADH (indicated by * in Table 1), in
addition to the two MADH structural genes [reviewed in 2]. None of these gene products have
been isolated, but from their sequences; the mauE product appears to be a membrane protein, the
mauD product may be involved in disulfide bond processing, the mauG product may be a heme-
bearing peroxidase, and mauF shows no homology to any other proteins. These gene products
must play essential roles in translocation of MADH subunits across the cell membrane to the
periplasm, formation of the six disulfide bonds which are present in the TTQ-bearing B-subunit,
and TTQ biosynthesis.

Mechanism of catalysis

A mechanism for the overall oxidation-reduction reaction of MADH has been proposed based
on the results of several kinetic and biochemical studies. The amine substrate forms a Schiff base
adduct with the C6 carbonyl of TTQ. An active site base then abstracts a proton from the methyl
carbon which leads to reduction of the TTQ cofactor [3]. Nucleophilic attack of the imine by
water leads to cleavage of C-N bond and release of the formaldehyde product to yield a reduced

aminoquinol [4]. This intermediate is reoxidized by two one-electron transfers to amicyanins.



199

The first requires the presence of a monovalent cation at the active site [5]. The second product,
ammonia, is not released until after TTQ has been fully reoxidized. In the absence of more
substrate, water hydrolyzes the iminoquinone to regenerate the quinone. Alternatively, in the
steady-state the amino nitrogen of another molecule of substrate, rather than water, may react
directly with the iminoquinone to form the next enzyme-substrate adduct with concomitant
release of the ammonia product [6]. This
mechanism requires that multiple active site
residues interact with reaction intermediates and

TTQ to catalyze the overall reaction. The crystal

ASP 76

structure of MADH from P. denitrificans [7]
reveals that the side chains of Asp’®, Thr'?, Asp® TTQ

d Tyr'" are in close enough proximity to C6 of
and Tyr ~ are inc enough proximity to C6 o ASP 12
TTQ to participate in these reaction steps (Figure

Q to particip . ps (Fig ' THR 122
2). Site-directed mutagenesis studies are in
progress to elucidate the specific roles of each TYR 119

residue in the overall reaction mechanism.

Figure 2. Active site of MADH

Mechanisms of electron transfer (ET)

The edge of the non-quinolated indole ring of TTQ is exposed at the MADH surface. Crystal
structures of MADH in complex with amicyanin reveal that TTQ is able to act as a bridge that
physically connects the enzyme active site to the point of surface-mediated ET from MADH to
copper [8]. It is possible to study ET from several different redox forms of MADH to amicyanin.
Since TTQ is a two-electron carrier and the type I copper is a one-electron carrier, two sequential
oxidations of fully reduced TTQ by amicyanins are required to completely reoxidize MADH. O-
quinol and O-semiquinone forms of MADH may be generated by reduction by dithionite (Figure
3A) [9]. The product of the reduction of MADH by the substrate amine is an N-quinol which
retains the covalently bound substrate-derived amino group after release of the aldehyde product

[4]. An N-semiquinone is the product of the first one-electron oxidation of the N-quinol (Figure
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Figure 3. Electron transfer from different redox forms of TTQ in MADH

3B) [9]. The N-semiquinone may also be generated in vitro [6]. The rates of the ET reactions

from each of these four redox forms of MADH to amicyanin are different (Table 2).

O-quinol  O-semiquinone  N-quinol N-semiquinone
ket (10 mM KP;, pH 7.5)
+ 0 mM KCl 145’ >500s" 125" 285!
+200 mM KClI 1257 >5005s" 130 s 5157
+ 400 mM KClI 1257 >500 s >500s" 845!
ker 10 mM KP; + 0.2 M KCI
pH 6.5 125" >500s" 425! 21sT
pH 7.5 1257 >500s" 130 s 515"
pH 9.0 115" >5005s" >500s" 110s"
KSIE (*2%/™) at pH 7.5 1.5 - 6.5 1.8
Marcus Parameters
A (eV) 23+0.1 23+0.1 34+01 24+0.1
Has (cm™) 12+7 12+7 >20,000 13+4
r (A, for B=1) 9.6+ 0.7 9.6+0.7 <0 94+1.2
Rate-limiting Step Electron  Electron Proton Electron
Transfer  Transfer Transfer  Transfer

Table 2. Electron transfer from different redox forms of MADH to amicyanin

ET reactions from the O-quinol, O-semiquinone and N-semiquinone, are rate-limited by the ET
event. The rates of these reactions vary predictably with driving force (i.e., the redox potential

difference between the reactants). Analysis by ET theory of the temperature dependence of the
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ET rate of each of these reactions [10,11] yielded identical values for the reorganizational energy
(M) and electronic coupling (Hag) associated with the reaction, and predicted the electron transfer
distance which is seen in the crystal structure of the complex [8]. Analysis of the AG°-
dependence of these three reactions [11,12] by ET theory yielded values for A and Hap that were
identical to those obtained from the temperature dependencies. Furthermore, the rates of .these
reactions were relatively insensitive to pH and buffer composition (Table 2), as would be
expected for an ET reaction occurring within a protein complex.

Covalent incorporation of substrate-derived N into the TTQ semiquinone alters the ET rate
simply by altering the redox potential of TTQ relative to the O-semiquinone [11]. However, the
effects of covalent incorporation of substrate-derived N into the fully reduced TTQ were much
more profound [S]. The driving force for the reaction of the N-quinol has apparently been
changed such that the reaction has become both extremely slow and thermodynamically
unfavorable. In order for this physiologic reaction to occur, a prerequisite step is now required to
activate TTQ for ET. It is proposed that deprotonation of the N-quinol amino group is required to
generate the “activated” intermediate from which ET occurs [5]. ET from this intermediate is so
rapid that the redox reaction becomes rate-limited (i.e., gated) by the deprotonation event. This
hypothesis is supported by the observation that only the redox reaction of the N-quinol exhibits a
significant deuterium kinetic solvent isotope effect, consistent with rate-limitation by the transfer
of an exchangeable proton. The rate of this redox reaction also varies markedly with pH and salt
(Table 2). The salt dependence is due specifically to monovalent cations [S5]. To account for
these observations, a detailed model has been proposed in which the pH-dependent binding of a
monovalent cation to the MADH active site facilitates the rate-limiting deprotonation of the N-
quinol amino group [5]. A similar pattern of gated and ungated ET has been reported for the ET
reactions from TTQ in AADH to copper in azurin [13].
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Continuous-Flow Column Electrolytic Spectroelectrochemical Method for Determination
of Protein Redox Potentials — Application to Quinoproteins
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606-8502, Japan

A new spectroelectrochemical method based on flow column electrolysis has proved to be useful
for the determination of the redox potentials of (1) alcohol dehydrogenase form Gluconobacter
suboxydans, (2) soluble glucose dehydrogenase from Acinetobacter calcoaceticus, (3)
methylamine dehydrogenase from Paracoccus denitrificans and (4) a new quinohemoprotein
amine dehydrogenase from Paracoccus denitrificans. They are (1) 401 (heme 1), 370 (heme 2),
216 (heme 3), 101 (heme 4), and —167 (PQQ) mV vs. NHE at pH 7.0, (2) 33 (PQQ,...) and —12
(PQQqerie) mV at pH 7.0, (3) 129 (TTQ) mV at pH 7.5, and (4) 192 (heme), 190 (Q,gen), and
100 (Q,emreq) MV at pH 7.0, Q being a quinone of unknown structure.

Introduction

Redox potential (E£°') is one of the most important physicochemical parameters
characterizing the catalytic properties of oxidoreducatses. The redox potential measurement of
proteins is, however, not an easy task primarily because of sluggish electrochemistry of many
proteins. We have developed a new method of measuring protein redox potentials, which relies
upon rapid and quantitative bulk electrolysis by flow column electrolysis coupled with
spectroscopy [1,2]. Here, we demonstrate that our method has successfully been applied to the

determination of redox potentials of four kinds of quino(hemo)proteins.
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Materials and Methods

Materials: alcohol dehydrogenase (ADH) form Gluconobacter suboxydans (IFO12528), a
new quinohemoprotein amine dehydrogenase (QH-AmDH) from Paracoccus denitrificans (IFO
12442), and methylamine dehydrogenase (MADH) from Paracoccus denitrificans (IFO 12442)
were isolated from the respective bacteria as described elsewhere [1, 3, 4]. Soluble glucose
dehydrogenase (sSGDH) from Acinetobacter calcoaceticus was donated from Prof. Duine. All
chemicals were of analytical reagent grade and used as received except for phenazine
methosulfate-2-sulfonate (PMS-S), which was synthesized from phenazine ethosulfate (PES")
[4].

Methods: the method of E°' measurements is based on the spectroscopic detection of the
redox state of proteins in a continuous-flow buffer regulated with the potential applied to the
column electrode. Details of the principle, instruments, and methods are described in the

literature [2]. All the potentials in this paper are referred to the normal hydrogen electrode

(NHE).

Results and Discussion
ADH

This enzyme is a membrane-bound quinohemoprotein functioning as the primary
dehydrogenase of the ethanol respiratory chain of acetic acid bacteria to transfer electrons from
ethanol to ubiquinone. It consists of three subunits I (78 kDa), Il (48 kDa), and III (14 kDa).
Subunit I contains one mole each of pyrroloquinoline quinone (PQQ) and heme c and subunit II
is a triheme cytochrome ¢, while subunit IIT has no prosthetic group [5]. ADH is an enzyme

capable of direct electron transfer communication with a carbon electrode [6], thus ADH exhibits



reproducible potential (£)-
dependent spectral change
by the direct electrolysis at
the carbon fiber column
electrode with the potential
changing in a staircase
mode. Because of a large
molar  absorption  co-
efficient of ADH and high

sensitivity of the photo-
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Fig. 1 A-E curve of ADH in pH7.0 phosphate buffer at 422 nm

diode array detector, ADH concentrations as low as ca. 1 x 10”7 M suffice for the spectroscopic

detection. Figure 1 shows the absorbance (4)-E plot, which is composed of three sigmoidal parts

with four plateaus. During the potential change from state A to C, increase of the o and  bands

and a red shift of the Solet band were observed. The spectral changes are reasonably assigned to

the reduction of the heme ¢ moieties. On the potential change from state C to D, the Solet band

as well as o band increased slightly, although the maximum wavelength of the Solet band

remained unchanged. Then we conclude that the four hemes c are completely reduced at the sate

C and that the spectral change from state C to state D is due to the two-electron reduction of

PQQ, which could affect the electronic circumstance of a heme(s) ¢, most probably that in

subunit I. Regression curve obtained on the basis of a five-step electron transfer mechanism

reproduces the data well. Evaluated £°' values are 401 (heme 1), 370 (heme 2), 216 (heme 3),

101 (heme 4), and —167 (PQQ) mV at pH 7.0.

sGDH
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sGDH exists in the periplasm of the 80
. . e 338 nm
bacterium Acinetobacter calcoaceticus. 1t is 2 60
S
a homodimeric enzyme (subunits of 50
< 40 |
kDa) containing PQQ and Ca** and
20 . L L |
catalyzes the oxidation of D-glucose and -400 -300 -200 -100 0
. . . Ag-
other aldoses to their corresponding £ vs. Ag-AgCl/mV
aldono-d-lactones [7]. £°' measurement of
4 |
sGDH is based on mediator-assisted 2 485 nm
«©
continuous—flow  column electrolytic E 3 [
<
spectroelectrochemical technique as
detailed in the literature [2]. The redox state 2 ' [ ‘ ]
-400 -300 -200 -100 0
of sGDH in solution is indirectly controlled E vs. Ag-AgCl / mV
by the column electrode potential through Fig. 2 A-E curves of sGDH at pH 7.0

the redox mediation of PES’, and a reproducible absorption spectrum of sGDH is obtained by the
correction for a large but stable background spectrum. The A-E curves at 338 nm and 485 nm are
given in Fig. 2, which clearly show the existence of a stable semiquinone form of PQQ in sGDH.
In accord with this, sSGDH generated very stable ESR spectrum on the partial reduction with D-
glucose. The £’ values are calculated to be 33 (PQQ,..r) and —12 mV (PQQ,.,,..a) vs. NHE at
pH 7.0. Ca™ seems to stabilize the semiquinone intermediate in sGDH. Similar stabilization of
semiquinone form was observed with free PQQ in the presence of Ca*"; E°' of free PQQ was
changed from £°' = 74 mV (one-step two electron transfer) to 115 for PQQ,,... and 71 mV for

PQQ,.eq (two-step one-electron transfer) in the presence of Ca®*.

MADH



207

Tryptophan tryptophylquinone (TTQ) is the cofactor of MADH, which exists in each of the 3
subunits of the enzyme having an o,f, structure [8]. In a similar manner to sGDH, potential-
dependent spectral change of MADH is obtained in the presence of both PES™ and PMS-S as
mediators, where the protein redox state reaches in equilibrium with the electrode potential
within 150 s. Thus, £°' of MADH (one-step two electron transfer) is determined as 129 mV vs.
NHE at pH 7.5, which is slightly positive than the reported one (100 mV at pH 7.5 [9,10]). When
we use only one kind of mediator compounds, PES* or PMS-S, however, the equilibrium state is
not attained in the time scale of the conventional column electrolysis, ca. 20 to 200 s. This is
because the redox reaction rate of the protein with the mediator is not sufficiently high, which
can be confirmed as the time-dependent change of 4 at a given wave length. We have analyzed
the absorbance change by a simple kinetic theory and shown that the kinetic analysis also gives

the £°’ value agreeing with that obtained above [4].

QH-AmDH 0.10
We have isolated a new 8
c
©
quinohemoprotein, QH- 2
2 0.05-
AmDH, from periplasm of <
P denitrificans. Tt is a
heterodimer constituted of 0.00 | — -
300 400 500 600
a (395 kDa) and B Wavelength / nm
subunits (36.5 kDa); the Fig. 3 UV-visible absorption spectra of QH-AmDH

former contains one unknown quinonoid cofactor and one heme ¢ per molecule, while the latter
has no prosthetic group. QH-AmDH catalyzes the oxidative deamination of primary aliphatic

and aromatic amines [3]. The present method of indirect column electrolysis with 2,6-dimethyl
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benzoquinone as a mediator allowed us to determine £°” of the heme ¢ moiety as 192 mV from
the potential-dependent spectral change (Fig. 3). Although the spectrum attributable to the
quinone moiety was not observed, the E°’ values of the quinone/semiquinone and
semiquinone/quinol redox couples could be evaluated as 190 and 110 mV, respectively, from the

analysis of the substrate titration curve [3].
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Summary

Quino(hemo)protein alcohol dehydrogenases, containing pyrroloquinoline quinone, PQQ as an organic
cofactor, show appreciable enantioselectivity in the oxidation of chiral alcohols. Fundamental insight into the
mechanistic and structural factors of importance for the observed enantio-selectivity has been obtained from
the evaluation of the thermodynamic fingerprint of the kinetic features. It has been found that entropic
contributions play a major role in the enantiopreference. Molecular modeling strategies, i.e. molecular
mechanics and quantum mechanics calculations aimed at the evaluation of the Gibbs free energy difference
between the enantioselectivity-controlling transition states have been developed. Preliminary results of
deuterium kinetic isotope experiments appear relevant for the location of the transition states along the
reaction coordinate.

Introduction

Dye-linked alcohol dehydrogenases with pyrroloquinoline quinone (2,7,9-tricarboxy-1H-
pyrrolo[2,3-flquinoline-4,5-dione, PQQ) and Ca* as cofactors include methanol dehydro-
genases, MDHs, from methylotrophic bacteria (Anthony & Ghosh, 1998) and ethanol
dehydrogenase from Pseudomonas sp. (Schrover et al., 1993). Quinohemoprotein alcohol
dehydrogenases, QH-ADHs, contain heme ¢ as an additional organic cofactor. Monomeric
(70 to 80 kDa) QH-ADHs, with one molecule of PQQ, one Ca*, and a single c-type heme,
have been isolated from ethanol-grown Comamonas testosteroni (de Jong et al., 1995),
vanillyl alcohol grown Rhodopseudomonas acidophila (Yasuda et al., 1996) and P. putida
(Toyama et al., 1995). Membrane-associated QH-ADHs composed of different subunits, of
which a large subunit (72 to 80 kDa) containing one molecule of non-covalently-bound PQQ,
one Ca”, and one heme c, is thought to possess the dehydrogenase activity (Matsushita et
al., 1994) and a medium-sized subunit (43 to 53 kDa) contains three heme ¢ moieties, have
been isolated from acetic acid bacteria.

X-ray crystallographic investigations of PQQ-containing MDHs (Ghosh et al., 1995, Xia
et al., 1992, Xia et al., 1999), have provided insight into the structural aspects of
quinoprotein alcohol dehydrogenases. A structural model of the QH-ADH from C.
testosteroni based on homology modeling has been proposed (Jongejan et al., 1998). The X-
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ray structure of the related QH-ADH from P. putida has been announced (Mathews and
Matsushita, These Proceedings). However, important questions concerning the catalytic
mechanism of the PQQ-containing alcohol dehydrogenases remain to be solved. This is also
the case for the quinohemoprotein alcohol dehydrogenases that were shown to possess
appreciable enantioselectivity (E-values 10 to 100) in the oxidation of low-molecular chiral
alcohols of which the pure enantiomers are of potential use in industrial applications
(Machado et al., 1999). Since their performance compares favorably to that currently realized
with non-biological catalysts (i.e. (Noyori & Hashiguchi, 1997)), where E = 40 is judged
satisfactory and E = 200 is a remarkable exception (Corey et al., 1992), the molecular origin
of their enantioselectivity is of interest.

Kinetic Modeling

Despite their ready availability, MDHs are not particularly suited for the study of the
catalytic mechanism. Several complications exist (see (Frank et al., 1989a)), however, by
combining spectroscopic and kinetic techniques a convincing kinetic scheme could be devised
(Frank et al., 1989b). The situation is less complicated for QH-ADHs. These enzymes have
been shown to obey regular bi-bi ping-pong kinetics for a variety of (chiral) substrates
(Geerlof et al., 1994, Machado et al., 1998). Contrary to MDHs, high pH, ammonia, or
amines, are not required for activity.

Thermodynamic Modeling

)

From the definition of the enantiomeric ratio and application of Eyring TST the following
relation can be obtained:

R #
. (kcat /KM) ) exp(—AGR’spec /RT)

- s - #
(kcat /KM) exp(—AGS,spec /RT)

From the temperature dependence of E thermodynamic information of the enthalpic and

= exp(—AAG# / RT)

entropic contributions to the enantioselectivity can be obtained according to:

RinE=-AAG* 1T =aas® - anw® /7
This relation has been shown to give a satisfactory representation of the temperature
dependence of various enantioselective enzyme-catalyzed reactions (See (Phillips, 1996) for a
review). The difference in activation enthalpy and entropy for enantiomeric substrates,

AAH # and AAS #, respectively, can be estimated from Arrhenius-type plots of RInE versus
1/T. From the results obtained in the enantioselective oxidation of 2-butanol (QH-ADH from
A. pasteurianus) and solketal (QH-ADH from C. testosteroni) (Machado et al., 1999), it can



211

be concluded that at room temperature the enantioselectivity of these enzymes contains a large
entropic contribution. This finding is in contrast with the data reported for the
enantioselective oxidation of 2-butanol using NAD-dependent secondary alcohol
dehydrogenase from Thermoanaerobacter ethanolicus (Tripp et al., 1998) and the
enantioselective esterification of 2-butanol using lipase B from Candida antarctica.
(Overbeeke et al., 1998). Clearly, models designed to summarize the enantioselective
properties of QH-ADHs will have to take the entropic contribution into account.

Molecular Modeling

Molecular modeling experiments aimed at the validation of transition state structures
relevant to the enantioselective features of quinoprotein alcohol dehydrogenases have been
carried out. From the results of molecular mechanics simulations we concluded that a hydride
transfer mechanism (Anthony, 1996, Zheng & Bruice, 1997) would explain the observed
enantiopreference, whereas an addition-elimination mechanism (Itoh et al., 1998, Itoh et al.,
1993) would give rise to the opposite enantiopreference (Jongejan et al., 2000). Recently, we
calculated the potential energy surface for hydride transfer to C(5) of PQQ using quantum
mechanical ab initio methods at different levels of theory. From the results obtained, it
appears that this step would be feasible indeed. As the eventual formation of PQQH, would
require a subsequent tautomerization step to take place, we investigated the rate- and
enantioselectivity-determining character of the hydride transfer step using deuterated
alcohols. Preliminary results show that the primary deuterium KIE for non-chiral alcohols is
of the order 7-9, while the effect of deuteration in the kinetic resolution of solketal appears to
be more modest. Current explanations of these findings (see (Jongejan et al., 2000) for a
theoretical model) support the partial rate-determining character of a non-
enantiodiscriminatory step, for which the tautomerization of the initially formed C(5)-H
structure to PQQH, is a likely candidate. A similar step has been proposed for the oxidation
of glucose by quinoprotein GDH (Duine, These Proceedings).
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Summary

We have traced the polypeptide chain at 3 A resolution of the soluble, monomeric alcohol
dehydrogenase (ADH-IIB) isolated from Pseudomonas putida. The enzyme contains a large N-
terminal 8-stranded B-propeller domain (~ 60 kDa) similar to methanol dehydrogenase (MDH)
and a small C-terminal c-type cytochrome domain (~ 10 kDa) similar to the cytochrome subunit
of p-cresol methylhydoxylase (PCMH), also from P. putida. The heme is inclined by about 70°
to the PQQ and their planes are about 14 A apart at the closest point. The propionic acids of the
heme group are exposed to solvent suggesting them to be the site for interaction with its azurin
electron transfer partners.

Introduction

A family of alcohol dehydrogenases (ADHs) that are independent of pyridine nucleotides and
contain non-covalently bound pyrroloquinoline quinone (PQQ) as a redox cofactor is found in
many aerobic bacteria [1]. One class of ADH, called type II is composed of monomeric, soluble
quinohemoproteins of ~70-75 kDa that contain PQQ and covalently-bound heme, and are found
in several strains of P. putida [2] and in Comamonas testosteroni [3]. Sequence analysis of the C.
testosteroni enzyme indicates that the first 60 kDa are homologous to methanol dehydrogenase and
the remaining 15 kDa appear to form a c-type cytochrome domain. One form of type II ADH,
ADH-IIB, can be isolated from P. putida strain HK5 cells grown on 1-butanol. It is estimated to
have a molecular weight of 69 kDa on the basis of SDS-PAGE and has been shown to be

monomeric [2]. Its amino acid sequence is unknown. In vitro, potassium ferricyanide can serve
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as an artificial electron acceptor for ADH-IIB, and is used in a dye-linked assay. An azurin
isolated from the same organism has been shown to be an efficient electron acceptor for ADH-IIB
[4] suggesting that it acts ir vivo as an electron transfer mediator in a PQQ-dependent alcohol

respiratory chain.

Materials and Methods

ADH-IIB was prepared as described previously [2]. Crystals are obtained with 22 % PEG8000,
200mM sodium citrate, 100mM HEPES-NaOH, pH 7.5 and 6% 2-propanol [5]. The crystals are
triclinic with cell parameters a=54.8 A, b=57.4 A, c=67.5 A, «=89.6°, =69.4°, y=68.4° and
contain 1 molecule in the unit cell. X-ray data were collected at 100K from a cryoprotected crystal
to 1.9 A resolution (Rmerge=6.4%, 87% completeness).

Figure 1: Stereo view of the ADH-IIB molecule. The PQQ and calcium ion are in the large B-

propeller domain at the bottom and the heme group is in the small cytochrome domain at the top.
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The data were analyzed by molecular replacement (MR) with AMORE [6] using MDH from
Methylophilus methylotrophus W3A1 as the search molecule. An anomalous difference electron
density map based on the MR phases contained two prominent peaks. One peak (140) is ~20 A
from the PQQ position in the MDH search molecule and was attributed to iron and the other (90)
is close to the position of the calcium ion in MDH that bridges PQQ to protein side chains and was
attributed to calcium.

Two compounds, KsUO:Fs and CHsHgCl showed 12%-15% isomorphous structure factor
changes. MIR data were collected in St. Louis and MAD data from the mercury and UO, derivatives
at the SSRL and APS synchrotrons, respectively. Protein phases were calculated with SHARP [7].
Using maps based on combinations of MIR and MAD phases, the quinoprotein and the cytochrome
domains could be traced. Since the ADH-IIB sequence was unknown, we fit the sequence of the C.
testosteroni ADH quinoprotein domain wherever possible and polyalanine elsewhere. The structure

was partially refined using CNS [8] (R=31%, Rfree=39%, 40-3 A resolution).

Results and Discussion

The current model of ADH IIB consists of 664 amino acid residues. Residues 1-556 comprise the
PQQ-containing 8-bladed B-propeller domain, residues 582-664 comprise the cytochrome domain
and residues 557-581 form a 55-residue linker segment connecting the two domains (Fig. 1). The
current electron density provides a reasonably accurate representation of the path of the
polypeptide chain through the structure although the model is limited by the lack of sequence
information; however, the C. testosteroni ADH is likely to be reasonably homologous.

The PQQ is located in the funnel of the B-propeller that forms a depression in the top of the
domain. As in MDH, the PQQ is sandwiched between a tryptophan side chain on the bottom and
a vicinal disulfide group on the top. The calcium jon is in the plane of the PQQ and is liganded
by atoms O5, N6 and O7A of PQQ plus a glutamic acid and a gultamine side chain.

The cytochrome domain is very small, containing 3 a-helices in 83 residues. The heme group

is covalently attached to Cys596 and Cys599 via thioether linkage to the two heme vinyl side
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chains while His600 and Met636 are coordinated to the iron atom. The propionic acid side chains
of the heme are located on the surface of the protein and project into solution. Among bacterial
cytochromes, the cytochrome domain of ADH-IIB most closely resembled the cytochrome subunit
of p-cresol methylhydroxylase [9]. Both of these proteins contain 3 a-helices rather than the usual
4 and have solvent- exposed propionate groups. The heme iron atom and C5 atom of PQQ are
separated by about 20.5 A and the distance between the two rings is about 16 A. The heme and
PQQ planes are tilted by about 70° to each other.

Figure 2. Comparison of the hypothetical model of ADH from C. testosteroni (left) and ADH-IIB
(right). The left panel was repoduced by permission from [10].

A hypothetical molecular model of ADH from C. festosteroni has been constructed by homology
modelling based on sequence similarities with the known structures of MDH from M.
methylophilus W3A1 and Methylobacterium extorquens AM1[10]. The structure of ADH-IIB is
compared with the published model of the C. testosteroni in Fig. 2. The large B-propeller domains

of the two structures appear remarkably similar. The orientation of the cytochrome domains are
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also quite similar. However, the heme group in ADH-IIB is asymmetrically displaced with respect
to the funnel axis of the large domain and to the PQQ ring. Detailed comparison of the C.
testosteroni ADH model and the ADH-IIB structure awaits completion of the sequence and full

refinement of the latter.

His645

Figure 3. Relative positions and orientations of the PQQ and heme groups showing potential
sigma-bond tunneling pathway for electron transfer between them. The separation of the PQQ and
heme planes is also indicated. Carbon, calcium and iron atoms are shown as white spheres while

nitrogen and oxygen atoms are shown as black spheres.

The PQQ and heme group are linked by a covalent chain of 4 or 5 amino acids, residues 99-102
or 103, that may provide a pathway for electron flow between the two prosthetic groups (Fig. 3).
The path involves a through-space jump of about 4 A from the plane of PQQ to the Cys102-
Cys103 vicinal disulfide, travel along the backbone chain from residue Cys102 to Phe99 and a
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through space jump of 3.7 A to Cys599 which forms one of the covalent attachment sites of the

heme.
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Summary

To understand the electron transport system with quinohemoprotein type II alcohol
dehydrogenase (ADH; ADH IIB) in Pseudomonas putida HK5 grown on butanol, an ADH-
dependent electron transfer reaction was examined in vivo and in vitro. Azurin purified from the
periplasm of the same organism was shown to react with ADH IIB, where the electron transfer
seems to occur by a freely reversible on and off binding process. The azurin-dependent alcohol
oxidation activity could be reproduced by reconstituting ADH IIB on the right-side out
membrane vesicles and also with purified cytochrome oxidase, which is completely CN-sensitive.
However, alcohol oxidation activity was shown to be CN-insensitive in the intact cells, and also
in azurin-independent, reconstituted system with the right-side out vesicles. Thus, there seems to
be two different alcohol oxidase electron transport systems in P. putida HKS that utilize ADH
IIB, one of which transfers electrons via azurin to a CN-sensitive terminal oxidase, and the other
presumably via ubiquinone to both a CN-sensitive and -insensitive terminal oxidases.

Introduction

Quinoprotein dehydrogenases can be found only in the periplasm of the most highly evolved
bacteria, purple bacteria, o, B and y subdivisions, but not in any other Bacteria, Archaea, and
Eukarya so far. Alcohol dehydrogenase (ADH) is the largest group of quinoproteins, and can be
divided into 3 subgroups (type I to III) according to their molecular and catalytic properties, and
cellular localization [1]. Type I ADH, containing only pyrroloquinoline quinone (PQQ) as the
prosthetic group, is structurally very similar to methanol dehydrogenase (MDH) of
methylotorophic bacteria, but is highly specific for ethanol but not methanol. It has been found
in Pseudomonas aeruginosa [2, 3] and Pseudomonas putida [4]. Type Il ADH has an additional
heme ¢ domain in its C-terminal portion, and thus is called a quinohemoprotein, and has been
found in Comamonas testosteroni [5] and P. putida [4]. Type III ADH is a membrane-bound
enzyme found in the cytoplasmic membrane of acetic acid bacteria [1]. In contrast to type I and
II ADHs, type III ADH consists of three subunits, in which the subunit I is a quinohemoprotein
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similar to type I ADH, subunit II is a tri-heme cytochrome ¢ containing membrane-binding and
ubiquinone-reacting domains and subunit III has unknown function [6].

The electron transport systems of these quino(hemo)protein ADHs have been elucidated for
type I and IIT ADHs as well as for MDH. The MDH of methylotorophs has been shown in most
cases to transfer electrons to the terminal oxidase via two cytochromes c, ¢, and cy [7]. Similar
to MDH, type I ADH has been shown in P. aeruginosa to react with a soluble cytochrome cssq
and then with azurin (DeVeries et al., personal communication). In the case of type III ADH of
acetic acid bacteria, the situation is somewhat different because the enzyme donates electrons to
ubiquinone which then go to the terminal ubiquinol oxidase [1, 6]. However, no physiological
electron acceptor for type II ADH has been reported to date.

Pseudomonas putida HK5 produces three different quinoprotein ADHs, one type I ADH and
two type II ADHs (ADH IIB and ADH IIG), which are induced when the organism is grown on,
respectively, ethanol, 1-butanol and 1, 2-propanediol [4]. As described here, ADH IIB and a blue
copper protein, azurin, were found in the periplasm of P. putida HK5 grown on 1-butanol and
purified from the soluble fraction; the interaction of AHD IIB with azurin was then examined.
Furthermore, the electron transport system including ADH IIB and azurin was reconstituted with
a right-side out membrane vesicles and also with cytochrome cbb3 oxidase obtained from the

same organism, and examined.
Materials and Methods

Bacterial growth and membrane preparations. Pseudomonas putida HK5 was grown at 30°C
up to late logarithmic phase in a minimal medium with 0.3% 1-butanol as the sole carbon source
[4]. Cells were collected by centrifugation, and then used to prepare soluble and membrane
fractions [8]. Spheroplasts and periplasm were prepared based on the method developed for
Pseudomonas aeruginosa with some modifications and right-side out (RSO) membrane vesicles
were prepared from the spheroplasts by osmotic burst (Matsushita et al., manuscript in
preparation).

