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Introduction

The first nucleoside triphosphate (NTP), adenosine triphosphate (ATP), was
discovered by Karl Lohmann in 1929. Some years later, its structure was
clarified, and Alexander Todd synthesized ATP chemically in 1948. A major
role of ATP is supplying the needed energy to synthesize the many thousands
of macromolecules that a cell needs to exist. ATP is described as the “uni-
versal currency of energy” in the cell and functions as a carrier of energy in
all living organisms from bacteria and fungi to plants and animals, including
humans. The actual power source is the phosphate tail of ATP. Available
energy is contained in the bonds between the phosphates and is released
when they are hydrolyzed. Usually, only the outer phosphate is removed to
yield energy and the nucleotide diphosphate. Although ATP is the main
energy carrier in the cell, other energized nucleotides containing thymine,
guanine, uracil, and cytosine are utilized. Nucleoside diphosphate kinase
transfers energy contained in a nucleoside triphosphate (commonly ATP) to
a nucleoside diphosphate, such as guanosine diphosphate (GDP), to form
guanosine triphosphate (GTP).

Nucleoside triphosphates are utilized by a family of polymerases during
the synthesis of nucleic acids on preexisting nucleic acid templates, assem-
bling RNA from ribonucleotides, or DNA from deoxyribonucleotides. Poly-
merase chain reaction (PCR), a key technique in molecular genetics that
permits the analysis of any short sequence of DNA (or RNA) in the test tube,
relies on NTP. The PCR technology has greatly increased scientists” ability
to study genetic material. Since its invention, PCR has revolutionized the
way in which basic research and medical diagnosis are conducted.

Structurally, NTP consists of three main components: the nitrogenous
base, the sugar, and a chain of three phosphate groups bound to ribose. Since
the discovery of the first nucleotide and elucidation of its structure (ATP),
scientists have synthesized various analogs of NTP modified at the base,
sugar, or triphosphate chain. These compounds have served as valuable tools
in the investigation of a variety of cellular processes for many years. Mod-
ification of the triphosphate chain has been mainly used to study enzymatic
pathways, which results in hydrolysis or transfer of the phosphate from NTP
to another molecule. Modification of sugar and base has served a number
of different purposes, from pharmaceutical to diagnostic applications.



Structural analogs of nucleoside have diverse biological properties and
therapeutic consequences. They comprise a diverse family of cytotoxic com-
pounds, antiviral agents, and immunosuppressive molecules. Anticancer
nucleoside analogs inhibit cellular DNA replication and repair, whereas
antiviral nucleoside analogs inhibit replication of the viral genome. Nucle-
oside analogs are inactive prodrugs and require intracellular phosphoryla-
tion to their corresponding pharmacologically active triphosphate form.

A number of nucleosides are currently on the market (or may be mar-
keted soon) for the treatment of various diseases. Presently, the backbone of
effective antiretroviral therapy regimens for the treatment of HIV contains
at least two nucleosides. Pyrimidine nucleoside analogs are essential com-
ponents of hematological malignancy therapy and are also used in the treat-
ment of solid tumors. Furthermore, immunosuppressive properties of these
agents have been exploited for preventing rejection following transplant and
for the treatment of nonmalignant disorders, including immunologic dis-
eases and multiple sclerosis.

Due to their essential role in virtually all cellular processes, nucleotide
analogs that facilitate tracking of global conformational changes in nucleic
acids and nucleic acid complexes have been utilized extensively in cellular
and molecular biology research. A variety of labeled nucleotides for molec-
ular biology and cytogenetic applications, such as gene expression studies,
mutation detection on arrays, microarrays, and in situ PCR and RT-PCR,
have been developed and are commercially available.

Fluorescent labeled nucleotide analogs provide sensitive probes for
studying the structure, dynamics, and interactions of nucleic acids. These
analogs can be incorporated site specifically into oligonucleotides through
standard automated synthetic procedures, allowing them to serve as sensi-
tive probes of changes in the microenvironment that may result from vari-
ation in molecular interactions. A major advantage of fluorescent analogs is
their similarity in chemical properties and molecular constitution to natural
bases. In contrast to bulkier chromophores, they are incorporated into the
oligonucleotides without introducing significant structural or chemical
changes that might alter the measurement.

This book is the first dedicated to the field of nucleoside triphosphate
and encompasses within its chapters the contributions of 18 scientists from
academia as well as industry, each of whom has contributed to the field. The
purpose of this text is to provide collective information on chemistry, phys-
icochemical, and biological properties of natural and modified NTP, as well
as their application in life sciences. In addition, we have included three
chapters that review families of enzymes that depend on nucleotides for
assembling DNA and RNA molecules and an appendix with supporting
information.

Morteza M. Vaghefi
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chapter one

Chemical synthesis of
nucleoside 5-triphosphate

Morteza M. Vaghefi
ChemCyte Corporation, San Diego, CA

Contents
1.1 INtrodUCtOn ...cccieiiiiiiii s 1
1.2 Early synthetic efforts .........cocoooviiiiiii 2
1.3 Activation of phosphate ..o 5
1.3.1 Phosphoramidates........c.cccccoviiiiiiiiiiiiices 5
1.3.2  Anhydride activation............coooeieiiiiiiiii 7
1.3.3 Phosphodiester activation...........ccccocvviviviiiiniiiciiccens 7
1.4 Phosphorylation of nucleosides ............cccovevviiiiiiiniciiiiic 7
1.5 Recent advances in nucleoside 5-triphosphate synthesis .................... 12
1.6 CONCIUSION. ..ot 17
REfETONCES......cuiiiiiiiiiiiic s 20

1.1 Introduction

The first nucleoside 5-triphosphate, adenosine triphosphate, was isolated
from muscle and liver extracts in 1929.12 The structure of adenosine triph-
osphate was a matter of dispute for years. Lohmann proposed a formula
based on hydrolysis and behavior of the compound towards hydrolytic
reagents. He noted that, by acid hydrolysis, it fragmented into 1 mol of
adenine, 2 mol of phosphoric acid, and 1 mol of D-ribose-5-phosphate, which
led him to formulate it as adenosine-5"-triphosphate.? His proposed structure
was not universally accepted and it was argued that properties of isolated
compound were incompatible with his proposed structure.? Finally, in 1945,
after several years of additional biochemical studies and analysis, Masson
and O’Farrell confirmed Lohmann’s proposed structure.®



2 Nucleoside triphosphates and their analogs

Because adenosine triphosphate was the only known organic derivative
of triphosphoric acid, its chemical synthesis was of a matter of interest and
under investigation for years. As might be expected, chemists believed that,
as an anhydride of phosphoric acid, adenosine triphosphate was extremely
unstable and readily degraded under chemical processing. Because adenos-
ine was already synthesized, the major challenge in the chemical synthesis
of adenosine triphosphate was the attachment of a triphosphate residue to
the 5’-position of adenosine. In 1949, Baddiley et al. successfully synthesized
adenosine 5’-triphosphate in a manner identical with adenosine triphosphate
isolated from natural sources.®

The importance of nucleoside triphosphates (NTPs and dNTP) in bio-
logical systems and their involvement in a host of biochemical processes
have led to the development of a number of methods for their synthesis.
Some protocols work extremely well for a number of nucleosides and a few
methods work moderately well for most nucleosides. No satisfactory pro-
tocol exists for preparing all nucleoside triphosphates. The field can benefit
from some research innovations for preparation of these important mole-
cules. For example, no procedures will allow for direct one-step triphos-
phorylation or synthesis of a diverse set of nucleoside triphosphates via a
combinatorial or parallel synthesis.

This chapter reviews different approaches for the synthesis of natural
and modified nucleoside triphosphates. It includes a historical aspect of
synthetic evolution, which will be useful for evaluating the best strategy for
the synthesis of nucleoside triphosphates. The synthesis of natural nucleo-
side triphosphates by enzymatic procedure is described in the next chapter.
A number of alternative procedures for the synthesis of modified triphos-
phate moiety, including isotopic and radiolabeled, are also described in the
following chapters.

1.2 Early synthetic efforts

Baddiley et al. reported the first chemical synthesis of adenosine 5-triphos-
phate in 1949 (see Scheme 1.1). Tribenzyl ester of adenosine 5-diphosphate
was synthesized by coupling dibenzylchlorophosphonate with the silver salt
of monobenzyl ester of adenosine 5-monophosphate in acetic acid. Partial
deprotection of tribenzyl ester of adenosine 5-diphosphate at P2 produced
dibenzylpyrophosphate, which was coupled with another molecule of
dibenzylchlorophosphonate yielding tetrabenyzyl-protected triphosphate
analog. The benzyl protecting group was removed by catalytic hydrogenation.

This procedure, which was improved later that year by Michelson and
Todd,” was very laborious and time consuming. It required initial synthesis
of both components and careful protection of all the intermediates to limit
the possibility of unwanted chemical reactions. Furthermore, purification of
nucleoside triphosphate involved several precipitation steps under con-
trolled conditions and then, finally, crystallization of the acridinium salt of
adenosine 5-triphosphate. The product was characterized using various



"SII0MOD pue A3[Ippeg Aq JIV JO SISOUIUAS [edrwayd astmda)s 1sar] ['[ auayds

VL
—_~—
S
=
12}
g ¥ HO o o v o 0
= \O/ - o /n._\\O O/ Oln_ O I6)
= N _o—
= o 0—y—0—4d I P /o\n_
in _ _ _ _ o) (e} pioe ooy
N N 0 o ~— -—
2 N N
R A/ _ N N /J
< N Z A/ _
k N \Z
(&) Z,
3 HN
= °HN
S
K%
w I
= ¥ Ho © 3 HO
= O0—4(g /
= N 2N 4 HO O pioe onsoy / +
7 o _d_ o -0 O fe)
= 0 0
KL - 0
N
S "~ F@ ®
S A/ | N N NS A/ \z
N = A/ _ J
2N N 2 HN
*HN

Chapter one:



4 Nucleoside triphosphates and their analogs

analytical tools available at the time, including melting points, X-ray crys-
tallography, infrared spectroscopy, and absorption spectra; its biological
activity was evaluated and compared with adenosine triphosphate isolated
from natural sources.

Major efforts in the following years concentrated on the incorporation
of an active leaving group on the phosphate moiety of the nucleoside mono-
phosphate. The activated bond facilitated nucleophilic substitution with
another phosphate to form a diphosphate anhydride bond. Dicyclohexylcar-
bodiimide (DCC) was one of the first condensation reagents used for the
synthesis of nucleoside polyphosphates.2? DCC forms an intermediate with
nucleoside monophosphate, which acts as a leaving group in the presence
of a nucleophile under anhydrous conditions.

Smith and Khorana reported the first satisfactory synthesis of ribo- and
deoxyribonucleoside triphosphates from nucleoside monophosphate and
pyrophosphoric acid using DCC.!° Their major challenge was the low sol-
ubility of pyrophosphate and nucleoside monophosphate in inorganic sol-
vents. They tried a few water-soluble analogs of carbodiimide without
success. They eventually solubilized these reagents by converting them to
various trialkylammonium salts and using highly polar solvents, such as
pyridine (Scheme 1.2).

Using phosphoric acid instead of pyrophosphoric in the preceding reac-
tion resulted in the formation of di-, tri-, tetra and higher phosphates, with
triphosphate the major product. Smith and Khorana proposed formation of
cyclictrimetaphosphate (Scheme 1.3) as an intermediate, which was hydro-

NH,
SR, s g
N | > P—O~
N NZ - _P—O—
. k)\/lt > NH k\N Voo Yo
o) X N \ [l 0
| N —  Cc—p—0\ o —
N + ” I DMF
O/P*O (0] N o
o OH R
OH R
NH, NH,
NZ NZ

Plus higher polyphosphates

Scheme 1.2 Coupling tributylammonium pyrophosphate with adenosine monophos-
phate in pyridine.
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Scheme 1.3 Proposed structure of nucleoside cyclic trimetaphosphate intermediate.

lyzed to nucleoside triphosphate. This intermediate is much less reactive to
further DCC activation and addition of more phosphates.

1.3 Activation of phosphate
1.3.1 Phosphoramidates

The development of a simple, general method for the activation of nucleoside
monophosphate was the focus of many studies over a decade. Different
alkylamines with various basicity and reactivity were studied for formation
of a variety of nucleoside phosphoramidates. In 1961, Moffat and Khorana!
introduced nucleoside phosphomorpholidate derivatives that opened the
door for the synthesis of nucleoside triphosphate as well as diphosphates
and a number of nucleoside coenzyme analogs (Scheme 1.4).

Nucleoside monophosphate was coupled with morpholine using DCC
as a condensing reagent to form nucleoside phosphomorpholidate. Initially,
pyridine was used as a solvent for coupling pyrophosphoric acid with nucle-
oside 5-phosphomorpholidate. The reaction for the synthesis of triphos-
phate proceeded smoothly and resulted in a 57% conversion; however, when
it was subjected to longer reaction times, it converted into a number of
byproducts, including nucleoside diphosphate and dinucleotide-5’,5"-tetra-
phosphate. Moffatt improved this procedure using dimethylsulfoxide as the
solvent and reported an isolated yield of 70 to 80% for different nucleotides.'?
The advantage of phosphomorpholidate nucleoside is its relative stability.
This procedure is very reliable for forming P-O-P bond and is still practiced
in laboratories.

Phosphoimidazolidate is another activated form of phosphate that was
introduced in 1957 by Staab.!® This activation was done by reacting phos-
phoric acid or organophosphate analogs with carbonyldiimidazole. Gold-
man and coworkers!* were the first to report synthesis of adenosine diphos-
phate from adenosine monophosphate by imidazole activation (Scheme 1.5).
This procedure was improved in the following years and applied to the
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Chapter one:  Chemical synthesis of nucleoside 5'-triphosphate 7

synthesis of a number of nucleoside di- and triphosphate analogs, as well
as coenzymes and dinucleotide polyphosphates in high yields.!>”

The phosphoramidate couplings are routinely performed under anhy-
drous condition by several coevaporations with azeotropic solvents, such as
anhydrous pyridine. Any trace of water dramatically influences the reaction
yield. However, in the presence of a divalent metal ion such as Mn** or Cd**,
it is possible to form a P-O-P bond through phosphoamidate intermediate
in an aqueous condition in optimal yield.!

1.3.2  Anhydride activation

Michelson first reported the activation of phosphate by anhydride formation
in 1964." He used diphenylphosphoryl chloride in dimethylformamide
(DMF) to activate nucleoside 5-monophosphate under an anhydrous con-
dition. The diphenylphosphoryl group then acted as a leaving group in a
nucleophilic reaction with pyrophosphoric acid (Scheme 1.6). Although this
method has no serious disadvantages, it has not been widely used.

Furusawa et al. reported an alternative anhydride-type activation pro-
cedure in 1976.%° He used di-tert-butylphosphinothionyl bromide and nucle-
oside monophosphate to form nucleoside monophosphate-di-n-butylphos-
phinothioic anhydride. The mixed anhydride was stable even in the water
and readily reacted with phosphoric acid or phosphomonoester in the pres-
ence of silver as a catalyst (Scheme 1.7).

1.3.3 Phosphodiester activation

Activation by diester has been mainly accomplished with compounds that
interact through neighboring group coordination, such as 8-hydroxyquino-
line.”! Using triphenylphosphine/2,2"-dipyridyl diselenide as a coupling
reagent, 8-quinolyl monophosphate reacted with an unprotected nucleoside
and formed an 8-quinolyl nucleoside phosphodiester intermediate. The
intermediate reacted with pyrophosphate through the addition of copper (II)
as a catalyst (Scheme 1.8).

1.4 Phosphorylation of nucleosides

Early synthetic procedures of nucleoside triphosphate were mainly based
on the natural nucleoside 5-monophosphates. The discovery of the structure
of natural nucleosides and nucleotides and their vital role in many critical
cellular processes instigated chemists’ interest in the design and synthesis
of modified analogs and their potential biological applications. A wide vari-
ety of nucleosides modified at the base or sugar were synthesized. Because
all previous procedures for the preparation of nucleoside 5-triphosphates
utilized a nucleoside 5-monophosphate as a starting material, synthesis of
nucleoside 5-monophosphate for conversion to polyphosphate was an
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Scheme 1.8 8-Hydroxyquinoline activation of nucleoside 5-monophosphate — an
intermediate for the synthesis of nucleoside triphosphate.

important and challenging issue. Therefore, several methods for 5-phospho-
rylation of nucleoside were developed.?

Phosphorylation of the hydroxyl groups requires the use of highly reac-
tive phosphorus moieties. Early efforts were predominantly focused on
using phosphorus compounds with P-CI bonds. Because most nucleosides
have more than one hydroxyl group, selective phosphorylation of the
5’-position imposed a serious challenge. Unselective phosphorylation
resulted in a mixture of 2’-, 3’-, and 5"-phosphorylated compounds. Reagents,
such as dichlorophosphoric acid and phosphoryl chloride, were routinely
used for phosphorylation of the hydroxyl group. However, the breakthrough
came when Yoshikawa et al.?? discovered that using trimethylphosphate or
other trialkylphosphates as a solvent accelerated the rate of reaction of
nucleosides with phosphoryl chloride at the 5" position.

Initially, they used 2’, 3’-protected nucleosides to perform 5’-phospho-
rylation in trialkylphosphate. The value of their innovation was material-
ized when they repeated the reaction with the corresponding unprotected
nucleoside and observed selective phosphorylation of the 5-hydroxy.
Because this reaction performed best when no base was used, they con-
cluded acidic media was necessary to suppress reaction at the 2" and 3’
hydroxyls. However, it was later established that the reaction can be equally
regioselective in a slightly basic medium and the relationship between
regioselectivity of phosphorylation and pH remains unknown. Phosphory-
lation in trialkylphosphates is the primary method for the 5-phosphoryla-
tion of nucleosides that do not require protection of the other functional
groups (Scheme 1.9).

A number of alternative methods for 5’-phosphorylation of nucleosides
have been described. For example, 5’-phosphate can be introduced by Mit-
sunobo reaction.?#? Other obvious reagents for synthesis of nucleoside
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Scheme 1.9 One-pot synthesis of nucleoside 5-triphosphate using phosphorous ox-
ychloride in trimethylphosphate as a solvent, followed by the addition of tributyl-
lammonium pyrophosphate.

5’-monophosphates are phosphoramidites (Scheme 1.10).20?” These methods
have not been fully exploited in multistep synthesis for nucleoside triph-
osphates and their application in the synthesis of nucleoside triphosphates
is uncommon.

In recent years, several novel nucleoside phosphorylation procedures
have been described. Uchiyama et al. reported an O-selective phosphoryla-
tion of nucleosides with an unprotected base.? They used metalo-organic
bases (such as alkyllithium, potassium tert-butoxide, tert-butylmagnesium
chloride, etc.) for hydroxyl activation. The activated 5-hydroxyl was then
reacted with phosphorochloridate or p-nitrophenylphosphate to form nucle-
oside 5-phosphate in a yield exceeding 90% (Scheme 1.11).

Caputo et al.” reported a mild procedure for direct phosphorylation of
acid-sensitive nucleosides. In this method, nucleosides are selectively phos-
phorylated at hydroxyl groups by a preactivated diphenylphosphate with a
solid support-bond triphenylphosphine-I, complex in a yield exceeding 90%
(Scheme 1.12).

Phosphorylation of alcohols using trialkylphosphite/iodone under mild
conditions has been described by Stowell and Widlanski.* This method gives
excellent yield and is compatible with a variety of functional groups, includ-
ing hydroxyl of nucleosides. A typical reaction was run with triethylphos-
phite/Iodine and methanol in the presence of pyridine, which exclusively
formed methyl-diethylphsophate. The triester was selectively hydrolyzed by
bromotrimethylsilane (Scheme 1.13).

1.5 Recent advances in nucleoside 5'-triphosphate
synthesis

The search for a simple, efficient method for the synthesis of nucleoside
5’-triphosphate has resulted in a number of specific routes. Yoshikawa’s
method of phosphorylation of unblocked nucleosides offers real advantages.
The attractive feature of his method is that the resulting intermediate, nucle-
oside 5’-dichlorophosphate, directly reacts with ionized phosphate (or pyro-
phosphate) and forms a nucleoside 5-triphosphate.
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B
; O
Metalating reagent
HO 0 |
> O0—P—0O O
EtO \o*
OH \ .
P/CI or p-nitrophenyloxy OH
EtO™ W
o

Scheme 1.11 Synthesis of nucleoside 5-monophosphate catalyzed by metalating such
as alkyllithium, potassium tert-butoxide, tert-butylmagnesium chloride, etc.

9 0
P )
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© OH

Scheme 1.12 Phosphorylation of acid-sensitive nucleosides using diphenylphos-
phates previously activated by a support bond triphenylphosphine iodine complex.

Using Yoshikawa’s procedure, Ludwig?®' and others working
independently® prepared nucleoside dichlorophosphate and then added
tributhylammonium salt of pyrophosphoric acid in anhydrous DME. The
reaction was quenched after 1 minute with triethylammonium bicarbonate
buffer and nucleoside 5'-triphosphate was purified by anion exchange chro-
matography (Scheme 1.14).

Ludwig’s procedure is the most widely used method for the synthesis
of nucleoside 5-triphosphate. Despite its popularity, the one-pot synthesis
is not applicable to all nucleoside derivatives.* In addition, it has been shown
that the first step is not perfectly selective for the 5-hydroxyl group, and
traces of 2’- and 3’-phosphorylated nucleosides are formed. It has also been
noted that the conversion of nucleoside dichlorophosphate to triphosphate
is not complete and produces 60 to 70% crude triphosphate at best. To obtain
the highest possible yield, it is essential to monitor formation of nucleoside
5’-dichlorophosphate prior to addition of pyrophosphate.

In 1989, Ludwig and Eckstein® described a new, rapid one-pot reaction
for the phosphitylation of deoxyribonucleosides and nucleosides. It has cer-
tain advantages over existing methods and does not require protection of
nucleobases. They reacted sugar-protected nucleosides with
2-chloro-4H-1,3,2-benzodioxaphosphrin-4-one, which was subsequently
reacted with pyrophosphate to form a cyclic intermediate, P?,P3-dioxo-P'-5’-
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nucleosidylcyclotriphosphite, in a double displacement process. Oxidation
of the cyclic intermediate with iodine/water gave nucleoside triphosphate,
produced nucleoside-a-thiotriphosphate with sulfur, and gave a-P-boranot-
riphosphate with aminoborane complex.® The reaction is performed in
anhydrous pyridine, which neutralizes the HCl byproduct. Because a phos-
phitylating reagent does not discriminate between primary and secondary
alcohol, protection of the 2’- and 3’-hydroxyl is necessary. Ludwig and Eck-
stein’s method is best suited for 2’-3’-dideoxynucleosides (Scheme 1.15).

More recently, Bogachev*® developed a new one-pot procedure using
trifluoro acetic anhydride (TFAA) as an activating agent for the conversion
of nucleoside monophosphate to nucleoside triphosphate in the presence of
a tertiary amine. The advantages of this procedure are largely due to the use
of TFAA, which is highly reactive in acylating phosphate, hydroxyl, and
amino group of deoxynucleosidemonophosphate, and can be easily elimi-
nated from the reaction mixture. This one-pot nucleoside triphosphate syn-
thesis is carried out in three main steps and the reaction time does not exceed
2 to 5 minutes at each step.

Bogachev reacted nucleoside monophosphates with TFAA in an aprotic
solvent in the presence of N-methyl imidazole. TFAA not only protected
potential reactive sites such as hydroxyls and amines, but also formed a
mixed anhydride with phosphate. Subsequent treatment with a nucleophilic
catalyst such as N-methylimidazole and inorganic pyrophosphate generated
a nucleoside triphosphate in 89 to 92% yields (Scheme 1.16).

1.6 Conclusion

Since the discovery of nucleoside triphosphates, ample efforts have been
directed at designing reliable procedures for their syntheses. There is no
universal method for preparing all nucleoside triphosphates. Currently,
Yoshigawa’s POCl; phosphorylation method; Ludwig’s “one pot”; Ludwig-
Eckstein’s “three-step” triphosphorylation procedure; and Bogachev’s
method of preparing triphosphate from monophosphate are the most widely
used methods for syntheses of nucleoside triphosphates.

Advances in biochemical research have demonstrated the unique impor-
tance of nucleoside triphosphates in numerous biochemical and pharmaco-
logical processes. Modified nucleoside triphosphates have been investigated
in searches for potential diagnostic and therapeutic agents. Nucleoside triph-
osphates are utilized in in-vitro transcription methods to prepare aptamers,
polymerase chain reactions, and DNA sequencing, and as inhibitors of poly-
merases as therapeutic agents. All biological applications require high-quality
nucleoside triphosphates. The preferred methods for preparation of nucleo-
side triphosphates are those that do not require multistep protection and
deprotection of the functional groups and provide high-quality materials in
high yields at a reasonable cost. Currently, most of the commercially available
nucleoside triphosphates are prepared synthetically, with unprotected nucle-
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oside and phosphoryl chloride, or enzymatically in a stepwise phosphoryla-
tion. Either method produces 50 to 80% of nucleoside triphosphates in the
reaction mixture and requires extensive purification.

Taking an overview of the information presented in this chapter, it is
important to hint at areas wherein further research might lead to the
development of superior approaches for preparing these molecules. These
include (1) direct, one-step triphosphorylation procedures that improve the
yield of the synthesis and minimize the need for purification; (2) improved
solid-phase synthesis amenable to automation; and (3) improved enzy-
matic procedures.
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2.1 Introduction

This chapter attempts to survey the enzymatic methods utilized to synthesize
natural and modified ribo- and deoxyribonucleosides and their analogs.
Burgess and Cook have previously provided an excellent review partly
covering this topic.!

2.2 Nucleoside phosphorylating enzymes

Chemical phosphorylation of nucleosides in a specific position is often rel-
atively complex because other functional groups competing for the phos-
phate must be reversibly protected. Therefore, in the early days of nucleotide
chemistry, enzymes were already used to carry out the 5-phosphorylation
of natural or modified nucleosides.

2.2.1 Nucleoside phosphotransferases

A group of phosphotransferases were discovered by Chargaff and co-work-
ers and used for this reaction with phenylphosphate as phosphate donor
and crude enzyme preparations from malt, mammalian tissues, or, prefer-
entially, from carrot and wheat germ (Figure 2.1).>8 Crude extracts from
Serratia marcescens or wheat shoots could easily be prepared.®# These phos-
photransferases are very reliable as general 5"-phosphorylating agents with
0.1 to 0.6 M p-nitro-phenyl phosphate in buffers at pH 4.0 or 5.0 at 37°C for
1 to 7 days; they give varying but often high yields of many different nucle-
osides, such as; 2-O-methylcytidine, 3’-O-methylcytidine, 6-methyluridine,

Nucleosides ) Phosphotransferases Nucleoside—s’—‘phosphates
Deoxynucleosides . Deoxynucleoside-5’-phosphates

Analogs Analog-5"-phosphates
0
OzN@O— |T—O* ATP
(on OzN-@oH Mg?* (d) NMPK:s

ADP
PK/PEP; AcK/AcP; CrK/CrP
Nucleoside-5"-triphosphates Nucleoside-5’-diphosphates
Deoxynucleoside-5"-triphosphates NDPK Deoxynucleoside-5’-diphosphates
Analog-5"-triphosphates > Analog-5’-diphosphates

M 2+
ADP g™ *ATP

Figure 2.1 Overview of NTP synthesis with phosphotransferases and nucleotide ki-
nases, using p-nitrophenylphosphate as phosphate donor and ATP or phosphoenol
pyruvate (PEP) and pyruvate kinase (PK), acetate phosphate (AcP) and acetate kinase
(AcK), or creatine phosphate (CrP) and creatine kinase (CrK).
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formycine, 2’-deoxy-5-fluorouridine, acyclovir, and 5-aminoimida-
zol-D-ribofuranosyl.6#?

There are two problems with these types of enzyme preparations; first,
several of these enzymes (even in purified form) could also phosphorylate
O-2" and O-3 in addition to O-5" and, second, contaminating activities, e.g.,
phosphorylases, nucleotidases and deaminases, were also present. However,
enzyme purification procedures could eliminate most of these contaminating
activities** and whole cell extracts from the bacteria Erwinia herbicola were
reported to be naturally devoid of many of these interfering enzyme reac-
tions and could be used with low molar excess of phosphate donors.!? Over-
all, these phosphorylation reactions have been and still are valuable for
production of radioactive or small amounts of nucleotides and nucleotide
analogs of a large variety with yields up to 30%.+1° However, their role in
present day synthetic procedures is limited and, apparently, no pure recom-
binant enzymes of this type are available.

2.2.2  Nucleoside and deoxyribonucleoside kinases

These types of enzymes carry out the 5-phosphorylation of deoxy- and
ribonucleosides and related analogs using a nucleoside triphosphate (usually
ATP) as phosphate donor in the presence of Mg?* ions (Figure 2.2). A draw-
back for these types of enzymes in synthetic reactions is that they usually
have a rather narrow specificity and thus are highly selective for certain
types of nucleosides. The introduction of adeosine kinase (E.C. 2.7.1.20) as
a synthetic tool has been pioneered by Whitesides and colleagues!' and
adenosine has been converted to AMP using polyacrylamide cross linked
commercially available adenosine kinase (Figure 2.2).

Usually, the reactions were carried out in a mixture also containing
adenylate kinase and acetate kinase with ATP, ADP, AMP, Mg?* acetate, and

Nucleosides (d)NK:s
Deoxynucleosides > (d)NMP:s
Analogs /R
ATP” Mg ADP
ATP
Mg?* (d) NMPK:s
ADP
PK/PEP;AcK/AcP;CrK/CrP
(d)NDP:s ) NDPK (d)NDP:s

ADP@ ATP

Figure 2.2 Overview of NTP synthesis with nucleoside or deoxynucleoside kinase
followed by nucleotide kinases as described in the legend to Figure 2.1.
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the reducing agent dithiotreitol (DTT); the overall yield of the final product
ATP was 98%.1! A similar approach based on crude preparations of yeast
adenosine kinase and adenylate kinase for the continues synthesis of ATP
has been described.!? The rationale for the coupled reactions will be
described in the following sections. Several crude preparations or partially
purified preparations have been used, e.g., uridine—cytidine kinase to phos-
phorylate 5-azacytidine to 5-aza-CMP in small scale (at pH 6.6 to stabilize
the analog) with about 12% yields.!

Adenosine (AK) regulates the extracellular adenosine and intracellular
adenylate concentrations and inhibition of the enzyme elevate adenosine to
levels that activate nearby adenosine receptors and produce a wide variety
of physiological activities. The structure of the human adenosine kinase has
been determined.!* The overall structure is similar to the structure of riboki-
nase from Escherichia coli, which belongs to the family of carbohydrate kinases.

Two molecules of adenosine were present in the initial AK crystals with
one adenosine molecule located in a site that matches the ribose site in
ribokinase and probably represents the substrate-binding site. The second
adenosine site probably represents the ATP site. An Mg?* ion-binding site is
observed in a trough between the two adenosine sites. The structure of the
active site is consistent with the observed substrate specificity. The specificity
of AK is relatively restricted to adenosine, but the enzyme can accept deoxy-
adenosine as well as certain analogs (see below) with much lower, but still
significant, activity.!® Uridine—cytidine kinase, which belongs to the same
enzyme family, has been used for synthetic purposes,’® but only to a very
limited extent.

Some recent synthetic applications of the broadly specific deoxynucleo-
side kinases from Drosophila melanogaster (DmdNK) and plants, e.g.,
tomato-dNK, will be presented here (Figure 2.2). DmdNK has recently been
shown to have considerable potential as a more general and efficient phos-
phorylating agent for a large variety of nucleosides and nucleoside ana-
logs.117 The plant dNK enzymes have recently been cloned and character-
ized and shown to belong to the same family as the DmdNK as well as the
mammalian deoxycytidine kinase/deoxyguanosine kinase family.!” The
dNK from tomato (Lycopericum escultentum) may be of special interest for
biosynthetic applications because it apparently can also carry out the phos-
phorylation of nucleoside monophosphates, although at a very low rate.'®
Further development of this class of enzymes may lead to new tools of value
for synthesis of nucleotides.

The DmdNK enzyme has some major advantages compared to other
deoxynucleoside kinases in that it has not only a very broad acceptance for
different nucleoside substrates but also a high catalytic rate; it is stable even
at higher temperatures and requires no reducing agents in order to maintain
full activity. The synthesis of dCMP, dGMP, or dAMP occurs with approxi-
mately 80% yields in 60 h using ATP, Mg?*, and creatine kinase as phosphate
donor regenerating system. The Drosophila enzyme has been used for com-
mercial production of dideoxynucleotide analogs.'”



Chapter two: Enzymatic synthesis of nucleoside triphosphates 27

The structure of DmdNK was recently determined! and the results
demonstrated that it belongs to the nucleotide/deoxynucleoside kinase fam-
ily, which also includes HSV1-TK. These enzyme structures consist of a
dimer of two 31-kDa subunits, each with an alpha/beta-structure made of
9 to 10 helices and five beta-sheets with an active site cleft in which a
nucleoside-binding domain and the ATP-binding loop are key features. This
latter loop is formed by a strand-turn-helix that forms a large anion hole
that coordinates the phosphate group of the phosphate donors.

This type of ATP-binding structure is found in all nucleoside/nucleotide
kinases studied so far. On top of the active site, a helix containing basic
amino acids forms the s c lid region. The length and size of the lid region
varies in different nucleoside/nucleotide kinases, but there is always this
kind of function because it allows shielding of the active site in order to limit
the access for water molecules that otherwise will compete with the 5-OH
group of the nucleosides and result in the transfer reaction. The capacity of
DmdNK to phosphorylate many different nucleoside and nucleoside analogs
at high rates has been described as well as many important structure—func-
tion relationships.1®-1

Another member of this enzyme family that has been in focus for phar-
macological investigations for two decades is herpes virus 1 thymidine
kinase. The enzyme is a dimer of two 44-kDa subunits; its specificity towards
nucleosides is very broad and many acyclic analogs such as acyclovir and
ganciclovir are efficiently phosphorylated.”#?° This is the underlying mech-
anism for the antiviral selectivity of most antiherpes drugs. The literature
on the structure and activity of this enzyme in complex with many analogs®
is extensive.

The herpes virus type 1 enzyme belongs to a different enzyme family
than the adenosine kinases do, but shows high structural similarity with the
insect and mammalian deoxycytidine/deoxyguanosine kinases as described
earlier.’” Herpes TK enzymes have recently received much attention in gene
therapy applications.?! This is again due to its broad substrate specificity,
which includes L nucleosides and many other antiviral analogs not phos-
phorylated by the cellular deoxynucleoside kinases. Therefore, treatment
with such analogs can be made very selective with minimal toxic side effect
to nontransfected cells. Nevertheless, so far these viral enzymes have not
been extensively used for synthetic approaches.

2.3 Nucleoside monophosphate kinases

This enzyme family contains many members; usually there is one type of
monophosphate kinase for each nucleoside with regard to the bases, but not
the sugar moiety — i.e., adenylate, guanylate, uridine/cytidine, and
thymidylate kinases (AMPK, GMPK, UMP-CMPK, and dTMPK), respec-
tively. This family also has several isoenzymes, e.g., mammalian cells have
at least five different AMPK genes. These are differently expressed in tissues
and show somewhat varying substrate specificities and, to a certain extent,
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also structures.?? However, the basic reaction catalyzed is shown in Figure
2.1 and Figure 2.2.

2.3.1 Adenylate kinase

Purified adenylate kinase (EC 2.7.4.3) (myokinase, AMPK) from mammalian
muscle tissues has been commercially available for many years and is the
enzyme that has been used most frequently in synthetic procedures. A num-
ber of detailed studies have been performed by Whitesides and col-
leagues,!*2* but only a few applications can be summarized here.

As mentioned earlier, adenylate kinase was combined with adenosine
kinase in the highly effective generation of ATP from adenosine; the same
enzyme could also carry out phosphorylation of CMP and ribavirin mono-
phosphate (RMP), but with lower efficiency. In case of AMP phosphorylation,
acetyl phosphate was the donor and acetate kinase (EC 2.7.2.1) was also
needed. For CTP and RTP generation, phosphoenol pyruvate (PEP) was the
donor and pyruvate kinase (EC 2.7.1.40) was added as a catalyst to produce
the final phosphorylation reaction. This latter combination has involved the
most commonly used reactants in the generation of nucleotides, as will be
discussed later.

The overall yield for the synthesis of CTP and RTP was 74 and 93%,
respectively, but the levels of AMPK were high and long reaction times were
necessary. Apparently, AMPK has a relatively broad specificity, but requires
the presence of reducing agents such as mercaptoethanol for optimal activ-
ity.2*?* Protocols for the phosphorylation of ATP analogs (e.g., formycin
A- and tubericidine-monophosphate) with AMPK followed by further phos-
phorylation by PEP and pyruvate kinase has been described with yields
around 70%.% A recent optimization study in which the production of dATP
from dAMP was determined with AMPK and PK with different Mg?* and
K* concentrations, etc. led to very high yields.? The most favorable condi-
tions were a ratio of AMPK to PK of 1:2; a KH,PO,buffer with pH 7.5 to 8.0;
and a K* of 500 mM and Mg?* concentrations of 30 mM.

2.3.2  Nucleoside monophosphate kinase preparations

Several crude or partially purified preparations of nucleoside monophos-
phate kinases from E. coli¥’® and yeast”? have been used in the synthesis
of nucleotides. Imazawa and Eckstein isolated and partially purified three
different monophosphate kinases from calf thymus and could get high-yield
production of AraCMP, 2’-deoxy-2"-azido-CMP, dCMP, 2-deoxy-2"-azido
UMP and 2’,3"-dideoxy-3’-amino-d AMP with these enzyme preparations.”
In the previously mentioned synthesis of 5-Aza-CTP, a partially purified
preparation of UMP-CMPK was included.’®

The structures of many nucleoside monophosphate kinases are known
and overall are similar to the ones described for nucleoside kinases men-
tioned earlier.?>3 However, the subunit structure as well as the length of
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the lid region varies considerably among the enzyme family members.
Schultz et al. have conducted elegant studies in which the large conforma-
tional rearrangements associated with the phosphorylation reactions are well
characterized and displayed.*® However, despite the considerable knowl-
edge of the structure—function relationships in this enzyme family, the devel-
opment of new biotechnologically favorable variants of nucleoside mono-
phosphate kinase has so far not been reported. Especially, new enzymes with
broader specificity, suitable as general reactants for many different nucleo-
side analogs, are much needed tools in synthetic work.

2.4 Nucleoside diphosphate phosphorylating enzymes

The formation of nucleoside triphosphates from nucleoside diphosphates
can be catalyzed by several different enzyme systems of two general types
(Figure 2.1 and Figure 2.2):

e Key enzymes in energy metabolism responsible for phosphorylation
of ADP such as phosphoglycerate kinase (EC 2.7.2.3, PgK); pyruvate
kinase (EC 2.7.1.40, PK); acetate kinase (EC 2.7.4.3, AcK); creatine ki-
nase (EC 2.7.3.2, CrK) utilizing 1,3-disphosphoeglycerate, phosphoenol
private (PEP); acetyl phosphate (AcP); and creatine phosphate (CrP)

* Nucleoside diphosphate kinase (EC 2.7.4.6), which catalyzes the re-
versible phosphorylation of diphosphates with nucleoside triphos-
phates as donors

The first category of enzymes clearly has the capacity to phosphorylate
many different nucleoside diphosphates in addition to the natural sub-
strates; a few examples are included later. However, there are also well
established procedures based on nucleoside diphosphate kinases (e.g., ref-
erence 11 and reference 29) and the previously mentioned enzymes are
commercially available. In several of the earlier studies with crude enzyme
preparations, they contain sufficient amounts of these types of enzymes to
guarantee the transformation of diphosphate to triphosphate, as long as an
excess of ATP was present.

2.4.1 Pyruovate kinase, acetate kinase, and creatine kinase

The combination of PK and PEP can be regarded as the golden standard for
obtaining highly efficient conversion of nucleoside diphosphates (including
a large variety of analogs) to triphosphates. However, a high concentration
of enzyme and PEP (up to 200 mM?) is required to drive the reaction; the
costs involved are a limiting factor. Whitesides and colleagues have often
preferred to utilize the less expensive AcP and AcK, preferentially from
B. stearothermophilus, because this enzyme is stable, is not susceptible to
auto-oxidation, and can be coupled to polyacrylamide beads retaining full
activity. However, AcP is less stable than PEP and, for situations with long
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reaction times, the latter is superior, e.g., in RTP or formycin A-triphosphate
synthesis.??? The effective preparation of dATP using PEP and PK has been
described earlier.2 Other examples with this enzyme system are the synthesis
of purine and pyrimidine alpha,beta-imido-triphosphate analogues,® dem-
onstrating that natural phosphodiester bonds in the diphosphates are not
necessary for PK.

CrK and CrP are also standard reagents in many phosphorylation reac-
tions and the acceptance of L-nucleotides by CrK has been utilized in a recent
protocol.3? Relatively long reaction times were necessary in this case. How-
ever, in a two-step reaction, first with AMPK, followed by incubations with
CrK/CrP, a quantitative conversion of beta-L2’, 3’3dd AMP to the correspond-
ing triphosphate was obtained.

2.4.2  Nucleoside diphosphate kinase

Highly purified nucleoside diphosphate kinase (EC 2.7.4.6 NDPK) prepara-
tions are also available commercially and have been successfully applied in
several phosphorylation reactions. However, this type of reaction is revers-
ible and it is difficult to get high-yield conversions. The reaction proceeds
via a histidine-phosphate intermediate; this amino acid is relatively exposed
on the surface of the enzyme.?® The reaction is a typical example of a
ping-pong mechanism and shows relatively little selectivity for different
sugar or base compositions of the substrates.

The catalytic rate of this reaction is very high — several orders of mag-
nitude higher that those of the nucleoside kinases. However, some important
analogs are very inefficiently phosphorylated by NDPK, e.g., 3"-analogs and
L-nucleosides.?* In fact, it was recently shown that several pharmacologically
important L-nucleosides apparently are phosphorylated by PgK and not by
NDPK in vivo.* The unpredictable enatiomeric specificities of these enzymes
are also illustrated by the fact that both enatiomers of carbovir (the carbocy-
clic analog of 2, 3’dideoxyguanosine) can be phosphorylated by PK, PgK,
and CrK; however, GMPK can only use the (+) enatiomer and NDPK pre-
ferred the (-) enatiomer of this analog.*

It has also been shown that NDPK can phosphorylate 8-hydroxy-2"-dGDP
and 2-hydroxy-2’-dADP with relatively high yields and could be used to
prepare radioactively labeled nucleotides.’” Several different isoenzymes of
the NDPK family are found in animal cells and are expressed differentially
in tissues. However, they all apparently have similar enzyme kinetic proper-
ties, 34 although some of these isoenzymes may have other physiological
roles unrelated to their capacity to catalyze phosphorylation reactions.

It is important to note that nucleoside monophosphate kinases (e.g.,
UMP-CMPK) can catalyze the formation of nucleoside triphosphate in a
reverse reaction (Figure 2.3). This reaction has recently been shown to have
different substrate requirements compared to the standard reaction in which
diphosphates are formed so that the antiviral analog beta
L-2’,3’-dideoxy-3'-thiacytidine (L-3TCMP) could be converted to diphos-
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UMP-CMP Kinase
UMP «¢ » UDP

M g2+

ATP
ADP

Figure 2.3 The reversibility of the NMPK reaction as exemplified by the forward and
reverse reactions catalyzed by UMP-CMP kinase.

phate by human UMP-CMP kinase. However, it could not react in the reverse
reaction and add a third phosphate.3

It is likely that, by screening other organisms or by setting up in-vitro
mutagenesis and selection procedures, new types of nucleoside phosphory-
lating enzymes can be isolated with new and preferable properties regarding
a broaden substrate specificity, high catalytic rates, and capacity to give
quantitative conversion to triphosphate end products.

2.5 Combined phosphorylation systems

Mixtures of nucleoside triphosphates have been produced starting with RNA
as source.* The nucleic acid was first degraded to RNA oligomers by
nuclease P1 (EC 3.1.4) followed by a second step in which the oligonucle-
otides were converted to nucleoside diphosphates by treatment with poly-
nucleotide phosphorylase (EC 2.7.7.8, PNPas) immobilized on polyacryla-
mid gels. This step is a reversible reaction and favors oligonucleotides;
however, sufficient production of the diphosphates occurred and they were
phosphorylated to triphosphates with PK and PEP.

The limiting step in this procedure was reported to be the costs and
efficiency of the PNPase step, but the overall yields were: ATP: 24%; UTP:
28%; GTP: 30%; and CTP: 18%, all obtained as a mixture. In a later modifi-
cation of this approach, complete degradation of RNA to the four ribonuce-
oside monophosphates was done, followed by stepwise phosphorylation
using purified (and immobilized) preparations of AMPK, GMPK, and UMP/
CMPK from yeast.*’ The final phosphorylation step was achieved with AcK
and AcP as outlined previously. This procedure gave a mixture of all four
ribonucleotides with the following yields: ATP: 90%; GTP: 90%; CTP: 60%;
and UTP: 40%.

Large quantities of nuclease P1 were necessary due to its instability; it
was not possible to immobilize this enzyme so that it could be reused. The
monophosphate kinases also had limited stability and the reducing agent
DTT had to be added. The reaction was carried out in two steps: first, the
AMP was converted to ATP (for 2 days) and then the two other kinases were
added in order to synthesize UTP, GTP, and CTP. Long reaction times (total
of 9 days with continuous additions of several components, including pH
control) were needed to get high yields. The main rate-limiting factor was
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reported to be due to substrate inhibition of UMP/CMP kinase. A general
description of this type of coupled reaction for generation of ATP and the
methods to prepare and measure the various reagents has been reported.4!
A combination of bovine spleen NMPK and NDPK has been applied to
prepare all the natural 2’-deoxyribonucleotides with yields between 25 and
75%.42 A general problem in this type of procedure is the difficulty in sepa-
rating the final end products from the nucleoside triphosphates added as
phosphate donors. In the latter case, they utilized UTP instead of ATP as
phosphate donor when synthesizing dGTP, leading to better separations
during the final HPLC step.*? Recently, a combination of synthetic and enzy-
matic procedures, using NDPK and PK and PEP for the final phosphorylation
in the synthesis of azole carboxamide ribo- and deoxyribonucleoside triph-
osphates, was described.** No ADP was added in this reaction but a twofold
excess of PEP compared to diphosphate analogs was present to ensure com-
plete conversion to triphosphate. An efficient purification step for the analog
triphosphates based on boronate affinity gels was also presented.®

2.6 Deoxyribonucleotide triphosphate synthesis from
ribonucleoside triphosphates

Current gene technology and therapeutic applications have an increasing
need for deoxyribonucleotides. Traditionally, 2’-deoxyribonucleosides and
deoxyribonucleoside monophosphates are produced with herring and
salmon sperm DNA as source. An alternative approach, based on RNA or,
more specifically, ribonucleoside triphosphates, as starting material has been
described.* The key enzyme in this case was pure recombinant ribonucle-
otide reductase from Lactobacillus leichmanni (Figure 2.4).%5

This enzyme was very stable (with a half-life of 21 to 23 days) and the
allosteric effectors needed for its full activity with ATP, CTP, GTP, ITP and
UTP (at 10 mM-concentrations) could be substituted by the addition of 1 M
sodium acetate or dipotassium phosphate. DTT was the preferred reducing
agent; however, other reducing agents such as 1,4 dithioerythriol or 1,3-pro-
panedithol could be used but had to be added repeatedly. Adenosine cobal-
amin was also needed (at 0.1 mM) and was apparently stable during these

R.R. (L. leichm)

Ado Cbl; NaAc
XTP:s » dXTP:s

-SH
-SH
-S-S-

Figure 2.4 Synthesis of deoxyribonucleoside triphosphates with ribonucleotide re-
ductase (RR) from Lactobacillus lechmanni. The reaction requires a dithiol as hydrogen
donor and adenosine cobalamin (Ado Cbl) and high concentrations of sodium acetate.
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reaction conditions — i.e., pH 8.2 and 25°C for 6 h. The overall yields were
for dITP, 96%; dATP, 97%; dGTP, 92%; and dAUTP, 91%. These results indicate
that L. leichmanni ribonucleotide reductase could be a suitable tool for the
production of dNTPs; however, a sufficient source of inexpensive and suit-
able XTPs has so far not been reported.

2.7 Other synthetic procedures using enzymes

Adenosine deaminase has a relatively high degree of tolerance to substitu-
tions in the carbohydrate moiety of adenosine analogs; 2’- and 3’-deoxyad-
enosine serve as substrates. The preparation of radioactive inosine, deoxyi-
nosine, and 2’-3’-dideoxyinosine by deamination is well established.%
However, 2°,3’-didehydro carbocyclic, e.g., the enatiomer of carbovir, could
also be resolved from a racemic mixture of the 2,6-diaminopurin analog only
producing the (-) G containing nucleoside.* This analog was then phospho-
rylated using the crude phosphotransferase from Serrata marcescens, followed
by treatment with GMPK and PK, CrK, or PgK as described earlier. A set of
other carbocyclic analogs — aristeromycin, dideoxyaristeromycin, and cycla-
radine — was deaminated at a slow but significant rate, provided enough
adenosine deaminase was added to the solutions.?” Considerable
batch-to-batch variation in the activity of the enzyme preparations was
observed and, although no yields were presented, the procedure was
reported to be synthetically useful.

A somewhat unusual phosphorylation procedure was studied for (-)
carbovir with human placenta 5-nucleotidase (the CNII enzyme?*#”). The
reaction was carried out with 5 mM IMP as phosphate donor, 20 mM Mg?',
and ATP as activator; the efficiency of phosphorylation of (-) carbovir was
high — about 50% of that of inosine — and no phosphorylation of the (+)
enatiomer was observed. This reverse reaction of the CNII enzyme has been
demonstrated to be of in-vivo significance for activation of antiviral nucleo-
side analogs, e.g, ddI*; however, so far it has not been further tested in
synthetic procedures.

Another method to obtain enatiomeric pure intermediates in the synthe-
sis of carbocycylic nucleoside analogs was based on a lipase from Pseudomo-
nas cepacia.*® A racemic trans-2-(hydroxymethyl) cyclopentanol and the cor-
responding silyloxy alcohol could be resolved using the lipase in a
trans-estrification reaction with vinyl acetate. Only one of the enatiomers
could thus be acetylated and then the two forms could be separated and
used for chemical synthesis of the two pure carbocyclic nucleosides. Surpris-
ingly, both enantiomers of the carbocyclic adenosine analog triphosphates
were efficient inhibitors of terminal deoxynucleotidiyl transferase.*’

2.8 Concluding remarks and future perspectives

In this chapter, several examples of synthetic procedures for obtaining nucle-
oside triphosphates based on enzyme technology have been presented.
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Clearly, several enzymes from carbohydrate metabolism and nucleoside/
nucleotide metabolism have been utilized successfully for this purpose for
many decades. Therefore, enzymes have an established role in this field that
will likely increase considerably in the near future — partly because of
increasing demand on industry for more environmentally friendly produc-
tion methods, but also because of improved methods to isolate and design
enzymes optimized for their specific production tasks.

The genomes and proteoms of many new organisms are rapidly dis-
closed; there are many new opportunities to use their great variety in life
styles to identify enzymes, which can perform useful reactions. Further-
more, in vitro selection and enzyme design can now be accomplished with
a series of new and powerful methods that can lead to isolation of enzymes
tailor-made for specific reactions and conditions. Relatively little has so far
been done in this respect with the enzymes in nucleotide synthesis; thus
the potential for future biotechnological initiatives in this area is great.
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3.1 Introduction

Nucleoside 5-triphosphates (NTP) are known as fundamental components
of all living organisms. They act as substrates for many NTP-binding proteins
and as regulators or mediators of the enzymatic activity. ATP and GTP are
the primary energy resources for the cell and all of the NTPs are important
participants in a large variety of cellular processes.

The NTP analogs and derivatives with modifications in the triphosphate
chain have been used widely in studies of the structure and mechanism of
NTP-binding protein action. The effects of these modifications have been
explored in order to determine the stereochemical and electronic require-
ments for binding of NTPs to the different proteins. Modifications of the
triphosphate fragment have led to the development of NTP analogs that
serve as stable crystallographic and spectroscopic probes of the proteins.
Triphosphate chain modifications become absolutely necessary when stabi-
lization of a specific iso-form of the protein is required to grow homogeneous
crystals or to obtain a single state of protein.

Studies using different DNA or RNA polymerases to investigate incor-
poration of NTP analogs with modified triphosphate fragments into the
growing polynucleotide chain or inhibition of the enzymatic activity of these
polymerases produce valuable information for understanding the mecha-
nisms of enzyme actions. These findings can also contribute to the develop-
ment of potential new drugs for the treatment of viral diseases.
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Another important function of the NTPs is the participation in transfer
of the phosphoryl group to different substrates. Nonhydrolysable analogs
of NTPs (mostly ATP) have been valuable tools for biochemical and struc-
tural studies in which hydrolysis of the P-O-P linkages and/or transfer of
the phosphate group occur. Nonhydrolysable and stable NTP analogs are
also important for carrying special reporter or ligand groups such as biotin
and fluorescien required in the investigation of cell membrane penetration,
diffusion, and distribution of these compounds inside the cell.

In this chapter the synthetic approaches for the preparation of NTP
analogs and derivatives containing different types of modification of the
triphosphate chain are discussed. Substitutions for bridging oxygen atoms
and nonbridging oxygen and hydrogen atoms are among the most common
ways of modifying the triphosphate chain. Many examples of NTP deriva-
tives exist in which the triphosphate chain, as well as the nucleoside fragment
(base and/or sugar), is modified. Finally, the isotopic substitutions in the
triphosphate chain, including oxygen and/or phosphorus atoms, represent
another important class of NTP analogs.

A general structure for NTP analogs with modifications in the triphos-
phate chain is shown here. Throughout this chapter these designated sym-
bols are used to identify the exact location of each modification.

—Y X Base

OH  OH(H)

In many instances, common synthetic schemes, reagents, or techniques
are used for the preparation of different derivatives containing a specific
modification of the triphosphate chain. Most of the commonly used synthetic
schemes are presented in this chapter. However, in many examples, the
preparation of a specific NTP derivative requires a unique chemical route.
Those specific approaches can be found in the cited original literature.

Several excellent reviews have been published on the preparation and
biological applications of the NTP analogs with modified triphosphate
chains.!® These reviews contain valuable information and data analysis rel-
evant to a majority of today’s research needs. Therefore, our efforts were
concentrated primarily on expanding the existing database to include the
NTP analogs synthesized and studied since those reviews were written.

In this chapter NTP analogs and their derivatives are classified and
tabulated according to the position of modification in the triphosphate
chain. The relevant biological applications (mostly enzymatic) of these mod-
ified NTPs, if known, are indicated in the tables and summarized and
discussed in Section 3.8. A large variety of phosphorus NMR data for NTP
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analogs was analyzed and tabulated in a general form. These data may be
helpful for identification of the relevant compounds and for a structural
analysis of newly synthesized NTP analogs with modification in the triph-
osphate fragment.

3.2 Bridged modifications
3.2.1 Substitutions in P'-O-CH,(5’) fragment (structure I

type analogs)
OH OH OH
| | Base
HO—P—O0—P—O—P—Y—X
I I I ©
o o O
OH OH(H)

In many examples of NTP analogs, the original P'-O-CH,(5) fragment, or
its equivalent, has been modified (Structure I). One common type of modi-
fication represents the substitution for an oxygen atom (Y in the P'-Y-CH,(5")
fragment) with S, NH, or CR, (R is H, alkyl, aryl group and their derivatives).
The substitutions for oxygen may be combined with additional substitutions
for CH, group (X) and can also include sugar or base modifications (Table
3.1). The key common synthetic step in preparation of the Structure I type
NTP analogs is the attachment of a pyrophosphate group to a nucleotide
precursor (1) containing the desired P'-Y-X fragment (Scheme 3.1, routes
3.1A and 3.1B). The preparation of nucleotide precursors (1) is not reviewed
in this chapter, but information can be found in the relevant cited references.
Generally, there are two possibilities for the attachment of the pyrophos-
phate moiety to the precursor (1), as shown in route 3.1A. One approach
relies on the activation of the nucleotide precursor (1), and the other involves
the activation of the pyrophosphate precursor (2), as shown in route 3.1B.
Nucleotide precursors (1) are commonly activated by preparing N-mor-
pholidate, N-imidazolidate, N-pyridinium or another derivative (la) with a
high-energy P-N or anhydride bond (route 3.1A). P-activation can be
achieved through the use of different types of coupling reagents (1,1-carbo-
nyldiimidazole; carbodiimides; arylsulfonylchlorides; triphenylphosphine/
o,0-dipyridyl disulfide; and others) — usually in the presence of a weak
organic base (imidazole, triazole, or pyridine). 1,1-Carbonyldiimidazole is
the most common reagent that efficiently converts phosphomonoesters (or
their analogs) to their respective phosphoryl imidazolidate derivatives.
Effective P-activation may also be achieved through a formation of a mixed
anhydride intermediate of phosphomonoester and some hindered aromatic
carboxylic acid derivatives, such as mesitylene carbonyl chloride. The acti-
vated nucleoside precursor (la) then reacts with the trialkylammonium salt
of pyrophosphoric acid in anhydrous aprotonic media. In some cases, the
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Route 3.1A

Route 3.1B Route 3.1C
OH  OH
oH Base Base
Ho_ﬁ_Y_x o R'O_ﬁ—O—P—OH HoN o
2
(1)  OHOHH) OH OH(H)

Activating reagent
Activating reagent

C|)H (|)H
(|)H Base Rlo_ﬁ_o_ﬁ_Q o
Q—P—Y—X o \_o_ 7/
Il 0 _P P
e} (2a) HO | | ~on
o 0
N,
OH OH(H) i
(1a) 07 “oH
OH  OH () (1)

| (ii) Deprotection
HO—Fi—O—P—OH

OH OH OH
| | | Base
HO—p—0—pP—O0—P—Y—X
Il Il I
(o] o o
OH OH(H)
(0]
Route 3.1D Base
| Q = imidazole
o) pyridine
morpholine
R’= Protecting group
(|)H TH OH OH OH(H)
I
OH—P—0—p—0—P—SH
Il [l Il
(0] o

Scheme 3.1 Approaches to the synthesis of NTP analogs with modification(s) in
P1-O-CH,(5") fragment.
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coupling reaction can be performed in a buffered aqueous solution catalyzed
by a transition metal ion.®”

Activation of the pyrophosphate moiety in a form of pyrophosphate
monoester derivative (2a) may be achieved through a reaction with coupling
reagents, usually 1,1-carbonyldiimidazole, leading to the formation of an
intermediate with high-energy P-N bond (route 3.1B). Deprotection of the
terminal phosphate group and/or nucleoside moiety may be required after
completion of the coupling reaction. The authors are not aware of any reports
utilizing route 3.1B for the synthesis of Structure I type NTP analogs. How-
ever, this route was widely used for the synthesis of m’GpppG and its
derivatives,®1* as discussed in Section 3.3.3.

Structure I type compounds with a P-NH-CH,(5") fragment were pre-
pared in a very specific way. Inorganic cyclic trimetaphosphate is reacted
with 5’-deoxy-5-aminonucleoside at room temperature to give the corre-
sponding NTP analog, as shown in route 3.1C.

3.2.2  Substitutions for oxygen in P>—~O-P! fragment (structure II

type analogs)
OH OH
| | Cl)H Base
HO—ﬁ—O—ﬁ—z—ﬁ—O o
o o o
OH OH(H)

Synthesis of P?>-Z-P!-substituted NTP analogs (Table 3.2), where Z = NH,
CH,, CH(Hal), C(Hal), instead of oxygen atom, typically involves preparing
a nucleoside 5-diphosphate (NDP) analog (3) by coupling of nucleoside
(4) and pyrophosphate analog (5) containing a P>~Z-P! fragment as illus-
trated in Scheme 3.2. This reaction may be achieved by an in situ reaction of
the P>-Z-P! derivative and 5"-hydroxyl group of nucleoside in the presence
of a coupling reagent (route 3.2A) or by activating the 5-hydroxyl group of
the protected nucleoside followed by coupling with P>-Z-P! derivative (6)
(route 3.2B). An alternative approach, route 3.2C, has been reported for the
preparation of an NDP analog (3) with Z = NH. Nucleoside is treated with
trichloro[(dichlorophosphoryl)imino]phosphorane followed by alkaline
hydrolysis of the intermediate.

