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Preface 

This book reviews the state of knowledge and progress of research on food proteins, 
and in particular, milk proteins. Its basis is the Symposium on Milk Proteins that 
was held at the Federal Dairy Research Centre in Kiel, FRG, in June, 1988. Scien
tists from around the world attended and addressed pure, as well as applied fields of 
protein research and technology. 

This book is divided into five sections, each adapted from the symposium's invited 
lectures, short communications, and poster presentations. New criteria for the "bio
logical value" of dietary proteins and their relationships are considered according to: 
- Milk Proteins and Nitrogen Equilibrium 
- Milk Proteins and Ligands 
- Milk Proteins: Structural and Genetic Aspects 
- Milk Proteins: Technological and Functional Aspects 
- Milk Proteins and Clinical Nutrition 

Generally, different dietary proteins are classified according to their "biological 
value," i.e., their capacity to cause different retention of nitrogen in the body. But 
we think there are other intriguing leads worth studying that may help to identify 
which dietary proteins are best recommended for specific dietary situations or clini
cal conditions. 

In addition, we have taken into consideration new fields such as attempts to 
determine the three-dimensional structure of proteins using two-dimensional NMR 
spectroscopy, and the application of genetic engineering to the lactating cell. In other 
words, we are on the way to the transgenic cow with customized milk constituents 
and composition. 

We are indebted to the authors for the quality of their contributions and to the 
publishers, Steinkopff Verlag, Darmstadt, for their excellent cooperation. 

We remember with deep gratitude the late Professor Werner Kaufmann, who 
organized the first symposium on milk proteins held in 1983. 

Finally, the editors greatly appreciate the generous support by the European 
Community, the German Federal Ministry of Agriculture, and the German Dairy 
Industry, without which the publication of this book would not have been possible. 

Kiel, FRG; November, 1988 C. A. Barth 
E. Schlimme 
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Research Funding by the EEC 
J. Gay, Principal Administrator 

Commission of the European Communities, Directorate General VI (Agriculture), 
Directorate D (Organization of markets in livestock products), 
Division Milk products, Brussels, Belgium 

Community framework program 

On 28 September, 1987, the Council adopted the first framework program for 
Community activities in the field of research and technological development for the 
period 1987 -1991. Taking into account research programs already decided on or 
under way, a total of 6 480 MECU (i. e., about 13 Mrd. DM) has been made avail
able for these five years. The total amount is subdivided into eight main headings as 
follows: 

Table 1. European Community framework program of research and technological development 
(1987-1991) 

Research field 

Quality of life 
The large market and the information-communication society 
Modernization of industrial sectors 
Biological resources 
Energy 
Third World development 
Marine resources 
Improved European scientific and technical cooperation 

Total 

Funds 

Mio ECU 

479 
2465 

989 
310 

1 752 
80 
80 

325 

6480 

% 

7.39 
38.05 
15.26 
4.78 

27.04 
1.23 
1.23 
5.02 

100.00 

In elaborating and realizing the preparation and implementation of its policy in 
regard to the stimulation of the Community'S scientific and technical potential the 
Commission will be supported by the Committee for the European Development of 
Science and Technology which had already been installed on 6 December, 1982. 

Community's support measures for dairy products 

Due to steadily increasing surpluses in the dairy sector the Community introduced 
on 17 May, 1977, a co-responsibility levy and measures to enlarge markets for milk 
and milk products in order to achieve a better balance between production and 
demand. The measures have been applied since 16 September, 1977, without inter
ruption. The objective was not reached and a quota system had to be implemented 



in 1984. For budgetary reasons the co-responsibility levy has been maintained. 
Thanks to this maintainance we were able to finance special support measures in the 
dairy sector, which are not included in the already mentioned framework program. 
One of those measures is the financial support of research measures whereby, as a 
general rule, 75% of total costs are borne by the Community. 

Such work shall include: 
(a) research into new or improved products; 
(b) in cases of special need, research aimed at improving the marketing of dairy 

products in the Community; 
(c) the search for new markets, or the possibility of extending existing markets 

outside the Community; 
(d) scientific examination of the nutritional aspects of the consumption of milk and 

its constituents; 
Within the scope of the six measures already undertaken, or underway, we have 
received 1 131 proposals for research projects of which 596 have been approved and 
some 37.15 MECU financial aid have been made available. 

On 11 March, 1988, the Commission published the seventh action and made 
available 10 MECU for financial aid. Proposals were to have been made before 
1 June, 1988, and the Commission will decide on these before 1 October, 1988. 
Research fields eligible for funding have not been changed. 

Special promotion for milk protein 

Now, as before, the Community valorizes a good fifth of total milk collection as 
skimmed milk inferior. In 1987 some 22 million tons of skim milk equivalent had to 
be subsidized and the weighted aid amounted to 60% of the net value of skim milk. 
In addition, in the 20 years of common market organization for milk the price ratio 
milk fat: milk protein has been changed from 71.4 : 28.6 to 48.2 : 51.8 in favor of 
protein. This change has increased the costs for protein utilization at the inferior 
valorization. 

In this situation the Community's dairy industry, as well as the Commission, gave 
more attention to the valorization of milk protein. Since co-responsibility levy funds 
are available we have completed 41 research projects in this area. 

Table 2. Research funding by co-responsibility levy funds in the milk sector in respect of milk 
protein since 1978 

9 Projects research into the nutritional aspects of the consumption of milk protein 
10 Projects research into product innovation in respect of milk protein 
11 Projects research into new possibilities for using milk protein 

5 Projects into the improvement of technology in respect of milk protein 
6 Projects concerning analytical research in respect of milk protein 
5 Congresses or symposia concerning milk protein 
2 Actions concerning the dissemination of literature and promotion of milk protein 

48 Total 

2 



Table 3. Research into new possibilities for using milk protein 

1. Selection et utilisation des fractions proteiques laitieres dans les boissons sans alcool (723/78 
- B 13.1) 

2. Unders0gelses- og fors0gsaktiviteter for udviling og tilpasning afvalleproteinkoncentrater til 
specifikke anvendelser som ingrediens i sammensatte levnedsmidler (2935/79 - 07) 

3. Untersuchungen iiber Moglichkeiten zur Verbesserung und Erweiterung des Absatzes von 
MilcheiweiB in der Gemeinschaft (2935/79 - 10, 271,82 - 15.1) 

4. Untersuchungen zur Erweiterung der Verwendungsmoglichkeiten von MilcheiweiB (2935/79 
- 11, 271/82 - 15.2) 

5. Development and adjustment of whey protein concentrates for use in compound foods for 
human consumption (271/82 - 07) 

6. Onderzoek naar toepassingen van melkproteine in de voedingsnijverheid (271/82 - 4.2) 
7. Development of new functional milk proteins from caseins and whey proteins using geneti

cally engineered enzymes (282/84 - 1.01) 
8. Mi1cheiweiBprodukte fUr andere Lebensmittel (282/84 - 31.1) 
9. MilcheiweiBstabilisatoren auf Buttermilchbasis (282/84 - 31.2) 

10. Concerned with the conversion of milk proteins for use in food processing (1150/86 - 59.3) 
11. Produit a base de proteins laitieres a vocation dietetique ou non (1150/86 - 84.2) 

of which 
- nine projects dealt with the scientific examination of the nutritional aspects of the 

consumption of milk protein; 
- 10 projects were orientated to product innovations with milk protein; 
- 11 projects dealt with new possibilities of using milk protein (Table 3); 
- five projects for the improvement of technology in manufacturing milk prolein; 
- six projects were devoted to the improvement of analytical methods to determine 

milk protein. 
In order to broaden experiences and knowledge on milk protein five congresses or 
symposia have been organized and mainly financed by co-responsibility levy funds. 

Finally, we have supported two actions where new literature on milk protein has 
been widely disseminated. Indeed, this symposium belongs to the series of measures 
which have been financially supported by the Community. 

New research initiative by the Community 

With the adoption of the Single European Act which went into effect July, 1987, 
after deposition of the ratification documents, the EEC Treaty was amended by a 
Title VI "Research and Technological Development". Herewith the Community'S 
aim shall be to strengthen the scientific and technological basis of European industry 
and to encourage it to become more competitive at an international level. In the new 
article 130 g) of the Treaty the realization of these objectives have been described as 
following: 

"In pursuing these objectives the Community shall carry out the following activi
ties, complementing the activities carried out in the Member States: 

3 



(a) implementation of research, technological development and demonstration pro
grammes, by promoting co-operation with undertakings, research centres and 
universities; 

(b) promotion of co-operation in the field of Community research, technological 
development, and demonstration with third countries and international organi
zations; 

(c) dissemination and optimization of the results of activities in Community re
search, technological development, and demonstration; 

(d) stimulation of the training and mobility of researchers in the Community." 
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The Industry's Interest in Protein Research 
A. Nienhaus 

German Milk Industry Association, Bonn, FRG 

Despite the cut in EC milk supplies from 104 million tons in 1983 to 92 million tons 
in the dairy year 1988/89, and despite the great adjustment problems this dramatic 
turn in the EC milk policy entails for many processors, milk protein, with a share of 
some 20% in the European Community, continues to rely on production and mar
keting grants. As a result of the current increase of the skim-milk price, liquid 
skim-milk or skim-milk powder can only be used in the feed sector if a grant of some 
40% of the milk value guarantees the competitiveness vis a vis the competing vegeta
ble proteins - especially soy protein. This is why the German and European milk 
industry follows with extreme interest the efforts of scientists to research milk pro
teins and to expand the market; four research targets are of special importance: 
1) Standards of valuation and investigation methods; 
2) Valence under the aspect of the physiology of nutrition; 
3) Technical possibilities of extraction; 
4) Technological fields of application. 

The Federal Dairy Research Centre with its various agencies is bent on simulta
neous research and further development in all four sectors. 

The standards of valuation for milk protein are safe; thanks are due in this 
connection to the EC Commission for the support it has given to two related research 
projects which have set new standards to value milk proteins vis a vis vegetable 
proteins. 

The valence in regards to the physiology of nutrition is understood today because 
it has been possible, fortunately, to disprove the suspicion that milk protein, as 
distinct from vegetable proteins, might raise the cholesterol content. 

The technique of protein extraction and the technological uses are in a fast and 
promising stage of development in which science and practice work hand-in-hand in 
mutual stimulation. 

The broad range of uses of the various milk proteins were explained in detail as 
early as 1984 at the worldwide Protein Congress in Luxembourg. In 1986, the MIV 
Seminar "Milk Protein in Food" was a platform for the various research institutes 
to illustrate the use of milk protein in the fields of bread and confectionery, of meat 
and sausages, and in particular, in the promising diet sector. At the same time the 
seminar was a platform for the research and development departments of our milk 
industry plants to present the protein products already on the market and to convey 
an idea of possible future uses. 

Since the Milk Protein Congress in Luxembourg and the Munich Seminar were 
oriented towards practical uses, major developments, some of them propitious, have 
taken place. It may well happen that rising prices for the raw material skim-milk and 
progressive findings in the field of the recombination of skim-milk powder turn the 
danger of artificially mixed skim-milk powder for the food and feed sector into 
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reality again. It should also be borne in mind that customs tariff protection for 
imported casein is very slight and that, for this reason, caseins and caseinates pro
duced in the EC are competitive only if supported by grants, so that this reasonably 
priced protein component will always be an incentive to get around the high-price 
level in the EC for milk and milk protein. 

In the food sector the use of cheap vegetable proteins could lead to major compe
titive distortions, unless safe scientific methods are available to disclose such forgery. 