Purification of ADH IIB, azurin, and cytochrome oxidase. ADH IIB was purified from the
soluble fraction by column chromatography utilizing DEAE-cellulose, Butyl-Toyopearl, DEAE-
Toyopearl, and Superdex S-200, as described [8]. Azurin was separated from ADH IIB during
the DEAE-cellulose step and purified by chromatography using Butyl-Toyopearl, DEAE-
Toyopearl, and Superdex S-200 [8]. Cytochrome oxidase (cbb3-type oxidase) from P. putida
HKS was solubilized with 1 % dodecyl maltoside (DM) from the membrane fraction after
washing them with 0.5% Triton X-100, and then purified by Q-Sepharose and Superdex S-200
column chromatography in the presence of 0.01% of DM (Matsushita et al., manuscript in

preparation).
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Enzyme Assays. The azurin reductase activity of ADH IIB reduced with 1-butanol was
measured spectrophotometrically by monitoring the decrease in absorbance at 620 nm [8].
Oxidase activity for several substrates was measured polarographically with a Clark-type oxygen
electrode.

Results and Discussion

Interaction of ADH IIB with azurin. When the butanol-grown cells were sufficiently well

aerated to get reach a completely oxidized state before cell disruption, and provided that
contaminating alcohol was completely depleted from the buffer system used for the purification,
a blue copper protein-containing fraction could be seen in the Butyl-Toyopearl chromatography
step eluting between two cytochrome c fractions having high and low ADH IIB activities. The
blue copper protein was then purified and characterized. The N-terminal amino acid sequence of
the purified protein [8] and PCR cloning (Toyama et al., unpublished) clearly showed that the
blue copper protein is highly homologous to azurins form several bacterial species, especially to
those of Pseudomonas putida NCIB 9869 [9] and of Pseudomonas fluorescens B [10].
The purified azurin was shown to be reduced by ADH IIB and the direct electron transfer from
ADH IIB to azurin was shown to occur at a rate of 48-70 s-1. The apparent Km value of ADH
IIB for azurin, determined by steady-state kinetics, was lowered several fold by increasing ionic
strength, suggesting that hydrophobic interaction is involved in this reaction. Furthermore,
fluorescence quenching of ADH IIB due to the interaction with azurin increased with increasing
ionic strength, although the binding constant between ADH IIB and azurin was unchanged. To
obtain more data on the interaction between ADH IIB and azurin, redox titrations were carried
out. The redox potential of the heme ¢ of ADH and the copper center of azurin were 188 and 280
mV (pH 8.0), respectively, when measured independently. The potential of azurin increased by
12 mV after incubation with ADH but not vice versa, suggesting azurin but not ADH IIB may
have undergone some conformational change due to the interaction. Furthermore, when the ionic
strength was increased, the redox potential of ADH decreased from 189 to 172 mV, but that of
azurin increased 6 mV. Thus, the redox potential gap between ADH and azurin was increased
from 102 mV to 126 mV by increasing ionic strength, which is consistent with the increased
electron transfer rate from ADH to azurin at high ionic strength.

From these experimental results obtained by steady state kinetics, fluorescence quenching and
redox titration, the following speculations can also be made (Fig. 1). i) Hydrophobic interaction
is involved in the binding of the two proteins, which may stimulate the electron transfer activity
from ADH to azurin. ii) Binding of ADH, or the electron transfer step, may induce a
conformational change in azurin, which may stimulate their dissociation. iii) The association and
dissociation may both be stimulated by higher ionic strength, which would explain why the Kd-
values are not altered by ionic strength. Thus, it is conceivable that electron transfer between
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ADH IIB and azurin may occur by a freely reversible on and off binding process. The present
results strongly suggest that azurin functions as an electron transfer mediator in a PQQ-
dependent alcohol oxidase respiratory chain in P. putida HKS.

ADH Azuri
Red | %= — | Red w
High io:nic Electro transfe

-
Sid/ - — : ‘

Fig. 1. Schematic model for the mode of interaction between ADH IIB and azurin.

Red: reduced form, Ox : oxidized form, Red/Ox : semi-reduced or oxidized form.

Azurin-dependent ADH IIB alcohol oxidase electron transport. In order to understand the
role of azurin in electron transport with ADH IIB, alcohol oxidase respiratory activity was
reconstituted on RSO membrane vesicles. As shown in Table 1, some alcohol oxidase activity
was reproduced by only the addition of ADH to the RSO membrane vesicles, which was also
shown to be CN-resistant. Upon the addition of azurin to this system, the oxidase activity was
greatly increased, and turned out to be CN-sensitive. Thus, in the azurin-dependent alcohol
oxidase activity reconstituted on RSO membrane vesicles, the turnover number of ADH for
butanol oxidation was estimated to be around 1.8 if saturating amounts of azurin is present in the
reconstituted system. The electron transfer activity of the reconstituted system and its CN-
sensitivity, comparable to that of the TMPD oxidase, suggest that azurin donates electrons to the
terminal cytochrome oxidase. This was directly demonstrated by a reconstitution performed with
the purified cytochrome oxidase, where alcohol oxidase activity was observed only after the

addition of azurin and completely inhibited by cyanide (Table 1). Although the cytochrome
oxidase was purified as a cytochrome bc]-cbb3 super complex (Matsushita et al., manuscript in

preparation), only the cytochrome cbb3 is likely to be involved in the electron transfer from
azurin to oxygen (data not shown). The reconstituted system with the purified cytochrome
oxidase exhibited a reasonably high turnover number (40/sec) with ADH, which is
comparable to the expected number for intact butanol oxidase respiratory activity (Table 1). This
suggests that azurin has the ability to transfer electrons from ADH IIB to the terminal

cytochrome oxidase at a rate that can account for that of the intact system.
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However, since some azurin-independent alcohol oxidase activity was observed in the
reconstituted system with RSO membrane vesicles but not with the cytochrome oxidase, and also
the difference in CN-sensitivity was observed in the reconstituted azurin-dependent and -
independent alcohol oxidase activities, the reconstituted azurin-dependent alcohol oxidase

system may not reflect the complete electron transfer activity of the intact cell.

Table 1. Reconstituted alcohol oxidase respiratory activity with RSO membrane vesicles and with the
purified cytochrome oxidase.

Systems Respiratory activity Turnover number CN-sensitivity
Km Vmax per ADH IIB Remaining activity
uM U/mg e/s/mol at1lmMKCN____
Intact cells - 0.563 9~40 48%
Reconstituted systems

RSO + ADH 11.4 (ADH) 0.064 0.035 42%
RSO/4 uyM ADH

+ azurin 14.8 (azurin) 0.313 1.8 1.5%
Purified oxidase/20 uyM ADH

+ azurin 3.6 (azurin) 28.5 39.6 0%

Azurin-independent electron transport system with ADH IIB. In order to examine
whether both azurin-dependent and azurin-independent systems really function in the respiratory
chain of P. putida HKS, the CN-sensitivity of the alcohol oxidase respiratory activity was also
examined with the intact cells. The alcohol oxidase activity of the intact cells was found to be
CN-insensitive, which is similar to other respiratory activities such as lactate, malate and
succinate oxidases (data not shown). The data clearly show that an alternative, azurin-
independent electron transfer pathway must be present in addition to the azurin-dependent one, in
the alcohol oxidase electron transport system of P. putida HKS.

Although there is no direct evidence on how such an alternative pathway is working, some
preliminary data could be obtained. In the purification of ADH IIB, besides the normal active
enzyme, an additional ADH IIB fraction was found having high cytochrome ¢ level and low
ADH activity (Matsushita et al., unpublished). The ADH fraction was further separated into
three cytochrome ¢ fractions; normal ADH IIB, a newly found cytochrome ¢ of 35 kDa, and a
high molecular weight complex of ADH and the cytochrome. Since the 35 kDa band was
heavily stained in a heme-staining SDS-PAGE, and also cross-reacted with antibody for type III
ADH, the cytochrome ¢ seems to be a multi-heme ¢ cytochrome similar to the subunit II of type
III ADH [1, 6]. Furthermore, the ADH-cytochrome ¢ complex and the free 35 kDa-cytochrome
¢ were also detected directly in the periplasmic fraction. Thus, the ADH complex may have an
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important functions in an azurin-independent alternative electron transport system. Although, at
this moment, we do not have any evidence to show this ADH complex has such an electron
transfer activity, the alternative oxidase system seems to function via ubiquinone in a manner
similar to type III ADH of acetic acid bacteria, as shown in Fig 2.

ADH lIB

,
/

‘/' TMPD Azurin

g

Malate dh ~ ,—’ \ \ oN
Lactate dh — UQ —®| Cytbc @ Cyt cbbg —99—» 0,
Succinate dh / \

Bypass oxidase | —— O,

Fig. 2. Schematic model for alcohol oxidase respiratory chain in Pseudomonas putida HKS

Thus, there seems to be two different alcohol oxidase electron transport systems in P. putida
HKS5, one in which ADH IIB transfers electrons via azurin to a CN-sensitive terminal oxidase,

and the other in which it transfers them, presumably, to ubiquinone which then transfers electrons
to both CN-sensitive (via cytochrome bci-cytochrome cbb3) and CN-insensitive (bypass

oxidase) terminal oxidase systems.
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Summary

Ornithine decarboxylase (ODC) is up regulated in cells in response to activating stimuli. We
now show that the initial cytosolic increase of ODC is followed by the translocation of a fraction
of the enzyme to the surface membrane. The ODC membrane translocation is mediated by a
p47phox membrane-targeting motif-related sequence that has the protein kinase C
phosphorylation consensus motif. The motif-mediated translocation of ODC is of fundamental
importance for its biologic function.

Introduction

Ornithine decarboxylase (ODC) regulates the rate of polyamine synthesis by catalyzing the
generation of putrescine and CO7 from ornithine. ODC activity and/or polyamines are crucial to
cell proliferation and transformation (1). Transformed cells display constitutively high ODC
activities (1, 2) that are involved in the mechanisms leading to the transformed phenotype (2, 3).
ODC regulates the level of tyrosine phosphorylation of the Src substrate p130¢3S (4), which is
involved in the formation of signaling complexes at the cytoplasmic side of the plasma
membrane in focal adhesion sites (5). ODC is also associated with the transmembrane calcium
and/or calmodulin signaling (6), and with activation-mediated membrane translocation of protein

kinase C (PKC) (7). Given the above associations with transmembrane signaling we

hypothesized that ODC might exert its activity in the vicinity of membranes.
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Materials and methods

The Rat-1 tsSRSVLA29 and NIH 3T3 cell line cells were used in the experiments. NIH 3T3
cells were transfected with empty vectors pCHA and pNHA, and with pCHA-ODC, pNHA-
ODC-K-ras-2 adhesion tag, pPCHA-ODC.C360A (mutated enzymatically inactive ODC), and
pNHA-ODC.C360A-K-ras-2 adhesion tag. Rat-1 tsSRSVLA29 cells were transfected with these
plasmids and with the pCHA-ODC.S167A (mutated ODC lacking the phosphorylation site
Ser167 that is central in the ODC membrane targeting motif) plasmid.

The sequence surrounding serine 167 of human ODC, and a fusion peptide consisting of the
ODC S167 surrounding octamere linked via a proline residue to an antennapedia peptide that
promotes an active cellular intake, were synthesized.

To monitor the subcellular localization of ODC by measuring the enzyme activity, cells were
harvested in hypotonic buffer, intact cells and nuclei were removed, and cytosol and membrane
fractions were isolated by a Beckman airfuge, 15 minutes at 30 psi. The ODC activity of the
samples was measured according the method of Djurhuus (8).

For immunostaining, a combination of two monoclonal anti-ODC antibodies (9, 10) and the
monoclonal antibody to the HA epitope were used as first antibodies, and biotinylated anti-
mouse, FITC/avidin, biotinylated anti-avidin, and FITC/avidin were applied. The cells were

inspected with a confocal microscope.

Results and Discussion

Rat-1 tsRSVLA29 cells were induced to up regulate ODC activity by introducing the following
stimuli: (1) TPA; (2) hypotonic medium; (3) dialyzed human AB serum (15%) after 13 serum
starvation; and (4) transfer to permissive temperature (35°C) to induce ts-v-src-driven
transformation. Cells subjected to the first three stimuli displayed a transient membrane staining
for ODC, whereas cells transformed at the permissive temperature showed a prolonged

membrane decoration (Fig 1, 2).
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Fig. 1

Fluorescent immunostaining of ODC in quiescent Rat-1 tsSRSVLA29 cells (A) and in cells
activated by 100 nM TPA for 2, 4, and 24 hours (B, C, and D) is shown. As a control, similarly
treated cells were stained using monoclonal anti-CD3 (OKT3) as the primary antibody (E, F, G,
and H). ODC immunostaining in quiescent cells is shown (I) as well as in cells exposed to the

permissive temperature for 1, 4, and 24 hours (J, K, and L), respectively. Arrowheads indicate
membrane staining.

The ODC activity in the membrane and soluble fractions of activated and control Rat-1

tsRSVLA29 cells was measured, and the result was consistent with the immunostaining pattern
(Fig. 2).
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Fig. 2

The relative ODC activity/mg of protein in Rat-1 tsSRSVLA29 cell soluble (open bars) and
membrane fractions (filled bars), expressed as mean +/- SD of the percentage of the activity of
the soluble fraction of quiescent control cells indicated by 100% (3-7 experiments/group). The
mode of activation was TPA (A), hypotonia (B), 15% serum (C), and permissive temperature

(D).
Serine 167 (S167) of ODC is surrounded by the sequence AVCRLSVKFG, which is

homologous to the membrane-targeting motif of p47phox, a component of the NADPH-
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dependent leukocyte respiratory burst oxidase, and also corresponds to the protein kinase C
(PKC) phosphorylation consensus site. By treating Rat-1 tsSRSVLA29 cells with 0.2 to 2 pg/ml
of the synthetic peptide RLSVKFGA linked via a proline to an antennapedia
(RQIKIWFQNRRMKWKK) peptide to facilitate transmembrane transport, the temperature-

induced transformation was delayed (Fig3).

Fig. 3

Rat-1 tsRSVLA29 cells were treated for 3 hours either with the solvent (PBS, A), with 1 pg/ml
of the RLSVKFGA (ODC S167 surrounding octapeptide, homologous to phox47 membrane-
targeting motif)-antennapedia peptide chimera (B), or with 1 pg/ml of the control peptide-
antennapedia chimera (C), whereafter, they were transferred to the permissive temperature
(35°C) to induce v-src-driven transformation. The cells were photographed 5 hours later.

Measuring ODC activities from the peptide-treated Rat-1 tsSRSVLA29 cells consistently
revealed a dose dependent suppression of the permissive temperature-induced increase in the
membrane-associated ODC activity.

To investigate the impact of constitutive ODC membrane adhesion, NIH 3T3 cells were
transfected to over express wt ODC, wt ODC-K-ras-2 adhesion sequence, ODC.C360A, and
ODC.C360A-K-ras-2 adhesion sequence. Morphological changes, transformation and defective

cytokinesis leading to polykaryosis in the early passages, respectively, only occurred when a
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construct encoding for an enzymatically active wt ODC was used, whereas positive
immunofluorescence for ODC was evident in the membranes of all the cells transfected with a

plasmid encoding for an ODC-K-ras-adhesion chimera (Fig. 4).

I}:IIIg}'I43T3 cells, transfected with empty pCHA (A) and pNHA vectors (D), pPCHA-ODC (B) and
pNHA-ODC-K-ras-2 adhesion tag (C), pPCHA-ODC.C360A (E), and pNHA-ODC.C360A-Ki-
ras-2 adhesion tag (F) were immunostained using monoclonal anti-HA as the first antibody.

Cells transfected to over express the wt ODC showed elevated ODC activity in both the
membrane and in the cytosolic fraction (5-fold), whereas those transfected to over express wt
ODC-K-ras-2 adhesion tag displayed an extremely high activity in the membrane fraction (40-
fold) indicating that the chimeric construct induced an accumulation of functional ODC in the
membrane. In contrast cells expressing the enzymatically inactive ODC (ODC.C360A) showed a
subnormal ODC activity in both fractions suggesting that the construct has a dominant negative

impact.

The findings demonstrate that ODC-related alterations in cell morphology and growth behavior
are dependent on intact ODC enzyme activity, and on ODC membrane targeting via the
phosphorylation-regulated, p47phox-related membrane targeting motif surrounding the serine
167 in human ODC. Constitutive (irrelevant) membrane targeting of the active enzyme leads to
defective cytokinesis. Given the importance of the enzyme activity and the phosphorylation-

induced membrane translocation, the ultimate significance of the function of ODC is probably
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controlling the local subcellular concentration of polyamines, to support transmembrane signal

transduction leading eventually to reorganization of actin cytoskeleton.
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Summary

Limited proteolysis and binding to GroEL were used to probe the conformations of the
nascent mitochondrial aspartate aminotransferase synthesized in reticulocyte lysate and the
denatured protein refolding in vitro. Results suggest that the conformations of the partially folded
proteins are similar. The GroEL-bound, refolding precursor can be imported into mitochondria
in the presence of reticulocyte lysate but not in its absence. This suggests that a partially folded
conformation alone is insufficient for import and that reticulocyte lysate factors are also needed.

Introduction

Most mitochondrial proteins are synthesized in the cytosol and translocated into mitochondria
[reviewed in 1]. This process can be simulated in vitro by synthesizing mitochondrial precursors
in a cell-free extract then adding this mixture to isolated mitochondria. (See [2] for an example.)
Some chemically denatured mitochondrial precursor proteins can be directly imported into
mitochondria [3,4]. These precursors, however, often rapidly lose their ability to be translocated
when transferred to the native conditions of the import reaction. Various cytosolic factors have
been ascribed a role in maintaining mitochondrial precursors in an import competent
conformation [5-10]. Nevertheless, there is no comprehensive model to explain the factors

required for in vitro import of a particular protein, let alone the factors involved in vivo.

In this report, we describe efforts to develop a model system for identifying cytosolic factors

necessary for the import of the mitochondrial aspartate aminotransferase precursor (pmAspAT).
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Materials and Methods

35S-labeled pmAspAT was synthesized in rabbit reticulocyte lysate as previously described
[2]. pmAspAT-HgY (an engineered version of the authentic precursor that contains a C—terminal
LGHeY tail) was expressed in E. coli, purified, and denatured and refolded by published
procedures [11]. The purified protein was radiolabeled with Na'*’I using Pierce’s Iodogen.
GroEL and GroES were overexpressed in E. coli MZ1 using the pRE1-GroESL plasmid [12]
and purified as described earlier [11]. The conditions used for limited proteolysis and analysis of

the digestion have been previously published [13].

Mitochondria were isolated from rat liver according to published procedures [2] and
suspended at 5 mg/ml in MESH (220 mM mannitol, 70 mM sucrose, 20 mM HEPES, 0.1 mM
EDTA pH 7.5). I pmAspAT-HsY, labeled to =~10° cpm/pg, was denatured at room
temperature for 30 min at 1 mg/ml in 4 M guanidinium chloride, 100 mM HEPES, 10 mM DTT
pH 7.5. The denatured protein was diluted by addition of 40-volumes of ice cold 0.4 mg/ml
GroEL in 100 mM HEPES pH 7.5. One part of the resulting GroEL-'*’I pmAspAT-HgY
complex was added to 9 parts of reticulocyte lysate or MESH. When indicated, GroES was
added at a 2:1 molar ratio relative to GroEL. Import reactions consisted of equal volumes of the
diluted GroEL-'%I pmAspAT-HsY complex and mitochondria. After 30 min at 30°C, the import
reaction was sampled and the remaining mitochondria were reisolated by centrifugation. The
reisolated mitochondria were washed three times with 150 ul MESH then resuspended at a
nominal 2.5 mg/ml. Part of the reisolated mitochondria were digested at 0°C for 30 min with 20
pg/ml trypsin, part were digested in the presence of 0.1% Triton X100, and part were untreated.
The mitochondria and the unfractionated reaction sample were then denatured and analyzed by

SDS PAGE and Phosphorlmager autoradiography.

Results and Discussion

When purified mitochondrial aspartate aminotransferase precursor (pmAspAT) is transferred
from denaturing to native conditions, it rapidly collapses to a compact state sometimes described
as a “molten globule” and then slowly refolds to the native, dimeric conformation [14]. Adding
this partially folded protein to mitochondria results in aggregation rather than import (data not

shown). pmAspAT synthesized in reticulocyte lysate is slower to fold and is readily imported
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into mitochondria [2]. Reticulocyte lysate evidently has factors that slow the folding of
pmAspAT and possibly maintain the partially folded translation product in a soluble, import
competent conformation. Simply adding the refolding, purified protein to reticulocyte lysate does

not confer import competence—it still aggregates (data not shown).
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Figure 1. Limited proteolysis of refolding pmAspAT and the pmAspAT translation
product. Panel A shows a comparison of the trypsin digestion products from refolding
pmAspAT and the nascent protein synthesized in reticulocyte lysate. Samples were digested with
trypsin as described under materials and methods. Panel B shows the effect of GroEL on the
trypsinolysis of the refolding '*I labeled pmAspAT. Note that the two bands seen in the
undigested sample are produced by traces of contaminating endoproteases. Digestion times were
10 min for lanes 2 and 5, 20 min for lanes 3 and 6, and 30 min for lanes 4 and 7. Panel C shows
the effect of GroEL on the trypsinolysis of nascent translation product. Digestion times were 0.5

min for lanes 2 and 5, 10 min for lanes 3 and 6, and 30 min for lanes 4 and 7.

A flexible conformation is a clear requirement for import, but the extent of this flexibility has
yet to be defined [15]. The folding path that a protein follows during and after synthesis in the
cytosol may not be the same that a denatured full-length protein experiences as it refolds in

vitro. A protein synthesized in reticulocyte lysate might have a more flexible and extended
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conformation than the refolding protein. This could explain why refolding pmAspAT could not
be imported into mitochondria either directly or in the presence of reticulocyte lysate. We used

limited proteolysis to compare the conformations of the two proteins and test this hypothesis.

Several intermediate species are noted during trypsin digestion of refolding pmAspAT (Figure
1a), though none ever amounts to more than =~10% of the radiolabel initially present. We assume
that these species reflect regions in which potential trypsin cleavage sites are relatively
inaccessible, presumably because these regions spend a significant amount of time in a compact
conformation. These regions probably fluctuate between compact and unfolded conformations.
This would account for the observation that they are eventually digested, given enough time or a
higher trypsin concentration. Nonetheless, they may be stable enough to interfere with import. If
so, one would not expect to see such protease resistant domains in the translation product.
Trypsinolysis of the translation product, however, shows transient species whose sizes
correspond to the same intermediates (Figure 1a). This suggests that the translation product and

the refolding protein may spend time in roughly similar conformations.

Molecular chaperones can be classified according to the conformation of the unfolded proteins
to which they bind. Hsp70, for example, apparently binds to polypeptides that are extensively
unfolded [16]. Chaperonins such as GroEL apparently bind to partially folded polypeptides that
are in compact “molten globule” conformations [16]. We used binding to GroEL as another
probe of the conformation of the pmAspAT translation product. GroEL binds refolding
pmAspAT tightly, forming a complex that is stable to native gel electrophoresis, glycerol
gradient centrifugation, and gel filtration chromatography [11]. Trypsinolysis of GroEL-bound
pmAspAT produces the same species seen in the digestion of unbound, partially—folded
pmAspAT (Figure 1b), though the intermediates are more stable. GroEL similarly binds the
translation product, forming a stable complex that somewhat protects the translation product
from trypsinolysis (Figure 1c) and inhibits import (Figure 2). GroES releases the translation
product from GroEL so that it can then be imported into mitochondria (Figure 2). This
observation again suggests that the translation product and refolding pmAspAT have generally

similar conformations.
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We reasoned that GroEL might also present refolding pmAspAT to mitochondria in an import
competent conformation. Addition of 1] pmAspAT-HsY-GroEL to an import reaction
containing 0.5 X reticulocyte lysate and mitochondria does result in some import (Figure 3).
GroES is not required for import—in fact, it inhibits import (data not shown). Reticulocyte
lysate, however, is required (Figure 3). We interpret these results to mean that the partially
folded pmASspAT is transferred from GroEL to one or more reticulocyte lysate factors that
promote the import reaction. When partially folded pmAspAT is added to lysate directly, it
apparently aggregates faster than it can bind to these factors. Alternatively, partially folded
pmAspAT may not be in exactly the correct conformation for binding. The inhibitory effect of
GroES suggests that refolding pmAspAT might be sequestered within a GroES—GroEL cage.
GroES apparently does not trap the translation product in such a cage, possibly because
reticulocyte factors may remain bound to the translation product forming a complex too large to
fit into the GroES—GroEL cage.
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Figure 2. Inhibitory effect of GroEL on Figure 3. Mitochondrial import of '
the mitochodrial import of the pmAspAT pmAspAT-HgY. Conditions for import
translation product. Conditions for import are described under Materials and
are described under Materials and Methods. Methods.
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Engineering of B¢ enzymes
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Summary: To alter the reaction and substrate specificity of B¢ enzymes we substituted,
guided by homology modeling, critical residues in the active site of two o-family members. The
arginine-shift mutation R100T/V283R transformed tyrosine phenol-lyase into a dicarboxylic
amino acid P-lyase that degrades L-aspartate to pyruvate, ammonia and formate. Aspartate
aminotransferase was converted into a L-aspartate B-decarboxylase by an arginine-shift mutation
(Y225R/R386A) plus a conservative substitution of a substrate-binding residue (R292K); the
triple mutation 137Q/Y225Q/R292Y transformed the same enzyme into a cysteine sulfinate
desulfinase.

B¢ enzymes that act on amino acid substrates are of multiple evolutionary origin and
constitute four families of orthologous proteins of which the a-family is by far the largest (1).
Foremost the o family shows that with similar protein scaffolds quite diverse reactions of amino
acids can be catalyzed. Thus, alterations of the reaction and substrate specificity of a given
enzyme by substitution of a limited number of critical amino acid residues seemed feasible.
Tyrosine phenol-lyase (TPL) and aspartate aminotransferase (AspAT), two members of the o
family with known 3-D structures, were subjected to oligonucleotide-directed mutagenesis of

few residues in or close to the active site.

Conversion of tyrosine phenol-lyase into dicarboxylic amino acid -lyase. The structures of
the active sites of TPL and AspAT are similar; most of the residues that participate in the binding
of the coenzyme and the a-carboxylate group of the substrate in AspAT (2) are conserved in the

structure of tyrosine phenol-lyase (3).
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Y225 Figure 1. Superposition of the active-site
Raa7 structures of C. freundii TPL (thick lines) and E.
coli  AspAT (thin lines). The structures

correspond to the quinonoid intermediates with L-

N185 tyrosine and L-aspartate, respectively, as obtained

by molecular modeling and dynamics simulations

R;%mg et (for details, see Ref. 5). The Ca atoms of K257,

caoo R217, R404 and V283 of TPL were

K257 |} K258

R404

o2 superimposed with the Co atoms of the
Raer\  saae corresponding K258, Y225, R386 and R292,
V283 respectively, in AspAT.

To change the substrate specificity of TPL in favor of dicarboxylic amino acids, the active-
site structure of this enzyme was compared with that of AspAT (Fig.1). The specificity of
AspAT for dicarboxylic amino acids and dicarboxylic 2-oxo acids seems to be based primarily
on the salt bridge-hydrogen bond interaction of Arg292 with the distal carboxylate group of
these substrates. The sequence identity between AspAT and TPL is too low to allow the use of
standard alignment algorithms (23 % between TPL of Citrobacter freundii and AspAT of
Escherichia coli). However, superposition of their 3-D structures (3, 4) identified Val283 of TPL
as the residue corresponding to Arg292 in AspAT. Another significant difference in the active
sites of the two enzymes is the replacement of a residue interacting with the phosphate group of
the coenzyme. Argl00 in TPL apparently corresponds to Thr109 in AspAT which is conserved
among all AspATs. The substitution of Argl00 of TPL with an uncharged residue together with
the introduction of an arginine residue into position 283, i.e. the arginine-shift mutation
R100T/V283R, was expected to mimic the binding site for dicarboxylic substrates of AspAT.
Double-mutant TPL indeed catalyzed B-elimination reactions with L-aspartate and L-glutamate as
substrates (5). These new reactions do not occur with the wild-type enzyme and are only one
order of magnitude slower than the reaction of L-tyrosine with the wild-type enzyme (Table 1).
Apparently, dicarboxylic substrates adopt in the active site of TPL R100T/V283R a similar
configuration as L-tyrosine in the wild-type enzyme and interact in a similar way with the critical
residues that control reaction specificity. Dicarboxylic amino acid B-lyase is an enzyme that is

not found in nature.
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Table 1. Kinetic parameters for B-elimination reactions of TPL wild-type and R100T/V283R.
Values were determined in 50 mM potassium phosphate pH 8.0 at 25 °C. Pyruvate production
was followed with the coupled assay with lactate dehydrogenase and NADH. In control reactions
with 50 pMm pyridoxal-5’-phosphate but without enzyme, no activity was detected. The
concentrations of the amino acid substrates were 10-200 mM for dicarboxylic amino acids and
0.2-2 mM for L-tyrosine.

Substrate Wild-type enzyme R100T/V283R
kcat Km kcat/Km kcat Km kcat/Km
st mM mM's? 5! mM mM's™!
L-Tyrosine 3.7 0.2 1.85x10* 0.11 0.32 344
L-Aspartate Activity below detection 0.21 54 3.9
L-Glutamate Activity below detection 0.10 53 19

Conversion of aspartate aminotransferase into aspartate [(-decarboxylase. Displacement of
a positively charged active-site residue may be expected to alter bond angles and electron
distribution, two important determinants of the reaction pathway taken by the coenzyme-
substrate adduct. Again, an arginine-shift mutation converted AspAT into an L-aspartate P-
decarboxylase. In AspATs, Arg386 binds the a-carboxylate group of the substrate. The triple
mutation Y225R/R386A/R292K only slightly changes the topography of the active site (Fig. 2)
but drastically alters the reaction specificity of the enzyme (Table 2). The various single- or
double-mutant AspATs corresponding to the triple-mutant enzyme showed, with the exception
of AspAT Y225R/R386A, no measurable or only very low [B-decarboxylase activity. The

introduction of the third mutation (R292K) reduces the aminotransferase activity without

Figure 2. Active site of the 5'-phosphopyridoxyl-

K258 L-aspartate (PPL-Asp) complexes of AspAT
Y225R/R292K/R386A (thick lines) and wild-type
Wat M359 AspAT (thin lines). Wild-type AspAT assumes
7 . .
the closed conformation, whereas the triple-
PPL-Asp N194

mutant stays in the open conformation. A water

5296 molecule (Wat) is found in the triple-mutant
)_/% structure close to the position of a water molecule

A386 that, in mitochondrial AspAT, is assumed to carry

K292 out hydrolysis of the ketimine intermediate (from

Ref. 6 and J.N. Jansonius, unpublished data).
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Table 2. Aspartate B—decarboxylase activity of mutant and wild-type AspAT. The K, values
of the triple-mutant enzyme for aspartate and 2-oxoglutarate are increased in comparison to the
wild-type enzymes by less than one order of magnitude.