The synthesis of an NTP analog (II) from the NDP precursor (3) is
completed by attaching the terminal phosphate group. The phosphomono-
ester derivative (7), such as 2-cyanoethylphosphate, is activated (usually as
imidazolidate or morpholidate) and coupled with the NDP precursor (3) to
yield the NTP analog (II) with a modified triphosphate chain (route 3.2E).
Removal of the protecting group(s) may require an additional step after
synthesis of the modified triphosphate chain is completed. An alternative
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Route 3.2A Route 3.2B Route 3.2C
oH Base Base
| OH HO o HO o
HO—P—z—P—OH
Il Il
(o} O
®) OR OR(H) OROR(H)
(4) (4)
Activating reagent
TsCl
IOH OH
HO —|P|—z— P—Q Base
TsO
o g s 0. Cl Cl
(5a) (i) CI—IFI’—N= T—CI
OR OR(H) Cl
(4a)
OH OH (ii) HyO/NaOH
(i) RO—lFl’—Z—ﬁ—OH
° @© ©°
. i) Deprotection
0 @) (i) Dep
(i) Deprotection
OH OH
| ?H Base |
Ho_ﬁ_z_lpl_o o RO—IFi—OH
7
o 7)
Route 3.2D
/ (C] OHOH(H) Activating
reagent
OH OH
| | Base Route 3.2E
Q—pP—z—P—0
[ [ o OH
o |
RO—P—Q
(3a) Il
OH OH(H) lo}
OH (7a)
Deprotection
HO—F—OH
OH OH
| | (I)H Base
HO—P—Q—P—2z—P—0O
I [I Il °©
o o o
Q = imidazole Ts = Tosyl (1 COHOH(H)
pyridine R = protecting group

morpholine

Scheme 3.2 Approaches to the synthesis of P~Z-P!-substituted NTP analogs.
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approach converts the NDP precursor (3) to imidazolidate (3a) with 1,1-car-
bonyldiimidazole treatment followed by coupling with trialkylammonium
salt of orthophosphoric acid to give desired analog (II) (route 3.2D).

3.2.3 Substitutions for oxygen in P>~O-P? fragment (structure I1I

type analogs)
OH OH
| (le Base
HO —p—Q—P—0—P—0
I I I ©
0
OH OH(H)

The syntheses of Structure III type NTP analogs (Table 3.3), where Q = NH,
CH,, CH(Hal), C(Hal),, etc. in place of the oxygen atom, have often been
accomplished by reacting an activated nucleoside 5-monophosphate (8a)
with a trialkylammonium salt of a P>-Q-P? analog of pyrophosphoric acid
(5) (Scheme 3.3, route 3.3A). Nucleoside 5-monophosphates (8) may be
activated through the reaction with coupling/activating reagents, such as
diphenylchlorophosphate; 1,1-carbonyldiimidazole; 2,4,6-mesitylene carbo-
nyl chloride; carbodiimides; arylsulfonylchlorides; triphenylphosphine/a;
o-dipyridyl disulfide; as well as others.

Moderately reactive nucleoside 5-phosphomorpholidates can be pre-
pared from mononucleotides via N,N-dicyclohexylcarbodiimide-assisted
coupling as described in the original publication reporting the synthesis of
these compounds.>® Even a nucleoside 5’-phosphoramidate will react directly
with methylenediphosphonic acid to yield a structure (III) compound. An
activated nucleoside 5-phosphomonoester can be prepared as an interme-
diate (10a) by reacting the nucleoside with POCI; and then converting to the
NTP analog (III), as illustrated by route 3.3C. Alternatively, (although this
route is not very popular), an activated P-Q-P pyrophosphate derivative
can be prepared and reacted with nucleoside 5-monophosphate (route 3.3B)
to obtain the structure (III) compound.
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Route 3.3A Route 3.3B Route 3.3C
OH OH OH
‘ Base ‘ \ Base
Ho—ﬁ—o o RO—ﬁ—Q—ﬁ—OH HO—
o o (0]
® (9)
OHOH(H) OH OH(H)
(10)
A OH OH
ctivating reagent ‘
Ro—ﬁ—sz—ﬁ—o l POCl,
OH
[ Base 0 (©a) 0
™ o cl
‘C‘) ‘ Base
Cl—ﬁ—o o
OH OH(H) ) o)
(85) 0 @®
(i) Deprotection OH OH(H)
(10a)
OH C‘)H C"H (‘DH
HO—ﬁ—Q—P—OH HO—ﬁ—ﬂ—P—OH
o} o} o
OH OH
®) ‘ ‘OH Base ®
HO—P—Q——P—0—P—0
| I | o
(o} o
Q = imidazole R = protecting group
pyridine OHOH(H)
morpholine )
NH,

Scheme 3.3 Approaches to the synthesis of P>-Q-P3-substituted NTP analogs.

3.3 Nonbridged modifications
3.3.1 Substitutions for OH group at P! (structure IV type analogs)

o o
| || Base
HO —pP——0—P—0—P—0 o
OH (|)H ||a1
OH OH(H)

Syntheses of Structure IV type analogs (Table 3.4), where R1 = SH, BH;"
replaces the usual OH group, have been performed most successfully
through P(III) chemistry (Scheme 3.4, route 3.4A) using the Ludwig-Eck-
stein procedure.® The first step is the reaction of a protected nucleoside (4)
with phosphitylating reagent (11) to form the intermediate nucleoside
5’-(4H-1,3,2-benzodioxaphosphorin-4-one) (12). The intermediate (12) is
then coupled with pyrophosphate (tributylammonium salt) to form
P2, P3-dioxa-Pl-nucleosidyl cyclic triphosphite (13). Finally, a sulfurization
or boronation of the triphosphite (13), followed by hydrolysis of trimeta-
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Route 3.4A Route 3.4B Route 3.4C
Base
HO Base CH, Base
0. ) HO o HO —pP—O0
R = protecting Il o
group
OROR
@ ® (10)  OHOH(H) (149 OHOHM)
@# |
cl
(11) PSQ, CDl
o
C(‘LO Base
|
oP—~o o
3 Base
(12) Q—LI'—O CHy Base
OROR(H) | o Q—P—0
Q I °
o)
OH OH(H)
ol OH OH(H)
~P—Q (1op)Q=Cl
\ Base (10c) Q = Imidazole (142)
o} P—o
\ —o/ o
A\ OH  oH
OH ) |
OR OR(H) (i) HO—P—O—P—OH
19 [ Il
o)
. OH OH
() Ry-H @ HO |
(i) H,0 HO—P—0—P—OH
(iii) Deprotection (I;I) o)
OH R,
| Base
HO— P—O —P—0—P—0
O 0
v) OH OH(H)
Route 3.4D Route 3.4E
NH,
| Base H " OH R1
H,N—P—O0O | Kinase Base
Il P—O P—OH HO-P—O0—P—0—
g [ | g
(% OHOHH)
(16) OH OH(H)

Scheme 3.4. Approaches to the synthesis of nonbridged NTP analogs with substitu-

tion for hydroxyl group at P



Chapter three:  Synthesis and properties of NTP analogs 59

phosphate cycle and removal of the protecting groups, results in the for-
mation of the desired compound.

Another approach to the synthesis of P!-thio derivatives of NTPs relies
on P(V) chemistry using PSCl; (or tris-imidazolyl-1-phosphinesulfide) that
forms an activated precursor intermediate (10b or 10c), which then couples
with pyrophosphate (route 3.4B). This method is similar to the routine syn-
thesis of nonmodified NTP using the phosphoryl chloride method.

Synthesis of the P!-CH; analog of thymidine 5-triphosphate is
approached somewhat differently (route 3.4C). Nucleoside 5-methylphos-
phonate (14) is first synthesized by DCC assisted coupling of nucleoside and
methylphosphonic acid. The resulting compound (14) is then activated with
1,1-carbonyldiimidazole to obtain the phosphoroimidazolidate derivative
(14a) and coupled with pyrophosphosphate to give a final product (IV).
Syntheses of Pl-amido, P!-O-thymidine 5-triphosphate and P!-amido,
P!-O-adenosine 5'-triphosphate are performed in a different manner. This is
accomplished through a reaction of tributylammonium pyrophosphate with
nucleoside 5-phosphorodiamidate (15) in DME, as can be seen in route 2.1D.

Finally, an enzymatic synthesis for certain P!-thio NTP analogs, route
2.1E, has been described. Some nucleoside 5’-(P!-thio)diphosphate analogs
(16) are substrates for particular kinases that are obtained from a variety of
sources. The kinase converts these NDPs to their corresponding NTP ana-
logs. This approach is convenient and has been used widely for the prepa-
ration of different P'-thio NTP analogs at small scales.

3.3.2  Substitutions for OH group at P? (structure V type analogs)

OH R2 OH
| | | Base
HO—P—O0—P—OQ0—P—0
I I I °
(0] (0] (0]
OH OH(H)

Substitution for OH group at P? position of an NTP has not been well
documented. These compounds are not stable; if they form, they easily
degrade or rearrange to more stable isomers. However, Eckstein and cowork-
ers developed an enzymatic method to prepare P?-thio NTPs, which to our
knowledge is the only route to these compounds (Table 3.5; Scheme 3.5). The
method involves conversion of a chemically or enzymatically synthesized
P2-thio NDP (17) to its NTP analog. Because of the enzymes specificity this
approach allows the preparation of individual diastereomers of P>-thiophos-
phate analogs of NTPs.
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Table 3.5 Nucleoside 5"-Triphosphate Analogs with Nonbridged Substitution at
P? Fragment

Biological application

R2  Sugar Base Enzyme Substrate properties Ref.
SH Rib G Acetate kinase Substrate (one diastereomer) 95
RNA pol Substrate (one diastereomer)
Succinyl-CoA Substrate (both diastereomers)
synthesase
SH Rib G Transducin, Inactive (both diastereomers) 96
GTPase activity
SH Rib A ATPase Substrate (Sp >> Rp, metal 85
dependent)
SH Rib A ATPase Substrate (both diastereomers, 100
metal dependent)
SH Rib A Creatine kinase Substrate (both diastereomers, 86
metal dependent)
SH Rib A Hexokinase Substrate (both diastereomers, 98
metal dependent)
SH Rib A Acetate kinase Substrate (both diastereomers, 87
metal dependent)
SH dRib T DNA polymerase Substrate (Sp diastereomer) 91
(T4)
SH dRib A DNA polymerase I  Inactive 92
TH (l)H Base
HO—P—0—p—
I~ ° e
o
(17)
OH OH(H)

(1) Acetate kinase (Produces mixture of Rp and Sp)
Phosphoglycerate kinase

(2) Myosine (degrades Sp)

Ol
| Base Base
P

OH OH(H) OH OH(H)

(18) Sp

Scheme 3.5 Enzymatic synthesis of P2 -thio NTPs.
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3.3.3 Substitutions for OH group at P3? (structure VI type analogs)

R3 OH OH
| | | Base
HO—P—O—P—O0O—P—0
I Il I °
o (0] (0]
OH OH(H)

The family of NTP analogs with substitution of an OH group at the P?
position is represented by several natural compounds and by a large number
of chemically synthesized analogs (Table 3.6).

Several approaches have been developed for the preparation of Structure
VI type analogs. The first approach relies on the activation of the substituted
monophosphate derivative (19) and subsequent reaction with a respective
NDP (Scheme 3.6, route 3.6A). Methods used to activate phosphate
monoesters or any P-substituted derivative (19) are very similar to those
described in Sections 3.2.1 and 3.2.3 (route 3.1A and 3.3A). The substituted
monophosphate compound (19) is converted to N-morpholidate, N-imida-
zolidate, N-pyridinium, or another derivative with a high-energy P-N or
anhydride bond. The activated derivative (19a) reacts with the trialkylam-
monium salt of the NDP (20) in anhydrous aprotonic media to yield the final
substituted NTP analog.

A variant of this synthetic scheme includes activating the substituted
pyrophosphate precursor (21) (route 3.6B), which becomes the R3-P*-O-P2
fragment of the final NTP analog after reacting with the nucleoside 5-mono-
phosphate. Activation of the pyrophosphate derivative (21), usually in a form
of monoester or other P-substituted derivative, can be achieved by formation
of the N-imidazolidate pyrophosphate precursor (21a) similar to that shown
in routes 3.1B (Scheme 3.1) and 3.3B (Scheme 3.3).

The choice between routes 3.6A and 3.6B relies on the availability of the
respective precursors and the convenience of the purification procedure(s).
In reality, route 3.6A is used in the majority of syntheses, probably due to
the ready availability of NDPs and P-substituted analogs of phosphoric acid.
On the other hand, route 3.6B is used extensively in the synthesis of
m’GpppG and its analogs (5'-CAP structure of the eukaryotic messenger
RNAs#1). Interestingly, the coupling step of route 3.6B leading to a final
Structure VI type NTP can be facilitated in the presence of some divalent
metal ions (such as Zn?*, Mn?*). This reaction may be performed in aqueous
and nonaqueous media by using an appropriate choice of solvents or aque-
ous buffers.6714110

An efficient method for preparation of Structure VI type compounds
was introduced in the early 1970s when nucleoside 5-trimetaphosphate was
prepared (see Section 3.5) as a key intermediate in the synthesis of P*-phos-
phoramidate derivatives of the NTP analogs. This procedure is very conve-
nient and reproducible and produces the desired P*-phosphoramidate deriv-
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Route 3.6A
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° o o
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OH OH(H)

Scheme 3.6 Approaches to the synthesis of nonbridged P3-substituted NTP analogs.
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ative in high yield (route 3.6C). The P3-esters of NTPs can be prepared in a
similar fashion, but less efficiently.

Route 3.6D was used specifically to prepare a number of fluorescent
derivatives of P3-thioesters of NTPs. It was shown that the alkylation of
P3-thio—-NTP derivatives with thiol-reactive dyes (Dye-Hal) can achieve high
yields when performed in aqueous media. Finally, the enzymatic preparation
of P8-thio NTPs has also been illustrated in route 3.6E.

3.4 Multiple substitutions in triphosphate chains
3.4.1 Bridged substitutions (structure VII type analogs)

— Y —— X Base

OH OH(H)

The strategy for the synthesis of NTPs with multiple bridged substitutions
(and sometimes in combination with nonbridged substitutions) in the triph-
osphate chain relies on coupling two premodified fragments of the final NTP
analog being prepared. Most of the synthetic routes discussed in previous
sections are applicable in one way or another to the synthesis of Structure
VII type NTP analogs. Choosing the specific fragments to be coupled
depends on several factors, including the availability and cost of the precur-
sors, the method of activating and coupling the fragments and the difficulty
of the isolating and purifying the final compound. Specific information on
the synthesis of Structure VII type compounds can be found in the literature
cited in Table 3.7.
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3.4.2 Nonbridged substitutions (structure VIII type analogs)

Y B

HO—P—0—P—0—

Q

— O—Nucleoside

T
R

Another family of NTP analogs with multiple substitutions in triphosphate
fragment is represented by analogs with nonbridged substitutions, such as
P!,Pl-, PL,P2-, and P! P3-dithiotriphosphate derivatives of NTPs (Table 3.8;
Scheme 3.7). These compounds can be prepared using a modified version
of the Ludwig—Eckstein procedure through P(IIl) chemistry by forming a
nucleoside 5-(4H-1,3,2-benzodioxaphosphorin-4-one) intermediate (12).
Once this intermediate is obtained, two routes (3.7A and 3.7B) lead to the
NTP dithiotriphosphate derivatives (27), (28), and (29).

Route 3.7A incorporates the first sulfur atom after reaction of the inter-
mediate with pyrophosphate. The second sulfur is added during a reaction
with lithium sulfide that opens the ring of the compound (25). Route 3.7B
incorporates two sulfur atoms in the cyclic trimetaphosphate derivative (26),
which then undergoes a hydrolitical ring opening. In both cases, the opening
of the trimetaphosphate ring leads to the formation of two isomeric dithio-
triphosphate derivatives (Scheme 3.7).

Another approach based on P(III) chemistry was used to prepare
P3-[(7-methylguanosine-5-O-), P!-(adenosine-5-O-), P!-thio-triphosphate
and P!,P*-bis-O-adenosine-5’, Pl-thio-triphosphate derivatives of NTP (route
is not shown; Table 3.8). Although low yields of these compounds were
obtained, they were successfully isolated by HPLC and characterized by
proton and phosphorus NMR.

Synthesis of nucleoside 5’-O-(P!-borano, P!-thio)triphosphates was also
accomplished using a modified Ludwig—Eckstein approach through borona-
tion of the P?3-dioxa-P!-nucleosidyl cyclic triphosphite intermediate (13).
The reaction to open the ring is performed with lithium sulfide following
ammonia deprotection to yield the final product (Scheme 3.7, route 3.7A).

The P!, P2, P3-(trinucleoside-5-O-)tripolyphosphates (33) may be con-
sidered as examples of Structure VIII type analogs. These compounds are
readily available as the intermediates formed in the reaction of nucleoside
5-phosphomonoesters with various coupling reagents (such as N,N’-dicy-
clohexylcarbodiimide, arenesulfonylchlorides, arenesulfonyltriazolides,
triphenylphosphine/a,a-dipyridyl disulfide and others) in DMF or pyridine
solution (Scheme 3.8). The P!, P?, P*-(trinucleoside-5-O-) tripolyphosphate
(33) is unstable in the aqueous media (especially in the presence of pyridine,
imidazole, or other nitrogen heterocyclic compounds), but can be isolated
under the appropriate conditions. The hydrolysis of P!, P?, P*-(trinucleo-
side-5"-O-)tripoly-phosphate (33) leads to a formation of nucleoside

R3 R2 1
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Base
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i 0" on
<|3 H,O/NH,OH
O/P\ | OH OH
an () HO—P—0—P—sH
i OH - sH o sH
| | | Base
HO—P—O0—P—0—P—0
(ii) Sulfurization I I I O
o (o] o
(0] Route 3.7 B
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|O Base
P
0" 0 o}
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Route 3.7 A o o
0 OH OH (28) R
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(0]
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/F'—O _— HO—IFI’—O—lFl’—O—ﬁ‘—O o
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N, -0 (i NFy o} o s
@) N\ R R(H)
07" on (31
OH OH(H)
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Scheme 3.7 Syntheses of nucleoside 5-triphosphate analogs with multiple non-
bridged substitutions in triphosphate chain.
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OH
Base
Oo=p—0O
Route C ﬁ Base (0]
oH HO—P—O o o
| Base OR OR(H)
Base
HO—pP—O .
g 0 Couplmﬂe»nt 0 OR OR(H) Coupling reagent  O—p—O0 o
Base
HO—P—O
OR OR(H
" I ° 2 OR OR(H)
‘ Base
OR OR(H) O=p—0O o
OH
R = protecting group (32) (33) OR OR(H)

Scheme 3.8 Preparation of P'-, P2, P3-substituted tripolyphosphates.

5’-monophosphate and its symmetrical P!, P?-(dinucleoside-5"-O-)pyrophos-
phate (32). Tetra- and trisubstituted benzyl esters of NTPs were obtained in
the 1950s as intermediates in the syntheses of standard NTPs (routes are not
shown; see Table 3.8).

3.5 Nucleoside cyclic 5'-trimetaphosphate (structure IX
type analogs)

HO\ o
o:}’/z\P// Base
~o

o | o
~Np—"
o// \OH OH OH(H)

Nucleoside 5-cyclic trimetaphosphate (NTMP, compound (23), Scheme 3.6)
was first proposed as an intermediate in the synthesis of NTPs.1¥ This
hypothesis was proven in the works of Khorana'* and Hecht.’>® NTMP can
be routinely prepared by the treatment of trialkylammonium salt of nucle-
oside 5-triphosphates with coupling reagents such as N,N’-dicyclohexylcar-
bodiimide, arylsulfonylchlorides, arylsulfonyltriazolides, triphenylphos-
phine/o,a-dipyridyl disulfide, etc. in DME, DMSO, DMSO-methanol, or in
pyridine. Although not stable in a solution containing pyridine, this com-
pound is quite stable in DMSO and DMF. NTMP slowly hydrolyzes in water,
but it can be isolated with fast chromatography (ion exchange, reverse phase)
and can be used for chemical or enzymatic studies. NTMP can also be
prepared from NTP and water-soluble carbodiimides in aqueous media as
an intermediate for preparation of P*>-modified NTPs.
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Table 3.9 Adenosine 5-Cyclic Trimetaphosphate and its

Analogs
Biological application

z W Y Enzyme Substrate properties Ref.
@] (@) O RNApol Inhibitor 151
(enzyme modification) 152
@) O O  None None 153
@) O O  None None 154
CH, O O None None 155
o CH, O None None 155

A few Structure IX type analogs of NTMP have been described in the
literature (Table 3.9). Although these analogs were not isolated as pure com-
pounds, their structures were verified by 3'P NMR spectroscopy. Among the
known analogs of NTMP, in some the bridging oxygen atom is substituted
with a methylene group and in others sulfur or borane groups replace
nonbridging oxygen atoms (Scheme 3.7).

3.6 Isotopic substitutions in triphosphate chain
of NTP

3.6.1 Oxygen isotopic substitutions

Substitution of the natural and most commonly occurring isotope, 1°O, in
NTP triphosphate chain with 7O and 'O isotopes has become one of the
tools in investigations of the stereochemical course of enzymatic and chem-
ical reactions involving NTPs. A number of these investigations are done
with phosphorothioate NTP analogs (mostly ATP) in combination with 7O
or/and O isotope substitutions in the triphosphate fragment (Table 3.10).

A stereospecific preparation of the ATP with 7O or O isotopes at P!
position can be achieved through enzymatic phosphorylation of P!-['7O or
O]-ADP (36). The latter compound is prepared (Scheme 3.9) by the reaction
of a single diastereomer of P'-thio ADP (34) with bromine or N-bromosuc-
cinimide in the presence of H,7O or H,'80.341% The reaction in acidic con-
ditions presumably proceeds through the intermediate (35) with activated
P-SX function, which hydrolyses with inversion of configuration at P! posi-
tion to isotopically labeled ADP (36). It should be noted that, when the
preceding reaction takes place at neutral pH or when the reaction of com-
pound (34) with cyanogene bromide occurs at any pH, it leads to a distri-
bution of the oxygen isotope between P' and P? positions. It is believed that
this is caused by a formation of cyclo-diphosphate intermediate.!”'¥ The
isotopomers of the ATP with O, 7O, and 80 isotopes at P! position were
prepared by enzymatic ptrophosphorylation (adenylate kinase and pyruvate
kinase) of Sp-['°O,"O,*O]AMP.1®0
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ﬁ ﬁ Base ﬂ ﬁ Base
HO—T O—li—’ o} o X-Br HO—T—O—IT o o
OH SH OH SX H2180
H OH(H
34) OH OH(H) (35) OH OH(H)
18,

o 'oH s

HO! g 0] }!’ (0] 7o ﬁ ﬁ " Base
T o HO— | —O—T—O—P—O o
OH o Kinase OH OH o
OH OH(H
(36) +H (37) OH OH(H)

X= Br or succinimide

Scheme 3.9 Synthesis of NTP with oxygen’s isotopes labeling at P' position.

Oxygen isotope labeling at P? position of NTP has been reported accord-
ing to Scheme 3.10. First, adenosine 5'-[0O,]-phosphorothoate (38) was pre-
pared by the reaction of nucleoside with thiophosphoryl chloride followed
by hydrolysis with H,#0.11¢2 Compound (38) was then activated with
diphenylchlorophosphate and subsequently coupled with 2’,3’-methoxyme-
thylidene AMP. The reaction produced a mixture of two diastereomers of
P!,P2-dinucleoside-(5’,5")-diphosphate (39). After separation by
anion-exchange chromatography, the individual Rp and Sp diastereomers
were oxidized at unblocked ribose by sodium periodate treatment. The
2’,3"-ribose protecting group was removed under mild acidic conditions, and
oxidized nucleoside residue was removed by P-elimination reaction and
producing the individual diastereomers of P>-thio-[l*O]JADP (40).16! Phos-
phorylation of P?thio-['*OJADP (40) to P%thio-['*O]JATP (41) was accom-
plished using acetyl phosphate and acetate kinase.!616316¢ A similar scheme
(with POCl; instead of PSCL;) can be used to prepare P2-[18O]ATP.

The P3-thio ATP analog labeled with 180 simultaneously at P* position
and bridged (P>-O-P®) position was prepared according to Scheme 3.11,
route A. A nucleoside is first reacted with thiophosphoryl chloride followed
by hydrolysis with H,'O to give nucleoside 5"-['*O,]phosphorothioate (42).
The latter is converted enzymatically with kinase to P'-thio-[*%O,]ADP (43)
and coupled with 2’,3’-methoxymethylidene AMP activated by diphenyl-
chlorophosphate. The resulting P!,P*-dinucleotide-(5",5")-triphosphate (44) is
finally converted to P3-thio-['80,]ATP (45) by oxidation with sodium perio-
date followed by ribose deprotection and B-elimination.!®®

NTP analogs labeled with a combination of 7O and 180 isotopes at the
P? position were prepared according to Scheme 3.11, route B. Ephedrine was
reacted with 7O -phosphoryl chloride (obtained from PCl; and H,7O) to
form a cyclic chlorophosphoramidate (46). The major diastereomer of com-
pound (46) was isolated and hydrolyzed with Li'*OH/H,!®0O to form cyclic
phosphoramidate (47) and then coupled with ADP to obtain P3*-ephe-
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OMe

Base 1801
H Bas OH 18
01\ o PSCh g L ¥ Ph0)2 | ™ Base
e ﬁ O o—p— O—P—O
H, 180 s Il
OH OH @ o S
(38) o
OH OH (Sp-39, Rp-39) OH OH
(ﬁ (Separation of diastereomers)
o O—f—OH
A OH
S (e}
) A o S o
(i) 104~ HO—”—O—”—O ” I I A
e T '|3 (0] Acetate kinase HO—p—O0—P—O0—pP—0 o
(i) Midacid ~ "OH  OH - I 1) |
(iii) Base OH OH OH
OH OH
(Sp-40, Rp-40) (Sp-41, Rp-41) OH OH

Scheme 3.10 Synthesis of ATP analog labeled with oxygen isotope at P2 position.

drine-ATP (48). Catalytic reduction was used to remove ephedrine residue
in the final 7O and 8O labeled product (49).1%

The alternative route to the NTP analog labeled with combination of 7O
and O isotopes at P® position is shown in Scheme 3.11, route C. An indi-
vidual isomer of [®O]-1,2-diphenyl-1,2-ethylene glycol was treated with
OPCl,, followed by reaction with ADP. A final product, Sp-[1°O,7O,80]ATP
(49), was isolated after reduction of the intermediate (50) on Pd/C.1¢”

3.6.2  Phosphorus isotopic substitutions

NTPs labeled with phosphorus radioisotopes have been used for decades in
biological research. While 32P and 3P labels at P! position are used for
incorporation into DNA or RNA, NTPs with radioisotopes at the P* position
are used for enzymatic transfer of the radiolabel to another biological mol-
ecule. These NTPs have been synthesized by enzymatic procedures and by
chemical methods and they are commercially available. The reliable
approaches for preparation of NTPs radiolabeled at P!, P?, or P* positions
were developed in 1950s and1960s (Wehrli et al.'”® and references therein)
and improved later.

Labeling at the P® position (compound 51; Scheme 3.12) can be achieved
by equilibration of the corresponding NTP and 3?P-labeled orthophosphoric
acid in an exchange reaction catalyzed by 3-phosphoglycerate kinase (route
A).% Chemical synthesis can be performed by activation of nucleoside
5’-diphosphate and coupling with 32P-labeled orthophosphoric acid, as
illustrated.179:180

The NTPs with radiolabel at the P? position were prepared according to
Scheme 3.13.78 The 2P orthophosphate was reacted with p-nitrobenzyl phos-
phomorpholidate to give p-nitrophenyl P2-[**P]diphosphate (52). The latter
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Scheme 3.11 Synthesis of NTP analogs labeled with oxygen isotopes at P°® and

P2-O-I8 positions.

compound was coupled to

morpholidate of AMP and P3-[p-nitrophenyl],

P2-[32P]ATP intermediate (53) was hydrogenated to P2-[*2P]ATP (54).

The NTPs labeled at P! position can be prepared from 32P-labeled ortho-
phosphoric acid on a preparative scale enzymatically (Scheme 3.14). The
sequential steps of the method involve the 5'[3?P]-phosphorylation of nucle-
oside 3’-monophosphate with T4 polynucleotide kinase and P3-[*P]ATP to
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Scheme 3.13 Synthesis of P2-radiolabeled ATP.

yield nucleoside 3’, 5'[*?P]-diphosphate (55). The hexokinase is used to
degrade any remaining P*-[32P]ATP. The nucleoside 3’,5'[*?P]-diphosphate
(55) is treated with P1 nuclease to remove the 3’-phosphate and produce the
nucleoside 5-[**P]Jmonophosphate (56). The latter is phosphorylated to the
nucleoside 5-P!-[3*P]triphosphate (57) with nucleoside monophosphate
kinase and pyruvate kinase. More than 99.9% of detectable radioactivity was
found at the P! position.!8!

3.7 3P NMR data for NTP analogs with modified
triphosphate chains
Modification of the triphosphate chain in an NTP changes the electronic and

structural properties of the triphosphate fragment, especially around the
modified phosphate groups. In many instances, these changes are reflected
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Scheme 3.14 Synthesis of Pl-radiolabeled NTP.

in the phosphorus magnetic resonance spectra of NTP analogs by the
changes in the chemical shifts of the phosphorus atoms, phosphorus—phos-
phorus coupling constants, and relaxation parameters compared to those for
the unmodified NTP. In Table 3.11, the 3P NMR data on the chemical shifts
and geminal phosphorus—phosphorus coupling constants are presented for
many of the known NTP analogs with modifications in the triphosphate
fragment. Instead of presenting the original NMR data, all the information
was generalized in the form of differences of chemical shift and coupling
constant values (A9, A]) compared to those for the unmodified NTP.

Data in Table 3.11 were generated based on the average values of chem-
ical shifts and P-O-P coupling constants (absolute values) of the phosphorus
resonances for nonmodified NTPs.!¥2 These values are: -10 ppm (P?), 21
ppm (P?), and -6 ppm (P?®) for chemical shifts and 20 Hz (J;, and J,;) for
coupling constants. All positive ASP values in Table 3.11 signify a downfield
shift compared to chemical shifts of the respective phosphorus atoms in the
parent NTP molecule (and vice versa for the negative ASP values). The
positive value for the coupling constants signifies that the absolute value of
the respective coupling constant in the modified NTP is larger than that in
the parent NTP molecule (and vice versa for negative values).

Prior to evaluation of the NMR data presented in Table 3.11, a number
of factors should be taken into consideration. The nature of the 3!P NMR
chemical shifts and coupling constants is very sensitive to conditions of the
media (solvent composition; pH; ionic strength; nature of the counter ions,
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especially metal ions; concentration of the sample; temperature). The chem-
ical shift values also depend on the way in which a reference signal was set
up during the recording of NMR spectrum (internal or external standard).
In most publications, the conditions for 3!P NMR measurements are not
specified; therefore, all data are cautiously rounded to whole parts per mil-
lion and hertz units. Differences in the chemical shifts of less than 2 ppm
were not considered a reliable indication of the effect of a substitute. (It
should be noted, however, that if all the precautions and corrections are
made properly, one can consider the changes of 1 ppm or less to be significant
enough to indicate a structural and/or electronic change in the vicinity of
that phosphorus atom.) A similar statement is applicable to changes of 5 Hz
or less for the coupling constants. Whenever possible, the averaged values
(A8, A)) for similar compounds were presented in Table 3.11.

In addition, we should emphasize that the chemical shift of the phos-
phorus in the terminal phosphate residue is sensitive to its ionization state
at pH range within 4 to 9. The difference in the 3P NMR chemical shifts of
phosphate monoester groups for P>-OH and P3-O- +H* states may be as large
as 4 ppm. Therefore, a different approach has been chosen for calculating
the ASP® values for P*-substituted and P*-nonsubstituted NTP analogs. For
derivatives containing a P3-OH function capable of establishing a deproto-
nation <> protonation equilibrium at pH range from 4 to 9, the reference
chemical shift (for parent NTP) was chosen to be ~10 ppm. For P*-substituted
derivatives (which have no such equilibrium at pH range 4 to 9), the refer-
ence signal was chosen to be -6 ppm.

For the sake of simplicity, we did not discriminate positions “o” and
“R1,” positions “B” and “R2,” and positions “y,” “y,” and “R3.” Therefore,
the exact structural representation of the substitute may not match that in
Table 3.11 and in previous tables.

3.7.1 Modifications of triphosphate fragment at a single position:
chemical shifts

When bridged or nonbridged oxygen (or a hydroxyl group) is substituted
for another atom (or group), the electronic and structural changes in the
triphosphate fragment lead to pronounced changes in the 3'P NMR chemical
shifts.182 Analysis of the chemical shift data for NTP analogs with a single
modification, presented in Table 3.11, leads to several observations.

The extent to which a substitute affects the 3'P chemical shift is specifically
determined by the nature of the atom directly attached to the phosphorus atom.
Thus, with a nitrogen atom (NH) substituted for oxygen (or NH, for OH), the
chemical shift changes are in the range of +9 to +14 ppm for P! and P? atoms,
but are smaller for P? atom (from +6 to +9 ppm). The exception to this rule is
found for compound VI3 (Table 3.11); here the ASP® value is “0,” indicating
the apparent absence of the effect. In reality, two events (first, -NH, substitution
for -OH and, second, -NHPh substitution for NH,) work in opposite directions
to cancel each other. Note that aromatic group attached to the phosphorus
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atom through oxygen and nitrogen causes an upfield shift of the 3P signal (-6
to -9 ppm) compared to alkyl-NH or alkyl-O P3-substituted NTP analogs.

Carbon substitution (CH,) for oxygen causes a change of the chemical
shift from +27 to +38 ppm for P! and P2 atoms, and a smaller change from
+18 to +23 ppm for P*® atom. The CH(Hal) and C(Hal), substitutions for
oxygen lead to smaller shift changes (+15 to +23 ppm for P! and P? atoms;
+10 to +15 ppm for P* atom). Borane NTP analog modified at P! position
(compound IV.4) shows the extreme shift of +95 ppm compared to the parent
NTP. Generally, the 3'P NMR signals shift toward a lower field in the order
of P-O >P-N > P-C > P-B analogs; this correlates with the electron with-
drawal effect of those atoms (or groups).

When sulfur substitutes for oxygen in the triphosphate fragment, the
value of the 3P NMR chemical shift is very sensitive to its position. Therefore,
the NTP phosphorothioate analogs are discussed here as a separate group
of NTP analogs. The 3'P NMR chemical shift for phosphorothioate esters is
known that depends on the degree of S = P double bonding.!82!% In the
extreme case of S = P(OR); type compounds (R = alkyl), the 3P chemical
shift is observed at approximately 70 ppm (compare with -2 ppm for
O =P(OR),). For compounds from the second group (with less S = P double
bonding), such as S = P(OR),(OH) <> O = P(OR),(SH), the chemical shift is
observed at 50 to 55 ppm. The third group of phosphorothioate monoesters
includes compounds S = P(OR)(OH), <» O = P(OR)(SH)(OH) with a chemical
shift at 40 to 45 ppm. Finally, for phosphate thioester compounds
O =P(OR),(SR) with minimal or no S = P bonding, the chemical shift is
observed at 20 ppm (fourth group).

Previously mentioned groups two, three, and four are represented among
the thio NTP analogs in Table 3.11. The changes in the 3P NMR chemical
shifts for those P!-, P?-, and P3-substituted thio NTP analogs are in agreement
with the discussed rules (compounds 1.4; IV.3; V.1; VI.10; and VIL.11).

The last observation is that a substitute has little or no effect on the 3P
chemical shift (A3 ~ 0 ppm) unless it is attached directly to the phosphorus
atom,; see:

e ASP! for compounds III.1 to II1.9; and VI.1 to VI.13
e ASP? for compounds 1.1 to L.4; IV.1 to IV.4; and V.1 to VL.13
e ASPS for compounds I.1 to L4; II.1 to IL5; and IV.1 to IV.4

The exceptions may be explained by taking into account the ionization state
of P? terminal phosphate group (compounds 1.3, 1.4, and IL.5 show signifi-
cant value for ASP® from —4 to -7 ppm).

3.7.2  Modifications of triphosphate fragment at multiple positions:
chemical shifts

Information on 3'P NMR chemical shifts for NTP analogs with multiple
modifications in the triphosphate fragment is limited. However, analysis of
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the available data suggests that all the simple rules mentioned earlier for
singly modified NTP analogs are applicable to the double- or triple-substi-
tuted NTP analogs. The chemical shift effects of the substitutes are additive.

As an example, for P! resonance of double-substituted compound VIIL5
(R1 =SH; a = S), the value ASP! is +110 ppm. This is almost double the effect
observed for monosubstituted P'-thio NTP analog IV.3, for which AS8P! is +53
ppm. For compound VIIL.1 (Z = NH; Q = NH), the resonance for P2 is shifted
downfield and the value ASP? equals +25 ppm. This change in the chemical
shift is equal to the sum (12 + 14 = 26 ppm) of the effects observed for P2
resonance in compounds 1.2.1 (ASP is +12 ppm) and II.1 (ASP is +14 ppm).

Examination of other double- and triple-modified NTP analogs will
further illustrate the additive properties of the chemical shifts caused by
individual modifications, although these tendencies are not always strictly
quantitative. Thus, for compound VIIL.2 (Z = CH,; Q = CH,) the resonance
for P?is shifted downfield for +49 ppm, which is close (but not equal) to the
sum (27 + 35 = 62 ppm) of effects observed for P2 signal in compounds 1I.2
(AQP is +27 ppm) and III.2 (ASP is +35 ppm).

3.7.3 3P NMR of the NTPs with oxygen isotopic substitutions

The sensitivity of 3P NMR chemical shifts to the presence of different oxygen
isotopes °O, 70O, and ¥O was demonstrated in a series of papers published
in the 1970s and1980s. The presence of O attached to the phosphorus atom
results in an upfield shift of the 3P resonance; the magnitude of the shift
depends on the bond order between oxygen and phosphorus atoms.!8418¢
Therefore, in 3P NMR isotopomer species containing '¥O atoms are seen as
separate 3P signals shifted from signals of isotopomers that contain only *O
atoms. In other words, 3P NMR can follow the process of substituting one
oxygen isotope with another.

In many instances when NTPs participate in enzymatic and chemical
reactions, the result is hydrolysis of existing P-O-P linkages or formation of
new P-O-P linkages. Therefore, when individual isotopomers are used, a
stereochemical course of chemical and enzymatic reactions can be followed
through the identification of °O- and ®O-containing species in 3P NMR
spectra. It should be noted that, due to its quadrupole moment, the phos-
phorus resonances for 7O-containing species are not normally observed in
3P NMR spectra. 184187

3.7.4  Phosphorus—phosphorus coupling constants in NTP analogs

Phosphorus—phosphorus coupling constants significantly change with sub-
stitutions in the triphosphate chain of NTP analogs. The nature of the effect
of the substitute on geminal coupling constants is complicated and involves
contributions from several factors. Generally, it reflects the changes in elec-
tronic effects of the substitute and also structural changes in P-Z-P or P-Q-P
fragments.
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A few tendencies are observed for the changes in coupling constants.
For instance, substitutions of NH or CH, for oxygen in P-O-P fragments
lead to smaller J;, and J,; values (for P-NH-P or P-CH,-P) by 12 to 16 Hz,
compared to J;, and J,; values in the parent NTPs. On the other hand,
CH(Hal) and C(Hal), substitutes cause an increase in J,, and J,; values. A
very large change in coupling constants — increases by 30 to 45 Hz — was
observed when CF, group substitutes for oxygen in P-Z-P or P-Q-P frag-
ments. The effect of sulfur on AJ,, or AJ,; varies from —14 to +15 Hz, depend-
ing on the position of the substitution. It is noteworthy that variations in
solvents, nature, and concentration of the counter ions and salt, as well as
the temperature, may all lead to large variations in the coupling constant
values for the same compound.

Although the information in Chapter 3.7 is not comprehensive, it might
be helpful in the identification and structural analysis of known and newly
synthesized NTP analogs with modified triphosphate fragments. A sum-
mary of data is presented in Table 3.11.

3.8 Approaches to biological applications of NTPs with
modified triphosphate chains

Various aspects of biological applications of the NTPs are described in detail
in several other chapters of this book. NTP analogs with modified triphos-
phate fragments are used in many similar applications to those of other types
of modified and nonmodified NTPs. In this chapter, we briefly discuss only
the general issues related to the biological applications of this particular class
of NTPs.

The nucleoside 5-triphosphate analogs with modified triphosphate
chain are primarily designed to serve as substitutes for natural NTPs in
biological studies in which the interaction or chemical transformation of the
triphosphate chain is a critical element of the biochemical process. The pres-
ence of different atoms (or groups) instead of natural oxygen in a modified
triphosphate chain alters the electronic and structural properties of the NTP
molecule and, therefore, possibly how the modified NTP interacts with a
particular enzyme. The modification may or may not change the ability of
NTP to be recognized by the enzyme (or other biological molecule) and to
bind the enzyme at active center. Even if binding does occur, the modification
may affect the ability of the enzyme to perform a catalytic act and allow the
NTP to vacate the active center for the next incoming substrate. Therefore,
NTP analogs with modified triphosphate chain can be substrates, effectors,
or inhibitors for enzymes, or they can be inactive with those enzymes.

The NTP analog acts much as a natural “substrate” when a modification
does not interfere with normal enzymatic functions and a conversion of the
NTP analog into the product takes place. If the NTP analog stimulates the
activity of the enzyme toward the natural substrate, it is acting as an “effec-
tor.” Alternatively, if the modified NTP analog interacts with the enzyme in
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such a way that it reduces (or even prevents) the enzyme’s ability to perform
its natural biochemical function, the NTP analog acts as an “inhibitor.” If an
enzyme does not recognize an NTP analog and the analog does not interfere
with its normal functions, it is considered “inactive” toward the enzymatic
reaction. The extent of the substrate, effector, or inhibitor properties is varied
for different NTP analogs and may be compared to that for the natural NTP
substrates or known effectors or inhibitors. These properties are qualitatively
indicated in Table 3.12.

Some specific modifications in the triphosphate chain may cause a phos-
phorus atom (P!, P2, or P®) to become a chiral center, and therefore two
(or more) diastereomers of NTP analog may be obtained. In many instances,
pure diastereomers can be prepared by separation of their mixtures or by
performing stereospecific chemical or enzymatic synthesis. Due to a natural
stereospecificity observed in most enzymatic reactions, one should expect
the behavior of the diastereomers of NTP analogs to be quite different in the
biological systems. The individual diastereomers of NTP analogs are
regarded as one of the most important molecular tools in the investigation
of mechanisms and stereochemistry of enzymatic reactions involving NTPs.

The determining role of any substitution in the triphosphate chain of an
NTP in preserving, changing, or losing the substrate properties, or in acquir-
ing inhibitory properties, is obviously related to the specific mechanism of
the enzyme action. When NTP becomes a part of the enzyme-assisted chem-
ical conversion process, one would like to know the particular structural
elements of the NTP and enzyme directly involved in the chemical transfor-
mation and the elements critical (or noncritical) to support that transforma-
tion. There are examples when the same NTP analog may be a substrate for
one enzyme, but completely inactive or be an inhibitor for another one. The
choice of which NTP modification to use should be relevant to the goal of
a specific study. Choosing an appropriate NTP analog among hundreds of
possibilities makes it likely that an adequate answer to a specific question
related to the biological (biochemical) system can be found.

In addition to being a substrate, an effector, or an inhibitor, the NTP
analog may perform some other functions, as described in the following
paragraphs.

First, the modified NTP may carry a reactive chemical function (such as
different kinds of activated phosphate residues, nitrogen mustard deriva-
tives, photoreactive groups, platinum complexes, etc.) attached to the triph-
osphate chain. Different groups of the macromolecule may be modified after
interacting with those NTPs in the complexes. This process is called “affinity
modification” of biopolymers, and it is one of the key techniques used in
structural elucidation of biomolecules and, especially, in enzymology studies.

Second, the modified NTP may carry a reporter chemical function
attached to the triphosphate chain. This feature allows detection of the exact
location of that NTP molecule in a biological system or it allows monitoring
changes in the microenvironment near the location of the NTP-binding site.
Examples of those groups are fluorescent dyes; spin labels; metal ions; biotin
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and related compounds; and radioactive and nonradioactive isotopes (see
below). Also, some molecules attached to the triphosphate chain of the NTP
may serve as a vehicle delivering the NTP analog to a specific location across
the cellular membrane.

Third, the triphosphate fragment of the NTPs may be labeled with iso-
topes of the oxygen (YO and #O) or phosphorus (2P or *P). The isotopically
modified NTP is normally an adequate substrate when compared to the
parent NTP (with a natural distribution of atom isotopes). Using physical
methods of investigation such as 3P NMR, mass-spectrometry, and radio-
chemical detectors, one may follow the steps of the biochemical process and
the fate of the labeled NTP in the biological system. This is an important
approach in understanding the various mechanisms by which NTPs partic-
ipate in biochemical processes. NTP analogs containing specific oxygen iso-
topes have been used (often in combination with sulfur in phosphorothioate
fragment) for investigation of the stereochemistry of the enzymatic and
chemical reactions. NTPs with radioisotopes of phosphorus have been used
for decades as the most reliable approach to investigate biological processes
such as replication, transcription, translation, and other in vitro and in vivo
systems. The isotope labeling approaches have been valuable in a number
of pharmacokinetic studies for drug discovery.

The multiple modifications of the triphosphate chain (in combination
with modifications of the sugar and the heterocyclic base) may result in new
and sometimes unexpected properties for NTP analogs.

In Table 3.12, the compounds are classified according to the type of
structure discussed previously. The purpose of this table is to give a prelim-
inary overview of all types of NTP analogs and the types of enzymatic
systems tested with those NTP analogs. The substrate, effector, or inhibitory
properties of the NTP analogs are indicated qualitatively and relative to the
substrate properties of a natural NTP or compared to known inhibitors of
the enzyme (when this information is available).

When analyzing the data presented in Table 3.12, one should keep in
mind two issues. First, the enzymes from the same class, but from different
sources (for example, DNA polymerases) are different in the way in which
they recognize substrates and perform the catalytic act. Second, in some
instances the data show a cumulative effect of modifications of triphosphate
chain and nucleoside fragments. Therefore, the properties of the NTP analogs
demonstrate apparent contradictions in respect to the same class of enzymes.
For example, the NTP analog could be a substrate or inhibitor, or could be
inactive with those enzymes. One should refer to the tables in the previous
sections for more detailed information on the NTP analog, enzyme source,
and cited literature.

The general rule for an NTP analog to be a substrate is that it possess
the same cleavable linkage (for example P'-O-P?) present in the natural
substrate. On the other hand, to be a potent inhibitor, the specific cleavable
linkage must be modified (for example, substitute P'-CH,-P? fragment for
P'-O-P?) enough that the linkage cannot be cleaved or is cleaved at a much
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slower rate than the natural substrate. One should always keep in mind,
however, that these rules have many exceptions.
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4.1 Introduction

The nonenzymatic replication of oligonucleotides has been extensively stud-
ied for many years because it models the type of reaction thought to have
been important in the origin of life, particularly those that invoke the RNA
world."? Much of this work has focused on template-directed polymeriza-
tion. For the most part, these studies have employed activated mononucle-
otides in the form of triphosphate as substrate,? but a few have used short
activated oligonucleotides.*

Szosotak’s group pioneered the study of a nonenzymatic template-
directed ligation reaction of triphosphate-activated oligonucleotide. Gao and
Orgel introduced an alternate ligation reaction of tetraphosphate-activated
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oligonucleotide to make a longer oligonucleotide and suggested that this type
of ligation is more likely to have occurred under prebiotic conditions. They
prepared oligonucleotide 5-polyphosphates from oligonucleotide 5-phos-
phates and sodium trimetaphosphate. Trimetaphosphate has been considered
as a polyphosphorylating reagent in the context of prebiotic chemistry.
Oligonucleotides containing a 5-phosphate are finding widespread appli-
cations in biochemistry and molecular biology: e.g., as linkers and adapters;
in cloning and gene construction; in capping of RNA; and in the ligase chain
reaction. In addition, they may serve as a source for preparation of y-deriva-
tives of oligonucleotide 5-triphosphates.® This chapter deals with currently
employed methods for the synthesis of oligonucleotide-5"-triphosphate.

4.2 Synthesis of oligonucleotide 5-triphosphate

Oligonucleotide 5-polyphosphates and their modified analogs have become
important tools in modern biological sciences. Their syntheses are of partic-
ular significance and have been carried out by various methods. The con-
ventional procedures for the synthesis of nucleoside 5-triphosphate are
described in Chapter 1. These methods require anhydrous conditions and
are not suited for phosphorylation of oligonucleotides, which are insoluble
in organic solvents and contain multiple functional groups that limit the
activity of 5-hydroxyl moiety.

4.2.1 Synthesis of oligonucleotide 5-polyphosphate in
aqueous media

Synthesis of oligonucleotide 5-triphosphate requires preparation of the
desired oligonucleotide (DNA synthesizer), 5-phosphorylation (synthetic or
enzymatic), and activation of 5-phosphate to a reactive intermediate, such
as phosphoimidazolide or phosphomorpholidate, followed by displacement
of the leaving group by pyrophosphate. The activation and conversion to
triphosphate are done in an aqueous solution in the presence of metal ions.

Sawali et al. reported pyrophosphate (P-O-P) bond formation in aqueous
solutions in 1981.” They observed Pb(Il) ion-catalyzed dimerization of ade-
nosine 5’-phosphoimidazolide (ImpA) and formation of bis-adeno-
sine-5",5"-pyrophosphate in an aqueous solution among other products.
ImpA is an activated nucleotide that readily hydrolyzes in water to form
adenosine 5’-monophosphate. A divalent metal ion promotes formation of
oligoadenylate, as well as pyrophosphate bond.

In 1990, Shimazu and coworkers reported Mn(Il) and Cd(Il) catalyzed
pyrophosphate bond formation using activated phosphoroimidazolide.®
They improved the procedure later and produced oligonucleotide-polyphos-
phate.” The phosphorylating reagent was phosphorotrimidazolide (PIM) or
phosphorotribenzimidazolide (PBIM), which was prepared from phospho-
rous oxychloride and imidazole or benzimidazole in tetrahydrofuran. A
typical phosphorylation reaction was carried out according to Scheme 4.1.
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Scheme 4.1 Formation of a pyrophosphate bond in an aqueous media with phos-
phoimidazolide and ademosine 5-monophosphate in the presence of Mg(Il). The
number of pyrophosphate bond formations is random and increases by the length
of the reaction.

In a typical ion-mediated pyrophosphorylation, the reaction mixture
contained 10 mM adenosine monophosphate; 0.5 M phosphoimidazole;
0.5M MgCl,; and 0.2 M N-ethylmorpholine buffer (pH 7.0). Reaction was
carried out at 50°C for 8 h. The Mg(II) was removed from the reaction mixture
by treatment with a chelater (Versenol) and products were analyzed by
HPLC. Similar reactions were performed using Mn(II) in place of Mg(II) or
phosphobenzimidazole, instead of phosphoimidazole, at 50°C, as well as at
room temperature. In general, adenosine di- and triphosphates were the
major products in the reaction mixtures. The reaction performed at room
temperature required a longer time to complete and produced more adenos-
ine triphosphate with Mg(II) and more adenosine diphosphate in the pres-
ence of Mn(Il). Only traces of adenosine di- or triphosphate were formed in
the absence of divalent ions. A longer reaction time (72 h) at 50°C resulted
in hydrolysis of the product into monophosphate.

The reaction was repeated with trinucleotide 5-phosphate, containing
2’-5’-phosphodiester linkages. The reaction was carried out with and without
Mg(II) for different lengths of time. The results of this study are summarized
in Table 4.1.

Mg(II) is necessary for polyphosphate formation. In the absence of
Mg(II), hydrolysis of phosphoimidazole takes place, which diminishes the
reactivity of the phosphate group. More recently, Gao and Orgel* reported
the synthesis of oligonucleotide polyphosphates using synthetic oligonucle-
otide monophosphorylated at 5" position by T4 polynucleotide kinase. The
oligonucleotide 5-phosphate coupled with sodium trimetaphosphate in the
presence of Mg(Il).* The reaction produced oligonucleotides containing 4, 7,
and 10 phosphates at the 5-end (Scheme 4.2).
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Table 4.1 Formation of Trinucleotide 5’-di-, tri-, and Other
Polyphosphates in an Aqueous Media with Trinucleotide 5-Phosphate
and Phosphoimidazolide in Presence or Absence of Mg(II)

Time Yield
pNuc MgCl, (days) NMP NDP NTP  N(poly)P
PApApPA + 3 10 34 26 21
PApPApPA - 3 93 4 Trace
PApApPA + 7 14 48 29 8

Notes: pNuc = poly nucleotide; NMP = nucleoside monophosphate; NDP = nu-
cleoside diphosphate; NTP = nucleoside triphosphate; N(poly)P = nucle-

oside polyphosphate.
\ O ]
o OJP/ O o N \I\D Il
N I M2+ O P—0~ & O—P-O-NpNpN
_P HO—P—O-OpNpNpN  _Mg™ _ / (o}
o“N. I _b—0 O o
O—P~O_ OH (0] ~

Scheme 4.2 Aqueous synthesis of oligonucleotide polyphosphate by the addition of
trimetaphosphate to the oligonucleotide 5-monophosphate in the presence of Mg(II).

4.2.2  Synthesis of oligonucleotide 5-polyphosphate in
anhydrous media

The synthetic procedure for oligonucleotide 5'-triphosphate must be designed
with great care owing to low organic solubility and a high degree of com-
plexity of oligonucleotide molecules. The conventional methods for prepara-
tion of nucleoside 5’-triphosphate are not applicable to pure oligonucleotides.
To overcome these difficulties, scientists have applied the basics of solid
support chemistry and improved solid phase methods for phosphorylation
of 5’-oligonucleotide. The anhydrous conditions required for phosphorylation
chemistry are applicable to solid support-bound oligonucleotides.

A few examples for the synthesis of oligonucleotide 5'-triphosphates can
be found in the literature.!*!2 Gaur'* adapted Ludwig and Eckstein’s chem-
ical phosphorylation method® to the solid support and developed a novel
procedure for the synthesis of nucleoside triphosphate on CPG (controlled
pore glass). Later on, Brownlee et al. described a solid phase method for the
addition of 5’-diphosphate to synthetic oligodeoxyribonucleotides.!! They
used the method of Ludwig and Eckstein because the reaction conditions
were mild and nucleobase protection was not necessary. Trivalent phospho-
rus chemistry is the most promising way for the preparation of oligonucle-
otide 5-triphosphates of any length, sequence, and nature (DNA, RNA, or
their analogs) on the solid support. A synthetic procedure allowing conver-
sion of oligodeoxy-nucleotides to their corresponding 5'-triphosphate deriv-
atives has been developed!® (Scheme 4.3).
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Scheme 4.3 Solid phase synthesis of oligonucleotide 5-triphosphate. First, the oligo-
nucleotides were synthesized on the solid support using standard phosphoramidite
protocols. Next, the DMT protection group was removed (step 1) and the 5-OH was
phosphitylated using 2-chloro-4H-1,3,2-benzodioxa-phosphorin-4-one (step 2), fol-
lowed by reaction with pyrophosphate (step 3) and iodine oxidation (step 4). After
subsequent removal from the support and complete deprotection (step 5), the product
was analyzed and purified by HPLC.

4.2.2.1 Syntheses and purification

Synthesis of oligonucleotides was performed on a PerSeptive Biosystems
Expedite Model 8909 synthesizer using a standard phosphoramidite protocol.
At the end of the synthesis, the dimethoxytrityl protecting group was removed
and the column was washed with acetonitrile and dried with argon flow.

For 5-phosphorylation, the column was washed with 20 mL of dry
dioxane (2 x 10 mL) and was treated with 1 mL of freshly prepared phos-
phitylating solution (1 M solution of 2-chloro-4H-1, 3, 2-benzodioxa-phos-
phorin-4-one) in dioxane:pyridine (4:1). After 2 min, another ImL of the
phosphitylating solution was pushed through the column and the reaction
was allowed to proceed for 5 min. The previous step was repeated and the
reaction continued for another 10 min. The column was washed with 10 mL
of dioxane and 10 mL of acetonitrile, respectively. Synthesis was continued
by adding 10 mL of 0.5 M tributylammonium pyrophosphate in anhydrous
acetonitrile:pyridine (1:1) in portions of 0.5 mL with slow flow over 20 min.
The column was washed with 10 mL of acetonitrile and treated with 10 mL
of oxidizer solution for 5 min. Then, the column was washed once with
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10 mL of 70% pyridine in water, 20 mL of acetonitrile, and 20 mL of dichlo-
romethane, respectively, and was dried with airflow.

The solid support bond oligonucleotide triphosphate was treated with
concentrated ammonium hydroxide for 1 h at room temperature (phenoxy-
acetyl protected nucleosides and oligothymidylates) or 15 h at 55°C (benzoyl
and isobutyryl protected nucleosides). The solution was separated from
support and evaporated and was analyzed by an anion exchange HPLC.

Most of the syntheses were performed using 1 pumol of respective
deoxynucleosides on the polymer support. However, to obtain a sufficient
amount of the oligonucleotide 5-triphosphates for 3P NMR analysis, syn-
theses of pppdCpdC and pppdApdCpdTpdGpdT were performed on a
15-umol column.

For the HPLC profile study, pppT, pppdA, pppTpT, pppTpTpT ppp(T).,
and ppp(T);s were synthesized on a 1-umol column. After subsequent
removal from the support and complete deprotection, products were ana-
lyzed by an anion-exchange HPLC.

For NMR analysis, pppdCpdC was purified by ion-exchange chroma-
tography on a DEAE Sephadex A-25 using a gradient of triethylammonium
bicarbonate (TAB, pH 7.5) from 0 to 0.8 M in water. The fractions containing
pppdCdpC were combined and TEAB was removed by repetitive coevapo-
ration with methanol under reduced pressure. The products were repurified
by HPLC on a Pharmacia Resource Q anion exchange column (1 X 5 cm),
using a gradient of LiCl from 0 to 1 M in water. Fractions containing pppd-
CpdC were combined and evaporated. The product was precipitated in and
washed with acetone twice and dried under a high vacuum; 5.3 mg of
pppdCdpC was recovered and a P NMR spectrum was recorded in the
deuterium oxide.

The pentamer-TP, pppdApdCpdTpdGpdT, was purified by
anion-exchange chromatography on a DEAE Sephadex and the addition of
a gradient of LiCl from 0 to 1.5 M in water. Fractions containing pppdApd-
CpdTpdGpdT were combined, evaporated, and precipitated in acetone and
washed with acetone twice and dried under high vacuum to obtain 20.5
optical units (at 260 nm). A 3P NMR spectrum of pppd ApdCpdTpdGpdT
was recorded in the deuterium oxide.