In the production sector the development of a method to extrude the caseinates, 
opening the way to new products, results in a larger range of uses. 

A more purposeful ultra-filtration of whey proteins wiII enable their use, not only 
in the fresh cheese sector but also in semi-hard and hard cheese. This promises 
completely new products. 

The use of ultra-filtration in this sector opens new and unexpected aspects for the 
future of the liquid milk market. Research done at the Kiel Federal Institute has 
shown that the digestion of milk protein is changeable, almost at will, by changing 
the ratio of casein and whey protein. This enables the production of special liquid 
milk varieties, e.g., for athletes or convalescents, for young people and for the aged. 

Our market research institutes are studying the potential market. The differentia
tion of products, as distinct from the relatively uniform offer of liquid milk in the 
past, will enable new advertising activities and will enhance the image of the overall 
offer. 

In summation, the competition for the markets and the fact that the raw material 
milk protein is becoming scarcer, wiII require innovations to an extent so far un
known: 
1) In the field of research, and with a view of deepening insight into the physiology 

of nutrition, new ways should be created to differentiate the products - and to 
guarantee safe test methods to supply evidence of various proteins; 

2) In the sector of technique and technology, the prerequisites should be created for 
a broader application of technique and technology by a simplified and cost-saving 
production of the most diversified milk proteins, in pure or blended form, by safe 
cleaning of complicated plants, and by manufacturing products on a high level of 
hygiene and quality; 

3) In the sector of product development future market areas must be occupied now 
by offering adjusted food for the various age groups, for students, for old people, 
for convalescents and athletes, for sedentary workers, and for laborers. Imitation 
not only courts the danger of losing markets but also of wasting the chance to 
establish milk products more firmly in the promising diet sector; 

4) By the further development of investigation methods and control mechanisms, 
the consumer should feel sure that he receives what is declared on the label; the 
State and the EC should be protected from fraud; the economy as a whole should 
be kept safe from manipulations that distort competition. 
I wish to convey my thanks and my appreciation to the Federal Dairy Research 

Centre for cooperating closely and successfully with the bodies engaged in the 
practical-side of the industry in all scopes mentioned. Our Symposium showed that 
new findings require international discussion and stimulation. In this regard the 
German Milk Industry conveys its best wishes to the Symposium - may its high 
expectations be met. 
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How to Evaluate Dietary Protein 
v. R. Young and P. L. Pellett 

Clinical Research Center and Laboratory of Human Nutrition, School of Science, 
Massachusetts Institute of Technology, Cambridge, Massachusetts, USA 
and Department of Food Science and Nutrition, University of Massachusetts, 
Amherst, Massachusetts, USA 

Introduction 

The presentation of a paper on "How to evaluate dietary protein" might be ap
proached in a number of ways, depending upon the depth and breadth of the 
coverage given to specific, relevant areas that could reasonably be included under 
this title. The primary nutritional function of dietary protein is to furnish the indis
pensable (essential) amino acids and total nitrogen required for synthesis of tissue 
and organ proteins and many other nitrogen-containing compounds necessary for 
normal growth and function of the organism. Hence, in the first instance, it is usual 
to consider the different food proteins and protein sources in relation to their 
capacity to meet the amino acid and nitrogen requirements of the host. On the other 
hand, a more comprehensive evaluation of dietary protein on the overall nutritional 
health of the individual and of populations, requires an assessment of the possible 
effects of various food protein sources on the utilization of, and requirements for, 
energy yielding substrates and other individual essential nutrients (e.g., [1]). Because 
later papers in this symposium will be devoted to milk proteins with reference to the 
utilization of, and requirements for, minerals and other micro nutrients, as well as 
considering use of milk proteins in relation to various aspects of clinical nutrition, 
we have chosen the first instance above as our principal focus with respect to the 
"evaluation of dietary protein". In doing so, we will consider some recent research 
that, while still somewhat controversial (e.g., [2]), provides a new, and we believe, a 
more rational basis for judging the significance of milk proteins in human protein 
and amino acid nutrition. 

The multiplicity of non-clinical (Table 1) and clinical methods and procedures 
(Table 2) that are used to evaluate the nutritional value, or quality, of dietary protein 
sources has been the subject of reviews by us [4, 5], and others [6, 7], and a number 
have given particular attention to milk proteins [8-11]. However, we will not discuss 
in any detail this particular aspect of dietary protein evaluation because there have 
been no fundamental advances in this area during the past few years. Furthermore, 
the suitability of a particular method will depend upon the use that will be made of 
the findings, as pointed out earlier by Bender [3]. 

Thus, in general, the systematic evaluation of dietary sources of protein involves 
initial chemical testing followed by biological assays. For the purposes of evaluating, 
for example, new or modified plant proteins made available by breeding new varie
ties of grains or legumes, the first step is usually a chemical analysis for protein 
content and amino acid profile. Sometimes the amino acid analysis may be for a 
single critical amino acid, or for a restricted number, such as tryptophan, sulphur 
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amino acids, and lysine. For exploring new and novel sources of protein, the initial 
approach is to examine protein concentration and amino acid pattern from which an 
amino acid score can be derived followed by in vitro tests for digestibility. If these 
criteria suggest a potentially useful new protein source, then a bioassay to test for 
availability of amino acids and as a further test of quality, is undertaken. These 
biological tests may reveal a less favorable picture than that indicated by amino acid 
scoring alone. In this case, the product should be examined for non-available amino 
acids, as for example by use of tests for available lysine, or should be evaluated for 
possible toxic materials present in the foodstuff. The biological testing should in
clude a measure of digestibility, because this can be a significant cause of discrepancy 
between chemical and biological evaluations of quality. 

For a third use, namely the monitoring of variables introduced by food process
ing, it is common to begin with availability of lysine and of methionine, as these are 
usually the amino acids most sensitive to processing. For routine regulatory pur
poses, the examination of a protein sample should begin with chemical analysis for 
nitrogen, amino acids, and toxins, including microbial toxins. The regulatory re
quirements may also indicate bioassays of protein quality that are commonly speci
fied in detail by the regulatory agency but that may not necessarily represent the 
choice of the investigator. 

Finally, there have been a number of potential improvements concerning specific 
aspects of approaches for the assessment of protein quality including, for example, 
animal bioassays [12-15] and improved protocols for human studies [16,17]. Never
theless, we will focus our attention on recent developments relevant to a direct 
evaluation of the capacity of dietary protein(s) for meeting human protein and 
amino acids needs. These include an improved understanding of the nature of pro
tein and amino acid metabolism in human subjects and how the body responds to 
altered protein and amino acid intakes. With this new information we can consider 
the question of the amino acid requirements of the human subjects and then assess 
them in relation to the amino acids supplied by milk and other food protein sources. 

We will give emphasis in this paper to the level and biological availability of amino 
acids in dietary food proteins because we [18, 19] have concluded that use of dietary 
amino acid composition data (corrected for digestibility) provides a reasonably 
sound basis for evaluating the quality of dietary protein. Finally, against this back
ground, an evaluation will be made of the contribution made by milk, as well as other 
food proteins, toward meeting the nutritional needs and wants of different popula
tion groups. 

Some metabolic aspects of the protein and amino acid requirement 

As noted above, the important physiological function of dietary protein, from a 
quantitative standpoint, is to provide substrate necessary for the maintenance of 
body-protein synthesis in the adult and for supporting an acceptable rate of net 
protein gain in the growing infant and child, for the formation of new tissue in the 
fetus and supporting tissues of the pregnant female and for milk production in the 
lactating woman. Thus, attention should be given first to some aspects of whole
body-protein synthesis and turnover, and how these change with normal growth and 
development and during aging in the human subject. 
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Briefly, protein synthesis rates are high in the newborn and, per unit of body 
weight, these rates decline with progressive growth and development (Table 1). Two 
points should be emphasized from the data shown here; first, a higher rate of protein 
synthesis in the young, as compared with the adult, is present even when a deduction 
is made for the net protein deposition associated with growth. Thus, not only is 
protein synthesis in the premature infant about twice as high as in the preschool 
child, and approximately three or four times as high as in the adult, but also rates 
of organ and tissue protein breakdown are considerably higher in the infant than in 
the adult. Second, at all ages the rates of whole-body protein synthesis and break
down are considerably greater than the safe level of intake of dietary protein esti
mated to meet the need for maintenance of N balance or for the support of growth. 
It follows that there is an extensive reutilization within the body of the amino acids 
entering tissue pools during the course of protein breakdown. This recycling of 
amino acids, and the rates of synthesis and breakdown of body proteins, change in 
response to various stimuli, including alterations in the level and adequacy of protein 
and amino-acid intakes (e.g., [21- 23]). 

The importance of protein synthesis as a determinant of the dietary requirement 
for protein and for indispensable amino acids has been discussed previously [20, 21]. 
However, one point to be made here is that it appears necessary to achieve a 
concentration of free amino acids in tissue pools that is somewhat above that seen 
with low or grossly inadequate protein and amino acid diets (e.g., [24]), in order to 
maintain the integrity of the protein synthetic machinery of cells and organs. Because 
the oxidation of amino acids changes with alterations in their tissue level [25, 26] we 
have argued, therefore, that factors regulating the rate of amino acid oxidation are 
the primary determinants of the requirement for the indispensable amino acids [27]. 
The importance of the catabolic fate of amino acids in relation to requirements is, 
perhaps, well illustrated by the data shown in Table 2. Here, it may be seen that only 
a small percentage of the total requirement for leucine and lysine even in young, 
growing infants can be attributed directly to the amount of the amino acid associated 
with the net deposition of protein. 

An additional point to be made about the turnover of body proteins and the 
extensive re-utilization of amino acids for the resynthesis of proteins is that this 

Table 1. Rates of whole body and muscle protein synthesis compared to dietary protein allowances 
at various ages in man a 

Group Whole body Muscle protein Protein Ratio 
protein synthesis synthesis b Allowance AlB 
(A)b (B)b 

Infant (premature) 11, 14 ~1-1.4 ~3 4.5 
Child (15 months) 6.3 ~0.9 1.3 5 
Child (2-8 years) 3.9 ~1.1 4 
Adolescent ( ~ 13 years) ~5 ~1.0 5 
Young Adult (~20 years) ~3.5 ~1.1 ~0.75 6 
Elderly Men (~70 years) ~3.5 ~0.7 ~0.75 6 

a Based on summaries by Young [8] and Young et al. [20] 
b Values are g protein kg - 1 day - 1 
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Table 2. The "requirement" for leucine and lysine in premature and older infants and children 
compared with the amount of these amino acids deposited in protein gain a 

Parameter Infant Child 
(10 years) 

Premature 6 months 

"Requirement" (A) for 
Leucine 279 161 45 
Lysine 198 103 60 

Amount B (deposited) 
Leucine 137 21 3 
Lysine 119 18 3 

Ratio B/A (%) 
Leucine 49 13 7 
Lysine 60 18 5 

• All values are mg kg -1 day - 1. (See also [20]) 

process is not completely efficient. Hence, inevitably, amino acids are lost by oxida
tive catabolism. This loss includes the metabolism of the carbon skeleton of the 
indispensable amino acids and the nitrogen or both indispensable and dispensable 
amino acids. When the dietary protein level is reduced to a sub-maintenance intake, 
protein synthesis and breakdown are subsequently reduced, but a more immediate 
metabolic adjustment is a rise in the efficiency of re-utilization of the amino acids 
liberated during protein breakdown and a fall in the rate at which indispensable 
amino acids are irreversibly oxidized. This immediate response might be regarded as 
an adaptive mechanism [28, 29], with the somewhat later decline in rates of protein 
synthesis and breakdown rates representing an accommodation to a continued inade
quate dietary intake. Consequently, the fall in the irreversible catabolism of indis
pensable amino acids leads to a lower output of nitrogenous compounds in urine and 
feces. At essentially protein-free intakes the output of nitrogen represents the so
called "obligatory" nitrogen losses. 