Keat Ratio
AspAT B-Decarboxylation  Transamination B-decarboxylation/
transamination
s! s
Y225R/R386A/R292K 0.08 0.01 8
Y225R/R386A 0.08 0.19 0.42
Y225R < wild-type 0.45
R386A < wild-type 0.33
R292K 1.8-10° 0.5 3.6-10°
Wild-type 6-107° 180 33.107

reducing the B-decarboxylase activity (6). Similar to authentic L-aspartate B-decarboxylase, the
triple-mutant enzyme produces L-alanine through direct decarboxylation of aspartate without
intermediary formation of pyruvate. In comparison to wild-type AspAT, the ratio of
decarboxylase to aminotransferase activity is increased 25 million-fold. AspAT is thus converted
into a true aspartate P-decarboxylase which catalyzes transamination as a side reaction.
Molecular dynamics simulations on the basis of the high-resolution crystal structures of the
double- and triple mutant enzymes suggested that a new hydrogen bond forms between Arg225
and the imine N of the coenzyme adduct and reinforces the electron sink capacity of the 7 system
of the imine and the cofactor pyridine ring to such an extent that, even after deprotonation at Ca,

it remains effective enough to stabilize the carbanion produced by B-decarboxylation.

Conversion of aspartate aminotransferase into an L-cysteine sulfinate desulfinase. With the
triple mutation 137Q/Y225Q/R292Y the active-site structure of AspAT was made to resemble
that of dialkylglycine decarboxylase, a pyridoxal-5'-phosphate-dependent enzyme catalyzing o.-
decarboxylation and/or transamination, depending on the substrate. Both I37 and Y225 in
AspAT were replaced by glutamine. Arg292 binds the distal carboxylate group of dicarboxylic
substrates. Replacing Arg292 with tyrosine may be expected to increase the motility of the distal
part of the substrate. The three mutations 137Q/Y225Q/R292Y profoundly altered the reaction
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Table 3. Comparison of k., values of both B-decarboxylation and transamination with those
of desulfination. Transamination of L-cysteine sulfinate was measured under single-turnover
conditions.

AspAT Kcat toward L-aspartate Kkeat toward L-cysteine sulfinate
B-Decarboxylation Transamination B-Desulfination Transamination
s s st s
I37Q/Y225Q/R292Y 0.07 0.13 0.5 0.05
Wild-type 6x107° 530 0.05 512

specificity of AspAT (Table 3). The ratio of B-decarboxylase to transaminase activity was
increased by 6 orders of magnitude, while transaminase activity was decreased by 3 orders of
magnitude. L-Cysteine sulfinate was desulfinated directly to L-alanine at a high rate that is only
30 times slower than that of authentic cysteine sulfinate desulfinase (7). The rate of
desulfination is 10 times faster than that of transamination indicating very efficient

reprotonation at Ca instead of C4'.

Concluding remarks. Alterations in bond angles and electron repartition within the pyridoxal-
5°-phosphate-substrate adduct as brought about by amino acid substitutions in the active site of
B enzymes may leave their catalytic potency at least in part intact while modifying reaction and
substrate specificity. The reaction specificity of B enzymes appears to be achieved not only by
accelerating the specific reaction but also by preventing potential side reactions (8,9). Similar
amino acid substitutions might have occurred in early phases of molecular evolution when the
ancestor proto-enzyme of one of the B¢ enzyme lineages diverged into different reaction and
substrate specific enzymes. Subsequent amino acid exchanges including non-active-site residues

(10) improved its catalytic efficacy.
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Summary

To investigate the possible interaction of mitochondrial aspartate aminotransferase (mAAT) with
cytosolic components, a photoreactive probe was incorporated co-translationally into mAAT chains
synthesized in a cell-free extract. Irradiation of the translation reaction results in the appearance of four
crosslinked species containing radioactive mAAT with apparent molecular weights ranging from 70 to
200 kDa. These results suggest that newly synthesized mAAT is associated with as yet unknown factors
from the cell extract. Fractionation of a fresh translation reaction by gel filtration chromatography
confirms that indeed a large fraction of mAAT translation product is present as high molecular weight
species.

Introduction

Cytosolic (cAAT) and mitochondrial (nAAT) aspartate aminotransferases share a high degree of
sequence similarity and almost identical three-dimensional structures. Both of them are encoded by the
nuclear DNA and synthesized in the cytoplasm, mAAT as a precursor with an N-terminal extension or
presequence peptide (pmAAT) that targets the protein to mitochondria (1). However, following
synthesis in vitro in a cell-free extract, cCAAT folds very rapidly whereas it takes several hours for
pmAAT to acquire protease resistance (2). This different behavior may result from a selective interaction
of each isozyme with the members of the network of cytosolic proteins that participate in folding and

translocation processes. This network of cytosolic proteins is formed by molecular chaperones, folding
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catalysts and targeting factors. Their interaction with nascent chains may prevent aggregation or other
undesirable interactions of the growing polypeptides as well as the premature folding of those proteins
destined to other cellular compartments.

In this work, we have used two alternative approaches to investigate the possible association of newly
synthesized pmAAT with cytosolic components. One of them involves the incorporation of a
photocrosslinker during translation of pmAAT in a cell-free extract. Formation of covalent crosslinked
products between nascent pmAAT and cytosolic proteins facilitates the detection of potentially short-
lived or low affinity complexes. We also describe the partial purification of high molecular weight species
containing newly translated full-length pmAAT using conventional gel filtration chromatography. The
fractions obtained were used to dissect the requirements for translocation of these putative complexes

into mitochondria.
Materials and Methods

Yeast tRNA™" was purified and aminoacylated with '*C-Lys as previously described (3). Lys- tRNA
was selectively modified at the € amino group of Lys with the N-hydroxysuccinimide ester of 5-azido-2-
nitrobenzoic acid (NOS-ANB) (3, 4) to yield photoreactive eANB-"*C-Lys-tRNA. In vitro translation
of pmAAT mRNA was performed using Promega Flexi-Lysate in the presence of 2 pCi/ul of **S-
methionine and 30 pmoles of eANB-Lys-tRNA. After incubation for 30 min at 30° C in the dark,
cycloheximide was added to stop protein synthesis, and the samples were irradiated for 15 min using a
500 W mercury arc lamp (Oriel) through a filter combination that provides a 300-400 nm band pass.
After photolysis, samples were analyzed by gradient SDS-PAGE (10-15% acrylamide) either directly
or after immunoprecipitation using antibodies raised against the proteins of interest. The radioactivity
on the dried gels was detected using a Molecular Dynamics PhosphorImager™.

Samples of 35S-labeled pmAAT freshly translated in rabbit reticulocyte lysate (RRL) were fractionated
in a Superose 12 column (1 x 30 cm, Pharmacia) equilibrated and eluted with 50 mM potassium
phosphate buffer, pH 7.5 containing 150 mM NaCl. Elution of **S-pmAAT was monitored by analysis
of the collected fractions by SDS-PAGE and autoradiography.
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Results and Discussion

We previously reported that pmAAT interacts with the cytosolic chaperone hsp70 very early during
translation (5). The co-immunoprecipitation technique that we used relies on the affinity of hsp70 for
mAAT and makes difficult the detection of transient and/or very short-lived complexes. To investigate
whether there are other cytosolic components that associate with nascent pmAAT, we have used a
photo-crosslinking approach. The photoreactive crosslinker ANB has been successfully incorporated
during in vitro translation of several proteins (3, 4, 6). The modified Lys-tRNA containing ANB, when
added to a cell-free extract such as RRL or wheat germ extract, allows for the incorporation of the
crosslinker at any of the lysyl residues within the sequence of the protein being translated. Upon
irradiation at 330 nm, ANB generates a nitrene that will covalently react with any protein that associates
closely with the translated chain and is within reach of the probe.

Full-length pmAAT has 439 amino acids with 12 methionine and 29 lysine residues (1). Translation
of pmAAT mRNA in RRL in the presence of **S-methionine (to facilitate detection of the translation
product) and eANB-Lys-tRNA yielded a prominent radioactive band of the correct molecular weight
(45 kDa). Although eANB-Lys-tRNA must compete for incorporation with endogenous Lys-tRNA in
the translation, we found that approximately 1 of every 4 lysines incorporated into pmAAT was eANB-
Lys (results not shown; 4). Upon irradiation of full-length pmAAT, we detected the presence of four
crosslinked species with apparent molecular masses ranging from 70 to 200 kDa (Fig.1, lane 3). In
addition, some radioactive material was always found at the top of the separating gel suggesting the
presence of even larger crosslinked species. By contrast, no crosslinked radioactive adducts were
observed when ANB was chemically inactivated by addition of 100 mM dithiothreitol before photolysis
or when the samples were not irradiated (Fig. 1, lane 2). These crosslinked species contained pmAAT
since they could be immunoprecipitated using anti-mAAT antibodies (Fig. 1, lane 3) but not with
preimmune serum (not shown). Antibodies against mammalian hsp70 or yeast hsp40 (YDJ1P) did not
immunoprecipitate the crosslinked products (Fig. 1, lanes 4 and 5). These negative results suggest that
these chaperones are probably not associated with full-length pmAAT translation product, although we
can not discard the possibility that they might be present but not accessible to the reactive crosslinking

probe.
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Figure 1. Crosslinking of in vitro synthesized pmAAT. pmAAT was synthesized in RRL in the presence
of eANB-Lys-tRNA and **S-methionine and then irradiated as described under Materials and Methods.
Samples were analyzed by SDS-PAGE and autoradiography. Asterisks indicate the position of the

putative crosslinked species. Lane 1, "C-labeled molecular weight markers.

Several additional observations support the association of a newly-translated **S-pmAAT chain with
proteins in the lysate implied by the results from the crosslinked experiments. Most of the radiolabeled
protein was recovered in the retentate after ultrafiltration of the translation reaction on microcon
YM-100 (100,000 molecular weight cut-off). Further fractionation of this retentate by gel filtration
chromatography revealed the presence of two pmAAT peaks. The elution volume of the main radioactive
protein peak was 10 ml, which corresponds roughly to an apparent molecular weight of 400 kDa. The
material recovered in these fractions could be imported into mitochondria, although only after
supplementation with RRL. A small fraction of pmAAT chains was found in a later peak eluting at 13
ml, which coincides with the elution volume of native dimeric pmAAT from the same column (97-kDa
molecular weight). Only a very small portion of this material was competent for import into
mitochondria. Together these findings suggest that this 13-ml fraction probably represents partially

folded dimers that have escaped their initial interactions with the lysate chaperones. Similar
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chromatographic results were reported earlier for the fractionation of chicken pmAAT expressed in RRL
or synthesized in chicken embryo fibroblasts (7).

In summary, newly synthesized pmAAT chains appear to associate with other proteins in the lysate
forming complexes that can be detected by crosslinking and are stable enough to withstand isolation by
size exclusion chromatography. However, import into mitochondria of pmAAT in these putative
complexes still needs the presence of additional proteins, most likely import factors that are present in
the cytosolic-like cell extract used for translation of the protein. The identification and characterization

of these components are in progress.
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Summary

Serine palmitoyltransferase (SPT, EC 2.3.1.50) is the key enzyme in sphingolipid biosynthesis, and
catalyzes the PLP-dependent condensation of L-serine and palmitoyl coenzyme A to 3-ketodihydrosphingosine.
Recently, two different genes, LCBI and LCB2, have been isolated, and it has been suggested that the SPT
enzyme is composed of two subunits named LCB1 and LCB2. We constructed a co-expression plasmid for
LCBI1 lacking N-terminal and His6-tagged LCB2 lacking N-terminal. Both proteins were expressed in
Escherichia coli and LCB1 was co-purified with the His6-tagged LCB2 on metal-immobilized affinity resin.
This indicates that LCB1 and LCB2 expressed in E. coli form a heterooligomer.

Introduction

Sphingolipids are ubiquitous eukaryotic membrane components with a hydrophobic
segment consisting of a long-chain base (LCB) that is N-fatty acylated and linked to various
polar head groups. Sphingolipids are known to play roles in general membrane functions, cell-
to-cell recognition, regulation of cell growth, differentiation, oncogenesis, and immune
functions. Recent results implicate sphingolipid breakdown products, sphingosine,
sphingosine-1-phosphate, lysosphingolipids, and ceramide, as second messengers in
incompletely characterized signal transduction pathways (1).

Serine palmitoyltransferase (SPT; EC 2.3.1.50) catalyzes the condensation reaction of
L-serine with palmitoyl coenzyme A to generate 3-ketodihydrosphingosine. This reaction is
the first unique and committed step in sphingolipid biosynthesis, utilizing substrates that are
shared by other pathways, and has a lower activity than other enzymes involved in
sphingolipid biosynthesis. Therefore, SPT is thought to be a rate-determining enzyme in the
sphingolipid synthetic pathway and, accordingly, a key enzyme regulating the cellular
sphingolipid content. However, the actual mechanisms for the regulation remain unclear
because of the incomplete knowledge of the properties of the biosynthetic enzymes. The
eukaryotic SPT has been known as a membrane-bound protein enriched in the endoplasmic
reticulum (2). Recently, genetic studies have shown that two different genes, LCBI and
LCB2, are required for SPT activity in the yeast Saccharomyces cerevisiae (3, 4, 5), and the
isolation of the mammalian homologs of the LCB genes from CHO, mouse and human cells
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have been reported (6, 7, 8). It has been suggested that the SPT enzyme is composed of two
subunits named LCB1 and LCB2.

Snell and co-workers recognized that SPT requires pyridoxal phosphate (PLP) for
activity (9). LCB2 has been implicated to be responsible for catalysis because its amino acid
sequence is similar to aminolevulinate synthase and it carries a lysine residue that is believed
to form a Schiff base with PLP. There is a high sequence homology between LCB1 and
LCB2, but LCB1 doesn't contain the PLP-binding motif in its protein sequence. LCB1 is
thought to be necessary for SPT catalytic activity, regulation of SPT activity, self-
interaction, or interaction with other subunit(s). As a first step to elucidate the reaction
mechanism of SPT and the functions of LCB1 and LCB2, we tried to construct an expression
system of SPT in E. coli.

Material and Methods

Cloning of the mouse LCBI and LCB2 ¢cDNAs. Reverse-transcription PCR of mouse
mRNA was performed with the oligonucleotides mLCB1s (5'-GACTGTACGAAGCTTCA-
TATGGCGACAGTGGCGGAGCAGTGGGTGCTGGTG-3") and mLCBlas (5'-GACTG-
TACGGTCGACCTACAACAGCACAGCCTGGGCCGCCTCCCTGAT-3") for the mouse
LCBI1 gene and mLCB2s (5'-GACTGTACGGAATTCCATATGCGGCCGGAGCCCGGA-
GGCTGCTGCTGCCGC-3") and mLCB2as (5'-GACTGTACGGTCGACTCAGTCTTCT-
GTCTCTTCATAGGTAGTCTC-3') for the mouse LCB2 gene. These PCR fragments were
subcloned into pUC118 vectors and sequenced.

Plasmid constructs for expression in E. coli. LCBI and LCB2 cDNA were excised with
Ndel/Sall from the respective pUC vectors and ligated into pET vectors (Qiagen). To
construct the expression plasmid carrying both LCB/ and LCB2 genes and the plasmids with
single truncated LCB gene, PCR-based methods were employed. The vectors for glutathione
S-transferase (GST)-fusion LCB2 proteins were also constructed in a similar way using a
pGEX vector (Pharmacia Biothech).

Western Blot Analysis. Purified inclusion bodies of each LCB protein were used as
antigens to immunize rabbits. The specific antibodies were purified from the antisera by
affinity chromatography on the antigen-immobilized columns. For Western blot analysis,
protein samples were incubated in SDS-sample buffer at 90 °C for 3 min, separated by SDS-
polyacrylamide gel electrophoresis (10% acrylamide), and transferred to a ImmobiloneT™™-
PSQ transfer membrane (MILLIPORE). After blocking the blotted membrane, the LCB1 and
LCB2 proteins on the membrane were detected by using the rabbit anti-mLCB1 antibody and
anti-mLCB2 antibody, respectively, as the primary antibody and an alkaline phosphatase-
conjugated goat anti-rabbit IgG (Bio-Rad) as the secondary antibody.

Purification of recombinant protein. Immobilized metal affinity chromatography was
performed by using TALONTM metal affinity resin (CLONTECH) according to the
manufacturer's protocol. The recovered fractions were analyzed for distribution of the LCB1
and LCB2 proteins by Western blotting with anti-His6 1gG (CLONTECH) or anti-FLAG
IgG (Kodak), and assayed for SPT activity.

Assay. Incorporation of L-[3-14C] serine (2.07GBgq/mmol; Amersham) into 3-
ketodihydrosphingosine was assayed as described below. The assay was performed in a 0.1
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ml reaction mixture containing 50 mM HEPES (pH 7.5), 0.1 mM EDTA, 5 mM
dithiothreitol, 10 mM PLP, 2 mM serine (10 kBq), 0.4 mM palmitoyl coenzyme A. The
reaction was started by the addition of substrates and incubated at 37 °C for 30 min. The
reaction was terminated by the addition of 0.1 M NH4OH. Lipids were extracted twice with
0.3 ml CHCI13/CH30H (4:1 (v/v)) and separated by TLC with a solvent system
CHCI3/CH30H/0.1 M NH40H (40:10:1 (v/v)). Radioactive lipids on the TLC plates were
visualized by autoradiography using a BAS2000 Image Analyzer (Fuji).

Results and Discussion

Expression of SPT. Both SPT genes, LCBI and LCB2, were cloned by reverse-
transcription PCR of mouse brain mRNA. Overexpression of the entire coding region of
LCBI formed inclusion bodies of the protein. Another construct, LCBI1 lacking N-terminal
membrane anchor region (A3-42; His6-tagged) was well expressed in a soluble form and
purified by a metal affinity column chromatography. Only one construct of LCB2 lacking N-
terminal 125 amino acids that contains membrane anchor region (A2-125; His6-tagged), was
expressed in partially soluble form. All the GST-fusion constructs of LCB2 made inclusion
bodies. Next, we constructed a co-expression plasmid for LCB1 (A3-42; FLAG-tagged) and
LCB2 (A2-125; His6-tagged) (Figure 1-A). Both proteins were expressed together in soluble
forms and LCB1 without His6-tag was co-purified with His6-tagged LCB2 on metal affinity
resin (Figure 1-B). This indicates that LCB1 and LCB2 expressed in E. coli interact with each
other. Although the spectrum of the purified protein showed Schiff-base formation, the SPT
activity could not be detected under this condition.

(A)
[T7iac (B LCB1(A342)[FLAGL082(A2-125)|Hss|—

(B) ““009‘: .
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Figure 1: (A) A co-expression plasmid for N-terminal lacking LCB1 protein with a FLAG-tag and N-terminal
lacking LCB2 protein with a His6-tag. In this vector, a ribosome binding site and the LCB2 gene were ligated
immediately after the stop codon of the LCB/ gene. (B) Co-purification of the LCB proteins by a metal affinity
column chromatography. An equivalent volume of each fraction was loaded onto each lane of SDS-PAGE, and
were analyzed by Western blotting with an anti-His6-1gG (upper panel) or an anti-FLAG 1gG (lower panel).



254

Preparation of polyclonal antibodies against LCB1 and LCB2. LCBI1 (full-length;
His6-tagged) and LCB2 (A2-125; His6-tagged), were used as antigens to immunize rabbits.
After three times boosts at two-week intervals with 300 ug recombinant protein, the
antibody titer reached 1:100,000. Using purified specific antibodies, Western blot analysis of
the microsomes from mouse tissues were carried out. Both LCB proteins were found in all
tissues examined. The tissue distribution of the LCB1 and LCB2 proteins showed an
essentially identical pattern in mouse. Relative high levels of the LCB proteins were found in
uterus, testis, lung, and kidney as shown in Figure 2-A. The activities of SPT were paralleled
by the expression level of the enzyme (Figure 2-B). The exact relationship between the level
of the LCB proteins and the specific activity of SPT in tissues requires further study.

(A)

anti-LCB1 IQGL °

anti-LCB2 IgG l___ - I

(B)

5

Activity [arbitrary unit]

Serine Palmitoyltransferase

Figure 2: Expression of SPT in mouse tissues. (A) Western blot analysis of LCB proteins in the microsomes
from mouse tissues (upper panel; anti-LCB1-1gG, lower panel; anti-LCB2 1gG). The left lane in each panel
showed LCB1 (upper) or LCB2 (lower) expressed in E. coli. (B) SPT activities in the microsomes from
mouse tissues.
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Summary

5-Aminolevulinate synthase (ALAS), the first enzyme of the heme biosynthetic pathway in non-
plant eukaryotes and some bacteria, catalyzes the condensation of glycine and succinyl-CoA. Rapid
scanning stopped flow experiments of murine erythroid ALAS demonstrate that reaction with glycine
plus succinyl-CoA results in a pre-steady state burst of quinonoid intermediate formation. Reaction
of either glycine or 5-aminolevulinate (ALA) with ALAS is slow and approximates k., The
turnover appears to be limited by release of the ALA product or a conformational change associated
with ALA release. The function of specific active site residues (e.g., K313, D279 and R439) has
been established in relation to the ALAS catalytic mechanism.
Introduction

Heme, an iron-containing tetrapyrrole, is the prosthetic group for a wide range of proteins. In
animals, heme is synthesized in all nucleated cells, but predominantly in differentiating
erythrocytes, where requirements are greater due to the synthesis of hemoglobin. The heme
biosynthetic pathway in animal cells comprises eight enzymes, with the first and the three
terminal enzymes being mitochondrial while the intervening four are cytosolic.  5-
Aminolevulinate synthase (ALAS; E.C. 2.3.1.37), a pyridoxal 5’-phosphate (PLP)-dependent
enzyme, catalyzes the first and regulatory step of the heme biosynthetic pathway, the
condensation of glycine with succinyl-coenzyme A (CoA) to yield 5-aminolevulinate (ALA),
carbon dioxide and CoA [1-3]. There are two ALAS isozymes encoded by separate genes.

ALAS1, the housekeeping isoform, is responsible for providing heme for respiratory
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cytochromes and other hemoproteins, whereas the erythroid-specific ALAS2 isoform ensures
that the large heme requirements in hemoglobin synthesis are met during erythroid cell
differentiation [4]. In humans, the ALASI gene is located on chromosome 3, while the ALAS2
gene is on X chromosome. Molecular defects in the ALAS2 gene are associated with X-linked
sideroblastic anemia, a hypochromic and microcytic anemia characterized by iron deposition in
erythroblast mitochondria [5]. In this article the emphasis is on the ALAS reaction mechanism

in relation to the architecture of the active site.

ALAS Catalytic Mechanism: Pre-Steady State Reaction

The mechanism of ALAS catalysis appears to be similar to those of other PLP-dependent
enzymes [6,7]. The PLP cofactor is bound covalently to an active site lysine, forming an internal
aldimine (Fig. 1 - I) [8], which is subsequently displaced by the incoming amino acid substrate to
form an external aldimine (Fig. 1 - II). The first step following formation of the external
aldimine is the specific, heterolytic cleavage of one of the bonds to the a-carbon of the substrate,
leading to the resonance stabilized quinonoid intermediate (Fig. 1 - III).

Initial steady state kinetic analysis of the reaction catalyzed by Rhodobacter spheroides
ALAS revealed an ordered bi-bi mechanism, in which glycine binds before succinyl-CoA, and
ALA is dissociated after carbon dioxide and CoA [9]. However, the mechanistic and
stereochemical details of the ALAS-catalyzed reaction only began to be unraveled with the
pioneering work of Jordan and colleagues using radiolabeled glycine and ALA with ALAS
isolated from R. spheroides [10-12]. Their studies established that ALAS catalyzes
stereospecific removal of the pro-R proton of glycine [10], and that the pro-S proton of glycine
occupies the S-configuration at C-5 of ALA [11]. The evidence that the pro-S proton of glycine
remains in the pro-S position of C-5 of ALA supported the proposal that the decarboxylation of
the 2-amino-3-keto-adipate intermediate (Fig. 1 - IV) occurs on the enzyme surface and not free
in solution. Further, the proposal that the 2- amino-3-keto-adipate is an intermediate, which is
catalytically decarboxylated, gained support from the fact that ALAS catalyzes the removal of
the pro-R proton at C-5 of ALA [12]. In essence, the radiolabeling experiments provided
evidence for the chemical mechanism proposed of ALAS by Kikuchi et al. [13], although the

enzyme had not been purified to homogeneity.
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Figure 1: Proposed reaction mechanism for ALAS. Roman numerals represent intermediate transition

states. Structures I and III correspond to the quinonoid intermediates.

The development of an overexpression system for murine ALAS2 in Escherichia coli [14]
made it possible to obtain purified recombinant enzyme with concentrations amenable to initiate
detailed studies on the ALAS reaction mechanism. In addition, the ability to identify,
spectroscopically, several reaction intermediates permitted Hunter and Ferreira [15] to monitor
the rate of formation of these intermediates. The binding reactions of ALAS with glycine and
ALA and the initial chemical event in the forward reaction, i.e., removal of the pro-R proton of
glycine leading to a quinonoid intermediate, were analyzed using pre-steady-state kinetics [15].
Rapid scanning stopped flow experiments of ALAS demonstrated that reaction with glycine plus
succinyl-CoA results in a pre-steady-state burst of quinonoid intermediate (Fig. 1 - III)
formation, indicating that a step following binding of substrates and initial quinonoid
intermediate formation is rate-determining. The observation that the steady-state spectrum of
ALAS is similar to that formed in the presence of ALA suggests that the rate-determining step is
associated with the release of the ALA product.
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In the absence of succinyl-CoA the binding reaction of glycine with ALAS occurs in two
distinct kinetic steps, possibly representing an initial binding step followed by a conformational
change of the enzyme-glycine complex [15]. The second step occurs with a rate constant of
0.15s™. However, in the presence of succinyl-CoA, the rate of the second step of the reaction of
glycine with ALAS is increased by at least 90-fold, suggesting that the binding of succinyl-CoA
accelerates the possible conformational change of the enzyme-glycine complex to a catalytically
active configuration [15]. Binding of ALA to ALAS is also slow (ks = 0.15 s') and
approximates k.; the second and slow step of binding reaction of ALA to the enzyme is
independent of ALA concentration, also suggestive of a slow isomerization of the enzyme [15].
Collectively, the results suggest that turnover is limited by release of ALA or a conformational

change associated with ALA release [15].

Architecture of the ALAS Active Site

Although the three-dimensional structure of ALAS remains to be determined, ALAS has been
demonstrated to be a homodimer with the active site residing at the subunit interface [16].
Lysine 313 (K313) of murine ALAS2 was identified as the residue involved in the Schiff base
linkage with the PLP cofactor [8] and a conserved glycine loop was proposed to form part of the
PLP-binding site [17,18]. The common evolutionary origin between ALAS and other members
of the o -family of PLP-dependent enzymes made it possible, using sequence homology analyses
and homology modeling against PLP-dependent enzymes of known three-dimensional structure
(i.e., aspartate aminotransferase [19]), to identify putative ALAS active site residues with critical
roles in substrate binding and catalysis. Spectroscopic and biochemical characterization (e.g.,
absorption and CD spectroscopies, steady-state kinetic parameters, kinetic isotope effect) of
recombinant murine ALAS2 variants validated the proposed roles [20-23]. Briefly, K313, the
residue involved in the Schiff base linkage to the PLP cofactor, acts as a general base catalyst in
the proton abstraction from the external aldimine complex (with the glycine substrate or the ALA
product) to form the quinonoid reaction intermediates [20]. During formation of ALA from
glycine and succinyl-CoA, K313 is proposed to act as a general base to abstract the pro-R proton
of glycine, and as a general acid to donate a proton to the quinonoid intermediate formed from
decarboxylation of the 2-amino-3-keto-adipate intermediate (Fig. 1) [20]. Aspartate 279 (D279)

has been identified as a critical residue in ALAS catalysis by enhancing the electron withdrawing
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capacity of the PLP cofactor through the stabilization of the protonated form of the cofactor
pyridinium ring nitrogen [21]. Arginine 439 (R439) has been reported to be crucial in
recognition and binding of substrate by forming a bifurcated coplanar ionic bond with the
carboxyl group of the glycine substrate [22]. Tyrosine 121 (Y121) has been demonstrated to play
a critical role in cofactor binding by donating a hydrogen bond to the phosphate group of the
PLP cofactor [23]. Figure 2 represents a model for the ALAS active site based on the studies
summarized above.

In conclusion, research in the past recent years research has provided considerable progress
on structural aspects and mechanism of ALAS. The three-dimensional structure of ALAS,
however, remains unknown. The recent determination of the three-dimensional structure of 8-
amino-7-oxononanoate synthase [7], an enzyme which along with ALAS is a member of the a-
oxoamine synthase family and shares a high degree of homology with ALAS, has corroborated
the above proposed structural roles for some of the ALAS active site residues [20-23].
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Figure 2: Model for the ALAS active site. Residue numbering is according to murine ALAS2.
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Summary

Bacterial phosphorylases differ from mammalian phosphorylases in their physiological functions,
reflected by differences in substrate specificity and regulatory mechanisms. By using E. coli
maltodextrin phosphorylase (MalP) as a model enzyme, the properties of the active-site cofactor
pyridoxal-5’-phosphate (PLP) in various bacterial enzymes are compared. The spectroscopic and
chemical properties of PLP in most eubacterial phosphorylases appear to be very similar to those
of MalP and eucariotic phosphorylases; but strikingly different to thermophilic phosphorylases,
which could indicate the adaptation of the active sites of thermozymes to specific environmental
requirements. Furthermore, there is convincing evidence that PLP-dependent a-glucan
phosphorylases are also present in archaeons.

Introduction

a-Glucan phosphorylases (EC 2.4.1.1) catalyse the reversible cleavage of polysaccharides into a-
D-glucose-1-phosphate (Glc-1-P) and hence play a central role in the mobilisation of storage
polysaccharides. They are ubiquitous enzymes that are found in many organisms including
bacteria, yeast, slime mold, plants and vertebrates. All known a-glucan phosphorylases require
pyridoxal-5'-phosphate (PLP) for activity but their catalytic mechanism differs from that of other
pyridoxal-containing enzymes. The phosphorylase reaction mechanism does not depend on the

formation of a Schiff base between the aldehyde group of the cofactor and the substrate like in
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aminotransferases, but on a close contact of the cofactor phosphate group to either the inorganic
phosphate (in the direction of glycogen degradation) or the phosphate of Glc-1-P (in the direction
of glycogen synthesis) [1-3]. Although glycogen is present in many bacteria, only few a-glucan
phosphorylases from bacteria have been identified and characterised on the protein or gene level.
Like the glucan phosphorylases from higher organisms, all bacterial phosphorylases investigated
so far require a short oligosaccharide as a primer molecule for glycogen synthesis, and seem to
contain PLP. However, the bacterial enzymes differ from their eucariotic counterparts in terms of
substrate specificity, regulation and physiological role [4]. To see whether these differences may
reflect different modes of cofactor binding and function, the properties of PLP were examined in
three bacterial phosphorylases: the maltodextrin phosphorylase (MalP) from Escherichia coli as a
representative of the gram-negative bacteria; the starch phosphorylase from the gram-positive
soil bacterium Corynebacterium callunae; and a thermophilic phosphorylase isolated from the

eubacterium Thermus thermophilus [5-8].