4.2.2.2  Analysis

The HPLC profiles for several of the reaction mixtures are presented in Figure
4.1A and 4.1B. Typically, a major HPLC peak with a longer retention time
than the corresponding 5-OH precursor oligonucleotide was present that
was the respective 5-triphosphate derivative. For the pppdT and pppdA,
the major peaks were identified by comparison with authentic samples. For
compounds pppdTpdT, pppdTpdTpdT, pppd ApdCpdTpdGpdT, and ppp-
dCpdC, the authentic samples were unavailable. However, the 15-umol syn-
theses of pppdCpdC and pppdApdCpdTpdGpdT provided sufficient
amounts of material to record 3P NMR spectra (Figure 4.2).
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Figure 4.1 Anion exchange chromatogram: A: dimer-triphosphate synthesized on the
solid support. Crude triphosphate reaction mixture after ammonia deprotection (1).
Purified triphosphate on DEAE sephadex (2). B: Pentamer—triphosphate synthesis.
Crude pentamer prior to phosphorylation (1). Crude triphosphate reaction mixture
after amonia deprotection (2).

The signals representing tripolyphosphate chains and phosphodiester
bonds were clearly seen in both NMR spectra. In addition, a respective
molecular ion was detected in mass spectrum of pppdCpdC. All the data
obtained were in agreement with the proposed structures for 5-triphosphate

derivatives.
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Figure 4.2 3P NMR spectra of purified pppdApdCpTpdGpT (top) and pppdCpdC
(bottom).

The overall isolated yields of the desired compounds were moderate
and varied from experiment to experiment (~15 to 30%). We believe the
reason for this inconsistency was due to poor experimental reproducibility
of the manual syringe technique used in our synthetic procedure.

We evaluated the preceding procedure for the synthesis of longer oligo-
nucleotide 5-triphosphates, such as (T), and (T),s. The HPLC analyses of
both reaction mixtures showed the presence of oligonucleotide derivatives
possessing several additional ionized groups compared to 9-mer or 15-mer
precursors. The longer retention times were in agreement with the presence
of oligomers possessing 5-polyphosphate chain(s).
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5.1 Introduction

Nucleic acids and nucleotides including nucleoside 5-triphosphates (NTPs)
generally occur as complexes coordinated with metal ions because metal
ions like Mg?*, Ca*, Na*, and K* are present in the body in millimolar
concentrations.! It has now been well documented!-® that these complexes
are of importance for the biochemical action of nucleic acids, nucleotides,
and their derivatives. A large body of data has been accumulated, including
structures formed,'7!* which are prerequisites for understanding of a variety
of metal participation phenomena in nucleic acid processes. In this field,
X-ray investigations have played a major part in providing well defined
information on structural aspects, including metal binding to nucleic acid
derivatives; however, care must be taken in relating solid state structures to
solution structures.

The objective here is to describe structural aspects of NTPs in the solid
state. NTPs as metal complexes, especially metal complexes of adenosine
5-triphosphate (ATP), may function as substrates in many biochemical reac-
tions involving the phosphoryl and nucleotidyl transfers or hydrolysis,
source of metabolic energy, cofactor, and/or modulator of enzymatic activ-
ity.114 Although a large number of crystal structures of nucleotides,'> most
of which are metal complexes,'® are now available, the number of crystal
structures of NTPs reported to date is very small, mainly due to the difficulty
in preparing suitable single crystals. Moreover, they are all metal complexes
of ATP'*2?* and thus the present chapter deals with structural aspects of
ATP-metal complexes.

Structures of ATP—metal complexes were once reviewed by Cini'® and,
although this chapter relies heavily on that review, an additional emphasis
is on deriving any general conclusions from solid state studies of ATP-metal
complexes. NTP-metal complexes in protein crystal structures are not dealt
with here and the reader should refer to the literature® describing some
ATP-metal complexes in protein crystal structures. Chemical structure of
ATP* in its dominating anti conformation is shown in Figure 5.1. The defi-
nition of the conformational terms is according to the literature.?

5.2 Structures of alkali and alkaline earth—metal
ion complexes
Table 5.1 lists crystal data of a total of 10 ATP-metal complexes; their coor-

dination data are summarized in Table 5.2 and Table 5.3. Conformational
parameters of ATP molecules in ATP-metal complexes are listed in Table 5.4.
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Figure 5.1 Chemical structure of adenosine 5'-triphosphate (5'-ATP*) in its dominat-
ing anticonformation, where the six-membered ring of the purine base is in a position
opposite to the ribose ring.

5.2.1 Sodium complexes of adenosine 5’-triphosphate

The first crystal structure of an ATP complex, Na,H,ATP3H,0,'*% was
reported by Kennard and coworkers in 1970. Four crystallographically inde-
pendent Na* ions and two H,ATP?* molecules exist in the asymmetric unit,
where the adenine base is protonated at N1 and the triphosphate group is
protonated at a y-phosphate oxygen for each ATP molecule. The sodium ion
Nal (or Na2) binds simultaneously to the base moiety and the phosphate
group of the same molecule, thus forming an intramolecular N7-Na-O
(y-phosphate of ATP) chelation as shown in Figure 5.2 and Table 5.2. In
addition, the Nal (or Na2) binds to the phosphate group of the neighboring
ATP molecule through a-, B-, and y-phosphate oxygens, thus forming a metal
ion-bridged dimeric structure, at which a pseudo twofold symmetry exits at
the midpoint of the Nal-Na2 vector. The third sodium ion, Na3, is octahe-
drally coordinated by an oxygen atom of the B-phosphate from each of two
ATP molecules and by four water molecules (not shown in Figure 5.2; see
Table 5.3). The coordination around the fourth sodium ion, Na4, is from one
phosphate oxygen and four ribose oxygen atoms (not shown in Figure 5.2;
see Table 5.3).

Many polymorphic crystals form, depending on different states of
hydration,'® and this trihydrate form transforms into the dihydrate form,
Na,H,ATP2H,0O, and its crystal structure was determined.!” The structural
feature involving the coordination mode in the Nal- and Na2-bridged ATP
dimer unit is common to that in the trihydrate form. A major difference
exists around Na3, which is coordinated by a phosphate oxygen atom from
each of two ATP molecules (one from the o-phosphate and the other from
the B-phosphate), a hydroxyl oxygen of ribose, and two water molecules
(Table 5.3). ATP molecules in the tri- and dihydrate forms adopt largely the



Nucleoside triphosphates and their analogs

118

©)8676 =9
(87 1ad 03 paysnlpe) 1oyem oy syeysL1d usarg-anig (2)€69°0T =2
AJuo swoye O pue wie (Q¥T8¥Tc =19 O°H.(uayd)
w ‘d D 105 s1030ej arnjeradwey drdonosiue 16900 14 (€)L08TT =V 2d (dIVH)ND]
()06£2E =2 O'H6(edpH)
(0°s Hd) 191eM WOy s[eISAID roerey4 (©)FST0T =9 (01Dl
12°0C ¥21°0 4 (©)e96cc=v 7T [“arvH)eD]
(¥)266°0€ =2 O‘He1(edpH)
(0' Hd) 193eMm WOy s[eIsA1) mes (©)eeTor =9 P(O*H)3II
12 0T 1110 4 (©esee=v ¢z [{(d1vH)3I]
‘jun UMH_@EE%wm
m&« ur mm~5Um~OE OoM]J, .E.HOm mﬁﬁ Ojur mEhOmmeb Amvﬁmwo. L =20
w10y ajerpAyry, 1ajem /[ouedord-T woiy sreysA1d (Do11% (£)990'1T =9 O'Ht
61 960°0 8 (Qzssse=v  'T'd'ed dIVHeN
“JIun drIuIAse
9Y) UI S9[NDJ[OW OM], "UOTJRIPAY JO Sa)e)s
juazeyyIp uo Jurpuadap steyshid orydrowdjod
AUeN IojeM /SUBXOIP %,0g WOI SI[PIdN (01)SL0°2 =2
(81 "J9Y) JusWIdULSL paurensar :0g1"0 (Q)86FF  (62)188°0T = 4 O'H¢
81 ‘41 ‘91 €TI0 8  (8oIsvoc=v '¢'cled dIVHeN
SEN| SYITRWI TeUOnIPpE pI0}0e)-y [eV] A o] ‘[V] dnoi3 xordwon
A sjueisuod [Py ooedg

LSoxa[dwo)) [eRN-JIV JO eye(] [e1sA1D)  [°6 a1quy,



119

Solid state structures

Chapter five:

12/ P4 = 141 R ="
‘[[92 3UN 9y} JO SWIN[OA = A »

“[[92 JTUN 3} UT SI[NII[OW JO IDQUINU = 7 ¢

‘[Apuddig-, 7'z = £dq euronpyueusyd-g1‘g = uayd ‘eurwedpriAdip-,zg pareuojord = edpp] :suoneradiqqy .

24

44

0C

0¢

€C

(¢ Hd) 103eM WO sTeISAID
10T°0

(g7 {d) 103eM WOy sTeIsAID)
0600

(¢ Hd) 191eM WO STRISAID
TIT°0
"SIXe P[OJOM]}
e uo swoje Uy yog ‘(¢ [d) 193em woig syesA1D)
pauruiajep suonsod uaSoIpAY 700
(FOS'H uim $ Hd 03 pajsnipe)
19)eMm /[oueyd 9,06 woiy sayerd juaredsuen [ewg
Auo swoye
uyg 10y s1030ey armjeradursy ordonosiue 8600

(1)6L¥L
i

(13602
i

€614

€8¢L

C'196C

B
q

9)¥16°1€
(Q)zseor
(©)ovsce

Il
S

(9)¢68°0¢
@1€1°01
(£)999°Cz
#)L10'1€ =
(©orsce =
(g)zreor
#)1se1E
(£)6697TT =
(©¥ezor
®Fc16 =
(£)6£501
(L)ecTsT =9
(QgorTr="v

Il
Ll TS UES OURS O

kraase)

fraase)

kraase)

fraase)

ed

O'H6%(edpH)
[(O'H)eD]
[“aLvH)PDI]
O'HZ14(edpH)
(O H)uZ]
LOP(O'H)3S
[[arvH)uz]
O*H6%(edpH)
P(O*H)oDl]
[{(d1vH)oD]
O‘HZ1%(edpH)
P(O'H)un]
[(dLVH) U]

O°HV[(Adq)
(dIVH)uZ]



120 Nucleoside triphosphates and their analogs

Table 5.2 Coordination Data of ATP-Metal Complexes?

Coordination Additional remarks;
Complex sites or modes  chirality of o, B, y-P chelation® Ref.
Na,H,ATP3H,O N7(B)-M-O(y-P),  Intramolecular M-binding 16, 17,18
O(o, B, v-P), Tridentate chelation: A-endo
and A-endo
02'(S)-M-O3’(S)  Intramolecuar M-binding
Na,H,ATP2H,O N7(B)-M-O(y-P), Intramolecular M-binding 19
O(o, B, v-P), Tridentate chelation: A-endo
0O3'(S) and A-endo
[Mg(HATP),]* O(a, B, ¥-P) Tridentate chelation: A-exo 20, 21
[Ca(HATP),]* O(o, B, v-P) Tridentate chelation: A-exo 20, 21
[Cu(H,ATP)(phen)], O(a, B, y-P) Tridentate chelation: A-exo 22
and A-exo
[Zn(H,ATP)(bpy)l, O(a, B, ¥-P) Tridentate chelation: A-exo 23
and A-exo
[Mn(HATP),]*+ O(o, B, v-P) Tridentate chelation: A-exo 20
[Co(HATP),]*+ O(o, B, v-P) Tridentate chelation: A-exo 20
[Zn(HATP),]* O(o, B, v-P) Tridentate chelation: A-exo 24
[CA(HATP),]*+ O(a, B, ¥-P) Tridentate chelation: A-exo 24

2 Abbreviations: Hdpa = protonated 2,2’-dipyridylamine; phen = 2,10-phenanthroline; bpy =
2,2’-bipyridyl; B = base; S = sugar; and P = phosphate.

b Definition of chirality of coordination is from Saenger, W. In: Saenger, W., Ed. Principles of
Nucleic Acid Structure. New York, Berlin: Springer—Verlag, 1984, 201-219.

usual conformations. That is, the adenine base is oriented anti with respect
to sugar, where the six-membered ring moiety of adenine is away from the
ribose ring; sugar puckering mode is C2’-endo or C2’-endo-C3’-exo, which is
close to C2-endo puckering; and the torsion angle about the C4-C5" bond
is gauche-gauche, where O5’ resides over the ribose ring (Table 5.4).

The triphosphate chains are folded into right- and left-handed helical
forms for Mol. 1 and Mol. 2, respectively, and the adenine base is located
over the six-membered chelate ring formed by B- and y-phosphate for Mol.
1 and Mol. 2. That is, adenosine is placed endo with respect to the chelate;
the configuration of ATP is described as A-endo for Mol. 1 and A-endo for
Mol. 2 (Figure 5.2 and Table 5.2; for the definition of A, A, endo, and exo
configurations, see Saenger'). Dehydration from the trihydrate-form to the
dihydrate-form causes the conformational change in one (Mol. 2 in Figure
5.2) of the two ATP molecules from C2"-endo-C3’-exo and gauche-gauche in
the trihydrate-form to uncommon C4’-endo and trans-gauche in the dihy-
drate-form (Table 5.4).

The formation of the intramolecular N7-metal-O (y-phosphate) chela-
tion is reminiscent of the earlier proposed structure for the [Mg(ATP)]>
complex by Szent-Gyo6rgi.” The metal chelation by the base and a-phosphate
group on the same nucleotide is also of interest, but has not been proven in
the solid state, although its existence has been demonstrated in solution.?®
It is of interest to note that the formation of a hydrogen bond (a broken line
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Table 5.4 Conformational Parameters of ATP Molecules in ATP-Metal Complexes?

Conformation Conformation = P,~Py-P,
about C1'-N9  Sugar about C4"-C5’ angle
Complex bond® puckering® bondP [°] Ref.
Na, H,ATP3H,0 anti C3-endo  gauche—gauche 98.3 16, 17,
anti C2-endo-  gauche—gauche 91.2 18
C3-exo
Na, H,ATP2H,0O anti C8"-endo  gauche—gauche 100.6 19
anti C4’-endo  trans-gauche 103.3
[Mg(HATP),]+ anti C2-endo  gauche—gauche 85.4(7) 20,21
[Ca(HATP),]*+ anti C2-endo  gauche—gauche 87.5(9) 20,21
[Cu(H,ATP)(phen)], anti C3-endo  gauche—gauche 93.5 22
anti C8"-endo  gauche—gauche 88.8
[Zn(H,ATP)(bpy)l, anti C8"-endo  gauche—gauche 94(2) 23
anti C3™-endo  gauche—gauche 87(2)
[Mn(HATP),]*+ anti C2-endo-  gauche—gauche 85.9(2) 20
C3’-exo
[Co(HATP),]+ anti C2-endo-  gauche—gauche 84.8(8) 20
C3-exo
[Zn(HATP),]* anti —c gauche—gache 85(1) 24
[CA(HATP),]* anti —< gauche—gauche 86(1) 24

@ Abbreviations: Hdpa = protonated 2,2’-dipyridylamine; phen = 2,10-phenanthroline; bpy =
2,2"-bipyridyl.

® For definition of these conformational terms, see Saenger, W. In: Saenger, W., Ed. Principles of
Nucleic Acid Structure. New York, Berlin: Springer—Verlag, 1984, 9-28.

¢ Not reported.

in Figure 5.2) between the amino N6 of the base and a phosphate oxygen
from the B-phosphate of the neighboring ATP may be a factor affecting the
metal bonding to N7 of the adenine base. This suggests that, when a metal
ion is bound to hydrogen-bonding acceptor ligands, the metal ion interacts
preferentially with adenine at N7 due to an interligand hydrogen bond with
the amino N6.

This is also the case for LiINAD-2H,0,” where the metal ion binds to N7
of the adenine base and an interligand hydrogen bond is formed from the
amino N6 to a phosphate oxygen (of a different molecule) that ligates to the
same metal ion. On the other hand, when a metal ion is bound to hydro-
gen-bonding donor ligands like water and amines, it prefers guanine N7,
possibly due to the formation of an interligand hydrogen bond with the
carbonyl 06.13

5.2.2  Magnesium and calcium complexes of adenosine
5’-triphosphate

A Mg>* complex, [Mg(HATP),][Mg(H,O),](Hdpa),12H,0%°?! and a Ca*
complex, [Ca(HATP),][Ca(H,0)] (Hdpa),9H,0*2! in which Hdpa is proto-
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Mol.1

Mol.2

Figure 5.2 Dimeric structure of the Na,H,ATP3H,0O complex (Kennard, O. et al,,
Proc. R. Soc. Lond. A, 1971, 325, 401-436), showing coordination of Nal and Na2 ions
with the nucleotide molecules Mol. 1 and Mol. 2. Note the intramolecular
N7-Na-O(y-phosphate) chelation in addition to the o,B,y-tridentate chelation to the
triphosphate group. The same structure is observed in the Na, H,ATP2H,O complex
(Sugawara, Y. et al., J. Am. Chem. Soc., 1991, 113, 5440-5445). Broken lines denote
interligand hydrogen bonds.

nated 2,2’-dipyridylamine (Figure 5.3) have been reported. These complexes
are isostructural to each other and the Mg? complex is described here.

Figure 5.4 shows the structure of the [Mg(HATP),]* structural unit in which
the metal ion is located on a twofold axis. The ion is octahedrally bonded to
two symmetry-related HATP® molecules through o, B-, and y-phosphate oxy-
gens, where the adenine base is protonated at N1 and the triphosphate group
is fully deprotonated. No bonding interactions take place between the metal
ion and the adenine base. The ATP molecule adopts the usual conformation
for nucleotide in the Mg?* and Ca?* complexes, that is, anti base, C2-endo sugar,
and gauche-gauche about the C4—C5’ bond (Table 5.4). The triphosphate chain
is folded into left-handed helical form and the adenine base is away from the
chelate ring — that is, it takes the A-exo configuration (Table 5.2).

These types of structures occur also for 3d divalent metal ions in isomor-
phous metal complexes of ATP with the general formula of
[M(HATP),] [M’'(H,O)](Hdpa),nH,O, as described next.



Chapter five:  Solid state structures 125

H

~ ‘ N~ |

s N N
dpa

Figure 5.3 Chemical structures of aromatic amines, bpy, phen, and dpa.

Figure 5.4 Structure of the [Mg(HATP),]* anion? showing Mg?* coordination in
which the Mg?* ion resides on a twofold axis. Note the o,B,y-tridentate chelation to
the triphosphate group. The same coordination mode is observed in the correspond-
ing calcium,” manganese,® cobalt,? zinc,* and cadmium? complexes.

5.3 Structures of transition and heavy metal ion complexes

A total number of six crystal structures of transition and heavy metal ion
complexes with ATP have been reported. These are classified into two types:
[M(H,ATP)(aromatic amine)], nH,O (M = Cu?*;?? Zn?*(ef23)) and
[M(HATP),] [M’(H,O),] (Hdpa),nH,O (M = Zn**, M’ = Mg?* and Zn**;* M =
M’ = Mn2520 M = M’ = Co*;20 M = Cd?, M’ = Ca2+(ref29),

5.3.1 Copper and zinc complexes of the type [M(H,ATP)
(aromatic amine)],

A Cu?* complex, [Cu(H,ATP)(phen)],7H,O (phen = 1,10-phenanthroline;
Figure 5.3),2 and a Zn** complex, [Zn(H,ATP)(bpy)],4H,O (bpy = 2,2"-bipy-
ridyl; Figure 5.3), belong to this type. Both complexes are isostructural and
the Zn?* complex is described here. Figure 5.5 shows the structure of the



126 Nucleoside triphosphates and their analogs

Mol.1

Mol. 2

Figure 5.5 Structure of the dimeric [Zn(H,ATP)(bpy)], complex (Orioli, P. et al., J.
Am. Chem. Soc., 1981, 103, 4446-4452), showing the o,f,y-tridentate chelation to the
triphosphate group and metal ion-bridged intramolecular “face-to-face” stacking
interaction between the adenine base and the bpy ligand planes. The same coordi-
nation mode is observed in the corresponding copper complex (Sheldrick, W.S., Z.
Naturforsch., 1982, 37b, 863-871).

[Zn(H,ATP)(bpy)], unit, where the adenine N1 and a y-phosphate oxygen
are protonated for each of two crystallographically independent H,ATP2
molecules. Each of two crystallographically independent octahedral Zn?**
ions binds to an ATP molecule through an o, a -, and a y-phosphate oxygen,
where the axial Zn-O(a) bonding is very weak (Table 5.3).

The other axial position is occupied by a y-phosphate oxygen of the
second ATP molecule, leading a dimeric structure with the formation of an
eight-membered puckered ring in which a pseudocenter of symmetry exists
at the midpoint of the Zn—Zn vector (except for optically active ribose moi-
eties). The structure is stabilized by intramolecular stacking interaction
between the adenine base moiety and the bpy bidentate ligand that occupies
the remaining two basal positions of the Zn atom. The ATP molecules take
preferred conformations in the Zn?* and Cu?* complexes: anti around the
C1’-N9 glycosidic bond, C3’-endo at the ribose, and gauche-gauche around
the C4’-C5 bond. The phosphate chains are folded into right- and
left-handed forms for Mol. 1 and Mol. 2, respectively, and the adenine bases
are away from the chelate ring for Mol. 1 and Mol. 2; that is, Mol. 1 and Mol.
2 adopt A-exo and A-exo configurations, respectively (Table 5.2).

Sigel and coworkers originally studied interactions among metal ions,
nucleotides, and aromatic amines in solution as a model for enzyme-metal
ion—substrate interactions and demonstrated that metal ion-bridged ternary
complexes are formed and their stability enhanced by intramolecular stack-
ing interactions between the heterocyclic base and the purine moieties.*
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These [M(H,ATP)(aromatic amine)], complexes?>? could support the forma-
tion of such ternary complexes in solution and serve as a model for
enzyme-metal ion-nucleoside triphosphate complexes;
[Cu(HAMP)(bpy)L,**<*3D and [Cuy(HADP),(bpy),(H,0),(NO;),[>+22 ter-
nary complexes also belong to this type. It should be noted that, although a
significant number of crystal structures of ternary complexes of the type
[M(nucleotide)(aromatic amine)], are now available,’® intramolecular
“face-to-face” stacking interaction as observed here between the nucleotide
base and the aromatic amine planes occurs solely for adenine nucleotides.

On the other hand, intramolecular “edge-to-face” interaction between
the edge of the aromatic amine ring and the face of the nucleotide base occurs
for other nucleotides, 5-GMP, 5"-IMP, 5-CMP, and 5-UMP.** The presence
of a face-to-face stacking interaction exclusively for adenine nucleotides in
the solid state seems to be affected, at least in part, by the formation of
adenine-adenine self-base-pairing in the crystal lattice; such a base—pair
formation creates a larger plane and makes further stacking feasible.'® In this
regard, it is of interest to see whether intramolecular “face-to-face” stacking
occurs also with NTPs other than ATP in future work.

5.3.2  Zinc, manganese, cobalt, and cadmium complexes of the type
[M(HATP),]*

A total of four complexes of the type [M(HATP),][M’'(H,O).] (Hdpa),nH,O
have been reported: M = Zn?*, M’ = Mg?* (72%) and Zn** (28%), n = 12,* M
=M =Mn?,n=1222M =M= Co*, n=92M = Cd?, M’ = Ca?, n = 9.
These complexes are isomorphous to each other (Table 5.1) and also to
[Mg(HATP),]*+ and [Ca(HATP),]*,2%*' whose structures are mentioned in
Section 5.2.2 (see Figure 5.4). “Phosphate-only” metal bonding through o,
B-, and y-phosphate oxygens of the two ATP molecules is observed (Table
5.2). ATP molecules assume the usual conformations: anti base,
C2’-endo-C3’-exo ribose, and gauche-gauche about the C4'-C5" bond (Table
5.4). The phosphate chains are in the folded conformation and can be
described as A-exo configuration for all of this type of complex (Table 5.2).

5.4 General structural features of adenosine
5’-triphosphate metal complexes

5.4.1 Molecular conformations of adenosine 5-triphosphate

As Table 5.4 shows, the concept of a “rigid” nucleotide® also holds for ATP.
That is, it takes anti conformation around the C1’-N9 bond, C2’-endo or
C3’-endo puckering modes in the ribose ring (C2"-endo-C3’-exo puckering can
be regarded as belonging to a C2’-endo family), and gauche-gauche confor-
mation around the exocyclic C4-C5" bond. This suggests that metal inter-
actions with ATP molecules exert a minor effect on the conformations of ATP.
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However, a deviation from this rule occurs in ribose puckering and
around the exocyclic C4’-C5” bond in Na, H,ATP2H,0," where one of two
ATP molecules adopts unusual C4’-endo and trans-gauche conformations. The
phosphate chains are fixed in the folded conformation by o, f, y-tridentate
chelation in all of the ATP-metal complexes, forming the P,-Ps-P, angle of
85 to 100° (Table 5.4). The C4-O5-P(a)-O(0,B) chain is conformationally
flexible and thus the triphosphate chain points toward the adenine base in
Na, H,ATP"" or away from the adenine base in [M(HATP),]* (M = Mg2**
Ca? 2! Mn?,20 Co?*20 Zn?,* and Cd?*(<f2%) and [M(H,ATP)(aromatic
amine)]z (M = Cu2+ef22) gnd Zn2+(ref423))'

In all the ATP-metal complexes, the adenine base is protonated at N1
because their crystals have been prepared under acidic conditions (Table
5.1). In a future work, it would be desirable to see any N1-protonation effect
on structural features of ATP and on interactions with metal ions, by com-
paring crystal structures with those of fully deprotonated ATP* complexes,
which could be crystallized under physiological pH conditions.

5.4.2  Structural types of adenosine 5'-triphosphate metal complexes
and metal bonding modes

A total of 10 ATP-metal complexes are categorized into three structural
types: type (1) Na,H,ATP;'”%¥ type (2) [M(HATP),]* (M = Mg* 2t Ca? 2!
Mn?+20 Co?,2 Zn?*** and Cd*(<t2%); and type (3) [M(H,ATP)(aromatic
amine)], (M = Cu?* 2 and Zn?*<f29))_In type (1), two kinds of metal bondings
are observed: one is the simultaneous metal bonding to base and phosphate
to form an intramolecular N7-M-O(y-phosphate) chelation and the other is
the metal bonding to phosphate only to form an o, 3, y-tridentate chelation
(Figure 5.2), where the metal ion is bonded more weakly to the O(cr) atom
than to the O(B) and O(y) atoms (Table 5.3). As noted in Section 5.2.1, metal
bonding to the adenine base at N7 may be facilitated by the formation of an
interligand hydrogen bond between the amino N6 and a phosphate oxygen
(of a different ATP molecule) that ligates to the same metal ion.

In type (2), divalent alkaline earth and transition metal ions exhibit
phosphate-only metal bonding to o-, -, y-phosphate oxygens of the two ATP
molecules (Figure 5.4). The metal ion is coordinated more strongly to the
O(y) oxygen atom than to the O(f) and O(ar) atoms (Table 5.3). In type (3),
divalent transition metal ions in ternary metal complexes containing aro-
matic amine show phosphate-only metal bonding to form an o, B, y-triden-
tate chelation (Figure 5.5). The M-O bond length increases in the order
M-O(y) < M-O(B) < M-O(c) (Table 5.3). These complexes are dimeric with
the aromatic amine coordinating through the nitrogen donor and the ATP
molecule bridging the two metal centers through the phosphate oxygens,
forming a dimeric (M-O-P-0), unit. The adenine base and the aromatic
amine ligand are arranged so as to make intramolecular stacking interaction
between them, forming a metal ion-bridged folded structure.
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Transition metal ions usually bind to nucleotides through the base moi-
ety — usually at N7 for purine and additionally at N1 for adenine — in
addition to the phosphate group.!® The phosphate-only metal bonding in the
ternary nucleotide-metal ion—aromatic amine system is of special interest in
that, due to its m-acceptor properties, the aromatic amine imparts discrimi-
nating properties to the metal ion.*2 In types (1) through (3), the formation
of o, B, y-tridentate chelation is common for alkali, alkaline earth, and tran-
sition metal ions. The o, 8, y-tridentate chelation imposes chirality on a helical
chain, right (A)- or left (A)-handedness. Moreover, the nucleoside moiety can
be arranged in two ways: pointing toward (endo) or away from (exo) the
chelate ring.

Thus, four tridentate isomers are possible and, as Table 5.2 shows, all
four configurations have been observed in ATP-metal complexes. It has been
shown that at least some of the enzymes that use nucleotides or polynucle-
otides as substrates are selective for stereo and geometric isomers of
metal-nucleotide complexes. Thus, the stereochemistry and geometry of the
metal-nucleotide complex play important roles in metal-nucleotide phos-
phate interactions at enzyme-active sites.?®

5.5 Concluding remarks

During the past more than three decades, X-ray crystallographic studies have
played a major part in providing a wealth of well defined knowledge about
three-dimensional structures of nucleic acid derivatives, including their
metal complexes in the solid state. However, only a limited number of crystal
structures are known for nucleoside triphosphates, all of which are those of
adenosine 5’-triphosphate. Moreover, these complexes belong to any of only
three structural types, as noted in Section 5.4.2. Clearly, in order to find and
refine any more general structural aspects for ATP, especially for an ATP*
species, further X-ray studies are needed, although crystallization of nucle-
oside triphosphate complexes has been particularly difficult due to the high
negative charge of species such as ATP*,% and to the hydrolysis of nucleoside
triphosphate during crystallization. Of course, definitive X-ray studies of
NTPs other than ATP are needed.
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Abbreviations

ATP general term for adenosine triphosphate
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ATP* adenosine 5’-triphosphate

B base

bpy 2,2"-bipyridyl

CMP cytidine monophosphate

d d orbital

dpa 2,2’-dipyridylamine

GMP guanosine monophosphate

HAMP- monoprotonated adenosine monophosphate
HADP? monoprotonated adenosine diphosphate
HATP? monoprotonated adenosine triphosphate
H,ATP* diprotonated adenosine triphosphate
Hdpa monoprotonated 2,2’-dipyridylamine

IMP inosine monophosphate

L ligand

M metal ion

M’  metal ion

NAD nicotinamide adenine dinucleotide

NTP general term for nucleoside triphosphate
phen 1,10-phenanthroline

P phosphate

R R-value

S sugar

UMP uridine monophosphate

\%4 volume of the unit cell

W water ligand

z number of molecules in the unit cell
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6.1 Introduction

The Escherichia coli (E. coli) DNA polymerase I was discovered in 1958 by
Arthur Kornburg. Since then, the many DNA polymerases identified to
catalyze replication, recombination, and DNA repair have been sorted into
six superfamilies (select enzymes listed in Table 6.1):

e Family A polymerases are related to E. coli DNA polymerase I.

e Family B enzymes include the eukaryotic replicative polymerases.

e Family C polymerases are related to E. coli DNA polymerase III and
are found exclusively in prokaryotes.

e Family D polymerases are involved in DNA replication in Euryarcha-
eota.!

e Family X includes enzymes related to eukaryotic polymerase B.

e Family Y polymerases are the recently discovered bypass polymeras-
es found in all domains of life.

The focus of this chapter will be the DNA-dependent DNA polymerases:
Klenow fragment (the large proteolytic fragment of E. coli DNA polymerase
I); polymerase B;and T7 phage DNA polymerase, due to the wealth of infor-
mation available defining polymerization and structures of these enzymes.
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Table 6.1 Properties of Select Polymerases

Polymerase = Family Function Exonuclease Fidelity

Pol? o (alpha) B Priming nuclear DNA No 10
synthesis

Pol & (delta) B Nuclear replication Yes 10-10°

Pol B (beta) X Base excision repair No 10+

Pol y(gamma) A Mitochondrial replication Yes 10-5-10-¢

Pol ¢ (epsilon) B Nuclear replication Yes 10-°

Pol {(zeta) B Translesion synthesis No 10#-10-°

Pol 1 (iota) Y Translesion synthesis No 10-'-10+*

Pol n (eta) Y Repair UV damage No 102103

Pol x (kappa) Y Translesion synthesis No 10310

HIV-1 RT A Viral replication Rnase H 10+

E. coli A Bacterial replication Yes 103-10* (ex0")

DNA Pol I

T7 DNA pol A Virus replication Yes 10-5-10-¢

E. coli B Translesion synthesis, Yes 10%-10-5

DNA Pol I replisome reactivation

Pol 0 (theta) A DNA repair Yes 105

Pol A (lambda) X Base excision repair No 10-3-10*

Pol u (mu) X Nonhomologous end No ?
joining

Pol 6 (sigma) X Sister chromatid cohesion Yes ?

aPolymerase is abbreviated pol.

The overall structures of T7 DNA polymerase, human DNA polymerase
B, and Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4) are illustrated
in Figure 6.1 (derived from references 2 through 4). DNA polymerases resem-
ble a right hand gripping the DNA and use three acidic amino acids and
two metals to catalyze phosphoryl transfer. The structural differences
between several lesion bypass polymerases and high-fidelity replicative
polymerases will be addressed later in this chapter. The role of nucleotides
during replication and the interactions occurring between nucleotides and
polymerases will be discussed from a structural and mechanistic perspective
for polymerases that have been extensively studied.

Nucleotides are linked together by polymerases in a template directed
manner. Figure 6.2A and Figure 6.3 illustrate the polymerase metal chelation
and primer extension, respectively. An existing primer containing a
3’-hydroxyl forms a phosphodiester bond with the 5-phosphate of the
incoming nucleotide, resulting in the release of pyrophosphate. This reaction
is thermodynamically driven by the breaking of a weak phosphate-phos-
phate bond and the formation of a stable phosphodiester bond coupled with
the entropy gain after the release of pyrophosphate.> The presence of a
polymerase increases the rate of this reaction from extremely slow in solution
to the incorporation of up to several hundred nucleotides per second within
the polymerase active site.
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thioredoxin 8-kD

little

fingers

Figure 6.1 Polymerase structure comparison and metal chelation. A. T7 DNA poly-
merase crystallized with duplex DNA and the next dNTP. (From Doublie, S. et al.,
Nature, 1998, 391(6664), 251-258.) B. Human polymerase 3 crystallized with gapped
DNA and the next dNTP. (From Sawaya, M.R. et al., Biochemistry, 1997, 36(37),
11205-11215.) C. Dpo4 crystallized with a DNA 13/18-mer duplex and the incoming
matched ddADP. The arrow indicates the downstream template base tA4 is oriented
away from the protein. D. Dpo4 in the ternary complex with a DNA 12/16-mer
duplex and a mismatched ddGTP. The arrow indicates the downstream template
base tT2 is oriented toward the same direction as the template base paired with the
incoming ddGTP. E. The local active site structure of the Dpo4 structure in C. E) The
local active site structure of the Dpo4 structure in D. The four structures shown in
C, D, E, and F are derived from Ling, H. et al., Cell, 2001, 107(1), 91-102. All structures
contain divalent metal ions (filled black circles). (Continued)
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Figure 6.2 Transition states of DNA polymerization and excision. A. Transition state
of DNA polymerization (From Doublie, S. et al., Nature, 1998, 391(6664), 251-258.)
The 3’-terminal primer nucleotide, the next dNTP, the three acidic amino acids of the
polymerase active site, and the two divalent metals are shown. The asterisk represents
the 3’-hydroxyl of the primer because a dideoxy substrate was used for crystalliza-
tion. The two divalent metal ions are labeled “A” and “B.” B. Transition state cleavage
by 3’-5” exonuclease. (From Brautigam, C.A. et al., Biochemistry, 1999, 38(2), 696-704.)
The two terminal bases of a single-stranded DNA, the three acidic amino acids of
the exonuclease active site, and the two divalent metals are shown. The attacking

hydroxyl ion is shown as an asterisk. The two divalent magnesium ions are labeled
UAH and IIB.II

PPi

LELLLELE 5,IIIIIA

v o LT A 3 el T
dATP DNA Polymerase
+

Figure 6.3 Polymerase extension reaction. A schematic diagram of single template-based
nucleotide incorporation is illustrated.
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1 2 3
E+D, === E*D,+dNTP == E'D,+*dNTP === E'D,+dNTP == E°D,,; + PPi

3

E'Dn—1

Figure 6.4 Reaction steps in DNA polymerization. “E” = a DNA polymerase; “D” =
a duplex DNA primer/template with the number of primer bases represented by
“n”; “E’” = a second polymerase conformation; dNTP = the incoming nucleotide;
and “PPi” = pyrophosphate. The numbers indicate steps where nucleotide insertion
fidelity can be affected.

Polymerase fidelity results in accurate replication of the template nucleic
acids; polymerases differ in their ability to incorporate correct nucleotides
as a result of differences in the degree of discrimination at each step during
polymerization (Figure 6.4). These steps are:

1. Ground state binding of the incoming dNTP into the open poly-
merase/DNA complex

2. A protein conformational change forming a closed polymerase/
DNA /dNTP complex

3. The chemistry of phosphodiester bond formation

4. Postreplication proofreading

In this chapter, we first describe several recently discovered polymerases
belonging to different families. We then look at the roles of nucleotides in
each of the preceding four steps and their interactions with polymerase
active sites. Finally, the mechanistic and structural insights of DNA poly-
merization will be addressed in detail.

6.2 Human and recently discovered DNA polymerases
6.2.1 Eukaryotic replication

Eukaryotic DNA polymerases o, 9, and € are members of the B family of
polymerases. Polymerases B and y belong to the X and A families of DNA
polymerases and will be discussed separately. Polymerases o, §, and € are
part of multipolypeptide complexes that increase the rate, processivity, and
proofreading proficiency of the active polymerase subunit during genomic
replication. For example, polymerase o. is a heterotetrameric enzyme with a
large catalytic subunit, two smaller subunits with primase activity, and a
subunit required to maintain the heterotetrameric complex.® Polymerase €
has the highest fidelity of the three enzymes, followed by polymerases &
and o.” Polymerase o.is primarily responsible for initiation of DNA synthesis
and the priming of Okazaki fragments. Polymerases 6 and ¢ catalyze repli-
cation of the leading and lagging strands, with polymerase & most likely
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synthesizing the leading strand, although their specific roles are not explic-
itly defined. In general, the importance of each polymerase is indicated by
the severity of mutant phenotypes. Mutagenesis studies indicate the function
of polymerase 3 is the most important, polymerase € is intermediate, and
polymerase o is the least important to eukaryotic replication.

6.2.1.1 Polymerase o

Polymerase o synthesizes RNA-DNA and DNA-DNA primers on the lead-
ing and lagging strands during eukaryotic replication.’ Polymerase o is able
to initiate DNA synthesis using its primase activity, as well as catalyze
processive replication with a polymerase activity. Polymerase o lacks asso-
ciated 3’-5" exonuclease activity, and association with the protein RPA may
increase the processivity and fidelity of polymerase o replication.!’ Associ-
ation of a noncatalytic subunit of polymerase o with SV40 large T antigen
(helicase) may have implications for viral replication.

The conserved yeast polymerase o residue Gly952 is required for poly-
merase activity. Gly952 may reside on the polymerase o. fingers domain that
rotates from the open to closed conformation upon dNTP binding and may
interact with the incoming dNTP.!' Mutation of this residue indicates Gly952
is also required for high-fidelity incorporation of nucleotides." In fact, the
Gly952Ala mutant incorporates incorrect nucleotides with higher efficiency
than correct nucleotides opposite template C, G, or T residues.!! Although
polymerase o is a high-fidelity polymerase, this observation resembles the
characteristics of some bypass polymerases (discussed later) that have low
intrinsic fidelity and insert the correct nucleotide with low efficiency.! 12

6.2.1.2 Polymerase &

Human polymerase § is the major replicative polymerase responsible for
chromosomal replication in eukaryotic cells. Polymerase § is a heterodimer
composed of 125- and 50-kDa subunits.!® The 125-kDa subunit contains the
polymerase as well as 3’-5" exonuclease activity, and the 50-kDa subunit is
required for PCNA binding. Replication factor C and ATP are required for
loading the sliding clamp PCNA onto DNA to facilitate polymerase & rep-
lication." In the presence of PCNA, polymerase § processivity and overall
activity are increased by up to 100-fold.’>!® Mechanistic studies on poly-
merase 6 purified from calf thymus show that polymerase & replication' is
similar to previously studied prokaryotic polymerases such as T7 DNA
polymerase'® and human polymerase v, the only other eukaryotic replicative
polymerase studied under pre-steady state conditions.!*2°

Polymerase & binds dNTPs tightly and incorporates them processively
at a moderate rate.”” PCNA increases the rate of incorporation and decreases
the K, value of the polymerase-DNA complex. Additionally, polymerase &
has a calculated processivity of an impressive 3500 dNTPs incorporated per
single binding event. The overall fidelity of Schizosaccharomyces pombe poly-
merase 0 was measured at 10 to 10, but this may be an underestimation
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because this specific polymerase has a 3’-5" exonuclease.?! Deletion of the
exonuclease activity results in an increase in spontaneous mutations.?
Finally, the rate-limiting step during polymerization appears to be a step
other then chemistry, probably a protein conformational change.

6.2.1.3 Polymerase €

Polymerase € consists of four subunits; the catalytic subunit includes poly-
merase and 3’-5” exonuclease activities. Yeast polymerase € has been over-
expressed and purified as a four-subunit heterotetramer.?® Deletion of the
catalytic subunit from yeast is not lethal, indicating loss of polymerase €
function is compensated for by other polymerases.?* Nonetheless, deletion
of just the exonuclease activity of polymerase € causes a mutator phenotype,
thus indicating that polymerase € is important for chromosomal replication.??
PCNA and RFC are required for processive DNA synthesis in vitro but may
not be required in vivo.”

6.2.1.4 Polymerase f3

The family X member, eukaryotic polymerase B, fills gapped DNA during
base excision repair. Damaged bases are hydrolyzed from a DNA strand by
a DNA glycosylase, followed by backbone removal by phosphodiesterase
or lyase.? The resulting one-nucleotide gap is repaired by polymerase 3. This
polymerase is composed of an N-terminal deoxyribosephosphate lyase activ-
ity domain and a C-terminal polymerase domain. Polymerase 3 lacks exo-
nuclease activity and has fidelity only 200-fold higher than the discrimina-
tion provided by the difference in free energy of correct and incorrect base
pairs in solution.!” Some details of the polymerization mechanism and
rate-limiting step of polymerase B are discussed later.

6.2.1.5 Polymerase vy

The A family member, eukaryotic polymerase v, is composed of a large
catalytic subunit and a dimer of smaller accessory subunits?® and is respon-
sible for replication of the mitochondrial genome. The simple enzyme struc-
ture of this polymerase has facilitated biochemical studies.!9??728 Polymer-
ization catalyzed by polymerase vy is fairly accurate, with an average error
rate of approximately 3 x 10°.22 The 3’-5" exonuclease contributes another
200-fold increase in fidelity when measured in the presence of dNTPs.?” A
crystal structure of the accessory subunit dimer has been solved,? but a
crystal structure of the holoenzyme remains unsolved. The catalytic subunit
contains the polymerase and 3’-5" exonuclease activities of the enzyme. The
accessory subunit of polymerase y increases processivity by facilitating
tighter binding of DNA and dNTP substrates and by increasing the rate of
polymerization.t?

Polymerase 7 is susceptible to inhibition by nucleoside analogs used to
treat AIDS; this inhibition may be among the causes of the many side effects
of these drugs. For example, dideoxy-CTP, one of the highly toxic nucleoside
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analogs, is the most efficient of the FDA-approved nucleoside analogs to be
incorporated into DNA by polymerase y. Furthermore, once incorporated
onto a primer 3’-terminus, ddCMP is removed very inefficiently by poly-
merase y exonuclease activity.?* Ultimately, a crystal structure will provide
important insight into the interactions of polymerase y with normal and
analog substrates.

6.2.2 Family D polymerases

DNA replication in archaeal organisms is catalyzed by DNA polymerases
from family D. These polymerases were identified initially from a hyper-
thermophilic archaeon, Pyrococcus furiosus (Pfu).! Two Pfu proteins encoded
by tandem genes, DP1 and DP2, form a polymerase complex: the former is
an accessory subunit, while the latter is the catalytic subunit. The two Pfu
proteins are highly conserved in the Euryarchaeota. The homologs of DP2
share more than 50% amino acid conservation; the DP1 homologs possess
more than 30% identity. However, these polymerases share little sequence
homology to the polymerases from other families. The family D polymerases
possess active 3’-5” exonuclease activity. Their polymerase activity is sensi-
tive to N-ethylmaleimide, but resistant to aphidicolin. The nucleotide incor-
poration catalyzed by family D polymerases has not been studied in detail
to this point.

6.2.3 Translesion polymerases

Translesion DNA synthesis requires specialized DNA polymerases to
accommodate the bulky lesions and aberrant base structures of damaged
DNA. The members of the Y family of DNA polymerases, previously the
UmuC/DinB/Rev1/Rad30 family, replicate undamaged DNA with low
fidelity and poor processivity. These polymerases replicate across various
DNA lesions, lack 3’-5" exonuclease activity, and are known to increase
mutagenesis. The error rates generated during replication of undamaged
DNA is two to four orders of magnitude greater for bypass polymerases
compared to replicative polymerases.3!

Replication across DNA lesions often occurs with high fidelity. For
example, polymerase {, a B family polymerase, and polymerase 1 incor-
porate two A residues opposite TT (6-4) photoproducts and TT cis—syn
photodimers, respectively. Polymerase m is essential for correcting
sunlight-induced DNA damage, and polymerases 1 and { and, possibly,
polymerase 1 are important for increasing immunoglobulin hypermuta-
tion. The bypass polymerases have little sequence similarity to higher
fidelity replicative polymerases, yet their three-dimensional structures
display the characteristic fingers, palm, and thumb domains (for example,
see Dpo4 structures in Figure 6.1C and Figure 6.1D). The following is a
short summary of several bypass polymerases.
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6.2.3.1 Polymerase { (zeta)

Polymerase { is a B family polymerase related to polymerase §, but is
included here because of its bypass characteristics. This polymerase is rela-
tively nonprocessive, with 50% dissociation after less than three ANTP exten-
sions, although some events extend to 200 nucleotides.’? Polymerase { is a
translesion polymerase that works in concert with Revl protein. Revl, a
deoxycytidyl transferase that incorporates dCMP opposite abasic sites, was
the first Y family enzyme identified. Polymerase & then continues DNA
synthesis from the mispaired C opposite the abasic site.3* Rev1/polymerase
€ also can carry out translesion synthesis past TT (6-4) photoproducts in
viv0.% Extension of terminal mismatches is catalyzed by polymerase 2- to
>1000-fold greater compared to polymerase 0.3 The error rate for incorpo-
ration following a terminal mismatch is 10! to 102, compared to a rate of
10~ to 107 for extension from correctly paired termini.¥” This may be the
major mutator function of polymerase {,because this enzyme causes 50 to
70% of spontaneous mutations in yeast.®

6.2.3.2 Polymerase m (eta)

Polymerase 1 (eta) was recently identified in yeast.®® Mutations in the gene
encoding polymerase 1 lead to a variant of xeroderma pigmentosum,*# an
inherited disorder characterized by sunlight hypersensitivity and high inci-
dence of skin cancers and related to deficiencies in nucleotide excision repair.
Polymerase n replicates through UV-induced cis—syn cyclobutane thym-
ine-thymine dimers® and a variety of other DNA lesions (N-2-acetylami-
nofluroene (AAF)-modified guanine, 8-oxoguanine, abasic sites, and cispl-
atin-G), but is stalled by T-T (6-4) adducts.*! Interestingly, replication
through cis—syn TT dimers occurs with the same efficiency and fidelity as
with undamaged DNA by human and yeast polymerase 1.4

Polymerase 1 often inserts the correct nucleotide opposite a lesion. For
example, dCTP is incorporated opposite modified dGMP residues®®** and
dATP is incorporated opposite TT dimers.#45 A dCTP is also incorporated
opposite 7,8-dihydro-8-oxoguanine, in contrast to eukaryotic replicative
DNA polymerases.%® Polymerization by polymerase 1 is relatively inaccurate
during replication of undamaged DNA (~10! to 10-3%).444748 Misincorporation
leads to polymerase 1 dissociation from the DNA, prohibiting extension of
mismatched base pairs.®’ Base pairing components of the nucleotides
involved at bypass replication sites are not affected by damaging chemical
modifications, and perhaps polymerase 1 uses this base pairing information
to maintain some accuracy during lesion bypass.*’ Therefore, polymerase n
achieves some level of accurate replication by preferential incorporation of
the correct nucleotide, as well as extension of correctly base-paired DNA.

6.2.3.3 Polymerase 1 (iota)
Polymerase 1 is encoded by the Rad30B gene, and its role within the cell is
presently unknown. The fidelity of replication by polymerase 1 differs with
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respect to the template base, with an error rate of 102 to 10~ opposite a
template A, G, or C.#%%5! Surprisingly, polymerase 1 preferentially selects
misincorporation of G opposite a template T,#505! even when the DNA lacks
a lesion. Polymerase 1 extends mismatches more efficiently than replicative
polymerases and is unable to initiate incorporation from a DNA nick.>
Polymerase 1 has a limited processivity of one to three nucleotides per
binding event, but efficiently extends a primer to fill DNA gaps of 7 to 10
nucleotides.%5

Human polymerase 1 (to facilitate misincorporation) and yeast poly-
merase ( (to facilitate extension) are used to demonstrate coordinated activ-
ities for efficient bypass of a 6-4 pyrimidine-pyrimidone TT dimer (6-4 PP)
and a synthetic abasic site.*” This two-polymerase system may support the
“two-step” model of error-prone lesion bypass in eukaryotes.’>* The in vivo
role for polymerase 1 may be to foster somatic hypermutation for the gen-
eration of antibody diversity, due to its template-T dependent insertion of
G.22 It is possible that polymerase 1 and polymerase { are required in concert
to traverse these lesions specifically.>?

6.2.3.4 Polymerase x (kappa)

Polymerase x, the human ortholog of Dpo4 (see Section 6.4.3), is a product
of the DINB1 gene and a member of the Y family of DNA polymerases.
Polymerase « is a low-fidelity polymerase with observed misincorporation
frequencies of 102 to 1045 It is moderately processive, incorporating
approximately 25 nucleotides or more per binding event.’® Polymerase k has
demonstrated an ability to perform translesion synthesis on several aberrant
primer-templates including substrates containing abasic sites, N-2-acetyl-
aminofluorene (AAF)-adducts, 8-oxoguanine lesions, and
(—)-trans-anti-benzo(a)pyrene-N2-dG adducts. Interestingly, polymerase kcan
extend the 3’-end of mismatched primer termini, but does so synergistically
in the presence of polymerase 8, the human replicative polymerase.

Polymerase « is expressed in a variety of tissues; however, in mouse
embryos, detectable expression levels of polymerase x have only been
observed in the adrenal cortex.” It is suggested that polymerase x may
contribute to the bypass of oxidative DNA damage in the adrenal cortex, a
site of steroid production and thus reactive oxygen species. Although the
ultimate in vivo role of polymerase x has not been definitively determined,
its low base substitution fidelity and moderate processivity foster an
increased proclivity toward mutagenesis.

6.3 Biochemical mechanism of DNA polymerization
6.3.1 Nucleotide binding: the role of hydrogen bonding

The incoming nucleotide forms hydrogen bonds with the template base and
base stacks with the neighboring primer base. The correct base will properly
hydrogen bond and in turn allow proper geometry of the triphosphate and
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ribose moieties. Base pairing is energetically favorable due to the entropic
contributions of freed water molecules and the low cost of formation of the
second and third hydrogen bonds.> Modified dNTPs lacking base pair or
minor groove hydrogen bonding groups have been used to determine the
contributions of hydrogen bonding to DNA polymerization.

Base pairing is not required for efficient ANTP incorporation by several
DNA polymerases,® but hydrogen bonding between base pairs does increase
the fidelity of dNTP incorporation.> Moreover, the A:T and G:C base pairs
have similar free energies of base pair formation within the polymerase
active site,®! indicating that the number of hydrogen bonds between the base
pairs is not critical to base pair formation. Overall, it appears that base pair
hydrogen bonding is not required for DNA polymerization, but serves as
an important initial check for correct base pair formation.

A correct base pair conforms to a specific polymerase active site geom-
etry that is not optimal for an incorrect base pair. A “geometric selection”
model of nucleotide insertion specificity was proposed to explain how active
site geometry and electrostatic properties of the polymerase active site could
increase replication fidelity.2%®> The change in free energy (AAG) for correct
compared to incorrect base pair formation increases from 1 to 3 kcal/mol
observed in solution to 3 to 3.5 kcal/mol observed within the polymerase
active site.**

The enthalpic and entropic contributions to free energy may change
enough within the confines of the polymerase active site to account for
polymerase fidelity. For example, exclusion of water and geometric con-
straints of the polymerase active site may combine to amplify the differences
in base pairing free energy between aqueous solution and the active site
environment.® Crystallization of polymerases in complex with DNA (or
RNA) and nucleotide substrates and mutagenesis studies have indeed dem-
onstrated that active site amino acids provide specific contacts ensuring the
correct base pairing of incoming nucleotides.

Nucleotide analogs that retain base stacking properties but cannot form
hydrogen bonds are incorporated by many polymerases; however, that incor-
poration has significantly lower fidelity compared to natural nucleotides,’
indicating that hydrogen bonds are critical to polymerase fidelity. Interest-
ingly, the base pairs formed by incorporated analogs lacking the ability to
hydrogen bond have similar geometry to the canonical base pairs. It is thus
clear that hydrogen bonds are essential to polymerase efficiency and fidelity.

6.3.2 Nucleotide binding: the role of base stacking

Base stacking is a stabilizing force in duplex DNA. Some studies have estab-
lished that base stacking of DNA may be the dominant contributor to overall
helix stability.®*%” In fact, nucleotide analogs that lack the ability to form
hydrogen bonds but fit well into the geometry of correctly base paired DNA
and therefore contribute stacking to base pair selection appear sufficient for
maintaining moderate replication fidelity.> A single unpaired base at the end
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of a DNA duplex stabilizes the duplex structure through stacking
interactions®; moreover, half of the total free energy of a base pair may be
derived from this base stacking.> Adenine is most often inserted opposite a
template abasic site, and overall, the order of preference of insertion opposite
an abasic site (A > G > T, C) corresponds to the bases’ relative stacking
ability.¢ Additionally, sequence context is important in selection of a base
inserted opposite an abasic site®; a large base with stronger stacking than
adenine is preferred by orders of magnitude for insertion at an abasic site.*

However, in the DNA polymerase active site, the contributions of base
stacking at the position of the nascent base pair are influenced by active site
amino acids. Many polymerases prevent stacking between the first template
base and the neighboring 5-base by bending the template DNA. Active site
amino acids in Klenow fragment (Tyr766); Bacillus DNA polymerase
(Tyr714); T7 DNA polymerase (Gly527); Taqg DNA polymerase (Tyr671); and
HIV-1 RT (Leu74), as well as other polymerases, perform the base stacking
function required for stabilization of the template base opposite the incoming
dNTP®%-7 or the base 5 to the template base for His607 T7 of DNA poly-
merase and Phe61 of HIV-1 RT.27

Mutation of Klenow fragment Tyr766 to a nonstacking amino acid
results in a significant decrease in polymerase fidelity.””> Amino acid stack-
ing also stabilizes the incoming base, as is the case for Tyr526 of T7 DNA
polymerase, Phe667 of Taq DNA polymerase, and Tyr115 for HIV-1 RT.2670
Gapped and nicked DNA substrates in the polymerase B3 active site display
a 90° bend in the template opposite the site of incorporation of the incoming
dNTP3; the exposed bases on either side of the bend are stacked by His34
and Lys280. These observations indicate base stacking plays an important
role in nucleotide binding and helix stabilization during DNA polymeriza-
tion and that active site amino acids often provide substrate stabilization
through stacking interactions.

6.3.3 The rate-limiting step during DNA polymerization

Selection of the correct base at the polymerase active site cannot be solely
accounted for by the free energy of binding of correct compared to incorrect
base pairs. The free energy difference of correct and incorrect nucleotides is
approximately 1 to 3 kcal/mol.%7® This gain in free energy results from
hydrogen bonding between base pairs and base stacking interactions
between neighboring bases. The error frequency of one error out of 5 to 150
bases (107! to 102) polymerized would result if the polymerase is solely
attaching together base pairs formed with the said free energy difference.®!
However, the actual error frequencies of most polymerases are in the range
of 107 to 10-6.6273-7

Kinetic studies were used to examine binding of correct and incorrect
nucleotides by several polymerases. For T7 DNA polymerase, the K; values
for correct base pair formation are in the range of 20 pM, while the K values
for incorrect base pair formation are in the range of 4 to 8 mM, contributing
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a factor of 200 to 400 to correct base pair formation.” Similar results were
obtained for HIV-1 RT.”7 In contrast, the lack of selectivity in initial binding
of nucleotides by Klenow fragment contributes to low fidelity of the enzyme.”
The K values for correct compared to incorrect nucleotides are 5 and 12 pM,
respectively, indicating the Klenow fragment has low discrimination against
incorrect nucleotide incorporation.” It was postulated that ground state
nucleotide binding of properly base-paired nucleotides is required for incor-
poration of correct bases due to the higher fidelity of T7Z DNA polymerase
and HIV-1 RT compared to the Klenow fragment.®! This suggests that the T7
DNA polymerase and HIV-1 RT active sites play a significant role in correct
base pair formation compared to the Klenow fragment.

Two models have been suggested to explain the extraordinary fidelity
of DNA polymerases. The induced-fit model suggests that polymerase fidelity
is a result of conformational coupling in which the energy of nucleotide
binding is used to drive a rate-limiting protein conformational change pre-
ceding a fast chemistry step.®! The rate-limiting transition state model states
that the free energy difference in chemical transition states between correct
and incorrect base pairs dictates polymerase fidelity through a rate-limiting
chemistry step.® The representative polymerases for these two models are
T7 DNA polymerase (induced-fit model) and polymerase B (rate-limiting
transition state model); in fact, differences in the mechanisms and structures
of these two polymerases may prove each model to be true. The details of
these two models are discussed next.

6.3.3.1 Induced-fit model of polymerase fidelity

According to the induced-fit model of polymerase fidelity, binding of ANTPs
proceeds by a two-step mechanism: ground state binding followed by a
rate-limiting formation of a ternary complex competent for catalysis.®! The
fidelity at this step is governed by ground state nucleotide binding in which
the correct nucleotide is selected due to a favorable K, for correct base pair
formation.” Selection of the correct base pair occurs in part due to some of
the intrinsic nucleotide binding energy being transferred to power a protein
conformational change from an open to a closed conformation. The closed
conformation has strict steric constraints governing the geometry of base
pairing. This is reflected in a fast protein conformational change in the
presence of correctly base paired nucleotides and a slower conformational
change for an incorrect incoming nucleotide, due to polymerase sensing of
proper base pair geometry.

Four kinetic experiments reported support the occurrence of a rate-
limiting protein conformational change:®!

® The rate of the chemical step should decrease with substitution of a
nonbridging oxygen with sulfur at the o phosphorus of the incoming
dNTP, which is defined as the elemental effect. An elemental effect
of less than 4- to 11-fold is observed during correct ANTP incorpo-
ration by a polymerase, suggesting the observed rate did not define
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the chemistry step. Instead, an elemental effect of 4- to 11-fold is
observed during incorrect ANTP incorporation, suggesting chemistry
becomes rate limiting during misincorporation catalyzed by a poly-
merase. These conclusions are based on recent studies of the elemen-
tal effect of the cleavage of phosphate diesters.?!

e The kinetic differences between a pulse-chase and an acid-quench
experiment suggest the transient appearance of the closed-ternary
complex containing tightly bound dNTP and DNA.

® A change in protein fluorescence is observed to occur at the same
rate as the maximum rate of dNTP incorporation.®!

® The rate of dissociation of DNA from the closed state occurred at a
100-fold slower rate than from the open state.”

Interestingly, crystal structures of DNA polymerases and DNA in the
absence and presence of dNTP differ in open and closed configurations of
the active site.2368708283 In the closed complex, a polymerase active site makes
sequence-independent contacts with the first few base pairs of DNA, includ-
ing the nascent base pair, ensuring that correct base pairs are formed. The
O helix of the polymerase fingers domain moves closer toward the incoming
dNTP in the active site during formation of the closed complex. Mutagenesis
has shown that interactions between the DNA /incoming nucleotide and
several O helix amino acids are required for correct base selection and dis-
crimination against dideoxynucleotides (discussed later). Together, the
mechanistic and structural data support a rate-limiting conformational
change that functions to increase polymerase fidelity.