As summarized by FAOjWHOjUNU [30] (Table 3), obligatory N losses in appar
ently healthy subjects in different countries (possibly with different habitual protein 
intakes) appear to be remarkably uniform. From these findings, it has been con
cluded [30] that the mechanisms for reducing the minimum requirement for N 
balance (or for the initial conservation ofN) may be largely restricted, at least during 
the early phases of adaptation, to processes responsible for increasing the efficiency 
of amino-acid utilization for protein anabolism, including a reduction in the oxida
tion of specific indispensable amino acids. The practical implication of these obser
vations is that the requirement of total N (protein), at least in consideration of the 
obligatory losses that must be balanced by an adequate level of dietary intake, is 
likely to be similar in all populations. 

Finally, and to slightly extend the suggestions made by FAOjWHOjUNU [30], the 
requirements for protein (nitrogen) and for the specific, indispensable amino acids 
in an individual can be defined as the lowest level of intake that will balance the 
losses of nitrogen and of amino acids (via oxidative catabolism) from the body 
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Table 3. Obligatory urinary nitrogen losses in adult males' 

Group Mean Mean Urinary N 
(location) age (yr) Wt (kg) (mgN kg- 1 day-l) 

USA 20 71 38 
USA 21 74 37 
China b 23 55 33 
India 27 46 38 
Nigeria 26 54 34 
Japan 63 33 
Chile 27 63 36 

• A partial summary from FAO/WHO/UNO [30], where 
original literature citations are given for each study 

b Taiwan Province 

without major changes in protein turnover and for a state of energy balance at a 
modest level of physical activity. In infants, children, pregnant and lactating women, 
the requirement also includes that amount of protein associated with the net deposi
tion of new protein in tissues and the secretion of proteins in milk. 

The starting point, therefore, for estimating total protein needs is the measure
ment of the amount of dietary nitrogen (N) needed for zero body N balance in adults 
during short-term metabolic studies. For determination of the needs for specific 
indispensable amino acids the approach might be the same or else one that is based 
on a direct estimate of measurement of rates of irreversible oxidation of these amino 
acids. In the following sections we will further examine the requirements for amino 
acids, taking into consideration the features of human protein and amino acid 
metabolism that were described briefly above. 

Current estimates of needs for protein and amino acids 

Most estimates of protein and amino acid requirements have been obtained directly, 
or indirectly, from measurements of N balance, and the use and application of the 
N balance technique for this purpose has been discussed in detail in the 1985 FAO/ 
WHO/UNU [30] report. However, it should be noted that the nitrogen balance 
technique has serious limitations [31, 32] and it does not provide a totally secure basis 
for establishing the protein and amino acid needs of human subjects. Indeed, the 
functional significance of larger or smaller total body N pools or of faster or slower 
protein turnover rates that might be achieved, for the same degree of body nitrogen 
balance, when protein intake ranges somewhat above the so-called minimum physi
ological level, is uncertain. 

Estimates of the requirements for protein and indispensable amino acids have 
been made by various groups, including those recently presented by the United 
Nations [30]. For example, the safe intake level for good-quality protein in each of 
the age groups has been proposed by FAO/WHO/UNU [30], and Table 4 presents 
a recent statement about the requirement for each of the indispensable amino acids. 
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Table 4. Some estimates of amino-acid requirements (mg kg - 1 day - 1) in preschool and school-age 
children, and in adults 

Amino acid Preschool 
(2-5 years old)" 

Histidine ? 
Isoleucine 31 
Leucine 73 
Lysine 64 
Methionine and cystine 27 
Phenylalanine and tyrosine 69 
Threonine 37 
Tryptophan 12.5 
Valine 38 

Total ( - His) 352 
Total (per unit protein)" 32% 

" From Tables 3 Band 4 in FAO/WHO/UNO [30] 
b Based on NRC [33] 

School children b Adults 
(10-12 years old) (18 years +) 

? 8-10 
28 10 
44 14 
44 12 
22 13 
22 14 
28 7 
3.3 3.5 

25 10 

216 84 
22% 11% 

C Total indispensable amino acid requirement expressed as percent of safe protein allowance 

A few points should be made about the figures presented in this summary table 
(Table 4). First, the recommendations for safe protein intakes include a factor for 
variation in protein requirements among apparently similar individuals. It has been 
estimated [30] that the biological variability in protein requirements amounted to a 
coefficient of variation of 12.5% and, thus, a value of 25% (2 SD) above the mean 
minimum physiological requirement of 0.6 g/kg/day for an adult would meet the 
needs of all but 2.5% of individuals within the adult population [30]. Hence, the 
mean minimum requirement should be increased to 0.75 g/kg/day to give a safe 
protein intake for healthy adults. Apparently, most individuals would require less 
than this to maintain an adequate state of protein nutrition; it follows that some 
subjects might require as little as 0.45 g high-quality protein per kilogram per day. 

Second, a striking feature of current estimates of human amino-acid requirements 
is the marked decrease in indispensable amino acid needs expressed per unit of body 
weight, that occurs by the time adulthood is reached (Table 4). The lower require
ment for indispensable amino acids, per unit of the total need for protein in the adult 
(see Table 4), could reflect biologically important differences in metabolism and, 
particularly, in the relative efficiency with which amino acids and nitrogen are used 
by the body in the younger and older age groups to maintain an adequate protein 
nutritional status. However, an equally plausible reason for these observations 
(Table 4) is that they are due to problems associated with the methods and ap
proaches used to assess amino acid requirements, especially in adults. Although 
Millward and Rivers [2] consider that current estimations of the amino acid require
ments are reasonable for adults, we do not. Hence, we will now examine this problem 
in further detail, particularly because it is relevant to the evaluation of dietary 
protein. 
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Reassessment of amino acid requirements 

The above estimates of the requirements for indispensable amino acids have been 
derived largely from results of nitrogen (N) balance studies in healthy individuals, 
also as noted above. However, we have pointed out in previous reviews [27, 34, 35] 
several compelling reasons why these earlier metabolic balance studies should be 
viewed with considerable circumspection, particularly with respect to their use in 
providing determinations of the minimum physiological requirements for the indis
pensable amino acids. Furthermore, from a series of recent experiments on the 
kinetics of indispensable amino acid metabolism in which rates of amino acid oxida
tion were measured at various amino acid intake levels, we have concluded that the 
current amino acid requirement estimations (Table 4) are far too low for leucine [36], 
valine [37], lysine [38] and threonine [39], and perhaps for all of the indispensable 
amino acids. Our conclusions have important implications for practical aspects of 
human protein nutrition and assessment of dietary protein. Hence, in the next 
section we will develop an additional rationale, exploiting a current understanding 
of the physiology and regulation of amino acid and protein metabolism, as summa
rized earlier, to support our hypothesis that current requirements are too low and to 
seek further experimental evidence in support of this hypothesis. 

Obligatory rates of amino acid oxidation 

Earlier we discussed obligatory N losses which are achieved by a fall in the rates of 
amino acid catabolism and perhaps accomplished, in part, by adaptive changes in 
the levels and activities of enzymes of amino acid and urea cycle metabolism [40], as 
well as possibly via changes in rates of turnover of tissue and organ proteins [22]. 
However, because of continued protein turnover and because the activities of these 
enzymes are not reduced to zero, together with the free amino acids that remain at 
measurable but possibly diminished concentrations in the tissue amino acid pools 
[24], there is a continued, or obligatory, oxidative loss of amino acids. This occurs 
despite their more efficient reutilization for purposes of protein synthesis. 

The rates of oxidative loss of the individual indispensable amino acids have not 
been measured directly under the precise conditions used to measure obligatory 
urinary nitrogen output, except perhaps for leucine (see below). However, an estima
tion of the obligatory oxidative losses of indispensable amino acids can be made on 
theoretical grounds, ifit can be assumed that the oxidation rates of individual amino 
acids occur in proportion to the pattern of amino acids in mixed body proteins (see 
also [2]). Thus, as summarized in Table 5, the obligatory oxidation rates of leucine, 
lysine, and total sulfur amino acids (methionine + cystine) are estimated to be equiv
alent to approximately 27, 30, and 14 mg· kg- 1 . day-l, respectively. As discussed 
elsewhere [41], our earlier published and unpublished data offer further support for 
the predictions of amino acid losses that we have given in Table 5. 

Another, and somewhat related approach might be taken to estimate the min
imum rates of loss of indispensable amino acids. Thus, from a series of extensive 
studies concerned with determination of the rate of whole body protein turnover in 
healthy adults (e.g., [22] for review) it is reasonable to approximate this rate as being 
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Table 5. Calculation of "obligatory" amino acid losses (oxidation) and estimation of "minimum" 
amino acid losses from protein turnover 

Amino acid Amino acid losses predicted by: 

Isoleucine 
Leucine 
Lysine 
Methionine & Cystine 
Phenylalanine & Tyrosine 
Threonine 
Tryptophan 
Valine 

"Obligatory N 
method'" 

16 b 

27 
30 
14 
27 
15 
4 

17 

"Protein turnover method" 

Flux Oxidation 

168 C 

283 
311 
140 
280 
161 
42 

175 

17 d 

28 
31 
14 
28 
16 
4 

18 

• Total amino acid losses assumed to be equivalent to 50 mg N/kg/day and in proportion to the 
amino acid composition of beef [30] 

b All figures expressed as mg amino acid kg - 1 day - 1 

C Based on assumption of a protein turnover of 3.5 g protein kg- 1 day-l with an amino acid 
composition equivalent to that of beef proteins (30) 

d It is assumed that endogenous amino acids are recycled with 90% efficiency at low amino 
acid/protein intakes 

between 3 and 4 g protein kg- l day-I. Furthermore, at submaintenance levels of 
protein or amino acid, intake of the recycling of amino acids following their release 
during tissue protein breakdown is higher than when dietary intakes meet or exceed 
requirements. From our studies [42] it appears that in the adult the amino acids are 
recycling with about a 90% efficiency when intakes via the diet are distinctly below 
requirement levels. This is further supported by the fact that at sub-maintenance 
protein intakes whole body nitrogen flux is approximately 600 mg N kg-I. day-l 
[43]. Hence, if obligatory nitrogen losses are taken to be 54 mg N kg-I. day-l [30], 
it is evident that the recycling of nitrogen is also about 90%. Therefore, assuming a 
protein turnover of 3.5 g. kg-I. day-l for a well-nourished adult, the minimum 
oxidation losses of indispensable amino acids when recycling is 90% can be calcu
lated. These calculations are also summarized in Table 5 and it can be seen that the 
values are close to those computed from obligatory nitrogen losses (Table 5, 
column 1). Perhaps, the most important conclusion is that the minimum rate of 
losses of indispensable amino acids are equal to or, in most cases, considerably 
higher than the estimates of the upper range of amino acid requirements as proposed 
in 1985 by FAO/WHO/UNU [30]. 