Cofactor analysis

As anticipated by sequence comparisons [9,10], all three phosphorylases examined contain 1
PLP molecule per subunit [1, 6, 7]. The UV/Vis spectra of the phosphorylases show a typical
shoulder at 330 nm (Fig. 1A). A similar spectrum was observed for the maltodextrin
phosphorylase from the archaeon Thermococcus litoralis indicating the presence of PLP also in
archaebacteria [11]. The activity of all phosphorylases is dependent on the presence of the
cofactor as shown for the phosphorylases from E. coli and C. callunae by reversible cofactor
dissociation experiments [Palm and Zeier, unpublished results, 6]. In phosphorous NMR, the
phosphate group of PLP of phosphorylase from E. coli and C. callunae shows a similar
downfield shift of 3.60 and 3.85 ppm, respectively [6, 12]. The presence of PLP in the active site
of a bacterial phosphorylase has been confirmed by the resolution of the MalP structure [13, 14].
As expected, the overall structure of MalP shows a fold which is similar to that of the best
characterised phosphorylase, the glycogen phosphorylase from rabbit muscle. While the control
sites present in regulated glycogen phosphorylase are missing in MalP, the cofactor-binding site
is very similar in both enzymes. The active site structure of the ternary complex indicates

identical catalytic mechanisms. Structural data for MalP provide strong support for the
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suggestion that MalP and glycogen phosphorylase utilise identical catalytic mechanisms[14].
Overall, E. coli MalP appears to be a basic archetype of a phosphorylase, which promotes
degradation of maltodextrins but lacks regulatory sites [13].

Fluorescence Spectroscopy

The fluorescence emission spectrum of PLP of glycogen phosphorylase shows a large Stokes
shift of approx. 200 nm, with a wavelength of maximum emission of 540 nm. Similar
fluorescence properties are found for PLP in the enzymes from E. coli and C. callunae [1, 6]. In
marked contrast, an emission maximum was found at 420 nm for the thermophilic enzyme when

excited at 330 nm (Fig. 1B) [7].
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Figure 1. UV-Vis (A) and fluorescence-spectra (B) of bacterial a-glucan phosphorylases.

The fluorescence spectrum of the enzyme from 7. thermophilus is similar to the spectra
measured for model Schiff base compounds such as PLP aminocaproic acid, or other PLP-
containing enzymes such as amino transferases as well as for denatured phosphorylases [Palm,
unpublished results, 14]. The fluorescence spectrum from the archaebacterial thermophilic
phosphorylase has an intermediate maximum at 460 nm (Table 1) [11]. Fluorescence energy
transfer from tryptophans (excited at 280 nm) to the cofactor was observed for the mammalian

phosphorylases and MalP but not for the enzymes from C. callunae and T. thermophilus (Table
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1). The wavelength of maximum fluorescence emission of PLP is thought to be characteristic of
the polarity of the active site of phosphorylase. By that criterion, the differences in the
fluorescence properties indicate that the cofactor is slightly more exposed to the aqueous solvent
in the phosphorylase from C. callunae and even more exposed in the thermophilic
phosphorylase. They indicate subtle differences in the active site structure of the phosphorylases,
which are also reflected in some of the catalytic properties such as the capability to use arsenate
as a slow substrate. Compared with malP, the rate of degradation of oligosaccharides in the
presence of arsenate is reduced in the C. callunae phosphorylase and absent in the T

thermophilus phosphorylase (Table I) [6,7].

Table I. Biochemical properties of different bacterial a-glucan phosphorylases

Arsenolysis? Emission  Energy
Max.” Transfer®
GP 12% 540 +
E. coli 12% 532 +
C. callunae’ 8% 512 -
T. therm.® <0.1% 430 -
T. litoralis’ n.d. 460 n.d.

a) Percent of residual activity using arsenate as a substrate, compared to the activity with phosphate b) Excitation at
330 nm c) excitation at 330 nm, emission at 540 nm d) from [6] ) from [7 ] f) from [11]; GP, glycogen
phosphorylase from rabbit muscle; n.d., not determined

Archaebacterial a-glucan phosphorylases

Glycogen was found in some archeabacteria - for example in Halobacterium salinarium,
Methanobacteria and Sulfolobus [16]. Phosphorylase activity has been shown in cellular extracts
of Methanococcus maripaludis and Sulfolobus acidocaldarius [17, Neubert, unpublished
results], recently a maltodextrin phosphorylase was cloned and purified from the

hyperthermophilic archaebacterium Thermococcus litoralis [11]. Furthermore, the first genomes
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of archeabacteria are fully or partially sequenced [18,19]. By using the Prosite - program a
phosphorylase-PLP-attachment site
E-A-[SC]-G-X-[GS]-X-M-K-X-[LM]-N

was described, which is only found in glycogen phosphorylases [20]. This site was also found in
the archaebacterial phosphorylase from T. litoralis [11] and in ORFs from the genomes of the
archaebacteria Methanococcus jannaschii and Pyrococcus horikoshii. These genes were aligned
to other phosphorylases by the GAP program of the GCG package 9.1. While glucan
phosphorylases from prokaryotes and eukaryotes share a more than 40% sequence identity, the
archaebacterial genes showed only an about 20% identity to eubacterial and eucariotic
phosphorylases (Table II). The enzymes from the closely related strains 7. litoralis and P.
horikoshii show a high degree of identity. Hence, PLP-dependent phosphorylases are present in

all phylogenetic domains and share many properties despite relative low amino acid sequence

similarity.

Table II. Conservation of bacterial glucan phosphorylases in % identity

S. B. P. horikoshii M. Thermococcus
cerevisiae _subtilis Jjannaschii_litoralis”
Escherichia 47 44 18 19 13
Coli
Saccharomyces 42 19 17 15
cerevisiae
Bacillus 21 19 20
subtilis
Pyrococcus 28 66
horikoshii
Methanococcus jannaschii 32
a) from [11]

In conclusion, all bacterial phosphorylases characterised so far seem to follow the same catalytic
mechanism, and their activities are dependent on the cofactor pyridoxal 5’-phosphate. However,
different physiological functions and the adaptation to extreme environments appear to be

reflected in different biophysical and biochemical properties of cofactor binding and function.
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Summary

Two anion binding sites, for sulfate and chloride ions, on O-acetylserine sulfhydrylase-A were
determined using X-ray data. The sulfate ion binding site is similar to the carboxylate moiety of
the substrate analogue methionine in the closed conformation, while the chloride ion binding site
is located at the interface of the dimer. Both anions inhibit enzyme activity, but with different
inhibition patterns, reflecting differences in the binding sites for the two anions.

Introduction

O-Acetylserine sulfhydrylase-A (OASS-A) is a dimeric pyridoxal 5-phosphate (PLP)
dependent enzyme, with one PLP per subunit, which is responsible for the synthesis of L-
cysteine in bacteria [1] and plants [2]. The biosynthesis of L-cysteine in enteric bacteria, such as
Salmonella typhimurium and Escherichia coli, and plants proceeds via a two-step pathway
(Scheme 1).

OASS-A belongs to the  family of PLP-dependent enzymes that catalyze B-replacement or
B-elimination reactions. The amino acid precursor of L-cysteine is L-serine, which is first
acetylated at its B-hydroxyl by acetyl-CoA to give O-acetyl-L-serine (OAS), catalyzed by the
enzyme serine acetyltransferase (SAT) (E. C. 2.3.1.30) [3]. The final step in cysteine synthesis,
replacement of the acetate side chain by a thiol, is catalyzed by O-acetylserine sulfhydrylase
(OASS) (E. C. 4.2.99.8) with inorganic sulfide as the thiol [1].
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Scheme 1

Tryptophan synthase, one of the  family of PLP-dependent enzymes, and others have been
shown to have monovalent cation sites that regulate their enzyme activity [4]. In this paper, we
report that OASS-A has two different anion binding sites that regulate the enzyme activity and

change enzyme conformation.

Materials and Methods

Enzyme. Recombinant OASS-A was purified from a plasmid-containing overproducing
strain by conventional methods of sonication, streptomycin sulfate precipitation, ammonium
sulfate fractionation [5], and high performance liquid chromatography [6].

Crystallization.  Crystals of OASS-A with either sulfate or chloride ions were grown by
vapor diffusion using the hanging-drop method [7]. The crystal form of OASS-A with chloride
ion was grown in the presence of 0.18 M Li,SO,4 and at pH 6.7. All crystal forms are
orthorhombic.

Enzyme Assay.  Initial velocities were measured by varying one reactant, OAS, over a
range of concentrations and several fixed concentrations of the second reactant, 5S-mercapto-2-
nitrobenzoic acid (TNB). The disappearance of TNB at 412 nm resulting of formation of S-(3-
carboxy-4-nitrophenyl)-L-cysteine was monitored continuously as the reaction proceeds.
Inhibition patterns were obtained by measuring the initial velocity at varying concentrations of
one reactant with the second maintained at Ky, at several different fixed concentrations of

inhibitor including zero [6].
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Results and Discussion

Dead-end Inhibition. For a ping pong mechanism competitive inhibition pattern is expected
between a substrate and its analog since they bind to the same enzyme form, while an
uncompetitive inhibition pattern is expected for the analog versus the other substrate since they
bind to different enzyme forms. Inhibition patterns and constants for sulfate and chloride ions
are listed in Table 1. The inhibition pattern with sulfate is uncompetitive vs OAS and
competitive vs TNB, suggesting that sulfate ion binds to oi-aminoacrylate intermediate much
more tightly than to the free enzyme form. Inhibition patterns with chloride are noncompetitive
vs both OAS and TNB, suggesting that chloride ion binds to both a-aminoacrylate intermediate

and free enzyme form with similar affinity.

Tablel. Inhibition Constants for O-Acetylserine Sulfhydrylase-A

Inhibitor Variable Substrate Type of Inhibition K, (mM) K, (mM)

°SO* OAS* uC 2038
TNB® C 21+2

‘Cr OAS*® NC 218 39+28
TNB® NC 37£5 48 + 13

"Data were obtained at 0.1 mM TNB
*Data were obtained at 2 mM OAS.
‘Data were obtained with 300 pg OASS at pH 6.5 and 25 °C, 100 mM Mes.

Location of the Sulfate Ion Binding Site. The stereo view of the active site region with the
bound sulfate ion is shown in Figure 1, the asparagine loop adopts a new inhibited conformation
compared to the open and closed conformations and the residues N69 has three different
positions (N690o, N69i and N69c where o, i and ¢ represent open, inhibited, and closed) [8,9].
The sulfate ion is involved in many ionic interactions similar to the carboxylate moiety of the

substrate analogue methionine in the "closed" conformation [9]. A total of ten interatomic
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distances shorter than 3.3 A can be observed between the sulfate ion and the protein and two
water molecules. However, there is no positively charged residue in hydrogen bonding distance

to the sulfate ion, but rather the helix dipole of helix 2 [8] is compensating for the negative

charge of the sulfate ion.

® N6So

Figure 1. Stereo representation of sulfate ion bound to the active site region. The picture was

drawn with the programs MOLSCRIPT [10] and Raster3D [11].

Location of the Chloride lon Binding Site. This chloride ion is involved in five ionic
interactions as shown in Figure 2, three with protein residues and two with water molecules with
interatomic distances of about 3.2 A. The chloride ion is located at the interface of the dimer.
The chloride atom interacts with the amide nitrogen of Asn 7 of one monomer and the peptide
nitrogen of Leu 268' of the other monomer while the positive charge of the guanidinium group of
Arg 34' of the other monomer compensates the negative charge of the chloride ion. In addition,
two water molecules are involved in complex formation with the chloride ion. These two water
molecules are part of a hydrogen bonding network around the chloride binding site. One water
molecule forms hydrogen bonds to the carbonyl moiety of Leu 268' and the side chain oxygen of

Ser 33', while the other water molecule forms hydrogen bonds to the peptide nitrogen of Ser 37
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and to another water molecule which then is further hydrogen bonded to the side chain oxygen of
Ser 33'".

The location of the chloride atom brings it in close neighborhood to the carbonyl oxygen of
Pro 36. The carbonyl moiety of this residue in the "open" conformation is only a few A apart
from the chloride ion (dotted line) and therefore undergoes a conformational change that induces

a cascade of side chain reorientations, resulting in a movement of the whole "movable domain"

Figure 2. Stereo representation of the allosteric binding site with a bound chloride ion. The

picture was drawn with the programs MOLSCRIPT [10] and Raster3D [11].

to a new location. This new conformation of the "movable domain" represents the structure of

an inhibited conformation of the protein

Conclusions

Sulfate ion binds to the a-carboxyl subsite of the active site and causes a partial closing of
the active site, and as a result the position of the moveable domain is between that found in the
opened and closed conformations. From the inhibition patterns obtained with sulfate, sulfate ion
also binds to the allosteric inhibitory site in the o-aminoacrylate form of the enzyme. The

chloride binding site is buried in the dimer interface, generates a new stable conformation of the
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enzyme. The chloride site is most likely the sulfide inhibitory binding site, i.e. the site for
competitive substrate inhibition by sulfide. In contrast to tryptophan synthase, which has an
allosteric cation activation site, OASS has an allosteric anion inhibition site. This represents a

new subclass for type II PLP enzymes.
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Summary

Pyridoxal kinase (PK) catalyzes the formatlon of pyridoxal-5-phosphate (PLP) from pyridoxal
(PL), ATP and a divalent cation (Zn>*). So far, there is no three-dimensional structure of PK
available. Site-directed mutagenesis was carried out to study the importance of three conserved
residues: Tyr137, Gly242 and Gly244. The mutants (Y137F, G242A and G244A) were
constructed, expressed, purified and analyzed. The results demonstrated that the mutants had
much less activity but with no dramatic variation in protein stability. Tyr137 residue was shown
to be involved in PL binding but not ATP binding. For the G244A mutant, the absence of
enzyme activity was probably due to the deficiency in PL binding rather than the lack of ATP
binding. In the case of the G242A mutant, it did not bind to ATP or PL.

Introduction

Pyridoxal 5-phosphate (PLP) is the metabolically active form of vitamin Bg and acts as
an essential coenzyme in the synthesis, catabolism, and interconversion of amino acids in
cellular metabolism. Pyridoxal kinase (PK) catalyzes the formation of PLP from pyridoxal (PL),
ATP and a divalent cation (Zn*") [1]. However, the amino acid residues in PK that are
responsible for this important biochemical reaction have not been determined. In addition, PK
from porcine has been shown to be a dimer of identical subunits [2]. Each subunit, with a
molecular mass of about 40 kDa, may contain 2 domains responsible for ATP and PL binding.

Recently, the porcine PK gene has been cloned in our laboratory [3]. With the gene in
hand, it is now possible to use the powerful site-directed mutagenesis method to change the
potentially important amino acids in this enzyme so that their structural and functional

relationships can be studied in a more logical manner. Residues that are highly conserved in PK

*This paper is dedicated to the memory of Professor Jorge Churchich.
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were searched and potentially important mutants (Y137F, G242A and G244A) were constructed

for detailed studies.

Materials and Methods

For both site-directed mutagenesis and gene expression, plasmid pAED4 containing the
porcine PK gene was used. Site-directed mutagenesis was performed using QuikChange™ site-
directed mutagenesis kit (Stratagene). Mutant and wild-type PK were expressed in E.coli BL21
(DE;) expression system, in which the PK gene was put under the control of a T7 phage
promoter. The expressed proteins were purified using 0-40% ammonium sulfate fractionation
followed by Q-sepharose chromatography. Enzyme purity was tested by SDS-polyacylamide gel
electrophoresis. Protein concentration was determined by the method of Bradford [4]. Enzyme
kinetic parameters were measured in 70 mM potassium phosphate buffer at pH 6.5 at 25 °C by
following the change in absorbance at 388 nm, at which PLP has an absorption maximum with
an absorption coefficient of 4900 cm’ M. Emission fluorescence spectra were recorded in a
Perkin-Elmer LS-50B spectrofluorometer. The absorbance of the samples at the excitation

wavelengths were around 0.1 (1-cm cuvette).

Results and Discussion

Activity assays confirmed that the mutants G242A and G244A did not show any
detectable activities. Unfolding studies indicated that the replacement of the Tyr137, Gly242, or
Gly244 residue did not cause a dramatic conformational change of the enzyme (data not shown).

The kinetic parameters of the purified Y137F mutant were measured and are shown in Table 1.

Table 1. The steady-state kinetic parameters were determined from the initial rate. Reactions were
performed in 70 mM potassium phosphate buffer (pH 6.5) at 25°C. kg, and kea/Kim values were calculated
by using MW = 35.4 kDa for PK.

Enzyme Substrate K (M) Kear (s™) Kea/Km (mM's™")

Wild-type PL 236 + 46 0.185+0.014 0.78 +0.21
ATP 47+ 10 0.054 + 0.004 1.15+0.33

Y137F PL 2504 + 1419 0.056 + 0.025 0.022 +0.023

ATP 34+5 0.003 + 0.0001 0.088 +0.017
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The K, value of Y137F for ATP was similar to that of the wild-type, whereas for PL, K, was
about 10 times higher than that of the wild-type. The k¢, values for PL and ATP of Y137F were
both smaller than those of the wild-type. As a result, the k../Kn, values for PL and ATP of
Y137F were 35 and 13 times smaller than those of the wild-type enzyme respectively.

The binding of 2 fluorescent substrate analogs, i.e., TNP-ATP and pyridoxaloxime, to
the catalytic sites of wild-type and mutants were also examined. The fluorescence enhancement
on binding to the enzymes was studied by varying the concentration of TNP-ATP (from O to 4
pM). All of them showed an increase in fluorescence enhancement with increasing TNP-ATP
concentration, except mutant G242A (Fig. 1).

100

o
=3

—o— Wild-type PK
80 p & G242A
70 4 p 4 G244A

o / % Y137F
50 |
40
30 -
20 A 7"

Fluorescence enhancement (%)

0 » = -
0 1 2 3 4
[TNP-ATP] (uM)

Fig. 1. Fluorescence enhancement by wild-type and mutants of PK (2 uM) at emission wavelength 540

nm in various concentrations of TNP-ATP. Excitation wavelength was set at 460 nm.

Increasing the concentration of pyridoxaloxime (from 0 to 2 pM) in the presence of the
wild-type or mutant Y137F caused an increase in the quenching of fluorescence intensity (Fig.
2). At 1M pyridoxaloxime concentration, a 40% and 20% quenching in fluorescence was
observed for the wild-type and the Y137F mutant respectively. However, no fluorescence
quenching was demonstrated by the mutants G242A and G244A, suggesting that these mutants
did not bind pyridoxaloxime.

From the ATP- and PL-analogs binding experiments, similar fluorescence enhancement
was obtained when TNP-ATP was added to the wild-type and the Y137F mutant (Fig. 1). This
indicated that the replacement of the Tyr137 residue by phenylalanine did not affect the binding
between ATP and PK. On the other hand, the quenching of pyridoxaloxime fluorescence
intensity on binding to the Y137F mutant was lower than that on binding to the wild-type (Fig.



280

2), indicating that the binding ability towards the substrate PL might be affected by the mutation.
Taken together, our data suggested that Tyr137 was not required for ATP binding but was
involved in PL binding. The decrease in enzyme activity after the mutation was probably due to

the poor binding of PL to the PK protein.

—— Wild-type
= G240A
—+G242A
60 - Y135F

Quenching (%)

0 0s 1 L5 2
(PL-oxime] (uM)

Fig. 2. Quenching effect on fluorescence upon addition of various concentrations of pyridoxaloxime to a

fixed concentration of enzyme (4 uM) at the emission wavelength 450 nm. Excitation wavelength was set

at 360 nm.

Although both Gly242 and Gly244 were located in the Gly-rich loop that has been
suggested as an unique feature of the ATP-binding site [5, 6], our results did not show a direct
critical role of Gly244 in ATP binding. Rather than direct involvement in catalysis, Gly242 and
Gly244 were proposed to be taking part in maintaining the flexibility of the Gly-rich loop and
thus facilitating the substrate binding in PK.
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Summary

The behaviour of glutamate semialdehyde aminomutase is markedly affected by the extent to
which the central intermediate in the reaction, 4, 5-diaminovalerate, is allowed to dissociate from
the enzyme. The kinetic properties of the wild-type enzyme are compared with those of a mutant
form in which a flexible loop, that reversibly plugs the entrance to the active site, has been deleted
by site-directed mutagenesis. The deletion has three distinct effects: i) the dissociation constant
for diaminovalerate is increased 100-fold; ii) the catalytic efficiency of the enzyme is lowered 30-
fold; iii) during the aminomutase reaction, the mutant enzyme undergoes absorbance changes not
seen with the wild-type. These are proposed to be due to an abortive reaction of the substrate.

Introduction

Glutamate semialdehyde aminomutase (GSAM) catalyses the isomerisation of L-GSA into
aminolevulinate (ALA). The enzyme is ‘clearly related to the aminotransferases in both tertiary
structure and reaction mechanism. However, GSA, the only substrate in the aminomutase
reaction, is the source of both carbonyl and amino groups. Therefore, in principle, the initial
reaction in the mechanism could be external imine formation with either the amino- (Eyg) or the
imine-form (E;)) of the enzyme. Depending on this first step, the mechanism entails the formation
of either a dioxo or a diamino central intermediate, which is, at the same time, the product of the
first half-transamination and the substrate of the second half. Although it is demonstrated (1) that
the enzyme starts the catalytic cycle in the Ey-form and that 4, 5-diaminovalerate (DAVA) is the
central intermediate, it is not clear why and how the other alternative is precluded. Dissociation of

the product of the first half-transamination, essential to the continuation of the reaction in the
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aminotransferase ping-pong mechanism, appears instead detrimental to the catalytic efficiency of
GSAM. In fact, DAVA is released from the enzyme, at least to some extent (1), thereby leaving
the cofactor partially as an internal aldimine of PLP. The crystal structure of the homodimeric
enzyme from Synechococcus shows significant asymmetry in the conformation of a polypeptide
chain loop which apparently controls the access to the substrate binding pocket (2). To assess the
contribution of the loop to the enzyme’s mechanism, we have produced a mutant form
(GSAMdel) in which a portion of the loop that forms an helical active site plug (residues 159-
172) has been deleted and replaced with a glycine residue. The study compares the steady-state
kinetic properties of wild-type and mutant enzymes.

Materials and methods

All reactions were carried out in 0.1 M Na-tricine buffer at pH 7.9 and at 25 °C. [ALA] was
measured as previously described (3). Curve-fitting and statistical analyses were performed using
the data manipulation software, Scientist (Micromath, Salt Lake City, UT). The dependence of
the steady state velocity on total enzyme concentration ([E,]) was fitted by combining Eq. 1 with
the quadratic relationship (Eq. 2) that predicts how the steady-state concentration of the enzyme-
substrate complex [ES] increases non-linearly as a function of total enzyme concentration.

v = kel ES] (Eq. 1)

[1 +[?K3) [EST -{2(1 +%)[Eo] K, }[ES] +[EJ =0

(Eq. 2)

Results and discussion

Changes in cofactor absorbance at 420 nm and the ALA produced were measured after mixing
the wild-type enzyme (0.3 uM) in the Ey-form with L-GSA (115 pM), in absence or in presence
of DAVA (350 uM), until all the substrate was virtually consumed (Fig 1a). Best global fitting of
the data to the Michaelis-Menten relationship gave estimates of K., and k., (Table 1). The deletion
mutant did not have detectable catalytic activity in the same conditions. However, at higher
enzyme concentration (14.5 pM), ALA was formed at a rate similar to that seen for the wild-type
enzyme. In the presence of DAVA, the kinetic behaviour of GSAMdel conformed closely to the
Michaelis relationship with k., being decreased 13-fold and K, increased 2.5 fold relative to the
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wild-type enzyme. However, when DAVA was not added, a slow increase in A4z continued until
the substrate was almost exhausted, whereupon Asy decreased to a final value that was
significantly higher than that at the start (Fig 1b). The slow increase in A4y was not present at all
in the wild-type nor in the mutant enzyme reaction when DAVA was included. This suggests that
it is a reaction of GSAMdel in the E;-form, arising from DAVA dissociation. The formation of

this chromophore stops abruptly when GSA is depleted, consistently with the hypothesis that the
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Fig. 1 Panel a) Correlation of changes in cofactor absorbance with product formation (wild-type
enzyme). Changes in cofactor absorbance were observed at 420 nm (continuous noisy lines) after
mixing the enzyme with the substrate. The observed initial Abssy is actually formed during the
transient phase of the reaction. The ALA produced in the reaction was measured in presence (®)
or in absence (O) of DAVA. The smooth lines through both sets of experimental data are those
predicted by a model based on numerical integration of the Michaelis relationship. Panel b)
Mutant enzyme. Changes in Abss;y, observed upon mixing GSAMdel with GSA at three
concentrations (i, 60 uM, ii, 120 uM and iii 240 uM) in presence of 10 mM DAVA ( ) or in
absence of added DAVA (-----).

reaction is with GSA itself. Therefore, we propose that GSAMdel in the E-form combines with
GSA to form an abortive complex (intermediate III in Scheme 1). This hypothesis would also
explain why the reaction mechanism begins by reaction of the substrate carbonyl group with Ey
rather than reaction of the amine with E.. In the wild-type enzyme, the loop apparently prevents
the formation of this abortive complex. In the absence of added DAVA, the steady-state rate of
the reaction catalysed by low concentrations of GSAM increases non-linearly with increasing
enzyme concentration. This unusual behaviour is attributed (1) to partial dissociation of DAVA

during the transient phase that precedes the steady state. Addition of sufficiently high
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concentrations of DAVA results in a linear dependence (Fig 2, inset). The reaction catalysed by
GSAMdel also showed the same behaviour, but non-linearity continued to much higher enzyme

concentrations (Fig 2). Comparison of the dissociation constants estimated using Eqs 1 and 2
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indicates that, during the steady state, DAVA binds approximately 100 times less tightly to
GSAMdel (Fig 2). Therefore, a further contribution of the loop to catalysis appears to be that of
preventing as far as possible the dissociation of DAVA, which however still occurs to a limited
extent and may be regarded as an ancestral reminiscence of the common evolutionary origins with

aminotransferases.
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Summary

Glutamate semialdehyde aminomutase is a recognised target for selective herbicides and
antibacterial agents because it provides the aminolevulinate from which tetrapyrroles are
synthesised in plants and bacteria but not in animals. The reactions of the enzyme with (R) and (S)
enantiomers of a novel compound, 2, 3 diaminopropyl sulfate, designed as a mechanism-based
inhibitor of the enzyme, are described. The (S)-enantiomer undergoes transamination without
significantly inactivating the enzyme. The (R)-enantiomer inactivates the enzyme rapidly.
Inactivation is accompanied by the formation of a 520 nm absorbing chromophore and by
elimination of sulfate.

Introduction

In plants, the 5-aminolevulinate (ALA) from which tetrapyrroles are assembled is made from
glutamate 1-semialdehyde in a reaction catalysed by the PLP-dependent enzyme glutamate
semialdehyde aminomutase (GSAM) (1). This enzyme is absent from mammals, which instead
synthesize ALA from glycine and succinyl-CoA in a reaction catalysed by ALA synthase. Because
no counterpart of GSAM exists in animals, the enzyme is a potential target for safe, selective
herbicides and anti-bacterial agents. Although GSAM catalyses the exchange of amino and
carbonyl functions within the same molecule, it is clear that the enzyme is structurally
homologous to the aminotransferases (2) and that the reaction mechanism is analogous to
classical transamination. Successful mechanism-based inhibitors of aminotransferases have been
designed by including a good leaving group at the B-carbon of an amino acid, thereby producing a
structure which resembles the true substrate sufficiently to bind at the active site and to undergo

all of the catalytic steps of the natural reaction. Elimination of the PB-substituent during the
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reaction produces an intermediate which reacts covalently with the enzyme thereby inactivating it
(3). GSAM-catalysed reaction begins and ends with the enzyme in the pyridoxamine form (Epy)
(4). However, the catalytic mechanism requires the formation of a pyridoxaldimine form of the
enzyme. The intermediate 4,5-diaminovalerate (DAVA) dissociates from this form of the enzyme
to some extent (4), to give significant concentrations of a form of the enzyme (E.) in which the
cofactor is present as an internal aldimine of PLP. Because free DAVA reacts rapidly with Ey, the
structurally analogous 2, 3 diaminopropyl sulfate (DAPS) might be expected to react but to

undergo B-elimination (Scheme 1) with possible inactivation of the enzyme.

Materials and methods

Details of the synthesis of the enantiomers of DAPS will be reported elsewhere (5). All reactions
were carried out in 0.1 M tricine buffer pH 7.9 at 25 °C. GSAM activity was measured in the
presence of DAVA as described earlier (4). DAPS was quantified by its reaction with o-
phthaldialdehyde. Solutions containing DAPS were mixed with an equal volume of 60 mM o-
phthaldialdehyde, containing 230 mM 2-mercaptoethanol, in 0.1 M NaHCO; at pH 10. After 5
min, absorbance at 452 nm was measured and concentrations were calculated using a value of

€452 = 6 UM cmi™" established in separate experiments. Sulfate was measured by turbidimetry (6).

Results and discussion

Both (R)- and (S)-enantiomers of DAPS reacted with the enzyme to produce rapid changes in
the absorption spectrum of the enzyme-bound cofactor. The spectral changes were distinctly
different for each enantiomer. The major change observed with (S)-DAPS was the conversion of
the chromophore absorbing maximally at 420 nm, due to the E;-form, to one absorbing maximally
at 340 nm. Addition of succinic semialdehyde (SSA) converted the enzyme back to its initial
420 nm absorbing E; -form. Assay of enzyme activity in samples taken from the reaction mixtures,
including those to which SSA had been added, showed no detectable loss of enzyme activity at
any stage in the reaction. The reaction of E with (R)-DAPS produced very different changes in
the enzyme absorption spectrum. The major change was a large, initially rapid, increase in

absorbance with a maximum at 520 nm. Inclusion of SSA in the reaction mixture almost doubled
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the amplitude of the increase in Asy and the reaction became monophasic. Measurement of
enzyme activity in samples withdrawn at time intervals from identical solutions, showed that
inactivation paralleled the increase in 520 nm absorbance (Fig 1a). The reaction of (R)-DAPS with
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Fig. 1 Panel (a). Correlation of changes in absorbance at 520 nm with loss of enzyme activity
during reaction with (R)-DAPS. The enzyme (15 uM) was mixed with (R)-DAPS (10 mM). The
continuous lines are Aszo. The symbols show loss of enzyme aétivity in the absence of succinic
semialdehyde (®) and in the presence of 5 mM SSA (O). Per¢entage inactivations on full scale
are for the experiment with SSA. Panel (b). Production of sulfate and depletion of substrate.
Same conditions as in panel (a) with 450 pM (R)-DAPS. Inorganic sulfate (®) and DAPS (O,
shown on an inverted scale) were measured in samples removed at time intervals.

the enzyme resulted in a burst, followed by a slow, almost constant rate of sulfate production. The
rate of depletion of (R)-DAPS was also monitored and found to coincide closely with sulfate
production except that a burst of greater amplitude was observed (Fig 1b). The observed bursts
are likely to be due to slowing of the B-elimination reaction as a result of the inactivation, while
part of the substrate is also consumed in a half-transamination reaction (Scheme 1, react. 3a). The
inactivated enzyme was found to recover 98.3 % of the original activity when, after 1 hr reaction
with 1 mM (R)-DAPS and 5 mM SSA, it was separated from DAPS by gel filtration on Sephadex
G-25. The activity returned in an exponential process governed by a rate constant of 0.54 hr,
The difference between the absorption spectra produced when GSAM reacts with (S)- or (R)-
DAPS is clearly due to the different stereochemistry at C-2. The absorbance change observed
with (5)-DAPS is the same as that occurring with the natural intermediate, DAVA. It seems

certain that these changes are due to reversible conversion of the enzyme to the Ey-form and we
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can conclude that (S)-DAVA acts predominantly as a transamination substrate, with the reaction
probably occurring at the non-chiral C-3. The production of the inactive 520nm-absorbing
chromophore by (R)-DAPS shows that a reaction, other than transamination, predominates with
this enantiomer. Elimination of sulfate by the mechanism of Scheme 1 results in the intermediate
IVb, from which a quinonoid structure could be formed by attack of an enzyme nucleophile at Cp.
However, there seems to be no reason for this quinonoid structure to be stable. A further
quinonoid structure (VIb) would be possible after transaldimination between intermediates IVb
and Vb (react. 4b), followed by labilisation of a C3 proton. The extensive conjugation in the
resulting intermediate would account for the stability and high Aysx of the inactive chromophore.
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SUMMARY:

Escherichia coli pyridoxine 5'-phosphate oxidase was purified from an overexpressing plasmid
containing the pdxH gene. The enzyme is a 53 kDa homodimer with 1 FMN bound non-covalently
to each subunit. A method was developed for removing the bound FMN to generate an apoenzyme
with no absorbance maxima above 300 nm. Complete activity could be restored by addition of
FMN. The apoenzyme was observed to bind pyridoxal 5'-phosphate tightly at a non-catalytic site.
The tightly bound pyridoxal 5'-phosphate did not dissociate during size exclusion chromatography,
and did not affect the maximum catalytic activity of the enzyme with pyridoxine 5'-phosphate as
substrate. A crystal structure of the enzyme has been determined to 1.8 A.