6.3.3.2 Rate-limiting transition state model of polymerase fidelity

In contrast to the induced-fit model of nucleotide incorporation, it has been
shown that the rate-limiting step of polymerization by polymerase B may be
the chemistry step.®’ In this case, binding of the correct nucleotide by poly-
merase 3 is followed by a fast protein conformational change and a slower
chemistry step, which governs polymerase fidelity. Protein conformational
changes for polymerase 3 are observed before and after phosphodiester bond
formation — the first demonstrated by the formation of the closed ternary
complex and the second substantiated by the opening of the closed complex
following catalysis.?*® Stopped-flow fluorescence experiments are used to
show that the first conformational change is induced by Cr(III)edTTP binding
(inert substrate, divalent ion mimic),* and crystallography shows this con-
formational change is, in fact, the closed polymerase complex formation.®

A second crystal structure reveals the absence of electron density at the
catalytic metal site when polymerase 3 is complexed with product in the
closed conformation.®> Mechanistically, this is interpreted to mean that the
first Mg?* ion facilitates proper dNTP binding and a fast protein conforma-
tional change.® The second Mg?* ion binds the closed conformation, leading
to the subsequent chemical reaction. Following release of the catalytic metal,
a second protein conformational change occurs to allow reformation of the
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open polymerase complex. Interestingly, the rate of the first conformational
change resulting in closed complex formation occurs 5- to 10-fold faster than
the rate of the chemical reaction. The resulting conclusion is that, in contrast
to T7 DNA polymerase, the chemical step is rate limiting for incorporation
by polymerase {3.34%

The relationship between the rate-limiting chemistry step of polymerase
B and polymerase fidelity can be explained by a correct fit model.®> The
selectivity of polymerase P relies on nascent base pair geometry to set up a
transition state that is efficiently converted to product. The role of poly-
merase conformational changes is to convert the enzyme from a sub-
strate-binding mode to a catalytic mode that does not play a role in fidelity.
Instead, polymerase fidelity is a function of the difference in free energy
between the chemical transition states of incorrect and correct base pairs.®°
The geometry and hydrogen bonding groups of Watson—Crick base pairs are
similar for all correct base pairs, and these characteristics could be used for
selection of the proper incoming dNTP at the transition state.®

It is likely that these two models can explain the fidelity observed for
different types of DNA polymerases. Polymerase B, an X family member,
plays an important role in gap-filling synthesis during base-excision repair
in mammals. Polymerase B is not homologous with those replicative poly-
merases in family A, including T7 DNA polymerase. A crystal structure of
HIV-1 RT complexed with DNA shows the YMDD motif, including two of
the catalytic acidic amino acids, changes conformation upon DNAS8 and
dNTP binding.%® The YMDD motif resides on an unusual -loop where the
YMDD side chains project to the same side of the helix. A similar -loop is
observed in Bacillus®® and T7 DNA polymerases,? as well as the polio virus
RNA polymerase.®”

In contrast, polymerase B does not have a similar loop or the correspond-
ing active site conformational changes.®* The movement of the YMDD motif
is implicated in processivity and translocation— two events that differ sig-
nificantly between polymerase 3 and replicative polymerases.® It is clear
that mechanistic differences exist between polymerase f and family A DNA
polymerases, and these differences could account for a change in the
rate-limiting step and the active site contributions to fidelity during DNA
polymerization.

6.3.4 Chemistry of polymerization

After nucleotide binding and closed complex formation, the polymerase is
ready for the phosphodiester bond formation. The transition state of DNA
polymerization is illustrated in Figure 6.2A. Burgers and Eckstein define the
stereochemistry of E. coli DNA polymerase I interaction with dATP analogs
containing phosphorothioate.®® They suggest that:

* The B- and y-phosphates of the nucleotide bind divalent metal in a
bidentate manner.
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® A positive charge on the enzyme neutralizes the negative charge of
the a-phosphate.

* Nucleotidyl transfer occurs via an in-line attack of the primer 3’-hy-
droxyl upon the nucleotide o-phosphate, with subsequent release of
pyrophosphate.

However, the positive charge on the enzyme in the second bullet is
actually the second divalent metal ion bound at the active site. Subse-
quently, crystal structures demonstrate that polymerases catalyze replica-
tion using a two-metal-ion mechanism consistent with the model proposed
for the 3’-5" exonuclease of DNA polymerase I3 (compare Figure 6.2A and
Figure 6.2B, derived from Doublie et al.2 and Brautigam et al.”?). For DNA
polymerases, both metals stabilize the structure and charge of the penta-
covalent transition state.”’ The metal A activates the 3’-hydroxyl for attack
of the a-phosphate by lowering the affinity of the hydroxyl for a proton.
The metal B assists the pyrophosphate leaving group. Crystallization of
human polymerase  with Cr(III) reveals that metal B binds with the incom-
ing dNTP, facilitating protein conformation that is competent for metal A
binding and subsequent catalysis.®

Structurally, the role of the polymerase active site is to bring together
the reaction substituents in an alignment conducive for an efficient chemical
reaction. Following dNTP binding and formation of the closed ternary com-
plex, a nucleophilic 3-hydroxyl of the primer displaces pyrophosphate from
a dNTPD, resulting in an increase in primer length by one nucleotide. The
phosphoryl transfer reaction occurs through a semiassociative transition
state in which the attacking 3’-hydroxyl of the primer and the pyrophosphate
leaving group are positioned on opposite sides of an o-phosphate with
trigonal bipyrimid configuration (Figure 6.5; reference 81).

Bonding of the reactive phosphate to the incoming nucleophile and
outgoing leaving group is at a level between the larger amount of bonding
observed for an associative transition state and the little bonding observed
for a dissociative transition state.’! The enzyme lowers the activation barrier
by transition state stabilization facilitated by the presence of the two metal
ions. Active site amino acids are required for positioning the metal ions to
facilitate efficient polymerization. The roles of active site amino acids as
depicted in Figure 6.2A may be incomplete. One of the acidic residues in rat
polymerase § may facilitate deprotonation of the 3™-hydryoxyl group by
acting as a general base.”> Recent computer simulation of the polymerase
transition state suggests that Asp654 of T7 DNA polymerase may also per-
form this function.”

6.3.5 Translocation

Translocation is important for processive replication. Many polymerases use
accessory subunits, such as the association of PCNA with polymerase 6 and
thioredoxin with T7 DNA polymerase, to maintain the enzyme-DNA asso-
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Figure 6.5 Different transition states. (From Herschlag, D. et al., Biochemistry, 1991,
30(20), 4844-4854.)

ciation and increase polymerase processivity. Translocation is not rate limit-
ing to polymerization and kinetic parameters for this step have not been
defined because translocation occurs too quickly to measure. Structural stud-
ies have shown the DNA minor groove becomes widened and shallow upon
polymerase binding, facilitating protein interactions through the first four
base pairs of duplex DNA. Minor groove contacts with active site amino
acids of DNA polymerases are specifically important to fidelity and inhibi-
tion of translocation to allow error correction.®® Mismatched base pairs are
sensed throughout this region, as indicated by T7 DN A polymerase stalling,®!
thus allowing proofreading to correct the error. Efficient translocation is
facilitated by correct base pair formation during polymerization.

Correct base pair formation may promote translocation because the
energy released upon cleavage of the triphosphates of the incoming dNTP
can be used to counteract the build-up of negative charges in the polymerase
active site.® The energy-rich phosphodiester bond linking the o- and -phos-
phates is hydrolyzed upon dNTP incorporation to stabilize the transition
state and drive translocation.”* The energy released by phosphodiester bond
hydrolysis may be stored in the YMDD motif of HIV-1 RT, as indicated by
movements of this domain during translocation.®

The YMDD motif may act as a “springboard” to push the DNA primer
terminus forward for translocation. Translocation may also be facilitated by
release of one divalent metal from the active site with pyrophosphate, fol-
lowing catalysis.®* The local charge will become more negative due to loss
of charge shielding by the metal, resulting in repulsion between negatively
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charged groups such as the acidic amino acids of the active site and the
phosphate of the newly incorporated dNTP. Together, it appears that the
energy of phosphodiester bond hydrolysis and the proximity of negative
charges between the active site residues and the DNA promote translocation
of the DNA.

6.3.6 3’-5" Exonucleases

The 3’-5" exonuclease activity of DNA polymerases enhances the fidelity of
DNA synthesis by correcting misincorporated nucleotides. Of the eukaryotic
polymerases, polymerase 8, polymerase ¥, and polymerase € have associated
3’-5" exonucleases. Polymerases o and 3, and the DNA lesion bypass poly-
merases do not have a 3’-5" exonuclease activity, but autonomous 3’-5" exo-
nucleases (for example, TREX1 and WRN) might help maintain the accuracy
of replicated DNA for these polymerases (for review see Shevelev and
Hubscher®”). Prokaryotes and viruses also have many 3’-5” exonucleases; in
particular, the 3’-5" exonucleases of Klenow fragment and of T7 DNA poly-
merase will be described.

Kinetic studies have shown that partitioning of the enzyme-substrate
complex among forward polymerization, proofreading, and dissociation con-
trols the fidelity and efficiency of DNA polymerization.®! When correct base
pairs are formed, the rate of polymerization and the probability of extension
are high. Some correctly base-paired DNA is transferred to the exonuclease
active site for hydrolysis. This “cost” of removing mismatches means that 2
to 3% of correctly incorporated nucleotides are excised by polymerase I
exonuclease and T7 DNA polymerase.? When an incorrect nucleotide is
incorporated, the rate of polymerization slows, increasing the probability of
dissociation or transfer of the DNA to the exonuclease active site for error
correction.”® Additionally, the stability of the DNA duplex decreases, facili-
tating transfer of the primer to the exonuclease active site.” The rate-limiting
step of the exonuclease reaction is transfer of the single-stranded DNA from
the polymerase to the exonuclease active site for T7Z DNA polymerase® and
is probably chemistry for the Klenow fragment. The observed excision rate
increases in the presence of a mismatched base pair, favoring removal.

Even when they are part of the same polypeptide, the DNA polymerase
and 3’-5" exonuclease activities are spatially and functionally separated. For
E. coli DNA polymerase I, the two active sites reside approximately 30 A
apart in crystal structures, on different domains of the Klenow fragment. Up
to nine base pairs must melt for the DNA to move from the polymerase to
the 3’-5” exonuclease active site.!® The polymerase and exonuclease active
sites function independently and each can have DNA substrates bound to
it at the same time.!”? DNA can transfer between the polymerase and exo-
nuclease active sites with (Klenow fragment’?’) or without (T7 DNA
polymerase?) dissociation from the enzyme.

Exonuclease active sites contact the three nucleotides at the 3’-terminus
of the primer. Substitution of each of these three nucleotides by ribonucle-
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otides showed that ribonucleotides are excised with the same efficiency as
deoxynucleotides at the terminal base position.!? Ribonucleotides posi-
tioned interior to the 3’-terminus are excised with reduced efficiency. Molec-
ular modeling and mutagenesis suggested Klenow fragment residues Tyr423
and Met433/Asn420 sterically interfere with 2’-hydroxyl positioning at the
second and third primer positions, respectively. Additionally, mutation of
these residues to alanine eliminates or diminishes the excision rate reduction
observed in the presence of ribonucleotides at the second or third primer
positions. The rates of excision by T4 and T7 DNA polymerases are less
adversely affected by ribonucleotides compared to Klenow fragment. Similar
mutations in T4 DNA polymerase do not restore excision rates, probably
because the excision step is not rate limiting.

6.3.7 Chemistry of excision

The crystal structure of Klenow fragment 3’-5” exonuclease with dTMP prod-
uct reveals the transition state organization of the active site.® The illustra-
tion of the Klenow exonuclease active site in Figure 6.2B is derived from
Brautigam et al.”® One metal is bound to the exonuclease active site (site A)
in the absence of substrate. A second metal binds site B when single-stranded
DNA (or dTMP) is present in the active site. The metal in site A is pentaco-
ordinated with a distorted tetrahedral geometry by the carboxylate groups
of three acidic residues, a substrate phosphate oxygen, and a water molecule
positioned by active site amino acids. Metal B is coordinated octahedrally
by the carboxylate of one acidic residue, two phosphate oxygens from the
substrate, and three water molecules positioned by active site amino acids.
Mutation of the one acidic residue directly coordinating metal B leads to
inactivation of exonuclease function (e.g., Asp424Ala for Klenow frag-
ment).¥ Accordingly, due to Asp424Ala mutagenesis, a second active site
metal was not observed.

The transition state of excision®1% proceeds through an associative
in-line mechanism in which the attacking hydroxyl (water molecule)
approaches a position opposite the 3’-hydroxyl leaving group.!® Metal A,
Glu357, and Tyr497 exactly position the lone electron pair of the attacking
hydroxyl ion towards the scissile phosphate.®® Metal A activates the hydrox-
ide ion for attack by acting as a Lewis acid and removing a proton from a
water molecule. Metal B stabilizes the transition state or facilitates the release
of the 3’-oxyanion leaving group. Many protein residues surrounding the
exonuclease active site function to position the two metal ions, the sin-
gle-stranded DNA, and the attacking hydroxide ion; as expected, these res-
idues are conserved throughout 3’-5” exonucleases.

6.3.8 Exonuclease active site stabilization of single-stranded DNA

Two crystal structures of Klenow fragment 3’-5" exonuclease provide a view
of the active site complexed with (1) one divalent metal and single-stranded
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DNA in the exonuclease active site; and (2) two divalent metals and a
product dTMP® The single-stranded DNA complex shows that three B-form
nucleotides fit into the hydrophobic pocket containing the exonuclease active
site. This pocket most likely excludes duplex DNA due to steric interactions.
The contacts between the DNA and protein are sequence independent and
are important for stabilization of the single-stranded DNA for excision.
Interactions between the two 3’-terminal bases and four amino acids hold
the substrate terminus securely in the active site.

Phe473 stacks against the 3’-terminal base; Leu361 fits between the 3'-ter-
minal and penultimate bases; Asn420 hydrogen bonds to the 4-oxygen of
the 3’-penultimate nucleotide; and Tyr431 stabilizes the sugar residues of the
two 3’-terminal nucleotides. Interestingly, Leu361 disrupts base stacking
between the two 3’-terminal nucleotides. In the product complex, the 3'-ter-
minal base is positioned hydrophobically by Phe473 and Leu361, but there
are no specific contacts with the thymine base. It is clear that Phe473 probably
stabilizes and orients the single-stranded DNA within the active site by a
stacking interaction absent in duplex DNA, perhaps aiding destabilization
of duplex DNA. The mutant Leu361Ala is especially detrimental to exonu-
clease activity upon duplex DNA. Together, these residues stabilize sin-
gle-stranded DNA before and after the excision reaction by compensating
for stacking interactions present in duplex DNA.

6.4 Structural basis of DNA polymerization
6.4.1 Crystal structure overview

The crystal structures of several DNA polymerases complexed with duplex
DNA and an incoming nucleotide substrate have been solved.23687092 Four
of these structures are illustrated in Figure 6.1A through Figure 6.1D (derived
from references 2 through 4). Crystallization of these ternary complexes is
facilitated by incorporation of a terminal ddNTP on the primer and inclusion
of a second ddNTP to bind to the site of the nascent base pair. All DNA
polymerases crystallized resemble a right hand with the fingers and thumb
domains forming a cleft around the palm, which contains the conserved
acidic residues of the active site.

Generally, the first several base pairs of duplex DNA within the poly-
merase active site are the A-form conformation. This conformation has a
widened, shallow minor groove with decreased helical twist, facilitating
protein contact with the DNA.®® Sequence-independent hydrogen bonds
form between the conserved thumb domain side chains and the purine Nj
and pyrimidine O, positions.?®® In fact, hydrogen bonding with these posi-
tions allows recognition of correctly base-paired DNA because of a twofold
symmetry in G:C and A:T base pairs.!® When a mismatch is present in the
DNA, one or both of the mismatched bases rotate into the major groove,'%
disrupting minor groove interactions with the polymerase and signaling the
polymerase to switch its activity from replication to proofreading.?
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Bacillus DNA polymerase imposes a 90° bend in the template DNA next
to the nascent base pair, making a conformational change before the chem-
istry step required for base pair hydrogen bond formation.®® The sugar
attached to the terminal base of the primer strand is in the C2’-endo confor-
mation and is the only sugar within the first four base pairs that is in this
typical B-form conformation. A similar bend in the DNA is observed for T7
DNA polymerase and HIV-1 RT, and for polymerase B complexed with
gapped substrate, but not for Taqg DNA polymerase.?%97082

Nucleotide binding is guided by hydrogen bonding and base stacking
with the terminal base pair of duplex DNA (discussed previously), interac-
tions with active site amino acid residues, and stabilization by divalent metal
ions. Specificity of base pairing is increased by steric interactions with the
dNTP binding pocket. The geometry of a correct base pair is selected by
active site steric complementarity that would not exist for incorrect base
pairs.2%® Misincorporation is less likely because binding an incorrect base
would cause improper alignment of the primer 3’-hydroxyl, thus prohibiting
a subsequent chemical reaction.

Several amino acids have been identified as important for DNA poly-
merase fidelity. An important stacking interaction occurs between the termi-
nal template base and Tyr714 of Bacillus DNA polymerase; mutation of the
corresponding residue in the Klenow fragment (Tyr766) results in signifi-
cantly lower replication fidelity.”"”? Arg283 of human polymerase § contacts
the minor groove of the template base of the nascent base pair, and mutation
of this residue to alanine results in a 160-fold decrease in fidelity.*!%” The
Klenow fragment Arg668 makes an important minor groove contact with
the first base of the primer during the rate-limiting step of polymerization.1%®
Similar interactions are made by other DNA polymerases contributing to
high-fidelity synthesis of DNA.

Interactions between the protein and the deoxyribose of the incoming
dNTP also facilitate polymerization and selection of the correct substrate. A
hydrophobic pocket formed by Tyr526, Glu480, and the strictly conserved
Tyr530 surrounds the ribose of the incoming dNTP.? Ribonucleotides may
be excluded from the T7 DNA polymerase and Klenow fragment active site
due to a hydrophobic pocket, which cannot accommodate the 2’-hydroxyl
of the ribonucleotides.?'® T7 DNA polymerase has low specificity against
ddNTP incorporation, whereas Klenow fragment and Taq DNA polymerase
discriminate against ddNTP incorporation.!'® The T7 DNA polymerase
mutant Tyr526Phe exhibits a several thousand-fold increase in discrimina-
tion against ddNTPs, and relaxed discrimination for ddNTPs was observed
in mutants containing the reciprocal mutations in the more selective Klenow
fragment and Taq DNA polymerases.?

Two divalent metal ions bind at the polymerase active site and are
important for triphosphate positioning and catalysis (Figure 6.2A). The pri-
mary function of metal B is to support binding and positioning of the sub-
strate; metal A facilitates the catalytic reaction. Metal B positions the o,- -,
and y-phosphates of the dNTP substrate in a tridentate configuration 2%
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and metal A stabilizes the o-phosphate.?® Both magnesium ions reduce the
negative charge on the a-phosphate. Additionally, the triphosphate confor-
mation is similar to that observed for free Na*-ATP and Mg?*-dNTP in
solution, possibly offering significant entropic advantage to rapid polymer-
ization.!! A protein conformational change resulting in closed complex for-
mation brings the ANTP a-phosphate closer to the primer 3"-hydroxyl.> Metal
A stabilizes the pentacoordinated phosphate of the transition state and acti-
vates the attacking oxygen by acting as a Lewis acid, with a protein side
chain (Asp256) acting as a proton acceptor.”

6.4.2  Structural insights to reduced fidelity of HIV-1 RT

HIV-1 RT functions as a DNA-dependent DNA polymerase and an
RNA-dependent DNA polymerase, depending on the stage of the virus
life cycle. Much effort has been devoted to understanding the mechanism
and structure of RT to aid drug development. RT is an asymmetric het-
erodimer of p51/p66 subunits. The p66 subunit contains the polymerase
and RNase H active sites. The p51 subunit is a truncated form of p66
lacking the RNase H domain. The tertiary structure of these two subunits
is very different considering that they have identical sequences.!> The
catalytic subunit of RT is structurally similar to the palm-fingers—thumb
organization of polymerases previously described, with the addition of a
“connection” domain that links the RNase H domain to the rest of the
polymerase.!!?

The dNTP binding pocket is of particular importance in HIV-1 RT
crystal structures because many currently approved AIDS therapies are
nucleoside analog RT inhibitors. The RT dNTP binding pocket will be
discussed briefly here; for a more in-depth discussion on RT, see Chapter 8
in this book. As with other DNA and RNA polymerases, the fingers and
thumb domains form a cleft containing the polymerase active site. The
dNTP pocket accommodates the 3’-hydroxyl of an incoming dNTP, which
is absent in nucleoside RT inhibitors; therefore, this pocket plays a role in
RT NRTT resistance.

Upon dNTP binding, the fingers domain rotates toward the palm
domain, bringing several amino acids into contact with the incoming dNTP,”
including several sites that upon mutation confer resistance to nucleoside
analogs. The incoming base stacks between the primer terminus and Arg72
and GIn151. The triphosphate is positioned by Lys65, Arg72, two main chain
-NH groups, and the two metal ions. The metal ions are most likely octa-
hedrally coordinated. Importantly, the 3"-hydroxyl fits in a pocket lined by
Aspl13, Tyr1l5, Phell6, and GIn151. The 3’-hydroxyl hydrogen bonds with
Tyr115, and a Tyr115Phe mutant shows that the tyrosine prevents ribonucle-
otide incorporation.® Finally, HIV-1 RT lacks the O helix observed to
increase fidelity for other polymerases,'’? possibly leading to the reduced
fidelity of RT compared to T7 DNA polymerase.”””
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6.4.3  Structural insights from bypass DNA polymerases

Nearly all bypass polymerases belong to the Y family. These polymerases
have low fidelity and low processivity on undamaged DNA, which suggests
their potential displacement by high-fidelity, replicative polymerases
shortly after the lesion is bypassed. Several crystal structures have illus-
trated characteristics of these polymerases that contribute to reduced rep-
licative fidelity and propensity to traverse DNA lesions. In general, the
active sites of these polymerases are more flexible, have greater solvent
accessibility, and have more relaxed geometric constraints when compared
to the high-fidelity, replicative polymerases. Important contacts between
polymerase domains, the DNA minor groove, and the nascent base pair,
are absent or reduced with respect to these bypass polymerases. It appears
that these “loose” active sites allow these enzymes to replicate through
aberrant substrates with low fidelity.

The crystal structure of the S. acidocaldarius DinB homolog (Dbh) shows
the polymerase palm domain resembles that seen in other well characterized
replicative polymerases; however, the fingers and thumb domains are struc-
turally unique."*!5 A full-length Dbh crystal structure showed that the C-ter-
minal domain is structurally homologous to the polymerase-associated
domain of polymerase 1n.1'"> Additionally, the fingers domain appears in the
closed conformation, which is a characteristic seen only following DNA and
dNTP binding in other polymerases.'* The active site of Dbh is quite acces-
sible to solvent and the relatively few physical contacts between the poly-
merase and docked DNA allow for the possible accommodation of bulky
DNA lesions in to the active site. The site of new base pair formation appears
less restrictive compared to T7 DNA polymerase, possibly explaining the
lower fidelity of Dbh.

Two full-length crystal structures of Dpo4, a DinB homolog of S. solfa-
taricus, were recently obtained as complexes with duplex DNA and correct
or incorrect incoming dNTP* The overall structure of this polymerase is
illustrated in Figure 6.1C and 6.1D. This enzyme is similar to polymerase n
in that it can bypass cis—syn TT dimers. Dpo4 also exhibits the canonical
right-handed structure — however, without the O helices of the fingers
domain found in high-fidelity polymerases. The stubby fingers and thumb
domains are smaller compared to those of high-fidelity polymerases, but
Dpo4 has an additional “little fingers” domain that increases the interaction
of this enzyme with DNA. The fingers domain of high-fidelity polymerases
surrounds the nascent base pair and is important for mismatch discrimina-
tion. The nascent base pair has only limited contact with protein domains
in the Dpo4 active site compared to replicative polymerases. The active site
appears open and solvent accessible. Both of these factors may contribute
significantly to the low-fidelity characteristic of bypass polymerases.

The crystal structure of Dpo4 shows several hydrogen bond and van der
Waals contacts with the sugar and phosphodiester moieties of the B-form
DNA in the active site. However, no interactions between Dpo4 and minor
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groove hydrogen bond acceptor or donor sites are observed, again in contrast
to high-fidelity polymerases. In the presence of the next correct nucleotide,
the downstream DNA template base tA4 is oriented away from the nascent
base pair, which is similar to that observed in other DNA polymerases, and
requires a rotation of over 90° in order to be positioned in the active site
(Figure 6.1C and Figure 6.1E).

However, inclusion of a mismatched ddGTP in the crystallization mix-
ture results in the observation that the 5’-unpaired template base tT2 is
oriented toward the same direction as the base pairing template base and
seems ready to slide into the active site (Figure 6.1D and Figure 6.1F). More-
over, Dpo4 can accommodate two adjacent template bases simultaneously
in the active site so that the ddGTP forms a correct base pair with the next
available template base tC3, rather than tG4 (Figure 6.1F). The lack of specific
and numerous enzyme-DNA contacts, as well as the presence of two active
site template bases, may have implications for a mechanism of cis—syn thy-
midine-thymidine dimer translesion synthesis, perhaps achieved through
template slippage.

A crystal structure of the first 513 amino acids of yeast polymerase 1!
reveals striking differences between bypass and replicative DNA poly-
merases. Crystal structures of classic DNA polymerases, such as T7 DNA
polymerase, strictly adhere to the fingers-thumb—palm subdomain structure.
For polymerase 1, the fingers and thumb domains are stubby. The O and O,
helices, which are important for DNA binding and polymerase fidelity, are
absent, although the total DNA binding surface is similar to other DNA
polymerases due to the addition of a polymerase-associated domain. The
novel polymerase-associated domain may compensate for the stubby fingers
and thumb domains by mimicking an extra set of fingers.

Modeling of DNA and incoming dNTP reveals few contacts between
the unpaired template 5-end and the protein, and these bases remain in the
active site. In contrast, the DNA is bent out of the active site at a 90° angle
for T7 DNA polymerase.? The polymerase 1 active site is less restrictive to
lesions such as TT dimers, which cannot bend due to the covalent linkage
between the bases; in fact, inclusion of a second template base in the poly-
merase 1 active site might allow proper base pairing opposite 8-oxoG and
TT dimers.!®

6.5 Inhibition of viral DNA polymerases by
substrate analogs

Because DNA polymerases play central roles in DNA replication, inhibition
of viral DNA polymerases should slow down or stop viral infections. Most
of the approved antiviral inhibitors are nucleoside analogs. They are chain
terminators like AZT lacking the 3’-hydroxyl group, or are acyclic without
a deoxyribose like acyclovir. These drugs are reviewed in detail in Chapter
11 in this book. Because pyrophosphate is a product formed during nucle-
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OH
Figure 6.6 Chemical structure of phosphonoformic acid (Foscarnet).

otide incorporation, its analog could bind to and inhibit DNA polymerases.
Phosphonoformic acid or Foscarnet (Figure 6.6), a pyrophosphate analog, is
an antiherpes drug that binds to the site normally occupied by pyrophos-
phate and inhibits the catalytic cycle of a herpes DNA polymerase.!”

6.6 Conclusion

DNA polymerases thus far identified are phylogenetically grouped into six
families named A, B, C, D, X, and Y. Typical examples of these DNA poly-
merase families are summarized briefly in this chapter. Polymerases from
different families or even from the same family have varying fidelity.
High-fidelity polymerases catalyze genome replication and low-fidelity
polymerases repair or bypass DNA lesions. The fidelity of a replicative
polymerase follows an induced-fit model: a nucleotide binds to a binary
complex of the polymerase and DNA to form a loose or “open” ternary
complex, followed by a rate-limiting protein conformational change to form
a tight or “closed” ternary complex. The ground state binding step is pri-
marily governed by the intrinsic properties of the nascent base pair: the
hydrogen bonds and base stacking. The protein conformational change is
limited by the strict steric constraints of the polymerase active site and the
geometry of base pairing.

In contrast, the fidelity of DNA polymerase 3 follows the rate-limiting
transition state model; the protein conformational change following the
“open” ternary complex formation is faster than the subsequent chemistry
step, and the free energy difference in chemical transition states between
correct and incorrect base pairs dictates this polymerase fidelity. The crystal
structures of replicative polymerases in the presence of DNA and nucleotides
reveal tight active sites that are dissimilar to the active sites of DNA lesion
bypass polymerases observed thus far. The loose and solvent-accessible
active site and lack of fidelity checking structural elements, such as the O
helix, form the structural basis for the bypass polymerases to traverse various
DNA lesions. The central role of viral DNA polymerases in genome repli-
cation has led to intensive drug discovery, and antiviral nucleoside and
pyrophosphate analogs have been developed.
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7.1 Introduction

Gene transcription is a highly coordinated process catalyzed by multisubunit
RNA polymerases. Although the fundamental principles of transcription are
conserved among prokaryotes and eukaryotes, the latter utilizes much more
complex mechanisms. Unlike those of prokaryotes, eukaryotic monocistronic
mRNA transcripts contain relatively complex regulatory sequences and are
localized in different subcellular compartments and subject to processing to
yield mature transcripts.

Three DNA-dependent RNA polymerases are responsible for the syn-
thesis of eukaryotic mRNAs. The most important is RNA polymerase 1I
(RNA Pol II), which is involved in the transcription of all protein genes
and most small nuclear (sn) RNA genes. RNA Pol II from a typical eukary-
otic cell contains up to 15 polypeptide subunits and has a molecular mass
up to 600 kDa. Despite the complexity and huge size of eukaryotic RNA
polymerases, important insights into various aspects of the transcription
mechanisms have been gained from comparison of the three-dimensional
structure of a bacterial and a yeast RNA polymerase bound to nucleic
acids.

Interestingly, most viral RNA polymerases are characterized as single
subunit DNA-dependent or RNA-dependent RNA polymerases. Viral
DNA-dependent RNA polymerases typically comprise one subunit and do
not share an apparent sequence or structural homology with multisubunit
DNA-dependent RNA polymerases.

This is not the case with viral RNA-dependent RNA polymerases
(RdRp), which share functional similarities with eukaryotic DNA-dependent
RNA polymerases and carry out replication of viral RNA genomes and
transcription into mRNA. Limited by viral genetic coding capacity, viral
RdRps inevitably act in concert with other viral and host factors. Thus, a
better understanding of the structure, function, and regulation of the viral
RdRp relative to eukaryotic DNA-dependent RNA polymerases, as well as
of their interactions with other viral and host factors, is essential to the
development of viral RdRp-specific inhibitors as potential antiviral thera-
peutic agents. In this chapter, we will first introduce typical examples of
DNA-dependent RNA polymerases and RNA-dependent RNA polymerases
and then summarize the mechanistic, structural, and biological features of
the RNA polymerases.
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Figure 7.1 Schematic architecture of RNA polymerase subunits: (A) in E. coli and (B)
RNA Pol II in yeast. The crystal structure of RNA Pol II from yeast lacks subunits 4
and 7 indispensable for transcription, (see Figure 7.3 for crystal structure). The arrow
in (A) indicates that the ¢ subunit is dissociable. (Drawn by the authors using
Microsoft Word drawing tools.)

7.2 DNA-dependent RNA polymerases
7.2.1 E. coli DNA-dependent RNA polymerase

An E. coli DNA-dependent RNA polymerase comprises five subunits: two o
subunits and one for each f,’, and ¢ subunit. Beta (151 kDa) and B’ (156 kDa)
are significantly larger than the o (37 kDa) (Figure 7.1A). Seven different forms
of ¢ subunits, also known as the ¢ factors, have been identified: 67°, oV, 65, 6%,
of,of, and o, with molecular weights ranging from 28 to 70 kDa. The
holoenzyme-containing subunit, 6™ (Ec™), is responsible for transcription of
the most housekeeping genes during the exponential growth phase. Some
specific genes expressed during the stationary phase are transcribed by EcS.!
The 6 subunit acts as a specificity factor and plays an important role in
recognizing the transcriptional initiation site; it also possesses helicase activ-
ity that unwinds the DNA. Nucleotide synthesis is catalyzed by the four
subunits comprising two o subunits, 3, and B’ subunit, collectively known as
the core polymerase. The term “holoenzyme” refers to a complete and fully
functional enzyme, which includes the core polymerase and the ¢ factor.

7.2.2  Viral DNA-dependent RNA polymerases

Bacteriophage T7 RNA polymerase (T7 RNAP) is an ideal case study of the
DNA-dependent RNA polymerase family due to the solution of several T7
RNAP structures that led to significant understanding of the functional
aspects of its transcription.>” T7 RNAP consists of one subunit and does not
share an apparent sequence or structural homology with multisubunit
DNA-dependent RNA polymerases (in bacteria and eukaryotes). However,
T7 RNAP shares structural homology to mitochondrial and chloroplast RNA
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polymerase and to DNA polymerases of family A (related to E. coli DNA
polymerase I).

The structure of T7 RNAP morphologically resembles the anatomy of a
right hand with subdomains referred to as “thumb,” “fingers,” and “palm”
(Figure 7.2 shows the T7 RNAP/DNA “open” complex?). The active site is
located in a deep pocket bounded by the thumb, fingers, and palm subdo-
mains, as well as the N-terminal domain common to RNA polymerases. The
fingers domain offers contacts to handle the DNA template strand through
its DNA binding motifs; the palm domain constitutes an appropriate surface

Fingers

N-terminal domain

Figure 7.2 Crystal structure of T7 RNAP/DNA open complex (PDB 1CEZ
[Cheetham, G.M. et al., Nature, 399, 80-83, 1999] Protein Explorer).
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to accommodate DNA, incoming ribonucleotide triphosphate (rNTP), and
two catalytic Mg2* ions. The thumb domain stabilizes the elongation complex
and the N-terminal domain plays an important role in DNA recognition,
formation of the transcription bubble, and transcription cycling via confor-
mational change.

7.2.3  Eukaryotic DNA-dependent RNA polymerases

Unlike prokaryotes, eukaryotes have several RNA polymerases: a mitochon-
drial polymerase (and a chloroplast polymerase in plants) and three nuclear
polymerases. We will focus on the nuclear RNA polymerases, which consist
of three distinct classes: I, II, and III. RNA Pol I is localized in the nucleolus
and is responsible for the synthesis of a transcript called preribosomal RNA
that contains the precursor for rRNA genes (except 5S rRNA). RNA Pol I,
which is present in the nucleoplasm, is involved in the transcription of all
protein genes and most snRNA genes. RNA Pol IIl is also localized in the
nucleoplasm — specifically, outside the nucleolus — and functions to tran-
scribe 55 rRNA, tRNA, U6 snRNA, and some small RNA precursors.

In yeast, each DNA-dependent RNA polymerase consists of two large
subunits and 12 smaller subunits encoded by the RPB1 to RPB12 genes
(Figure 7.1B and Figure 7.3).8° Extensive structural conservation takes place
among the subunits of eukaryotic RNA Pol II as evidenced by six subunits
of human RNA Pol II that can functionally replace their yeast counterparts.'?
The Rpb1, Rpb2, Rpb3, and Rpb1l subunits of RNA Pol II are homologous
to subunits of RNA Pol I and III. Rpb5, Rpb6, Rpb8, Rpb10, and Rpb12 are
common to all three RNA polymerases. Only Rpb4, Rpb7, and Rpb9 are
unique to RNA Pol II. Thus, RNA polymerases are assembled from common
as well as class-specific subunits. Ten of the yeast genes encoding RNA Pol
II subunits are essential for cell viability, whereas deletion of the RPB4 or the
RPB9 gene confers conditional growth phenotypes. Mutations in RPB9
apparently affect start site selection.

The two largest RNA Pol II subunits, Rpb1 (~200 kDa) and Rpb2 (~150
kDa), are the most highly conserved subunits and are homologous to the
E. coli subunit 3" and subunits, respectively. Rpb1 has an unusual structural
feature not found in prokaryotes, specifically a long C-terminal “tail” known
as the C-terminal domain (CTD; discussed later). Not surprisingly, the struc-
tural similarity between Rpb1/B” and Rpb2/f3 extends to functional similar-
ity. Rpbl and P’ are involved in DNA binding, whereas Rpb2 and 3 bind
nucleotide substrates. Rpbl and Rpb2 participate in the catalytic site of the
RNA polymerase.

Rpb3 (45 kDa) is related to the o subunit of bacterial RNA polymerase
based on partial amino acid sequence similarity, size similarity, identical
subunit stoichiometry (two per molecule), and assembly defects associated
with mutationsin either subunit.!! Limited mutational analysis revealed that
Rpb3 is involved in RNA Pol II assembly.!> Rpd4 (32 kDa) also shares sig-
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Figure 7.3 Crystal structure of the yeast RNA Pol II (PDB 1I50 [Cramer, P. et al.,
Science, 292, 1863-1876, 2001] Protein Explorer). Subunits are numbered from 1 to 12.
The structure lacks subunits 4 and 7.

nificant sequence similarity with the ¢ factor of E. coli and thus is thought
to be involved with promoter recognition.

Rpb?7 is functionally related to Rpb4 and both subunits can be dissociated
from RNA Pol II. RNA Pol I purified from an rpb4 null mutant lacks Rpb?7.
This form of RNA Pol II is indistinguishable from wild-type RNA Pol II in
an in-vitro elongation assay but is inactive in promoter-directed transcription
initiation. Furthermore, an inactive RNA Pol Il with a defective form of Rpb1
could complement the Rpb7-less form of RNA Pol II in vitro. These results
demonstrate that Rpb4 and Rpb?7 function in transcription initiation and
suggest that they can shuttle between RNA Pol II molecules.

The 2.8-A crystal structure of yeast RNA Pol II alone'® and of the 3.3-A
crystal structure of the elongation complex have been solved by Kornberg
and coworkers.!* The crystal structure of yeast RNA Pol II lacks the critical
subunits Rbp4 and Rbp7; both subunits have not been amenable to crystal-
lization. The CTD structure is disordered and not observed in the molecular
coordinates.
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Figure 7.4 Crystal structure of the yeast RNA Pol II (PDB 1150 [Cramer, P. et al.,
Science, 292, 18631876, 2001] Protein Explorer).

The general structural features of yeast RNA Pol II are displayed in
Figure 7.4. Three border regions of a large cleft exist and are termed “clamp,”
“jaws,” and “wall.” A bridging helix is located in Rbp1 (residues 831 to 843)
and separates the active site and the next downstream base in the template
DNA strand. Near the bridging helix a pore traverses the molecule with the
active site magnesium situated in the pore. The pore is the only entry for
rNTP substrates because the RNA/DNA hybrid blocks entry of nucleotides
from above the elongation complex.

The clamp domain plays crucial roles in the process of transcription.
Figure 7.5 and Figure 7.6 show the clamp domain in two conformations:
“open” in the case of enzyme structure’® and “closed” in the elongation
complex structure,' respectively. The closing of the clamp in the elongation
complex involves a shift of some amino acid residues by as much as 30 A.
As a result of clamp closure, downstream DNA and RNA/DNA hybrid in
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Figure 7.5 Crystal structure of the yeast RNA Pol II (PDB 1150 [Cramer, P. et al.,
Science, 292, 1863-1876, 2001] Protein Explorer) showing the clamp domain in the
open conformation.

the elongation complex are unable to dissociate from the enzyme molecule,
leading to high processivity. The clamp therefore may function as a built-in
processivity element.

Evidence from molecular modeling also indicates that the clamp domain
plays important roles in DNA strand separation and as the DNA exit domain
formed by two structural features: the rudder and the lid loops.!> The rudder,
lid, and zipper are three loops that protrude from the clamp domain. The
rudder loop may separate RNA from DNA at the upstream end of the hybrid.
The lid and zipper loops might maintain the upstream end of the transcrip-
tion bubble (Figure 7.7).
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Figure 7.6 Crystal structure of the yeast RNA Pol II elongation complex (PDB 116H
[Gnatt, A.L. et al., Science, 292, 1876-1882, 2001] Protein Explorer) showing the clamp
domain in the closed conformation.

The jaw domain consists of subunits Rpb1l and Rpb9. This domain is
suggested to play an important role in binding and stabilizing the position
of downstream DNA. Mobility of the jaws would allow them to open or
close on the downstream DNA, providing DNA with higher degrees of
freedom for movement and increasing the B-factors of DNA/RNA hybrid.
The wall border is involved in direct binding of nucleic acid. Additionally,
a structural feature, referred to as the “funnel,” is located below the active
site and serves with the pore as an entry for the rNTP (Figure 7.7).

7.2.4  Mechanism of DNA-dependent RNA polymerases

Synthesis of RNA exhibits several features synonymous with DNA replica-
tion. For example, RNA synthesis requires accurate and efficient initiation
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Upstream
DNA

Downstream

Figure 7.7 Schematic architecture of the yeast RNA Pol II elongation complex. The
RNA transcript is shown in a dashed curve. The solvent-exposed stretches of DNA
template and RNA transcript were disordered in the crystal structure. (Redrawn from
Cramer, P., Curr. Opin. Struct. Biol., 12, 89-97, 2002, by the authors using Microsoft
Word drawing tools).

and elongation proceeds in the 5* — 3’ direction (i.e., the polymerase moves
along the template strand of DNA in the 3° — 5" direction). The RNA
3’-hydroxyl group acts as a nucleophile, attacking the o-phosphate of the
incoming ribonucleoside triphosphate and releasing pyrophosphate. In
incorporating the correct nucleotides, the polymerases follow Watson—-Crick
base pairing requirements. However, transcription exhibits several features
distinct from DNA replication. Unlike DNA replication, transcription does
not require a primer to initiate RNA synthesis. Additionally, transcription
initiates in prokaryotes and eukaryotes from many more sites than DNA
replication and occurs when RNA polymerases recognize specific DNA
sequences called “promoters.” Furthermore, RNA synthesis requires distinct
and accurate termination.
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RNA polymerases proceed at a rate much slower than the replicative
DNA polymerases (approximately 50 to100 bases/sec for RNA synthesis vs.
~1000 bases/sec for DNA synthesis). RNA polymerases have high proces-
sivity (i.e., the average number of nucleotides incorporated before a poly-
merase dissociates) because RNA polymerases cannot resume the synthesis
of the prematurely released RNA without starting over. On the other hand,
DNA polymerases vary widely in processivity.

Although lacking the 3" = 5 proofreading exonuclease activity that can
be found in replicative DNA polymerases, RNA polymerases can detect the
mismatched base pairs within the DNA/RNA hybrid. The distortion of the
hybrid by misincoporation results in the reverse movement of the RNA
polymerase, known as “backtracking.”!® However, the removal of a misin-
corporated base requires extrinsic cleavage factors (Gre proteins in bacteria
and SII/TFIIS in the Pol II system). RNA polymerases make about one error
for every 10 to 10° ribonucleotides incorporated in the RNA strand; the error
rate for replicative DNA polymerases is about one mistake per 10° to 108
nucleotides. The fidelity of RNA polymerases is thus much lower than that
of replicative DNA polymerases. This is tolerable because the aberrant RNA
molecules can simply be turned over while new correct molecules are made.
Moreover, a mistake in an RNA transcript is of less consequence to cell
survival than a mistake in the permanent codes stored in DNA.

7.2.4.1 E. coli RNA polymerase

The holoenzyme of E. coli DNA-dependent RNA polymerase is composed
of the core enzyme and the transiently associated ¢ subunit (see Section 7.2.1
and Figure 7.1A). The ¢ subunit is required for accurate initiation of tran-
scription by providing the polymerase with the proper cues when a start
site has been encountered. The efficiency of DNA and the RNA polymerase
binding required for the basal level of transcription in E. coli is affected by
the variation in specific consensus sequences on the promoter and the spac-
ing between these sequences. In prokaryotic and eukaryotic transcription,
the first incorporated ribonucleotide is a purine triphosphate. Nucleotide
addition continues until specific termination signals are encountered.
Following termination, the core polymerase dissociates from the tem-
plate. The core and the ¢ subunit can then reassociate to form the holoen-
zyme again, ready to initiate another round of transcription. Transcriptional
termination occurs in E. coli by factor-dependent and factor-independent
means. Two structural features of all E. coli factor-independent terminating
genes have been identified. One is the presence of two symmetrical GC-rich
segments capable of forming a stem-loop structure in the RNA and the
second is a downstream A-rich sequence in the template. The formation of
stem loop in the RNA destabilizes the association between the RNA poly-
merase and the DNA template. This is further destabilized by the weaker
nature of the AU base pairs formed between the template and the RNA
following the stem loop. This leads to dissociation of the polymerase and
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termination of transcription.!” The transcription of most E. coli genes is ter-
minated by this method.

Factor-dependent termination requires the recognition of termination
sequences by the termination protein, rho (p factor). The p factor is a homo-
hexameric protein that has an RNA-binding domain and an ATP-binding
domain, capable of catalyzing ATP-coupled translocation of a polymerase
along an RNA transcript.!® The factor recognizes and binds to sequences in
the 3’ portion of the RNA. This binding destabilizes the interactions between
the RNA polymerase and the DNA template, leading to dissociation of the
polymerase and termination of transcription.

7.2.4.2 T7 phage RNA polymerase

In bacteriophage, sequence-specific recognition of the duplex promoter is
accomplished by specific T7 RNAP/DNA interactions, which involve the
major and minor grooves of DNA (see Section 7.2.6 for more detail). In
their crystal structure model of T7 RNAP/DNA initiation complex,
Cheetham et al. suggested the reasons why T7 RNAP can initiate transcrip-
tion from a single priming nucleotide depending on structural perspec-
tives.* First, RNAP binds specifically to the promoter and positions the
template at the enzyme active site. Second, the aromatic side chain of Trp422
stacks on the template base T-1 (Figure 7.8), bending the template strand
to orient the template base position at +1 for the priming ribonucleotide.
Finally, His811 is shown to form hydrogen bonding with the 2’-OH of the
priming nucleotide that preferentially selects priming ribonucleotides over
deoxyribonucleotides.

During the early stages of transcription, T7 RNAP forms an unstable
initiation complex that synthesizes and releases RNA transcripts that are
two to eight nucleotides in length. This phenomenon is known as the “abor-
tive phase of transcription” and is a general feature of all RNA polymerases.
One of the major factors that help to trigger the transition from abortive
initiation to elongation is the stability of interaction between the heterodu-
plex and its binding site.

Two main models have been proposed to explain how transcription ini-
tiation and elongation dynamics proceed by T7 RNAP. The first model, called
“protein inchworming,” requires that the DNA recognition activity and poly-
merase activity of the enzyme reside on different domains and move inde-
pendently of each other as RNA elongates. The second model, known as the
“DNA scrunching” model, keeps the enzyme structure unchanged but
requires that the template and the non-template DNA strands be progres-
sively accommodated to accumulate the transcription bubble in the active site.

However, three recent structures have been reported to end this debate.
The first is a 2.4-A resolution structure of the T7 RNAP initiation complex
captured transcribing an RNA trinucleotide from a 17 base pair promoter
DNA containing a 5-nucleotide single strand extension, reported by
Cheetham and Steitz.> In support of the DNA scrunching model, the struc-
ture exhibited that the template strand has accumulated into the active site
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Figure 7.8 Crystal structure of T7 RNAP/DNA open complex (PDB 1CEZ
[Cheetham, G.M. et al., Nature, 399, 80-83, 1999] Protein Explorer). The aromatic side
chain of Trp422 stacks on the template base thymine -1.

pocket to place positions +3 and +4 of the template strand at the catalytic
site. Furthermore, the structure showed that His784 and Gly542 form a steric
gate to the incoming nucleotide, which allows T7 RNAP to incorporate
ribonucleotides in preference of deoxyribonucleotides (Figure 7.9). Biochem-
ical evidence indicates that Tyr639 plays an important role in this type of
nucleotide specificity during elongation. Site-directed mutagenesis of
Tyr639Phe reduces the T7 RNAP nucleotide preference!® and double mutant
Tyr639Phe, Ser641Ala allowed its use for preparative synthesis of hybrid
DNA /RNA-polynucleotide products for use as templates for reverse tran-
scriptase (the so-called mixed polynucleotide).?

Although it provided valuable structural information about the
sequence-specific recognition and RNA transcription in the early initiation
phase, Cheetham and Steitz’s structure of the T7 RNAP initiation complex
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Figure 7.9 Crystal structure of the T7 RNAP/DNA initiation complex: binding motifs
and structural features (PDB 1QLN [Cheetham, G.M. and Steitz, T.A., Science, 286,
2305-2309, 1999] Protein Explorer).
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could not present conclusive evidence for the mechanism by which T7 RNAP
extends RNA transcript in the late initiation and the elongation phases. The
final mechanism has yet to be proven experimentally.

Recently, a second crystal structure has been solved by the Yin and
Steitz.® The 2.1-A resolution structure of the T7 RNAP elongation complex
with 30 base pairs of duplex DNA contains both a transcription bubble and
a 17-nucleotide RNA transcript.® These researchers reported that the N-ter-
minal domain changed its shape and tertiary structure substantially, com-
pared to the structure of the initiation complex. As a consequence, the pro-
moter-binding site is destroyed. Two new conformational features are
created: a channel that accommodates the heteroduplex at the active site and
an exit tunnel through which an RNA transcript can pass (Figure 7.10). These
structural features show that T7 RNAP changes progressively to accommo-
date the RNA/DNA hybrid as it grows which, in turn, is compelling evi-
dence for elongation by the polymerase inchworming mechanism.

This evidence has been simultaneously supported by the 2.9-A crystal
structure of the elongation complex, consisting of T7 RNAP, 8 bp RNA/DNA
hybrid and 10 bp of downstream DNA, reported by Tahirov et al.” Thus, the
crystal structures discussed here present a dynamic picture of how T7 RNAP
transcribes RNA; RNA extends in the abortive phase by the DNA scrunching
mechanism while transcription elongation proceeds by the RNAP inch-
worming mechanism.

7.2.4.3 Eukaryotic RNA polymerases

In eukaryotes, an assembly of polymerase and general transcription factors
(at least six TFs: TFIIA, B, D, E, F, and H) is required for RNA Pol II to bind
a promoter. Figure 7.11 summarizes the sequence of events of transcription
initiation and elongation as a simplified model of transcription by eukaryotic
RNA Pol II in vivo.?! First, TATA-binding protein (TBP) binds to the TATA
box. The TATA box is the TATAAA sequence present 25 to 30 base pairs (bp)
upstream of the transcription start site (note that an initiator element (Inr)
is defined as a discrete core promoter element and is functionally similar to
the TATA box). The two elements act synergistically when separated by 25
to 30 bp, but act independently when separated by more than 30 bp.

Next, TFIIB binds TBP. This binding is stabilized by TFIIA or TFIID. The
DNA /TBP/TFIIB complex is next bound by another complex consisting of
TFIIF and RNA Pol II, forming the open complex. TFIIF helps target RNA
Pol II to its promoter by reducing nonspecific polymerase/DNA binding.
Finally, TFIIE and TFIIH bind and create the closed complex. TFIIH possesses
DNA-helicase activity that promotes the unwinding of DNA near the RNA
start site. This process requires ATP hydrolysis and can be performed by the
kinase activity of TFIIH, which results in phosphorylation of RNA Pol II at
several places in the CTD. The function of TFIIH extends from mediating
initiation to playing an essential role in nucleotide-excision repair of the
DNA lesions. The genetic loss of TFIIH subunits causes genetic diseases
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N-terminal domain

Figure 7.10 Crystal structure of the T7 RNAP elongation complex. Two conforma-
tional features are exhibited: a channel that accommodates the heteroduplex in the
active site and an exit tunnel through which the RNA transcript can pass (PDB IMSW
[Yin, W.S. and Steitz, T.A., Science, 298, 1387-1395, 2002] Protein Explorer).

(xeroderma pigmentosa is an example; for more details about the RNA Pol
II core promoter and protein regulators, see Smale?? and Shilatifard et al.%).

The RNA Pol II phosphorylation is followed by a conformational change
in the overall complex, thus triggering initiation of transcription. During the
synthesis of the initial 60 to 70 nucleotides of RNA, TFIIE and, subsequently,
TFIIH are released and RNA Pol II enters the elongation phase. During
elongation, TFIIF remains bound to RNA Pol II and affects the activity of the
enzyme. After elongation is completed, RNA Pol II is dephosphorylated by
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Figure 7.11 Transcription of RNA Pol II promoter. First, the TATA-binding protein
(TBP) binds to the TATA box. Then, TFIIB binds TBP; this binding is stabilized by
TFIIA or TFIID. DNA/TBP/TFIIB complex is next bound by another complex con-
sisting of TFIIF and RNA Pol II, forming the open complex. Finally, TFIIE and TFIIH
bind to create the close complex. TFIIH has kinase activity that phosphorylates RNA
Pol II at several places in CTD. The RNA Pol II phosphorylation is followed by a
conformational change in the overall complex and the transcription initiation is trig-
gered. During the synthesis of the initial 60 to 70 nucleotides of RNA, first TFIIE and
subsequently TFIIH are released and RNA Pol II enters the elongation phase. During
elongation, TFIIF remains bound to RNA Pol II, affecting the activity of the enzyme.
Finally, RNA Pol II is dephosphorylated by phosphatases and recycled (not shown).
(This figure was redrawn by the authors from Nelson, D.L. and Cox, M.M.,, in Leh-
ninger Principles of Biochemistry, chap. 26, 987-990, 2000, New York: Worth Publishers,
Incorporated, using Microsoft Word drawing tools.)
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various phosphatases, transcription is terminated, and RNA Pol Il is recycled.
However, this model has been recently challenged by the finding that the
holoenzyme exists where Pol II can associate with various TFs in the absence
of the promoter DNA to form the “ready to work” initiation complex.24%

Achieving X-ray structures of large protein complexes invariably
encounters numerous obstacles, starting from the purification of a large
amount of material and stabilizing the complex in the crystal to solving the
phase problem. Due to the significant efforts by Kornberg and coworkers,
in-depth information about the mechanism by which RNAP II transcribes
DNA has been available through X-ray structural snapshots. Their crystal
structure model of RNA Pol II/DNA elongation complex provides valuable
information about the transcription mechanism, enzyme/DNA interactions,
and structure of the enzyme active site with the two metal ions.!

The two-metal ion mechanism is a proposed model for all RNA poly-
merases. In the case of single subunit polymerases, metal A interacts with
the o-phosphate of the incoming rNTP and metal B binds all three phosphate
moieties of the rNTP. In the yeast RNA Pol II elongation complex structure,
metal B has low occupancy in the transcribing complex structure because it
leaves with the pyrophosphate after nucleotide addition. The location of
metal A in the transcribing complex is appropriate for binding the phosphate
group between the nucleotide at the 3-end of the RNA and the adjacent
nucleotide, designated +1 and -1, respectively (position +1 in the transcrib-
ing complex is that of a nucleotide just added to the growing RNA). Metal
A is bound and stabilized by three aspartate residues, Asp481, Asp483, and
Asp485, located at the enzyme active site (Figure 7.12).

Results from eukaryotic RNA Pol II suggest that RNA elongation occurs
by the DNA scrunching mechanism (a template translocation as a result of
RNA polymerase catalysis).2® Following this model, the addition of a nucle-
otide is followed by translocation of the DNA/RNA hybrid with respect to
the active site, which accommodates the next position of the template relative
to the metal ion. This mechanism is accompanied with a conformational
change in the bridging helix: from a “straight” state to a “bend” state and
recycled back to a straight state (see Figure 7.12 for the straight conforma-
tion). The bridging helix is also involved in the RNA Pol II proofreading and
repair mechanisms. After incorporation of an incorrect nucleotide in the
RNA transcript, the bridging helix separates RNA from DNA at the down-
stream edge of the hybrid during backtracking, mediating the removal of an
RNA stretch by transcript cleavage factors.

7.2.5 Regulation of RNA polymerases
7.2.5.1 E. coli and T7 RNA polymerases

The activities of the bacterial and eukaryotic transcription initiation complexes
are regulated in response to environmental, developmental, and cell-type
signals. In most cases, regulation is mediated by factors that bind to specific
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Figure 7.12 Crystal structure of the yeast RNA Pol II active site showing metal A
(Mg?) and bridging helix in the straight conformation; refer to Gnatt, A.L. et al,,
Science, 292,1876-1882,2001, for the modeled bridging helix in the bend conformation
(PDB 1I6H, Protein Explorer).

DNA sites in or near a promoter and inhibit (repressors) or stimulate (activa-
tors) one or more of the steps of the transcription initiation pathway.

Cyclic AMP receptor protein is an example of transcription activators in
E. coli. When E. coli is grown in the absence of sugars other than glucose,
the binding of cyclic AMP receptor protein activates transcription of more
than 20 RNA transcripts that code for the enzymes that metabolize these
sugars. The 3-A resolution crystal structure of the cyclic AMP receptor pro-
tein and DNA complex suggests that the cyclic AMP receptor protein induces
a 90° hairpin bend in the DNA that might facilitate the contacts between the
RNA polymerase and DNA.%”

In bacteriophage T7, T7 lysozyme inhibits T7 RNAP by producing an
allosteric conformational change in the enzyme (Figure 7.13). This confor-
mational change modifies the necessary active site structure required for
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Figure 7.13 Crystal structure of T7 phage RNA polymerase complexed with T7
lysozyme (PDB 1ARO [Jeruzalmi, D. and Steitz, T.A., Embo ]., 17, 4101-4113, 1998]
Protein Explorer).

substrate binding. The 2.8-A resolution crystal structure of the T7 RNAP/
T7lysozyme complex reveals that the C-terminus dipeptide Phe882-Ala883
plays a crucial role in this mechanism.® In the absence of bound promoter,
Phe882-Ala883 can be cleaved in solution by carboxypeptidase A. During
transcription initiation, this terminus is bound to a hydrophobic pocket
beneath the palm domain, rearranging the catalytic pocket at the active site
to stably bind rNTP and RNA. However, Phe882-Ala883 adopts an extended
conformation in the TRNAP/T7 lysozyme complex that, in turn, destabilizes
the conformation of the active site.
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7.2.5.2 RNA Pol 1I

The ultimate goal of any transcriptional control process is to govern the
recruitment and activity of RNA polymerase II. Unless Pol II can initiate
transcription at the 5" end of a gene and successfully transcribe the complete
message, a protein product cannot be produced. Not surprisingly, therefore,
Pol Il is a target for regulation.

7.2.5.2.1 Carboxy-terminal repeat domain. The carboxy-terminal
domain performs important regulatory roles in all major steps of mRNA
formation, including transcription initiation and elongation, capping, splic-
ing, and 3’-end processing (reviewed in Proudfoot et al.?® and Hampsey®).
The CTD of the largest RNA Pol II subunit comprises tandem repeats of a
heptapeptide consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser, which is
highly conserved with varied repeat lengths among eukaryotic organisms.
The repeat length appears to increase with increasing genome complexity,
with 27 repeats in yeast Rpbl, 34 repeats in the C. elegans CTD, 45 repeats
in the Drosophila CTD, and 52 repeats in the mouse and human CTD.

The CTD is differentially phosphorylated by multiple kinases during the
transcription cycle.®*3! RNA Pol II in vivo has two forms: the first, IIO, is
extensively phosphorylated at the CTD and found in the elongating complex,
whereas form IIA is hypophosphorylated and preferentially enters the prein-
itiation complex.* Form IIA is converted to IIO concomitant with or shortly
after initiation, suggesting that CTD phosphorylation regulates transcription
initiation.?® Although several kinases have been reported to mediate phos-
phorylation of the RNA Pol II CTD (reviewed in Prelich®) — including
Cdk7/Kin28, Cdk8/Srb10, Cdk9/P-TEFb, CTDK-1, and Sgvl/Burl — it
remains to be determined whether these CTD kinases affect different steps
in the transition from initiation to elongation.