We have assumed, above, that a protein turnover of 3.5 g kg- l day-l occurs in 
well-nourished individuals when they consume protein and indispensable amino 
acids at a level just sufficient to maintain an adequate protein nutritional status. If 
this assumption is reasonable, then the predicted fluxes and oxidation rates of the 
indispensable amino acids (Table 5) should be consistent with fluxes and oxidation 
rates that have been measured at intakes of amino acids that we consider to be just 
sufficient to meet the mean minimum requirements. As the comparison in Table 6 
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Table 6. Comparison of predicted amino acid fluxes and oxidation rates of individual amino acids 
with published estimates 

Amino acid Predicted from a turnover 
of 3.5 g protein/kg/day' 

Published estimates at 
"requirement" intakes of 
amino acid 

Leucine 
Lysine 
Threonine 
Valine 
Methionine (-cystine) 

Flux 

89 
89 
56 
62 
19 

Oxidation 

9 
9 
6 
6 
2 

Flux Oxidation 

Ilmol kg-I h- I 

88 b l1b 

84 c 11 C 

40-59 d 4-5 d 

50" 8" 
~18f 2.7 f 

a Based on estimates in Table 5, for a 90% efficiency of endogenous amino acid recycling 
b From Young et al. [28). A leucine requirement of 30 mg kg-I day-I is assumed 
c From Meredith et al. [38). A lysine requirement of 30 mg kg - 1 day -I is assumed 
d From Zhao et al. [39). A threonine requirement of 15 mg kg - 1 day -I is assumed. Figures are for 

10 and 20 mg/kg/day intakes, respectively 
" From Meguid et al. [37). A valine requirement of 20 mg kg-I day-I is assumed 
f From Young VR, Wagner DA, Burini R, Storch K., (unpublished results). A total methionine 

requirement (without dietary cystine) of 13 mg kg-I day-I is assumed. These flux and oxidation 
data are for the post-absorptive state 

reveals, the predicted and measured (via 13C-tracer studies) fluxes of the amino acids 
and their oxidation rates are in very good agreement. 

Intakes of amino acids to balance obligatory amino acid oxidation 

To maintain body amino acid balance, the obligatory amino acid oxidation rates 
must be compensated for by an appropriate dietary supply, just as in the case of 
balancing obligatory nitrogen losses via an adequate nitrogen intake [30]. The min
imum intakes of the individual amino acids required to balance these losses can be 
calculated readily if the efficiency with which exogenous amino acids are utilized for 
this purpose is known. Again, there is a lack of direct, experimental data on this 
aspect of amino acid metabolism and nutrition. However, as an approximation of 
the efficiency of dietary indispensable amino acid retention, we can assume that it is 
similar to the efficiency with which high quality protein nitrogen is used to replace 
obligatory nitrogen losses. From nitrogen balance studies in healthy young adults by 
various investigators [44, 45], it is reasonable to estimate that the efficiency of 
nitrogen utilization from good quality dietary protein for replacing obligatory nitro
gen losses is about 70%, although a number of studies suggest that the efficiency 
might be lower [30]. However, for the present, we will accept an estimate of 70% for 
our purposes, but in the future this value may require modification. 

Taking, then, the obligatory amino acid oxidation rates and correcting these for 
an assumed 70% efficiency of retention of exogenous amino acids, an approximation 
of the minimum requirement for each of the indispensable amino acids is obtained. 
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The values for the specific amino acids are given in Table 7. For leucine, lysine and 
the sulfur-containing amino acids, these approximations amount to 39, 42 and 
16 mg· kg- 1 . day-l, respectively. The argument could be made that the efficiency 
of utilization of dietary lysine for balancing the obligatory rate of lysine oxidation 
is not necessarily the same as that for other indispensable amino acids. Although this 
assumption of a common efficiency factor is also made in the assessment of dietary 
protein quality by the amino acid scoring procedure [2, 19], it is not certain whether 
it is valid. Some evidence [46, 47] suggests that lysine may be more effectively 
conserved or perhaps utilized, when consumed at low levels, than is so for threonine, 
for example. Furthermore, the addition of excess levels of non-limiting amino acids 
causes further changes in body weight gain and compositional parameters when diets 
limiting in different amino acids, such as threonine or lysine, are given to growing 
rats [48]. However, these effects appear to be mediated by changes in food intake [49, 
50] rather than on changes in the efficiency of use of the limiting amino acid. Clearly, 
more data are needed on the in vivo kinetic characteristics of enzymes of amino acid 
metabolism in different tissues and on levels of amino acids in these tissues at 
different amino acid intakes, and how these various indices change in relation to the 
minimum physiological requirements of the human organism. With this knowledge 
we would be in a better position to state whether, and understand how, the various 
indispensable amino acids might differ in their efficiency of utilization for meeting 
minimum physiological needs. Nevertheless, it seems legitimate, at this stage, to 
apply a single figure for the efficiency with which the various indispensable amino 
acids coming from the diet are used to replace these obligatory oxidative losses. We 
must emphasize that this is a hypothesis and although it is thought to be a reasonable 
one it requires further experimental support. 

Table 7. Prediction of minimum intakes of indispensable amino acids to 
balance losses via irreversible oxidation 

Amino acid 

Isoleucine 
Leucine 
Lysine 
Methionine & Cystine 
Phenylalanine & Tyrosine 
Threonine 
Tryptophan 
Valine 

Intake to balance losses predicted by: 

"Obligatory N 
loss method" 

23" 
39 
42 
16 
39 
21 

6 
24 

"Protein turnover 
method" 

24" 
39 
43 
17 
39 
22 

5.6 
25 

" Intakes (mg kg- 1 day-l) required to balance predicted losses (see 
Table 5) assuming a 70% efficiency for amino acid retention. For me
thionine and cystine the amount of methionine converted to cystine at 
methionine requirement (i.e., 10mg kg- 1 day-l) was taken to have a 
100% efficiency and the remaining 4 mg (for cystine) was assumed to be 
used with a 70% efficiency 
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Comparison of calculated minimum requirements with those obtained 
from 13C-tracer studies 

The approximations of amino acid requirements (Table 7), obtained from the predic
tions of obligatory amino acid oxidation rates (Factorial or Obligatory N Loss 
Method) and from the estimates based on considerations of protein turnover (Pro
tein Turnover Method), can be compared with those that can be derived from our 
recent studies involving use of 13C-amino acid tracers. Table 8 gives this comparison 
for the five amino acids that have been studied in our laboratories to date with the 
aid of the 13C-tracer approach. In view of the difficulties encountered in the design, 
conduct, and interpretation of amino acid kinetic studies, and the reasonable but not 
necessarily precisely accurate assumptions concerning amino acid recycling efficien
cy and retention, there is a remarkably good agreement between the estimated 
requirement levels as judged using these three new approaches. Furthermore, given 
the close agreement between the requirement estimations based on the obligatory 
loss, protein turnover, and 13C-kinetic methods, this further highlights the much 
lower requirement figures previously accepted by FAOjWHOjUNU [30]. The dis
crepancy shown here (Table 8) must be viewed with considerable concern. Indeed, 
from this present analysis, the case for the inadequacy of current national and 
international amino acid requirement figures appears, to us, to be highly convincing 
and there is not any published and acceptable argument to the contrary in our 
opinion. In contrast, Millward and Rivers [2] have pointed out the limited strength 
of our knowledge about human amino acid requirements but they seem willing to 
accept current estimations, despite the problems raised above. 

Table 8. Comparison of requirements for amino acids, in the adult, as estimated by various methods 

Amino acid Method of estimation 

N balance" Factorial b Protein 
(FAOjWHOjUNU) obligatory N turnover C 

mg kg- 1 day-l 

Leucine 14 39 
Lysine 12 42 
Threonine 7 21 
Valine 10 24 
Methionine 13 16 
(& Cystine) 

" From Table 4. These are upper range requirement estimates 
b From Table 7 
C From Table 7 
d From [28 and 36] 
e From [38] 
f From [39] 
g From [37] 
h Young VR, et al. (unpublished data) 

39 
43 
22 
25 
17 

13C-Tracer 
studies 

30-40d 
30· 
15 f 

20 g 

13 h 
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Summary of new predictions for amino acid requirements 
and relation to protein requirements 

In summary, the foregoing estimates of the minimum physiological requirements for 
indispensable amino acids, as predicted from the factorial and protein turnover 
methods and as judged from studies involving !3C-tracers, appear to be rational. 
The agreement between these various approches adds strength to our conclusions 
about the amino acid requirements in adult human subjects; the new estimates 
proposed above are more rational than those presented previously by international 
(e.g., [30]) groups. A summary of our revised estimates, expressed per kg body 
weight, are shown in Table 9. 

To establish the relationship between the proposed, revised estimates of adult 
amino acid requirements and the requirement for protein we can arrive at a new 
adult amino acid requirement or amino acid scoring pattern (see [30]). Thus, the 
relationship between the approximate mean amino acid requirements, as estimated 
by the different approaches above, and the mean requirement of 0.6 g high quality, 
highly digestible protein kg-I. day-l (see [30]) can be determined. This has also 
been done, as shown in Table 9. It should be noted that the requirement values are 
somewhat lower when the requirement figures from 13C-tracer studies are used. 

Implications for evaluation of dietary protein 

The proposed new estimates of amino acid requirements for the adult (Table 9) 
increases the levels, on average, by a factor of 2.5, relative to those proposed in 1985 
by FAO/WHO/UNU [30] (see also Table 8). At first sight this would appear to have 

Table 9. Proposed, revised estimates of the mean re
quirements for amino acids, in adults, and their relation
ship to the requirement for protein 

Amino acid 

Isoleucine 
Leucine 
Lysine 
Total SAA 
Total AAA 
Threonine 
Tryptophan 
Valine 

Mean requirement (mg) per 

kg body wt a 

23 
39 (40)C 
42 (30) 
16(13) 
39 
21 (15) 

6 
24 (20) 

per g protein b 

38 
65 (66) 
70 (50) 
27 (22) 
65 
35 (25) 
10 
40 (33) 

a Derived from factorial (Obligatory N) method (Ta
ble 7) 

b A mean requirement for high quality, highly digestible 
protein of 0.6 g kg- 1 day-l is assumed [30] 

C Value in parentheses based on mean requirement es
timates from 13C-tracer studies (see Table 8) 
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dramatic implications for all dietaries and possibly to recreate the "protein prob
lem." The practical implications, however, while possibly significant for dietaries 
and food and agricultural policies in some developing countries, are less for diets of 
some other developing countries and the developed regions where diets are generally 
rich in foods of animal origin. In the following paragraphs we will develop and then 
explore the application of a new amino acid requirement, or scoring pattern for 
purposes of assessment of milk proteins in diets in both the developed and develop
ing regions of the world. 

Previous amino acid scoring systems 

Before developing a new amino acid scoring pattern, it is worth noting that various 
amino acid scoring systems have been recommended previously by various national 
and international groups [30,51-54]. They have been developed for purposes for 
predicting the capacity of food protein sources to meet human physiologic needs for 
nitrogen and indispensable amino acids and a number of the earlier amino acid 
scoring patterns are shown in Table 10. The significant changes that have occurred 
in the recommendations over the years may be seen clearly from this summary. 
Although the 1985 FAO/WHO/UNU [30] group was the first to explicitly recom
mend lower values for the adult, the earlier 1973 FAO/WHO group [51] had recog
nized that the adult requirement values (expressed per unit of protein) were indeed 
much lower but, nevertheless, based its scoring pattern on data for infants and young 
children. 