Introduction

Pyridoxal 5'-phosphate (PLP) is a required cofactor for most enzymes in amino acid
metabolism. In E. coli the last step in the de novo biosynthesis of PLP is shown in Eq. 1 and is
catalyzed by pyridoxine 5'-phosphate oxidase (PNPOx) (1). In addition to using PNP as a
substrate it can also form PLP from pyridoxamine 5'-phosphate (PMP). In mammalian cells, as
well as in most other cells, PNPOx serves as a part of the salvage pathway for reusing PLP after

PMP or PNP " >  PLP (Eq. 1)
FMN FMNH,
H,0, 0,

protein degradation (2). This enzyme has been purified from rabbit liver, sheep and pig brain, and
E. coli and in each case it is a homodimer of subunits that are in the range of 25 to 27 kDa (2 and
Ref. therein).



290

Currently there are 11 amino acid sequences for PNPOx in the protein database. The core of
all sequences shows a high degree of homology with most differences in size and sequence
occurring at the N-terminus.

Materials and Methods

PNPOx was purified from an overexpressing pET22b plasmid in E. coli strain
HMS174(DE3). Purification involves ammonium sulfate and protamine sulfate fractionation and
chromatography on CM-Sepharose and hydroxylapatite. Thirty mg of pure enzyme are obtained
from 2 liters of cells (2).

The enzyme is yellow when it is purified due to the bound FMN. The cofactor can be removed
by chromatographing on a phenyl Sepharose column in 100 mM potassium monobasic phosphate,
pH 5, with 20% saturation of ammonium sulfate. The column is washed with this buffer until no
more FMN is being eluted. The apoenzyme is then eluted from the column with 20 mM potassium
phosphate, pH 7.3, containing 5 mM dithiotreitol.

Catalytic activity is followed by observing the rate of formation of PLP as determined by its
absorbance at 388 nm. Increased sensitivity can be obtained by using 50 mM Tris, pH 8.0, as the
buffer, which forms a 414nm absorbing aldimine with the PLP.

Protein concentration was determined from the number of Trp, Tyr, and Cys residues, and the
spectra of apoenzyme in both 6 M guanidine hydrochloride and 20 mM potassium phosphate, pH
7.3 (4).

Results and Discussion

Stoichiometry of FMN binding-Previous investigations had shown that there is only one FMN
molecule bound per dimer of PNPOx. When the amino acid composition of the enzyme became
available it was clear that the large number of Arg and Trp residues would make determining the
true concentration of the enzyme very difficult by either absorbance or dye binding assays. We
used three methods to reexamine the stoichiometry of FMN binding to PNPOx (2). The first
method determined the concentration of FMN from its absorbance at 450 nm and the concentration
of protein from the absorbance of the apoenzyme at 278 nm. The molar extinction coefficient was
determined from the number of Trp, Tyr, and Cys residues in the protein (4). In the second
method, we compared the FMN concentration, as determined from absorbance at 450 nm, to the
concentration of Cys residues, determined by titration with dithionitorbenzoic acid. There is only a

single Cys residue in a PNPOX subunit. The third method took advantage of the greater than 90%
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quenching of fluorescence of FMN when bound to PNPOx. We titrated apoPNPOx with known
concentrations of FMN and plotted the fluorescence against the ratio of apoPNPOx/FMN. All
three methods showed that there was one FMN bound per subunit of PNPOx.

Kinetic properties of PNPOx-The K for PNP is 2 uM in Tris, phosphate, and Hepes buffers, at
37 °C and pH 7.6. The value of k

cat

in Tris buffer is 0.3 s™' and in phosphate and Hepes buffers it
is 0.2 s"'. These values are in agreement with previously determined values for E. coli PNPOx (3).
However, they differ significantly from E. coli PNPOx purified as a maltose binding fusion protein
(5).

Evidence for tight binding of PLP- Previous investigators had shown that the product PLP had
high affinity for the enzyme and served as a product inhibitor (3). However, the K, values were in
the low UM range and this concentration of free PLP is unlikely to exist in the cell because PLP is
very reactive and would form complexes with many other nucleophiles and proteins. In an attempt
to understand the binding of PLP to PNPOx, we looked at PLP binding to the apoenzyme where
the absorbance of FMN would not interfere with the spectral properties of PLP. A shift in the 388
nm to 398 nm was observed when a stoichiometric amount of PLP was added to apoPNPOx.
Passing the complex down a Bio-Gel P6-DG desalting column resulted in complete retention of the
PLP with the protein peak (6).

The stoichiometry of the PNPOx*PLP complex was determined from the known absorbance
extinction coefficient of the protein at 278 nm and the extinction coefficient of PLP after it was
released from the protein by 0.1 M NaOH. There was one PLP tightly bound per subunit of
apoPNPOx. The experiment was repeated with holoPNPOXx, and again we found one PLP tightly
bound per subunit of the enzyme.

The tightly bound PLP was not at the active site since assaying the enzyme with PNP resulted
in normal catalytic activity. This suggested that PLP was bound tightly at a non-catalytic site, which
raises the question of how this PLP gets transferred to other B requiring apoenzymes. This was
tested by adding the PNPOx*PLP complex to a solution of aposerine hydroxymethyltransferase
(SHMT) and determining the rate of return of catalytic activity of this enzyme. The results showed
that the PLP is transferred completely to apoSHMT and the rate is the same as if we added an
equivalent amount of free PLP. This experiment was repeated in a buffer containing 300 mg per ml
of an E. coli extract that lacked any SHMT activity. This was to simulate in vivo conditions where
PLP would be expected to react with other nucleophiles, such as thiols, and proteins in the extract
and be trapped from forming a productive complex with apoSHMT. Under these conditions
apoSHMT was activated several fold faster with PNPOx*PLP than with free PLP, suggesting the
tightly bound PLP on PNPOx is targeted to apoSHMT.

Crystal structure of E. coli PNPOx-Crystals of PNPOx were grown, data collected, and the
diffraction pattern solved to 1.8 A resolution (7). The structure of the yeast PNPOx is available
from the protein data bank, but there has been no report about the properties of this enzyme. The
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fold of the E. coli enzyme is very similar to that of the yeast PNPOX, as both are characterized by
an eight-stranded B-sheet surrounded by five a-helical structures. At the dimer interface are two
grooves that extend from the top to the bottom of the dimer. In each of these two grooves is a
molecule of FMN bound with the ribityl and phosphate moieties buried deeply at the narrow end of
the groove and the isoalloxazine ring bound at the more open end. There is evidence that the open
end, which is near N5 of FMN, is the site of PNP binding.

Each subunit also contains a bound molecule of inorganic phosphate that is too far from the
active site to be the location of the phosphate moiety of PNP. This phosphate may occupy the
location of the phosphate moiety of PLP at the non-catalytic tight binding site discussed above.
PLP was modeled into this site and fits well with several groups on the enzyme being within
hydrogen bonding distance to the functional groups on the PLP ring.
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Summary

A novel hypothesis for the function of branched chain amino acid (BCAA) transamination in
regulating levels of the major excitatory neurotransmitter glutamate in the central nervous system
is described. The BCAA shuttle hypothesis predicts that BCAA are required for de novo
glutamate synthesis in brain. Specifically, the branched chain aminotransferase isoenzymes
(mitochondrial BCATm and cytosolic BCATc), which are localized in different cells types,
operate in series to provide nitrogen for optimal rates of glutamate synthesis.

Introduction

The first step in catabolism of the nutritionally essential branched chain amino acids (BCAA),
leucine, isoleucine, valine, is transamination catalyzed by the branched chain aminotransferase
(BCAT) isoenzymes (mitochondrial BCATm and cytosolic BCATc) to form the branched chain
a-keto acids (BCKA). BCATm is found in most tissues (1) whereas BCATc is expressed almost
exclusively in the central nervous system (2). Additionally, BCATc, but not BCATm, is a target
of the anticonvulsant and neuroprotective drug, and leucine analog, gabapentin (3). The second
catabolic step, irreversible oxidative decarboxylation of the transamination products catalyzed by
the mitochondrial BCKA Dehydrogenase, commits the BCAA to oxidative degradation and
results net transfer of nitrogen from the BCAA to nonessential amino acids such as glutamate.

The BCAA, particularly leucine, are known to cross the blood-brain barrier rapidly. In brain

slices, BCAA are metabolized more rapidly than they are incorporated into protein (5). On the
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other hand, the ratio of BCAT/BCKA dehydrogenase activity in brain tissue is high (3) suggesting
that within the brain BCAA must be needed for something other than fuel. Recent studies suggest
BCAA transamination provides nitrogen for the formation of glutamate in the glia (6), needed
because nitrogen sources such as aspartate are limited in glia (7,3). Recently, we have proposed
that BCAA participate in a nitrogen shuttle that is obligatory for optimal rates of de novo
glutamate synthesis in brain (3).

Methods

Male Sprague Dawley rats (200-400g) rats were anesthetized with-nembutal, eyes
enucleated, and retinas dissected in ice-cold buffer. Half-retinas were preincubated at 37°C for 3
minutes in Krebs buffer (pH 7.4) also containing 20 mM HEPES, 5 mM glucose, 0.05 mM
NH,CI, 25 mM NaH"COs, 0.2 mM pyruvate. To measure CO, fixation, incubations were initiated
by addition of 10 uCi/ml H"COs. Vessels were then closed to the atmosphere. At 20 min the half
retinas were removed and placed in 2% perchloric acid. The buffer was then acidified with
perchloric acid and unreacted “CO, was allowed to diffuse out of all the samples. [1-'*C]Leucine
(100 uM) or [1-"CIKIC (100 uM) metabolism, with and without 1.0 mM gabapentin, was
measured at 30 min as described in Hutson et al (3). Carbon 14 metabolites were separated and
quantified by Dowex-1 acetate chromatography as described (7). The mass amount of the
glutamate was measured fluorometrically (7) and glutamine was measured after chromatographic
separation from glutamate followed by a luminometric determination (7).

Coronal sections (30 um) of paraformaldehyde fixed rat brain were used. Free floating
sections were stained after pretreatment with 10% methanol, 0.3% H,0, in 0.1IM PBS. Sections
were rinsed in PBS, blocked in 3% normal goat serum (Vector Laboratories, Burlingame, CA),
and incubated overnight at 4°C with immunoaffinity purified rabbit anti-rat BCATc peptide
antibody (1.2 ug/ml). The secondary antibody was goat anti-rabbit IgG 1:250 (Jackson Immuno),
and samples were developed using a standard diaminobenzidine reaction. With the immunoaffinity
purified rabbit anti-human BCATm antibody, fresh frozen sections were used. For the control,
antibody was preabsorbed overnight with a 50-fold excess of purified BCATc peptide, and tissue

slices were incubated with the peptide for 30 min prior to incubation with preabsorbed antibody.
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Results and Discussion

Several drugs commonly used to treat brain diseases, including gabapentin (8), influence
glutamate turnover by unknown mechanisms. Since glutamate is the most widely utilized
excitatory neurotransmitter in the nervous system, it is critical to understand how neurons
replenish the glutamate they release during neurotransmission. The brain glutamate/glutamine
cycle (Fig. 1) is a metabolic pathway which involves the synaptic release of glutamate from
neurons, rapid and efficient glutamate uptake from the synaptic space by glia, conversion of
glutamate to glutamine by astrocytic glutamine synthetase followed by release of glutamine to the
interstitium and uptake by the neurons for conversion back to glutamate (9). This process
efficiently prevents excessive accumulation of glutamate in the interstitium that would induce

excitotoxic neurodegeneration.
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Studies (7, 10) of glutamate metabolism in cultured neonatal astrocytes indicate that up to
30% of the glutamate taken up by the astrocytes is not converted directly to glutamine but is
actually metabolized to lactate via conversion of glutamate to a-ketoglutarate and subsequent
citric acid cycle decarboxylation (Pyruvate/Malate Cycle, Fig. 1). If glial citric acid cycle
decarboxylation occurs, equivalent rates of anaplerosis must take place to recover the lost carbon
of glutamate, i.e., de novo glutamate synthesis. The anaplerotic enzyme, pyruvate carboxylase, is

expressed abundantly in the brain, and localized to glia (11). Our previous studies of the rate of
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anaplerosis in neonatal cultured astrocytes and the resultant accumulation of citric acid cycle
intermediates showed that pyruvate carboxylase was very active and dependent on levels of added
pyruvate (3,7). The study also indicated that the conversion of the excess tricarboxylic acid cycle
intermediates, formed by pyruvate carboxylase, to glutamate and glutamine could be severely
limited by lack of a source of nitrogen. Since NH; could not supply the needed nitrogen (7), we
proposed that BCAA might be the physiological source for the o amino nitrogen of glutamate (3).

Based on the lack of effect of the BCATc-specific drug gabapentin on glutamate metabolism
in astrocyte cultures, immunocytochemical results, and results of western blot analysis of BCATm
and BCATc localization in primary rat brain cultures, we proposed the BCAA shuttle which
involves two BCAT isoenzymes proceeding in opposite directions, one in the glia and the other in
neurons (Fig. 1). In the shuttle hypothesis BCAA enter the astrocyte where transamination is
catalyzed by BCATm producing glutamate and BCKA. Since BCKA are poorly oxidized in
astrocytes (3, 12), they exit the astrocyte and are taken up by the neuron. Neuronal BCATc
catalyzes transamination of the BCKA with glutamate. The product, BCAA, exit from the neuron
and return to the astrocyte. The a-ketoglutarate product in the neurons may undergo reductive
amination to glutamate via neuronal glutamate dehydrogenase. Although reversible, the cycle will
be driven in the direction shown in Fig. 1 by anaplerotic synthesis of a-ketoglutarate in astrocytes
and by the higher activity of neuronal as opposed to astrocytic glutamate dehydrogenase under
physiological ADP concentrations (7).

The model predicts that there is cell-specific localization of BCATm and BCATc in the
central nervous system. Using immunoaffinity purified BCATc peptide antibodies, we have
observed a neuronal pattern of staining for BCATc in several brain areas. The example in Fig. 2,
BCATc immunostaining of neurons is observed in all layers of the somatosensory cortex with
staining found primarily in the glutamatergic pyramidal neurons. BCATm staining in the cortex
appeared to be in the astroglia. Both patterns are consistent with the shuttle hypothesis.

To determine whether BCAT isoenzymes are important in maintaining levels of glutamate in
glutamatergic tissue, the ex vivo retina was employed as a model, and the effect of the competitive
BCATCc inhibitor, gabapentin (3), on metabolism of added leucine as well as rates of de novo

glutamate and glutamine synthesis (no added leucine) was examined. Addition of gabapentin,
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resulted in about a 50-60% inhibition of added leucine transamination and oxidation (Fig. 3A). In
a separate experiment, addition of gabapentin to the retina resulted in ~30% inhibition in the de
novo synthesis of glutamine and glutamate from “HCO;" (Fig. 3B). These results are the first
demonstration that inhibition of BCATc can affect de novo glutamate synthesis in an intact neural
preparation. Therefore, results suggest that the BCAT isoenzymes operate in series in a shuttle

that is required for optimal rates of de novo glutamate synthesis. Experiments to test this

hypothesis in an in vivo model are in progress.

Fig. 2. BCATc (A-C) and
BCATm (D) staining in rat
brain somatosensory cortex.
(A) Preabsorbed control.

(B) BCAT+ cells and (D)

pyramidal neuron. (D)

BCATm+ astroglia.

28 .
—a—Glu
Fig. 3 Influence of Gabapentin (GP) ol wa 14 —¢—Gin
on leucine metabolism (Left Panel) and - c
de novo glutamine and glutamate - ‘D
synthesis (Right Panel) in isolated rat & *® S 12}
retinas. See Methods. Abbreviations & a \l ——~———-—é
are: TA = transamination, Oxid = g 10 E’ l
oxidation. Values are means + SDin & 3 1ol
Left Panel (n = 4) and means + SEM § sl E \
(n= 6-7, * p<0.05) in Right Panel. _
o 0.8 —I_I__l__l___l_Jl._.

Contr GP [Gabapentin], mM
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Summary

Gene expression of liver-specific proteins, such as serum albumin and aspartate aminotransferase, was
found to be modulated by vitamin Bs through a novel mechanism that involves inactivation of tissue-specific
transcription factors by direct interaction with pyridoxal phosphate. We also found that the growth of human
hepatoma HepG2 cells in culture and transplanted MH-134 hepatoma cells in C3H/He mice were inhibited by
a large dose of pyridoxine. Possible mechanism and application of the supraphysiological dose of vitamin Be

as an antineoplastic therapy was discussed.
Introduction

Vitamin Bs has long been recognized for its importance as a cofactor for many enzymes
involved particularly in amino acid metabolism. Apart from its role as coenzyme, recent
studies are unveiling a new role of vitamin B¢ as a modulator of gene expression. Vitamin Be
modulates gene expression by interaction with not only steroid hormone receptors but also with
many tissue-specific transcription factors such as HNF-1 and C/EBP. Based on the new concept
of vitamin Bs action, we are now working on a possible application of supraphysiological dose
of vitamin Be in the control of neoplastic cell growth.

Vitamin B¢ and Nucleic Acid-Metabolizing Enzymes

Pyridoxal 5’-phosphate (PLP) has been known, for some time, to be an effective inhibitor of
many enzymes that have binding sites for phosphate-containing substrates or effectors, including
RNA polymerase (1), reverse transcriptase (2) and DNA polymerase (3). In all these cases, PLP
is far more effective than its analogues. It typically interacts with proteins by forming a Schiff
base between its aldehyde group and primary amino groups, most commonly the ¢ -amino
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groups of lysine residues (4). These effects have been considered unphysiological because the
inhibitory action required the presence of several mM PLP in the in vitro assay systems.

However, recent studies in our laboratory (5) showed that the activities of RNA polymerase
I and I were increased in the liver of vitamin Be-deficient rats. This finding indicates that the
earlier demonstration in vitro of PLP as an inhibitor of RNA polymerase (1) may have some
physiological significance.

Vitamin B¢ and Steroid Hormone Action

Another interesting feature of vitamin B is its possible involvement in the enzyme induction
by steroid hormones. Allgood et al. (6) have demonstrated that vitamin Be modulates
transcriptional activation by the human glucocorticoid receptor in HeLa cells. Allgood and
Cidlowski (7) have subsequently shown that the modulatory effect of vitamin Be on transcription
activation is not limited to glucocorticoid receptor but extends to multiple members of steroid
hormone superfamily. These results indicate that variations in the intracellular concentration of
PLP can have pronounced modulatory effects on steroid-induced gene expression. Specifically,
elevation of intracellular PLP levels leads to decreased transcriptional responses to
glucocorticoid, progesterone, androgen, or estrogen hormones. Conversely, cells in a vitamin Be-
deficient state exhibit enhanced responsiveness to steroid hormones. An excellent review on this
subject by Cidlowski and colleagues (8) has appeared recently.

Vitamin B¢ and Gene Expression of Liver Enzymes

The evidence for an interaction between PLP and steroid hormone receptors, described above,
has been obtained with the use of cultured cells. However, indications of possible interaction
between vitamin Be and steroid hormones in the whole animal have existed for some time. For
instance, aspartate aminotransferase in rat-liver cytosol (cAspAT) is a PLP-dependent enzyme
and the activity of the enzyme is induced by the administration of glucocorticoid hormone.
Kondo and Okada (9) found that the induction of the enzyme in the liver of adrenalectomized
vitamin Be-deficient rats by hydrocortisone was suppressed by the administration of pyridoxine.

We recently found that the level of cAspAT mRNA in the liver of vitamin Bes-deficient rats
was several fold higher than that of the control rats (10). The administration of hydrocortisone
induced expression of the hepatic cAspAT mRNA and the induction was suppressed by the
simultaneous administration of pyridoxine. Since the 5’ regulatory region of the rat cAspAT gene
contains several sequences showing homology to glucocorticoid-responsive elements (GRE), we
synthesized an oligonucleotide probe of GRE sequence and assayed the binding activity of
nuclear extract to the oligonucleotide by gel mobility shift analysis. We found that the binding
activity of nuclear extract prepared from the liver of vitamin Be-deficient rats was far greater
than that of the control rats, indicating that the DNA-binding activity of glucocorticoid receptor
was enhanced by vitamin Be deficiency. We further found that preincubation of the nuclear
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extract with PLP brought about a rapid and extensive decrease in the binding of the extract to
GRE. Analogues of PLP, such as pyridoxamine 5’-phosphate (PMP), pyridoxal (PL),
pyridoxamine (PM) or pyridoxine (PN), did not show an inhibitory effect. These observations
suggest that PLP modulates cAspAT gene expression by inactivating the binding activity of
glucocorticoid receoptor to GRE.

Glycogen phosphorylase is another PLP-dependent enzyme which catalyzes the first step in
the intracellular degradation of glycogen. We observed that the level of phosphorylase mRNA
was also increased several fold in the liver of vitamin Be-deficient rats, compared with vitamin
Be-supplemented control (11). Probably, vitamin Be works in a similar way as in the case of
cAspAT.

In the course of the study on the effect of vitamin Be deficiency on the expression of liver
enzymes, we came across unexpected observations. cAspAT and phosphorylase, two enzymes so
far described, are PLP-dependent enzymes and one may somehow rationalize the involvement of
vitamin Bs in the control of expression of their genes. However, examination of additional liver
enzymes revealed that gene expression of many enzymes, not related to PLP or steroid hormones,
were also influenced by vitamin-Bs nutritional conditions. Thus, mRNA levels of apolipoprotein
A-1, phenylalanine hydroxylase, glyceraldehyde-3-phosphate dehydrogenase, and f -actin were
elevated in the liver of vitamin Be-deficient rats (5). The enhanced expression of several vitamin
Bs-independent enzymes in the liver of vitamin Be-deficient rats might be explained, at least in
part, by the elevation of RNA polymerase described earlier.

Vitamin B¢ and Expression of Albumin Gene

Serum albumin represents the most abundant protein synthesized in and excreted by the liver.
Among the vitamin Bs-independent enzymes and proteins whose gene expressions are enhanced
by vitamin Be deficiency, we noted that the level of albumin mRNA was increased 7-fold over
the control level (12). The magnitude of the increase in albumin mRNA is far greater than can be
explained in terms of RNA polymerase activity.

Studies of transcription of the rat albumin gene have shown that the 170-nucleotide region
immediately upstream of the transcription initiation is sufficient for tissue-specific expression of
the gene. Several cis-acting elements have been identified in this region that interact with various
transcription factors including HNF-1, C/EBP, DBP, CTF/NF1 and NFY (13). However, there is
a hierarchy of importance of the various factors for albumin gene expression; the HNF-1- and
C/EBP-binding sites activate transcription more strongly than the other sites (14). We
synthesized two oligonucleotides, which interact with HNF-1 and C/EBP respectively, and
determined the binding activities of liver nuclear extracts to each of these oligonucleotides by
mobility-shift analysis. We found that the activities of the extract prepared from the liver of
vitamin Bs-deficient rats were greater than those of controls. As the concentrations of C/EBP in
nuclear extracts from control and vitamin-deficient rats, estimated by Western-blot analysis,
were essentially the same, the lower binding activity of the extract from control liver is probably
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due to inactivation of tissue-specific transcription factors by PLP and/or its analogues. We
therefore examined the effect of PLP and its analogues on the binding activity of nuclear extract
in vitro and found that only PLP effectively inhibited the binding. These observations are
analogous to the inactivation of glucocorticoid receptor by PLP, described above, and indicate
that vitamin Bs modulates albumin gene expression through a novel mechanism that involves
inactivation of tissue-specific transcription factors by direct interaction with PLP. (Figure 1).

In order to elucidate the molecular mechanism whereby DNA-binding activity of tissue-
specific transcription factors is inhibited by PLP, we examined the site of attachment of PLP.
Determination of the amino acid sequence of PLP-containing peptide revealed that PLP was
bound to lysine 197 of HNF-1 molecule (Figure 2). Inasmuch as lysine 197 lies in the
homeodomain of HNF-1, PLP binding to this lysine residue would render HNF-1 molecule less
accesible to the HNF-1-binding site to albumin gene.

Vitamin B¢ and Cancer

We recently found that the growth of a human hepatoma HepG2 cells was completely
inhibited in the medium supplemented with several mM PN. The growth inhibition of HepG2
cells was accompanied by a marked inhibition of protein synthesis and secretion of serum
proteins, particularly albumin. PL was as effective as PN, but PM showed no inhibitory action
(15). We also found that the growth of MH-134 hepatoma cells, transplanted into C3H/He mice,
was significantly retarded by the administration of large doses of pyridoxine. The expression of
oncogenes, such as c-fos and c-myc, was considerably reduced in the tumors probably by a
similar mechanism to the inhibition of albumin gene expression by vitamin Bs (unpublished
results).

The antitumor effect of vitamin Bs is not limited to liver cancer; recent studies have shown
that dietary supplementation of vitamin Be markedly suppresses azoxymethane-induced colon
carcinogenesis in mice (personal communication from N. Kato, Hiroshima University).
Application of the supraphysiological doses of vitamin Bs as an antineoplastic therapy will be a
very promising area of research in the future.
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region of DNA, respectively. DNA-binding activities are inhibited by interaction of PLP to transcription factors
and RNA polymerase.
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Figure 2. Binding of PLP to transcription factor, HNF-1. PLP binds to lysine-197 in the homeodomain of HNF-1.
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SUMMARY

The BAY K 8644 — induced influx of “° Calcium into intracellular compartment of artery
segments of normal rats was blocked by pyridoxal phosphate (PLP) as well as by the
dihydropyridine-sensitive calcium channel antagonists (CCA). PLP also decreased binding in
vitro of CCA to membrane preparations from normal vascular tissue. PLP antagonized the ATP
— induced positive inotropic effect in isolated perfused normal rat hearts without affecting similar
action of isoproterenol. PLP prevented the ATP — induced increase of [Ca®"]; in cardiomyocytes
in a concentration — dependent manner and specifically inhibited the specific binding of ATPyS
at both high and low affinity sites in cardiac sarcolemmal membranes.

Introduction
Feeding a vitamin Bg- deficient diet to adult rats results in significant hypertension.

Administration of a single dose of vitamin Bs (pyridoxine, 10mg/kg body weight) to vitamin Bs-
deficient hypertensive rats (B¢DHT) reversed the hypertension within 24 hrs [1]. Elevated
peripheral resistance is the hallmark of hypertension. The vascular smooth muscle (VASM) of
caudal artery from BsDHT had a higher resting tone and spontaneous contractions compared to
control normotensive rats and these were abolished by nifedipine or EGTA. Furthermore, when
artery segments from BsDHT rats were incubated in vitro with *Ca?", the uptake of calcium was
significantly increased compared to that of tissues from control rats. The increased calcium
uptake was blocked by nifedipine. These data suggest that the increased intracellular
concentrations of calcium [Ca®}; in BsDHT rats might be responsible for the higher tension in the
VASM. The higher cytosolic free Ca®* could be caused by an abnormal increase in the
permeability of dihydropyridine (DHP)-sensitive Ca®* channel of the VASM plasma membrane.

Since Ca?" is known to play an important role in cellular function in health and disease, we
examined the Ca®* handling ability of cardiomyocytes obtained from vitamin Bgdeficient rats.
[Ca®'], was monitored in both resting and KCl-depolarized cardiomyocytes. In this study we
have examined the influence of PLP on the ATP-induced increase in contractile activity of the
isolated rat heart and the ATP-mediated increase in [Ca®'], in freshly isolated adult
cardiomyocytes as well as on the specific binding of ATP to cardiac sarcolemmal membrane in
order to examine if PLP is an effective antagonist of ATP receptors in the myocardium.
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Materials and Methods

Animals:  Adult male Sprague-Dawley rats were used in these experiments. They were
randomly divided into two groups, one of which was fed a pyridoxine-deficient diet ad libitum
and the other pair-fed a pyridoxine-supplemented diet. Systolic blood pressure (SBP) was
recorded weekly using tail-cuff plethysmography [1]. Pyridoxine-deficient and corresponding
control rats were used in the following experiments.

Calcium uptake: The cold lanthanum-resistant “*Calcium uptake of the caudal artery segments
obtained from vitamin Bs-deficient or control rats was determined as described [2]. We studied
the effects on “°Calcium uptake of additions to the incubation medium such as pyridoxal
phosphate, the calcium channel agonist BAY K 8644 and the calcium channel antagonist
nifedipine, singly and in combination at doses indicated in the experiments.

[*H] Nitrendipine binding assay: Modification by PLP of nitrendipine binding sites was measured

by binding of [*H] nitrendipine to control and treated membrane preparations isolated from
normal rat caudal artery, as described by Costa et al [3].
Isolated heart preparations: Rat hearts were isolated according to Xuet al [4] in the Langendorf

perfusion mode. Experiments were started 30 minutes after stabilization of heart function. The
left ventricular developed pressure (LVDP) as well as the rate of change in contraction (+dP/dt)
and the rate of change in relaxation (-dP/dt) were measured via a transducer which was
connected with a latex balloon inserted into the left ventricle.

Isolation of adult cardiomyocytes and measurement of intracellular calcium: Cardiomyocytes

were isolated by the method described by Xu et al [4] and incubated with ATP in presence or
absence of PLP [5] and [Ca®']; was determined according to Grynkiewicz et al [6).

Preparation of sarcolemmal membranes and [**S]ATPys binding assay The hypotonic shock —

LiBr method of Dhalla et al [7] was used to isolate the rat heart purified heavy sarcolemmal
preparation. The [**s] ATPys binding assay was done as described by Zhao and Dhalla [8].