Much less is known about the dephosphorylation process of the CTD.
The CTD phosphatase called Fcpl is regulated by TFIIB and TFIIF. The
RAP74 subunit of TFIIF stimulates Fcpl phosphatase activity, whereas TFIIB
inhibits the stimulatory activity of TFIIE.34% The role of Fcp1 in counteracting
CTD kinase activity remains to be elucidated within the context of the tran-
scription cycle.

7.2.5.2.2  Ubiquitylation. Ubiquitylation of RNA Pol Il also plays a role
in transcriptional control. When eukaryotic cells are exposed to DNA-dam-
aging agents, one of their first priorities is to repair transcriptionally active
genes.’”™ This is achieved, in part, when active RNA Pol II stalled at a DNA
lesion is ubiquitylated and presumably destroyed by the proteasome. The
removal of RNA Pol I is then followed by the coordinated recruitment of the
DNA-repair machinery and repair of the damaged DNA. Thus, in this pro-
tective strategy known as the transcription-coupled repair (TCR) mechanism,
cells are able to use Pol II to probe for DNA damage and shut down expression
of the genetic information until damaged DNA segments are corrected.
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How does the proteasome machinery recognize transcriptionally active,
but stalled, RNA polymerase molecules? One way is through phosphoryla-
tion events in the CTD of the largest subunit of Pol II. Because the phospho-
rylation status of the RNA Pol Il CTD changes during transcription and CTD
phosphorylation promotes RNA Pol II ubiquitylation,*® it has been suggested
that a specific pattern of CTD phosphorylation shown by a stalled poly-
merase could function as a direct signal for ubiquitylation.

7.2.6  Protein/DNA interactions and binding motifs

Direct binding of various amino acid residues of a polymerase to an RNA/
DNA hybrid is essential for positioning of nucleic acids at the active site and
stability of the complex. The most common protein/DNA binding motifs
adopt an o-helical secondary structure, which is inserted in the major groove
of the DNA.

Discrimination between the T7 promoter and other DNA sequences by
T7 RNAP is directly accomplished by a less common antiparallel B-strand
motif inserted into the DNA major groove through a hydrogen-bonding
network (Figure 7.9). This B-motif is known as a specificity loop (residues
739 to 770) and is located at the insertion between the polymerase fingers
and palm domains. Furthermore, the N-terminal domain of T7 RNAP indi-
rectly recognizes a specific AT-rich sequence by inserting a flexible surface
loop (residues 93 to 101) into the minor groove.

In addition to its role in sequence-specific recognition, the N-terminal
domain facilitates transcription bubble formation through the intercalating
B-hairpin loop (Figure 7.9). This loop plays an important role in melting the
promoter by stacking Val237 on base G-5. All these structural features have
been reported in the crystal structure of the DNA /T7 RNAP initiation complex.®

Elongation complexes, on the other hand, display different DNA binding
motifs due to the protein conformational change. For example, a loop (res-
idues 593 to 610) and a helix-turn-helix fragment (residues 647 to 675) form
a channel that accommodates the nontemplate strand and extends to the
template strand exit.” Furthermore, the specificity loop moves sideways in
the elongation complex to become part of the RNA transcript exit tunnel.®

Eukaryotic RNA polymerases have little affinity for their promoters
because DNA recognition is almost entirely performed by the action of
activator proteins. Most polymerase/DNA interactions are therefore non-
specific in nature. For yeast RNA Pol II, the stability of the polymerase/
DNA elongation complex is determined by a few structural and biochemical
factors. The clamp closure determines the basal level of elongation complex
stability. As the DNA/RNA hybrid reaches 9 to 10 bases, the RNA and DNA
contact the rudder and lid loops, which separate the DNA and RNA (Figure
7.7). The growing RNA chain can then reach and bind the RNA-binding
channel at a length of 13 to 15 bases. Finally, the transcript exits the
RNA-binding channel at a length of 18 to 20 bases.
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The increased contact of the single-stranded RNA transcript to the RNA
exit channel increases the stability to the complex. DNA duplex unwinding
is performed by specific protein interactions. Two elements, known as “forks,”
are suggested to maintain the transcription bubble in the yeast RNA Pol II
elongation complex. Fork loop 1 is in the vicinity of Rpb 2 residue 470 and
fork loop 2 is in the Rpb2 cleft domain (Figure 7.7). The structure of DNA
helix unwinding is prohibited by the disordering of the nontemplate strand
as well as the disorder in several residues of fork loop 2. The crystal structure
of the yeast RNA Pol II elongation complex reported the burying of 3400 A2
of surface area in protein/nucleic acid interface. Although the crystal struc-
ture exhibits such strong DNA-binding characteristics, these interactions do
not interfere with translocation of nucleic acid during transcription.

The mobility of DNA is allowable for three reasons:!*

* Most of the interactions are with the sugar-phosphate backbone with
a significant lack of base specificity.

® Several amino acid side chains interact with two phosphate groups
along the DNA backbone simultaneously, which may reduce the free
energy of translocation.

e Formation of a positively charged electrostatic feature called the “sec-
ond shell” around the hybrid at a distance 4 to 8 A may attract the
hybrid without restraining its movement.

In the yeast RNA Pol II active site, polymerase/ DNA nonspecific inter-
actions play an important role in transcription. Nonspecific interactions at
the active site take the form of van der Waals contacts between the enzyme
and various nucleotide bases at the end of the hybrid, position +1, through
Thr831 and Ala832 of the Rbp1 bridging helix (Figure 7.12). The alignment
of the nucleotide base at position +1 is believed to be stabilized by these
interactions after the bridging helix undergoes a conformational change
(back from the bend state to the straight state) and DNA simultaneously
undergoes the coupled translocation at the active site.

7.3 Viral RNA-dependent RNA polymerases
7.3.1 Poliovirus polymerase

Poliovirus, the prototype picornavirus , is among the most diverse and oldest
known viruses and is closely related to several medically important viruses,
including rhinoviruses, hepatitis A virus, coxsackieviruses, and echoviruses.
RNA replication by poliovirus RNA Pol is distinct from eukaryotic RNA
Pol II in that it does not involve a nuclear phase, occurring within large
protein complexes associated with the membranes of virus-induced cyto-
plasmic vesicles.®

Polovirus replication is a two-step process, beginning with the synthesis
of a complementary minus strand. That strand, in turn, serves as a template
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for the production of plus-strand RNA. The replication initiation in polio-
virus RNA synthesis is the covalent linkage of the 5-phosphate of UMP to
the hydroxyl group of a tyrosine in a terminal protein VPg (a small protein
covalently linked to the 5-end of the plus-stranded poliovirus genomic
RNA that initiates transcription of the poliovirus genome).%4! Although
viral replication occurs in large protein complexes in vivo, purified poliovi-
rus RNA polymerase alone (3Dr°)) is capable of elongating primed template
RNAs in vitro.4?

Highly purified poliovirus polymerase, a 52-kDa protein, shows a high
degree of cooperativity in terms of RNA binding and template utilization,
suggesting a possible role of polymerase/polymerase interactions for effi-
cient RNA replication.*** Data in support of polymerase/polymerase inter-
actions have also come from interactions observed in the yeast two-hybrid
system,® from glutaraldehyde cross-linking,* and from the three-dimen-
sional structure of the polymerase.*® At present, the exact composition of the
polio replication complex is not clear. In addition to 3Dr?!, this complex may
contain viral vectors 3AB, 3CD, and 3B. 3AB and 3CD are required primarily
to establish an initiation complex, possibly by recruiting 3Dre.#” 3AB, the
precursor of the VPg, is an RNA-binding protein, capable of interacting with
3Drel 484 that possibly stimulates elongation of nascent RNA or enhances
the efficiency of primer utilization.

The X-ray crystal structure of the Mahoney type 1 poliovirus
polymerase® shows that this polymerase has a typical topology observed
for reverse transcriptases and other DNA polymerases and can be compared
with a cupped right hand with fingers, palm, and thumb subdomains (Figure
7.14). The polymerase molecules interact within the crystal lattice via two
extensive polymerase/polymerase interfaces, referred to as Interface I and
Interface II (Figure 7.14 shows interfaces I and II in light gray and black
colors, respectively).

These interactions are much more extensive than those typically
observed for crystal-packing interactions, with Interface I alone burying a
total of 2180 A2 of solvent-accessible surface area. Amino acid residue muta-
tions predicted to disrupt interface I are lethal to the virus and reduce
RNA-binding affinity.>*>* The X-ray structural observation is further con-
firmed by the results of electron microscopy, which show the purified 3Dre!
forms planar and tubular oligomeric arrays. Membranous vesicles isolated
from poliovirus-infected cells contain structures consistent with the presence
of two-dimensional polymerase arrays on their surfaces during infection.>®
Thus, host cytoplasmic membranes may function as physical foundations
for two-dimensional polymerase arrays, conferring the advantages of surface
catalysis to viral RNA replication.

7.3.2 HCV RNA-dependent RNA polymerase NS5B

Hepatitis C (HCV) virus possesses an RNA-dependent RNA polymerase
NS5B, which is essential for viral replication and infectivity.*® NS5B is a
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Figure 7.14 Crystal structure of the RNA-dependent RNA polymerase of poliovirus
(PDB 1IRDR [Hansen, J.L. et al., Long, A.M., and Schultz, S.C., Structure, 5, 1109-1122,
1997] Protein Explorer). Interface I is shown as a light gray ribbon in the thumb domain.
The black color ribbons in the thumb and the fingers domains form interface II.

65-kDa membrane-associated phosphoprotein.’” Sequence analysis reveals
four motifs including a GDD motif that is conserved among polymerases
from positive-stranded RNA viruses.’% NS5B copies long heteropolymeric
templates with an estimated elongation rate of 150 to 200 nucleotides per
minute at 22°C.%0

Due to detection of dimer-sized, hairpin-like RNA molecules using large
heteropolymeric templates derived from the HCV RNA genome, HCV rep-
lication was first proposed to go through a “fold-back” priming mecha-
nism.>#! However, NS5B has recently been shown to synthesize a full-length
HCV genome in vitro in a template-dependent and primer-independent man-
ner.®2% Thus, NS5B does not require a separate primer or a folded-back
3’-template end as a primer. Instead, it recognizes the specific sequences and
structures at the 3’-termini of the plus and minus strands of the HCV RNA
genome for the initiation of RNA synthesis.®?¢> NS5B uses mono-, di-, or
trinucleotides efficiently to initiate de novo RNA synthesis.® Interestingly, it
has been shown that a high concentration of rGTP stimulates RNA synthesis
by NS5B by up to two orders of magnitude.®”

NS5B has been found to interact physically and functionally with several
HCV proteins, including NS3 (a protease/helicase),®® N54B (a hydrophobic
protein of unknown function),®® NS5A (containing an interferon sensitivity
determining region),” and core protein.” NS3 dramatically modulates tem-
plate recognition by NS5B and changes the synthetic products generated by
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this enzyme.®® The use of an NTPase-deficient mutant form of NS3 demon-
strates that the NTPase activity (and thus helicase activity) of this protein is
specifically required for these effects. NS4B is found to be a negative regu-
lator of the NS3/NS5B replication complex.®® NS5A modulates HCV repli-
cation by interaction with NS5B as a component of the replication complex.*
Overall, these results suggest that NS5B, NS3, NS4B, NS4A, core, and pos-
sibly, other viral and cellular cofactors, form a replication complex that
catalyzes HCV replication.

7.3.2.1 The crystal structure of NS5B

A detailed view of HCV NS5B was revealed by its crystal structures.”»”2 HCV
NS5B adopts a typical polymerase structure that resembles the human right
hand with subdomains termed palm, fingers, and thumb. Palm motif
includes the highly conserved residues (Asp220 and Asp318) responsible for
the nucleotide transfer reaction at the active site. Interestingly, the active site
of HCV NS5B is completely in the crystal structure owing to extensive
interactions between the fingers and thumb domains in the absence of RNA
and nucleotide substrates.

Figure 7.15 shows the thumb/fingers interdomain linkage through two
insertion loops: short loop (loop 1, light gray color, residues 139 to 160) and
longer loop (loop 2, black color, residues 11 to 45). The fingers and thumb
domains are therefore not free to undergo a conformational change indepen-
dent of each other. Residue Asp225 plays a crucial role in the selection of rNTP
over dNTP by forming hydrogen bonds with ribose 2’-hydroxyl group of the
incoming rNTP. The C-terminal residues of 545 to 562 — particularly the hydro-
phobic residues Leu547, Trp550, and Phe551 — occupy a putative RNA-binding
cleft in this polymerase and seem to regulate the polymerase activity.”?

On the basis of the closed tertiary structures of HCV NS5B in the absence
of nucleic acids, this RdRp is predicted to be able to accommodate the
template—primer duplex without undergoing global conformation changes,
indicating that the general structure is probably preserved during the reac-
tion pathway. This is in contrast to other previously determined polymerase
structures in which the intersubdomain contacts are relatively flexible and
can undergo large-scale subdomain movement (e.g., in T7 DNA-dependent
RNAP). However, the observed closed conformation of NS5B could be
brought about due to crystal packing. More studies are thereby needed to
confirm the prediction.

Crystal structures of HCV NS5B of complexed with rtNTPs and divalent
metal ions in the absence of an RNA substrate has been reported by Bres-
sanelli et al. (at resolutions: 1.7 A for NS5B/rGTP complex and 1.85 A for
NS5B/rUTP complex).” Four main structure-function features have been
revealed by these crystal structures (see Figure 7.16):

* A specific site for the rGTP found precisely at the finger/thumb
connection (referred to as the rGTP specific site)
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Figure 7.15 Crystal structure of hepatitis C virus RNA-dependent RNA polymerase
NS5B. The thumb and the fingers domains link through two insertion loops: loop 1
(light gray color) and loop 2 (black color) (PDB 1C2P [Bressanelli, S. et al., Proc. Natl.
Acad. Sci. USA, 96, 13034-13039, 1999, and Lesburg, C.A. et al., Nat. Struct. Biol., 6,
937-943, 1999] Protein Explorer).

* A catalytic site with the two metal ions A and B (known as the C site)
* Two additional rNTP binding sites (referred to as the P site and the
I site)

Interestingly, the structure shows the presence of three distinct nucle-
otide-binding sites at the enzyme active center in the absence of an RNA
substrate.

7.3.2.1.1 The NS5B-rGTP specific site. The crystal structure reported
a specific site for rGTP binding and showed no occupancy of this site by
other ribonucleotides (Figure 7.16A). A kinetic analysis of NS5B showed that
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Figure 7.16 Crystal structure of HCV RNA-dependent RNA polymerase NS5B com-
plexed with rNTP. (A) The rGTP specific site. (B) The C site with rGTP triphosphate
moiety (tP) and two Mn?* ions, labeled A and B. (C) The C, P, and I sites with metal
ions and rUTP bound to the C site and the triphosphate moiety bound to P and I
sites. (PDBs 1GX5 and 1GX6 [Bressanelli, S. et al., ]. Virol., 76, 3482-3492, 2002] Protein
Explorer) Continued.
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Figure 7.16 Continued.

this site is 70 to 80% occupied at 1 mM rGTP.”* In this site, the contact between
rGTP and the enzyme is mediated by six amino acids: four from the thumb
domain (Pro495, Pro496, Val499, and Arg503) and two from the fingertips
(Arg32 and Ser 29).

The ring of Pro495 and the side chain of Val499 provide a platform (via
hydrophobic and van der Waals interactions, respectively) against which the
base is aligned. Pro496 makes lateral van der Waals contacts with rGTP. The
surface residue, Arg32, seems to be a crucial specificity determinant. In the
absence of rGTP, Arg32 is highly mobile. The freedom of movement of Arg32
is restricted upon rGTP binding due to bidentate hydrogen bonding between
the 2’-OH group of the ribose and the N2 position of the guanine base (the
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latter case is mediated by a water molecule and is not shown in Figure 7.16A).
Furthermore, Arg503 makes a bidentate hydrogen bond to the N2 of the base
via another water molecule (not shown in Figure 7.16A) and to the main
chain carbonyl of Ser29. The water molecule mediating the bond to the N2
of the guanine is hydrogen bonded to the main chain carbonyl of Ser29.

Recent studies indicate that NS5B, like poliovirus RdRp and particularly
in the presence of RNA, can oligomerize in vitro,”>”” which might be important
for modulating the polymerase. Mutagenesis studies reveal Glul8 and His502,”
as well as Leu30,”® are critical for the oligomerization that is a prerequisite to
RdRp activity. The fact that NS5B oligomerization takes place next to the rGTP
site suggests a possible role of this site in stabilizing the oligomeric complex.”
However, these in-vitro observations need to be further studied.

7.3.2.1.2 The NS5B-C site. As shown in Figure 7.16B, this site com-
prised of three aspartate residues (Asp220, Asp318, and Asp319) bridging
the two Mn?* metal ions, named A and B, that coordinate with the triphos-
phate moiety of rtGTP (rATP and rCTP showed the same interactions between
NS5B and the triphosphate moiety). Metal B coordinates with all three phos-
phate of nucleotide, whereas metal A interacts only with the a-phosphate.
Bressanelli et al. reported, interestingly, that soaking the crystal with rUTP
revealed the density of a complete nucleotide bound at the active site (spe-
cifically, to the strictly conserved aspartate residues in the HCV genotype;
Figure 7.16C).” The uracil base of rUTP is ordered in the C site due to the
specific interactions between uracil and the polypeptide main chain.

7.3.2.1.3 The NS5B-P site. The three Mn?* ions between the P and C
sites may likely screen the charge repulsion from triphosphates of both sites,
thus increasing the occupancy of the active site area by rINTP. In the P site,
the three residues, Argl58, Ser367, and Arg386, appear strictly conserved
among all HCV genotypes. In this site, hydrogen bonding predominately
mediates the protein-triphosphate interactions. Arg158 makes bidentate
hydrogen bonds to the o-phosphate, which is also contacted by Arg394.
Additionally, the B-phosphate interacts with Ser367 and Arg386 via hydro-
gen bonding and Thr390 hydrogen bonds to the y-phosphate (Figure 7.16C).

7.3.2.1.4 The NS5B-1 site. The I site is located further towards the
NTP tunnel. In contrast to hydrogen bonding in the P site, electrostatic
interactions are the predominating forces that hold the I site in place. Spe-
cifically, the triphosphate moiety of rUTP shows no hydrogen bonding to
the side chains of I site residues. This observation led Bressanelli et al.” to
suggest that this site might hold the nucleotides transiently. In all HCV
genotypes, the five side chains of the residues interacting with rtUTP (Arg48,
Lys51, Lys151, Lys155, and Arg158) appear strictly conserved (Figure 7.16C).

7.3.2.2 Anti-NS5B drug development

The current therapy for HCV infection is a combination of ribavirin and
interferon-o.. Ribavirin is a broad-spectrum antiviral nucleoside analog (Fig-
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Figure 7.17 Chemical structures of the three antiviral nucleoside analogs: ribavirin,
viramidine, and levovirin.

ure 7.17). The 5-monophosphate of ribavirin (RMP) has been shown to
inhibit inosine monophosphate dehydrogenase (IMPDH), causing the deple-
tion of intracellular GTP pools. RMP has also been proposed to inhibit viral
transcription”® and guanylyltransferase activity.” Recently, substantial evi-
dence has suggested ribavirin is an RNA mutagen because its 5'-triphosphate
(RTP) has been shown to be incorporated into viral RNA by NS5B, which
base pairs equally well with a uracil or a cytosine via two hydrogen bonds
through rotation of its exocyclic carboxyamide moiety.808!

Driven by the clinical success of nucleoside-analog inhibitors of HIV
reverse transcriptase and the efficacy of ribavirin, significant efforts have
been devoted to finding effective anti-HCV nucleoside analogs that act as
powerful mutagens or as chain terminators. Some progress has been
achieved recently. Two derivatives of ribavirin, Levovirin (the L-enantiomer
the ribavirin) and Viramidine (the 3-carboxamidine derivative), have similar
antiviral functions of ribavirin but appear to be less toxic®? (Figure 7.17).
Alternatively, the 5-triphosphates of 2"-C-methyladenosine and 2"-O-meth-
ylcytidine have been found to inhibit NS5B-catalyzed RNA synthesis in vitro
and in subgenomic HCV-replicon assays in a manner competitive with sub-
strate nucleoside triphosphates. NS5B is able to incorporate these two nucle-
otide analogs into RNA, but is subsequently impaired in its ability to extend
the incorporated analog by addition of the next nucleotide.®®

In addition, a series of diketobutanoic acids have been shown to inhibit
NS5B activity in vitro and in the HCV-replicon assay. These compounds
apparently interfere with the binding of the phosphoryl groups of rNTPs at
the active site of NS5B, thereby preventing the formation of phosphodiester
bonds catalyzed by the polymerase. In the search for alternative anti-HCV
inhibitors, N,N-disubstituted phenylalanines heterocyclic derivatives,®
monoclonal antibodies,® and high-affinity and specific RNA aptamers of
NS5B% have been found to inhibit the RdRp activity of NS5B by different
mechanisms. Hopefully, more potent and selective anti-HCV agents will be
developed in the near future.



200 Nucleoside triphosphates and their analogs

7.4  Conclusion

The bacterial, viral, and eukaryotic transcription initiation complexes are
molecular machines that carry out complex, multistep reactions:

1. The DNA-dependent RNA polymerase transcription pathway in-
volves sequence-specific recognition: binding of RNA polymerase to
promoter DNA to form a closed complex with duplex DNA. Bacterial
and viral RNA polymerases have high affinity for their promoters
mediated by specific binding motifs. In eukaryotic RNA polymerases
this step involves the binding of transcription factors, which enhanc-
es the protein affinity to DNA

2. Melting the DNA duplex through specific DNA /protein interaction
(hydrophobic and/or van der Waals interactions in nature) and
isomerization through several intermediates to form an open com-
plex with an ~14-nucleotide region of melted single-stranded DNA
surrounding the transcription start

3. Abortive cycles of synthesis and release of 2- to 8-nucleotide RNA
oligomers as an initial transcribing complex

4. Upon synthesis of a 9-nucleotide RNA oligomer, isomerization to
break protein/DNA interactions between RNA polymerase and the
promoter (in the case of viral and bacterial DNA-dependent RNA
polymerases) and to break, or weaken, protein/protein interactions
between RNA polymerase and initiation factor(s) (in the case of
eukaryotic DNA-dependent RNA polymerases), resulting in an elon-
gation complex that processively translocates along DNA and ex-
tends the RNA product

Different polymerases extend RNA transcript using different mechanisms.
T7 RNAP elongates RNA by protein inchworming, whereas yeast Pol II
follows the DNA scrunching mechanism.

Viral RdRps show different mechanisms of replication and transcription.
On one hand, the RdRp activity of HCV resides in the membrane-associated
nonstructural protein NS5B. HCV NS5B can initiate RNA replication from
a single rNTP; the structure of HCV NS5B alone shows the “closed” confor-
mation. The structure of NS5B in complex with rNTP exhibits three distinct
nucleotide binding sites at the enzyme active site in the absence of an RNA
substrate; one of the three sites is specific for rGTP.

On the other hand, the RdRp of poliovirus is in an “open” conformation
in the crystal structure. The replication initiation in poliovirus RNA synthesis
is the covalent linkage of the 5-phosphate of UMP to the hydroxyl group of a
tyrosine in the terminal protein VPg (3B). Apparently, the kinetic and structural
characteristics of RdRp exhibit high tendency of oligomerization and cooper-
ativity. Nevertheless, a detailed understanding of the mechanism of transcrip-
tion by viral RdRp is prohibited by the lack of sufficient structural information
about the conformational transitions from initiation to termination.
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Each step in the transcription pathway appears to involve conforma-
tional changes in the RNA polymerase and/or promoter DNA. Issues for
ongoing work involve defining the structure of the complex at each step of
transcription (initiation, elongation, and termination), defining the confor-
mational transitions, and defining the kinetics of the transitions. These stud-
ies will set the stage for comprehensive understanding of the mechanism of
gene transcription.

Abbreviations

CTD carboxy-terminal domain

HCV hepatitis C virus

RdRp RNA-dependent RNA polymerase
RNA Pol IT RNA polymerase II

INTP ribonucleotide triphosphate

TBP
TF

TATA binding protein
transcription factor

T7 RNAP T7 RNA polymerase
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8.1 Introduction

Reverse transcriptase (RT) has been studied for the past three decades after
its discovery in 1970 by Baltimore! and Temin.? RTs are biochemically distinct
from other DNA polymerases in two aspects. First, RTs copy a single-strand
viral RNA genome into double-strand proviral DNA using RNA and DNA
as a template, unlike DNA polymerases, which can only copy DNA tem-
plates to synthesize new DNA strands. The flexible RT active site can accom-
modate DNA and RNA substrates to fulfill the requisite primer/template
alignment during different stages of reverse transcription. Second, RTs lack
the 3’>5" exonuclease activity of replicative DNA polymerases® that is
responsible for proofreading and correcting mismatched nucleotides. There-
fore, the fidelity of DNA synthesis is substantially lower for RTs in compar-
ison to the fidelity of most replicative DNA polymerases. Error-prone poly-
merization essentially accounts for the characteristic hypermutability of
retroviruses and hepadnaviruses, which ultimately confers drug resistance.

In this chapter, the reverse transcriptase of human immunodeficiency
type 1 virus (HIV-1 RT) will be discussed most extensively due to the abun-
dance of information available for this enzyme. RTs of other origins will only
be briefly described to contrast with HIV-1 RT. RTs will be reviewed in the
aspects of structure, function, mechanism, and evolution with respect to their
roles in antiviral drug research.

8.2 Ewvolution of RT-containing viruses

RT can rapidly evolve and increase the diversity of genetic populations via
error-prone replication. Homologous elements of RTs are encoded in the
genomes of many retroviruses' such as human immunodeficiency virus
(HIV); hepadnaviruses such as hepatitis B virus (HBV)*%; plant and animal
DNA viruses such as cauliflower mosaic viruses?; retrotransposons®%; and
mitochondrial group II introns.? Retroviral and hepadnaviral RTs have been
the main focus of RT research because HIV and HBV cause worldwide
pandemic diseases spread through transfusion of blood and/or body fluid.
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Figure 8.1 Schematic illustrations of viral life cycles. A) HIV fuses with a CD4* cell
via surface receptors. Viral RNA is reverse transcribed into DNA, and integrated into
the host genes. The viral DNA remains latent until it is transcribed into mRNA and
then translated into viral proteins. The viral RNA and viral proteins are assembled
into a mature virus at the membrane, which is then released to infect other host cells.
B) Infectious HBV attaches to host cellular receptors and releases nucleocapsids that
move into the host cell nucleus. The partially double-stranded HBV DNA is convert-
ed to covalently closed-circular form (cccDNA), which is the template for synthesis
of HBV proteins. The pregenomic RNA (pgRNA) binds core or capsid protein and
polymerase (P) proteins to form RNA packaged nucleocapsids. The pgRNA is reverse
transcribed into dsDNA by the polymerase. The viral DNA is redirected to the
nucleus or coated by surface glycoproteins in the Golgi and endoplasmic reticulum
(ER) before being exported as enveloped virions. Continued.

HIV is the etiological agent of the acquired immunodeficiency syndrome
(AIDS).10 HIV infects CD4+ helper T-cells of the immune system (Figure
8.1A). After being engulfed by the host cells, the viral single-stranded RNA
is copied into double-stranded proviral DNA by HIV RT. The proviral DNA
is integrated into the host genome by the HIV integrase. Host cellular poly-
merases transcribe the proviral DNA into viral RNA, which is subsequently
translated into viral proteins by cellular translational machinery. Virions are
assembled and bud from the cell membrane to infect other host cells.
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HBV is a human pathogen that causes acute and chronic hepatitis B, the
major cause of liver disease and liver cancer. Unlike HIV, HBV does not
need to integrate its viral DNA into host cell DNA for replication. It is a
double-stranded DNA virus that replicates via an RNA intermediate (Figure
8.1B). After entering a hepatocyte and uncoating, viral plus-strand DNA is
synthesized to join minus-strand DNA and to form covalently closed circu-
lar DNA (cccDNA) in the nucleus. The cccDNA serves as a template for
transcription by host RNA polymerase II to pregenomic RNA (pgRNA),
which is translated to yield HBV proteins. The pgRNA is subsequently
reverse transcribed to minus-strand and plus-strand DNA by HBV poly-
merase, as the pgRNA is concomitantly degraded. Once the genome is
translated and packaged into a mature core, the core buds into the lumen
of endoplasmic reticulum, secretes through cellular membrane, and infects
new hepatocytes.

De novo mutations are generated by inherently promiscuous reverse
transcription during the viral life cycle (Figure 8.1), thus introducing base
substitutions, frame shifts, genetic rearrangements, and hypermutations.! 12
HIV has been shown to contain a high level of genetic variation.’*!* HIV RT
has a higher error rate than those of the RTs of avian myeloblastosis virus
(AMYV) and murine leukemia virus (MLV).!> Thus, the fidelity of HIV-1 RT
is a major contributing factor to the strain diversity.’>'” Each single nucle-
otide variant on a branch in the HIV phylogenetic tree is deemed a unique
and viable virus.’® There are 296 drug-resistant mutations that have been
recorded in the HIV database from Los Alamos National Laboratory (http:/
/hiv-web.lanl.gov). With a rate of less than one mutation per genome per
cycle,’® the hypermutation of HIV is considered the Achilles” heel of
anti-AIDS therapy. Drug-resistant strains appear in a matter of weeks after
the treatment begins.?
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Figure 8.2 HIV-1 RT heterodimer in catalytic complex with double-stranded DNA.
The five domains of p66 are labeled and p51 is in the lightest gray color. Binding
sites for NNRTIs and NRTIs on RT are distinguishable from each other. The NNRTI
binding pocket is outlined by the side chains of the hydrophobic residues composing
that region. The NRTI binding site is highlighted by the active site conserved residues,
D110, D185, and D186, in the space-filled model. The primer/template duplex is
illustrated in the ball-and-stick model. This image was generated with 1RTD.pdb
(28) using Swiss PDB viewer and POV-Ray. (From Huang, H.E. et al., Science,
282(5394), 1669-1675, 1998.)

8.3 Structures of reverse transcriptase

HIV-1 RT has attracted the attention of scientists from academic institutions
and industry because of the urgency to treat AIDS patients. As a result, HIV-1
RT is the best-characterized retroviral RT in terms of structure and function.
HIV-1 RT is a heterodimer of two tightly associated polypeptides, a 66 kDa
subunit (p66) and a 51 kDa subunit (p51). The p66 subunit consists of five
distinct domains (Figure 8.2). Four domains, comprising the N-terminal 440
amino acid residues, are referred to as the fingers, palm, thumb, and
connection® and form the polymerase core in the general shape of a right
hand. The fifth p66 subunit domain is the ribonuclease H (RNase H) domain
made up of the C-terminal 120 amino acid residues. This domain is respon-
sible for the hydrolytic cleavage of the RNA template in an RNA-DNA
duplex. The p51 subunit is formed by proteolytic cleavage of the C-terminal
120 amino acids of the p66 subunit by HIV protease?! and hence contains
the four domains of the polymerase core while lacking the RNase H domain.

The two subunits have identical N-terminal sequences. However, the
orientations of the domains are different in the p66 and p51 subunits, such
that only the p66 subunit possesses a functional polymerase active site in its
palm domain. In the p51 subunit, the connection domain lies between its
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palm and thumb domains, thus obscuring its DNA polymerase active site
and rendering the site inactive.?? The thumb domain of p51 and the RNase
H domain of p66 participate in a conformational change to form the primer/
template-binding site and the tRNA-binding site.” The DNA binding cleft
is formed primarily by the p66 fingers, palm, and thumb domains. The
polymerase active site, located at the base of the DNA-binding cleft, contains
three conserved aspartic acid residues, two of which are part of the charac-
teristic YXDD motif of RT structures.

8.3.1 Nucleic acid substrate binding

HIV-1 RT has nonrestrictive substrate specificity. HIV-1 RT catalyzes the
polymerization of four different combinations of primer/template duplexes:
RNA/RNA, DNA/RNA, RNA/DNA, and DNA/DNA.* The majority of
the protein contacts located in the primer/template-binding cleft are com-
mon among RT-tRNA/RNA, RT-DNA/DNA, and RT-DNA/RNA com-
plexes, except for a few contacts between the p66 fingers domain and the
viral tRNA/RNA that are not detected with RT-DNA /DNA.?»> The “RNase
H primer grip,” consisting of amino acids that interact with the DNA primer
strand, may control the interactions between the RNA template and the
RNase H active site, depending on the sequence and structure of the nucleic
acid.?® Another important role for the RNase H domain is to bind divalent
cations within the RNase H active site, which neutralizes the negative
charges of residues in the RNase H region and thereby stabilizes the associ-
ation of RT with primer/template.?

Crystallographic studies of RT-DNA complexes reveal conformational
changes upon DNA binding. In the RT-DNA binary complex, DNA binding
along a groove stretching from the polymerase active site to the RNase H
active site® increases the flexibility of RT? and causes a rotation of the thumb
domain of p66% towards the primer/template (Figure 8.3), in concert with
conformational changes in the YMDD motif.*! The DNA primer terminus is
in the vicinity of the catalytic aspartic triad in the palm domain of p66.
Hydrophobic interactions and possible hydrogen bonds help stabilize the
polymerase-DNA complex.? DNA base pairs close to the active site form a
type A-like structure with a widened minor groove, similar to what has been
observed with other DNA polymerases.?® Six to seven base pairs away from
the polymerase active site, the bound DNA exhibits a 40° bend3* and tran-
sitions to B-form DNA structure.

8.3.2  Ternary complex formation

The formation of the ternary RT-DNA-dNTP complex resembles ternary
complexes of other DNA polymerases.®>* A binding pocket is formed by
closure of the fingers domain towards the palm and thumb domains to
accommodate the 3’-hydroxyl group of an incoming nucleotide. The distal
portion of the fingers domain bends inward to the palm domain and the
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Figure 8.3 Conformational changes inside HIV-1 RT p66 subunit during DNA poly-
merization. (a) unliganded form of RT; (b) binary complex RT'/DNA,; (c) ternary
complex RT*/DNA,/dNTP; (a — b) rotation of the p66 thumb domain away from
the fingers domain induced by DNA binding (see the arrow); (b — ¢) hinge movement
of the fingers domain to close down to the polymerase active site at the floor of the
palm domain induced by nucleotide binding (see the arrow). The thumb domain in
a — b is in light gray in the absence of DNA, and dark gray in the presence of DNA.
The fingers domain in b — c is in light gray in the absence of dNTP, and dark gray
in the presence of ANTP. RT” denotes the enzyme form after the conformational change
induced by DNA binding. RT* represents the enzyme form after the conformational
change induced by nucleotide binding. The protein and DNA backbones are shown
in ribbon diagrams. The DNA template and primer are in dark gray and light gray,
respectively. (Courtesy of Drs. K. Das, S. Sarafianos, and E. Arnold, Center for Ad-
vanced Biotechnology and Medicine, Rutgers University, Piscataway, New Jersey.)

polymerase active site (see Figure 8.3), inducing a repositioning of the
primer 3’-terminus with respect to the rest of the polymerase active site.
The palm domain shifts slightly to rearrange the side chains of the active
site residues.

The incoming nucleotide also brings in two divalent metal ions, one
catalytic and the other for nucleotide binding, to coordinate the oxygen ions
of the triphosphate of the nucleotide; the side chains of strictly conserved
Asp185 and Asp110; and the backbone carbonyl oxygen of Vall1l. The metal
ions are positioned closely to the 3’-hydroxyl group of the primer terminus.
The conformational change induced upon nucleotide binding specifically
positions Asp110 for metal chelation. The nucleotide base stacks against the
primer terminus and residues Arg72 and GIn151. The triphosphate portion
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is contacted by Lys65 (y phosphate), Arg72 (o phosphate), two main-chain NH
groups, and two metal ions.

8.3.3 Nucleotide binding site

Several amino acids form a binding pocket for the 3’-hydroxyl group of the
nucleotide: Asp113, Tyr1l5, Phell6, and GIn151. The 3"-hydroxyl forms a
hydrogen bond with the Tyrll5 main-chain-NH. The 3’-hydroxyl-binding
pocket is important for structural understanding of nucleoside analog bind-
ing and drug resistance mutants of RT. Two or three water molecules and
the azido group of AZT 5-tripohosphate (AZTTP) can fit into this pocket.
Tyr115 contacts 2’ position modifications and prevents ribonucleoside incor-
poration by interference with a 2"-hydroxyl.28%

The last requirement for the stabilization of the ternary complex is a
positive charge conferred from residue 154. Lys154 is the only positively
charged residue in the VLPQGWK motif on the B8-oE loop at the junction
of the fingers and palm domains of HIV-1 RT. Lys154 assumes two distinct
orientations in the binary and ternary complexes and also interacts with and
stabilizes the side chains of Glu89 and Asp86. RTs containing mutations at
position 154 are found to be resistant to nucleoside analog drugs,® which
validates the significance of a positive charge on residue 154.

8.3.4 Translocation

The aromatic residues in the vicinity of the polymerase active site are spec-
ulated to be involved in transitions between different stages of the catalytic
process. During DNA polymerization and translocation, conformational
changes occur at the “primer grip” (the B12-B13 hairpin of p66 palm
domain). Translocation refers to the process in which elongated primer/
template DN A is relocated from the nucleotide-binding site (pretranslocation
complex N) to the priming site (post-translocation complex P).%

Structural elements that help move nucleic acid and protein along the
translocation track during polymerization include the primer grip, template
grip, and helices aH and ol of the p66 thumb.?! Two antiparallel o-helices
(H and I) of the thumb domain interact in the region of DNA bend. Whereas
o-helix I interacts with the sugar-phosphate backbone of the template strand,
o-helix H is partially embedded in the widened DNA minor groove and
interacts primarily with the primer strand. Alanine substitutions in helix H
of the thumb domain have been found to reduce frameshift fidelity and
lower the processivity of HIV-1 RT.40

Functional analysis coupled with molecular dynamics modeling identi-
fied five residues of the minor groove binding track that are important for
DNA binding and frameshift fidelity. These residues protrude into the minor
groove over a stretch of the second through the sixth base pair from the
3’-hydroxyl primer terminus and provide important RT interactions with
primer/template during processive synthesis.* Changes in the nucleic acid
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structure and sequences induce mutational hot spots*>*3 and strong sites for
termination of processive synthesis.

8.3.5 RT fidelity determinants

Exploitation of in vivo fidelity and the structure—function relationship
between various RT domains has identified several amino acid motifs
present among retroviral RTs. Such fidelity determinants include:

¢ Residues of the Tyr-X-Asp-Asp (YXDD) motif

* The nucleotide binding site, including the residues lining the pocket
and the residues directly contacting the nucleotide substrate®

¢ The a-helix H of the thumb domain*

* The conserved Leu-Pro-GIn-Gly (LPQG) motif

¢ The primer grip comprising residues 227 to 235, which positions the
primer terminus for nucleophilic attack on an incoming nucleotide3#4¢

¢ The conserved RNase H primer grip?

¢ The finger domain

8.3.6  YMDD motif

Despite the high frequency of mutations, the sequences, Tyr-(Met, Val or
Leu)-Asp-Asp (YXDD boxes), are found in the RTs of many retroviruses,*
cauliflower mosaic viruses, and hepatitis B viruses. The YMDD loop of HIV-1
RT participates in translocation as a springboard (Figure 8.4), projecting the
primer terminus from the N to the P site after deoxynucleoside monophos-
phate incorporation.? Mutations in the YXDD boxes have been associated
with a decrease in enzymatic activity and viral infectivity; changes in the
orientation of the primer in the primer/template complex; and resistance to
nucleoside analogs.*-52 The crystal structure of HIV-1 RT complexed with a
primer/template substrate and an incoming dTTP has identified six amino
acid residues that contact dTTP.?® Four of these six residues are from the
YMDD motif, and three of these residues have been shown to alter the in
vivo fidelity of RT.535

8.3.7 Structural differences in other reverse transcriptases

Although related to HIV-1 RT, the RTs of avian sarcoma-leukosis virus (ASV)
and moloney murine leukemia virus (MoMLV) can be distinguished by the
sequences of their polymerase and RNase H domains,”® as well as their
overall subunit organization. MoMLV RT is a 74-kDa monomer in solution,
but may dimerize upon nucleic acid binding.%* MoMLV RT contains a poly-
merase and an RNase H domain. In contrast to MoMLV RT, ASV RT is a
heterodimer. The smaller subunit (o) contains a polymerase and an RNase
H domain. The larger subunit () contains three domains: a polymerase, an
RNase H domain, and an integrase.>->
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8.4 Functions of reverse transcriptase

Reverse transcriptase basically has three consecutive catalytic activities (Fig-
ure 8.1A). First, it synthesizes a minus-strand DNA by RNA-dependent DNA
polymerization, which is initiated by an RNA primer. Second, the RNase H
domain of reverse transcriptase degrades the RNA template from the
RNA-DNA heteroduplex®® as minus-strand DNA synthesis proceeds.
Finally, it synthesizes the plus-strand DNA by DNA-dependent DNA poly-
merization using a DNA primer.6-63

8.4.1 The polymerase and RNase H activities

The complete process of reverse transcription involves five steps (Figure 8.5).
In the first step, the synthesis of (—) strong-stop DNA initiates from the 3’
end of a primer tRNA partially annealed to the primer binding site (PBS)
region located near the 5 end of the (+) genomic RNA template. DNA
synthesis stops when RT encounters the 7-methyl-guanine cap. The second
step involves the first strand transfer. In this step, the 5" end of the genomic
RNA is degraded by the RNase H activity of RT, and (-) strong-stop DNA
is translocated from the 5" end to the 3’ end of the genomic RNA comple-
mentary to the 3’ end of (-) strong-stop DNA.

In the third step, the (-) strong-stop DNA synthesis resumes into the
pbs region, whereas the (+) synthesis is initiated from the polypurine tract
(PPT) fragment of genomic RNA created by RNase H degradation of the
genomic RNA. Primer tRNA is also removed by RNase H in this step. The
fourth step involves the second strand transfer. In this step, the PBS region
at the 3’ ends of (+) strong-stop DNA hybridizes to its complementary copy,
pbs, of the (-) strand DNA, generating a circular molecule. The PPT RNA
primer is removed by the RNase H activity of RT. In the last step, (-) and
(+) DNA synthesis continues, thus completing the synthesis of the intact
double-stranded preintegrative DNA.%

8.4.2 RNase H cleavage

The polymerase and RNase H active sites of HIV-1 RT are separated by 19
to 20 base pairs of DNA/RNA heteroduplex when the template does not
contain a secondary structure.?036+68 The primer/template can be produc-
tively bound to RNase H while nonproductively bound to the polymerase.
RNase H activity is not required for RT to read through the secondary
structure of the RNA template,* although the polymerase and RNase H
activities in HIV-1 RT are coupled by the movement of the enzyme along
the template during the polymerization process. This correlation is eluci-
dated by the overlap of RNA cleavage sites and pause sites for primer
elongation through an RNA hairpin on the template.®

RNase H cleavage can be nonspecific or specific. During retrovirus rep-
lication, the RNase H domain of RT carries out nonspecific hydrolysis that
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Figure 8.5 The process of reverse transcription. Dark and thicker lines are used to
represent DNA strands while light and thinner lines are used for RNA. Arrowheads
represent the 3" ends of DNA that will be elongated in subsequent steps. Uppercase
letters indicate (+) strand regions while lowercase letters indicate (-) strand regions.
The drawings are not to scale. There are five steps: (1) the synthesis of (-) strand
strong-stop DNA; (2) the first strand transfer reaction; (3) the synthesis of (+) strand
strong-stop DNA; (4) the second strand transfer reaction; (5) completion of the syn-
thesis of (+) and (-) strand DNA.
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removes RNA from the DNA/RNA replication intermediate, making
nascent DNA available for a second round of synthesis.®” Specific RNase
cleavage is required in the following steps:

1. Release of the cognate tRNA primer from (—) DNA prior to second
strand transfer’07!

2. Excision of the 3" end PPT of the RNA genome from the replication
intermediate and subsequent use of PPT to prime (+) strand DNA
synthesis

3. Removal of the PPT primer from (+) strand DNA by a precise cleav-
age at the PPT/U3 junction, generating a correct viral DNA end for
subsequent integration”?

The PPT is resistant to RNase H cleavage. The PPT-selective processing is
induced by inherent structural distortions resulting from the PPT sequence.”

The specificity of RNase H cleavage is governed by the structure and
the proper positioning of the DNA/RNA primer/template duplex in the
p66 subunit, relative to the RNase H active site.” A series of HIV-1 RT p66
residues within the connection domain and RNase H domain interact with
the DNA primer strand and may control the trajectory of the RNA template
relative to the RNase H catalytic center. This region is referred to as the
“RNase H primer grip” and is conserved between retroviral and bacterial
RNases H.?¢ Substitution of the conserved residues in the “RNase H primer
grip” region reduces the polymerization-independent cleavage activity sig-
nificantly.”> Residues in the RNase H primer grip, the thumb domain, and,
particularly, the minor groove binding track” are crucial for the unique
interactions between RT and PPT that create the correct positioning for
precise RNase H cleavage.

8.5 Kinetic mechanism of reverse transcriptase

The kinetic parameters of HIV-1 RT have been measured by transient state
single nucleotide incorporation assays.”””® For the examination of individual
steps of a reaction pathway, transient state (also known as pre-steady-state)
kinetic methods are preferred over the steady-state kinetic analyses.
Steady-state kinetic analyses do not address the individual steps of poly-
merization. Moreover, the observed steady-state turnover rate, k,, is usually
dominated by the slow dissociation rate of DNA from a polymerase rather
than the actual polymerization rate.

Individual reaction steps, including the binding of DNA and an incom-
ing nucleotide; the putative protein conformational change; the chemistry
step; and the product dissociation step, can only be resolved by implement-
ing pre-steady-state kinetic methods. These methods allow direct measure-
ment of each elementary step in a reaction mechanism while the enzyme is
examined as a stoichiometric reactant. Pre-steady-state kinetic studies using
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Figure 8.6 A schematic diagram for the polymerization pathway of HIV-1 reverse
transcriptase. Kinetic measurements using an RNA template are indicated in paren-
theses; all others are determined using a duplex DNA/DNA primer/template. E =
enzyme. D, = substrate DNA. D, ,, = product DNA with an elongated primer. ANTP
= the incoming nucleotide. E’ = the form of RT after a conformational change induced
by DNA-binding. E™* = the transitional state of RT after the second conformational
change upon nucleotide binding. PPi = pyrophosphate. (Data reported by Kati, W.M.
et al., J. Biol.Chem., 267(36), 25988-25997, 1992.)

synthetic primer/template molecules and nucleotides have determined the
polymerization mechanism of RT and the rate constants for the elementary
steps in the reaction pathway.”

The elucidated mechanistic pathway for RT polymerization (Figure 8.6)
is similar to other polymerases and involves the following steps:

1. Tight binding of a primer/template duplex substrate to the poly-
merase heterodimer (E), which induces a conformational change of
the enzyme (E’-D,)7%

2. Binding of next correct nucleotide (ANTP) and divalent metal ions
required for catalysis to the enzyme/DNA binary complex (E™-D,),
which forms a ground-state “open” ternary complex of enzyme/
DNA /nucleotide (E’-D,-dNTP), a diffusion-limited initial association

3. A rate-limiting conformational change, which is a relatively slow
isomerization to a “closed” ternary complex (E™*-D,-dNTP) that prop-
erly positions the nucleotide for catalysis”

4. Afast chemical incorporation step involving the formation of a phos-
phodiester bond between the 3"-hydroxyl primer terminus and the
o-phosphate of the nucleotide (E’-D,,,-PPi), followed by the release
of pyrophosphate (PPi)

5. Processive synthesis whereby the elongated primer/template DNA
is translocated from complex N to complex P,**7781-83 after which the
enzyme continues to polymerize or alternatively exhibits distribu-
tive synthesis where the enzyme dissociates from the primer/tem-
plate DNA

n+1
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Following dissociation, the polymerization process restarts via the formation
of the initial binary complex (E"-D,).

The binding of RT to a primer/template DNA substrate is rather com-
plicated, involving a protein conformational change. Rothwell et al. reported
different distinct binding modes of E-DNA binary complexes in solution.?
The first mode is observed when the DNA substrate is bound at a site distal
to the DNA-binding tract, rendering a nonproductive E-DNA complex. The
second mode is observed when the nonproductive complex isomerizes to
form a productive E’-DNA complex, which can successfully bind and incor-
porate an incoming nucleotide 348

8.6 RNA-dependent vs. DNA-dependent DNA
polymerization

The difference between RNA- and DNA-dependent DNA polymerization has
been elucidated by pre-steady-state kinetic methods.”” Single nucleotide
incorporation assays have been previously conducted using HIV-1 RT and
synthetic primer/template duplexes. Transient state kinetic parameters for
each type of primer/template demonstrate a faster polymerization rate (66
s! compared to 20 s) and a slower steady state rate (0.06 s™' compared to
0.18 s) for RNA-dependent DNA polymerization vs. DNA-dependent DNA
polymerization.® In short, the elongated DNA /DNA product is synthesized
at a slower rate but released faster from the ternary complex than DNA/RNA
product. The fidelity of DNA synthesis by HIV-1 RT is 10- to 60-fold higher
with an RNA template than with a DNA template (discussed later). The
protein conformational change following nucleotide binding is the rate-lim-
iting step for RNA- and DNA-dependent DNA polymerization.””78887

8.7 RNA secondary structure switching

The secondary structure of an RNA or DNA template stalls RT during
polymerization.®#%-! The DNA/RNA and DNA/DNA substrates predom-
inantly bind at the polymerase active site of RT in a nonproductive state at
strong pause sites and in a productive state at nonpause sites. Pause sites
are segments of templates in which secondary structures such as hairpin
stems prevent the DNA substrate from binding productively to RT, conse-
quently stalling the polymerization process. Suo and Johnson proposed a
model for the motion of RT walking along the RNA secondary structure at
37°C.%* Although remaining associated with RT, it is postulated that the
nonproductively bound DNA /RNA is slowly converted to a productive state
upon melting of the next stem base pair (Figure 8.7). Interestingly, the RNA
secondary structure changes from one hairpin to a new one when HIV-1 RT
reads through the stem region of the first hairpin structure. Moreover, HIV-1
RT facilitates such RNA secondary structure switching.®*%- This model
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Table 8.1 Fidelity of HIV-1 RT with 25/45 Primer/Template

DNA template? RNA template®
Kd kpol kpnl/Kd Kd kpol kpnl/Kd
dNTP (uM) (s!) (uM's?) Fidelitye (uM) (s) (uM's™) Fidelity®
dATP 4 33 8.25 — 14 74 5.28 —

dGTP 1010 4.8 4.75x103° 1,740 1000 0.2 2.0x10* 26,000
dCTP 1240 0.52 4.19x10* 19,700 1100 0.03 3.0x10° 176,000
dTTP 840 041 4.88x10* 16,900 700 0.003 4.9 x10° 1,100,000

a Kati, W.M. et al., J. Biol.Chem., 267(36), 25988-25997, 1992.
b Kerr, S.G. and Anderson, K.S., Biochemistry, 36(46), 14056-14063, 1997.
¢ Calculated as [(Kpo1/Kg)correct T Koot/ Keincorrect] / (Kpor/ Kadincorrect-

demonstrates a dynamic RNA or DNA template secondary structure during
replication by RT.

8.8 Fidelity of reverse transcriptase

The fidelity of a polymerase is a measure of the frequency of incorporation
of incorrect nucleotides by the enzyme. RT performs the remarkable task of
reversing the flow of genetic information, although it is rather erroneous
due to the lack of 3’ to 5 exonuclease proofreading activity and the flexible
accommodation of DNA and RNA templates. The fidelity of a retroviral
polymerase depends on its protein sequence, base pair geometry, flexibility
of the nucleotide-binding pocket?492% and the contact between amino acid
residues and nucleotides.®® Mutation rates vary among different RTs. For
example, the mutation rate is estimated to be 10~ to 10~ errors per cycle in
HIV through a host cell.!'*%> HIV-1 and HBV RT have almost identical
mutation rates” and AMV and MLV RT have 10-fold and 18-fold higher
fidelity than HIV-1 RT, respectively.””

Higher fidelity of DNA synthesis by HIV-1 RT is observed with an RNA
template®® in comparison to a DNA template.”” There can be several expla-
nations for this difference in fidelity. Misaligned intermediates are formed
less frequently with RNA templates than with DNA templates.”® Topology
and thermodynamic stability of DNA/DNA and DNA/RNA duplexes vary
in a sequence-dependent manner.*'% In addition, the secondary structure

Figure 8.7 (See figure, facing page.) A proposed model of RT traversing the RNA
secondary structure at 37°C. During the concurrent processes of DNA polymerization
and RNA cleavage, RT pauses at several sites. The RNA secondary structures change
their locations by melting and reforming base pairs. The completion of DNA syn-
thesis further degrades RNA template. As a result of the mobile RNA secondary
structure, the distance between the 3’ terminus of DNA primer and the RNA cleavage
site ranges from 19 to 22 base pairs. (Suo, Z.C. and Johnson, K.A., Biochemistry, 36(41),
12468-12476, 1997.)



224 Nucleoside triphosphates and their analogs

of a template might affect the efficiency of nucleotide incorporation.t488-91
Kerr and Anderson have reported extremely slow rates for incorporation of
incorrect nucleotides during RNA-directed DNA polymerization.8¢

Pre-steady state kinetic methods have been used to estimate the fidelity
of HIV-1 RT with DNA or RNA as a template (see Table 8.1). With a DNA
template, mismatched nucleotide incorporations opposite a template base
thymine display about a 250-fold increase of the equilibrium dissociation
constant (K;) and a 7- to 80-fold decrease of the maximal incorporation rate
(k,o), relative to the incorporation of matched deoxyadenosine 5'-triphos-
phate (dATP). The estimated fidelity factors are 1740 for discrimination
against dG:dT, 19,700 for dC:dT, and 16,900 for dT:dT mismatch.”

In contrast, RNA-dependent DNA replication is much more selective
because the maximum rates of misincorporation and the binding affinities
of incorrect nucleotides are substantially lower.8 In the presence of an RNA
template, the maximum incorporation rates for dGTP, dCTP, and dTTP oppo-
site a template uridine (rUTP) are 370- to 24,700-fold slower than the k,, of
the correct nucleotide (dATP).8¢ At the same time, the binding affinity of
mismatched dGTP, dCTP, and dTTP is 50- to 80-fold lower than that of the
correct nucleotide dATP.# The much slower incorporation rate of a mis-
matched nucleotide with an RNA template than with a DNA template leads
to higher enzyme fidelity. With a template uridine, the fidelity is estimated
to be 26,000 for discrimination against dGTP, 176,000 for dCTP, and 1 x 10°
for dTTP# The fidelity rate with a DNA/RNA primer/template substrate
is 10- to 100-fold higher than the fidelity rate with a DNA/DNA primer/
template substrate.

Three checkpoints ensure discrimination against non-Watson-Crick base
pairing: initial nucleotide binding in the “open” form; induced-fit conforma-
tional change to the “closed” form; and catalytic incorporation.3*21% For
example, residue GIn151 interacts with the 3’-hydroxyl group of the incom-
ing nucleotide to secure the binding of correct nucleotides to HIV-1 RT'®
and thereby distinguishes the sugar moieties of the incoming nucleotides
from those of the incorrect nucleotides.!®® Even if an incorrect nucleotide
escapes the first checkpoint, non-Watson—Crick base pairing between the
template and the incoming nucleotide will decrease the rate of the confor-
mational change.”? Lastly, rigid and bulky nucleotides that constrain the
polymerase active site drastically decrease the incorporation rates and the
binding affinities.!™ The overall size and shape of a nucleotide substrate and
the nucleotide binding pocket around the nascent base pair at the polymerase
active site are significant factors in nucleotide selectivity.

8.9 Applications of nucleotides in the research of
reverse transcriptase

Structural derivatives of nucleosides and nucleotides have been designed as
retroviral inhibitors (see also Chapter 11 in this book) in antiretroviral ther-
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Figure 8.8 Structures of NRTIs approved by the U.S. Food and Drug Administration.

apy. Two classes of RT inhibitors are used in the clinical treatment of AIDS:
nucleoside/nucleotide analog reverse transcriptase inhibitors (NRTIs), and
nonnucleoside analog reverse transcriptase inhibitors (NNRTIs). Some
NRTIs are also being used for hepatitis B virus infection. These two types
of RT inhibitors and HIV protease inhibitors are used in combination ther-
apies to achieve maximum potency at a tolerable level of toxicity.

NRTIs and NNRTIs differ in their chemical structures (Figure 8.8 and
Figure 8.9); sites of RT binding (Figure 8.2); and inhibition mechanisms (Fig-
ure 8.10). NRTIs are structural derivatives of nucleosides or nucleotides with
modified functional groups. NNRTIs are often aromatic compounds that are
highly hydrophobic. Because of their close resemblance to nucleotides, the
5-triphosphates of NRTIs directly compete against incoming nucleotides and
bind at the nucleotide-binding sites on HIV-1 RT and HBV RT.

Unlike NRTIs, NNRTIs enter a pocket adjacent to the active site that is
lined with hydrophobic residues. Binding of NNRTIs to this hydrophobic
pocket induces conformational changes that lock the enzyme into an inactive
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Figure 8.9 Structures of NNRTTs approved by the U.S. Food and Drug Administration.

state. NRTIs bind to the RT-DNA binary complex at the ground-state binding
step, but the DNA chain elongation ends once an NRTI is incorporated due
to the lack of a 3’-hydroxyl group (Figure 8.10A). NNRTIs bind the RT-DNA
binary complex before dNTP and hinder nucleotide incorporation at the
chemistry step (Figure 8.10B).

8.9.1 Non-nucleoside analog reverse transcriptase inhibitors

NNRTIs are structurally diverse compounds that bind to a hydrophobic
region near the polymerase active site in the palm domain of the p66 subunit
of HIV RT.!* The NNRTIs currently approved for use in highly active anti-
retroviral therapy include nevirapine,'® delavirdine,'® and efavirenz.!” In
unliganded RT, the thumb domain contacts the fingers domain, somewhat
covering the substrate-binding cleft. The NNRTI binding alters the flexibility
of the domains that correlate motions with the binding pocket.?” The effects
include domain shifts relative to the enzyme core® and the misalignment of
the conserved residues of the polymerase active site (Asp110, Asp185, and
Asp186) relative to the catalytically required Mg?* ions.”

Esnouf et al. suggest that NNRTIs inhibit RT by locking the polymerase
active site into an inactive conformation, reminiscent of the conformation
observed in the inactive p51 subunit.!™ Temiz and Bahar speculate that
nevirapine redirects the domain movement upon binding while efavirenz
destroys the p66 thumb flexibility.!® Rotation and stiffening of the p66
thumb domain skew the orientation of the primer/template with respect
to the polymerase and RNase H active sites of RT. As a result, NNRTIs
mechanistically block the chemical reaction of the DNA polymerization,
without affecting the nucleotide binding or the nucleotide-induced confor-
mational change.”87

Pre-steady state kinetic studies”® have revealed that NNRTIs inhibit
HIV-1 RT by stalling the chemical reaction (step 3’, Figure 8.10B), without
affecting the conformational change (step 2/, Figure 8.10B).”® Consequently,
the chemical reaction of the enzyme-DNA-inhibitor-nucleotide complex
becomes the rate-limiting step in the polymerization pathway. These inhib-
itors do not compete with primer/template or nucleotide substrates for
binding to the enzyme. Once bound, the dissociation rate of the inhibitor
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from the enzyme-DNA-inhibitor complex is rather slow relative to the rate
of the polymerization reaction. Spence et al. suggest that the binding of the
NNRTIs switches the positions of the carboxyl groups of the conserved
aspartic acid residues and resultantly reduces the rate of the Mg?*-dependent
chemical reaction.”

The structural distortions caused by the NNRTI binding also reduce the
affinity of HIV-1 RT for the primer/template as well as the specificity of
RNase H cleavage.!” Aside from the chemical reaction at the active site,
other reverse transcription events, such as strand transfer, strand displace-
ment, or recognition of tRNA primer in the initiation of reverse transcrip-
tion,* could also be affected by this class of inhibitors.