Thirty years have now passed since the first FAO committee [52] considered 
protein, or amino acid, scoring. Provided that an adjustment is made for the diges
tibility of ingested proteins [55], the statement made by this international group in 

Table 10. Some national and international recommended amino acid scoring patterns" 

Amino acid 1957 1973 1974 1985 FAO/WHO/UNU [30] 
FAO FAO/ NAS-

WHO NRC Infant Pre-school School-age Adult 
[52] [51] [54] « 1yr) child child 13 yrs + 

(2-5 yrs) (6-12 yrs) 

Histidine 14 17 26 14 19 
Isoleucine 42" 40 42 46 28 28 13 
Leucine 48 70 70 93 66 44 19 
Lysine 42 55 51 66 58 44 16 
Total SAA 42 35 26 42 25 22 17 
Total Aromatic 56 60 73 72 63 22 19 
Threonine 28 40 35 43 34 28 9 
Tryptophan 14 10 11 17 11 9 5 
Valine 41 50 48 55 35 25 13 
Total 314 360 356 434 320 222 111 
(w/o histidine) 

" Figures expressed as mg amino acid per g protein (N x 6.25) 
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1957, concerning the role of scoring in the relation to an amino acid requirement 
patterns remains valid, and we quote: 

"The concept of a desirable pattern of essential amino acid has one great advan
tage. By comparison with such a pattern, data on the amino acid content of food 
combinations can be appraised in a wide range of situations in terms of possible 
defects of the diet and of methods of improving it. Comparisons, no doubt rough 
and approximate, can be made directly by the use of tables showing the contents 
offoods in essential amino acids, regardless of the proportions in which individual 
foods are included in the diet. On the other hand, even when the biological value 
of each dietary component is known, a deduction cannot be made about the 
biological value of the diet as a whole." 
We wish to point out here that as the use of amino acid scoring systems has 

progressed over the years the general expectation has developed that not only should 
an amino acid score be able to predict the potential nutritional value of a food or diet 
for humans but that such a score should (with or without digestibility consider
ations) also correlate directly with the results of animal assays, such as net protein 
utilization (NPU). Whether such correlations with animal assays are valid or even 
a desirable attribute of amino acid scoring systems intended for application in 
human nutrition remains questionable. With hindsight, our view is that scoring 
systems developed to predict the nutritional value of protein sources for humans 
should not necessarily be expected to agree with values obtained with growing rats. 
We now contend that the appropriate standard for dietary assessment is the human 
amino acid requirement pattern and that for animal bioassays to be useful they 
should be designed to give predictions in line with those based on human amino acid 
requirements rather than the reverse. 

A proposed new amino acid scoring pattern 

Thus, accepting the validity and usefulness of the amino acid scoring approach the 
newly proposed estimates of the amino acid requirements in adults (Table 9) provide 
us with a basis for making a further refinement in establishing a more satisfactory 
amino acid scoring pattern. It also follows that we have an opportunity to re-explore 
the nutritional value of milk proteins and protein quality of diets in various regions 
of the world. 

To arrive at a new adult amino acid pattern the relationship between the mean 
amino acid requirements, as estimated by the different approaches discussed above 
and the mean requirement of 0.6 g protein kg - 1 day - 1 for high quality proteins 
must be established. This has been done in Table 9. For lysine and threonine values 
in the amino acid pattern based on requirement figures derived from 13C-tracer 
studies will be used for the present purposes. 

With respect to sulfur amino acids, the factorial prediction (Table 9) of the re
quirements for these amino acids in the adult leads to a somewhat higher level of 
methionine in the adult pattern than in that for the two-year old group as proposed 
by FAO/WHO/UNU [30] (see Table 10). However, nitrogen retention is not im
proved by methionine supplementation in healthy adults consuming, at intakes to 
0.8 g protein kg- 1, isolated soy proteins as the sole source of dietary nitrogen and 
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supplying 25 mg sulfur amino acids per g protein [56]. Our preliminary 13C_ 
methionine tracer studies suggest that the mean requirement for methionine and 
cystine is close to 13 mg kg-I. day-l (Table 8). This would give a value of22 mg per 
g protein. Thus, it seems resonable in the absence of more direct data, to suggest that 
an appropriate figure for the sulfur amino acid content in the adult amino acid 
requirement pattern would be no greater than the level tentatively established for the 
two-year-old group, i.e., 25 mg per g protein [30]. 

Finally, in terms of arriving at a new recommended amino acid pattern for the 
adult, the policy of the arlier expert groups was to round the figures for each amino 
acid to the nearest value that is divisible by 5. If we also follow this policy, together 
with the above refinements, a recommended adult amino acid pattern can be pro
posed. This is given in Table 11. It can be seen that this new amino acid scoring 
pattern is essentially the same as that for the 1985 FAO/WHO/UNU two- to five
year old pattern (Table 10), with the single exception that threonine is lower in the 
proposed adult pattern and lysine is somwhat higher in the 1985 FAO/WHO/UNU 
[30] pre-school child pattern. On this basis, and in relation to the practical problems 
of the evaluation of dietary protein and for purposes of adjusting safe practical 
allowances for protein intakes for usual diets [30], it appears to us that a single 
tentative amino acid scoring pattern could be proposed for the entire age range, 
covering pre-school children through adults. Therefore, we will use the new recom
mended pattern shown in Table 11 for this purpose. 

In Table 12 we compare the amino acid pattern of cow's milk and the 1985 
FAO/WHO/UNU [30] for infants, which is based on the amino acid composition of 
human breast milk, with the new amino acid scoring pattern we have proposed. 
From this comparison the amino acid concentration of cow's milk proteins exceeds 
the individual amino acid requirements (per unit of protein) for individuals of 
pre-school age and older and, thus, it can be regarded as a "complete" protein 
source. For infants, this comparison in Table 12 suggests that the sulfur amino acid 
content of cow's milk proteins is somewhat lower than an optimal. Therefore, an 
adjustment would need to be made to the proposed safe practical intake for this age 

Table 11. Recommended amino acid scoring pat
tern for individuals from pre-school age through 
adulthood a 

Amino acid 

Isoleucine 
Leucine 
Lysine 
Total SAA 
Total Aromatic 
Threonine 
Tryptophan 
Valine 

Amount 
(mg per g protein) 

35 
65 
50 
25 
65 
25 
10 
35 

a For derivation of pattern see revised amino 
acid requirement estimates discussed in the text 
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Table 12. Comparison of the amino acid pattern of cow's milk proteins with suggested patterns of 
amino acid requirements (mg per g protein) 

Amino acid 

Histidine 
Isoleucine 
Leucine 
Lysine 
SAA 
AAA 
Threonine 
Tryptophan 
Valine 
Amino acid score 

a From FAO/WHO/UNO [30] 
b From Table 11 

Infant a 

(FAO/WHO/UNU 1985) 

26 
46 
93 
66 
42 
72 
43 
17 
55 

Pre-sch 00 I b 

to adult 
Cow's 
milk a 

27 
35 47 
65 95 
50 78 
25 33 
65 102 
25 44 
10 14 
35 64 
Infant 79 (SAA) 
Adult> 100 

group (1.48 g . kg- 1 day-l for infants age 0.75~ 1 year) [30], if cow's milk, as com
pared to breast milk, was the sole source of dietary protein. However, the relative 
value of milk protein in diets as consumed by children and adults is of greater interest 
here and in subsequent sections we explore the application of the new pre-school-to
adult amino acid requirement pattern for assessment of milk proteins and of their 
significance in regional and national diets. Indeed, use of dietary amino acid compo
sition data, in comparison with an appropriate reference pattern, is the only practical 
approach that we can take for evaluating the protein value of diets. 

World Dietary Protein Patterns 

To evaluate the protein of diets consumed in broad geographical areas of the world, 
the amino acid composition can be obtained by either direct analysis of sample diets 
or, more conveniently, from various levels of information concerning the overall 
dietary composition of the particular population in question. We are of the view that 
this information can be obtained relatively easily. 

When mean dietary patterns in various countries and regions of the world are 
examined it has been noted that as wealth increases not only is more food consumed 
but also that there are major changes in the pattern of foods selected. These changes 
were tabulated in 1969, in a classic report [57] in which it was demonstrated that as 
the proportion of energy intake from fats rose so did income, while it declined as the 
proportion from total carbohydrates rose. Simultaneously, however, there was a 
positive correlation between the proportion of the total protein supply from animal 
sources and income. 

Among the broad relationships illustrated by data from 130 countries (Table 13) 
it can be seen that as wealth (indicated by per capita GNP) increases both the 
mortality rate of children under fiye years and the prevalence of births of low birth 
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weight infants decline. The dietary changes that accompany these measures of health 
are increases in total protein per day, animal and milk protein per day, the percent
age of animal protein in relation to total protein and in total fat and retinol intakes. 

A further elaboration of these relationships is shown in Table 14, derived from 
linear regression analysis of data from the same 130 countries. All correlation coeffi
cients tabulated were highly significant (p < 0.001). Further details involving social 
and health variables have been described elsewhere [62, 63]. As per capita GNP 
increases, the population percentage of children under five years and the infant 
mortality rate (IMR) both decline. At the same time total protein, animal protein, 
milk protein, dietary lysine concentration and utilizable protein availability all in
crease. In addition, as protein increases the greater is the amount and proportion 
(not shown) of animal protein. Lysine concentration also increases as more protein 
and (more significantly) more animal protein is available and, presumably, con
sumed. It must be emphasized that the significant relationships presented here be
tween IMR and the dietary factors examined here must not be considered causal, since 
all are directly or indirectly linked with wealth. 

Table 14. Correlation matrix between wealth, demographic and dietary data for 130 countries' 

IMR Under Protein Animal Milk Fat Lysine b Utilizable 
5 yrs % gld protein protein (g/d) (mig protein C 

gld gld protein) gld 

GNP US $ -0.61 -0.59 0.68 0.78 0.72 0.78 0.73 0.69 
per caput 

Infant mortality 0.78 -0.70 -0.75 -0.65 -0.70 -0.74 -0.74 
rate 

Percentage of -0.67 -0.74 -0.66 -0.74 -0.69 -0.71 
population 
under 5 yrs. 

Protein glday 0.88 0.81 0.85 0.73 (0.99)d 

Animal protein 0.90 0.91 0.93 0.93 
glday 

Milk protein 0.88 0.84 0.84 
glday 

Fat glday 0.81 0.87 

Lysine 0.81 
mglg protein 

• Number of data pairs vary between 108-130, depending on the variable: All R values P<O.OO1. 
Data obtained from [58-61] 

b Lysine (mg/g protein) calculated from multiple regression equation Lys=0.57 AP% +0.33 
PP% + 31.3, derived from data for 20 countries (R 2 = 0.86): AP% and PP% are percentages of 
total protein from animal protein and pulse protein (includes soybean), respectively 

C Utilizable protein = protein availability (g/day) x protein quality score x digestibility. Score and 
digestibility expressed as fractions. Score derived in relation to new scoring pattern (table 11) 
(Lysine is limiting amino acid in all cases). Digestibility is taken to be 0.85 for diets high in coarse 
grain cereals and 0.90 for other diets 

d Total protein is major determinant of utilizable protein 
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The further relationships between IMR, GNP, and dietary data with percentages 
of children below five years also demonstrate that population growth is highly 
correlated with overall nutritional status. The inverse nature of these relationships 
may also be of interest, particularly concerning milk availability. On a world basis, 
the higher the proportion of the population that is represented by children below five 
years of age, the lower are the average amounts of animal and milk protein that are 
available (Tables 13, 14). This is, perhaps, ironic but presumably reflects the fact that 
the poorest countries show high population growth and are those least able to afford 
animal protein foods. In sharp contrast, data for the United States (Table 15) dem
onstrate that average milk protein consumption is about 20% of total protein (com
pared to 6% in the poor countries), with 30% for the one-five year age group and 
as high as 54% for the formula-fed infant below one year of age. 