Results
Calcium uptake by caudal artery segments

We investigated the possibility that, pyridoxal phosphate could directly modulate the cellular
calcium uptake process. BAY K 8644 stimulated “°Ca?* entry into artery segments from control
(normal) rats (Fig. 1). Pyridoxal Phosphate dose-dependently (0.1- 10uM)) reduced the BAY K
8644 — stimulated calcium uptake by control artery segments. As seen earlier [5) the basal
uptake of “°Ca?" by caudal artery segments from vitamin Bg-deficient hypertensive rats was at
least twice the uptake by artery segments from control (normal) rats. Pyridoxal phosphate or
nifedipine added to the incubation medium reduced significantly the “*Ca?" uptake by the artery
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segments from the deficient hypertensive rats (Fig. 2). However, in presence of BAY K 8644 in
the incubation medium both pyridoxal phosphate and nifedipine were much less effective in
attenuating the “°Ca?* uptake by artery segments from the deficient hypertensive rats.
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Nitrendipine binding to caudal artery membranes

Figure 3 shows the Scatchard plots of the specific binding of [5-methyI®H]-nitrendipine to

permission of publisher.)

crude membrane preparations from caudal artery in the presence or absence of pyridoxal
phosphate. The equilibrium dissociation constant (Kd) value for [*H] nitrendipine binding was
0.57 +0.03 nM and the total number of binding sites (B max) was 150+7 fmol/ mg protein in
control membranes. [°H] nitrendipine showed a Kd value of 0.69 +0.04 nM and a Bmax value of
98+6 fmol/mg protein in PLP-treated membranes. The results indicate that PLP treatment of

membranes caused a decrease in the number of [*H] nitrendipine binding sites.

Fig. 3 wor
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[Ca®; in cardiomyocytes from vitamin Be-deficient hypertensive rat cardiomyocytes

The results in Fig. 4 indicate that the basal level of [Ca®*} in vitamin Bs deficient
cardiomyocytes was not different from the control preparations. However, exposure of the
vitamin Bg-deficient cardiomyocytes to 30 nM KCI resulted in a greater increase in [Ca®], in
comparison with the control preparations. Administration of vitamin Bg to vitamin Bs deficient
animals abolished the KCl-induced augmentation in [Ca®']; .
Effect of PLP on ATP-induced positive inotropic action in the isolated heart
The contractile activity of the isolated perfused rat heart was monitored upon infusing 50 pum
ATP in the presence and absence of 50uM PLP. The infusion of ATP caused an immediate
increase (within a few seconds) in LVDP, +dP/dt and —dP/dt. This effect was completely blocked
in hearts pretreated with PLP for 10 min. The effect of treating the heart with different
concentrations (1-50 puM) of PLP on the ATP (50 um)- induced increase in contractile activity is
shown in Fig. 5A. The antagonistic effect of PLP was concentration dependent: EDs, for PLP
was in the range of 10-15 uM. In another set of experiments, we studied the effect of 15um PLP
on changes in LVDP due to different concentrations (10- 100 uM ) of ATP. The results in Fig. 5B
reveal that the depressant action of PLP was evident at all concentrations of ATP used in this
study. It should be pointed out that the maximal inotropic response on the isolated heart was
elicited by 50 um ATP. The marked increase (more than two-fold) in contractile activity upon
infusing 1 uM isoproterenol was not affected by perfusing the heart with 50 um PLP which
prevented the positive inotropic action of ATP. Likewise, 10 uM propranolol, which prevented the
positive inotropic action of 1 uM isoproterenol, showed no effect on the positive inotropic action
of 50 uMm ATP.
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Effect of PLP on ATP-induced increase in [Ca®"]; in cardiomyocytes

The incubation of cardiomyocytes with 15 or 50 uM of PLP for 10 min did not alter the basal
[Ca?"]. However, the ATP-induced increase in [Ca*], was significantly decreased in PLP-treated
cardiomyocytes. The effect of PLP (1-50 um ) on the ATP (50 uM )-induced increase in [Ca?'],
was (Fig.6A). The effective concentration of PLP was as low as 1pM, whereas 50 um PLP
blocked the action of ATP almost completely (Fig. 6A): EDs, for PLP was in the range of 10 =20
uM. In addition, we studied the effect of 15 uMm PLP on changes in [Ca®']; at different
concentrations of ATP ( 10-100 uM). As shown in Fig. 6B, the inhibitory effect of PLP was
evident at all concentrations of ATP employed in this study.
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Effect of PLP on ATP-binding in cardiac sarcolemma

Since cardiac sarcolemmal membrane has been reported to contain both high and low
affinity ATP-binding sites, we studied the effects of PLP on the high affinity and low affinity
binding sites by employing 1-10 nM and 1-10 pM [**S]ATPyS, respectively. The maximal ATP-
binding at both high and low affinity sites were inhibited by both 50um PLP and 100 pm suramin
without any change in their respective K¢ values. PLP almost completely blocked the low affinity
binding. Binding at the high affinity sites was depressed by about 60% of the control value (Fig.
7). Suramin (100 um) had effects comparable to 50 um PLP on both high and low affinity sites.
Cibacron blue and DIDS at 50 um concentrations inhibited ATP-binding at high affinity and low
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affinity sites by 40-45% and 65-70% respectively. The EDs, for the inhibitory effects of PLP on
high and low affinity ATP-binding sites were about 10 uM and 15 pM, respectively. Agents such
as propranolol (B -adrenoceptor blocker), prazosin (a-adrenoceptor blocker), verapamil (L-type
Ca?*-channel blocker) and ryanodine (sarcoplasmic reticulum Ca?*- release channel blocker) did
not show any significant effect on the high or low affinity ATP-binding sites.

Discussion

Pyridoxal phosphate in vitro attenuates the influx of extracellular calcium. This effect is
achieved through modulation of ligand binding. This is analogous to the effect of pyridoxal
phosphate on steroid hormone activity [9]. Voltage-sensitive calcium channels undergo long-
term modulation by neuro-transmitters and a variety of second messengers. Activation of the
channels is enhanced by cAMP and AMP-dependent protein kinase [10]. In common with the
pharmacological receptors, calcium channels are regulated by homologous and heterologous
factors. Chronic channel activation, chronic drug exposure, hormonal influence and specific
diseases are all associated with altered expression of calcium channel function and numbers
[11]. The action of drugs at the calcium channels would indicate that endogenous factors or
ligands might serve as physiological regulators, a function which is mimicked by calcium
channel agonists or antagonists.

The KCl-induced increase in [Ca®'];

was augmented in cardiomyocytes from the vitamin Be-
deficient rats. The administration of vitamin Bgto the vitamin Bs-deficient animals was found to
abolish this augmentation. It is possible that the observed augmentations of KCl-induced
increase in [Ca?"]; is related to an increase in Ca®'influx through the sarcolemmal Ca?* channels.
An increase in Ca®" influx in smooth muscle cells cause an increase in smooth muscle tone and
hypertension in vitamin Bs deficiency [1,12]. The increase in [Ca®'] in cardiomyocytes from
vitamin Bg deficient animals may contribute towards heart dysfunction and increased
susceptibility to myocardial infarction [13]. These observations can explain the high incidence of
hypertension and coronary artery disease in vitamin Be-deficient patients [14], as well as the
beneficial effects of vitamin Bg in patients with hypertension [15] and myocardial infarction [13].
The antagonistic effect of PLP may not be of a generalized depressant nature. Since ATP is
considered to influence cellular functions by acting on purinoceptors [16], it is possible that PLP
may affect the cardiac action of ATP by blocking these receptors in the myocardium. This view
is consistent with pharmacological studies showing the antagonistic effect of PLP on ATP-
induced changes in rat vagus and vas deferens [17]. Furthermore, PLP decreased the specific
binding of ATP to both high and low affinity binding sites similar to purinoceptor antagonists
such as suramin, Cibacron blue and DIDS. PLP may be a selective antagonist of purinoceptors
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because other receptor or channel blocking agents, such as propranolol, prazosin, verapamil
and ryanodine, did not show any effect on the specific binding of ATP to sarcolemma. Further
studies are needed to establish the exact type of purinoceptors for the action of PLP on the
myocardium.

It is unlikely that PLP is capable of functioning as an inhibitor of ATP-induced changes in the
heart under physiological conditions. However, in view of the suspected availability of
extracellular ATP in large amounts in ischemic situations, PLP may prove to be a valuable
therapeutic intervention under pathological conditions. Further research is needed to provide

experimental support for this viewpoint.
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Summary

The crystal structure of y-aminobutyric acid aminotransferase (GABA-AT) from pig liver has been solved by
molecular replacement at 3.0 A resolution. In the brain, the enzyme catalyzes the degradation of the major inhibitory
neurotransmitter GABA and is a recognized target for anticonvulsant drugs. The fold of the dimeric enzyme is similar
to that of ornithine aminotransferase (OAT), dialkylglycine decarboxylase (DGD) and glutamate-1-semialdehyde
aminomutase (GSAT). In the active site, the cofactor is covalently bound as an internal aldimine of pyridoxal
phosphate and Lys329. The binding pocket of GABA-AT shows several structural homologies with that of OAT,
with the exception of two side chain replacements which should be responsible for the distinct substrate specificities.
Considering the high sequence identity with the human enzyme (96%) this structure represents a valuable target for
the development of new anticonvulsant drugs.

Introduction

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the mammalian
central nervous system (Roberts & Kuriyama, 1968) and is closely linked to the metabolism of
glutamate, glutamine and the tricarboxylic acid cycle. GABA is synthesized in neurons by
glutamate decarboxylase, and is degraded by GABA-aminotransferase which catalyzes the
reaction: GABA + a-ketoglutarate > succinic semialdehyde + L-glutamate.

Several neurological and neuropsychiatric disorders, such epilepsy, Huntington’s disease,
anxiety and pain are known to be associated with low levels of GABA in the brain. Since, in the
brain, inhibition of GABA-AT increases GABA concentration, the enzyme is an attractive target
for antiepileptic drugs (Schwartz, 1991).

In this paper, we describe the structure of pig liver GABA-AT that was solved by molecular

replacement, using OAT as a search model.
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Materials and Methods

Crystals of pig liver GABA-AT were obtained as described by Markovic-Housley et al.
(1990). They are of space group P2,, a=69.9 A, b=230.4 A, c=72.8 A, p=109.4", and contain two
dimers per asymmetric unit. Data were collected from a single crystal on an Enraf-Nonius FAST
area detector diffractometer. The structure was solved by molecular replacement using a polyserine
model of OAT dimer in which all loops and peripheral elements were removed. Phase
improvement and refinement were performed using NCS constrains. The final model, refined to
3A resolution, has R-factor and R-free of 18.6% and 21.7%, respectively (Storici et al., 1999).

Results and Discussion

The homodimeric enzyme is of compact shape and is composed of two intertwined subunits
(Fig. 1; pdb code=1gtx). Each monomer contains one PLP molecule, and can be divided into three
domains: the N-terminal domain (residues 11 to 71), the central, PLP-binding domain (residues 81
to 375), and the C-terminal domain (residues 376 to 472). The two cofactors are deeply buried in

the core of the dimer and are located close to the subunit interface.

Fig.1 Spatial structure of GABA-AT. Left: Stereo Co-trace of the dimer, viewed along the molecular 2-fold axis
(every 40" residue is labeled). Right: Mono ribbon representation.

A unique feature of GABA-AT is the presence of a cluster of cysteines located at the dimer
interface close to the two-fold symmetry axis. The cluster is composed of cysteines 135 and 138
and their symmetric related mates. The cysteines are located at the N-terminus of helix 5, close to
the PLP phosphate group. The electron density seems consistent with two intra-chain disulphide
bridges, although remaining density is found at the symmetry axis. Formation of an inter-chain
disulphide is not possible because of geometrical restrains. A bridging metal ion cannot be
accommodated without a substantial change of the cysteine conformations. Thus, the residual

density may indicate the presence of partially oxidized cysteines, since no reducing agent was
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added to the crystallization solution. The physiological relevance of the cysteine cluster is
unresolved, since formation of disulphide bridges is unusual for a mitochondrial protein. Further
data are required to clarify this point.

Despite the very low sequence identity, the fold of GABA-AT is similar to that of OAT (Shen
et al., 1998), DGD (Toney et al., 1995), and GSAT (Hennig et al., 1997) (see table).

Monomer Superposition  Sequence identity (%) rms deviation (A) # of equivalent Cat

GABA-AT onto OAT 17.4 2.2 364 (79%)
GABA-AT onto DGD 18.0 2.1 396 (86%)
GABA-AT onto GSAT 12.3 2.4 376 (81%)
OAT onto DGD 28.4 1.6 362 (90%)

The major differences between the four structures are found on that part of the molecular
surface where two sequence insertions are located. Ten residues after helix 5 are partially folded in
an extra-helix, and there are about 20 residues, which extent helix 9 by three additional turns.

In the active site (Fig. 2), the cofactor is held in position by many specific interactions with
main and side chains atoms of both subunits. The e-amino group of Lys329 is covalently bound
via a Schiff’s base linkage to the aldehyde function of PLP. The phosphate group receives five H-
bonds from Gly136, Ser137 and Thr353* (the asterisk indicates the residue contributed by the
neighboring subunit). The helix macrodipole of helix 5 contributes to charge compensation. The
pyridine ring is sandwiched between Phe189 and Val300, and its nitrogen forms a salt bridge with
Asp298. The hydroxyl at C3, presumably ionized, receives one hydrogen bond from GIn301.

Fig.2 Stereo view of the active site of GABA-AT.

In close proximity to Argl92, remaining electron density could be modeled as an acetate
molecule. Acetate was used as buffer in the crystallization set-up and is known to be a competitive
inhibitor of GABA-AT (John & Fowler, 1976). This finding, together with the knowledge that, in
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OAT, the homologous residue (Argl80) is responsible for binding the carboxylate group of the
substrate (Shah et al., 1997; Storici et al., 1999), suggests that Argl92 fulfills the same role in
GABA-AT. Based on this assumption a model of the external aldimine intermediate with GABA
was built into the active site. Upon tilting of the cofactor ring, the substrate carboxylate can easily
form a bifurcated salt bridge with the guanidino group of Argl92. This interaction allows the pro-
S proton of the Cy to be positioned appropriately for abstraction by the general base Lys329, in
accordance with the known stereospecificity of the reaction (Bouclier et al., 1979).

Superposition reveals that the active site of GABA-AT is narrower and more hydrophobic
compared to that of OAT. This is mainly due to the replacement of Tyr55 and Tyr85 of OAT by
Phe351* and Ile72 in GABA-AT. These two residues are expected to be the major determinants of
substrate recognition. Mutation studies would be useful to confirm this hypothesis.

Recently, we have co-crystallized GABA-AT with (S)-y-vinyl-GABA; an enzyme-activated
inhibitor that is already applied in the treatment of epilepsy (Davies, 1995). A 2.27 A data set has
been collected at the Elettra synchrotron (Trieste, IT) and processed (Rsym = 6.3, completeness
84.3%, 1/c 7.3). Refinement of the structure is underway. We expect that this model will clarify
the inhibitory mechanism of vinyl-GABA, helping in optimizing its efficacy as antiepileptic drug.
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Summary

Ornithine decarboxylases (ODCs) are PLP-dependent enzymes that initiate the first and rate-limiting step in the
biosynthesis of polyamines. Sequence comparisons suggest four Groups of PLP-dependent decarboxylases, but there
appear to be only two structural motifs. Decarboxylases of Groups I, II, and III possess a PLP-binding domain as
seen in the structure of the bacterial ODC from Lactobacillus 30a. The eukaryotic ODCs belong to the Group IV
decarboxylases, which includes biosynthetic ArgDC and diaminopimelate DC. mODC is active as a dimer formed
through a head-to-tail interaction between monomers. Each monomer contains two domains: an o/fB-barrel domain
which binds the cofactor, and a second domain consisting mostly of B-structure. Analysis of the mODC active site
provides insight into the stereochemical characteristics of PLP-dependent decarboxylation.

Introduction

Pyridoxal-5'-phosphate (PLP) is an enzyme cofactor utilized extensively in amino acid
metabolism, performing a broad range of reactions [1]. PLP is incorporated into a variety of
protein folds, as represented by aspartate aminotransferase (AspAT), tryptophan synthase, D-
amino acid aminotransferase and alanine racemase (ALR) families, with the AspAT family being
the most populated [2,3]. Decarboxylases (DCs) are arranged into four Groups based on
sequence [4], but only two distinct PLP-binding folds have been reported [5-7]. Groups I, II, and
III share the motif found in the bacterial ODC from Lactobacillus 30a (L30aODC). The “PLP
Binding” and “Specificity” domains resemble the structure of AspAT, characterized by a seven-
stranded sheet and flanking helices that form the cofactor binding site. L30aODC is observed as
an active dodecamer composed of six dimers.

In contrast, Group IV DCs are represented by the structure (Fig. 1) of mouse ODC (mODC)
[7] and fall into the ALR family. Despite the large evolutionary gap, mammalian ODC and



322

bacterial ALR are strikingly similar in structure [7-9]. Both are obligate homodimers, the
cofactors are similarly located, and each monomer has two domains. The barrel domain
(residues 46-283 in mODC) forms an o/B-barrel containing the cofactor, while the remaining
residues form the sheer domain, a mostly B-structure that includes two sheets (S1 and S2). Other
Group IV DCs include eukaryotic ODCs, diaminopimelate DC (DAPDC) and biosynthetic
arginine DC (bArgDC). All are predicted to possess an o/p barrel motif for binding the cofactor.

ODCs perform the first committed step in polyamine biosynthesis [2], required for normal cell
growth. Constitutive ODC activity has been observed in cancer cells, and its uncontrolled
expression confers a cancer phenotype in otherwise “normal” cells [10]. ODC inhibitors may be

used to treat cancer and parasitic infections.

ODC Dimer Stabilities

Active mODC dimers are in rapid equilibrium with inactive monomers. Only 1,903 A? of
solvent-accessible surface area per mODC monomer is buried upon dimer formation, versus
6,166 A% in L30aODC. The symmetrical homodimer of mODC is formed by a "head to tail"
interaction between the barrel of one monomer and the sheet domain of another. Two outlying
salt bridges (K169/D364' and D134/K294') and a stack of aromatic residues (F397'/Y323'/Y331
and Y331'/Y323/F397) near the molecular 2-fold axis form the primary interactions that stabilize

the dimer [primed residues are from the other monomer in the dimer]. The size of the interface,

Sheet Domain
e e

Barred Domaln
Figure 1: a) Schematic of the mODC monomer. b) Ribbon drawing of the mODC monomer.
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and the small number of interactions stabilizing the dimer are consistent with the observed rapid
equilibrium [11] between mammalian ODC monomers and dimers, which appears to be needed

for ODC regulation by antizyme [12].

Active Site of mODC and Reaction Stereochemistry

The cofactor is found on the C-terminal end of the o/f-barrel, similarly to other cofactors
utilizing this fold. The active site is formed primarily from residues donated by loops from the
C-terminal end of the barrel, one loop from the sheet domain (connecting B14 and B15 of S2)
and two additional loops (357'-364', 398'-403") from the sheet domain of the other monomer.
One of the salt bridges (K169-D364") stabilizes the dimer and immobilizes the loop containing
active site residues from the neighboring monomer (C360', D361' and D364").

The position and orientation of the cofactor in the active site is governed primarily through
protein interactions with the 5'-phosphate and the pyridine nitrogen (Fig. 2). The phosphate binds
in a pocket formed by two loops (235-241, 274-276) and the N-terminus of H10. One of these
loops contains a GGG sequence (residues
235-237) that is conserved in all Group IV
PLP-dependent DCs, while the other loop

connects B11 to H10. Both loops contribute \31)332
hydrogen bonds involving main chain K69 0 D361'

Y323'

nitrogens (G237, G276, R277). R277, at the HN NHz
N-terminus of H10, contributes a hydrogen o I\?.G276 / L ,. \ 278
bond to the phosphate via N,, while the N, Csﬁo\f ‘‘‘‘‘ H/ \\NHO P’ OZH/oi"’HN_
nitrogens are held in place by a salt bridge to s HOH,:O H 03 H N/G};37 Oﬁ{iss
D332. This salt bridge links the barrel and - \‘;QH;(’e) (D) \n //g o

sheet domains. The 5' phosphate is further R;54 o HC |+ N--pN G236

fixed by a hydrogen bond to Y389. .l _ d‘H H197 °
Interestingly, a tyrosine is found with the /D;;COO 04/ .

same geometry in AspAT, the fold of which £274 Oolc)gg,\

more closely resembles that of the bacterial Figure 2: Schematic of the mODC active site.

L30aODC.
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The primary interaction of the pyridine nitrogen is with E274. 1t is part of a cluster of acidic
residues (D88, E274, D233) which, with three bound water molecules, form a network of
hydrogen bonds that likely increases the electron withdrawing properties of the cofactor. This
view is consistent with data suggesting the pK, of the pyridine nitrogen is 8.5 [13], and that the
slowest step in the activity of trypanosomal ODC is product release [14]. In contrast to the acidic
group found in most PLP-dependent enzymes, in ALR there is a basic group (R292). This likely
diminishes the electron withdrawing capabilities of the cofactor relative to mODC.

mODC and ALR have distinct methods for immobilizing a histidine side chain next to the
cofactor (H197 in mODC and H166 in ALR). The imidazole ring of H197 in mODC shares a
hydrogen bond (via its N;2 nitrogen) with the backbone nitrogen of G236, but its Ns1 nitrogen is
free, allowing the plane of the imidazole ring to be within 10 degrees of stacking parallel against
the pyridine ring. In contrast, H166 of ALR requires a rotation of 35 degrees to make these rings
parallel. This angle is enforced by having the cofactor pyridine nitrogen and N52 of H166 both
interact with the side chain of R219 as well as having a hydrogen bond between the imidazole
Nsl and Y265'. The stereochemistry of PLP-dependent reactions involves coenzyme face
selectivity with respect to the mode of cofactor binding (re or si face buried), the orientation of
the labile sigma bond perpendicular to the pyridine ring, and the position of general acid/base
groups on either or both faces of the cofactor. Transaminases use PLP for the interconversion of
keto acids and amino acids involving a key 1,3-prototropic shift on the si face of PLP [15] by a
lysine residue, which is also buried on the si face of the PLP cofactor [16] (Fig. 3).

In DCs, once the Michaelis-Menton complex is formed, transaldimination leads to the
formation of a quinonoid intermediate with the release of CO, [2]. The protonation of the
quinonoid intermediate at the C, carbon may lead to retention or inversion of configuration.
Retention is achieved with the proton donor on the same side of the pyridine ring as the leaving
carboxylate group, whereas with inversion it is on the opposite side. It has been shown that
mODC and L30aODC both react with retention of configuration [17, 18].

There are three potential proton donors for the reaction in mODC: two on the re face of the
cofactor (K69 and C360") and one on the si face (H197) (Fig. 2). Alanine mutations at positions
K69 and C360 show a stronger k. effect for the K69A mutant than the C360A mutant [19]. This

implies that the proton donor involved in the reprotonation of C, is most likely K69, but C360'
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Figure 3: A comparison of cofactor positions in various folds. Note the placement of the re and si faces of the
PLP. SHMT = Serine hydroxymethyl transferase, DGD = dialkylglycine decarboxylase

may serve that purpose in the K69A mutant. H197 is a potential proton donor, but is hydrogen
bonded to the nitrogen of G236. This hydrogen bond connects H197 to a chain of four backbone
hydrogen bonds capped by R107, making H197 an unlikely proton donor due to the higher pK, of
the arginine guanidinium with respect to the histidine imidazole. This anchors the imidazole ring
of H197 in place, possibly stabilizing reaction intermediates. A similar histidine (H223) is
observed in L30aODC, where it too is found on the opposite side relative to the lysine forming a
Schiff base with PLP (Fig. 3). The imidazole ring next to the cofactor most likely is needed for

stabilizing PLP in its active site via ring stacking.
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Structural and mechanistic studies of Trypanosoma brucei ornithine decarboxylase.
Margaret A. Phillips

University of Texas Southwestern Medical Center, Dept. of Pharmacology, 5323 Harry Hines
Blvd., Dallas, TX 75235, USA.
Summary

Ornithine decarboxylase (ODC) is a pyridoxal-5’-phosphate (PLP)-dependent enzyme that
catalyzes the first committed step in the biosynthesis of polyamines. The polyamines are
ubiquitous cell growth factors and the biosynthetic enzymes have been of interest as potential
drug targets for the treatment of proliferative diseases. X-ray structural analysis of the
eukaryotic ODCs shows that the enzyme is a homodimer with two identical active sites that are
formed at the dimer interface. A number of active site residues have been identified that have
similar mechanistic roles to the analogous residues in other PLP-dependent enzymes, whereas
others provide the basis for the reaction and substrate specificity required by ODC.
Background

ODC catalyzes the PLP-dependent decarboxylation of L-Orn to produce the polyamine
putrescine (Fig. 1). The polyamines, putrescine, spermidine and spermine are required for cell
growth and differentiation. Inhibition or gene knockout of the biosynthetic enzymes causes cell
growth arrest [1,2], while over-expression of ODC in mammalian cells leads to cell
transformation, and in transgenic mouse models to increased tumor development [3]. Inhibitors
of ODC have been used for the treatment of cancer and Pneumocystis carinii pneumonia, but to
date the only significant clinical application of these inhibitors is for the treatment of African
sleeping sickness, caused by the parasitic protozoa Trypanosoma brucei gambiense. O-
difluoromethylornithine (DFMO; eflornithine), a suicide inhibitor of ODC was approved in 1990
for the treatment of both early and late stage human sleeping sickness, providing the first new
chemotherapy against this disease in 40 years [4]. While toxicity of DFMO is relatively low,
large doses (150 mg/kg i.v. every 6 hrs for 14 days) are required for efficacy. Additionally,
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DFMO is ineffective against the second form of human sleeping sickness caused by T. brucei
rhodesiense. ODC is therefore a proven drug target for the treatment of African sleeping
sickness, however the development of new ODC inhibitors that overcome some of the
shortcomings of DFMO would be highly desirable. Structure-based approaches for the design of
new enzyme inhibitors have been used successfully to aid in the design of new drugs against a

number of human diseases [5].

AdoMet
AdoMetDC
dAdoMet
GO ooc M SSpdSyn H
H_?—'c|"ZC|"|2(-:|'|2Nl'I3+ H—?—CH2CH20H2NH3+ H—C—(CHo)3sNH(CHy)3NH3*
|
NHg" coy NHg* NH,*
L-Ornithine Putrescine Spermidine
2 Glutathione

Trypanothione
Fig. 1. The polyamine biosynthetic pathway in 7. brucei. ODC, ornithine decarboxylase,
AdoMetDC, S-adenosylmethionine decarboxylase, SpdSyn, spermidine synthase.
Trypanothione is synthesized from glutathione and spermidine by glutathionylspermidine

synthetase and trypanothione synthetase.

Structural analysis of the eukaryotic ODCs.

The X-ray structures of ODC from mouse [6], human [7] and T. brucei [8] have recently been
solved. The eukaryotic ODCs are structural homologs of another PLP-dependent enzyme
alanine racemase, while they are unrelated to bacterial ODC [9]. The N-terminal domain of ODC
folds into a /o barrel and PLP is bound to this domain close to strands N6-N8. The C-terminal
domain forms a modified Greek key -sheet. The enzyme is an obligate homodimer and the two
identical active sites are formed at the suburﬁt interface, with residues contributed from the /o
barrel domain from one subunit and from the C-terminal domain of the second subunit (Fig. 2).

PLP forms several essential interactions with the /o barrel domain: Lys-69 forms a Schiff base
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with PLP; the phosphate binding site is formed by Arg-277, Gly-237, Ser200 and Tyr389; the
aromatic ring of PLP stacks against His-197; the pyridine nitrogen forms a hydrogen bond with

Glu-274; and O, of PLP interacts with Arg-154 through a ordered water molecule.

Tyr323B

Asp332A
Phe397B

I Tyragoa

Asp361B Arg277A

Cys360B
Gly237A

His197A

Arg154A Gly236A

Glu274A

Fig. 2. Active site structure of 7. brucei K69A ODC bound to DFMO. The structure was
solved to 2.0 A resolution [8]. The K69A mutant enzyme was used to avoid heterogeneity of
labeling by DFMO. Residues contributed to the active site from the N-terminal domain of one
subunit are labeled A and residues contributed from the C-terminal domain of the second subunit
are labeled B. DFMO and PLP are displayed as ball and stick. The C, of Gly236 and Gly237 are

displayed as balls within a ribbon.

The substrate-binding site has been elucidated through the structure of the T. brucei K69A
enzyme in complex with DFMO (Fig. 2). DFMO has been decarboxylated and the two fluoride

molecules have been eliminated in the process of forming a covalent bond to Cys-360. The side
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chain of DFMO is in the extended conformation and the §-amino group forms a hydrogen bond
with Asp-332 from one subunit and with Asp-361 from the second subunit via an ordered water
molecule. The aliphatic portion of the side chain is packed between the aromatic ring of Tyr-389
on one subunit and between Phe-397 and Asp-361 on the other subunit. The only significant
structural difference between the DFMO-bound and the unliganded 7. brucei ODC structures is
the rotation of Cys-360 145° toward the active site upon ligand binding [8].

Mechanistic analysis of T. brucei ODC.

ODC catalyzed decarboxylation of L-Orn proceeds via the following steps: formation of a
Schiff base species between L-Orn and PLP, decarboxylation to yield a quinoid intermediate
(Amax = 450 nm; [10]), protonation of C, and product release (Schiff base hydrolysis). Schiff base
formation with substrate occurs via a transimination reaction in which the internal aldimine with
Lys-69 is displaced by the incoming substrate to form the external aldimine. Product release
reverses this chemistry. The internal and external aldimine species have similar spectral
properties (spectral bands of 340 and 420 nm are observed for each). Multi-wavelength stopped
flow spectroscopy was used to demonstrate that the decarboxylation step occurs fast compared to
the overall reaction (at 4°C, k..., = 21 s and k,,, = 0.5 s™), and that product release most likely
limits the rate of the steady-state reaction [10].

Lys-69 is an essential catalytic residue. Pre-steady state analysis of the Lys-69 to Arg mutant
of T. brucei ODC demonstrated that Lys-69 accelerates the rates of both Schiff base formation
and Schiff base hydrolysis, minimally by 10°-fold over the wild-type enzyme [11]. A similar role
for the active site Lys residue in other PLP enzymes of differing structural classes has been
described (e.g. aspartate aminotransferase [12] and tryptophan synthase [13]). In addition to its
role in Schiff base interchange, the Lys residue in these enzymes is also the essential general
base [14]. A general base is not required for in the decarboxylation reaction, yet surprisingly
Lys-69 was also essential for the decarboxylation step, decreasing the rate of this step by
minimally 10*fold. The external aldimine between putrescine and K69R ODC is 2 kcal/mol
more stable than for the wild-type enzyme [11]. These data suggest that attainment of the
transition-state during decarboxylation is more difficult because of the greater stability of the
prior enzyme-substrate intermediate. Additionally, the X-ray structure of 7. brucei ODC suggests
that Lys-69 forms part of the CO, binding site [8] and may play a role in orienting the CO, for

efficient decarboxylation.
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The roles of several other active site residues have been studied in detail. Glu-274 forms a
hydrogen bond with the pyridine nitrogen of PLP. Mutation of Glu-274 to Ala decreases k, by
50-fold in the presence of PLP as the cofactor. Substitution of PLP with N-methylPLP, which
fixes a positive charge on the pyridine nitrogen, restores the k., to near wild-type levels in the
mutant enzyme [15]. These data demonstrate that the role of Glu-274 is to stabilize the positive
charge on the pyridine nitrogen of PLP, thereby enhancing the ability of the ring to stabilize the
carbanion generated upon decarboxylation. This result is analogous to that observed for aspartate
aminotransferase [16] and indeed, a negatively charged residue at this position is common to
most PLP enzymes. An exception is alanine racemase where an Arg residue occupies this
position [17]. Finally, Arg-277 interacts with the 5’phosphate on PLP and was shown to be
essential for high affinity PLP binding [18], while Asp-361 interacts with the 3-nitrogen of
DFMO and was demonstrated to be essential for substrate binding [15].