8.9.2  Nucleoside/nucleotide analog reverse
transcriptase inhibitors

Nucleoside analogs are the first type of anti-HIV drugs to be approved by
the U.S. Food and Drug Administration. Their design is based upon success
with acyclovir in the treatment of herpes virus infections developed by Elion
et al."® Currently, seven nucleoside and one nucleotide analog inhibitors
have been approved by the FDA for clinical treatment:

Zidovudine (3’-azido-3’-deoxythymidine, AZT)

Didanosine (2’,3"-dideoxyinosine, ddI)

Zalcitabine (2',3’-dideoxycytidine, ddC)

Stavudine (2,3"-didehydro-2’-dideoxythymidine, d4T)

Lamivudine (2',3’-dideoxy-3’-thiacytidine (-)isomer of 3TC)
Abacavir ((15-cis)-4-[2-amino-6-(cyclopropylamino)-9H-purine-9-yl]-
2-cyclopentene-1-methanol, ABC)

Emtricitabine ((-)-2’,3"-dideoxy-5-fluoro-3'-thiacytidine, Coviracil, FTC)
e Tenofovir (9-[(R)-2-[[Bis[[(isopropoxycarbonyl)oxy]methoxy]phos-
phinyllmethoxy]propyl]adenine)

More recently, retroviral and hepadnaviral RTs have been reported to
have a similar nucleotide-binding pocket structure to HIV RT.!!! This is not
surprising because HIV and HBV share a common step in their life cycles:
conversion of their RNA into DNA by RT (Figure 8.1). Therefore, nucleoside
analogs like 3TC and FIC are used to treat HBV patients as well.

All nucleoside analogs are believed to inhibit HIV via an identical mech-
anism. NRTIs are synthetic analogs of pyrimidines or purines, consisting of
nitrogenous bases associated to a deoxyribose ring with a substituent replac-
ing the natural hydroxyl group at 3’-position. Nucleoside analogs are phos-
phorylated to 5-triphosphates before they can act as chain terminators. They
prevent the formation of 3’,5-phosphodiester linkages between the last
nucleotide of the primer and the incoming nucleotide, thereby terminating
the elongation of a nascent viral DNA chain. Factors controlling the efficacy
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of these inhibitors include uptake, transport, metabolism, incorporation, and
drug degradation''? — all of which contribute to variation among cell-,
tissue-, and organ-specific toxicity levels.!!?

Unlike the nucleoside analogs, tenofovir disooproxil fumarate is an acy-
clic nucleoside phosphonate derivative and a water-soluble prodrug (Figure
8.8). It contains two ester moieties that mask the phosphonate group and
increase the oral and cellular bioavailability of the drug. It is hydrolyzed to
PMPA (R-9-(2-phosphonylmethoxypropyl)adenine) and phosphorylated to
form PMPA diphosphate (PMPA-DP), which then acts as an HIV reverse
transcriptase inhibitor.!'* The high bioavailability of PMPA is partially attrib-
uted to the fact that only two phosphorylation steps are required to activate
PMPA in vivo while three phosphorylation steps are required to intracellu-
larly activate other NRTIs.

As a potent inhibitor of HIV-1 RT, PMPA-DP has substrate specificity
constants (k,,/K,) similar to the nucleotide analog, ddATP, and only fivefold
lower than the natural nucleotide substrate, dATP.11> Meanwhile, PMPA-DP
is highly selective against T7 phage DNA polymerase,''> human mitochon-
drial DNA polymerase,'® rat DNA polymerase f, and, most likely, human
DNA polymerase B."® Once incorporated into DNA, PMPA is less likely to
be removed from it by pyrophosphorolysis and/or by nucleotide-dependent
chain-terminator removal than AZT and d4T.'"”

8.9.3 Cellular toxicity of NRTIs

Toxicity is one major drawback to AIDS treatment with NRTIs!!81!? because
of nonspecific inhibition of host cellular DNA polymerases o, §, &, DNA
primase,'?’ and human mitochondrial DNA polymerase.> The human mito-
chondrial DNA polymerase is responsible for mitochondrial DNA replica-
tion and repair. The toxicity of a nucleoside analog depends on the frequency
of incorporation of the chain terminator and the kinetics of excision by the
proofreading exonuclease in a host cellular DNA polymerase, with respect
to the minimal rate of DNA replication required to sustain growth.!?! The
toxicity indices of NRTIs are correlated with the specificity constants (k,,/
K,) of incorporation by mitochondrial DNA polymerase, varying more than
500,000-fold in the order of magnitude: ddC > ddl (metabolized to ddA) >
d4T >> (-)3TC > PMPA > AZT > ABC (metabolized to CBV).!!¢ The higher
toxicities of d4T, ddC, and ddI (ddA) are attributed to their 13- to 36-fold
tighter binding with respect to the normal nucleotide.

The combination of efficient incorporation and ineffective exonuclease
removal is considered the cause for the high toxicities of dideoxy nucleoside
analogs, ddC and ddI.!'® Furthermore, the stereochemical structure of a
nucleoside analog plays an important role in its potency and toxicity. For
instance, (+) 3TC-TP is a more potent inhibitor for human mitochondrial
DNA polymerase than the FDA-approved (-) isomer, with tighter binding
and faster incorporation into a DNA primer/template duplex.1?
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8.9.4 Drug resistance mechanisms

Sequence comparisons between RT variants demonstrated a correlation
between amino acid residue substitutions or insertions and the development
of drug-resistant strains of HIV-1. To date, all known HIV and HBV resis-
tance mutations to antiviral drugs have been located at conserved residues
near the active sites.52123-125 Most of the hypermutable conserved residues
make direct contacts with antiviral drugs. Multiple mutations occurring in
one NRTI-resistant strain of HIV can be at up to five positions: A62V, V75I,
F77L, F116Y, and Q151M.126 The resistance accrues as the number of mutation
sites rises.

Molecular modeling studies and structural analysis of nucleoside ana-
logs complexed with wild-type and mutated RT unravel the mechanisms of
drug resistance conferred by mutations. Two distinct mechanisms have been
elucidated for resistance of HIV-1 RT to NRTIs: (1) mutations hinder the
incorporation of a nucleoside analog; and (2) mutations enhance the excision
of a nucleoside analog after it has been incorporated onto viral DNA.

8.9.4.1 NRTI resistance through inhibition of incorporation

Clustered resistance mutations correlate with the chemical structures of the
NRTT or the NNRTL2851127 NRTI-resistant mutations interfere with the bind-
ing or reactivity of the nucleoside analogs relative to natural nucleotides.
Most NRTI mutations are likely to reposition the primer/template, whereas
other mutations hinder the inhibitor binding by directly changing interac-
tions between RT and an inhibitor or by indirectly altering residues proximal
to the nucleotide-binding pocket.

Point mutations in the vicinity of the incoming nucleotide can affect the
side chain contact and metal ion coordination, and thus the orientation of
the incoming nucleotide. For example, Arg72 in the nucleotide-binding
pocket forms hydrogen bonds with the nucleotide and is responsible for
pyrophosphate removal while its guanidium group stacks with the base of
the nucleotide. A mutation of R72A renders HIV-1 RT deficient in pyrophos-
phorolysis. GIn151 recognizes the 3’-hydroxyl and B-phosphate of the incom-
ing nucleotide and interacts with residues that directly contact the nucleotide
or affect the position of important structural elements. The Q151M mutation
disrupts the hydrogen-bond network and therefore generates drug resistance
to nucleoside analog inhibitors.

Because the YMDD loop pushes the primer terminus from the N to the
P site (see Section 8.4) after dNTP incorporation during translocation,
Met184 (the second amino acid of the YMDD motif) is important for the
positioning of the 3’-primer terminus and the binding of nucleotide. The
M1841, M184V, M184T, and M184A mutations develop resistance by three
mechanisms:

e Steric hindrance between side chains of f-branched residue at posi-
tion 184 and the ring of the B-L-enantiomer of NRTI, specifically 3TC,
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so that the strained binding between the inhibitor and HIV-1 RT is
salt sensitive and not catalytically competent>212

® Reorientation of the primer/template®

e Enhancement of ATP binding, pyrophosphorolysis, and excision of
the analog from the 3’-end of a primer!'?

The 3TC-resistant HIV-1 RTM84V drastically reduces incorporation effi-
ciency by weakening the binding for the triphosphate of 3TC, yet its fidelity
is increased 2.4-fold relative to wild-type RT. The incorporation of a normal
nucleotide, dCTP, is similar between the wild-type and the mutant HIV-1
RT during DNA-dependent DNA polymerization, but is 3.5-fold less efficient
by the mutant during RNA-dependent DNA polymerization. The incorpo-
ration of the triphosphate of 3TC is 146- and 117-fold less efficient in the
mutant HIV-1 RT for DNA- and RNA-dependent DNA polymerization,
respectively, compared to wild type RT.1* 3TC reverses AZT-resistant strains
to AZT-sensitive strains,'®! which supports the combination regimen of 3TC
and AZT in clinical treatment.

8.9.4.2 NRTI resistance through analog excision

The excision reaction is mechanistically the reverse of the chemical step of
a polymerization reaction, requiring a pyrophosphate donor, the ATP
B,y-phosphate moiety, joined to AZTMP at the 3" primer terminus by RT to
form a dinucleoside tetraphosphate.'?132-135 The AZTMP-terminated primer
is more often in the N site, which is the substrate for excision, because the
azido group imposes steric strain (Figure 8.4) and destabilizes the ternary
complex in the P site. The excision of an AZTMP-terminated primer is
specific to complex N.* The ATP f3,y-phosphate moiety is proximal to the
scissile phosphate of the AZTMP-terminated primer.

The nucleotide base makes aromatic n—r interactions with the Tyr215
ring of the AZT-resistant enzyme, which is stabilized by the Trp210 indole
ring in an L210W mutant RT. 1313 The excision of nucleoside analogs, includ-
ing ddTMP and d4TMP from DNA, is aggravated by amino acid substitu-
tions, such as T215Y, and insertions in the fingers domain. Gel shift analysis
supports a mechanism in which insertions in the fingers domain destabilize
the ternary complex, allowing the end of the primer to gain access to the N
site to prepare for excision.!®”

8.9.4.3 NNRITI resistance mechanism
Like NRTIs, NNRTIs induce mutations in the vicinity of their binding pocket
in HIV-1 RT. Single amino acid substitutions include L741/V; V751/L; A98G;
L100L; K101E/1/Q; K103N/Q/R/T; V106A/1; V108I; E138K; T1391; G141E;
V179D/E; Y181C/I; Y188C/H/L; V1891, G190E/Q; P225H; P236L; and
V233E.1%-14 The side chains of mutated amino acid residues prevent RT from
binding to the inhibitors. The hydrophobic and electrostatic interactions
between the enzyme and NNRTI are altered. Switched amino acids can cause
rearrangement of residues inside the NNRTI binding pocket and thus repo-



232 Nucleoside triphosphates and their analogs

sitioning of NNRTIs.150151 These mutational factors contribute to weaker
binding of NNRTIs to HIV RT, which leads to drug resistance.

8.9.5 The future of antiviral drugs

In order to improve adherence, tolerability, long-term toxicity, and drug- and
cross-resistance in the current regimens, structural derivatives of nucleoside
and nucleotide analogs are being tested to search for more specific but less
toxic antiviral drugs. Essentially, the side chains of approved drugs are being
modified to increase selectivity towards HIV-1 RT and reduce toxicity
towards cellular DNA polymerases.!>> Among all the investigational NRTIs,
two are active against both HIV and HBV: amdoxovir (DAPD, diaminopu-
rine dioxolane) and ACH-126443 (Beta-L-Fd4C).153-15

Amdoxovir is an analog of guanosine that is deaminated in vivo to DXG
(dioxolane guanine). It is active against some nucleoside-resistant viruses
but less potent to the K65R or L74V mutant.!”” Recently, Feng et al. and Feng
and Anderson report that L-nucleosides are generally less toxic while their
activity is comparable to their corresponding D-nucleosides.!?*1% This leads
to a testing of the L-derivatives of current nucleoside/nucleotide analogs.
ACH-126,443 emerged from the massive screening of 2’,3"-dideoxy(dd)- and
2’,3’-didehydro-2’,3’-dideoxy(D4)-L-nucleoside analogs. It has been reported
to be the most potent anti-HBV agent to date.!®

Aside from reverse transcriptase inhibitors, scientists are exploring new
ways to stop HIV viral replication using synthetic nucleotides. New classes
of HIV drug candidates include nucleic acid aptamers as template-analog
inhibitors; short interference RNA oligos; ribozymes; antisense RNA oligos;
and decoy RNA oligos. Template analogs and decoy RNA oligos directly
compete against DNA for binding to HIV RT.

Nucleic acid aptamers bring great hopes for overcoming the hypermu-
tation of HIV-1 RT. Burke et al. and Fisher et al. report that HIV-1 RT may
not be able to mutate to aptamer-resistant forms without deteriorating its
own viral replication activity.'¢016! Bacterially expressed RNA aptamers are
designed for inhibiting HIV-1 RT inside bacterial cells and additionally dis-
play potent antiviral activity in human cell culture.!®> Pseudoknot RNA
aptamers show substantially tighter binding than the natural substrate,
exceptional specificity, and a broad range of working conditions.!®* Vir-
ion-encapsulated template analog RT inhibitors (small RNA molecules) can
predispose virions for inhibition immediately upon entry.'®* DNA aptamers
against RNase H diminish the in vitro RNase H activity as well as viral
replication of HIV-1 in infected human cells.!¢>

Short interference RNAs (siRNAs) are double-strand RNA segments of
21 to 23 nucleotides that guide mRNA degradation in a sequence-specific
fashion to shut down gene expression. The HIV-1 life cycle can be interrupted
by siRNA technology at multiple stages. Currently, mRNA targets for siR-
NAs include the HIV-1 cellular receptor CD4; the viral structural Gag protein;
the green fluorescence protein substituted for the Nef regulatory protein!¢s;
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and the rev regulatory gene.!®” Silencing expression of these proteins can
reduce the viral entry into human cells, prevent viral genomic RNA accu-
mulation and virion uncoating and packaging, or extinguish the replication
of progeny virus inside the host genome. In short, siRNAs can inhibit pre-
and/or postintegration infection events in the HIV-1 life cycle.

Other RNA-based gene therapies include ribozyme,!%81% antisense, and
decoy inhibition.!® Ribozymes bind to and cleave RNA. Antisense RNA
oligos interact and base pair with structured RNA, resulting in the disruption
of an RNA structural motif crucial for protein recognition or the degradation
of RNA/RNA duplexes. Decoys are short structured synthetic RNA oligos
that mimic the viral RNA and compete with natural RNA ligands.

8.10 Conclusions

This chapter has described the origin, structure, function, and mechanism
of reverse transcriptases in various viruses. The discovery of reverse tran-
scriptase has shed light on the mechanism of viral replication, especially the
unique genetic conversion from RNA to DNA. The establishment of a kinetic
mechanism of polymerization by reverse transcriptase has provided a kinetic
basis to evaluate anti-HIV /anti-HBV drugs, as well as to characterize mutant
strains of HIV. The effects of each RT drug-resistant amino acid change have
been studied to help improve the design of antiviral drugs.

The reverse transcriptases of HIV and HBV are the highlight of this
chapter because they are major drug targets for therapeutic treatments. A
significant amount of effort has been devoted toward the study of these two
viruses in order to counter the worldwide AIDS and hepatitis epidemics.
The similarity between the structures of the nucleotide-binding pockets of
HIV and HBV reverse transcriptases has allowed for the treatment of hep-
atitis B patients with nucleoside analogs initially developed for the treatment
of AIDS patients. However, the therapeutic use of nucleoside analogs is
limited by cellular toxicity, lack of activity in some cell types, and suscepti-
bility to viral resistance. The development of viral drug resistance also limits
the potency of non-nucleoside analogs toward HIV-1 RT.

In order to address current limitations, scientists are seeking alternative
therapeutics such as template analogs, short interference RNAs, and nucleic
acid aptamers. The spectrum of antiretroviral and antihepadnaviral nucleo-
side/nucleotide analogs is being expanded as new approaches are continu-
ally emerging. Mechanistic evaluation of antiviral drugs remains an impor-
tant tool for improvements in the antiviral regimens. Further in vivo work
using more diverse experimental systems is required for a more complete
assessment of these new drugs.

Abbreviations

AIDS acquired immunodeficiency syndrome
AMV avian myeloblastosis virus
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ASLV avian sarcoma-leukosis virus;
dATP 2’-deoxyadenine-5"-triphosphate
dCTP 2’-deoxycytidine-5"-triphosphate
dGTP 2’-deoxyguanosine-5-triphosphate
dTTP 2’-deoxythymidine-5"-triphosphate
HBV hepatitis B virus

HIV human immunodeficiency virus
MLV murine leukemia virus

MoMLV moloney murine leukemia virus
PBS primer binding site

pgRNA pregenomic RNA

PPi pyrophosphate

PPT polypurine tract

RNase H ribonuclease H

RT  reverse transcriptase

siRNA short interference RNA
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9.1 Introduction

This review is intended to cover the synthesis and use of base-modified
nucleoside triphosphates (BM-NTPs). The BM-NTPs covered in this review
are predominantly synthetic in origin, although a selection of rare analogs
that occur in nature will also be discussed.

The application of nucleic acids as therapeutic agents in antisense and
triplex technologies — and as molecular biology tools in the field of diag-
nostics — inspired researchers to study various nucleobase, sugar, and phos-
phate backbone modifications of the naturally occurring nucleic acids. As a
result, several new inventions largely responsible for the successful sequenc-
ing of the human genome, such as polymerase chain reaction (PCR) and
DNA sequencing technologies, were developed. They are also widely used
techniques in molecular diagnostics. BM-NTPs were critical components of
the success of this endeavor. In addition, a tremendous amount of work
published in the last three decades has improved understanding of nucleic
acids with various chemical modifications.

However, this chapter is dedicated to base-modified nucleoside triphos-
phates and their applications in biotechnology only. The use of some stan-
dard natural triphosphates in biotechnological applications will also be dis-
cussed briefly.

Base-Modified Nucleoside Triphosphates consist of analogs of the nat-
urally occurring DNA and RNA monomers. These analogs confer a blend
of physical and chemical properties that allow a diverse set of applications
of these molecules at the interface between chemistry and biology, from the
areas of biochemical tools through medicinal applications. Among many
other uses, they offer the researcher ways to probe some basic enzymatic
processes and they provide unique and highly selective methods of labeling
nucleic acids.

In order to be effective substrates in technologically useful biological
processes, the BM-NTPs must in some way mimic the properties of naturally
occurring NTPs. The basic structural elements of the NTPs should be sub-
stantially maintained to ensure biological recognition, although any base
modification is inevitably going to modify the structure of the nucleoside
on an atomic or electronic level. These modifications may, in some cases,
allow for binding of the analog to an enzyme’s active site, but may block
the biological activity of the enzyme involved.

This is the key mode of action of the cytotoxic nucleoside analogs based
on the 5-fluoro-pyrimidine nucleosides; the analogs bind very strongly to
the active site of kinases, but cannot serve as substrates for the second step
of triphosphate synthesis due to stereoelectronic effects of the small but
highly electronegative fluorine atom. In this case, the analog is recognized
by the enzyme, which implies that the fluorine atom at the 5-position and
the stereoelectronic perturbation induced are not intimately involved in the
recognition process. The binding of the analog MP to the enzyme inhibits
the de novo synthesis of 2’-deoxythymidine-triphosphate, resulting in the
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cytotoxic effect. The 5-fluorocytidine analog exhibits the same effect,
although it’s believed that conversion to the 5-fluorouridine analog is
required for acitivity.

9.2 Nucleic acid chemistry, H-bonding structure

The hydrogen-bonding pattern of natural nucleic acid bases is the key to the
complementary recognition of alternating nucleic acid strands and of the
nucleoside triphosphate components used to make them. This pattern of
hydrogen bond donor and acceptor functionality results in strong, relatively
stable, and unambiguous pairing of the naturally occurring bases. By exam-
ining structural variants in which the pattern of hydrogen bonding is mod-
ulated through the change of the positions of the nitrogen atoms in the bases
or through modification of the type of exocyclic substituent presented for
base pairing in specific locations within the bases, the combination of spec-
ificity and strength in natural bases can be tuned to meet certain specific
tasks in biological and technological applications.

For example, the normal 3-hydrogen bonds, formed between guanine
and cytidine in DNA, can be reduced to 2-hydrogen bonds by the substitu-
tion of deoxyinosine for dG in oligonucleotides. Deoxyinosine’s lack of the
exocyclic N2 amino group of the guanine base results in loss of strength of
hydrogen bonding, which results in the generation of weaker specific DNA
duplexes; in this case, it also results in the possibility of formation of signif-
icantly strong structures with classically noncomplementary bases. This pro-
pensity is used in nature, whereby the “wobble” position of the third position
of the anticodon loop in tRNA may be substituted by inosine, which reduces
the specificity by which the anticodon loop hybridizes with its target
sequence. The weaker hydrogen bonding associated with dITP has been
exploited in PCR applications, in which the denaturation temperature of
PCRs can be significantly reduced over conventional PCRs due to the atten-
dant lowering of the Ty, of the dI containing PCR product strands.!

9.3 Chemistry

Modified nucleosides have been found in ribonucleic acids (RNAs)?? and
deoxyribonucleic acids (DNAs)>? due to the methylation of nucleic acids at
various bases. In 1948, Hotchkiss discovered the first modified nucleobase,
5-methylcytosine, in a sample of calf-thymus DNA, presumably due to DNA
methyl transferase activity.? Since then much work has been done in the area
of DNA methylation, revealing it to be an important process contributing to
transcriptional regulation in living cells.

Cytosine methylation within CpG dinucleotides has been implicated
with the regulation of gene expression in higher organisms.> When incorpo-
rated into DNA, 5-methyl-2-deoxycytidine (5-Me-dC) induced apoptosis,®
gene silencing,”!! and other transcriptional regulation changes and con-
trols.!>1® Another methylated nucleoside analog is 7-methylguanosine, iso-
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Figure 9.1 Rotational isomers of N°-Me-dA and their H-bonding in Watson-Crick
base pairing.

lated by Dunn in 1963 as a free base from acid hydrolysates of tRNA from
pig liver.'” The positive charge on 7-methylguanosine (N’-Me-G) might sta-
bilize certain regions of the tRNA structure'® and also may play an important
role in translation.” Similarly, due to its preferential cis conformation,
Né-methyl-2’-deoxyadenosine (N®-Me-dA) could affect local nucleic acid con-
formation because N¢-Me-dA analogs exist in solution primarily in the cis
conformation (about 96% of the time) rather than in the trans conformation.?*

In the cis conformation, the methyl group of N°-Me-dA is located on the
N side of the base and thus prevents the formation of the second hydrogen
bond in a normal Watson—Crick base pairing (Figure 9.1). By contrast, in the
trans conformation the methyl group is on the N7 side of the base and thereby
favorable to a normal A-T base pair. Because of these cis and trans rotational
isomers, substitution with N°-Me-dA can lower the stability of the resulting
base pair in duplexes.??¢ Conversely, the substitution of 5-Me-dCTP in place
of dCTP results in an increase in stability of ds DNA.c Both N°®-Me-dATP
and 5-Me-dCTP have found use in PCR applications.?”

Formycin and pseudouridine analogs are C-nucleosides in which the
normal N base is replaced by the more stable C—C bond between sugar and
base. Formycin and pseudouridine participate in hydrogen bonding with G
and A, respectively, in a normal Watson-Crick base pairing. In triple-helix
oligonucleotides, or triplexes, (Figure 9.2), the association of the third strand
is through the formation of specific hydrogen bonds with one of the two
antiparallel strands in a Watson—Crick duplex. These new H-bonding pat-
terns do not form in normal DNA duplex structure. The stability of the third
strand is weaker than the double strand (Watson—Crick) interactions and thus
dissociates first. Ts'o and his group reported that use of pseudouridine in
place of uridine in selected places can improve the stability of triple helices.?®

Reactive oxygen species such as hydroxyl radicals react with nucleic
acids in cellular systems and can result in oxidatively modified nucle-
otides such as 8-oxo-2’-deoxyguanosine (8-oxo-dG); 8-oxo-2’-deoxyade-
nosine (8-oxo-dA); hydroxymethyl-2’-deoxyuridine (HMDU); or
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5-hydroxy-2’-deoxyuridine. These oxidatively modified nucleotides are
mutagenic in nature and are believed to play a significant role in carcino-
genesis. To understand the biophysical and biochemical properties of
these nucleotides better, the analogs were synthesized and studied in
DNA and RNA polymerase activity, fidelity assays,/X as well as activity
towards kinases,*™ and phosphohydrolases.N

Base modifications can be envisioned based on the understanding of the
thermodynamic properties of nucleic acids. One mode of such base modifi-
cation is based on the enhanced stability of DNA /RNA, through extra hydro-
gen bonding. The purine analog 2, 6-diaminopurine-2’-deoxyribonucleo-
side-5-triphosphate (DAP), has an extra 2’-amine group (Figure 9.3), which
renders an additional hydrogen bond in the minor groove of DNA (in stan-
dard Watson and Crick base pairing) with thymidine, thereby leading to the
stabilization of duplex.??* The increase in the melting temperature of a
duplex with DAP is dependent on the sequence and the length of the oligo-
nucleotide. A comprehensive review on structural properties of diaminopu-
rine was published in 1998.3!

Another approach to improving stability of DNA/RNA complexes
included strengthening the hydrogen bonds between bases and/or increas-
ing the base pair stacking interactions. Such compounds included pyra-
zolo[3,4-d]pyrimidine®%; 7-halo-8-aza-7-deaza-2’-deoxyguanosine®3%; and
8-aza-7-deaza-2’-deoxyguanosine.’?%3 These modifications improved the
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Figure 9.3 H-Bonding of A-T and DAP-T base pair.
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Figure 9.4 H-Bonding of G-C and isoG-isoC base pair.

stability of duplex DNA. Among the modifications reported for duplex
stabilization, the alkynyl group at the 5-position of pyrimidine analogs®*-¢
and at the 7-position of 7-deazapurine analogs have attracted considerable
attention.*” It is believed that the hydrophobic character of the alkynyl
group and the increased polarizability of the nucleobase contribute to this
improved DNA duplex stability. Chemical modifications at the 5-position
of pyrimidines or the 7-position of 7-deazapurines are directed into the
major groove of DNA and are well accommodated without significant
steric hindrance. By contrast, the introduction of the same alkynyl group
at the 8-position of 7-deazapurine lowers the stability of DNA, presumably
due to steric constraints.*#® It is very important to note here that the
7-deaza0dG and 7-deaza-dA analogs are known destabilizing agents of
ds DNA.OF

Several other reported base modifications probe important biochemical
processes or have useful chemotherapeutic properties. Isoguanosine (isoG)
and isocytidine (isoC) are functional group transposition analogs of gua-
nosine and cytidine (Figure 9.4) and participate in a form of base pairing
analogous to Watson and Crick, except for a different pattern of hydro-
gen-bonding donor—acceptor pairs. More than 40 years ago, Rich proposed
that the isoC-isoG base-pairing system could offer some advantages in
nucleic acids chemistry because of its distinct hydrogen-bonding pattern that
is different from the natural A-T (U) and G-C base pair.#

Benner and coworkers demonstrated the site-specific incorporation of
isoGTP into oligonucleotides using deoxy-isoC containing DNA templates
and T7 RNA polymerase.®®>! Shortly after, Tor and Dervan reported the
efficient incorporation of isoGTP opposite of C>-methyl-deoxy-isoC in a DNA
template by the T7 RNA polymerase.> In addition, they demonstrated the
site-specific incorporation of Né-(6-aminohexyl)-isoGTP into the RNA tran-
script by T7 RNA polymerase. The primary amine of N°-(6-aminohexyl)-isoG
can react with activated carboxylic acids leading to the functionalization of
RNA in a site-specific manner and may be used for detection of nucleic acids.
Separately, a group of researchers studied the wobble base pairing of 2,
6-diaminopurine riboside (DAP) and 5-methyl-isoC to understand the impor-
tance of G-U wobble base pairs, which are present in a wide variety of
RNAs.53> Recent theoretical calculations and thermodynamic data suggest
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that the isoC—isoG base pair is comparable in stability to the C—G base pair.”®
Although outside the scope of this review, Benner has expanded the genetic
alphabet from 4 to 6 ‘letters” with a new Watson-Crick base pair of diami-
nopyrimidine C-nucleotide (K) with xanthosine (X) (Figure 9.59R).

The 7-deazapurines, such as 7-deaza-adenosine (7-deaza-A) and
7-deaza-guanosine (7-deaza-G), are another type of base-modified
nucleoside®% and nucleotide.®! The substitution of the nitrogen atom with
a carbon at the 7-position (Figure 9.6) increases the stability of the glycosyl
bond of these analogs compared to their parent nucleosides. In addition, on
incorporation into DNA, do lower intrastrand (ss DNA) and Tm (ds DNA)
stability via reduction of base stacking Hoogsteen interactions. Reduced
intrastrand stability is important in electrophoretic mobility analysis of DNA
to avoid /minimize compression artifacts.

It is believed that the lack of the N7-nitrogen in 7-deaza-guanine can
minimize or prevent unusual secondary structures (like tetraplexes) of oli-
gonucleotides containing high GC content. In addition, these analogs can be
modified further at the C7 position to attach a wide variety of reporter groups
for the detection of nucleic acids. The 8-halopurine and 5-halopyrimidine
analogs were synthesized by direct halogenation methods and are photo-
labile. They are widely used in various nucleic acid-based technologies such
as sequencing by mass spectrometry, detection of oligonucleotides using
antibodies, and cross-linking studies probing the structure of protein-DNA
complexes. Various azido-, halo-, and thioanalogs of purines and pyrim-
idines have also played a role as chemotherapeutic agents and/or in detec-
tion methods.

6
1
3)

N

Purine Ring 7-Deazapurine Ring

Figure 9.6 Graphical representation of purine and 7-deazapurine ring systems.
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9.4 Biological applications
9.41  Sequencing and genotyping

Genotyping is defined as the determination of the nucleotide sequence in a
target nucleic acid at a specific nucleotide position. Sequencing is the deter-
mination of the total sequence information of an extended portion of the
target nucleic acid.

The incorporation of 7-methyl-dGTP in a primer extension reaction,
using Klenow fragment DNA polymerase, has been used to determine the
genotype of a sample in which a T to C mutation was potentially present.
The product DNA strands cleave on treatment with piperidine only if the
methy-dG analog is present, inferring the presence of the dC mutation in the
target. The identity of the cleaved DNA fragments is determined using
MALDI mass spectrometry.®?> A similar approach has been developed for
genotyping using a method known as incorporation and complete chemical
cleavage. In this case, four modified nucleotide triphosphate analogs may be
incorporated in separate PCRs. These analogs are then treated with oxidizers
and bases to give specific cleavage products. These products can be separated
and detected by standard methods, such as electrophoresis or mass spectros-
copy. The analogs were 7-deaza-7-nitro-dATP; 7-deaza-7-nitro-dGTP;
5-hydroxy-dCTP; and 5-hydroxy-dUTP.6364

Another method to improve peak shape in electrophoresis-based
sequencing, in which 7-deaza-dITP is included in place of dGTP and
N*-Methyl dCTP for dCTP, has been described.®® Jensen and co-workers
reported the alleviation of band compression in sequencing by the use of
7-deaza-d ATP analogous to the use of 7-deaza dGTP discussed previously,
and the use of the two analogs together.®® McDougall and colleagues have
reported on the synthesis of 30 analogs of 2’-deoxyguanosine triphosphate;
two of these, 7-ethyl-7-deaza-dGTP and 7-hydroxymethyl-7-deaza-dGTP,
met the need of superior performance in sequencing reactions.®” Further
combinations of analogs have been examined in sequencing reactions,
including the use of 7-deaza-dITP and 4-methyl-dCTP.%

The incorporation of 5-methyl-dCTP has been used to confer nuclease
stability on randomly extended and labeled dsDNA fragments, which in
turn can be used to generate sequence information. The frequently cutting
restriction enzyme used cannot digest the DNA that incorporated the mod-
ified nucleotide, so all strands are truncated at fixed locations; this can then
be separated by electrophoresis and the sequence inferred.®® Koster et al.
have shown the potential of using modified nucleotides in sequencing of
DNA using mass spectrometry as the read-out of the sequence.®-"!

Using chain-terminating and chain-elongating nucleotide triphosphate
analogs, various techniques have been explored. These analogs —
4-thio-UTP, triphosphates of various 5-substituted pyrimidines, 8-substituted
purines, and 7-deazapurines — confer mass differences on the extended and
terminated DNA products. The MALDI or ES mass spectra of these products
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can be determined and the identity of the terminal base can be inferred.
Rhodamine labeled ribonucleotide analogs have been reported for sequenc-
ing applications.5”2 The fluorophores were attached to the 7-position of 7-dea-
zapurines and to the 5-positions of pyrimidines using standard chemistries,
based on the use of previously described dye-labeled deoxy analogs.”

9.4.2 Labeling

Ward and coworkers introduced the pivotal 5-substituted pyrimidine ana-
logs, which allowed for the development of several successful DNA labeling
systems.”*”> Labeling systems developed since then will be covered else-
where in this volume, although a set of base-modified analogs will be
described in this section.

9.4.2.1 Immunofluorescence

The use of 5-bromo deoxyuridine triphosphate (BrdUTP) has revolutionized
the way in which studies of cellular processes involving nucleic acid syn-
thesis are undertaken. In general, this modified nucleoside triphosphate is
administered to permeabilized cells, and the incorporation of the analog
into DNA can be detected by treatment with antibodies specific to the
modified base, after appropriate fixing of the cells.”*”” For example, it has
been reported that apoptotic cells feature numerous strand breaks. These
breaks can be detected by incorporation of BrdUTP using terminal trans-
ferase, followed by treatment with a fluoresceinated anti-BrdU monoclonal
antibody.”® Compared to conventional labeling methods, when this tech-
nique is used enhanced detection of these breaks has been reported. Addi-
tionally, an alkaline phosphatase conjugated anti-BrdU antibody and colo-
rimetric detection have been used to measure the reverse transcriptase (RT)
activity of the HIV RT.”-%! Similar methods have been applied to
5-Iodo-dUTP22 5-fluoro-dU, and 5-nitro uracil.®

9.4.2.2  Photoaffinity labeling

The photoactive analog 8-azidoadenine-2’-deoxyriboside triphosphate
(8-azido-dATP) has been used extensively to cross link DNA to proteins
involved in nucleic acid processing. This property has been used to probe
sites of contact between DNA and enzymes and other factors. The chemical
synthesis and utility of the purine analogs has been described by Czarnecki
and co-workers.® The analog is a substrate for several polymerases, which
allows for its easy incorporation by nick translation.®> Terminal transferase
has been labeled using this substrate, thus allowing for identification of
amino acid side chains involved in the enzymatic activity.®#” Other targets
for labeling have included Klenow fragment,® tet repressor,® RNA poly-
merase subunits® and adenyl cyclase,”* and have been reviewed previously
by Meffert and colleagues.*?

A photoactivatable and fluorescent analog that can be used as a probe
of the nucleotide-binding site of kinases or cyclases has been described by
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Sarfati.”® The formation of an intramolecular cystine disulfide bond has been
proposed as the mechanism for the photoinactivation of phosphoenolpyru-
vate carboxykinase when treated with 8-azido-GTP. However, the level of
labeling by the analog was much less than the level of inactivation. The
reactive intermediate formed during photolysis may have induced the
intramolecular disulfide formation.**

Other forms of affinity labels have been described, including the use of
6-chloro-purine riboside 5'-triphosphate, as a way to modify inactivate ade-
nylate cyclase irreversibly. The 6-thio analog of this compound also inacti-
vated the enzyme, but was reversible by the addition of DTT. This implied
the presence of an SH group in the purine amino-binding area of the enzyme
active site.

9.4.2.3 Thio analogs

Bullard et al. have shown that 4-thiouridine triphosphate can substitute for
unmodified uridines in RNA using T7 RNA polymerase.” The thio group
can serve as a point of conjugation to 5-lodoacetamido-1,10-phenanthroline,
which in turn can serve as a site-specific cleavage site for the nucleic acid,
when contacted with Cu?*in a reducing environment. This kind of modifi-
cation has been used in footprinting protection assays to establish structural
elements of tRNA. Eshaghpour et al. have demonstrated a similar alkylation
reaction in which a variety of chemical labels are attached to the o-haloac-
etamido derivative used.” The analogous 4-thio-deoxyuridine has been used
as a photoalffinity label when incorporated into nucleic acids. This has been
used to label and identify the subunit of the HIV-1 RT that is in contact with
the extending chain during polymerization.”

9.4.2.4 Spin labels

Toppin et al. have described the incorporation of spin-labeled nucleoside
triphosphate analogs into DNA. These have the potential to be reporter
molecules on the physiochemical environment of nucleic acids, as detected
by EPR experiments.”® C-nucleoside derived nucleoside triphosphate ana-
logs have been prepared.”!® Many of the same functionality of side chains,
linkers, and labels can be incorporated in these analogs. They exhibit a range
of properties that are expected based on the known similarities and differ-
ences between these analogs and their naturally occurring counterparts.

9.4.3 Nuclease resistance

The incorporation of 5-methyl-dCTP in PCR has been used to protect restric-
tion sites from degradation using enzymes sensitive to the presence of the
5-methyl group. This has allowed the generation of fragments that replicate
those from a partial restriction enzyme digest of unmodified DNA, without
the need for optimized enzyme digestion reactions. When 5’-labeled primers
are used, the products can be easily visualized after electrophoretic separa-
tion.!%! This concept has been extended by Padgett and Sorge!®* to generate
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seamless junctions in ligation reactions, using the enzyme eam 11041, which
is sensitive to 5-methyl-dCTP incorporation and cuts several bases away
from its recognition site. The incorporation of 5-methyl-dCTP into DNA from
an RNA template has also been reported.!®

944 PCR

Several BM-NTPs have been used in nucleic acid amplification systems. The
most common form of this is the use of deoxyuridine triphosphate (dUTP)
in PCR systems, which serves as a method to prevent carry-over contami-
nation from previous PCRs. The incorporation of dUTP by the commonly
used eubacterial thermostable and thermoactive polymerase enzymes gen-
erates PCR product that has complete or partial substitution of dU for thy-
midine, depending on whether dUTP is used alone or in a blend with TTP.
In cases in which such a PCR product is transferred into a new PCR
(carry-over contamination), which would otherwise give rise to a false pos-
itive result, the enzyme uracil-N-glycosylase (UNG, AmpERASE™) is used
to excise the uracil base specifically, leaving an abasic site. This labile abasic
site is subject to B-elimination and strand cleavage. In this way, any and all
strands of DNA derived from a previous PCR can be treated with the enzyme
before any thermocycling has been undertaken; after this, it cannot serve as
a template for the generation of more PCR product.

Although dUTP is not normally found in nature, it can be easily made
through the deamination of dCTP. The role of the UNG class of enzymes is
to remove any dU bases that may have formed in DNA by the deamination
of dC or via incorporation of dUTP in a host deficient in, or lacking, dUTPase
activity. This mutation would otherwise result in a C-T transition mutation.
The abasic site produced through the loss of the uracil base is then a substrate
for other enzymes (initiated by “AP endonucleases”) of the excision/repair
complex to remove and repair this type mutagenic event.

In an alternate system, biotinylated dUTP can be incorporated into the
DNA produced in one PCR. This labeled DNA can be treated with dnase
1-streptavidin complex, which delivers the nuclease to the amplified DNA
and degrades it, rendering it unamplifiable in any future PCR. Because DNA
from the sample is not biotinylated, it is not a substrate for the conjugate.
Prevention of contaminant amplification and target amplification were car-
ried out in the same vessel as part of a single procedure.!%*

Substitution of dCTP with 5-methyl-dCTP in PCR results in highly stable
amplicons. This enhanced stability has been found to be inhibitory to PCR
in certain systems; however, this inhibition can be overcome by increasing
the denaturation temperature of the PCR or by including the destabilizing
dITP analog.?” In contrast, the structural analog, N*-methyl-dCTP, is some-
what destabilizing when incorporated into double-stranded DNA. This has
been used to advantage in sequencing applications, in which electrophoresis
artifacts such as band compression and distension are reduced through incor-
poration of this analog as a means to improve denaturation of the sample.!%
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The most prevalent base-modified nucleotide triphosphate in use in
biochemical applications is most likely 7-deaza-dGTP. This modification was
introduced by Seela and co-workers,*! Fernandez—-Rachubinski et al.,'% and
Dierick!” as a means to reduce the secondary structure of DNA with high
G:C content. Compression in electrophoretic mobility of bands in sequencing
gels was relieved by the inclusion of this modified triphosphate. There is
evidence that efficient incorporation and generation of PCR product with
these helix destabilizing nucleotide analogs both permits and requires mod-
ification of the PCR temperature profile. dI can be incorporated at 100% if
T anneal/extend in lowered by the requisite extent. The inclusion of
7-deaza-dGTP confers considerable stability of the DNA toward a majority
of restriction enzymes.!® This analog was used successfully early in the
development of PCR to amplify a target with 74% G:C content!® and has
been applied to the detection of fragile X syndrome.!?

One problem induced by the incorporation of these 7-deaza analogs into
ds DNA is that conventional staining and visualization of DNA by ethidium
bromide or syBR Green I is extremely insensitive relative to normal DNA.©
This post-electrophoretic detection issue has been ameliorated by the use of
silver staining.!!!

Siegert et al. have used MALDI-TOF mass spectrometry for the fast and
accurate detection of short PCR products.!!? In this case, the incorporation
of 7-deaza purine analogs reduced fragmentation in the mass spectrometer,
thus resulting in increased signal intensities and mass resolution. This
method is suggested as a way to detect and analyze PCR products in diag-
nostic applications.

9.4.4.1 Electrochemical

Based on the differential redox activity of the analogs over the normal bases,
7-deazapurine nucleotide triphosphates have been incorporated into DNA
in order to detect different sequences in PCR products.!'3 Up to three different
modified nucleotide triphosphates have been incorporated in one PCR.
Kuwahara et al. reported the separate and simultaneous incorporation of
the triphosphates of 5-(3-aminopropyl)dUTP, 5-((6-aminohexyl)carbamoyl-
methyl)dCTP and 2-amino-dATP, or N®-Methyl-dATP."* Side chains on
bases, which have the potential of exhibiting catalytic properties, have been
incorporated into DNA again using Taq polymerase-based PCR. 5-Imida-
zolyl dUTPs and 3-(aminopropynyl)-7-deaza-d ATP were incorporated into
synthetic DNA and were refractory to a restriction enzyme.!’

Researchers have incorporated 2-aminoadenine (or 2, 6-diaminopurine
deoxyriboside triphosphate, DAPTP) into synthetic DNA chemically and
enzymatically."® The extra hydrogen bond of this compound allows for
stronger and potentially more specific hybridization of 2-aminoadenine con-
taining probes to their targets. This analog again showed some inhibition of
restriction enzymes. The inclusion of DAP into oligos has been shown to
increase thermodynamic stability by around 1.5° per substitution.?
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The future is limitless. Sophisticated chemistry (by sophisticated chem-
ists) have provided and will continue to provide important molecular struc-
tures and mechanistic insights for nucleic acid chemistry and biochemistry
as well as important tools for improving biotechnology applications to the
life sciences.
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Figure 10.1 General structure of nucleoside triphosphate analogs for nonradioactive
labeling.

10.1 Introduction

Labeled nucleoside triphosphate analogs (LNTPs) are used widely for
in-vitro enzymatic incorporation of detectable reporter molecules or “tags”
into DNA and RNA sequences derived from biological samples. The majority
of analogs used for this purpose are based on the general structure shown
in Figure 10.1, in which a detectable group — a luminescent molecule or a
hapten to allow the attachment of a secondary signal-generating moiety —
is attached via a linker to one of several modifiable positions on the hetero-
cyclic nucleobase. A variety of analogs in which a label is attached to a
position on the phosphate or sugar ring, or in which the sugar ring has been
replaced with a noncanonical structure, have also been prepared for certain
special applications.

Nonradioactive labels have become an increasingly popular choice over
traditional radioisotope labels for most nucleic acid detection applications.
In addition to being preferred for safety reasons, nonradioactive labels have
the advantages of better stability, ease of use, and versatility in providing
the ability to choose, from a variety of detection methods, the one best suited
to a particular application or analysis platform. Optical detection technolo-
gies such as fluorescence microscopy have advanced to the point at which
comparable, and in some cases better, sensitivity can be achieved relative to
radioactive labeling. The use of labels such as biotin or other high-affinity
ligands allows secondary signal generators, such as enzyme conjugates, to
be bound immunochemically to achieve sensivities surpassing those of single
flourescent molecules or radioisotopes.

Optical detection methods also provide intrinsically higher spatial res-
olution in comparsion with isotope detection using emulsion overlays or
phosphor films, and this is a primary reason why nonradioactive detection
is preferred for in situ hybridization and sample labeling for high-density
probe arrays. Labeling with luminescent tags also provides the ability to use
multiple spectrally resolvable labels to differentiate in-situ hybridization
target sequences, sequencing fragments, and primer extension products for
single nucleotide polymorphism (SNP) analysis.

Nonradioactive LNTPs can be incorporated into nucleic acid molecules
using appropriate DNA or RNA polymerases; standard procedures are avail-
able for internal labeling of DNA sequences via
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Nick translation!?

Random priming**

Specific primer extension®

PCR amplification®?®

Reverse transcription®!®

3’-end labeling with terminal transferase,'"'3 or Klenow DNA poly-
merase [1415

Similarly, RNA molecules are labeled internally via in vitro transcription,16-18
3’-end labeled using terminal transferase,’ or polyA polymerase.?’

A number of chemical methods have been developed for directly label-
ing unmodified nucleic acids as an alternative to labeling with LNTPs. These
include bisulfite-catalysed transamination of cytosine bases?; conversion of
terminal phosphates to amine-reactive derivatives such as imidazolides and
morpholidates??>?; and reductive amination of aldehyde groups generated
via periodate oxidation of RNA 3’ termini?*2¢ or by depurination of DNA.?”
Alkylating agents derived from aryl azides,”® psoralen derivatives,??° nitro-
gen mustards,®! and platinum complexes®23* that react covalently with the
heterocyclic bases are also commercially available for labeling applications.
Reagents for specific alkylation of internal or terminal phosphate or phos-
phorothioate residues have also been developed.353

For certain applications, a chemical labeling approach may offer a more
direct and cost-effective alternative to enzymatic labeling. Historically, how-
ever, the available reagents and methods for direct chemical labeling have
had certain limitations that discouraged more widespread use. Native poly-
nucleotides do not possess highly reactive functional groups, and the
reagents used for chemical labeling must generally be very reactive or be
used at high concentrations. This can lead to somewhat nonselective modi-
fication of the polynucleotides, variability in the extent of labeling, and
potential toxicity and stability issues. The large excess of reagent typically
used in chemical labeling methods usually requires an efficient clean-up step
to minimize nonspecific background; this can lead to variation in recovery
of the labeled polynucleotides, a drawback for applications requiring
high-sensitivity detection.

By contrast, internal or terminal addition of labeled nucleotide analogs
is specific to polynucleotide targets and typically requires millimolar or
lower concentrations of the LNTP labeling reagent. When necessary, unin-
corporated nucleotides can be readily separated by solid phase extraction,
which is now commercially available in convenient cartridge and 96-well
plate formats. An additional consideration is that many chemical labeling
methods result in modification of the nucleic acids at positions that may
adversely affect normal Watson—Crick base pairing and/or duplex stability,
and thereby the affinity and specificity of polynucleotides used in hybrid-
ization-based applications. Although LNTPs are not entirely benign in this
regard, the position of attachment of the label is typically such that the impact
of the modification on hybridization properties is minimal (Section 10.4.3).



272 Nucleoside triphosphates and their analogs

Lastly, enzymatic labeling is most often preferred as a matter of conve-
nience because nucleic acid samples are usually generated by poly-
merase-catalyzed extension, replication, or amplification reactions; the
simultaneous incorporation of labels at this point in the process circumvents
the need for subsequent labeling and clean-up steps. Thus, at present, enzy-
matic methods provide a more specific and convenient means of incorpo-
rating detectable labels into nucleic acids. However, as chemical labeling
reagents and methods continue to improve, their use is likely to become
more common for a number of general labeling applications.

10.2  Applications of labeled nucleotide analogs

Labeling with LNTPs has come to be a ubiquitous element in a broad range
of research techniques used in genetics and molecular/cellular biology. Over
the last decade, the utilization of LNTPs has experienced substantial growth
due to international programs to sequence the genomes of humans and other
organisms,” as well as the emergence of high-density DNA probe arrays
as a standard tool for high-throughput screening and large-scale analysis of
genetic variation and gene expression.**° Exemplary applications of LNTPs
include preparation of labeled probes for use in northern/southern blot,
colony, or plaque hybridization,*-*° and for a variety of in-situ hybridization
techniques, including FISH and multicolor FISH or spectral karyotyping
(SKY)>1-57; comparative genomic hybridization (CGH)®; and fluores-
cence-based differential display.® They are also used for labeling DNA and
RNA samples in hybridization-based sequence detection and analysis with
DNA probe arrays.310186061 Researchers in the area of cell molecular biology
employ LNTPs in assays for DNA repair synthesis®? and internucleosomal
cleavage associated with apoptosis.®® Biotin-LNTPs have been used for affin-
ity labeling for the specific capture of polynucleotide sequences®*® and
nucleic acid—-protein complexes.®

Automated DNA sequencing by the Sanger “dideoxy” method is a par-
ticularly widespread commercial application in which fluorescent dideoxy-
nucleotide chain terminators are a fundamental component.®~7! In addition
to primary sequencing, the dideoxy sequencing technology is also used
extensively in SNP discovery and analysis’>”® and serial analysis of gene
expression (SAGE).” Fluorescent 2’-deoxy-NTP analogs have been employed
in genomic sequence assembly”>7° to label clone restriction digests for contig
mapping of overlapping clones, as well as in a number of established geno-
typing technologies, such as microsatellite analysis”” and single-stranded
conformational polymorphism (SSCP) analysis.”® LNTPs have also been uti-
lized recently to introduce mass tags and affinity labels for mass spectro-
metry-based sequencing” and genotyping.®

In recent years, labeled deoxy- and dideoxynucleotide analogs have
played an enabling role in the development and commercialization of
arrayed single-base primer extension methods (SBE; also referred to as
“minisequencing” or “digital genotyping”) for SNP screening and map-
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ping studies.?-8 This method has proven particularly attractive for its
simplicity, compatibility to various detection formats, and superior SNP
discrimination relative to previous allele-specific hybridization methods.
LNTPs continue to play an instrumental role in the ongoing development
of a number of advanced technologies for large-scale sequencing and
sequence analysis, based on sequencing by synthesis, exonucleolytic
sequencing, and related strategies.®”-101

Numerous practical guides are available that provide standardized pro-
tocols for enzymatic labeling of nucleic acid probes for blotting and in-situ
hybridization®%%; DNA sequencing!??-1%; and sample preparation for DNA
array-based analysis.®>!%” In addition, a great deal of practical information is
available online from the various commercial providers of instrument plat-
forms and reagents for genomic analysis.1®

10.3 The synthesis of labeled nucleotide analogs

A number of NTP analogs have been prepared that possess modified het-
erocyclic bases exhibiting native fluorescence.!®!!! These have been utilized
primarily as fluorescent probes for studying nucleotide-binding sites in pro-
teins and enzymes.!®” Although some of these analogs can be recognized by
polymerases and incorporated into DNA or RNA, their spectroscopic char-
acteristics are generally not appropriate for the majority of labeling applica-
tions, in which high detection sensitivity is of primary importance. Most
LNTPs for nucleic acid detection are of the type shown in Figure 10.1, which
enables the incorporation of a wide range of luminescent labels and haptens.
To achieve efficient labeling, LNTPs must be good substrates for DNA or
RNA polymerases, so they are generally derived from ribo-, 2’/3’-deoxyribo-
or 2/,3’-dideoxyribo-nucleotide analogs with a “canonical” purine or pyrim-
idine base (A, G, C, T, U) or some alternate heterocyclic base analog (see
Appendix) at the -C-1" position. Enzymatic labeling efficiencies with LNTPs
depend on the structure of the linker and labeling moieties, the position of
their attachment, and the polymerase used (see Section 10.4).

LNTPs are prepared synthetically by one of a number of basic methods
developed by researchers in the 1980s. These methods involve a sequence
of manipulations to attach a linker, which has a terminal primary amine
group, to the nucleobase of a nucleoside or nucleotide analog; conversion
to a 5-triphosphate (in the case of nucleoside intermediates); and, finally,
coupling the label molecule as an amine-reactive derivative, typically an
N-hydroxy-succinimidyl (NHS) ester. The first report of direct incorporation
of an LNTP into nucleic acids involved C-5-biotinylaminoallyl-modified
pyrimidine nucleotides.'!> The preparation of these compounds (shown in
Figure 10.2) employed a mercuration and Pd(0)-catalysed alkenylation (Heck
reaction) sequence demonstrated previously'*!! to prepare the C-5 aminoal-
lyl nucleotides; these were then reacted with biotin NHS ester. It is possible
to introduce an entire linker—label construct as a prefabricated entity directly
to the mercurated nucleotide!>!16; however, this approach is rarely employed
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Figure 10.2 Synthesis of C-5 aminoallyl pyrimidine nucleotide analogs. (From
Langer, PR., Waldrop, A.A., and Ward, D.C. Proc. Natl. Acad. Sci. USA, 1981, 78,
6633-66371.)

because it is more efficient to prepare reagents from a common, commercially
available aminoallylnucleotide intermediate.

Native purine nucleotides cannot be mercurated in this way, and alky-
lating the N-7 position of native purine bases is not a viable means of
introducing a linker due to the hydrolytic instability this would cause. Ward
and coworkers demonstrated that mercuration of the C-7 position of 7-dea-
zapurine nucleotide analogs was also possible!'” and Pd(0)-catalysed cou-
pling of alkenes to such intermediates has been reported.' However, this
chemistry does not appear to have been useful for the preparation of 7-dea-
zapurine-based labeling reagents.

Early examples of labeled purine nucleotide analogs were reported by
Vincent et al.,''%!20 who prepared ATP derivatives bearing biotin- and
2,4-dinitrophenyl (DNP) moieties attached to the purine C-8 position via a
C8-aminohexylamino linker. A reported method!?! was used to prepare ami-
nohexylamino-ATP via the 8-bromo intermediate, and the haptens were
coupled to the linker using available amine-reactive derivatives (Figure 10.3).
These C8-modified dATP nucleotides appear to be substrates for terminal
transferase in DNA end-labeling protocols.!*120122 However, incorporation
of the analogs in primer extension and PCR reactions with T7 and Tag DNA
polymerases is low,'?!* and negligible with T7-RNA polymerase.'® This
appears to be attributable to the unfavorable steric effect of C8 substituents
on nucleotide conformation (see Section 10.4.3.1); consequently, they have
not seen extensive use as labeling reagents.

Shortly thereafter, however, labeled adenine nucleotides were prepared
with aminoalkyl linkers on the exocyclic N-6 position'? using similar nucleo-
philic substitution chemistry (Figure 10.3). Cytosine nucleotides labeled on
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Figure 10.3 Scheme for the preparation adenineand cytosine nucleotide analogs with
aminoalkyl linkers attached to the exocyclic nitrogen atoms. (From Vincent, C., Tchen,
P., Cohen-Solal, M., and Kourilsky, P. Nucl. Acids Res., 1982, 10, 6787-6797; Gebeyehu,
G., Rao, PY., Soochan, P, Simms, D.A., and Klevan L. Nucl. Acids Res., 1987, 15,
4513-4534; Gillam, I.C. and Tener, G.M. Anal. Biochem., 1986, 157, 199-207.)

the exocyclic nitrogen atom!?1% can also be prepared via activation and
substitution at the 4-position and have proven to be very useful as nucleic
acid-labeling reagents.*

In the mid-1980s, Sanger sequencing, using dideoxy-NTP terminators,
had essentially replaced the Maxam-Gilbert method as the technology of
choice, especially for the development of automated systems for the
high-throughput sequencing needed to power the burgeoning genomics
revolution. This provided the impetus for developing new labeling chemis-
tries to enable a streamlined fluorescence-based readout. To meet this need,
Smith et al. devised a four-color system based on the use of fluorescently
labeled primers.!?® Using the unique fluorescent signature imparted by four
spectroscopically resolvable dyes allowed differentiation of the extension
fragments corresponding to each of the four termination reactions in a single
electrophoresis lane.



276 Nucleoside triphosphates and their analogs

O NHCOCFs o

o
| 7
Hsl\ﬁ/ HL\I\ ] HNTY
oN o™N ot
HON_©. HC=CCHoNHCOCF3 HO’\Q 1. triphosphorylation 4(OgP)30 O,
—_—

Pd%/ Cul / EtsN 2. DYE-NHS

R1 Rz R4 R2 Ry R
(R1, Rz = H, OH)
iHe (AP)—DYE; N_NH2 (AP)—DYE3 HN ? (AP)—DYE,
Né\'f § 42_\{ HoN—4 J}‘\{
orN N=y 20Ny

4(04P)50 \& +(0sP)30 \@ +(03P)30 \@

Figure 10.4 Synthesis of labeled dUTP analogs, and dideoxy-C, -A, and GTP analogs
with aminopropynyl linkers. (From Hobbs, EW., Jr. J. Org. Chem., 1989, 54, 3420-3422
and Hobbs, EW. and Cocuzza, A.]. US Patent 1991, US 5,047,519.)

Another landmark improvement to the technology was introduced
shortly thereafter by scientists at DuPont who developed a four-color set of
fluorescently labeled dideoxy terminators, thus allowing all four extension/
termination reactions to be carried out in a single tube.> The terminators
developed for this purpose were based on a set of pyrimidine and 7-deaza-
purine dideoxynucleotide analogs with a common aminopropynyl (AP)
linker at the C-5 and C-7 positions, respectively.'?? In the preparation of these
reagents (Figure 10.4), Pd(0)-catalysed alkynylation!® is used to attach a
protected aminopropynyl linker to the appropriate C-5 or C-7 iodo-nucleo-
side, 3! which is then phosphorylated, deprotected to reveal the primary
amine, and then conjugated to the desired fluorescent dye.!*

Many improvements have since been made to this basic set of reagents
for DNA sequencing, including optimization of the linker and the fluorescent
dyes to improve the enzymatic incorporation efficiencies; sensitivity; spectral
resolution; and electrophoretic mobility characteristics. Kumar” contains a
review on this area. However, the basic nucleobase and propynyl linker
chemistry remains an industry standard for this application. It is also used
to prepare a wide range of 2’-deoxy and ribo LNTPs currently used in a
variety of other labeling applications (see Appendix).

Reagents based on the aminoallyl-pyrimidine and aminoalkynyl-pyrim-
idine/deazapurine nucleotides are incorporated efficiently by most poly-
merases and have seen the most extensive use for nucleic acid labeling. The
N-6 and N-4 modified adenine and cytosine nucleotides also appear to be
efficient polymerase substrates'21?” and are offered commercially in addition
to the aminoallyl-and aminopropynyl-based reagents. Numerous derivatives
of these nucleotides modified with a variety of ligands, haptens, and lumi-
nescent labels are available from commercial sources as catalog or custom
products.!® Researchers can also prepare custom LNTP reagents directly
from the unconjugated amino-linker modified nucleotide precursors.!313
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Figure 10.5 RNA labeling reagent based on pseudo-UTP. (From McGall, G. and Bar-
one, A.D. US Pat. Appl. Publ. 2003, US2003180757 and Barone, A., Chen, C., Combs,
D., Li, H., and McGall, G. Submitted for publication.)