Also summarized in Table 15 are the patterns of amino acid supply in the various 
age and sex groups of the US population, shown here as an example of dietary data 
for the technologically advanced nation. The constancy of the dietary amino acid 
pattern as a function of age and sex is a striking feature of this analysis. There is, 
notwithstanding this relative constancy, a considerable variation in the consumption 
of different protein foods by the various age and sex groupings. This can be seen by 
comparison of the coefficients of variation (CV) for these same data. The CVs for the 
eight indispensable amino acids (expressed as mg/g protein) across the same 21 age 
and sex groupings averaged only about 2.0%, while the dietary use of milk and meat 
products had CVs in excess of 30%. This is because the major changes in consump-

Table 15. Amino acid and protein supply in the U.S. diet for various age and sex groups a 

Nutrient Age in years Mean ± SD b 

(all ages and 
<1 1-5 19-22 65-74 both sexes) 
M/F M/F 

M F M F 

mg/g protein 

Isoleucine 54 54 53 52 51 51 52.3± 1.02 (2.0)" 
Leucine 86 81 78 77 76 75 77.0 ± 1.96 (2.5) 
Lysine 69 70 72 72 70 69 70.6 ± 1.16 (1.6) 
Total SAA 31 35 35 35 34 34 34.7±0.48 (1.4) 
Total AAA 84 81 79 78 77 76 78.5± 1.75 (2.2) 
Threonine 40 40 40 40 39 39 39.6±0.59 (1.5) 
Tryptophan 12 12 12 12 12 12 12.0 ± 0.35 (2.8) 
Valine 59 55 55 55 54 53 54.9± 1.20 (2.2) 

Total Kcal/day 950 1363 2240 1560 1895 1455 1757 ±407 (23.2) 
Total protein (g/day) 41.7 53.6 94.5 64.4 80.0 62.1 73.9± 14.2 (19.2) 
% meat/poultry/fish 17 33 51 48 49 47 41.0± 13.8 (33.8) 
% milk/milk products 54 30 17 18 16 17 19.3 ± 6.3 (32.8) 
% grain products 9 22 18 18 17 18 19.0 ± 2.4 (12.7) 

a Calculated from 1983 USDA National Food Consumption survey [64], using amino acid data 
from FAO [65] and USDA [66] 

b Mean ± SD for all 21 age and sex groups (excludes < 1 yr) 
C Value in parenthesis is coefficient of variation 
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tion pattern, as affected by age and sex, involve different patterns of supply of the 
animal protein foods which do not differ greatly in their amino acid composition. 

The diets of economically poor countries reveal a marked contrast to the situation 
in developed countries because animal foods may account for only 10% of the 
protein and cereals may contribute more than 60% of the dietary protein supply. The 
very low levels of animal protein and animal foods consumed in the developing 
regions are shown in Table 16. Milk supplies, in relation to DES (dietary energy 
supply) for example, are three to four times greater in the developed market econo
mies than in the poor countries of Africa and the Far East. Milk and dairy produc
tion data [67] show an even more extreme picture, with per capita milk production 
values showing a 1 O-fold difference between developed and developing countries. 

Amino acid compositional data are now available for many foods [65, 66] and, 
hence, the amino acid pattern of regional and country diets (Table 17) can be easily 
calculated from Food Balance Sheet data [60]. It can be seen that the nutritionally 
important differences between the amino acid pattern of the diets in developing and 
developed regions lies in the lysine content. This is due, primarily, to the consistently 
much lower levels of lysine in cereal products (about 29 mg/g protein) as compared 
to animal foods (about 85 mg/g protein). The important role of both animal foods, 
and of legumes (about 65 mg/g protein) in supplying lysine to the dietary, we believe, 
remains relevant in dietary planning and assessment as well as for agricultural policy 
[68], despite implications to the contrary that have been drawn from the estimates of 
adult amino acid needs in the FAO/WHO/UNU [30] report on energy and protein 
requirements. Also, it should be noted that, from a practical perspective, it is lysine 
rather than the sulfur amino acid content that seems to be important. Evaluation of 
milk proteins (Table 12) should be made in this context. 

Table 16. Per capita dietary composition in selected world regions a 

Developed Africa Far Near Latin Least 
market East East America developed 
economies countries 

Total food energy (Kcal) 3390 2260 2160 2840 2620 2070 
Total protein (g) 99 56 51 78 67 53 
Animal protein (g) 56 11 8 19 28 10 

Share of total DES b (%) 
Vegetable products 68.3 93.5 94.2 89.3 82.9 93.3 
Animal products 31.7 6.5 5.8 10.7 17.1 6.7 
Food groups 

Cereals 26.4 46.7 67.4 58.2 40.2 65.0 
Pulse nuts seeds 2.4 7.0 5.9 3.8 4.9 6.5 
Roots, tubers 3.7 19.8 3.0 1.8 5.6 8.3 
Meat 15.3 2.8 1.2 4.0 8.1 2.7 
Milk 8.5 2.0 2.5 3.7 5.5 2.5 
Eggs 1.6 0.2 0.3 0.4 0.8 0.2 
Fish 1.6 0.8 0.7 0.3 0.7 0.5 

a Adapted from FAO [61] 
b DES = Dietary energy supply. Values expressed as % of total energy supply. Only those food 

groups providing significant levels of dietary protein are shown. Totals are, thus, less than 100% 
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Table 17. Amino acid pattern (mg/g protein) for diets in selected regions: comparison with infant 
and adult amino acid requirement patterns' 

Region Requirement pattern 

Developed Africa Far Near Latin Infant b Adult C 

countries East East America 
A B 

Isoleucine 48 42 47 44 47 46 13 35 
Leucine 77 75 81 73 82 93 19 65 
Lysine 65 47 46 41 56 66 16 50 
Total SAA 36 34 40 36 34 42 17 25 
Total AAA 81 72 86 79 79 72 19 65 
Threonine 40 35 39 34 39 43 9 25 
Tryptophan 12 12 12 12 11 17 5 10 
Valine 53 48 57 49 52 55 13 35 

a Generated from data summarized in Table 16 using amino acid composition data of FAO [65] and 
USDA [66] 

b Human milk pattern for infants below 1 year; see table 12 
C A. FAO/WHO/UNU (30) see Table 10; B. from Table 11 

Special needs for infants 

The pattern of the amino acid requirement for infancy is based on human breast 
milk, as noted above. The values are much higher than those for the older age 
groups. Mean dietary patterns for the various regions are all inadequate for one or 
more indispensable amino acids, in relation to the requirement pattern for infancy 
(Table 17). Special consideration must be given to the protein value of diets for 
meeting the nutritional needs of infants. 

Milk has been widely used as a supplementary protein in vegetable mixtures for 
use in developing countries. Many mixtures have been proposed that will meet 
protein and energy needs of infants at low cost [69-71]. Some recent studies [72] 
confirmed that the protein value of 14 selected weaning food mixtures based on 
wheat and rice with milk, bean, or meat as the supplementary protein sources when 
assayed by standard rat biological assay procedures met the goals for protein quality 
recommended in the formulations. Agreement was also found [73] to be high when 
the amino acid composition was determined and the results compared with the 
FAOjWHOjUNU [30] reference patterns for infants and young children. In addi
tion, comparison was made between estimated intakes and requirement values for 
essential amino acids. It was concluded that all mixtures would meet protein and 
amino acid needs if they were supplied at levels sufficient to meet food energy needs. 

The importance of quite small quantities of animal foods, such as milk and meat, 
in the diet of children is illustrated in Table 18. In addition to its importance in 
protein complementation, milk is also a significant source of vitamin A and ribo
flavin. Its potential role in diets of developing countries has been recently reviewed [9]. 

Quite small quantities of animal protein foods can, thus, dramatically improve the 
overall nutritional value of diets that are based heavily on cereals. This is particularly 
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important when considering the nutritional needs of infants and also needs for 
pregnant and lactating women. Recommendations encouraging breast feeding of 
young infants should not, however, be neglected. This is based mainly on consider
ation of the presence of protective substances acting against diarrheal disease on the 
potential contraceptive effects of breast feeding and on the psychological benefits to 
the mother/child dyad [78, 79]. Nevertheless, in good environments, human infants 
grow and develop when they receive a wide variety of modified and synthetic for
mula diets based on cow's milk [80, 81]. 

Amino Acid Supply Patterns 

When comparison of dietary amino acid patterns is made with the current inter
nationally derived amino acid requirement values for all ages above infancy 
(Table 10) it will be noted (Table 17) that for all regions, including Africa and the 
Near East, the amino acid pattern of regional diets exceeds the FAO/WHO/UNU 
[30] amino acid requirement pattern for the adult by a wide margin. This is not true 
when comparison is made with our newly proposed pattern (Table 11). While the 
pattern of requirements is exceeded for most amino acids in all regional diets the 
mean level of dietary lysine remains low for Africa, Far East, and Near East regions 
(Table 17). This implies that many individuals may be at risk of an inadequate 
protein nutritional status because of dietary lysine limitation. As can also be seen 
(Table 16) these regions are those associated with the lowest levels of animal protein 
availability. 

The amino acid composition of average diets in 20 countries has also been calcu
lated by us [82]. Using food balance sheet [60] and amino acid composition data [65, 
66] linear and multiple regression analyses were performed between the amino acid 
composition of the diets, the percentages of the protein from animal protein (AP%), 
pulse protein (PP%) and cereal protein (CP%). For this purpose, pulse protein 
(PP%) was defined as the FAO [60] category of pulses (mainly beans and peas) 
together with soybean from the nuts and oilseeds category. For the indispensable 
amino acids, only lysine showed high correlations (p < 0.01) with the other variables, 
confirming the observations made above concerning the amino acid pattern in 
regional diets. 

From multiple regression analysis of these kind of data, a prediction equation: 

Lysine (mg/g protein) =0.57 AP%+0.33 PP%+31.3 

was derived [82]. About 76% of the correlation was due to AP% (Lys = 0.47 AP% 
+ 37.5), increasing to 86% by including PP%. Inclusion of CP% into the equation 
did not increase the prediction ability (R2 =0.861) despite the fact that there was a 
high negative correlation (R= -0.77, p<O.OO1) between lysine concentration and 
CP% when simple regression analysis was used. 

Animal protein was then desegregated into its individual components of meat, 
milk, fish, and egg protein and these values were then used for multiple regression 
analysis, together with pulse and cereal proteins. The results of this analysis showed 
that very little was gained by this procedure, since R 2 only increased from 0.86 to 
0.89 accompanied, however, by a considerable fall in the overall F value (52.5 to 
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Table 19. Consumption of various sources of protein and lysine value for selected countries 

Country GNP Protein Animal Meat Milk Fish Le- APjTP Lysine C 

U.S. $ gjday protein protein protein protein gume a % mgjg 
per gjday gjday gjday gjday protein protein 
caput gjday 

Bangladesh 130 39.7 5.3 1.6 1.2 2.2 1.3 13.4 44 
Zaire 140 33.2 6.3 4.2 0.3 1.8 2.7 19.0 46 
Nigeria 730 54.6 10.6 4.5 1.1 4.5 5.2 19.4 42 
Thailand 860 46.9 12.2 5.1 0.8 5.7 1.4 26.0 51 
Guatemala 1160 58.2 14.8 7.6 5.5 0.3 7.0 25.4 46 
Syria 1620 84.5 21.6 8.1 10.8 0.5 5.8 25.6 46 
United Kingdom 8570 90.1 53.9 27.4 18.5 3.9 2.1 59.8 65 
Japan 10630 88.6 46.4 10.5 5.5 25.2 9.9 52.4 63 
United States 15390 105.6 71.5 41.1 22.0 3.5 1.4 67.7 70 

Source: FAD [60] and UNICEF [58] 
a Includes soybean from nuts and oilseeds category 
b Animal protein as percentage total protein 
C Calculated from food balance sheet using amino acid composition data 

23.7). As can be seen from the selected country data shown in Table 19, despite much 
variation in the distribution of the animal protein, as wealth (per capita GNP) 
increased so did a) the amount and proportion of animal protein, and b) the dietary 
lysine value. 