Structural differences between the mammalian and T. brucei enzymes.

Mouse and 7. brucei ODC share 61% sequence identity, however comparison of the X-ray
structures reveals that the active sites are invariant [8]. Residues in the dimer interface share
70% sequence identity, but fully functional cross-species heterodimers form between mouse and
T. brucei ODC, suggesting that the residues in the interface that are essential for the energetics of
the interaction are conserved [19]. These results suggest that it will be difficult to design species
selective inhibitors to the eukaryotic ODCs. However, DFMO is not a selective inhibitor of 7.
brucei ODC and yet, selective toxicity of the drug is achieved. Several metabolic differences
between the host and parasite cells have been identified that likely account for the selective
toxicity [1]. These observations suggest that new inhibitors that are designed against ODC will
also be able to achieve selective drug toxicity towards T. brucei, despite the similarities between
the host and parasite enzymes. The availability of the X-ray structures for both human and 7.
brucei ODC will allow structure-based approaches to be utilized towards the discovery of new
ODC inhibitors.
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Mechanistic Analysis of Dialkylglycine Decarboxylase
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Summary

Dialkylglycine decarboxylase catalyzes the oxidative decarboxylation of small 2,2-
dialkylglycines in the first half-reaction of its ping-pong kinetic mechanism and the
transamination of pyruvate to L-alanine in the second. We have analyzed the reactions of several
alternate decarboxylation substrates to define the specificity of binding subsites in the active site,
and provide evidence for the existence of stereoelectronic control of reactivity. We have also
examined the 2-aminoisobutyrate, L-alanine, and pyruvate half-reactions by stopped-flow
spectrophotometry. This and other data provide free energy profiles for the half-reactions, which
show that the decarboxylation step largely limits the rate of the overall reaction.

Introduction

Dialkylglycine decarboxylase (DGD) is an interesting pyridoxal phosphate (PLP) dependent
enzyme due to its natural ability to catalyze both decarboxylation and transamination reactions in
its normal catalytic cycle (1,2). This suggests that one might be able to use it to obtain direct
evidence for the role of stereoelectronic effects in the control of reaction specificity in PLP
enzymes. Dunathan (3) originally proposed that stereoelectronic effects are important, with the
bond that is held perpendicular to the plane of the coenzyme ring being more reactive due to
orbital overlap between the nascent p orbital at Ca and the aldimime/pyridine ring conjugated
T system.

The sequence and structural homology of DGD with subgroup II aminotransferases (4)
suggests that DGD acquired decarboxylation abilities on top of pre-existing transaminase
abilities. Mechanistically, it is interesting to determine how good DGD has become at

decarboxylation compared to its native transamination ability. We have collected stopped-flow
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data on the decarboxylation of 2-aminoisobutyrate and on the transamination of both L-alanine
and pyruvate. These data and '>C kinetic isotope effects show that the C-C bond breaking step in

the decarboxylation half-reaction largely limits the normal catalytic cycle.

Materials and Methods

DGD was expressed and purified as previously described (5). Sun et al. (5) described the
analysis of the reactions of alternate decarboxylation substrates. The stopped-flow analysis of the
DGD half-reactions was performed under conditions similar to those employed by Sun et al. (5)
and used the same instrument. The X-ray structures of inhibitors bound to DGD have been
reported by Malashkevich et al. (6). The measurement of the ">C kinetic isotope effects on key

was as reported by Zhou and Toney (7), except using [1->C]-AIB.

Results and Discussion
The origin of the stereoelectronic control of reactivity in PLP enzymes is illustrated in Figure

1. The carboxylate is labilized here since the p orbital formed during its scission will be aligned

Figurel. Substrate aldimine with PLP illustrating the origin of stereoelectronic effects.

with those of the conjugated 7 system of the aldimine/pyridine ring. There is little direct kinetic
evidence for this mechanism of reaction specificity control in the literature.

We have analyzed the reactions of alternate decarboxylation substrates and, through these data,
validated the functional model of the DGD active site shown in Figure 2 (5). The A subsite is

where bond making and breaking in both the decarboxylation and transamination half-reactions
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occurs. The B subsite accepts either alkyl groups in the decarboxylation reaction or a carboxylate

group in the transamination half-reaction. The C subsite is specific for a methyl group.
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Figure 2. Binding subsite model for the DGD active site. It was proposed, based on the active
site structure and Dunathan’s hypothesis, that the A subsite is where all bond making and
breaking occurs, while the B subsite accepts either a carboxylate or an alkyl group and the C
subsite accepts only small alkyl groups.

Strong evidence in support of the A subsite being the sole reactive locus was obtained from the
decarboxylation of a series of L-amino acids of increasing side chain size. Figure 3 schematically

depicts the experiment and Figure 4 presents the data.
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Figure 3. Experiment designed to probe for nonproductive binding, with respect to
decarboxylation, of amino acids in the DGD active site.
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The increase in ke is due to the nonproductive binding mode that exists with the smaller
substrates, in which the carboxylate is bound in the B subsite, the productive site for
transamination. This increase in key could occur only if the A subsite is the sole site for bond
breaking, since the other reactions examined (e.g. transamination) all show decreased rate

constants in response to increasing side chain size.
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Figure 4. Increase in ke, for decarboxylation of L-amino acids with side chain size.

Pre-steady-state analysis of the DGD half-reactions shows that, as expected from previous
results (8), the enzyme reacts in two kinetic processes. These were shown to be due to the slow
interconversion of two enzyme forms that differ in reactivity (8). We have concentrated our
analysis on the fast reacting form since it contributes the majority of activity in steady-state
turnover. Figure 5 and 6 present rate constant and spectral data, respectively, obtained from an
analysis of AIB decarboxylation.

We find that the external aldimines of both AIB and L-alanine are formed very rapidly, in the
dead-time of the instrument. Absorbance at ~500 nm, characteristic of a quinonoid intermediate,
is observed only in the L-alanine/pyruvate transamination half-reaction. The '>C kinetic isotope
effect (KIE) measured on K¢y for AIB is 1.043. A value of 1.045 is calculated based on the

kinetic parameters of the two half-reactions and assuming an intrinsic KIE of 1.06. Thus, the
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decarboxylation reaction largely, but not fully limits the overall catalytic cycle; the
transamination of pyruvate significantly contributes to rate limitation as seen by the reduction of

the observed KIE from the intrinsic.
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Figures 5 (left) and 6 (right). The dependence of the observed pseudo-first order rate constants
on AIB concentration for the fast and slow reacting enzyme forms is shown in Figure 5, while
Figure 6 shows the spectra of the three species in the two exponential process. These spectra
were obtained from global analysis of spectral data sets collected with a diode-array detector
using the program SPECFIT.

The pre-steady-state data as well as steady-state data and KIE’s allow the construction of the

free energy profiles shown in Figures 7 and 8.

20
E3 20~
32
15
E 15
: g
=
85 10 <
ge 82 10
= E £e
° = = E :
£& °F
a< Eg H
3 T * i3 Y
; I F 5 E ¥
E [ + . & + — : ._‘,
—_ —_— —
R EAAIR T — RS 4, 3 kP EMpyr EM + pyr
F— = ! " — EAAl
EL+AIB EL-AIB —_— o —
K"+ CO, EMace 'EM¥ ace EL+Ala EL-Ala
Reaction Coordinate Reaction Coordinate

Figures 7 (left) and 8 (right). Free energy profiles for the AIB decarboxylation and the
L-alanine/pyruvate transamination half-reactions. The C-C breaking step limits the
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These profiles show that the C-C breaking step is fully rate limiting for the decarboxylation of
AIB, as might be expected given that DGD has transaminase origins. The transamination half-
reaction is limited by the rate of protonation of the quinonoid intermediate in the L-alanine to
pyruvate direction while deprotonation of the ketimine limits the rate of the reverse

transamination.
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- Summary

While the E177S mutation in D-amino acid transaminase has a reduced ability to
transaminate D-alanine, the efficiency of B-elimination of $-chloro-D-alanine remains almost
intact. Interestingly, the latter reaction showed the appearance of an intermediate absorbing
around 460 nm with this attenuated enzyme. The protein CD spectrum of the apo-enzyme of
E177S resembled that of wild-type enzyme, but that of E177K showed a negative elipticity
around 280 nm.

Introduction

D-amino acid transaminase converts e<-keto acids into their corresponding D-amino
acids, which are important components of the bacterial cell wall. Thus, it is an attractive
candidate for the development of anti-microbial agents. The enzyme contains pyridoxal 5'-
phosphate (PLP) as cofactor and its crystal structure has been solved (1). The structure
showed that the pyridinium nitrogen of the cofactor is stabilized by a Glu-177 whose
importance was clearly demonstrated when this negatively charged residue was changed into
a positively charged lysine (2). This enzyme converts the suicide substrate, 3-chloro-D-
alanine, to pyruvate through B-elimination. Here, we present a study on the effect of
replacing Glu-177 by serine on the overall performance of the enzyme and on the 3-
elimination of B-chloro-D-alanine, to provide information on the types of intermediates that
are involved in this process.

Experimental procedures

The mutagenesis, expression, purification and activity measurements have been
described (2,3). Time-dependent conversion of L-alanine into D-alanine ("racemase"
activity) was performed at room temperature as described (2). Incubation with B-chloro-D-
alanine was performed in the following manner. Enzyme (approx. 0.5 mg/ml) was incubated
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with various concentrations of B-chloro-D-alanine in 50 mM potassium phosphate, pH 7.0.
The reaction was followed by recording spectral changes with time. In addition, samples were
taken and analyzed for pyruvate and for remaining activity (2,3). Titration of SH-groups was
done using 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB, Ellman's Reagent) as described (3).
Cofactor analysis was performed as described (4).

The structure of the E177S mutant was determined using general methods described
elsewhere (1,2). The enzyme was concentrated to 30 mg/ml in 50 mM potassium phosphate
buffer, pH 7.3, containing 0.13 M KCl, 0.2 mM EDTA, 50 ,]M PLP and 0.01 %, B-
mercaptoethanol. The protein was crystallized by the hanging drop method with 26%
polyethyleneglycol 3350, 0.3 M sodium acetate and 0.1 M Tris/HCI, pH 8.5. Two microliters
of protein solution were mixed with 2ul of the above crystallization solution and suspended at
room temperature over 0.5 ml of crystallization solution. Within two days, yellow crystals
appeared. X-ray data were collected with a scan width of 1° per frame and an exposure time
of 20 minutes per frame on a R-Axis IIC image plate system mounted on a Rigaku RU-200 X-
ray generator running at 45 kV and 140 mA. Frames were integrated and scaled using the

program DENZO (5). (Table 1).

Table 1. Data for Solution of the Crystal Structure

Crystal Data
protein
space-group
a

b

c

unit cell volume
Data Collection
temperature
number of crystals used
reflections, observed/unique
Rmerge (%, on I)
resolution
completeness, overall/1.86-1.80 A (%)
Rsym (%, on I), overall/1.86-1.80 A
Refinement
resolution
I/o(1) cutoff
R-factor (maximum likelihood target function, %)
R-free
protein atoms
cofactor atoms
water molecules
B-factor model
restraints (rms observed)
bond length (A)
bond angles (deg)
improper angles (deg)
dihedral angles (deg)

E177S
P212121
779 A
919 A
894 A

620,893 A®

4°C

1
303,396/96,070
123

27-18A
85.4/24.4
12.3/97.5

27-2.0A

1.0

18.8

22.7

4,464

30

204

individual, restrained

0.006
1.278
0.769
22.59
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The structure was solved by direct application of phases from the L201A mutant
orthorhombic structure of D-aAT (PDB Code 2DAB)(10) using the CCP4 package (6). The
program CNS (7) was then used for all remaining refinement. Rigid body refinement was
followed by several cycles of positional refinement, grouped temperature factor refinement
and placement of water molecules. Water molecules were placed with the water pick script in
CNS. The final model has an R-factor of 19% to 2.0A resolution with good geometry (Table
1). Maps were calculated using all data to 1.8A resolution.

Results and Discussion

The residue at position 177 of the wild-type D-amino acid aminotransferase is conserved in
kind in all transaminases (2). However, in other types of pyridoxal-phosphate dependent
enzymes, the chemical nature of this residue changes. We have speculated that these
differences may be correlated with the specific chemistry that is catalyzed by the cofactor (2).
For instance, the presence of a negative charge in this position seems to be correlated with
releasing keto-group containing compounds. In comparison, the equivalent residue is a
serine in tryptophan synthase, where the reaction catalyzed is B-elimination (8).
Consequently, we have replaced residue 177 in DATase by a serine in order to test this
premise in an enzyme that originally evolved to be a transaminase.

We have studied the kinetic properties of this mutant by several methods. Replacing
Glu-177 by a serine has a significant effect on the ability to efficiently convert the natural
substrates of D-amino acid transaminase (Table 2). Thus, when tested under standard assay
conditions in the presence of 25 mM o-ketoglutarate (2) the specific activity of E177S (0.15
U/mg) is largely reduced compared to wild-type (200 U/mg). The K'y, of a-ketoglutarate of
E177S is approx. 10-fold lower than that of wild-type, while at concentrations above 5 mM
the activity decreased, probably due to substrate inhibition. Conversion of L-alanine to D-
alanine ("racemase" activity) was at a similar level found for other active-site mutants (2).

Table 2: Kinetic properties of E177S, E177K and wild-type enzymes.

Enzyme Sp. act. with D-Ala  K'y, a-ketoglutarate Racemase act. with  B-chloro-D-alanine
as substrate (mM) L-Ala as substrate conversion
(units/mg) (units/mg) (units/mg)

E177S 0.18 - 0.050 1.60

E177K 0.15 5.0 0.054 0.12

Wild-type 200 1.0 0.004 2.50

The activity of the enzyme can also be measured by following the spectral changes
induced by the addition of substrate. The spectrum of E177S shows a maximum around 415
nm similar to that of freshly purified wild-type or E177K enzymes (2), suggesting that the
cofactor is in the PLP-form. Addition of 0.1 M D-alanine resulted in conversion of the
cofactor into the PMP-form absorbing at 330nm. Unlike wild-type, where this conversion is
instantaneous (2), with E177S this is a slow process taking several hours for partial
conversion. This was also observed with E177K.
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The effect of the serine therefore can be compared to that of lysine at position 177
where a significant decrease in activity was also observed (2). The presence of Lys-177
changes some of the interactions of the residues surrounding the active site due to the nature
of this amino acid. Therefore, it can be argued that some or most of the changes in activity
observed are caused by the different interactions. Specifically, in the E177K structure, there is
no interaction between the residue and the pyridinium nitrogen of the cofactor. No other
interaction has taken the place of this residue. Replacing Glu-177 with Ser changes the type of
interactions observed with the pyridinium nitrogen (see below), but the impact on
performance of the enzyme is similar to that of E177K. Clearly, the importance of the
stabilization of the pyridinium nitrogen of the cofactor by a negatively charged residue, Glu-
177, is important for stabilization of intermediates leading to transamination. .

The wild type enzyme shows a small amount of 3-elimination when reacting with
D-amino acid substrates capable of this reaction. We have studied this reaction with the two
active site mutants, E1778S, in order to determine the effect of the mutation on this reaction.
The wild-type enzyme catalyzes a significant production of pyruvate from B-chloro-D-
alanine with no obvious intermediate being formed. The B-elimination reaction catalyzed by
the E177S mutant seems to be quite different. Although the mutant enzyme also produces
pyruvate from the same substrate, it does so with significant accumulation of an intermediate
that has a spectral signature similar to that of the presumed quininoid intermediate of the
transaminase reaction (9).

Spectral studies of wild-type enzyme or the E177S mutant enzyme with 1 mM -
chloro-D-alanine at room temperature showed that rapid changes occur within minutes,
thereby preventing an accurate spectral analysis for intermediates. Lowering the temperature
slowed the reaction, while increasing the $-chloro-D-alanine to 10 mM also allowed
intermediates to persist. This showed that in the case of wild-type (Fig. 1a) an intermediate
with an absorption maximum around 330 was present for 10 - 15 min before the 415 nm peak
quickly re-appeared.

025 Wild-type

020 |

0min No CL-D-Ala

9 min
0.10 11 min
12 min
0.05
0.00 "
300 350 400 450 500 550
Wavelength (nm)

Fig. 1a: Time-dependent spectral changes of the wild-type enzyme in the presence of B-chloro-D-alanine.
Enzyme (0.5 mg/ml) was mixed with 10 mM B-chloro-D-alanine in 50 mM potassium phosphate buffer, pH 7.0,
and spectra were recorded at the indicated times.
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This result was also found for E177K although at a much slower rate (not shown),
taking hours for completion. For the E177S mutant, however, an intermediate with a
maximum around 460 nm was detected (Fig. 1b), which, in time, disappeared with a
concomitant increase around 415 nm.

025
E177S
020 [ 1
2 010 |-
é No CLD-Ala +CLO-Ala
§ 0 min
< 0.15 10 min
15 min
20 min
005 )
0.00 . L N
300 350 400 - 450 500 550
Wavelength (nm)

Fig. 1b: Time-dependent spectral changes of the E177S mutant enzyme in the presence of B-chloro-D-alanine.
Enzyme (0.5 mg/ml) was mixed with 10 mM B-chloro-D-alanine in 50 mM potassium phosphate buffer, pH 7.0,
and spectra were recorded at the indicated times.

Kinetic studies of pyruvate production through B-elimination of 3-chloro-D-alanine
showed that for all three enzymes - wild type, E177K and E177S - pyruvate was produced
rapidly and prior to the re-appearance of the 415 nm peak (Fig. 2).

omr ?—*’_‘°_‘1 g 121 100+
I
3 10 804
E 003 z
& 8 [
- 3 3 601
-
0.02 % 64 §
g 40
8§ 4 o}
£ ool H =
X E: ] 204
Absorbance at 415 nm E Pyruvate production o Inactivation
0 T T T T T T T T o.l T T T T T T -l T T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 S 10 15 20 25 30 35
Time (min) Time (min) Time (min)

Fig. 2: Effect of B-chloro-D-alanine on the wild-type enzyme. Wild-type enzyme (0.5 mg/ml) was incubated
with B-chloro-D-alanine and the solutions were tested for absorbance at 415 nm (left panel), pyruvate
production (middle panel) and inactivation (right panel). The initial absorbance maximum at 415 nm decreases
rapidly after B-chloro-D-alanine addition, shifting to 330 nm. When pyruvate production from B-chloro-D-
alanine is finished, the absorbance at 415 nm begins to increase. At the same time, inactivation ceases because
all of the B-chloro-D-alanine has been consumed.
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Inhibition of transaminase activity in wild-type enzyme by B-chloro-D-alanine
occurred while B-chloro-D-alanine was being converted into pyruvate and prior to the
reappearance of the 415 nm peak. Interestingly, while the transaminase activity of wild-type
was inhibited about 50 % in the presence of B-chloro-D-alanine, the E177S mutant was fully
active under the same conditions..

The effect of the mutations on the reactivity of the enzyme may be due to changes in
accessability of the active site. This effect had been noted for the E177K mutant, for which
SH titrations showed that the sulfhydryl groups are more accessible than in the wild type
enzyme, based on the rate at which they are titrated by DTNB (2). The rate at which
accessible cysteine side chains were titrated by this reagent in the E177S mutant was greater
than in the wild type enzyme, but not as fast as in the E177K mutant enzyme (Fig. 3),
suggesting that the accessibility for DTNB in E177S is between that in E177K and wild-type.
Examination of the structure of the mutant enzyme (see below) suggests that the titratable
residue whose accessibility has increased may be Cys 142,

0
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Fig. 3: SH-titration of E177S, E177K and wild type enzymes with DTNB. E177S enzyme (0.4 mg/ml) was
incubated at room temperature in 0.1 M Tris/HCI. 2 mM EDTA, pH 7.4, in the presence of ImM DTNB ().
The wild type (o) and E177K values () are from reference 2. Given are the values per dimer.

Ultimately, these biochemical properties must be explained by structural comparisons
of the mutant and the wild type D-amino acid aminotransferases. The overall structure of the
E177S mutant enzyme is the same as that of the wild-type enzyme, with significant
differences only in the active site (Fig. 4), where small conformational changes have
occurred. Noteworthy are the tilt of the imidazole ring of His100 and the conformation of the
Argl38 side chain. The most important conformational change is the tilt of the cofactor ring
backwards and away from the solvent accessible side of the active site. This tilt decreases the
angle that the cofactor makes with the internal aldimine. Such a conformational change might
be expected to decrease the reactivity of the cofactor with incoming substrate by reducing the
strain of this linkage and increasing the extent of conjugation between the pyridinium ring of
the cofactor and the aldimine.

In the wild-type enzyme, the glutamate at position 177 is held in place by a specific
interaction with Arg 138, insuring that the salt-bridge between the carboxylate and the
protonated pyridinium nitrogen of the cofactor is optimally positioned (1). The serine side
chain is shorter than the glutamate side chain so that a direct interaction with the pyridinium
nitrogen does not occur. Instead, a water molecule appears where the carboxylate of



glutamate would have been. This water molecule is held tightly in place, stabilized by
interactions with the hydroxyl group of Ser177, the backbone nitrogen of residue 201, and the
amide nitrogen of Asn182. This water molecule interacts directly with the pyridinium
nitrogen of the cofactor. Since the pKa of such a water molecule is expected to be
significantly different than that of a carboxylate, it is expected that the pyridinium nitrogen of
the cofactor is unprotonated in the mutant, reducing its ability to stabilize the requisite
intermediates during catalysis leading to transamination. In contrast, this form of the enzyme
may be more capable of stabilizing intermediates, such as the quinonoid intermediate, that are
not normally observed in the reaction catalyzed by the wild type enzyme.

3 -

U s 182

, ’}\%
o o

b,
intermal
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Fig. 4: Active site region taken from the crystal structure of the E177S mutant of D-amino acid aminotransferase.
Shown in stereo are the interactions between the new water molecule observed in the mutant in the position of
the residue that interacts with the pyridinium nitrogen of the cofactor in the wild type enzyme. The position of
the new water molecule is shown with distances indicated in Angstroms.
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Fig. 5: Overlay of the active sites of wild-type (black) and E177S (white) D-amino acid aminotransferase.
Residues from the second subunit of the enzyme are indicated with an asterisk. An acetate ion has been modeled
into the substrate carboxylate binding site of the enzyme. In the structure of the wild type enzyme a sulfate ion
is observed at this position.
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Summary

Functional properties of the pyridoxal 5’-phosphate-dependent enzymes tryptophan synthase and O-
acetylserine sulfhydrylase immobilized by crystallization or encapsulation in wet porous silica gels were
investigated by absorption microspectrophotometry. The enzyme behavior exhibits a few striking
differences in the crystals and silica gels compared to solution, likely due the constraints of either lattice
forces or silica matrix on the conformational equilibria that accompany catalytic events. The results define
the experimental conditions to accumulate metastable catalytic species in the crystalline state, to develop
bioreactors with immobilized enzymes and to slow down protein folding processes.

Introduction

Immobilization of biomolecules is a powerful strategy for investigating structure, dynamics and
function and for developing biodevices (Mosbach, 1988, and references therein). Immobilization of
a protein via crystallization is the critical step in the determination of the three dimensional
structure, and, recently, in the preparation of effective vaccines (St. Clair et al., 1999).
Immobilization via encapsulation in porous silica gels provides an easy way to confine biologically
active proteins in a defined environment, to select individual tertiary and quaternary states, to
stabilize native vs unfolded states, and to prepare biosensors (Lan et al., 1999; Das et al., 1998;
Mozzarelli and Bettati, 2000, and references therein).

Several PLP-enzymes have been crystallized and the catalytic competence in the crystalline state
has been assessed either by determining enzyme activity on microcrystalline suspensions or ligand
binding and transient reactions by single crystal polarized absorption microspectrophotometry
(Mozzarelli and Rossi, 1996, and references therein). To our knowledge PLP-enzymes have never
been encapsulated in silica gels or linked to other inert matrices. In this work, we have immobilized
in the crystal and in silica gels the tryptophan synthase o, complex (TS; Miles, 1991) and O-
acetylserine sulfhydrylase (OASS; Cook and Wedding, 1976) in order i) to assess the catalytic
competence of these immobilized enzymes, ii) to define the experimental conditions for the
accumulation of the quinonoid intermediate of TS and the aminoacrylate Schiff base of OASS, key
catalytic species for which structural determination is still lacking, and iii) to evaluate the effect of

denaturants on the stability of encapsulated OASS.
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Materials and Methods

The tryptophan synthase o8, complex from Salmonella typhimurium was purified as previously

reported (Yang et al., 1996). The A-isozyme of O-acetylserine sulfhydrylase, obtained from a
plasmid-containing Salmonella typhimurium overproducing strain (LT-2) (Tai et al. 1993), was a
kind gift of Dr. Paul F. Cook (Department of Chemistry and Biochemistry, University of Oklahoma,
Norman, OK, USA). All reagents were of the best available quality and were used without further
purification. Crystals of TS and OASS were grown from PEG solutions as previously described
(Mozzarelli et al., 1989; 1998). Encapsulation of TS and OASS in silica gels was carried out as
described (Bettati and Mozzarelli, 1997 and references therein). A solution containing tetramethyl
orthosilicate, water and hydrochloric acid was thoroughly mixed in a glass vial and sonicated for 20
minutes, at 4°C. An equal volume of a solution containing either 50 mM potassium phosphate, pH
8.0 for TS or 10 mM potassium phosphate, pH 5.9 for OASS, is added to the sol. A mixture is made
using equal volumes of the sol and a solution containing either 29 mg/ml TS, 50 mM Bicine, pH 8,
or 26 mg/ml OASS, 10 mM Hepes, pH 8, within cylindrical 20 pl wells. When the gel is formed, it
is suspended in a solution of either 50 mM Bicine, pH 7.8, for encapsulated TS or 100 mM Hepes,
pH 7, for encapsulated OASS. The silica wet gels were stored at 4°C for at least 12 hours before
use.

Microspecrophotometric measurements were carried out with a Zeiss MPMO3 instrument,
equipped with a thermostated stage. Spectra on enzyme single crystals were recorded using linearly
polarized light, as previously described (Mozzarelli et al., 1989; 1998). Spectra on enzyme silica
gels were recorded using unpolarized light since silica gels are optically isotropic. Measurements
were carried out at 20°C.

To form the quinonoid species of TS, the reaction mixture contained 25 mM Bis-Tris propane, 1
mM EDTA, 50 mM L-serine and indoline, in the absence and presence of sodium ions, pH 8.0, and,
in crystal experiments, 20 % w/v PEG 8000. The concentration of indoline was estimated on the
basis of an extinction coefficient of 2,600 M-! cm-! at 289 (Roy et al., 1988).

To form the a-aminoacrylate species of OASS, the reaction mixture contained 100 mM Hepes,
O-acetylserine, pH 7.2, and, in crystal experiments, 34% w/v PEG 4000, 0.076 M Tris-HCI, 0.152
Li»SOs.

Results and Discussion

Formation of the quinonoid species of tryptophan synthase in the crystal and in silica gels.

Quinonoid species are key intermediates of the catalytic reactions of many PLP-enzymes. Whereas
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the structure of other PLP-intermediates has been determined, the structure of a quinonoid has not
yet been reported. In solution, the reaction of tryptophan synthase with the indole analog indoline
leads to the formation of a metastable quinonoid species absorbing at 476 nm (Roy et al., 1988).
The presence of Na* significantly decreases the dissociation constant of indoline and increases the
accumulation of the quinonoid (Mozzarelli et al., 2000). Similarly to solution, the reaction with
indoline leads to the formation of a stable quinonoid species in the crystal (Figure 1a). However, the
influence of sodium ions is strikingly different. In fact, the amount of quinonoid is 4-5 fold higher
in the absence than in the presence of sodium ions (Figure 1b). These results define the
experimental conditions that lead to the accumulation of the quinonoid in the crystal opening the
way to its X-ray crystallographic analysis. They also indicate the relevance of carrying out

functional studies of enzymes in the same physical state where structural data are collected.
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Figure 1. Quinonoid species is formed in the reaction of indoline with L-serine-TS 0,8, complex in the crystal (panel a,
b) and in silica gel (panel c). (a) Polarized absorption spectra of a TS crystal suspended in a solution containing 20%
w/v PEG8000, ImM EDTA, 50 mM Bicine-Na, pH 7.8, in the absence (dash line) and presence of 10 mM indoline, 50
mM L-serine (solid line). (b) Binding of indoline to TS crystals suspended in a solution containing 50 mM L-serine, 25
mM Bis-Tris, pH 8, in the absence (closed circles) and presence of 250 mM sodium chloride (open circles). (c)
Absorption spectra of TS silica gels suspended in a solution containing 25 mM Bis-Tris propane, pH 7.8 (dash line)

and 25 mM indoline, 50 mM L-serine, in the absence of monovalent cations (solid line).

Tryptophan synthase encapsulated in silica gels forms the indoline quinonoid (Figure Ic). Since
tryptophan synthase has been used in bioreactors for the production of L-tryptophan (Soda et al.,
1987; Makiguchi et al., 1987), this finding indicates that encapsulated tryptophan synthase can be
used in enzyme bioreactors, as encapsulation provides a convenient system to separate the enzyme
from the products and, usually, increases protein stability. Similarly to crystalline TS, the amount

of quinonoid is higher in the absence than in the presence of sodium ions (data not shown).
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Formation of the a-aminoacrylate of O-acetylserine sulfhydrylase in the crystal and in silica
gels. The reaction of O-acetylserine (OAS) with OASS leads to the formation of the o-
aminoacrylate species absorbing at 470 nm (Cook et al., 1992). The same absorption band was
observed when OASS crystals were suspended in a solution containing OAS (Figure 2a). However,
the affinity of the enzyme for OAS is about 500 fold lower than in solution (Mozzarelli et al.,
1998). These findings are likely explained by lattice constraints imposed to the open to closed

conformational transition associated with catalytic events (Schnackerz et al., 1995).
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Figure 2. a-Aminoacrylate Schiff base is formed in the reaction of O-acetylserine (OAS) with OASS in the crystal (a)
and in the gel (b). (a) Polarized absorption spectra of crystals of OASS suspended in a solution containing 34% w/v
PEG4000, 0.076 M Tris, 0.152 M Li,SO,, pH 6.9, in the absence (solid line) and presence of 18 mM OAS (dash line).
(b) Absorption spectra of OASS encapsulated in silica gel suspended in a solution containing 100 Hepes, pH 7, in the
absence (solid line) and presence of 20 mM OAS (dash line)

Since OASS, as TS, can be used in bioreactors (Soda et al., 1987) to produce L-cysteine, as well
as, eventually, the selenium derivative, the reactivity of the enzyme encapsulated in silica gels was
investigated. It was found that the enzyme reacts with OAS to form the a-aminoacrylate (Figure
2b). The affinity of OAS is significantly lower than in solution and more similar to that observed on
the crystalline enzyme. This might be due to a decrease of the conformational flexibility of the
enzyme within the gel matrix.