The effectiveness of the 7-deazapurine nucleotide analogs as polymerase
substrates and labeling reagents indicates that at least some departure from
the four native nucleobase structures can be tolerated by the enzymes, with
minimal impact on the hybridization characteristics of the polynucleotides
in which they are incorporated. This has encouraged numerous explorations
into LNTP analogs containing alternative noncanonical heterocyclic bases.
Numerous examples can be found in the Appendix at the end of this chapter.
Many of these reagents may seem to be mere equivalents and therefore
redundant relative to the reagents described earlier. However, they appear
to be of interest to reagent suppliers whose goal is to provide proprietary
labeling reagents to support their specific analysis platform or to offer cus-
tomers lower cost alternatives to existing commercial products.

One example is the pseudouridine-based analogs,'*-1% one of which is
currently used for RNA labeling in array-based gene expression analysis
products (Figure 10.5). Another reagent (Figure 10.6), used in array-based
genotyping assays, lacks a nucleobase entirely, yet provides efficient, uni-
form 3’-end labeling of DNA with terminal deoxynucleotidyl transferase,'3
which is undoubtedly a consequence of the low nucleobase specificity of this
non-template-directed polymerase.40-143

In at least some instances, it seems that alternate nucleobase structures
may also offer specific improvements over the standard pyrimidine and
purine/7-deazapurine LNTPs. For example, LNTPs with 8-aza-7-deazapu-

BASE
O 0 0
|| || || O
X—L—P-0-P-0-P-0
9 O« 0O
A B

Figure 10.6 Abasic nucleotide analog for DNA 3’-end labeling. (From McGall, G. and
Barone, A.D. US Pat. Appl. Publ. 2003, US2003180757; and Barone, A., Chen, C,,
Combs, D., Li, H., and McGall, G. Submitted for publication.)
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Figure 10.7 Pyrazolo[3,4-d]pyrimidine-based biotin-ATP analog. (From Petrie, C.R.,
Adams, A.D., Stamm, M., Van Ness, J., Watanabe, S.M., and Meyer, R.B., Jr. Biocon-
jugate Chem., 1991, 2, 441-446.)

rine (pyrazolo[3,4-d]pyrimidine or “PP”) bases with various linkers, includ-
ing C-7 AP linkers (Figure 10.7), appear to be efficient polymerase
substrates!36144-146; evidence indicates that the “PP” base analogs have duplex
stabilizing effects that may be advantageous in hybridization-based appli-
cations.¥”48 Another stated rationale has been to utilize heterocycles, which
behave as so-called “degenerate” or “universal” bases, with the aim of
achieving uniform, sequence-independent labeling.!** For example, the bicy-
clic 6H,8H-3-4dihydropyrimido[4,5-c]-[1,2]-oxazin-7-one derivatives shown
in Figure 10.8 can be incorporated into DNA by Klenow DNA polymerase I,
as an analog of TTP as well as dCTP.150-152

Finally, 5-bromo-uracil (BrU) deserves mention because it has also been
used as an affinity label for nucleic acid detection in a number of in-vivo
labelings in applications such as DNA /RNA synthesis and cell proliferation
assays.’® BrU nucleotides are efficiently incorporated by DNA and RNA
polymerases and detectable with labeled anti-Br-U antibody conjugates.

O+ (CHg)3NHCO(CHo)sNH-FLUORESCEIN

HO

Figure 10.8 Bicyclic pyrimidine dCTP/TTP analog. (From Cummins, W.J., Smith,
C.L., Nairne, R.J.D., Pickering, L., Simmonds, A.C., Hamilton, A.L., and Briggs, M.S.J.
In: Loakes, D., Ed. Modified Nucleosides: Synthesis and Applications. Trivandrum, Re-
search Signpost, 2002, 111-131; Brown, D., Hamilton, A., Loakes, D., Simmonds, A.C.,
and Smith, C. PCT Int. Appl. 1997, W0O9728177; Cummins, W.J., Hamilton, A.L,,
Smith, C.L., and Briggs, M.S.J. Nucleosides Nucleotides, 2001, 20, 1049-1051; and Kumar,
S., McDougall, M., Nampealli, S., Neagu, C., Loakes, D., and Brown, D. PCT Int. Appl.
2002, W0O02002584.)



Chapter ten:  Nucleoside triphosphate analogs 279

However, BrU has seen only limited use in hybridization-based detection
applications such as blots, probe arrays, and the like.!*15¢ This is presumably
due to the relatively low affinity and/or specificity of the labeled anti-Br-U
conjugates available for secondary detection, which do not, for example,
recognize Br-U in double-stranded DNA or RNA hybrids.

10.4 Factors affecting labeled nucleotide
incorporation efficiency

10.4.1 General considerations

As mentioned previously, labeling efficiencies with various LNTPs depend
on the structural characteristics of the nucleotide-linker construct and label-
ing moiety. In general, the non-natural labeled NTP analogs may slow the
rate of the polymerase extension reactions because they normally have
higher K,, values than their native counterparts and act as competitive inhib-
itors. To achieve appreciable labeling, NTP analogs must compete with unla-
beled nucleotides and must be present at a relatively high concentration to
do so. The nature of the various interactions among the polymerase, LNTP,
and the growing polynucleotide extension products is still largely obscure;
polymerases vary significantly in their ability to discriminate against differ-
ent types of label modifications. Undoubtedly, a variety of physicochemical
characteristics of the analog, such as steric, electrostatic, and stereoelectronic
effects; dipole moment; H-bonding; sugar ring conformation; etc., play a role
in the recognition of the LNTP as a substrate by the polymerase and its
ability to form a productive ternary enzyme-template-nucleotide complex.
Because internal labeling of polynucleotides is typically the desired outcome
using LNTPs, these characteristics will also influence the extent to which the
modified nucleotide perturbs the resulting polynucleotide secondary struc-
ture and allows procession of the polymerase and continued synthesis of the
product beyond the incorporation site.

Consequently, disruption of duplex structure by incorporation of mod-
ified nucleotides can result in premature chain termination events at or
downstream of the incorporation site.’”” When double-stranded DNA is
labeled via PCR, the accumulation of modified nucleotides in the template
strands can exert a further inhibitory effect on polymerase processivity via
secondary duplex structure perturbations.!” These factors have the com-
bined practical effect of reducing the processivity of the polymerase and
inhibiting polynucleotide yield and average chain length.!”157-162 Thus,
attempting to maximize label density by increasing the LNTP concentration
can be counterproductive. In practice, the ratio of the LNTP to its unlabeled
counterpart is adjusted, typically within the range of 0.2 to 5.0, to achieve
an optimum balance of product yield and label incorporation.5-5886107

Optimization of the labeling density is an important consideration in the
preparation of labeled probes and targets for hybridization probe-based
assays. It is frequently observed that an increase in the number of labels does
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not necessarily increase probe sensitivity, and may even decrease it, due to
a number of factors. Overlabeling can reduce assay sensitivity by destabili-
zation of the double-stranded complex!>”161-1¢4; in the case of biotinylated or
other hapten-labeled polynucleotides, binding of the relatively bulky strepta-
vidin or antibody molecules to additional labels becomes more sterically
inhibited as the labels become too closely spaced.'”1%5-1¢7 In the case of fluo-
rescent reporters, overlabeling can lead to fluorescence quenching!®® and
increased nonspecific binding.1%

In general, optimum performance in hybridization assays is usually
achieved when label densities are in the range of 1 to 10% of bases substi-
tuted.!7161-163169 [ contrast, a label density of 100%, using dye-labeled dNTP
analogs, is required for one proposed exonucleotytic single-molecule
sequencing scheme.”*? Amazingly, it appears that this can be achieved using
available polymerases and LNTPs,!7*-174 although dealing with the physical
characteristics of such heavily labeled polynucleotides is bound to present
some interesting challenges.

10.4.2  Influence of the nucleobase

Although detailed systematic studies have not been undertaken. However,
as one would expect, it seems clear empirically that the optimum nucleotide
structures for efficient incorporation — at least in the case of naturally occur-
ring DNA and RNA polymerases — generally have characteristics that most
closely resemble the canonical pyrimidine and purine nucleotides. With
respect to the nucleobase, linker-modified pyrimidine and purine bases meet
these requirements, of course, as long as the linker is attached to a favorable,
noninterfering position (see Section 10.3 and Section 10.4.3.1). Reagents
derived from 7-deazapurine analogs of ATP and GTP clearly meet these
requirements as well. Together, the previously mentioned analogs constitute
the majority of LNTPs currently available and in use. Numerous analogs
based on other noncanonical bases (such as those mentioned in Section 10.3
and listed in the Appendix) have also been prepared; some appear to be
reasonably efficient substrates and potentially useful labeling reagents. For
many of these, however, only limited enzymatic incorporation data are avail-
able. The structure of the nucleobase is less critical when labeling with the
non-template-directed polymerase TdT, which, not surprisingly, shows a
relatively low discrimination against base modifications.136141-143

10.4.3 Influence of linker attachment site

10.4.3.1  Linkers attached to the nucleobase
The position of the linker attachment is clearly a critical factor affecting
labeling efficiency. From the point of view of B-form duplex DNA structure,
the 5-position of pyrimidines and the 7-position of purines are the two base
positions most accessible via the major groove.!”> The same is true in A-form
duplexes (e.g.,, RNA-DNA hybrids), although the groove is narrower in this
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case. One can reasonably conclude that substitution at these positions, such
as the attachment of a linker, should be least likely to perturb the normal
duplex secondary structure and be most easily tolerated as a site for the
introduction of a label 1112176

The destabilizing influence of substituents at the pyrimidine 6 position
and at the purine 2 and 8 positions!'®!77-18 indicates that these would not be
optimal sites for the attachment of linkers. Steric accessibility would seem
to explain the higher incorporation efficiencies generally observed for LNTPs
based on 5-modified pyrimidines and 7-modified 7-deazapurine or
8-aza-7-deazapurine nucleotides (N7-modified purine nucleotides are
hydrolytically unstable) compared to the low efficiencies observed with
purine-C8 linker modifications.!241%

Analogs with alkyl linkers attached to the exocyclic N-6 position of
adenine and N-4 of cytosine also appear to be efficient substrates of DNA
and RNA polymerase*!26127.170; this, too, can be rationalized on the basis of
the steric accessibility of these sites via the major groove.'”> Even though
they are involved in Watson—Crick hydrogen bonding, these positions
appear to be able to tolerate a variety of alkyl linkers with only minor
destabilization of the duplex structure.!?”18185 In 3’-end labeling reactions
using terminal transferase, N-biotinyl-AH-dCTP and dATP analogs are as
efficient substrates for TdT as the C5-pyrimidine and C7-deaza modified
nucleotides.!?*!% However, in comparison with similar C5-AA-modified
dCTPs, the N4-aminoalkyl-modified dCTPs are generally not as efficiently
incorporated in primer extension!”’ and PCR labeling (Table 10.1).124

As noted previously, a variety of LNTP analogs have been reported in
which linkers are attached to other non-canonical nucleobases, and one
expects their effectiveness as polymerase substrates to be governed by the
same geometric and conformational factors. Assuming that they adopt
configurations analogous to their native counterparts, these analogs are
invariably designed with linkers that occupy positions that are “sterically
equivalent” to those which are optimal in pyrimidine and purine/7-deaza-
purine LNTPs.

10.4.3.2  Linkers attached to the furanose ring
Unlabeled 2’- and 3’-amino nucleotides are potent synthesis terminators of
DNA polymerases; this has motivated explorations into the utility of nucle-
otide analogs in which linkers and labels have been attached to these posi-
tions, typically via amide or ester linkages (see Appendix, Figure 10.9). In
general, however, most polymerases do not incorporate such compounds
efficiently, even as chain terminators, presumably due to steric interference
from the bulky substituent in the enzyme active site.!¥” Incorporation of
N-labeled 3’-amino nucleotide terminators by DNA pol-I,'8 TdT,'3'% reverse
transcriptase, and RNA polymerase!® is generally poor; it usually requires
high concentrations of the analog and often complete replacement of the
native NTP. By using polymerases and conditions optimized for dideoxy
sequencing, N-labeled 3’-amino 2’,3"-dideoxy-NTP analogs have performed
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Table 10.1 Relative Incorporation Efficiency (Dyes/
Amplicon)*® of dNTPs Labeled with Fluorescein at
Various Modification Sites in PCR Reactions

Nucleotide analog

FL-dATP FL-dCTP
Polymerase = C7-deaza® N6¢ C8 N4/ (58
AmpliTaq 26 1.8 15 15 11
DeEPVent- 28 44 1.5 47 46
PFu- 7.8 2.0 1.3 1.1 11
rTth 38 1.9 1.3 — 15
Tfl 17 5.1 1.3 0 4.1
TLi 1.3 1.3 1.4 5.6 0
AmpliTag-FS 23 21 15 11 24

2 Target: HIV HBX2 plasmid insert

b Experiments run in triplicate

¢ Deazaadenine C7-12 atom AP linker (source: NEN)

d Adenine N6-12 atom alkyl linker (source: NEN)

¢ Adenine C8-15 atom alkylamino linker (source: Roche)
f Cytosine N4-14 atom alkyl linker (source: NEN)

8 Cytosine C5-12 atom AP linker (source: NEN)

Source: McGall, G.H. and Barone, A.D. Unpublished data.

BASE BASE
+(03P)30 O +(03P)30 O

HO O/N—linker—Label Label—linker-O/N H/OH
Figure 10.9 Nucleotide analogs labeled on the furanose ring.

as sequencing terminators with reasonable efficacy,*! but little interest has
been shown in exploiting such reagents for this application.

Labels linked to the 3"-oxygen via a cleavable ester or ether bonds have
been of interest as “reversible” chain terminators for so-called base addi-
tion sequencing or sequencing-by-synthesis schemes.®”® In this scheme,
single-base extension of sequencing primers is carried out with sequential
rounds of reversible terminator additions. Following each round, the iden-
tity of the terminator incorporated in each particular target sequence is
determined by the wavelength of the reporter dye, whereupon the reporter
is released by chemical, photochemical, or enzymatic means, thereby
unmasking the 3’-OH to reinitiate polymerization for the next round of
terminator NTP addition.

Unfortunately, the generally poor substrate characteristics of these ana-
logs; interference from unlabeled nucleotide impurities'’; and a tendency
for the catalytic editing function of DNA polymerases to remove 3" modifi-
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cations prematurely!*®* have confounded previous attempts to implement this
scheme.®® Nevertheless, interest in enabling the approach or variations of it
for single-molecule sequencing methods has recently been revived.®*-* One
promising proposal employs nucleotides labeled on the nucleobase via cleav-
able linkers, and small, removable protecting groups attached the 3’- or
4’-positions®* to block chain extension.

Other proposed methods directly monitor the sequential incorporation
of nonterminating LNTPs into the growing polynucleotide as a function of
time using optical techniques with high spatial and temporal resolution.”*%
A variation of this latter method would monitor the sequential release of
flourescent labels attached to the y-phosphate of otherwise unmodified
NTPs.?-10! [t remains to be established whether these variations will lead to
practicable solutions to problems that have thus far hindered the exploitation
of previous sequencing-by-synthesis schemes.

A thymine 2’,3’-dideoxynucleotide analog with a labeled linker extend-
ing from the B C1” position has been reported for putative use as sequencing
terminator,'** but its characteristics as a polymerase substrate were not
described. In view of the substrate properties of simple C’-methyl-substi-
tuted NTP analogs,!?>1% it might also be possible to attach linkers to the 2
(ara),4’, and 5’ positions on the furanose ring to generate analogs for labeling,
if there were some motivation for doing so.

10.4.4  Influence of linker structure

The structure of the linker has also been recognized as an important factor
influencing the substrate properties of LNTPs and their relative incorpora-
tion efficiencies. An early comparison of biotinylated N6-linker-dATP
analogs'® illustrates that overall linker length and internal structure are
relevant factors (Table 10.2). Similar observations have been reported for C5
linker-modified dUTP analogs.?1611%” Presumably, longer linkers can reduce
inhibition of incorporation rates due to unfavorable steric interactions with
the label. From the available data, however, it would appear that little further
improvement occurs beyond a length of about 8 to 10 atoms, and very long
linkers can actually result in decreased incorporation levels.12617017L198 [n
applications using secondary detection with labeled streptavidin or antibody
conjugates, the use of longer linkers can allow more efficient binding of the
large secondary labeling molecules.!**2% In this case, the best linker length
in terms of assay sensitivity would strike an optimum balance between
incorporation and binding efficiency.

The geometry and flexibility of the linker can exert profound effects, as
illustrated by comparisons of incorporation levels for alkyl-, alkenyl-, and
alkynyl-modified C5-dUTP and C7-7-deazaATP analogs in chain extension
reactions with Tag polymerase?-2* (Figure 10.10). For example, the cis-alk-
enyl and flexible saturated alkyl linkers are essentially devoid of substrate
activity. Studies based on oligonucleotide hybridization!®?% indicate that a
saturated carboxypropyl linker should not significantly destabilize the
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Table 10.2 Relative Incorporation Levels of Biotinylated
Né6-Linker-d ATP Analogs by Nick Translation

Linker % Incorporation
H
""" SN 2
H
""" NSNS %
H
""" N\ /\/\/------ 16
N
0
H
""" \C/N\/\/\/""" 7
0
H
..... N\ /\/\/...... 36
NN C
)
H 0)
----- \C/N\/\/\/\N’C\/\/\ 7
0] H

Source: Gebeyehu, G., Rao, PY., Soochan, P, Simms, D.A., and Klevan, L. Nucl.
Acids Res., 1987, 15, 4513-4534.
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Figure 10.10 Influence of various linker structures on the relative incorporation effi-
ciency of C5-modified dUTP analogs by Taq polymerase.

resulting duplex. Therefore, these observations suggest that the cis-alkenyl
and flexible saturated alkyl linkers allow unfavorable contacts within the
enzyme-substrate complex, and the more rigid, linear propynyl and
trans-alkenyl linkers remain sterically unencumbered. Another thermophilic
DNA polymerase (KOD dash) reportedly tolerates saturated C5-alkyl linkers
to a significantly greater extent, although a trans-alkenyl linker was still
preferred.?® A similar preference for an alkenyl linker structure over a sat-
urated alkyl linker has also been observed in the incorporation of N1-bio-
tinylated pseudoUTP analogs by RNA polymerase.'¥
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Another favorable aspect of the alkynyl linkers is that these substituents
exert a significant stabilizing effect on the DNA duplex,®”2%” due to a com-
bination of hydrophobicity and increased polarizability of the nucleobase.
This effect may also contribute to the somewhat higher incorporation levels
observed for LNTPs with these linkers.

Most LNTP linkers are electrostatically neutral, although a variety of
fluoresecent dideoxynucleotide terminators with charge-modified linkers
has been prepared for DNA sequencing (see Appendix and Kumar™); the
purpose is to improve the electrophoretic characterisitics of sequencing frag-
ments to achieve cleaner, longer reads. This aspect of linker structure will
likely influence incorporation efficiencies significantly, but this area has not
been well studied.

10.4.5 Influence of label and polymerase
10.4.5.1  General labeling

A wide range of labeling groups has been directly incorporated into nucleic
acids via LNTPs (see Appendix). Certainly the size, shape, charge, and
hydrophobicity of the labeling molecule will be important factors affecting
substrate characteristics of the LNTP, and some promising efforts have been
made to clarify the optimal characteristics of the label and the polymerases
used for incorporating labels in primer extension and amplification reac-
tions.72210 Qutside the area of dideoxy sequencing, however, few detailed
studies have been carried out. Based on the available information, one broad
conclusion seems valid: when all other factors are approximately equal, the
smaller, less obtrusive labels are incorporated more efficiently than larger
molecules. For example, the relative incorporation of unlabeled aminoallyl
or aminopropynyl-NTPs > biotinyl-NTPs > fluorescent dye-NTPs, although
the many different fluorescent dyes evaluated vary significantly.!72210

The higher labeling efficiencies achievable with small molecule tags is
one reason for the persistent popularity of the original indirect affinity-label-
ing approach used by Ward and coworkers,! is wherein a streptavidin-dye
or -enzyme conjugate is bound to the polynucleotide products that have
been prelabeled with biotinylated LNTPs. This approach also affords a great
deal of flexibility by allowing a wide variety of signal-generating groups to
be introduced after incorporation of the biotin ligand. Haptens such as biotin,
digoxigenin, 2,4-dinitrophenyl, and fluorescein are also frequently used in
concert with labeled conjugates of their corresponding antibodies. The com-
bined use of several different hapten labels has enabled simultaneous detec-
tion of multiple target sequences in multicolor FISH protocols.>*-”

The even higher incorporation efficiencies that can be attained using
unlabeled amine-modified NTPs have also motivated the use of a chemical
postincorporation labeling strategy. In this case, dyes and other labeling
groups are coupled to the amine-modified polynucleotide using appropriate
reactive derivatives such as NHS esters. This circumvents the negative effect
that these dyes, in a direct incorporation format, would otherwise have on
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labeling efficiency and product yields. This approach has been used for
generating labeled cDNA22216 and RNA.71%27 [n addition to primary
amines, other modifiable functional groups, such as thiol >822 maleimide,?*!
aminooxyl,??2 and carbonyl??® have been incorporated into nucleic acids via
modified NTP analogs. The chemical postlabeling strategy offers flexibility
and the ability to achieve higher labeling densities; however, it is less con-
venient than direct incorporation and complete labeling of the functional
groups is not always guaranteed.

Although most of the DNA polymerases traditionally used for labeling
DNA are A-family polymerases (Klenow DNA pol I, T4, T7, and Tag DNA
polymerases), recent reports indicate that, in some cases, B-family archaeon
polymerases such as Tli/Vent, Pfu, and Tgo (exo-) may provide superior
incorporation of dye-labeled dNTPs in simple primer extension reac-
tions.711721% Improved incorporation efficiencies can also be achieved via
genetic modification, and mutant forms of the A-family T2q***%"7 and bacte-
riophage T4 DNA polymerases®?» have been identified that provide sub-
stantially improved utilization of LNTPs.

Essentially, complete labeling of a single-strand primer extension prod-
uct in the sole presence of dye-labeled NTPs has been achieved with Vent
and Tgo (exo-).71172 Complete labeling with dye-labeled pyrimidine dNTPs
has also been accomplished in single-round primer extension reactions using
wildtype Klenow fragment DNA pol 117174 The purpose of achieving such
high labeling levels is to generate target sequences for an exonuclease-based
sequencing strategy.”* For cDNA labeling by reverse transcription, Fluo-
roScript (InVitrogen), an avian reverse transcriptase with reduced RNAse H
activity, has been shown to incorporate fluorescently labeled dUTPs more
efficiently than the AMV and MMLV enzymes.??*??” The incorporation of
LNTPs into RNA via in vitro transcription has not been optimized as exten-
sively as DNA labeling reactions. However, a comparison of three commonly
used RNA polymerases indicates that incorporation levels for dye-labeled
UTP analogs with C5-AP linkers are in the following order: T7 > T3 > SP6;
all three RNA polymerases showed a strong preference for incorporating
fluorescein-UTP over cyanine-UTP.!?* In addition to C5-labeled pyrimidine
nucleotides, T7 RNA polymerase also efficiently incorporates LNTPs derived
from the C-nucleosides pseudouridine and pseudoisocytidine.3¢1% Labeled
ATP analogs are generally not well tolerated by the enzyme.!3

10.4.5.2  Dideoxy DNA sequencing

Since the development of the first four-color set of fluorescently labeled
dideoxynucleotide terminators,® the study of dye-NTP incorporation by var-
ious DNA polymerases has been pursued extensively in order to achieve
optimum performance on commercial sequencing systems (see Kumar” for
a review). Here the goal is not only uniform incorporation levels but also
uniform spectroscopic characteristics (sensitivity and resolution) and elec-
trophoretic behavior are also key considerations in the selection and optimi-
zation of dyes and linkers. The polymerases used most commonly in DNA
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sequencing are T7 and Tag DNA polymerases; mutant forms that exhibit
minimal discrimination against dideoxynucleotides (e.g., Sequenase,
Thermo-Sequenase, and AmpliTaq FS)??$-2 have been developed. The ther-
mostable polymerases are currently preferred because they enable cycle
sequencing for linear signal amplification.?

Fluorescein-type dye-labeled ddNTPs were initially developed for
sequencing with T7 DNA polymerases,>*? but fluorescein-labeled pyrimi-
dine ddNTPs are less efficiently incorporated by Tag polymerase, as are
terminators labeled with BODIPY and carbocyanine dyes.???** The zwitte-
rionic rhodamine family of dyes is incorporated most efficiently and uni-
formly by Tag polymerase, and mechanistic studies indicate that fluorescein
dyes attached to a linker on the pyrimidine C5 position interfere with a
conformational change step that takes place after the nucleotide binds to the
polymerase. The enzyme seems to be less discriminating between rhodamine
and flourescein dyes when attached to the C7 of 7-deazapurine NTPs.?* The
current “standard” four-color dye terminators are based on a set of
4,7-dichloro-substituted rhodamine dyes?®; this has been recently supple-
mented by inclusion of one or more rhodamine-flourescein FRET dyes,?527
which provide improved sensitivities and read lengths with the current
instrumentation platforms. An improved mutant T7 polymerase, Thermo
Sequenase II, which affords more uniform incorporation of
rhodamine-ddNTPs, is now available.

Nevertheless, the rhodamine-based terminators have certain drawbacks
that fluorescein-based terminators apparently do not,** so there continues
to be an interest in studying other thermostable polymerases that may incor-
porate the latter more efficiently and uniformly. Toward this end, directed
mutagenesis of Tag polymerase has shown significant potential for improve-
ment.??* Mutants of the B-family archeon polymerase Vent,?*® which show a
preference for “acyclo”-labeled terminators,”” have been generated (Figure
10.11). These appear to be less discriminating with respect to the dye, incor-

+(05P)0~\_O._ BASELINKER]--~DYE
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Figure 10.11 Sequencing dye terminators based on “acyclo” and 3’-deoxy NTP ana-
logs. (From Trainor, G.L. US Patent, 1996, US 5,558,991; Sasaki, N., et al., Proc. Natl.
Acad. Sci. U.S.A., 1998, 95, 5455-5460.)
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porating various rhodamine, fluorescein, carbocyanine, and BODIPY
dye-labeled acyclo-NTPs with similar efficiency.240?4! Other mutant forms of
B-family polymerases, such as Pfu,?*2 KOD dash,?® and JDF-3,2* have also
been considered as potentially improved sequencing enzymes. For an infor-
mative overview of DNA polymerases in sequencing and other areas of
biotechnology, see Hamilton et al.2#

A modified sequencing methodology, known as “transcriptional
sequencing,” has also been developed in order to mitigate the drawbacks
associated with existing cycle-sequencing protocols.?4524 This method
employs dye-labeled 3’-deoxy NTP terminators based on AP linker chemis-
try (Figure 10.11); these are utilized by a mutant T7 RNA polymerase to
generate a cRNA sequencing ladder. The apparent advantages include uni-
form terminator incorporation, rapid isothermal signal amplification, and
longer read lengths without the need to remove unreacted terminators.
Rhodamine dyes have been used in the terminators for transcriptional
sequencing, although it is not reported whether fluorescein or other dye
families were evaluated in this system.

In another proposed sequencing method, direct PCR sequencing
(DPCRS), a mutant DNA polymerase is employed to incorporate labeled
ribonucleotide analogs randomly in a PCR reaction.?#”»*8 The incorporation
of labeled ribonucleotides does not result in chain termination, thus allowing
geometric amplification to be achieved. The amplified sequences are then
subjected to chemical or enzymatic hydrolysis at the ribo-NTP incorporation
sites to generate 3’-end labeled sequencing fragments. As yet, the perfor-
mance characteristics of this method have not been reported; nevertheless,
this approach would also be potentially useful as a sample preparation
method for a number of DNA array applications, which require randomly
fragmented and uniformly labeled DNA targets.

10.5 Cleavable linkers

Researchers have prepared and utilized nucleotide analogs with cleavable
linkers for a number of applications. For example, biotinylated LNTPs with
linkers containing a thiol cleavable disulfide element (Figure 10.12a) have
been used to enable the capture and release of nucleic acids and nucleic
acid—protein complexes to study DNA binding proteins.®4%¢ Also, a
four-color set of thiolcleavable fluorescent ANTP analogs was used in a recent
demonstration of an in-sifu sequencing-by-synthesis methodology®? with
single-molecule sensitivity. Linkers that are cleavable by chemical or enzy-
matic hydrolysis have also been explored for this purpose.®2 Similarly,
photocleavable biotin-dNTPs (Figure 10.12b) have been developed for the
isolation of biomolecules?®*?* and sequencing by mass spectrometry®?;
flourescent photocleavable nucleotides have been prepared for use in
sequencing-by-synthesis schemes.8* Compared with chemically cleavable
linkers, photocleavable linkers offer a more convenient reagent-free process
for releasing labels after incorporation into polynucleotides (Figure 10.12).
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Figure 10.12 Examples of nucleotide analogs with (a) chemically cleavable and (b)
photochemically cleavable linkers.

10.6 Labels
10.6.1 Primary labels

A large number of “primary” reporter groups have been conjugated to NTP
analogs for direct detection of nucleic acids. The selection of primary reporter
groups is based on the detection requirements of the particular genomic
research or diagnostic application/instrumentation platform with which it
is to be used. Reviews have recently been published on the general area of
nucleic acid detection modalities.”**!%2 The Appendix provides a reasonably
comprehensive list of LNTP analogs for which published accounts describe
preparation of the reagents. The most common primary reporter groups are
fluorescent dye molecules and “affinity tags” — ligands that allow subse-
quent recognition and binding of a secondary signal-generating entity.

The most intensive use of primary fluorescent dye labels has been for
the preparation of dideoxynucleotide analogs for use as DNA sequencing
terminators. Numerous other labels have been used as primary reporters,
including photocrosslinkers, redox labels, nitroxyl spin labels, phosphors,
mass tags, etc. Commercial providers!'® currently have a significant number
of LNTPs available whose preparation was not been specifically described
in the scientific or patent literature, but which clearly employed the general
methods described in Section 10.3. As pointed out in that section, the avail-
ability of basic aminoallyl- and aminopropynyl-modified nucleotide analogs
enables researchers to prepare LNTPs with virtually any desired reporter
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group, using straightforward protocols; amine-modified NTPs can also be
used to introduce labels after synthesis of the polynucleotide.

10.6.2  Secondary labels

As mentioned previously, due to the versatility it provides, indirect labeling
is commonly used in nucleic acid analysis methods based on hybridization.
Virtually any signal-generating moiety can be coupled to an affinity-labeled
probe or target nucleic acid in a posthybridization “staining” step, thus
allowing one to introduce entities that would otherwise be difficult or impos-
sible to introduce directly as an NTP conjugate. When enzyme conjugates
are employed, considerable signal amplification is possible.

The quintessential ligand for affinity-based secondary detection is biotin,
which is detected with labeled conjugates of streptavidin or an antibiotin
antibody. Another useful ligand is digoxigenin (DIG), for which high-affinity
antibody conjugates are available; the 5-bromo-uracil nucleobase has also
been used as an affinity tag for nucleic acid labeling and detection for certain
in-vivo labeling applications.’® A substantial number of reporter groups have
been utilized for secondary detection via streptavidin or antibody conju-
gates; Table 10.3 provides a representative list.

10.7 Summary and future directions

The reagents and methods available for nonenzymatic chemical labeling of
nucleic acids will continue to improve and find increasing use as alternatives
in many of the applications in which LNTPs are currently employed. How-
ever, nonradioactive enzymatic labeling with LNTP analogs will likely con-
tinue to play a predominant role in genomic analysis applications for some
time. This seems probable because LNTPs have provided the foundation on
which a number of established technologies for genetic analysis have been
built; they currently require these reagents as an essential element (e.g., DNA
sequencing with fluorescent terminators and fluorescent digital genotyping
with arrayed primer extension). Furthermore, existing assays and instrument
platforms for a number of applications are rapidly evolving towards a high
level of standardization — especially those under consideration for regulated
diagnostic or clinical use (e.g., DNA microarrays).

Technologies that utilize LNTPs for labeling in a research and develop-
ment setting will likely continue to use them as they transfer into and become
established in more regulated laboratory environments. Another consider-
ation is that enzymatic labeling is usually the most cost-effective labeling
strategy for analytical assays because polynucleotide analytes are commonly
prepared by polymerase-catalyzed extension, replication, or amplification
reactions. Simultaneously incorporating labels during these steps is more
streamlined and efficient than methods that require additional chemical
labeling and clean-up steps.
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Table 10.3 Secondary Signal-Generating Streptavidin or Antibody Conjugates

Reporter type Examples Ref.
Fluorescent dye Fluorescein 253, 254
IRD40 255
Fluorescent Eu(IlI)-(BiPy), 256, 257
lanthanide
complex
Fluorescent protein ~ Phycoerythrin 258
Fluorescent Organic dye-impregnated latex particle 259
nanoparticle Inorganic semiconductor crystal 260
(“quantum-dots”)
Electroluminescent ~ Ru(BiPy), 261
complex
Chemiluminophore  Aequorin 262264
Colloidal metal Au (absorption) 265
nanoparticles Au (electron microscopy) 266-268
Se, Au (resonance light scattering) 269-271
Inorganic Down-converting 272
phosphorescent Up-converting 273
particles
Magnetic Fe,Os-impregnated latex 274,378
microparticles
Enzymes
Peroxidase Colorimetric 165, 200, 253
Chemiluminescence (luminol) 275, 276
Tyramide signal amplification 277,278
Alkaline Colorimetric (NBT/BCIP; HNPP/HBNP) 2, 14, 17, 81, 126
phosphatase Fluorescence (Attophos) 279, 280
Fluorescence (ELF) 281
Chemiluminescence (dioxetane) 282, 283
Chemiluminescence (acridinium) 284
Chemiluminescence (luciferin) 285
Colorimetric 286
Urease Chemiluminescence (coupled luciferin/ 287
G6PDH ase)
B-Galactosidase  Fluorescence (coumarin phosphate) 288

In terms of new developments and applications, the field is likely to see
increased utilization of novel polymerases, fluorophores (e.g., quantum dots)
and other labels in combination with improved detection strategies. Fluo-
rescent LNTPs are playing a key role in a number of new single-molecule
sequencing technologies based on sequencing by synthesis, exonucleolytic
sequencing, and related strategies currently under development.®-1! These
technologies generally utilize highly sensitive fluorescence microscopic tech-
niques, with high spatial and temporal resolution, to monitor the enzymatic
addition of nucleotides to, or their removal from, single polynucleotide
fragments in real time. Several proposed methods, for example, would utilize
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Figure 10.13 Phosphate-labeled nucleotide analog for use in a proposed single-mol-
ecule sequencing method. (From Williams, J.G.K. PCT Int. Pat. Appl. 2000,
WO00036152; and Williams, ].G.K., Bashford, G.R., Chen, J., Draney, D., Narayanan,
N., Reynolds, B.L., and Sheaff, P. PCT Int. Appl. 2001, WO01094609.)

NTPs labeled with fluorescent dyes attached to the y-phosphate (e.g., Figure
10.13) and detect the insertion or release of the fluorophore from the poly-
merase active site®-1°! during chain extension.

These advanced technologies promise to provide a lower-cost,
higher-throughput alternative to conventional methods for large-scale
sequencing. Significant challenges must be overcome in order to implement
these novel technologies routinely, and there will certainly be many innova-
tive developments in this area and will likely take place in the near future.
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Appendix: Labeled nucleotide analogs
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A.10.1 Uracil nucleotide analogs

(0]

Q —x
HNJT
)\N
o

4(03P)30\Q
A B
A B L X Ref.
Amino based:
OH HOH  -CH=CHCH,NH- H, biotin 1
OH H -CH=CHCH,[NHCO(CH,),],,NH- Biotin 184
OH H -CH=CHCH,NHCO(CH,),;NHCOCHNH-  Dansyl 270
OH H -CH=CHCH,[NHCO(CH,),],,NH- Nitroxyl spin label ~ 201, 290
OH H -CH=CHCH,NH|CO(CH,);],;NHCO DIG 197, 291
(CH,),CO,-
H H -CH=CHCH,NHCO(CH,);NHCO(CH,),- DIG 13
CO,-
OH H -CH=CHCH,NHCO(-0-C;H,)NH- Tb chelate 292
OH H -CH=CHCH,[NHCO(CH,)s], ,NH- FAM, TMR, 170
coumarin
OH H -CH=CHCH,NH- DNP 81, 134
OH H -CH=CHCH,NHCO(CH,),- Sulfocoumarin dyes 122, 293
OH H -CH=CHCH,NH[CO(CH,)s],sNH- CY5 157, 161,
162
OH H -CH=CHCH,NH- Methylene blue 295
OH H -CH=CHCONH(CH,),NH- Estradiol 296
OH H -CH=CHCH,NHCO(CH,);NHCO(CH,), Arylboronate 297
CONH-
OH H -CH=CHCH,NHCO(CH,),S- S-(2-pyridyl) 218
OH H -CH=CHCH,NHCO(CH,), ;- Ferrocene 296
OH H,OH -CH=CHCH,NHCO(CH,);NH- Eu cryptate 299, 300
OH H -CH=CHCH,NH- Pd, Pt 301
coproporphyrin
OH H -CH=CHCH,NH- H, acyl moieties 302
OH H -CH=CHCH,(NHCOCH,), ;,NH- Photocrosslinkers 303-306
OH H -CH=CHCH,NHC(=NH)(CH,),S- H 219
OH H -CH=CHCH,NHCO(CH,),SS(CH,), ;NH- H, biotin 307
OH H -CH=CHCH,NHCO(CH,),SS(CH,), Biotin 308
NHCO(CH,);NH-
OH HOH  -CH=CHCH,NHCO(CH,);NHCO(CH,), Biotin 309
SS(CH,),NH-
OH H -CH=CHCH,NHCO,CH(CH,)[(6-NO,) H, biotin, TMR, 90, 249,
CH;-3-]-CH,[NHCO(CH,)s],,NH- Cy5, BODIPY 250

(photocleavable)
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Aminoalkynyl based:
H H -C=CCH,NH- H, xanthene dyes 5,132,311
H H -C=CHCH,NH- Rhodamine dyes 233
H H -C=CHCH,[O(CH,),],,NH- Cl,rhodamine, 235
FRET dyes
H H -C=CCH,NH- BODIPY dyes 312
H H -C=CHCH,[O(CH,),],,NH- Carbocyanine dyes 313
H H -C=CHCH,[O(CH,),],,NH- Diarylthodamine 314
dyes
H H -C=CHCH,[NHCO(CH,)s];.»- Fluor, rhod, dyes 221, 315
[NHCOCH(SO,")CH,], ;NH-
H H -C=CHCH,[NHCOCH((CH,)sN®(CH,),)],s Fluor, rhod, FRET 316
NH- dyes
- acyclo - -C=CCH,NH- H, TFA, var. fluors 239
- acyclo - -C=CCH,NH- “IRD800” cyanine 317
dye
OH H -C=CCH,NHCO(CH,),CONH(CH,),- Phenytoin 318
OH H -C=CCH,(OCH,CH,){[NHCO(CH,);],NH-  Biotin 198, 319
OH H -C=CCH,NHCO(CH,),SS(CH,),- Cy5 cycanine dye 92
OH H -C=CCH,NHCO(CH,);NH- Mn-porhpyrin 320
H F OMe -C=CCH,NH-; H 321
OHH H -C=CCH,NHCO(CH,),- Ferrocenyl 322
OH OH -C=CCH,NHCOCH,- ONH, 222
OH OH -C=CCH,NHCO(CH,),- COCH;, 223
HOH H -C=CCH,NHCOCH,NH-; H 323,324
-CCCH,NHCO(CH,),NH-
OH H -C=C(CH,),,S- S-tBu 325
OH OH -C=CCH,NH-; -CCCH,0O(CH,),NH- H, TFA, rhodamine 248
dyes
H OH -C=CH(CH,); ,NH - H, TFA, rhodamine 245
dye
H H -C=CCH,[NHCO(CH,)s],,NH- H, thiol-reactive 221
grps
OH H -C=CCH,NH(COCH,NH),COCH(CHj;) H, TFA, FAM 89
NHCO-(CH,);sNH-
Miscellaneous linkers:
OH H -CH=CHCOO(CH,),NH- Biotin 116
OH H,OH -CH=CHCONH(CH,),NH- Saccharide moieties 115
OH H -(CH,);[NHCO(CH,),],,NH- Nitroxyl spin label 201
H F, OMe -(CH,);NH- H 321
OH H ~(CH,),NH- H, TFA, imidazolyl 203
OH H -(CH,);NH- H 206
OH H -CH,NHCO(CH,),NH-; H, 4-azidobenzoyl = 202
OH H -CH,CONH(CH,),[NHCO(CH,)s],,NH- H, TFA FAM, biotin 206, 211
OH H -NHCO(CH,),NH- Biotin 326
OH OH -NH- Nitroxyl spin label 327
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(0]
HN AN X
Z
4 Oo
(O4P)50
A B
A B L X Ref.
OH H ~(CH,),CONH(CH,),NHCO(CH,),NH- DIG, TMR 135, 328
OH OH ~(CH,),CONH(CH,),NHCO(CH,).NH- H, TFA, fluor, biotin ~ 136-139
OH OH -C=CHCONH(CH,),NHCO(CH,).NH- Biotin 138, 139
o
N (0)g 4
. o 1—X
(03P);0
A B
A B L X Ref.
OH H -NH(CH,),NH- FAM 329
OH
—X
HNJ\/
o
4(04P)30 O.
A B
A B L X Ref.
OH H -NH(CH,),0(CH,),O(CH,),NH- TMR 329, 330
O. L—X
HNK
oi\N
“(03%0\&
A B
A B L X Ref.
OH H -NH(CH,),NHCO(CH,),NH- FAM 331
L‘—x
T,N
O)\N
+(04P)50 o)
A B
A B L X Ref.
FAM 332

OH H -CO(CH,),NH-
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NN ‘ — X
HN)jj/
o’J\N
“(%P)p\ﬁ
A B
A B L X Ref.
OH OH -CO(CH,)sNH- H, FAM, biotin 152
,\‘I,O —X
HN)jj
O)\N
4_(03P)3O\ﬁ
A B
A B L X Ref.
OH H -(CH,);[NHCO(CH,)s],,NH- H, FAM, DNP 331, 332
A.10.2 Cytidine nucleotide analogs
N%z/'- X
\
O)\N
*(osp)ao\ﬁ
A B
A B L X Ref.
OH H,OH -CH=CHCH,NH- H, biotin 112
OH H -CH=CHCH,NH[CO(CH,),],,NH- H, nitroxyl spin 333, 334
label
OH H -CH=CHCH,NH- 2,4-DNP 81
OH H -C=CCH,(OCH,CH,),[NHCO(CH,);],NH-  Biotin 198, 319
OH H -C=CCH,NH- H, TFA, xanthene 132
dyes
OH H -C=CCH,NHCO(CH,),SS(CH,),- Cy5 cycanine dye 92
H H -C=CCH,NH- H, xanthene dyes 5,132,
311
H H -C=CHCH,NH- Rhodamine dyes 233
H H -C=CCH,[O(CH,),],,NH- Cl,rhodamine, 235
FRET dyes
H H -C=CCH,NH- BODIPY dyes 312
H H -C=CCH,[O(CH,),],,NH- Carbocyanine 313
dyes
H H -C=CCH,[O(CH,),],;NH- Diarylrhodamine 313
dyes
H H -C=CCH,[NHCO(CH,);],.,-[INHCOCH Fluor, rhod, dyes 236, 315

(SO;9)CH,], ;NH-
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H H -C=CCH,[NHCOCH((CH,);N® Fluor, thod, FRET 316
(CH,),)]1.6NH- dyes
H H -C=CCH,O(CH,),NHCOCH,OPO,"0 FRET dye 335
(CH,),NH-
- acyclo - -C=CCH,NH- H, TFA, var. fluors 239
- acyclo - -C=CCH,NH- “IRD800” cyanine 317
dye
H H -C=CCH,O(CH,),NH- FAM, HEX, TET, 336
TMR
H H -C=CHCH,O(CH,),NHCO(p-C{H,), FAM, HEX, TET, 337
CH,NH- TMR
F H -C=C(C4H,-4-),.,C CCH,O(CH,),NH- Rhodamine dyes 338
H OH -C=C(CH,),NH-CO(CH,);NH- H, TFA, 245, 339
rhodamine dye
OH OH -C=CCH,NH-; -C CCH,O(CH,),NH- H, TFA, 248
rhodamine dyes
OH H -C=CCH,NHCO(CH,)s- ONH, 376
OH H -C=CCH,NHCO(1-C;H,-4)- CHO 376
OH H -C=CCH,NHCO(3-CsH;N-5), ;- NHNH, 376
HN—1—X
NE
\
O)\N
4(04P)30 0o
A B
A B L X Ref.
OH H,OH -(CH,),NH- H, biotinyl 127
OH H -(CH,), [INHC(O)(CH,)s], ,NH- H, biotinyl 126, 127
OH H -(CH,){[NHC(O)(CH,)s],,NH- FAM, TMR 170
OH H -[(CH,),0Ol,(CH,),NH- FAM, TMR 170
OH H -(CH,),NH- Aryl azide 340
OH H -(CH,),0(CH,),NH- Biotin, dig, fluors 341
H H -(CH,),,(NH - Phenoxazine dye 342
HO H,OH -(CH,)NHC(O)(CH,),C(O)O- Indocarbocyanine 343
H dyes
OH H -(CH,),NHC(O)OCH(CH,)[(6-NO,) Biotin 249, 250
C¢H,-3-]-CH,NHC(O)(CH,),NH- (photocleavable)
OH H -(CH,),NHC(S)NH(4-C;H,)(CH,),- Eu chelate 344
OH OH -(CH,)s- ONH, 345
OH OH -(CH,)~ COCH, 223
HN—L—X
N
|
L
A B
A B L X Ref.
OH OH ~(CH,),NHCO(CH,),NH- FAM, biotin 136, 137,

346
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HN
NJ\N/
o
4-(04P)50 0
A B
A B L X Ref.
OH OH -CH=CHCONH(CH,),NH-CO(CH,).NH-  FAM, biotin 138, 139
L—X
HN/S?
N=
o)\N‘
4_(03P)30/\ﬁ
A B
A B L X Ref.
OH H -CH,NH[CO(CH,),NH],,- H, TFA, FAM, Cy5  347-349
A.10.3 Adenine nucleotide analogs
NH,
N#
S—k—X
ey
47(04P)50
A B
A B L X Ref.
OH OH -NH(CH,),NH- H 121
OH OH -NH(CH,),NH- DNP, biotinyl 119, 120
OH OH -NH- Nitroxyl spinlabel 327
OH H,OH -NH(CH,)NH- FAM; 122
fluorescamine
OH OH -NH(CH,),NH[CO(CH,);NHCO(CH,);],, 7-Aminocoumarins 293
OH H -NH(CH,),NH- Carbocyanine 123
OH H -[INHCOCH,],NH- H (mass tag) 323, 324
—X
NH”
vy
KN‘ N>
L(Oap)so/\ﬁ
A B
A B L X Ref.
OH H -CH,CONH(CH,),[NHCO(CH,)s], ,NH- biotin 126, 350)
OH OH -CH,CONH(CH,),NHC(=NH)(CH,),S- H 219
OH H -(CH,), [NHCO(CH,).],,NH- TFA, biotin 126, 350
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A B L X Ref.
OH OH -(CH,),NHCOCH,- ONH, 222
OH H -(CH,),[NHCO(CH,),},,NH- FAM, TMR 170
H H -(CH,),NHCO(CH,),C(O)O- Carbocyanine dye 343
OH H -(CH,),NHCOOCH(CH,)[(6-NO,)CH;- Biotin 249, 250
3-]-CH,NHC(O)(CH,),NH- (photocleavable)
OH H -CONH(CH,),NH- TFA, FAM 361
OH H -CONH(CH,),NH- Cy5 294
OH H -(CH,),NH- 4-Azidobenzoyl, 306
OH OH -(CH,)~ COCH, 223
NH, L—X
N
K
4’(03P)30\ﬁ
A B
A B L X Ref.
H H -C=CCH,NH- H, xanthene dyes 5,132,
311
H H -C=CCH,NH- Rhodamine dyes 233
H H -C=CCH,[O(CH,),],,NH- Cl,rhodamine, 235
FRET dyes
H H -C=CCH,NH- BODIPY dyes 312
H H -C=CCH,[O(CH,),],,NH- Carbocyanine 313
dyes
H H -C=CHCH,[O(CH,),],,NH- Diarylrhodamine 314
dyes
H H -C=CCH,[NHCO(CH,);],.,-[NHCOCH- Fluor, rhod, dyes 236, 315
(SO;9)CH, ], ;NH-
H H -C=CCH,[NHCOCH((CH,);N®- Fluor, rhod, FRET 316
(CH,),)],.{NH- dyes
H H -C=CCH,NHCOCH,OPO,"O(CH,),NH- FRET dyes 335
H H -C=CCH,0OPO,"O(CH,),NH- FRET dyes 335
- acyclo - -C=CCH,NH- H, TFA, var. fluors 239
- acyclo - -C=CCH,NH- “IRD800” cyanine 317
dye
H H -C=CCH,NH- Tricarbocyanine 352
dye
OH H -C=CCH,(OCH,CH,){[NHCO(CH,).l,NH-  Biotin 198, 319
OH H -C=C(CH,),NHCO(CH,);NH- FAM, ROX, TMR 353
OH OH -C=CCH,NH-; -CCCH,O(CH,),NH- H, TFA, 248
rhodamine dyes
OH H -C=CCH,NHCO(CH,),SS(CH,),- Cy5 92
H OH -C=C(CH,), ,NH - H, TFA, 245

rhodamine dye

N
4(04P)30 0
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A B L X Ref.
OH H ~(CH,),NH- H 144
OH H ~(CH,);NHCO(CH,),NH- biotin 145
OH OH -C=CCH,NH-CO(CH,),NH- FAM, biotin 136, 346
OH H -C=CCH,NH-CO(CH,);NH- H 110
P X
NH,
NZ
.
SN
47(04P)50 o
A B
A B L X Ref.
H H -(CH,),NH(CO(CH,)sNH), - FAM, biotin 136, 346
NH, f—X
N# N
e
4(04P)50 o)
A B
A B L X Ref.
OH H -CH,CONH(CH,CH,0),CH,CH,NHCO-  DIG 135, 328
(CH,)sNH-
OH OH -CH,CONH(CH,CH,0),CH,CH,NHCO-  biotin 136
(CH,)sNH-
/Li)(
NH H
NN
KN
4(04P)30 o
A B
A B L X Ref.
OH H -(CH,)[NHCO(CH,),], ,NH- FAM (n = 0), DIG 135, 328
(n=1)
/Li)(
NH H
N
NP
*(0gP)30 o
A B
A B L X Ref.
OH H -(CH,),NH- FAM 135, 328
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HN /fo
= N
o)\‘[ \
N
A B
A B L X Ref.
H H -(CH,),NH-CO(CH,);NH- FAM, biotin 136, 346
OH H -- NH,, N = CHAr 354, 355
[0}
L—X
N
4(oap)aoﬁi
A B L X Ref.
OH H -CONH(CH,);NH-; -CH,NHCO(CH,),- FAM 149, 375
NH-
A.10.4 Guanine nucleotide analogs
o
Y e
H,N N
4(03P)302\ﬁ
A B
A B L X Ref.
OH H,OH -NH(CH,)NH- H, TFA 356
o X
o
HZN)\N N
4(03P)30\ﬁ
A B
A B L X Ref.
H H -C=CCH,NH- H, xanthene dyes 5,132,
311
H H -C=CCH,NH- Rhodamine dyes 223
H H -C=CCH,[O(CH,),],,NH- Cl,rhodamine,
FRET dyes (235)
H H -C=CCH,NH- BODIPY dyes 312
H H -C=CCH,[O(CH,),],,NH- Carbocyanine 313
dyes
H H -C=CCH,[O(CH,),],;NH- Diarylrhodamine 314

dyes
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A B L X Ref.
H H -C=CCH,[NHCO(CH,),],.,-[INHCOCH Fluor, thod, dyes 236, 315
(5O;9)CH, ], ;NH-
H H -C=CCH,[NHCOCH((CH,).N® Fluor, rhod, FRET 316
(CH;),)]1.NH- dyes
H H -C=CCH,O(CH,),NHCO(C,H,-3-(SO,¥)-  FRET dye 335/
4-)-CH,NHCO(CH,);NH- khan
H H -C=CCH,O(CH,),NHCO(C,H,-4-)- FRET dye 335
CH,OPO,"0(CH,),NH-
H H -C=C(C,H,-4-)C CCH,0PO,?O(CH,), FRET dye 335
NH-
- acyclo - -C=CCH,NH- H, TFA, var. fluors 239
- acyclo - -C=CCH,NH- “IRD800” cyanine 317
dye
OH H -C=CCH,NHCO(CH,),SS(CH,);- Cy5 92
OH OH -C=CCH,NH-; -C CCH,O(CH,),NH- H, TFA, 248
rhodamine dyes
OH H -C=CCH,NHCO,CH(CH,)[(6-NO,)C,H,-  H, biotin, Bodipy,
3-]-CH,[NHCO(CH,)5],,NH- TMR
(Photocleavable) 92
H OH -C=C(CH,), ,NH- H, TFA, 245
rhodamine dye
OH H -C=C(CH,),NHCO(CH,).NH- FAM, ROX, TMR 353
0 kX
N
HZN)\N | N
+(04P)50 O
A B
A B L X Ref.
OH H -C=C(CH,),NH-CO(CH,).NH- H, thodamine dye 146
0 X
Lqe!
SN
4(03P)30/\ﬁ
A B
A B L X Ref.
H H -C=CCH2NH- H 132, 311
A.10.5 Sugar-modified nucleotide analogs
B
47(04P)50 /\Q
x—L A
A B L X Ref.
OH AG -O- ANT 357
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A B L X Ref.
H A -O- ANT 358
H T -OCO(CH,),CONH(CH,),NH- Dansyl 359
H AGC, -OCO(CH,),NH- FAM, ANT 193, 360
T
H AT -O(CO,),,CH,(3-OCH,-6-NO,-C,H,-4-) DAN 88, 361
(CH,)sNH-
H AGC, -OC(CH,)(OCH,)(CH,),,CONH(CH,), H, FAM 362
T NH-
H T -O(CH,),SS(CH,),NH- DAN 363
H AGC, -NH- H 364, 365
T
H T -NH- H, biotin, 188
fluorescamine
OH A -NH- H, biotin, 190
fluorescamine
H T -NH- ANT 193
H AGC, -(NHCOCH,);,,NH - Var. fluors 191,367,
T 368
H AGC, -NHCONH(CH,),NH- H, fluors 342, 369
T
H T -NHCO(CH,);NH- FAM 137
H T -(NHCOCH,), NH-; -NHCO(CH,),NH- H 323, 324
H T -S(CH,),NH- H, tBoc, Cy5 370
B
“’(03P)30/\Q
A L—X
A B L X Ref.
OH U -NHCO(CH,);NH- FAM 137
OH U -O(CH,)[NHCO(CH,),],,;NH- FAM, biotin 137
OH U -(NHCOCH,),NH-; -NHCO(CH,),NH- H 323, 324
OH C -5- H, 2-nitrophenyl- 371
thio
L—-X
4(04P)30 0,
B
A B L X Ref.
OH H -CONH(CH,),NHCO(CH,),NH- FAM, biotin 137, 139
T
4(04P)50 O
X
A B
A B L X Ref.
H H -CH,NHCO(CH,).NH- H, TFA, biotin 372
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T
4(04P)50 o
x—t
A B
A B L X Ref.
OH H -CH,NH- H, TFA 89
4‘(03P)30Yoj3
!
—X
B L X Ref.
A -(CH,),NH- FAM 373
AGCT - - H, FAM 374
U -CO(CH,),NH- FAM 137
#(0gP)0 N\ AKX
L X Ref.
~(CH,),[NHCO(CH,)5],,NH- FMOC 140
A.10.6 Phosphate-modified nucleotide analogs
BASE
o O 0O
T T I @)
X—L—PR-0-P-0-P-0
O- O- O-
A B
A B BASE L X Ref.
OH OH AU -NH- Aminonaphthyl- 379, 380
enesulfonyl
OH OH G -NH- 7-Coumarinyl 381
OH OH AU -NH(CH,),NH- Aminonaphthyl-
enesulfonyl382
OH OH AG -NHCH,NHCOCH,S- Var. BODIPY dyes 383, 384
OH H A, G C T  -NH(CH,);N*(CH,),(CH,),N* Var. xanthene dyes 100
(CH,),(CH,);0-
OH H A GCT -NH- Aminonaphthyl- 101
enesulfonyl
OH H uU* -NH(CH,),NH-(*5-CH = DABCYL 385
CHCH,NHCO(CH,),;NH-FAM)  quencher
H H AGGCT -0--O(P0,)0- 7-Coumarinyl, 386, 387

DDAO dye
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11.1 Introduction

Most of the nucleoside analogues currently used as antiviral agents act
through their 5-triphosphate as the active metabolite. Their conversion to
the 5-triphosphate metabolite requires, in principle, three (intracellular)
phosphorylation reactions carried out subsequently by (1) a nucleoside
kinase; (2) a nucleoside 5-monophosphate kinase; and (3) nucleoside
5’-diphosphate (NDP) kinase. These phosphorylating enzymes are generally
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of cellular origin, but in some cases (particularly nucleoside kinases), they
may be encoded by the viral genome. In their 5-triphosphate form, the
compounds may interact with the viral polymerase as competitive inhibi-
tors/alternate substrates with respect to the natural substrates (dANTPs:
dATP, dGTP, dCTP, dTTP). If acting as alternate substrates — thus being
incorporated into the DNA chain — the compounds may, depending on
whether they contain a 3’-hydroxyl group, allow or stop further chain elon-
gation, with consequent disruption of viral DNA functioning or synthesis.

The 5-triphosphate-based modus operandi is followed by virtually all
nucleoside/nucleotide analogues active against DNA (herpes, adeno,
papova, pox, hepadna) viruses and retroviruses. They can be schematically
divided into the following classes:

5-Substituted 2’-deoxyuridines

Acyclic guanosine analogues
B-D-2’,3"-Dideoxynucleoside analogues
Acyclic nucleoside phosphonates
B-L-nucleoside analogues

A sixth class, the ribavirin type of compounds, primarily acts in the 5’-mono-
phosphate form; however, because these compounds can be converted to
their 5’-triphosphate form, they will also be briefly discussed.

Principal indications for the clinical use of nucleoside 5-triphosphate
analogues (the first five classes) include herpesvirus infections (herpes sim-
plex virus [HSV-1, HSV-2], varicella-zoster virus [VZV], cytomegalovirus
[CMV]); retrovirus infections (human immunodeficiency virus [HIV-1,
HIV-2]); and hepadnavirus infections (human hepatitis B virus [HBV)]).!

11.2  5-Substituted 2’-deoxyuridines

Currently available 5-substituted 2’-deoxyuridines include idoxuridine
(IDU), trifluridine (TFT), and brivudin (BVDU) (Figure 11.1); they are used
for the topical treatment of HSV-1 infections of the eye (i.e., herpetic keratitis;
IDU as 0.1%, and TFT as 1% eye drops) and systemic treatment of VZV
infections (i.e., herpes zoster; BVDU at 125 mg orally, once daily). In fact,
brivudin has been registered (as Zostex® or Brivirac®) for the treatment of
herpes zoster in several European countries.

Whereas IDU and TFT are indiscriminately phosphorylated by cellular
and HSV-induced kinases, BVDU is preferentially phosphorylated by HSV-
and VZV-encoded thymidine kinase (TK). HSV-1 TK and VZV TK, but not
HSV-2 TK, are able to further phosphorylate BVDU-MP onto BVDU-DP. For
TFT, the active metabolite is believed to be the 5-monophosphate metabolite,
TFT-MP, which principally acts as an inhibitor of dTMP synthase, a key
enzyme in the de novo biosynthesis of dTTP.