As with the evaluation of the US diet discussed earlier, a strong relationship 
between animal protein and lysine value can be explained by the rather similar 
content (mg/g protein) of lysine in all of the major animal protein foods. 

The lysine value of world dietaries 

By use of the prediction equation involving only AP% and PP% (R 2 = 0.86) shown 
above, the lysine contents of the diets for all 146 countries in the FAO Food Balance 
Sheets [60] were estimated. Only 43 countries had lysine value below the proposed 
requirement (scoring) pattern value of 50 mg/g protein (Table 11). Many of these 
countries were, however, among the poorer, more populous countries with their 
combined population representing more than half of the world's total population. 

Because amino acid score is not the only variable affecting the protein value of a 
diet, an approach involving the concept of utilizable protein (quality x quantity) was 
used to evaluate these world dietaries. The quantity of protein was represented by 
daily protein availability (g/day) while quality induced digestibility and amino acid 
score. The digestibility was taken as 85% when the diets involved consumption of 
high levels of coarse grain cereals and 90% for all other diets [30]. The amino acid 
score was judged in relation to the new requirement pattern (Table 11) where, in all 
cases, the limiting amino acid was lysine (50 mg/g protein). The dietary supply of 
utilizable protein was then compared with protein requirements. 
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For this type of comparison the average requirement should be used rather than 
safe practical allowances. Average protein needs for selected reference male (65 kg) 
and female (55 kg) adults would be 36 g (highly digestible, high quality) protein daily 
[30]. Although 43 countries had been found to have lysine values below 50 mg/g/ 
protein only 15 of these countries had mean utilizable protein supplies at or below 
the average adult requirements of 36 g/daily while a further 11 countries had values 
below 45 g/day (the safe pratical allowance) and could be considered marginal by 
some criteria. The diets of the remaining countries all provided a mean utilizable 
protein in excess of the safe practical allowance, by virtue of the higher levels of total 
protein. 

To place these values into perspective, the range (Table 20) for protein supply, 
animal protein and estimated protein quality for the 146 countries in the FAO [60] 
food balance sheets should be considered. Total protein is the most important deter
minant and the range of values between the rich and poor countries is large. Never
theless, average protein supply exceeds average requirements for reference adults [30] 
for all countries except Mozambique and Zaire. If protein quality considerations are 
included, diets with little animal protein and legumes which also contain coarse grain 
cereals could have an overall (including digestibility) protein value of 0.64 
(0.75 x 0.85) in relation to the adult pattern. Thus, average protein supplies below 
56 g protein daily (36/0.64) could be nutritionally inadequate. For the 146 countries 
whose diets are tabulated in FAO [60], 39 countries have average supplies below this 
value. In addition, many of the very poor in countries where the average supply is 
somewhat higher would also be at risk since their dietary supplies of protein in both 
quality and quantity are likely to be below the mean. In contrast it must be recog
nized that when protein supplies are high then protein quality considerations (in
cluding digestibility) become much less significant. 

In summary, therefore, the countries, and the individuals within those countries, 
most at risk are those with low intakes of diets based heavily on coarse grain cereals 

Table 20. Mean and range for selected dietary protein indicators from 
food balance sheet data (146 countries) 

Total protein gjday 
Animal protein" (%) 
Legume protein b (%) 
Digestibilityc (%) 
Protein quality scored 

Human milk pattern 
Adult pattern 

Mean ± SD 

70±21 
35±18 
6± 6.6 

ca. 90 

92±14 
109±19 

Range 

32-129 
6- 80 
1- 45 

85- 95 

55-109 
75-144 

Source: FAO [60] for protein, animal protein and legume protein 
" Expressed as percentage of total protein 
b Expressed as percentage of total protein, includes soybean 
C Estimated from digestibility data of FAOjWHOjUNU [30] 
d Lysine value calculated from multiple regression equation (see text) 

and compared to breast milk for the infant and to new amino acid 
requirement pattern for the adult (Table 11) 
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where both the quantity and quality (including digestibility) of the protein available 
for consumption are likely to be low. The overriding importance of the total quantity 
offood, as represented by both dietary energy supply and total protein are the major 
causes for concern, but the protein quality of the diet, even for the adult, remained 
important and can be readily evaluated in terms of the contents of animal and 
legume protein. In many cases evaluation in terms of animal protein percentage 
alone may be of sufficient accuracy. 

As a practical guide, we conclude, that providing total protein and food energy 
needs are met, there would be no major problems of protein quality (amino acid 
supply for pre-school age to adults) if about one-third of the dietary protein is 
provided from animal sources, including milk proteins. For children below one year 
this must be increased to a little above one-half in order to meet the higher lysine 
need of66 mg/g protein. When animal protein percentages are below these values the 
well known concepts of protein complementation should be applied. In general, a 
combined percentage of about 40-45% of the protein from the high lysine sources 
of animal proteins and legume proteins implies that daily lysine needs are met 
adequately for adults. For young children it is perferable to use the various published 
guides for food mixtures [69- 71], since as much as 65% for the combined percent
ages of protein from animal foods and from legumes may be necessary to meet the 
relatively high nutritional requirements of the infant. Nevertheless, for both adults 
and young children the greater the degree that total protein intake exceeds require
ments, the less important are protein quality considerations. 

Conclusion 

The direct evaluation of the capacity of dietary protein(s) to meet the needs for 
indispensable amino acids in human subjects is the principal focus of this paper. It 
is our thesis that amino acid composition data, considered in relation to human 
amino acid requirement estimates, provide an acceptable basis for evaluating dietary 
protein with reference to practical aspects of human protein and amino acid nutri
tion. Hence, we briefly review some aspects of protein and amino acid metabolism 
in humans and recent observations concerned with are-evaluation of the amino acid 
requirements in adult subjects. The relevance of this discussion is in terms establish
ing appropriate amino acid requirement (scoring) patterns for comparison with 
amino acid composition data of protein foods. Indeed, the 1985 FAO/WHO/UNU 
[30] report on energy and protein requirements proposed use of age-specific amino 
acid scoring patterns. However, the very low adult amino acid requirement values 
tabulated have major policy and nutrition implications, particularly since it would 
appear from FAO/WHO/UNU [30] that almost any diet could provide indispensable 
amino acids well in excess (two- to threefold) of apparent adult amino acid require
ments. In this paper new data on amino acid requirements are reviewed. With this 
background a new tentative amino acid scoring pattern is proposed for application 
for the age range from pre-school through adults. This pattern is then used to 
evaluate the protein component of regional diets, incuding an assessment of the role 
of milk proteins. From this analysis the important practical conclusion is that diets 
based principally on cereals, especially in various areas of Africa, the Near and Far 
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East, are likely to be marginal with respect to meeting lysine requirements, while 
diets typical of developed regions are more than adequate. Total dietary protein 
availability is a major determinant of the nutritional quality of the diets but the 
amino acid pattern also is of importance especially in those areas where animal 
protein foods contribute less than about one-third of total dietary protein. Further
more, these considerations underscore the high nutritional value of milk proteins 
and the fact that relatively small amounts of them would fill the predicted "lysine 
gap". Because of the practical value of the approach used here to evaluate dietary 
protein we recommend that a new advisory group under UN auspices should be 
convened to discuss the amino acid requirement issues raised in this paper and make 
appropriate, authoritative recommendations. As an interim measure we do not 
believe that the FAO/WHO/UNU [30] adult pattern should be used to evaluate 
dietary protein. The newly proposed pattern described above would seem to provide 
a more rational and safe basis for this purpose. 
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Introduction 

The period of life immediately after birth is marked by a rapidity of growth that, in 
terms of weight specific rates, is exceeded only in late fetal life. During this time, the 
infant also is maturing physiologically and metabolically. Postnatal development 
involves important changes in the chemical composition of the body, the distribution 
of the mass of the body between cellular and extracellular components, and the 
contributions of the various tissues to body protein mass. The assessment of growth 
during this period can be complex and we should recognize that the assessment of 
the adequacy of a given diet should include the degree to which it supports develop
ment as well as macromolecular accretion. 

Growth, protein deposition, and amino acid requirements 

Protein requirements can be estimated by the factorial method in which the utiliza
tion of protein is partitioned between the processes that require an input of amino 
acids. The use of this approach is based on the assumption that if these processes can 
be quantified, an estimate of the minimal requirement can be made, and investiga
tors can determine how best to provide these requirements. 

Two factors receive primary consideration: 1) the relative requirements of essential 
(indispensable) and nonessential (dispensable) amino acids, and 2) the division of 
these needs between those that support the accretion of new tissue and those required 
for the replacement of the basal or endogenous losses [11]. 

There are a number of problems when this approach is applied in the newborn 
infant. First, the division of amino acids into essential and non-essential categories 
in immature individuals may not be as simple as that in more mature individuals. 
Preterm infants have a limited ability to synthesize glycine (Jackson et aI., 1981) [28] 
and perhaps other amino acids [55, 1]. Second, during a period of maturation, 
processes that are not necessarily directly associated with protein accretion may 
make metabolic demands on specific amino acids, and thereby potentially limit their 
utilization for the accretion of protein (see [65, 44] for discussion). Some of these 
processes (e.g., heme, nucleic acid, and creatine synthesis) result in the retention of 
amino nitrogen, but are not necessarily associated with a substantial gain of water 
and, hence, weight. Whether the end products of these processes contain nitrogen or 
represent the productive utilization of amino acid-carbon is important in the assess
ment of the true efficiency with which the dietary protein is utilized, because protein 
accretion is usually measured as nitrogen accretion. 
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One important element in the factorial approach is the concept of an obligatory 
amino acid requirement for protein deposition. This is the product of the rate of 
protein accretion and the amino acid composition of the proteins that are deposited. 
For the human, a substantial body of data exists on rates of nitrogen retention in 
full-term infants fed human milk. At "normal" rates of human milk ingestion, rates 
of nitrogen retention range from 200 to 240 mg/kg/d at two weeks of age [53] 
through 170 to 190 mg/kg/d at one month to between 90 and 130 mg/kg/d at three 
months of age. On the basis of comparisons of nitrogen balance data [9, 13, 14] with 
interpolated estimates of the changes in body protein mass, based either on measure
ments of whole body water and potassium [12] or on estimates of body water from 
total body electrical conductivity measurements [8], the majority of this nitrogen is 
retained as protein. For reasons that are unclear, the relationship between nitrogen 
retention and calculated protein accretion appears to break down at higher protein 
intakes [10]. 