Unfolding of OASS in solution and in silica gels induced by guanidinium hydrochloride
(GdnHCI). PLP-enzymes belong to different functional and structural families (Grishin et al., 1995,
and references therein). We are addressing the question whether enzymes belonging to the same
structural family exhibit the same folding mechanism and which role is played by the coenzyme. TS

and OASS belong to the B-family and share a sequence identity of about 20%. Folding-unfolding
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studies of the B-subunit of TS have been carried out (Chaffotte et al., 1991 and references therein)
whereas no information is available for folding of OASS. The unfolding of OASS in solution has
been studied using absorption (Figure 3a) and fluorescence spectroscopy (data not shown). The
reaction is biphasic (Figure 3a, inset). The first step is the formation of a PLP-denatured enzyme

complex. The second step is the slow dissociation of the coenzyme, as evidenced by the blue shift
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Figure 3. Unfolding of OASS in solution (a) and encapsulated in silica gels (b) by exposure to guanidinium
hydrochloride (GdnHCI). (a) Absorption spectra of OASS, 100 mM Hepes, pH 7.0, in the absence (solid line) and
presence of 3.5 M GdnHCI, after 3 (long dash), 10 (dotted line) and 90 min (dash dot dash line). Inset: the time course
of the reaction is fitted to a biphasic decay with lifetimes of 5 (amplitude 67%) and 23 min. (b) Absorption spectra of
OASS encapsulated in silica gels, 100 mM Hepes, pH 7.0, in the absence (solid line) and presence of 3.5 M GdnHCl,

after 15 (long dash), 114 (dotted line) and 355 min (dash dot dash line). The absorption of the protein-free gel has been

subtracted. Inset: the time course of the reaction is fitted to a monophasic decay with lifetime of 108 min.

of the band (Figure 3a). When the same unfolding process is carried out on OASS encapsulated in
silica gels, the spectral changes are somewhat different (Figure 3b). In fact, there is only a decrease
of the band absorbing at 412 nm without any spectral shift, suggesting that the slow unfolding of
the enzyme is followed by a relatively fast release of PLP, diffusing out of the gel in the suspending
medium. Remarkably, the rate of unfolding is about 20 fold lower than in solution (Figure 3b,
inset). This finding indicates that encapsulation restrains OASS conformational changes, as
observed for other proteins (Mozzarelli and Bettati, 2000, and references therein; Das et al., 1998),

allowing to slow down processes and, eventually, to isolate folding intermediates.
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Summary: In -the present study, surface plasmon resonance biosensor was employed to
characterize the binding interaction between wild type porcine Pyridoxal Kinase (PK) and an
immobilized substrate, pyridoxamine. The binding of PK to the immobilized pyridoxamine was
followed in real time and the kinetic parameters were derived from the sensorgram using the
BIAevaluation™ software. At pH 7.4, the association rate constant and dissociation rate constant
of the wild-type PK for immobilized pyridoxamine are 7.25 x 10° + 0.35 x 10* M's™and 5.01 x
10° +0.93 x 1075, respectively. The equilibrium affinity constant of the wild-type PK is 1.45 x
10® M. The effect of buffer pH on the binding kinetic parameters was also determined.

Introduction: PK is an important enzyme involved in the metabolic activation of vitamin B6.
It has been detected in virtually all important mammalian tissues and is made up of two identical
subunits of 40 kDa each. It catalyzes the formation of PLP from PL and ATP in the presence of
Zn**. The recent cloning of the porcine PK cDNA allows us to study recombinant PK protein at
the molecular level (1). Binding of PK to its substrate is the prerequisite step for the catalytic
phosphorylation of the substrate. In the present study, we aim to employ surface plasmon
resonance (SPR) biosensor to characterize the binding kinetics between pyridoxal kinase and its
substrate, pyridoxamine. The long term significance of this study is to characterize enzyme-
substrate binding interactions using pyridoxal kinase as a model, as well as to develop the SPR
biosensor as a tool for understanding the mechanism in enzymatic activation of vitamin and the

structure-function relationship of pyridoxal kinase.
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Materials and Methods:

Immobilization of pyridoxamine on sensor surface: Commercial CM5 sensor chip was
reconditioned to generate bare gold surface for subsequent modification according to the method
by Kalb et al (2). Briefly, the carboxyl-dextran methylated (CMD) chip were removed from its
plastic holder and were cleaned with 70% H,SO, and 30% H,O, mixture by heating to about
90°C for 5 min. They were then rinsed with deionized water, washed with methanol and dried
for 1h at 150°C. Immediately before use, the gold chips were further cleaned in argon plasma
cleaner for 10 min (Model PDC 3 X G). 11-Mercaptoundecanoic acid (MUA) was introduced to
elongate the linker as described by Duschl et al (3). Pyridoxamine and MUA was first linked by
EDC/NHS activation pathway in solution. Thin layer chromatography (TLC) was used for the
separation of MUA and its derived product, and the product containing pyridoxamine was further
separated from the mixture using silica gel chromatography (eluent: 2:1 ethyl acetate and
petroleum ether mixture). The formation of monolayer on gold surface was tested using cyclic
voltametry in the presence of 10mM K;Fe(CN)¢ buffer. The gold working electrode and a
saturated calomel reference electrode (SCE) were used. The result showed that the gold surface
was covered with pyridoxamine-linked monolayer (data not shown).

Real-time binding experiments using surface plasmon resonance biosensor: The binding

experiments were carried out using a SPR biosensor (BIAcore) at 25°C with a constant flow rate
of 5 pl/min of 5 mM potassium phosphate buffer (pH 7.4). Twenty microliter of different
concentration of pyridoxal kinase (500nM to 6uM in PB buffer) was injected over immobilized
pyridoxamine surface, followed by 10-min wash by PB buffer. For each experiment, another
SAM presenting MUA was used as control surface in order to correct for the non-specific
binding and bulk refractive index change. The sensorgram were recorded, and the specific
binding profiles of PK to immobilized pyridoxamine were obtained after subtracting the control
surface.

Data Analysis: The sensorgram data were analyzed using BlAevaluation™ Software version
2.2.4. Several binding models were used to fit the pyridoxyl kinase and pyridoxamine interaction
data. The simple and the most appropriate model for the binding interaction was used to derive
the kinetic parameters. In this case, the one-site model seems to be sufficient in fitting the data,

so the binding kinetic constants i.e. k, (association rate constant) and k4 (dissociation rate
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constant) were also derived using the equation 1&2. The equilibrium affinity constant (Ka) is
calculated based on the ratio of k,/kg.

for association 1)
R =R {I-exp[—(k,[A]+k )t -t)]} +R,

for dissociation 2
R =R, exp[-k,(t—t,)]
Results and Discussion:

Specific binding curve is obtained by subtracting the sensorgram reading of the control surface

presenting MUA from the reading of the surface presenting pyridoxamine as shown in Figure 1.

]288 : Surface with pyridoxamine

1200
Response 1000 -

(RU) 800 - Sensorgram after subtraction
600 - Control surface
400 = (SAM nresentine MTTA)
200 H
0
-200 T T 1

40 110 180 250 320 390 460 530
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Figure 1: The sensorgram of the binding interaction of PK to immobilized pyridoxamine. The
biosensor chip was prepared by creating self-assembled monolayer presenting pyridoxamine that
formatted by MUA linking through solution organic synthesis.

The association and dissociation of various concentrations of pyridoxal kinase with
immobilized pyridoxamine were measured and recorded as sensorgram by the biosensor. After
obtaining all the sensorgrams, the data were analyzed using BIAevaluation™ Software version
2.2.4. All fitting were satisfactory as judged by the chi square value (0.3) and randomness of the
residual. In our case, one-site kinetic model is sufficient in describing the binding (Figure 2). The
dissociation curves and association curves for each concentration of PK were fitted with Eq.1

and Eq. 2. The obtained kinetic parameters are summarized in Table 1. The effect of pH on
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inding between PK and pyridoxamine was studied. For the range of 6.5 to 8.0, the binding
kinetics varied. (Table 1)
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Figure 2: The fitting curve and residual plot of fitting the binding interaction between
pyridoxyl kinase and immobilized pyridoxamine using 1:1 simple model

Table 1: Kinetic parameters of pyridoxal kinase and pyridoxamine using SPR biosensor

. . Association rate Dissociation rate ilibri i
PK-pyridoxamine Equilibrium affinity

; . constant (k,) constant (kg) constant (K)
interaction (x 10° M's™) (x10°s") (x 10° M';;
pH 7.4 7.25+0.35 5.01 £0.93 1.45+0.28
pH 6.5 523 +0.23 20.3+3.25 0.26

pH 7.0 5.55+0.61 6.17 +0.02 0.90

pH 8.0 0.85+0.13 4.79 + 0.09 0.18
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Summary

With a combination of multiple sequence alignment, secondary structure prediction and fold
recognition techniques, a molecular model of the ATP-binding domain of pyridoxal kinase was
constructed. The overall fold of the model consists of a central B-sheet of five parallel strands
sandwiched between six helices. It shows high resemblance with the typical Rossmann fold in
nucleotide binding. The quality of this model was assessed with the program PROCHECK using
conformation criteria. PROCHECK locates over 90% of the residues of the current model in the
“most favored” and “additional allowed” regions in Ramachandran plot.

Introduction

Pyridoxal kinase (PK) isolated from sheep brain was found to consist of two subunits of
identical size each with 36 kDa [1]. Although the primary structure of PK from different species
have been identified independently using amino acid sequencing of the protein [2] and
nucleotide deduction from the DNA sequence [3,4], only limited information with respect to its
tertiary structure could be retrieved from the primary structure. Meanwhile, X-ray diffraction
study of PK crystal is yet to be successful. Therefore, in order to obtain further insight into the
architecture of protein with respect to the substrate binding sites, a molecular model of the ATP-

binding domain of PK (ATPBD-PK) is constructed.
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Materials and Methods
Foldi th D-

With the information identifying globular domains by peptide sequencing, the program
THREADER 2 [5] was adopted to search for a possible fold for the ATPBD-PK. Amino acid
sequences (V138-1.322) was threaded with the standard library of 256 folds provided by the
software. Results were sorted according to the Z score of the weighted sum of pairwise and
solvation energy.

ipl ce alignmen C Iculation

NAD-dependent formate dehydrogenase (NDFD) was chosen for further processing (see
results below). Families of NDFD and PK sequences retrieved from SWISS-PROT were aligned
separately with the program CLUSTAL W aided by manual adjustment. Insertion or deletion
was only carried out in the loop region of the template structure. Both alignments were
submitted to the PHD server for secondary structure prediction.

Model building for the ATP-binding domain

Based on the combined sequence alignment of the two families, a model was built using the
HOMOLOGY module of INSIGHT II (MSI, U.S.A.). Coordinates of NDFD were assigned to
the ATP-binding domain sequence. Loop search program in HOMOLOGY module was
employed in search for peptide structure of a given length which connects structure elements
with the geometry that matches ends of the assigned secondary cores in the loop databases. The
completed model was refined by automated rotamer optimization followed by energy
minimization (steepest descent and conjugate gradient algorithms to a final derivative of 0.1 kcal
mol'A™"). The force field in DISCOVER module for energy minimization was CVFF [4]. The
relatively reliability of the model was evaluated by the structure verification program,

PROCHECK [6].

Results and Discussion

After the processing by the THREADER 2 program, two proteins (D-galactose/D-glucose,
7=4.82; NAD-dependent formate dehydrogenase (NDFD), Z=4.02) were found. Based on the
substrate similarity between NAD+ and ATP and better sequence alignment between NDFD and
ATPBD-PK (15% amino acid identity), structure of chain A of NDFD was selected as a
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template for the construction of the ATPBD-PK model. The ATPBD-PK sequence was threaded
onto the structure of the catalytic domain of NDFD. The proposed folds were verified by
separate multiple sequence alignments and secondary structure prediction of NDFD and
ATPBD-PK. Ten out of the 12 secondary structure elements (helices and strands) contained in
NDFD were correctly predicted and aligned in ATPBD-PK. In the present alignment, a total of
seven gaps all located in the loop region were required to be introduced into the sequence. The
model was constructed by assigning coordinates of the template structure to the query sequence
according to the sequence alignment using the HOMOLOGY module. After construction of the
model, minimization of steric hindrance in macromolecule was carried out. The overall fold of
the model consists of a central B-sheet of five parallel strands flanked by several helices. The
architecture of the model showed high resemblance to the classical Rossmann fold of

nucleotide-binding [7]. Topology plot of the model is shown in Figure 1.

Figure 1. ATP-binding domain of PK showing the three-layered (afo) sandwich: box=helices,
arrows=strands. Helices in front of the sheet are drawn higher and helices behind the sheet are
shown lower. The dotted line represents the region where modeling was not performed.
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In the model constructed, the proposed degenerate P-loop motif, GTGDL [5] was found to
be in a close proximity to the lysine residue (K232) which was suggested to be involved in the
binding of phosphate group of ATP [8]. This segment of peptide (G217-K232) formed a helix-
loop-strand supersecondary structure in the model. Residues closed to this motif were T113-
N135, S172-N174, P195-D196 and H233-N235. Quality of the model was assessed with the
program PROCHECK using conformation criteria. PROCHECK located >90% of the residues
of the current model in the “most favored” and “additional allowed” regions in the
Ramachandran plot. In the absence of an ideal homologous template structure for model
building, the fold recognition program THREADER 2 was used successfully to generate a
molecular model of the ATPBD-PK.
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Summary

The kea values of pyridoxal kinase are attenuated when the viscosity of the solution is varied
between 0.89 and 13.75 cp at room temperature. This effect may be due to fluctuations of the
tertiary structure of the enzyme in response to changes in the viscosity of the medium. A plot of
log k. against log viscosity according to Kramer equation yields € = 0.60 and E, = 7.8
kcal/mol. Structural fluctuations of the protein in response to the viscosity of the medium were
detected by emission anisotropy measurements. A sharp change in emission anisotropy occurs
upon viscosity changes from 2.7 to 0.89 cp. Two rotational correlation times ¢; = 17 ns and ¢, =
3.2 ns fit the Perrin plot. The shortest rotational correlation time reflects the rotational mobility
of tryptophanyl groups of the protein. It is postulated that enzymatic activity is correlated to a
dynamic coupling between the protein matrix and the surrounding medium.

Introduction

Pyridoxal kinase is a flexible protein which changes its conformation upon addition of
substrates and substrate analogues (1). The protein undergoes a process of reversible unfolding
in the presence of moderate concentrations of guanidinium chloride (mid-point 0.6 M Gnd HCI).
The magnitude of the free energy associated with the folding transition (AGy = 1.6 kcal/mol)
suggests that the protein is easily destabilized by denaturing agents (2). Although the effect of
viscogens on the conformational dynamics has not been investigated, it was observed that the
rate of cleavage of the protein by the proteolytic enzyme chymotrypsin is influenced by the
viscosity of the medium (3). In view of these observations, it is pertinent to ask whether
viscogen agents would influence the rotational dynamics of side chain groups of the kinase. Is
there any correlation between structural fluctuations and catalytic activity?

*This paper is dedicated to the memory of Professor Jorge Churchich.
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Materials and Methods

Pyridoxal kinase was purified as reported (1). Enzyme kinetic parameters were measured
in 0.1 M potassium phosphate buffer at pH 6.3 at 25 °C by following the change in absorbance at
388 nm, at which pyridoxal-5-P has an absorption maximum with an absorption coefficient of
4900 cm™ M.

Fluorescence emission spectra were recorded by a Perkin-Elmer LS-50B
spectrofluorometer using a 1-cm light-path quartz cuvette. Emission anisotropy was measured in
the same instrument. Illumination was provided by a Xenon-Hg lamp (150 W) with wavelengths
selected by a quartz prism monochromator. The band-width for excitation was 5 nm. Emission
anisotropy values were measured with a precision of +/- 0.002.

Results and discussion

The catalytic activity of pyridoxal kinase in the presence of varied concentration of
sucrose was investigated at pH 6.3 in 0.1 M potassium phosphate. It can be seen from the results
included in Fig. 1 that the k., values are attenuated when the viscosity of the solution is varied
between 0.89 and 13.75 cp at a fixed temperature of 25 °C. Regardless of the concentration of
sucrose used to increase the viscosity of the solution, the enzyme obeys Michaelis-Menten
kinetics with K., values for the substrates ATP and pyridoxal practically invariant with the

viscosity of the medium (Table 1).
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Fig. 1. Effect of viscosity of sucrose solutions in 0.1 M potassium phosphate buffer on the kg, of
pyridoxal kinase. Experiments conducted at pH 6.3 and 25 °C. The assay mixture contained 0.1 mM
ATP, 0.05 mM Zn chloride and 0.1 mM pyridoxal. The rate of formation of PLP at 388 nm was
monitored for 2 min.

Table 1. Effect of viscosity on the K, values for ATP and pyridoxal. Assays were conducted at pH 6.3 in
0.1 M potassium phosphate at 25 °C.

Viscosity (cp) Kpyridoxal (uM) KnATP (uM)
0.893 20 70
1.704 16 72

2.78 17 69
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The presence of large quantities of viscogenic solute required to modify the viscosity of
the solution might affect the rates catalysed by the enzyme by shifting the pKa of some ionizable
groups of the protein involved in catalysis. To test this possibility, the pH profiles of the kinase
in the absence and presence of sucrose were determined. As shown by the results included in
Fig. 2, the pH profile of pyridoxal kinase is not altered by addition of 20% sucrose at 25 °C. This
observation implies that catalytic activity measurements cannot detect subtle changes in the pKa

values of ionizable groups induced by addition of sucrose.
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Fig. 2. Effect of pH on the catalytic parameters of pyridoxal kinase in the absence (#) and presence (¢ ) of
20% sucrose. Experiments conducted in 0.1 M potassium phosphate buffer at the indicated pH values.
The temperature of the system was 25 °C.

The effect of the physicochemical properties of the additives on the catalytic activity of
the kinase was investigated at pH 6.3. According to results published in the literature (4),
sucrose and glucose differ in their molar volumes and hydration numbers. The molar volume
and hydration number of sucrose are practically two-fold greater than the corresponding values
of glucose. However, at a viscosity of 2.80 cp, the kinase shows the same k., value, suggesting
that the chemical nature of the viscogen does not influence the catalytic behavior of the enzyme
(Table 2). The effect of glycerol, a viscogen solute commonly used in viscosity studies, could
not be tested because pyridoxal kinase undergoes a slow process of irreversible denaturation in
the presence of glycerol concentrations higher than 10% at room temperature.

Table 2. Effect of sucrose, glucose and fructose on the ke, values of pyridoxal kinase assayed at pH 6.3.

Sugar Viscosity Apparent molar volume Degree of hydration Keat

(cp) (ml/mol) s
Sucrose 2.80 210.2 7.03 0.13
Glucose 2.82 112.8 3.45 0.12

Fructose 2.81 108.8 3.24 0.12
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The absence of any observed effect on the K, values for ATP and pyridoxal, suggests
that the reaction catalysed by the kinase is not diffusion controlled by reactants transport (Table
1). Therefore, the effect of sucrose on the k., values must be sought in fluctuations of the
tertiary structure of pyridoxal kinase in response to changes in the viscosity of the medium. If
fluctuations of the protein matrix is essential for the activation process, then the dynamic state of
the macromolecular structure of the enzyme-substrate complex is governed by its interaction
with the solvent molecules through the action of two competing processes; i.e., random
collisions and frictional forces (5, 6, 7). For reactions involving the formation of activated
~ complex, the rate constant of the reaction (k) is related to the viscosity (1) of the medium by the
equation derived by Kramers (8) (Equation 1).

k=A.n"%.e EART 1)
where E, is the activation energy; A, a constant; €, the viscosity coupling constant and 1, the
viscosity of the medium. A . 1 characterizes the dynamic interaction of the protein with the

solvent, and E, is the potential barrier.
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Fig. 3. Plot of log k.., against log viscosity using Kramer equation. The plot yields € = 0.6 and an energy
of activation of 7.8 kcal/mol.

A plot of log k., against Log m is linear for pyridoxal kinase with € = 0.60 and E, = 7.8
kcal/mol (Fig. 3). In these calculations a value A = 0.83 x 10° cm"s’zg (6) was assumed.
According to this analysis, dynamic coupling between the protein matrix and the surrounding
medium induces structural fluctuations inside pyridoxal kinase. In an effort to detect structural
fluctuations of the protein in response to the viscosity of the medium, the polarization excitation
spectra of pyridoxal kinase in the presence of increasing concentrations of sucrose were
examined over the spectral range 270-310 nm. Fig. 4 shows a typical excitation polarization
spectrum of pyridoxal kinase in 50% sucrose at pH 6.4 in 0.1 M potassium phosphate. Under

illumination at 297 nm, which excites tryptophanyl groups, the emission anisotropy reaches a
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value of 0.26. The fluorescence maximum in 50% sucrose is identical to that of the enzyme in

the absence of viscogen solutes.

ANISOTROPY

T WA:/ELEiGTH(ix) =
Fig. 4. Polarization excitation spectrum of pyridoxal kinase in 50% sucrose at pH 6.3 in 0.1 M potassium
phosphate buffer. A maximum of the emission anisotropy of 0.275 is attained in the region coinciding
with the absorption of tryptophany! residues.
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Fig. 5. Plot of the anisotropy as a function of the viscosity of sucrose solutions at 25 °C. The excitation

wavelength was 297 nm, and the emission wavelength was set up at 350 nm. Excitation and emission
slits S nm.

A sharp change in emission anisotropy values is detected when the viscosity changes
from 2.7 to 0.89 cp. Fig. 5 shows how the emission anisotropy values varies as a function of the
viscosity of the medium. The rotational mobility of the tryptophanyl residues can be estimated
from fluorescence anisotropy measurements obtained at various viscosity values. A Perrin plot
of 1/A against T/n is shown in Fig. 6 where it can be seen that the curve intersects the ordinate
at A = 0.27, which is lower than the emission anisotropy observed for the model compound N-
acetyltryptophan (Ao = 0.32) in glycerol. When the Perrin plot was analysed using a function
containing two rotational correlation times, it was found that ¢; = 17.3 ns and ¢, = 3.2 ns, which

characterize the rotational dynamics of the protein. The longest correlation time could be
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assigned to the overall rotational motion of the macromolecule since its magnitude is similar to
that calculated for the equivalent spherical model of 35 kDa using equation (2):
¢o=[M.(V+8) n] /RT (2

A monomer of pyridoxal kinase yields a ¢o = 14 ns, whereas a dimer yields ¢y = 25 ns.

6 T T T T T
55 [ e

5 3

1/A

45 [ 3
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3.5 it 1 AR 1 L 1
0 50 100 15Q_ 200 250 300 350
T/n

Fig. 6. Perrin plot of the reciprocal of the emission anisotropy as a function of the temperature/ viscosity.
The viscosity was increased by addition of sucrose and the temperature was kept at 25 °C. Two rotational
relaxation times fit the plot. A longer rotational correlation time of 17.3 ns corresponds to the rotation of
the whole macromolecule in solution, whereas a rotational correlation time of 3.2 ns corresponds to the
rotation of short polypeptides bearing tryptophanyl groups.

The shortest rotational correlation time reflects the rotational mobility of tryptophanyl
groups of the protein. Thus, tryptophanyl residues participate in high frequency intramolecular
mobility during the brief lifetime of the excited state [t = 3 ns]. The sharp increase in emission
anisotropy from 0.18 to 0.25 ns occurs over a narrow range of viscosity values (Fig. 5); whereas
the catalytic activity of pyridoxal kinase is reduced by 60% over the same range of viscosity
values (Fig. 1). Hence, enzymatic activity seems to be correlated to a dynamic coupling between
the protein matrix and the surrounding medium. High concentrations of viscogen, inhibit side
chain motion leading to more compact globular structure.

This work was supported by the Area of Strategic Development Grant (A016).
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Summary

To gain insight into the mechanism of chaperonin-assisted folding of mitochondrial aspartate
aminotransferase (nAAT), we have analyzed the interaction of chemically unfolded mAAT with
GroEL using a variety of spectroscopic techniques. Since native mAAT is a homodimeric
pyridoxal phosphate (PLP)-dependent protein, we also examined the oligomeric state and the
ability of the GroEL-associated protein to bind PLP. The folding intermediates that bind to
GroEL are monomeric but have substantial structure and are already able to bind PLP with low
affinity. Trapping of these transient intermediates by GroEL may prevent their aggregation and
increase the efficiency of the folding reaction.

Introduction

Mitochondrial aspartate aminotransferase (mAAT) is a pyridoxal 5'-phosphate (PLP)-
dependent enzyme composed of two identical 45-kDa subunits. Although mAAT can refold
spontaneously after chemical denaturation only at low temperatures, it folds rapidly following its
translocation into isolated mitochondria at 30°C, probably with the assistance of chaperones
present in the matrix such as the hsp60/hsplO chaperonins. The E. coli chaperonin system
GroEL/GroES greatly extends the temperature range at which mAAT successfully refolds in
vitro (1). GroEL, the best characterized chaperonin, is a tetradecamer of identical 57-kDa
subunits arranged in two heptameric rings with a central cavity lined with hydrophobic residues
where non-native substrate polypeptides bind (2). Many structurally unrelated proteins have
been shown to bind to GroEL in addition to mAAT.

Chaperonins facilitate ATP-dependent protein folding by reversibly binding and preventing
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aggregation of partially structured folding intermediates. One of the many open questions
regarding the mechanism by which GroEL assists protein folding relates to the conformation of
the polypeptide substrate stably bound to the chaperonin, and whether there are conformational
changes in the substrate associated with binding by GroEL. Results on several spectroscopic
properties _of the partially structured species together with their coenzyme-binding ability and

association state of the subunits of mAAT bound to GroEL are presented.

Materials and Methods

Rat liver mAAT was purified as previously described (3). Apoenzyme was prepared by
incubating the holoenzyme (pyridoxal form) with a 20-fold molar excess of cysteine sulfinate as
previously reported (4). Acid-induced reversible unfolding of mAAT at pH 2.0 and formation of
the GroEL complex was as previously described (5,1).

mAAT was labeled at Cys166 by incubation with a 10-fold molar excess of the spin label, S-
(1-0xy-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfate (MTSSL) in the presence of 20
mM o-methyl aspartate at 4°C for 60 min. The unreacted spin label was removed by
ultracentrifugation and the EPR spectra were collected at room temperature on a Varian E9
spectrometer.  Fluorescence spectra were recorded at 10°C on a SLM 8000C Aminco

spectrofluorometer settled on photon counting mode.

Results and Discussion

The high mobility of the nitroxide side chain attached to Cys166 in the mAAT-GroEL complex
is equivalent to that observed in mAAT denatured at pH 2.0 suggesting that the local structure
around this residue is as flexible and devoid of tertiary interactions as in the unfolded state. In
the native protein, Cys166 is located in a cleft at the interface between the two domains (6) and
the EPR spectrum of the spin-label attached to its side chain is characteristic of nearly fully
immobilized nitroxides (Fig. 1).

The fluorescence maximum of the seven tryptophan residues of mAAT shifts from 336 to 352
nm upon unfolding whereas the fluorescence intensity decreases relative to that of the apo-form.

(Table I), consistent with a transfer of tryptophans to a more polar environment. The emission



Amax and fluorescence intensity of the GroEL-bound protein are identical to those of the native
apoenzyme suggesting that tryptophan side chains are present in an environment of similar

polarity to the native state.

Native GroEL:mAAT
Complex
Complex +
Unfolded GroES/ATP

S

Figure 1. EPR spectra of spin-labeled mAAT. Microwave power of 2 mW was used and a peak-
to-peak modulation amplitude of ca. 1 G. Spectral width is 100 G.

The accessibility of the spin labeled-Cys166 or the tryptophan side chains to relaxing agents or
quenchers, respectively, is intermediate between those of the native and unfolded proteins (Table
I). These data are compatible with a more unfolded conformation of the protein bound to GroEL
than in the native conformation. Yet, addition of PLP results in a decrease of the intrinsic
fluorescence of the bound protein suggesting that the mAAT folding intermediates is able to bind
coenzyme. It remains to be determined whether binding involves a primitive version of the
native active site or occurs at an unrelated location in the protein.

To determine the state of oligomerization of mAAT bound to GroEL, we followed the
formation of hybrids between two forms of mAAT of different size: mature mAAT and
precursor form which contains a N-terminal extension of 29 residues and a tag of 6 histidine

residues at its C-terminal end (pmAAT-His). Stable complexes of these two mAAT forms with
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GroEL were formed separately by diluting the guanidine-denatured proteins (0.67 puM final
concentration) into refolding buffer containing 1 uM GroEL at 10 °C. Release and refolding of

the bound protein from GroEL could be induced by addition of the co-chaperonin GroES and
MgATP. Because of the differences in size between pmAAT-His and mAAT monomers,
formation of mAAT:pmAAT-His hybrid dimers could be followed by trapping of the His-
containing dimers with Ni-NTA resin and analysis of their subunit composition by SDS-PAGE.
The results showed that when the preformed complexes were mixed prior to addition of the
releasing factors, the fraction of hybrid dimer in the mixture was as expected for a random
dimerization of mAAT and pmAAT-His monomers (data not shown). By contrast, only
homodimers were observed when prior to mixing, the two types of complexes were separately
incubated with GroES/MgATP to allow refolding and dimerization of each mAAT form. These

results indicate that the mAAT form sequestered by GroEL is predominately monomeric.

Table I. Intrinsic Fluorescence (Aex=296 nm) and EPR Power Saturation Parameters for mAAT
in Different Folding States.

Native Native
holoenzyme apoenzyme Unfolded GroEL-bound
Fluorescence®
Amax (nm) 336 338 352 338
Intensity at Amax 1 2.7 1.6 2.5
Ko M)
Todide 0.4+0.21 - 3.9+0.57 2.440.20
Acrylamide 1.8+0.01 ---- 7.840.08 5.8+0.05
EPR®
APy, (mW) 4.8 100 6.1

? The fluorescence quenching data were analyzed according to the Stern-Volmer equation (7).
Fo/F values were estimated at the corresponding emission maxima after correcting for dilution,
fluorescence of a blank without protein and for the inner filter effect due to acrylamide. mAAT
concentration, 30 pg/ml.

® Power saturation data was collected at 20 +/- 1 °C. The microwave power was varied from
0.01 mW to 40 mW, while the peak to peak amplitude of the m; = 0 line (4= o) was measured at
regular power intervals. Py;, the power required to reduce the resonance amplitude to half its
unsaturated value, was calculated according the equation by Altenbach e al.(8). Values for

AP |, were calculated from the difference in P 1/, values in the presence and absence of relaxing
agent (NiEDDA, 10 mM).
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In summary, the mAAT folding intermediates stably bound to GroEL are substantially more

structured than the unfolded state but lack the compact nature of the native conformation. The

differences observed between the complex with GroEL and the native mAAT support earlier

proposals that GroEL recognizes predominately molten globule-like folding states of proteins

that could otherwise engage in undesirable interactions leading to aggregation.
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