For IDU and BVDU, conversion to the 5-triphosphate metabolites is
required for these compounds to exert their antiviral effects (Figure 11.2).
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(o} (0]
HN | ! HN | CFs HN | B
O/J\ N o/l\ N o/l\ N
HO HO HO
OH OH OH
IDU TFT BVDU
Idoxuridine Trifluridine Brivudin
5-lodo-2’-deoxyuridine 5-Trifluoromethyl-2’- (E)-5-(2-Bromovinyl)-2’-
deoxyuridine deoxyuridine

Figure 11.1 Structural formulae of IDU, TFT, and BVDU.

IDU ——> IDU-MP ——> IDU-DP —— > | |pu-TP | --"---.

\ o
|

TFT ———TFT-MP ——> TFT-DP —— TFT-TP DNA <—‘ dTTP
/O
BVDU —> BVDU-MP ——BVDU-DP —> | BVDU-TP | .__.--="

Figure 11.2 Intracellular metabolism and mechanism of action of IDU, TFT, and
BVDU.

IDU-TP and BVDU-TP will then interact with the DNA polymerase as com-
petitive inhibitors or alternate substrates (with respect to dTTP). If incorpo-
rated, they permit further chain elongation; however, the resulting DNA
products containing the fraudulent bases 5-iodouracil or 5-(2-bromovi-
nyl)uracil are likely to be hampered in their functioning and/or stability. It
should be remembered that, because the first step in the phosphorylation
cascade of BVDU is confined essentially to the virus-infected cell,? the ulti-
mate effect on DNA synthesis is expected to be specific for the virus-infected
cell. On the other hand, IDU in its effect on DNA synthesis does not dis-
criminate between virus-infected and uninfected cells.

11.3  Acyclic guanosine analogues

Three acyclic guanosine analogues are routinely used in the treatment of viral
infections: acyclovir (ACV); ganciclovir (GCV); and penciclovir (PCV), and
their oral prodrugs, valaciclovir; valganciclovir; and famciclovir (Figure 11.3):

e Intravenous acyclovir (Zovirax®) at 30 mg/kg/day for treatment of
severe mucocutaneous HSV and VZV infections
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Acyclovir
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Figure 11.3 Structural formulae of ACV, GCV, and PCV and of their oral prodrugs

VACYV, VGCV, and FCV.

e Topical acyclovir (5%) for treatment of herpes labialis

e Intravenous ganciclovir (Cymevene®) at 10 mg/kg/day for treat-
ment of CMV infections (i.e., CMV retinitis) in AIDS patients

e Oral valaciclovir (Valtrex®, Zelitrex®) (3 x 1000 mg, daily) and oral
famciclovir (Famvir®) (3 x 500 mg, daily) for treatment of VZV in-
fections (i.e., herpes zoster)

e Oral valganciclovir (Valcyte®) (2 x 450 mg, twice daily) for mainte-
nance therapy and prophylaxis of CMV infections

ACV, GCV, and PCV are specifically phosphorylated by the
HSV-encoded TK?® and, to a lesser extent, by the VZV-encoded TK, which
preferentially limit their antiviral activity to the virus-infected cell. In addi-
tion, ganciclovir can be phosphorylated by the CMV UL97 gene product (a
protein kinase held responsible for the egress of the CMV nucleocapsids
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ACV —> ACV-MP —> ACV-DP ——> | ACV-TP |-----.,

, N
, .
, .
, ©

) \

\
GCV —> GCV-MP —>» GCV-DP —> |[GCV-TP |—> DNA <—— 4GTP
y
\ /O
PCV —> PCV-MP —> PCV-DP —> | PCV-TP | 212557

Figure 11.4 Intracellular metabolism and mechanism of action of ACV, GCV, and
PCV.

from the nucleus), which explains the selective antiviral activity of ganciclo-
vir against CMV.

Following phosphorylation of ACV, GCV, and PCV to the corresponding
5-monophosphate, the latter are further phosphorylated by the cellular
enzyme, GMP kinase, to the 5’-diphosphates, which are then converted to
the 5-triphosphates by NDP kinase (Figure 11.4). The 5-triphosphates will
then interact with the DNA polymerase as competitive inhibitor/substrate
and, if incorporated, terminate chain elongation. Lacking an hydroxyl group
equivalent to the 3"-hydroxyl group of the regular nucleosides, acyclovir
must function as an obligate chain terminator, whereas ganciclovir and pen-
ciclovir may at least theoretically allow limited chain elongation.

11.4 B-D-2',3"-Dideoxynucleoside analogues

A variety of B-D-2°,3’-dideoxynucleoside analogues* that are currently
licensed for the treatment of HIV infections have been described: AZT, dd],
ddC, d4T, and ABC (Figure 11.5); a sixth compound (DAPD) is still in the
developmental stage. Standard daily dosage for these compounds, all by the
oral route, is 600 mg for AZT (Retrovir®); 400 mg for ddI (Videx®); 2.25 mg
for ddC (Hivid®); 80 mg for d4T (Zerit®); and 600 mg for ABC (Ziagen®).
Moreover, AZT can be combined with 3TC (lamivudine) as capsules (Com-
bivir®) containing 300 mg of AZT and 150 mg of 3TC (to be administered
twice daily). A third drug (ABC) could be added to this combination (Triz-
ivir®) so as to contain 300 mg of AZT, 150 mg of 3TC, and 300 mg of ABC
(to be administered twice daily).

In order to achieve their antiviral effect, all f-D-2",3’-dideoxynucleoside
analogues need to be phosphorylated successively to the 5-mono-, 5'-di-,
and 5-triphosphate.> All three phosphorylation steps depend on cellular
enzymes, including the first phosphorylation step carried out by a nucleoside
kinase that, for most of the dideoxynucleoside analogues, represents the
bottle neck in the phosphorylation pathway (Figure 11.6). In addition to these
three phosphorylation reactions (Figure 11.6), the ddI, ABC, and DAPD
pathways require some compound-specific metabolic conversions,® i.e.:



334 Nucleoside triphosphates and their analogs
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Figure 11.5 Structural formulae of AZT, ddI, ddC, d4T, ABC, and DAPD.

e ddIMP — ddAMP by adenylosuccinaat synthetase/lyase

e ABC — ABC-MP — CBV-MP by a specific phosphotransferase fol-
lowed by a (deoxy)adenylate deaminase (leading to the formation of
carbovir monophosphate)

e DAPD — DXG by a (deoxy)adenosine deamine (leading to the for-
mation of dioxolane guanine)

In all cases, 5-triphosphate metabolite generated after the three phos-
phorylation steps will interact with the target enzyme, the HIV reverse
transcriptase, as a competitive inhibitor/alternate substrate with respect to
dTTP (AZT, d4T), dCTP (ddC), dATP (ddl), or dGTP (ABC, DAPD). Because
all the 5’-triphosphate metabolites derived from the 2’,3’-dideoxynucleosides
lack the 3’-OH functionality, they will be obliged to act as chain terminators
after their incorporation into the DNA chain.

11.5 Acyclic nucleoside phosphonates

The acyclic nucleoside phosphonates” licensed for clinical use are cidofovir,
adefovir, and tenofovir (Figure 11.7). Adefovir and tenofovir are actually
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AZT —> AZT-MP —> AZT-DP ——> AZT-TP DNA == dTTP

ddl —— ddt-mvp

ddAMP —> ddA-DP — > | ddA-TP | —> DNA <—— dATP

f( \\@
. |
ddC ——> ddC-MP —> ddC-DP ——> ddC-TP > DNA < dCTP
/' 9
‘ A
d4T ——> d4T-MP —> d4T-DP —— d4T-TP DNA dTTP
ABC —> ABC-MP JE— ..
CBV-MP —> CBV-DP —> |[CBV-TP > DNA <= dGTP
DAPD e
| N
DXG —> DXG-MP —» DXG-DP ——> |DXG-TP » DNA <« dGTP

Figure 11.6 Intracellular metabolism and mechanism of action of AZT, ddI, ddC, d4T,
ABC, and DAPD.

available in their oral prodrug forms: adefovir as adefovir dipivoxil (Heps-
era®) for the treatment of HBV infections (daily single dose: 10 mg) and
tenofovir as tenofovir disoproxil fumarate (Viread®) for the treatment of HIV
infections (daily single dose: 300 mg). Cidofovir (Vistide®) is made available
as solution (containing 375 mg per 5 ml) for intravenous use in the treatment
of CMV retinitis in AIDS patients (5 mg/kg/week for the first 2 weeks, then
5 mg/kg every other week, under hydration and probenecid cover).
Cidofovir can also be applied topically (as a 1% cream or gel
[Forvade™]), intranasally (as aerosol), intralesionally, etc., but not orally
because of poor oral bioavailability. An oral prodrug form, termed HDP
(hexadecyloxypropyl)-cidofovir, has been developed that yields high thera-
peutic promise as an oral formulation for treatment of all infections for which
cidofovir is indicated (i.e., herpesvirus infections [HSV, VZV, CMV, etc.];
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Figure 11.7 Structural formulae of cidofovir, adefovir, and tenofovir and of their oral
prodrugs HDP-cidofovir, adefovir dipivoxil, and tenofovir disoproxil.

adeno-, polyoma-, and papillomavirus infections; and poxvirus [smallpox,
vaccinia, monkeypox, molluscum contagiosum, orf] infections).

In contrast with the nucleoside analogues, the acyclic nucleoside phos-
phonates only need two phosphorylation steps to be converted to their active
forms because they are nucleoside 5-monophosphate analogues (Figure
11.8).% These diphosphoryl derivatives can be considered directly analogous
to the nucleoside triphosphates and will, therefore, act as competitive inhib-
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HPMPC —>» HPMPCp —> | HPMPCpp |—> DNA - dCTP

e \\\
; O
‘ |
PMEA e PMEAp —_— PMEApp —>» DNA .« dATP
//’ T N
It NS

PMPA —> PMPAp —> | PMPApp |—> DNA < dATP

Figure 11.8 Intracellular metabolism and mechanism of action of HPMPC, PMEA,
and PMPA.

itors/alternate substrates with respect to the natural substrates, i.e., dATP
(for adefovir and tenofovir) or dCTP (for cidofovir).

If incorporated, HPMPC (cidofovir), PMEA (adefovir), and PMPA (teno-
fovir) will act as chain terminators; however, because they will be linked to
the penultimate nucleotide through a phosphonate rather than phosphate
group, they may not be readily excised through the action of a 3* — 5
exonuclease, pyrophosphorylase, or ATP phosphorylase. This resilience to
excision from the DNA chain in which they have been incorporated might
explain why it has proven so difficult for the different viruses (herpes, pox,
adeno, papilloma, hepadna, retro) to develop resistance to any of the acyclic
nucleoside phosphonates (cidofovir, adefovir, tenofovir). On the other hand,
acyclic nucleoside phosphonates such as cidofovir do not depend for their
phosphorylation on the virus-induced thymidine kinase (TK). Thus, cido-
fovir may be expected, and has proven, to be effective against those herpes
virus mutants that, because the are TK-deficient (TK"), have acquired resis-
tance to viral TK-dependent compounds such as brivudin and acyclovir.

11.6 L-nucleoside analogues

The L-nucleoside analogues are represented by 3TC, (-)FTC, L-d4FC, L-dC,
L-dT, and L-FMAU (Figure 11.9). At present, only one of these compounds,
namely, 3TC (lamivudine), has been licensed (Epivir®) for clinical use for
the treatment of HIV (AIDS) and HBV (chronic hepatitis B) infections (dos-
age: 300 mg, once daily for AIDS, and 100 mg, once daily for chronic hepatitis
B). Emtricitabine (Coactinon™) should be licensed soon for the treatment of
HIV infections and L-d4FC is being developed for the treatment of HIV and
HBV infections; L-dC (as its oral prodrug form, val-L-dC), L-dT, and
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Figure 11.9 Structural formulae of 3TC, (-)FTC, L-d4FC, L-dC, L-dT, and L-FMAU.

L-FMAU are under development for the treatment of HBV infections. In this
sense, the discovery of 3TC (lamivudine) as an L-nucleoside antiretroviral
agent has heralded the development of a number of other L-nucleoside
analogues’ for treatment of HIV and HBV infections.

Akin to their D-counterparts, 3TC, (-)FTC, L-d4FC, and L-dC need three
phosphorylation steps to be converted to their active 5’-triphosphate metab-
olites, which will then compete with the natural substrate, dCTP, for incor-
poration into the viral DNA (Figure 11.10). Such incorporation should obvi-
ously lead to chain termination — at least as far as 3TC, (-)FTC, and L-d4FC
are concerned. Whether the ultimate phosphorylation step (from the di- to
the triphosphate) is carried out by NDP kinase or other cellular enzymes
has not been unequivocally established. The thymidine analogues, L-dT and
L-FMAU, follow a similar pathway to their 5-triphosphates and, again, the
latter correspond to the active metabolites of L-dT and L-FMAU. However,
the way in which they precisely interact at the viral DNA polymerase level
remains to be clarified further.
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Figure 11.10 Intracellular metabolism and mechanism of action of 3TC, (-)FTC,
L-d4FC, L-dC, L-dT, and L-FMAU.

11.7 AICAR analogues

Ribavirin and EICAR (5-ethynylimidazole-4-carboxamide riboside) (Figure
11.11) can be considered structurally related to AICAR (5-aminoimidazole
4-carboxamide ribonucleotide), the immediate precursor of IMP in the de
novo biosynthetic pathway leading to GTP and ATP and their 2’-deoxynu-
cleotide counterparts (dGTP and dATP).!? Ribavirin (Virazole®) has been
formally approved, as an aerosol (20 mg/ml), for the treatment of respiratory
syncytial virus (RSV) infections in high-risk infants. Ribavirin is also admin-
istered orally (at doses of 800 up to 1200 mg daily) in combination with
interferon o-2a (replaced recently by pegylated interferon o-2a) in the treat-
ment of chronic hepatitis C virus (HCV) infections. The combination of
pegulated interferon with ribavirin is commercially available as Rebetron®
and PEG INTRON plus ribavirin, respectively.

Ribavirin and EICAR can, in principle, be metabolized intracellularly to
their 5-mono-, 5’-di-, and 5-triphosphate forms. The latter may then inter-
fere with the incorporation of GTP into RNA. Ribavirin 5-triphosphate can
also be incorporated (as its 5-monophosphate) into the viral RNA and act
as a viral mutagen, at least for poliovirus, when ribavirin is used at suffi-
ciently high concentrations. The main target of action of ribavirin (and
EICAR), however, is thought to be IMP dehydrogenase, a key enzyme in the
de novo biosynthesis of GTP (Figure 11.12). To inhibit the IMP dehydrogenase,
ribavirin and EICAR only need to be converted to their 5-monophosphate.
Inhibition of IMP dehydrogenase leads to a shut-off or reduction in the
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Figure 11.11 Structural formulae of ribavirin and EICAR.
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Figure 11.12 Intracellular metabolism and mechanism of action of ribavirin and
EICAR.

supply of GTP and, consequently, decreased viral RNA synthesis, thus
explaining the broad-spectrum antiviral activity of ribavirin. EICAR is
assumed to adhere to a similar modus operandi as ribavirin, but is about
10- to 100-fold more potent an antiviral agent than ribavirin.

11.8 Conclusion

A large variety of antiviral agents currently on the market (or possibly to be
marketed soon) for the treatment of virus infections — particularly DNA
virus (i.e., herpes and hepatitis B) and retrovirus (i.e., HIV) infections — owe
their antiviral action to their triphosphate derivatives or, in case of the
nucleotide analogues (acyclic nucleoside phosphonates), their diphosphate
derivatives. Representative examples are

e 5-Triphosphate of brivudin, used in the treatment of herpes zoster
e Triphosphates of acyclovir and penciclovir, used in the treatment of
HSV and VZV infections
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Ganciclovir, used in the treatment of CMV infections
5-Triphosphates of azidothymidine, didanosine, zalcitabine, stavu-
dine, and abacavir, used in the treatment of HIV infections
Diphosphates of cidofovir, adefovir, and tenofovir, licensed for the
treatment of CMV retinitis (in AIDS patients), chronic hepatitis B,
and HIV infections (AIDS), respectively

5-Triphosphates of lamivudine and other L-nucleosides, approved
or are under development for the treatment of HIV and/or HBV
infections
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12.1 Introduction

This chapter will focus on nucleoside analogs approved for therapeutic use
in the treatment of diseases that are nonviral in origin. We will pay partic-
ular attention to drugs with proven clinical usage, but also include some
experimental drugs currently under development. The chemical structures
of the compounds are shown in Figure 12.1 in the order of their appearance
in the text.

12.2  Anticancer agents

Nucleoside analogs are widely used for the treatment of hematological
malignancies, including acute and chronic leukemia; hairy cell leukemia;
indolent non-Hodgkin’s lymphomas; and some solid tumors.!? Nucleosides
are readily transported into dividing cells through specific nucleoside trans-
port systems, which occur by two mechanistically distinct processes: facili-
tated diffusion and Na(+)-nucleoside cotransport.®> Once inside the cell,
nucleoside analogs are converted to their active 5-monophosphate (MP),
5-diphosphate (DP), and 5’-triphosphate (TP) forms by cellular kinases. The
nucleotide form interferes with cellular targets involved in nucleotide de novo
biosynthesis and DNA synthesis.

The important principle of using antimetabolites in chemotherapy has
led to the development of a series of anticancer drugs. A list of Food and
Drug Administration (FDA)-approved anticancer nucleoside analogs and
their clinical indications is summarized in Table 12.1. We will focus on the
development of some of the more important drugs and their mechanism
of action.

12.2.1 6-Mercaptopurine and thioguanine

One of the first nucleoside analogs approved for use as an anticancer agent
was 6-mercaptopurine (6-MP). This compound was synthesized and devel-
oped by George Hitching, Gertrude Elion, and associates at the Wellcome
Research Laboratories, in collaboration with Sloan-Kettering Institute in
1951. Only 2 years after its synthesis and preclinical and clinical assessment,
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6-MP was approved by the FDA for the treatment of acute leukemia in
children. The addition of 6-MP to the antileukemia regimen increased the
median survival time from 3 to 4 months to 12 months. Today, children with
acute leukemia treated with 6-MP in combination with other drugs have an
almost 80% cure rate.

In contrast to its rapid acceptance by physicians, it took scientists nearly
2 decades to unravel the mechanism of action of 6-MP. As illustrated in
Figure 12.2, 6-MP is initially activated by hypoxanthine-guanine phosphor-
ibosyltransferase (HGPRT) to 6-thioinosine 5-monophosphate (t-IMP). This
is further converted to 6-thioxanthosine monophosphate (t-XMP) by IMP
dehydrogenase (IMPDH); t-IMP is then further metabolized into its 5"-triph-
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osphate form, t-ITP. GMP synthase can convert t-IMP into t-GMP by and

GM
into

P and GDP kinase and ribonucleotide reductase can further converted
form t-GTP and t-dGTP. Methylation of t-IMP by thiopurine methyl-

transferase using S-adenosyl-L-methionine forms 6-methythioinosine
5-monophsophate (me-t-IMP). 6-MP was found to interfere with a variety
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of vital biochemical pathways. However, the principle sites of action in
humans can be summarized into the following mechanisms (Figure 12.3)**:

Feedback of de novo purine synthesis can be inhibited. Me-t-IMP is a
strong inhibitor of the enzyme 5-phosphoribosyl-o-pyrophosphate
(PRPP) amidotransferase, which catalyzes the conversion of PRPP
into phosphoribosylamine, an important precursor during IMP syn-
thesis. t-IMP is also an inhibitor of PRPP amidotransferase, but less
potent than me-t-IMP.

Inhibition of IMP synthesis by me-t-IMP and t-IMP leads to decrease
in the formation of XMP, GMP, and AMP.

t-dGTP is incorporated into DNA and leads to DNA damage, such
as single-strand breaks, DNA-protein cross-links, interstrand
cross-links, and sister chromatid exchanges.

RNA transcription can be inhibited through t-ITP-mediated inhibi-
tion of RNA polymerase.

Synthesis of nicotinamide adenosine dinucleotide (NAD*) from ATP
can be inhibited.

Selectivity for neoplastic cells most likely depends on the levels of indi-
vidual anabolic and catabolic enzymes. Because the catabolic enzyme levels
are generally much lower in tumor cells than in normal cells, it is expected
that the anticancer agents have a longer half-life in the tumor cells. In addi-
tion, mitotic rate, drug transport, and metabolite pool sizes can contribute
to the selective cytotoxicity.
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Table 12.1 FDA-Approved Nucleoside Analogs Used as

Anticancer Drugs

Drug name

Approved indication

Approval
date

Mercaptopurine
(6-MP)
Fluorouracil (5-FU)
Thioguanine (6-TG)
Cytarabine (ara C)
Floxuridine
(intra-arterial)
Tiazofurin
Fludarabine

Pentostatin

Cladribine
Pentostatin

Allopurinol

Gemcitabine

Capecitabine

Gemcitabine

Leukemias

Common solid tumors

Leukemias

Leukemias

Stomach and gastrointestinal cancer

Chronic myelogenous leukemia

Palliative treatment of patients with B-cell
lymphocytic leukemia (CLL) who have not
responded or have progressed during treatment
with at least one standard alkylating
agent-containing regimen

Single-agent treatment for adult patients with
alpha interferon refractory hairy cell leukemia

Active hairy cell leukemia

Single-agent treatment for untreated hairy cell
leukemia patients with active disease as defined
by clinically significant anemia, neutropenia,
thrombocytopenia, or disease-related
symptoms

Patients with leukemia, lymphoma, and solid
tumor malignancies receiving cancer therapy
that causes elevations of serum and urinary uric
acid levels who cannot tolerate oral therapy.

Treatment of patients with locally advanced
(nonresectable stage II or III) or metastatic
(stage IV) adenocarcinoma of the pancreas;
indicated for first-line treatment and for
patients previously treated with a
5-FU-containing regimen

Accelerated approval (clinical benefit
subsequently established); treatment of
metastatic breast cancer resistant to paclitaxel
and an anthracycline-containing chemotherapy
regimen or resistant to paclitaxel and for whom
further anthracycycline therapy may be
contraindicated, e.g., patients who have
received cumulative doses of 400 mg/m?
doxorubicin or doxorubicin equivalents

For use in combination with cisplatin for the
first-line treatment of patients with inoperable,
locally advanced (stage IIIA or IIIB) or
metastatic (stage IV) non-small cell lung cancer

1953
1962
1966
1969
1970

1991
1991

1991

1993
1993

1996

1996

1998

1998
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Table 12.1 FDA-Approved Nucleoside Analogs Used as
Anticancer Drugs (Continued)
Approval
Drug name Approved indication date
Cytarabine Accelerated approval (clinical benefit not 1999
liposomal established) for intrathecal therapy of
lymphomatous meningitis
Capecitabine Initial therapy of patients with metastatic 2001
colorectal carcinoma when treatment with
fluoropyrimidine therapy alone is preferred;
combination chemotherapy has shown a
survival benefit compared to 5-FU/LV alone; a
survival benefit over 5-FU/LV has not been
demonstrated with this drug as monotherapy
Capecitabine Treatment in combination with docetaxel of 2001
patients with metastatic breast cancer after
failure of prior anthracycline-containing
chemotherapy
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Thioguanine (6-thiol-2-aminopurine) is another thiopurine analog found
to be active against leukemia cell lines. Synthesized by Elion and Hitchings
in 1955, it was found to be more active but also more toxic than 6-MP*
Thioguanine was approved by the FDA in 1966 and is mainly used in the
treatment of acute myelocytic leukemia in adults, in combination with cyt-
arabine. Thiogunine is initially activated by HGPRT to t-GMP, and further
to t-GDP, t-GTP, and t-dGTP, as described previously for 6-MP metabolism?®
(Figure 12.2). The active metabolite of thioguanine is believed to be t-dGTP
because it is known to be a good substrate for human DNA polymerases o,
9§, and vy, with K| values similar to those of natural substrates.® Incorporation
of t-dGMP into DNA leads to notable alterations in DNA properties” and
affects interaction with several DNA-binding proteins, including DNA poly-
merases, DNA ligases, endonucleases, and topoisomerases.®’

12.2.2  5-Fluorouracil (5-FU), floxuridine, and capecitabine

In 1957, Heidelberger'® synthesized 5-fluorouracil, which is primarily used
for the treatment of common solid tumors, particularly breast, ovarian, and
gastrointestinal carcinomas.'!! In tumor cells and in sensitive normal tissue,
5-FU is converted to the active form 5-fluorodeoxyuridylate (FAUMP) by
thymidine kinase."! FAUMP is an irreversible inhibitor of thymidylate syn-
thase, an enzyme essential for de novo synthesis of dTMP from dUMP using
N5,N'%-methylenetetrahydrofolate (N° N'°-methylene-THF) as the phosphate
donor.”? Like dUMP, FAUMP binds to the enzyme and undergoes the first
two steps of the normal enzymatic reaction. However, in the third step, in
which the enzyme normally extracts the 5-hydrogen from dUMP, it encoun-
ters the irremovable 5-fluoro of 5-FU. As a result, the enzyme is all but
permanently immobilized as an enzyme-FAUMP-THF ternary complex.
Consequently, the conversion of uridilate to thymidilate is halted, thereby
depriving cells of dTTP needed for DNA synthesis.

Additionally, 5-FU is metabolized to ribo- and deoxyribonucleotides,
which act as false bases for incorporation into RNA and DNA.! This meta-
bolic error can interfere with DNA replication, RNA processing, and protein
synthesis. The FDA approved 5-FU in 1962, and it is currently used to treat
colon, rectal, breast, stomach, and pancreatic cancer.

Floxuridine (5-fluorodeoxyuridine, 5-DFUR), the nucleoside analog of
5-FU was developed to gain a better therapeutic index in the treatment of
stomach and gastrointestinal cancer. It was approved in 1970; however,
contrary to what was anticipated, this compound never underwent wide
clinical application because it did not demonstrate toxicological or therapeu-
tic superiority over 5-FU.! Recent studies have suggested that in human
colorectal cancer cell lines and various animal tumor model systems, 5-DFUR
is more effective than 5-FU.13

Capecitabine, a fluoropyrimidine carbamate, is an orally administered
systemic prodrug of 5-DFUR that is converted to 5-FU. As shown in Figure
12.4, capecitabine is metabolized to 5-FU by carboxylesterase, cytidine deam-
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Figure 12.4 Activation pathway of capecitabine.

inase, and thymidine phosphorylase. In 1998, capecitabine was approved by
the FDA and is used for the treatment of breast, colon, and rectal cancer.
Combination chemotherapy has shown a survival benefit compared to 5-flu-
orouracil (5-FU)/oral leucovorin (LV) alone; however, a survival benefit over
5-FU/LV has not been demonstrated with capecitabine monotherapy.

12.2.3 Cytarabin (cytosine arabinoside, ara-C) and 5-azacytidine
(5-AzCR)

Cytarabine (1-B-D-arabinosylcytosine, ara C) is one of the most thoroughly
studied drugs in cancer chemotherapy.? The drug was approved in 1969 and
is used predominantly to treat adult acute myelogenous leukemia. The active
form of cytarabine is the 5’-triphosphate form, with the arabinosyl carbohydrate
moiety to deliver the cytotoxic properties. The rate-limiting step for the activa-
tion of cytarabine is the conversion to cytarabine-MP by deoxycytidine kinase
— the same enzyme responsible for the phosphorylation of deoxycytidine to
dCMP. A strong relationship has been observed between the amount of cytara-
bine incorporated into cellular DNA and the extent of subsequent decrease in
clonogenicity,'* indicating that incorporation is related to cytotoxicity.

Studies have demonstrated that once cytarabine becomes incorporated
into DNA, multiple mechanisms might affect DNA synthesis.? First, cytara-
bine-TP is a strong alternative substrate inhibitor of DNA polymerase
through competition with the natural nucleotide and serves as a nonobligat-
ing chain terminator. Incorporation of cytarabin-MP reduces the ability of
the DNA polymerase to use the 3’-terminal nucleotide analog as a substrate
for addition of a subsequent nucleotide; this causes a decrease in the rate of
DNA synthesis. Second, incorporated cytarabine-MP was less readily
removed from the DNA by the 3’ — 5-exonuclease activity of DNA poly-
merase €. Third, when cytarabine-MP was present at the 3’-terminus of an
oligodeoxynucleotide, ligation to a 5"-end of an adjacent oligodeoxynucle-
otide by DNA ligase was inhibited.'®

12.2.4  Tiazofurin

Tiazofurin is a C-nucleoside designed and synthesized by Robins in 1982 to
target the elevated IMPDH activity in tumors.'¢ Tiazofurin is phosphorylated
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to its MP derivative by adenosine kinase, 5-nucleotidase, and nicotinamide
ribonucleoside kinase.”® Tiazofurin-MP is then converted to the active-form
tiazofurin adenine dinucleotide (TAD, Figure 12.5), as an analog of NAD,
by human nicotinamide mononucleotide adenylytransferase (NMNAT). The
conversion of tiazofurin to TAD in leukemia cells was significantly (20-fold)
higher than the synthesis of TAD that occurred in normal leukocytes.’ Low
levels of NMNAT activity in tumor cells have been associated with the
development of tiazofurin resistance.?2!

TAD serves as a potent inhibitor of IMPDH, an enzyme that catalyzes
the rate-limiting step in the de novo synthesis of the guanine nucleotides,
which catalyzes the oxidation of IMP to XMP using NAD.!>22 TAD binds to
the NAD/NADH site of IMPDH with K; = 0.13 uM.?? This inhibition of
IMPDH leads to significantly decreased GTP concentration and is believed
to be the main mechanism of action for tiazofurin. It is worth mentioning
that IMPDH activities are markedly elevated in various human and animal
cells, particularly in the rapidly growing neoplastic cells.?® In addition, tia-
zofurin also leads to down-regulation of ras and myc oncogenes and induced
maturation of blast cells.?® In 1991, the FDA granted orphan-drug status
designation to tiazofurin for the treatment of chronic myelogenous leukemia
(CML) in accelerated phase or blast crisis.

12.2.5 Fludarabine (2-fluorovidarabine, 2-F-araA)

The success of cytarabine inspired the synthesis and evaluation of other
arabinosyl analogs. Arabinosyladenine (vidarabine, ara A) was found to be
ineffective as an intravenous drug, mainly due to its susceptibility to rapid
metabolic clearance by deamination by the ubiquitous adenosine deaminase.
Fludarabine emerged as a second generation of arabinosyladenosine com-
pounds.? The substitution of a fluorine atom at the 2-carbon of the adenosine
ring made the amino group resistant to deamination, and the addition of
the phosphate group at the 5-carbon of the arabinose ring drastically
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increased the compound’s solubility. As a prodrug, fludarabine is converted
to the free nucleoside 9-f-D-arabinosyl-2-fluoroadenine (F-ara-A), which
enters cells and accumulates mainly as the 5-triphosphate, F-ara-ATP. The
rate-limiting step in phosphorylation of fludarabine is the conversion to its
5-MP by deoxycytidine kinase.? The high specific activity of this enzyme
results in efficient phosphorylation of F-ara-A in certain tissues, even though
F-ara-A is not a good substrate for deoxycytidine kinase.

F-ara-ATP has multiple mechanisms of action.?® Primarily, it exerts its
cytotoxicity through disruption of DNA synthesis. This includes inhibition
of ribonucleotide reductase; incorporation into DNA resulting in repression
of further DNA polymerization; and inhibition of DNA ligase and DNA
primase. Secondarily, F-ara-A has been shown to be incorporated into RNA,
which leads to inhibition of transcription in leukemia cell lines.?® In 1991,
fludarabine was approved by the FDA for the treatment of B-cell lympho-
cytic leukemia. In the past decade, as a single agent or in combination with
DNA damaging agents, fludarabine has had a major impact on increasing
the effectiveness of treatment of patients with indolent B-cell malignancies.?

12.2.6  Cladribine (2-chloro-2’-deoxyadenosine, 2-CdA,
leustatin)

Cladribine is a deoxyadenosine analog with a chlorine atom at the 2-carbon
of the adenosine ring. It was first synthesized as an intermediate during
synthesis of 2-deoxynucleoside analogs by Venner in 1960.” Unlike ara A,
cladribine is resistant to deamination by adenosine deaminase.? Its specific
toxicity to lymphocytes was reported by Carson in 1980.% Subsequently,
cladribine was shown to have activity against hairy cell leukemia® and many
indolent B-cell diseases.3!*2

Cladribine is unique compared with traditional antimetabolite drugs in
that it is equally active against dividing and resting lymphocytes; this makes
the drug especially important in treating indolent lymphoid malignancies,
such as chronic lymphocytic leukemia, because most cells in these disorders
are in the resting phase. Similar to many antitumor nucleoside analogs, the
active metabolite of cladribine is its 5-triphosphate form; however, the
rate-limiting step for its activation is believed to be the phosphorylation of
cladribine-MP to DP by a monophosphate kinase, probably AMP kinase.?
Cladribine has little or no effect on DNA synthesis and only a moderate
effect on DNA repair.2 The main mechanism of action for this drug is believed
to be inhibition of ribonucleotide reductase by the cladribine-TP.2 Cladribine
was approved by the FDA in 1993 to treat active hairy cell leukemia.

12.2.7 Gemcitabine (dFdC, dFdCyd, Gemzar™)

Gemcitabine, 2’,2’-difluorodeoxycytidine, is an analog of deoxycytidine with
two fluorines placed in the geminal configuration on the 2-carbon. It was
first synthesized in 1988% and was soon found to be active against human
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leukemic cell lines and murine solid tumors.*3¢ The FDA approved it in
1996 for the treatment of advanced pancreatic cancer and it remains the
treatment of choice for this disease.

Gemcitabine is readily taken up by tumor cells and is phosphorylated
to dFACMP, dFdCDP, and dFACTP, with the phosphorylation of gemcitabine
to dFACMP as the rate-limiting step.? Interestingly, all of the gemcitabine
nucleotide metabolites facilitate the cytotoxic effects of gemcitabine through
different mechanisms.2¥” dFACMP is an inhibitor of dACMP deaminase, the
enzyme that inactivates gemcitabine to 2’,2’-difluorodeoxyuridine. dFdCDP
is a competitive inhibitor of ribonucleotide reductase, which is required for
the de novo synthesis of dCDP from CDP. Inhibition of ribonucleotide reduc-
tase by dFACDP and dCMP deaminase by dFdCMP resulted in decrease in
cellular dCDP polls, elevation of the intracellular dFdCTP/dCTP ratio and,
ultimately, in enhanced incorporation of dFACTP into DNA. Even though
dFdCTP was a poor substrate for DNA polymerase with an efficiency of
incorporation only 3% that of dCTP, the elongation of the 3’-dFdACMP DNA
was found to be efficient.?

In whole cells, gemcitabine nucleotides were also found predominantly
in internal positions in DNA.3® In addition, the incorporated dFdCMP
showed significant resistance to the 3 — 5 excision.? The cytotoxicity of
gemcitabine has long been strongly associated with the amount of its incor-
poration into cellular DNA3%; however, it is still unclear by which mecha-
nism(s) the incorporation leads to cell death. Recent studies showed that
gemcitabine-substituted DNA poisons topoisomerase I by selective stabili-
zation of the cleavage complexes, consequently leading to DNA-strand
breaks.? The mechanisms associated with gemcitabine resistance include
increased cytidine deaminase activity,* a cellular deficiency in deoxycytidine
kinase,*> and reduced uptake by nucleoside transporter.*3

12.2.8 Pentostatin (2’-deoxycoformycin, Nipent™)

Pentostatin, (8R)-3-(2-deoxy-B-D-erythro-pentofuranosyl)-3,4,7,8-tetrahy-
droimidazole[4,5,-d]-[1,3]diazepin-8-0l, an analog of 2-deoxyadenosine, was
first isolated in 1974 from the soil organism Streptomyces antibioticus.** Pen-
tostatin is a potent inhibitor of adenosine deaminase, which is found in high
concentrations in lymphatic tissue.*> During preclinical screening, it did not
demonstrate antitumor activity; however, because it was a potent inhibitor
of adenosine deaminase, it continued to be studied in combination with
vidarabine (ara-A), which is rapidly deactivated by adenosine deaminase.*
The unexpected effect of tumor shrinkage in patients with lymphoid malig-
nancies led to its intensive development.*’

The exact mechanism of action of this drug is unknown.*® Inhibition of
adenosine deaminase mainly results in disruption of the deamination of
adenosine and deoxyadenosine to inosine and deoxyinosine, causing an
accumulation of dATP and ATP, which are cytotoxic, especially to lympho-
cytes. This is partly by inhibition of an enzyme responsible for cellular
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methylation reactions, S-adenosyl-L-homocysteine hydrolase (AdoHc-
yase),*’ through functional changes of adenosine receptors.>® Also, a buildup
of intracellular levels of dATP results in the inhibition of ribonucleotide
reductase, which ultimately leads to an inhibition of DNA synthesis.>! Taken
together, this results in the arrest of cells in the G1 or S phase of the cell cycle
and subsequent cell dysfunction or death. Pentostatin was approved by the
FDA in 1991 for treatment of hairy cell leukemia.

12.2.9 Ara-G (9-B-D-arabinosylguanine)

Ara-G, a sugar-modified deoxyguanosine analog, was first synthesized in
1964 by Reist and Goodman.* Like deoxyguanosine, it is selectively cytotoxic
to leukemia cells from patients with T-acute lymphoblastic leukemia.> How-
ever, ara-G was resistant to degradation by purine nucleoside phosphorylase
activity in T-lymphoblasts.>* Ara-G was phosphorylated to ara-GTP by cyto-
plastic deoxycytidine kinase and mitochondrial guanosine kinase,* and the
phosphorylation occurred only in T-cells.® Studies showed that a low level
of mitochondrial deoxyguanosine kinase is the dominant factor in acquired
resistance to ara-G cytotoxicity.”*® Although ara-G was incorporated into
nuclear DNA and mitochondrial DNA, the former is believed to account for
its cytotoxicity.>-> Ara-GTP was a potent inhibitor of DNA polymerase o,
B, and ¥ and telomerse.®! A water-soluble prodrug of Ara-G, 2 amino-
6-methyoxypurine arabinoside (nalarabine) is currently being evaluated in
clinical trials for therapy of T-cell lymphoid malignancies.®?

12.3  Immunosuppressants

During the investigation of nucleoside analogs to treat malignant diseases,
it was found that one of the major side effects was their profound immu-
nosuppressive property. This has been exploited for preventing rejection
following organ transplant and for the treatment of nonmalignant disor-
ders, including immunological and rheumatological diseases and multiple
sclerosis.

12.3.1 Antirejection agent
12.3.1.1 Azathioprine

Azathioprine, a 1-methyl-4-nitro-5-imidazolyl derivative of 6-MP, was
developed as a prodrug of 6-MP in the early1960s.* Based on the rationale
that the immunoblastic lymphocyte formed during an immune response
closely resembled leukemic lymphocytes, the effects of 6-MP on the
immune response of mammals were first reported by Schwartz® and
Calne.** Pharmacokinetic studies of 6-MP revealed that it undergoes exten-
sive metabolic transformations in vivo. The major metabolites include
6-thiouric acid formed by the action of xanthine oxidase on 6-MP; products
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Figure 12.6 Reaction of sulfhydryl ion on azathioprine to release 6-MP.

formed from sulfur-methylation; and further oxidation of the methylthio
derivative on the sulfur or on the purine ring. In an attempt to modify the
metabolism of 6-MP by protecting the sulfur from oxidation and hydrolysis
by adding blocking groups, which could be removed intracellularly to
release 6-MP, a prodrug for 6-MP, 1-metyl-4-nitro-5-imidazolyl derivative,
was developed.*

The compound, now known as azathioprine, is subject to attack by
sulfhydryl groups and other nucleophiles once the drug is transported into
the cell. In particular, the glutathione present in red blood cells reacts with
azathioprine to give 6-MP (Figure 12.6). Studies showed that azathioprine
improved the oral bioavailability of 6-MP and also was superior to 6-MP for
preventing rejection of canine kidney homografts.®5% In 1962, azathioprine
was used successfully for transplantation of kidney to unrelated recipients;
by 1964, the combination of steroids and azathioprine had become the stan-
dard of care.®” This compound was approved by the FDA in 1968 as an
immunosuppressant. For a long time, azathioprine was the only drug avail-
able to prevent rejection of transplanted organs, and today it remains a
mainstay in kidney transplantation.

The immunosuppressive effects of azathioprine have been studied in a
wide variety of immunological systems.® It is well known that T-lympho-
cytes play a primary role in many autoimmune disorders and in allograft
rejection; however, the mechanism of action for azathioprine has not been
fully understood. It has been shown that, once metabolized to 6-methyl-MP
and 6-thioguanine, azathioprine blocks the de novo pathway of purine syn-
thesis, which is critical in lymphocytes due to their lack of a salvage path-
way.®7% In addition, various metabolites of azathioprine can be incorporated
into replicating DNA.%70 However, none of these effects can fully explain
all of the laboratory and clinical findings of azathioprine-induced immuno-
suppression.”t Most recently, a report by Tiede et al.”? linked the immuno-
suppressive effects of azathioprine and 6-MP to their role in the control of
T-cell apoptosis. It has been well known that optimal activation of T-lym-
phocytes requires a cascade of signal transduction that, when blocked, can
lead to apoptosis.” Tiede’s study suggested that azathioprine and its metab-
olite 6-MP caused T-cell death through modulation of Racl activation upon
CD28 constimulation.”
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12.3.1.2  Fludarabine

In addition to its use as an anticancer drug (Section 12.2), fludarabine also
has been used to reduce immunological function, thus facilitating nonmy-
eloablative stem cell transplants.”>74

12.3.1.3 Mizoribine (bredinin)

Mizoribine, an imidazole-type nucleoside analog, was initially isolated
from the culture medium of the mold Eupenicillium brefedianum in 1974.7
Mizoribine is phosphorylated by adenosine kinase to its active form,
mizoribin-MP, which inhibits GMP synthesis by blocking two enzymes in
the de novo synthesis pathway of GMP, IMPDH, and GMP-synthetase.”s””
Drug resistance is associated with defective adenosine kinase activity.”®
The drug was developed and registered in Japan for the prevention of
rejection in renal transplantation” and for several other autoimmune dis-
eases, including idiopathic glomerulonephritis, lupus nephritis, and rheu-
matoid arthritis.”

12.3.1.4 Ribavirin

Ribavirin, a purine analog, is phosphorylated to its active form, ribavirin-MP,
which blocks the synthesis of GMP through inhibition of IMDPH. The
high-resolution (1.85 A) crystal structure of ribavirin-MP bound to human
IMPDH 1II showed that the phosphate and ribose portions of the molecule
interact with the enzyme exactly as IMP, indicating that ribavirin-MP is an
excellent substrate mimic of IMP# Ribavirin is used widely as an IMPDH
inhibitor in clinical and basic research?”® and is also an FDA-approved agent
for the treatment of HCV infection.

12.3.2 Autoimmune disease and anti-inflammatory agent

Azathioprine is an approved drug for the treatment of severe rheumatoid
arthritis, 352 a chronic systemic inflammatory disease that mainly affects the
synovial membranes of multiple joints in the body. The cause of rheumatoid
arthritis is not yet known; however, it is considered an autoimmune disease.

Azathioprine is also used to treat vasculitis and lupus. Vasculitis is a
group of diseases that involves inflammation in blood vessels due to tissue
damage caused by blood cells entering the tissues. Vasculitis can be caused
by bacterial, viral, or fungal infection of the blood vessel walls or by an
immune reaction to the vessel walls. The latter is the more common cause
of vasculitis. Used in combination with cortisone-type medications, azathi-
oprine is effective in treating severe vasculitis or vasculitis that does not
respond well to cortisone-type drugs.®® Systemic lupus erythematosus, or
lupus, is a chronic autoimmune disease that causes inflammation in many
parts of the body, including the joints, skin, kidneys, heart, lungs, blood
vessels, and brain. Azathioprine is one of the most commonly used cytotoxic
agents for treating this disease.®
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Another use of azathioprine is to treat multiple sclerosis.$># Multiple
sclerosis is a chronic disease of the central nervous system predominantly
affecting young adults during their most productive years. It is caused by a
combination of factors, including autoimmune response. However, the spe-
cific cause of the disease is not known. Azathioprine is the most widely used
immunosuppressive drug for treating multiple sclerosis.

Claribine is a nucleoside analog used “off-label” for the treatment of
multiple sclerosis.?® Between 1993 and 1997, claribine was developed to
treat chronic progressive multiple sclerosis; however, the studies were sub-
sequently terminated due to a less favorable efficacy profile in phase III
studies.* Its mechanism of action is probably through the inhibition of ribo-
nucleotide reductase by claribine-TP in T-lymphocytes. The FDA-approved
indication of claribine is the treatment of lymphoid malignances.

Ulcerative colitis and Crohn’s disease, collectively know as inflamma-
tory bowel disease, afflict an estimated 1 million Americans and produce
symptoms that impair quality of life and ability to function. Azathioprine
has been effectively treating the disease, especially in maintenance of the
disease in remission.?%!

12.4 Metabolic disease — gout and hyperuricemia

Hyperuricemia is defined as a serum urate concentration greater than 70 mg
per liter (416 umol per liter) — the approximate level at which urate is
supersaturated in plasma.?> The hyperuricemia of gout produces deposits of
small crystals of uric acid in joints; this results in extreme pain or large
deposits, tophi, that result in gout arthritis and restricted joint movement.*
In patients who excrete excessive amounts of uric acid in the urine, urate
stones often form in the kidney.

The most prevalent cause of gout is impaired uric acid excretion. It may
also result from a number of metabolic insufficiencies.!? Gout can be caused
by stimulated purine biosynthesis associated with HGPRT and glu-
cose-6-phosphatase deficiency. As a result, elevated levels of hypoxanthine
and xanthine are further metabolized to high levels of uric acid by xanthione
oxidase. Allopurinol, 4-hydroxypyrazolo (3,4-d) pyrimidine, a hypoxanthine
analog that interchanges the N(7) and C(8) positions, is a potent substrate
inhibitor of xanthione oxidase in humans (Figure 12.7, lower section). In
addition, oxypurinol, the product formed from allopurinol, remains tightly
bound to the reduced form of the enzyme, thereby inactivating it.* Allopu-
rinol helps to alleviate several of the clinical problems associated with gout
and also to reduce the secondary hyperuricemia associated with the therapy
of malignancy.* Allopurinol was approved by the FDA in 1966 for the treat-
ment of hyperuricemia and chronic gout.

* Medical information was provided by Ortho Biotech.
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12.5 Cardiovascular drugs
12.5.1 Antiarrhythmic agent

Adenosine, a natural purine nucleoside, serves important autocrine and
paracrine roles in numerous tissues. Its action on the mammalian heart was
first described in 1929.% In 1930, Honey et al. reported its AV nodal blocking
properties in the human heart. In 1989, it was introduced into the American
clinical setting as an antiarrhythmic drug for the acute management of
re-entrant supraventricular tachycardia involving the atrioventricular node.
In addition, adenosine has been used “off label” for several other cardiovas-
cular conditions.”® The related purine nucleotide, adenosine 5-triphosphate
(ATP), has been used in Europe for identical indications for more than five
decades.”® The mechanism of action for adenosine involves direct and indi-
rect, anti-B-adrenergic, eletrophysiologic effects.”” The direct effect includes
the activation of a potassium outward current and modulation of the kinetics
of the inward Ca?" current (I.,). The indirect effect is manifested by the
diminution of the catecholamine-induced enhancement of I, and the hyper-
polarization-activated inward current.

12.5.2 Cardioprotection agent

Prevention and attenuation of ischemia and reperfusion injury in patients
with acute coronary syndrome are critically important to cardiologists.”®
When cells are under conditions of stress, adenosine is released and provides
negative feedback regulation to maintain cellular preservation. For this rea-
son, adenosine is also called a “retaliatory metabolite.”” Exogenous adenos-
ine is known to reduce the severity of ischemia and reperfusion injury
because of its cytoprotection effect.!®

Several mechanisms of cytoprotection have been proposed.” First, ade-
nosine reduces heart rate and force of contractivity, thereby reducing the
oxygen demand of the heart. At the cellular level, this action occurs through
adenosine activation of the acetylcholine-sensitive K* channels in the atrium;
inhibition of catecholamine-stimulated cyclic AMP generation; and Ca?*
channels in the ventricle. Second, adenosine reduces the local buildup of
reactive oxygen species through inhibition of superoxide anion generation
by neutrophils and increases myocardial glucose uptake, which could result
from the increase in coronary blood flow. Third, adenosine serves as sub-
strate for the regeneration of ATP. Adenosine therapy is currently being
pursued as a new approach to chronic heart failure, which can be caused by
events such as myocardial ischemia and reperfusion injury.!00101

12.6 Antiprotozoal agents

Protozoa are unicellular eukaryotic microbes existing as free-living organ-
isms or parasites. Parasite-related diseases pose major health threats in many
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parts of the world. Differences in the purine and pyrimidine biosynthetic
pathways of parasites and humans, along with the differences in the speci-
ficities between the parasite and human enzymes, are used to target the
parasites selectively.

12.6.1 Agents to treat leishmaniasis and Chaga’s disease

Leishmaniasis is a major tropical and subtropical parasitic disease caused
by Leishmania donovani. Chaga’s disease is a parasitic disease only found in
Latin America and is caused by the parasite Tryeanosoma cruzi. Leishmaniae
and trypanosomes, like many other unicelluar parasites, lack the ability to
synthesize purines de novo. However, they do have a large repertoire of
salvage enzymes, which enable them to utilize preformed purines and nucle-
osides present in the human blood stream.

In 1974, allopurinol, a hypoxanthine analog, was found to inhibit rep-
lication of Leishmania donovani.'®> The mechanism of action for allopurinol
was discovered in the next decade.* As shown in Figure 12.7, allopurinol is
metabolized differently in the parasite compared to in humans. In the par-
asite, allopurinol is converted to allopurinol ribonucleotide by HGPRT
using PRPP. Leishmaniae and trypanosomes have large amounts of HGPRT
with significantly higher substrate specificity for allopurinol than does the
human enzyme. The protozoal enzymes consequently convert allopurinol
ribonucleotide to the adenylate analog, 4-aminopyrazolopyrimidine
(APP-MP), which is then converted to APP-DP, and APP-TP and incorpo-
rated into the parasite’s RNA. Because allopurinol contains a modified
purine ring, its presence in the RNA could lead to the disruption in RNA
translation and parasite replication. Allopurinol is used for the treatment
of leishmaniasis'®1% and Chaga’s diseases.!0>106

12.6.2 Antimalarial

Malaria is a tropical disease caused by the malarial parasite, Plasmodium
falciparum, which can synthesize pyrimidine nucleotides only via the de
novo pathway and is unable to salvage preformed uridine.!”” Pyrazofurin
(pyrazomicin), a C-nucleoside analog, is an effective antimalarial.!” Dis-
covered in 1968 from Aspergillus fumigatus,’® pyrazofurin was extensively
investigated as an anticancer agent in the 1970s.1%-112 [t also has long been
known to inhibit the replication of a large variety of viruses.!!> Pyrazofurin
is readily taken up by the parasite and phosphorylated to the pyrazofu-
rin-MP — presumably by adenosine kinase — as observed in human cancer
cells.!* Pyrazofurin inhibits malarial orotate phosphoribosyl transferase
(OPRTase), while pyrazofurin-MP strongly inhibits orotidine 5-mono-
phosphate decarboxylase (ODCase).!’> OPRTase and ODCase are two met-
abolic enzymes involved in the pathway of pyrimidine nucleotide de novo
synthesis.
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12.7 Antibacterial agents

Nucleoside analogs have long been found to have antibacterial activivy. One
example, the thymidine analog 3’-azido-3"-deoxythimidine (AZT), is known
today for its use in treating HIV infection and has been reported to have
potent antibacterial activity. In 1987, scientists at Burroughs Wellcome
reported that AZT had antibacterial activities against many members of the
family Enterobacteriaceae, including strains of Escherichia coli, Salmonella
typhimurium, Klebsiella pneumoniae, Shigella flexneri, and Enterrobater aero-
genes.1® Evidence suggested that AZT was phosphorylated to AZT-TP by
bacterial kinases, including thymidine kinase. AZT-TP was incorporated into
bacterial DNA, where it then served as a chain terminator and inhibited
bacterial DNA synthesis. Resistance to AZT developed rapidly as the result
of mutations in the bacterial thymidine kinase. Currently, no FDA-approved
nucleoside analogs are used as antibacterial agents.

It is worth mentioning that a group of antibiotics called nucleoside anti-
biotics have a nucleoside moiety as part of their structure. One example is
tunicamycin, a family of compounds produced by Streptomyces iysosuperifi-
cus."'” They contain uracil, N-acetylglycoamine, an 11-carbon aminodialdose
called tunicamine, and a fatty acid linked to the amino group of tunicamine.
Tunicamycin is an inhibitor of bacterial translocase, which catalyzes the first
reaction in bacterial peptidoglycan biosynthesis. In this reaction, phos-
phor-MurNac-L-Ala-y-D-Glu-m-DAP-D-Ala-D-Ala was transferred from
UMP to a membrane-bound carrier, undecaprenyl phosphate.!® Tunicamycin
is widely used as a tool in studying glycoprotein in biological systems.

12.8 Drugs targeting P1 and P2 receptors

Adenosine and ATP are endogenous modulators of many physiological
responses throughout the body, mediating their effects preferentially at the
P1 and P2 receptors. P1 receptors, also called adenosine receptors, have been
classified into four subtypes (A, A,,, Ay, and Aj,) — all of which are G
protein-coupled receptors generally coupled to adenylate cyclase. P2 recep-
tors, also called extracellular nucleotide receptors, are activated mainly by
ATP, ADP, UTP, and UDP and contain two families of membrane-bound P2
receptors: P2X and P2Y subtypes. Virtually all cells possess endogenous P2
receptors. By the year 2002, seven P2X receptors (P2X,;) had been cloned
and expressed, and seven P2Y receptors (P2Y,, 4 11.13) had been cloned in
humans."”” Agonists of P1 and P2 receptors are almost exclusively nucleo-
sides and nucleotides, respectively; antagonists of these receptors are struc-
turally more diverse.'?

At the time at which this chapter was prepared, no nucleoside or nucle-
otide analog in this category had been approved. However, intensive
research is taking place and several drug candidates are worth mention-
ing. 119120 They are listed next according to their clinical targets.
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Sputum expectoration. INS-316 (uridine 5’-triphosphate, UTP) is a nat-
urally occurring agonist for P2Y, receptors on the apical surface of
ciliated respiratory epithelium. It stimulates salt and water transport
and cilia beat frequency in human airway epithelium in vitro. In
pulmonology and oncology clinics, physicians rely on a deep-lung
specimen collected from patients to diagnose lung cancer and lung
infections, including pneumonia and tuberculosis. As an alternative
to an invasive medical procedure called bronchoscopy, a well toler-
ated and effective inhaled solution is needed that will induce ade-
quate production of the deep-lung specimen. INS 316 is being devel-
oped for the cytologic diagnosis of lung cancer and is currently in
phase III clinical trials.!?

Respiratory for the treatment of cystic fibrosis. INS-37217 (dCP,U) is a
deoxycytidine-uridine dinucleotide with agonist activity at the P2Y,
receptor. Like the natural nucleotide UTD, it acts as a homeostatic
mediator modulating normal lung function, leading to increased
chloride and water secretion, increased cilia beat frequency, and de-
creased mucin release. INS-37217 is being developed for the treat-
ment of cystic fibrosis and is currently in Phase II clinical trials.
Hemostasis. P2Y,; and P2Y,, receptors appear to play a role in hemato-
poesis. AR-C69331MX is one of a series of systemically active, syn-
thetic P2Y,, antagonists that has a safer side effect profile than asprine
and has superior antithrombotic properties compared to other mod-
ulators of platelet activity.!'” This compound is now in phase III
clinical trials as an antithrombotic agent. An orally active form of this
drug is currently in phase I trials.

Visual function. In the ocular mucosa, P2Y, receptor activation increases
salt, water, and mucus secretion. INS-365 (diquafosol tetrasodium), a
uridine-uridine dinucleotide analog of UTP, activates P2Y, and is at
the late stage of development for the treatment of dry eye disease.!*12!
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appendix one

Phosphorus nuclear
magnetic resonance chemical
shifts of nucleotide
derivatives and some related
organophosphorus
compounds

Morteza M. Vaghefi
ChemCyte Corporation, San Diego, CA

Phosphorous Nuclear Magnetic Resonance spectroscopy (*'P NMR) has been
used as a valuable tool to study the structure of nucleosides mono- and
polyphosphates, as well as oligonucleotides and their derivatives. Proton
(*H) and 3'P are the two major nuclei in the nucleotides that have a nuclear
spin quantum value of 1/2. Their natural form is 100% measurable by NMR;
however, the resonance frequency of the 'H nucleus is much higher than 3'P.
Most other nuclei have a spin value of 0 (e.g., carbon, oxygen, and sulfur),
or 1 (e.g., nitrogen) and contain traces of their corresponding isotopes with
spin values of 1/2 or 3/2 (e.g., 3C and ®N). NMR detection of these nuclei
requires more material.

The theory of *'P chemical shifts is described in many detailed reviews
and textbooks.!” The differences in resonance frequency between the nuclei
in different chemical sites are caused by variations in shielding by the elec-
tronic environment of the nuclei. A nuclei exhibits similar chemical shifts
when it is located in a similar chemical environment, independent of the
chemical structure of the molecule. Electronegativity and back donation of
electrons by pi bonding are the two major contributors to the chemical shifts
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of the 3!P nuclei. Generally, for 3'P NMR spectra, 85% orthophosphoric acid
(0 ppm) is used as an external reference.

Typical chemical shift spreads for trivalent 3!P nuclei are within 500 ppm,
while the more shielded pentavalent 3!P nuclei display signals within 100
ppm. Similar to 'H NMR, the intensities of the *P signals are directly pro-
portional to the number of nuclei that produces them. In general, the 3'P
NMR signals of naturally occurring phosphates appear in distinct regions
depending on the connectivity of the P-bound oxygen atoms.

Alkylation of oxygen has a shielding effect relative to the alkyl groups
and results in moving the phosphorus signal to a lower frequency. Phospho-
rylation of the oxygen has a greater influence, which moves the signal to an
even lower frequency. The effect is greatest when two oxygen atoms are
attached to another phosphate, such as the middle phosphorus in the triph-
osphates (e.g., B-phosphate in ATP). In this situation, the signal appears in
the region of —21 to —25 ppm. Most pyrophosphate esters (e.g., o-phosph-
phate of ADP or ATP) appear in the range of —10 to —14 ppm. The chemical
shifts of the terminal phosphate groups (e.g., y-phosphate of ATP) are highly
pH dependent. At a high pH (7-10), they appear at a low frequency range
of -5.5 to -6 ppm and at a low pH, signals move to —-10 to —11 ppm. The
ortho-phosphate esters are routinely observed in the range of 5 to -3 ppm.
Monoesters appear in the range of 4.8 to —2.2 ppm, while most phos-
pho-diesters demonstrate chemical shifts at 1.1 to -3 ppm. To reduce the
overlap of the mono- and diesters, it is necessary to run the NMR at a higher
pH. At pH 8 to 12, chemical shifts of most monoesters are between 5 to
2 ppm, whereas diesters appear at 1 to 0 ppm (except diesters of phospho-
lipids, which appear at 3 ppm at pH 10). Depending on the pH, inorganic
phosphates also appear in the range of 2.6 to 0 ppm.

The signals for cyclic diesters appear at higher frequencies relative to
the phosphodiester. A relatively small change (—2.6 ppm) is observed for the
6-membered ring (e.g., uridine-3’,5"-cyclic monophosphate), but for the
strained 5-membered ring (uridine 2’,3’-cyclic monophosphate), the change
is greater and signals appear between 10 and 21 ppm. Primary amides and
phosphonates usually resonate at 6-12 ppm. The phosphonic acid anhydride
chemical shifts are detected around 10 ppm and the phosphonate anions
resonate between 16 to 22 ppm.

The following tables are a compilation of 3'P NMR chemical shifts of
nucleotides, as well as related organophosphorus compounds. The data have
been organized into groups according to the chemical environment of the
phosphorous atom. Only 3P NMR spectra recorded with spin-spin decou-
pling {!H}-*'P have been reported.
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