The amino acid composition of this gain in body protein is a separate question. 
Although extensive information on amino acid composition is available in young 
animals [40], no directly comparable information exists for human infants. Widdow
son et al. [62] have reported direct analyses of the amino acid composition of fetuses 
of gestational age 79 to 280 days (Table 1). With the exception of two amino acids, 
there is a remarkable similarity between the patterns in animals and humans. The 
proportions of glycine (+ 51 %) and proline (+ 59%), however, are much higher in 
the human fetus than in the weanling rat, thereby suggesting a substantially higher 
contribution of collagen to fetal body protein mass. Although this conclusion is 
supported by the high umbilical uptake of glycine by fetal sheep [12, 30], it does not 
necessarily reflect the limited information on collagen contents of human fetal tissues 
[60, 61]. Even the collagen concentration in the skeleton does not appear to be 
markedly high, and the soft tissues, especially the skin, show an accelerated deposi
tion of collagen after, rather than before, birth [62]. 

The increment in nitrogen retention per unit increment in nitrogen intake in 
full-term infants fed human milk suggests a biological value between 0.71 and 0.75 
(see, e.g., [13]). When nitrogen retention is expressed as a proportion of absorbed 
nitrogen, the efficiency of utilization (less than 50%) is even poorer. When the amino 
acid composition of the body and that of milks (Table 1) are compared, interesting 
anomalies are revealed. Milk proteins are rich in branched-chain amino acids, but 
have low levels of methionine and, especially, glycine. The basis for this imbalance 
remains unexplained, but it seems a common feature of the milks of a variety of 
species [44]. 

The relatively poor net utilization of milk proteins by the infant, however, empha
sizes a further feature of human growth. When the manner in which humans gain 
weight and deposit protein is compared with that of other mammals, it is clear that 
the processes occur more slowly in humans. Consequently, dietary protein used for 
the maintenance of body protein mass to accommodate continual and obligatory 
losses is of particular importance. Table 2 presents a summary of estimates of basal 
nitrogen losses in pigs, rats, and humans. When these values are normalized to weight 
raised to the power 0.75 (i.e., per unit basal energy expenditure), only small differ
ences are apparent among the three species; the difference between infants and adults 
is also small. Based on these results, at least 50% of the infant's minimal requirement 
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Table 1. Comparison of the amino acid composition of the young rat and human fetus with the 
amino acid composition of human and bovine milk 

Amino acid Body composition Milk composition GI protein" 

Rat Man Rat Bos 

(mg amino acid/g protein) 

Isoleucine 37 37 55 56 41 
Leucine 76 83 101 102 31 
Valine 47 48 61 66 58 
Lysine 72 78 74 78 48 
Methionine 20 21 15 24 9 
Cystine 19 ND b 21 10 23 
Threonine 46 45 50 46 65 
Phenylalanine 39 45 41 47 34 
Tryptophan 12 ND 24 C 14 C ND 
Tyrosine 36 31 39 41 28 
Arginine 78 84 38 36 35 
Histidine 30 28 30 28 20 
Alanine 62 79 41 37 65 
Aspartate 87 89 89 79 91 
Glutamate 138 141 185 215 115 
Serine 46 47 48 54 46 
Glycine 85 128 24 21 140 
Proline 58 92 92 95 151 

" For reference an estimate of the amino acid composition of endogenous gastrointestinal protein 
loss is included 

b ND = Not determined 
C One determination 
(The amino acid compositions of the human and rat were taken from Widdowson et al. (1979) and 
Pellett & Kaba (1972). Milk compositions are averages of Svanberg et al. (1977), Widdowson et al. 
(1979), Janas et al. (1985), and Harzer & Bindels (1985). The estimated composition of ileal amino 
acid loss is taken from data in pigs (Low, 1980).) 

Table 2. Basal losses of nitrogen in mammals receiving low or protein 
free diets 

Species 

Immature rat 
Immature pig 
Human: infants 

children 
adults 

Basal nitrogen loss 

(mg/day) 

17 
2784 

458 
1117 
3433 

(mg/kg/day) 

242 
70 
62 
71 
50 

(mg/kgO. 75 /day) 

125 
175 
110 
140 
145 

(Rat data: Lin & Huang (1986); Pig data: Fuller & Crofts (1977); Infant 
and children: Fomon et al. (1965): Adults: Young & Scrimshaw (1968), 
Huang et al. (1972), Nicol & Phillips (1975), Fujita et al. (1984).) 
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of nitrogen during the first six months oflife appears to be expended on the replace
ment of basal losses. 

Although endogenous nitrogen losses have been defined with some certainty, the 
amino acid composition of the losses of body protein is an important and un
answered question. A related question is whether the pattern of amino acids required 
to replace the losses is the same as that required for optimum growth. There is 
evidence to suggest that methionine and threonine may be of particular significance 
to the amino acid economy of mammals that receive protein-deficient diets [64]. It 
seems reasonable to conclude, therefore, that the removal of some specific amino 
acids into nonprotein pathways of metabolism may playa role in restricting the 
reutilization of amino acids released from protein breakdown. 

In addition to oxidative losses of amino acids, however, the loss of nitrogen in the 
feces under basal conditions can account for up to 50% of the total [11, 15]. Whether 
the source of the nitrogen is of dietary or endogenous origin is of considerable 
nutritional importance. When no dietary protein is supplied, the ultimate source is 
body protein. It is important to recognize, however, that because much of fecal 
nitrogen consists of microbial protein, its amino acid composition bears no direct 
relationship to the proteins from which it has been derived [35]. There are two major 
sources for endogenous nitrogen, plasma urea and protein lost into the gut lumen. 

Table 3. Calculated rates of amino acid accretion in the first three 
months of life compared with the amino acids supplied by human milk 
adjusted for the amino acid loss in feces 

Amino acid Amino acid Supply/Gain 
gain supply 

(mg per day) 

Isoleucine 196 391 1.99 
Leucine 424 801 1.89 
Valine 307 411 1.33 
Lysine 398 540 1.36 
Methionine 106 106 1.00 
Cystine 106 125 1.17 
Threonine 238 264 1.10 
Phenylalanine 223 254 1.13 
Tryptophan 80 ND ND 
Arginine 430 166 0.38 
Histidine 154 207 1.34 
Alanine 371 227 0.61 
Aspartate 466 585 1.25 
Glutamate 742 1356 1.82 
Serine 249 322 1.29 
Glycine 562 -58 
Proline 398 399 1.00 

(The data were calculated assuming a daily rate of protein gain of 5.5 g 
and fecal protein loss of 2.1 g (Fomon & Owen, 1962; Southgate & 
Barrett, 1966) and that the fecal nitrogen loss was derived originally 
from endogenous protein having the composition shown in Table 1.) 
a Note that minimum glycine requirement exceeds supply 
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The capture of urea nitrogen by the gut flora [63] represents an alternative route 
whereby nitrogen, derived from the catabolism of amino acids, is eliminated from 
the body. As such, the pattern of amino acids that contribute to urea loss in urine 
and to its capture by the gut flora is probably the same. The amino acid composition 
of the net losses of endogenous protein in the gut has not been established in man. 
Available data for pigs receiving protein-free diets [34] are shown in Table 1, and 
demonstrate that the secretions are relatively rich in cystine, threonine, proline, and 
glycine. Despite these observations, the question of the relative contributions of 
endogenous and exogenous (i.e., dietary) components has proved difficult to answer 
under practical feeding conditions, and may be particularly complex in infants. 
During the neonatal period, changes occur with time in the qualitative nature of the 
milk proteins [24] in their relative digestibilities, as well as in the bacterial population 
[48] and the fermentative processes in the large bowel [31]. Furthermore, specific 
milk proteins appear in the feces of infants who are fed human milk [23]. These 
considerations emphasize the complicated nature of the problem. The extent of the 
complication can be realized if we assume that the fecal losses are derived from 
proteins secreted into the gut (Table 3). We then discover that the human milk-fed 
infant receives a negative supply of glycine! In other words, all the glycine deposited 
in the body may have to be synthesized de novo. Although such a conclusion is 
supported by evidence that suggests virtually no catabolism of glycine to urea in the 
premature infant [28, 5], these results support the crucial importance of basal nitro
gen metabolism to man. Understanding the phenomenon and the factors by which 
it is influenced remains a challenge to those concerned with protein metabolism and 
req uiremen ts. 

Tissue protein synthesis and its relationship to protein deposition 

Because of ethical constraints, most information on protein turnover in man relates 
to whole-body protein turnover. Furthermore, in reference to infants, the literature 
deals largely with the turnover of nitrogen in low birthweight infants. Caution must 
be exercised in extrapolating this information to full-term neonates and infants. 

It is important to recognize that whole-body protein turnover represents the sum 
of tissue protein turnover and that each tissue has a characteristic relationship 
between the rates of protein synthesis and deposition (Table 4). Furthermore, pro
tein synthesis continues when the individual is either in a state of nitrogen equilibri
um [15, 27] or in a state of active protein depletion [17, 37]. 

In addition to these considerations, the immediate postnatal period in mammals 
appears to be marked by accelerated growth of the gastrointestinal tract and a 
specific increase in skin protein. Both these tissues have rapid rates of protein 
synthesis (Table 4). These observations also appear to apply to infants during the 
first three months of life [61, 52]. During the perinatal period, therefore, these two 
components may contribute disproportionately to the turnover of body protein 
(Table 5), and may explain, in part, why high rates of protein turnover per unit of 
protein intake are generally observed in human neonates. In a recent experiment, 
Duffy and Pencharz [7] have shown that intravenously-fed neonates have significant
ly lower rates of body protein turnover than those fed enterally. Total parenteral 
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Table 4. Fractional rates of protein synthesis and the relationship 
between protein synthesis and deposition in the tissues of young rats 
and pigs 

Rat Pig 

Protein Synthesis/ Protein Synthesis/ 
synthesis Deposition synthesis Deposition 
(%/d) (%/d) 

Gut a 100 10 79 26 
Skin 64 6 ND 
Bone 90 18 65 22 
Liver 86 9 48 16 
Muscle 17 2 10 3 

(Rats growing at 10% per d: McNurlan et al. (1979), Garlick et al. 
(1983), Preedy et al. (1983); Pigs growing at 3% per d: Seve et al. 
(1986).) 
a Jejunal mucosa 

Table 5: Contribution of different tissues to whole body protein syn
thesis in rats before and after weaning 

Tissue 
Muscle a 

Liver 
Intestine 
Skin b 

Muscle a 

Liver 
Intestine 
Skin b 

% Protein mass 

Neonatal 

12 
13 

5 
30 

Weaned 
31 
6 

11 
20 

% Protein synthesis 

6 
30 
10 
43 

14 
11 
32 
42 

(Data on the liver, intestine, and muscle protein synthesis taken from 
Goldspink and Kelly (1984) and Goldspink et al. (1984).) 
a Total muscle mass calculated from the relationship between the pro

tein content of the leg muscles and total muscle protein (Reeds et aI., 
1987) 

b The contribution of skin calculated from the volume/surface area 
relationship of animals of different sizes and assuming a rate of 
protein synthesis of 60%/d 
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nutrition normally is associated with a reduced gut mass, and these results may 
reflect the high contribution of the visceral tissues to body protein turnover in the 
neonate. 

A significant relationship can be found in young weaned animals between the rates 
of whole body protein synthesis and protein accretion [19, 45,33]. When we consider 
the available data for human neonates, however, the relationship is much less clear; 
protein turnover is much more variable than protein (nitrogen) retention (Table 6). 
A critical point to consider is that the between-individual variations, both in body 
protein turnover and in the ratio of turnover to deposition, are higher in premature 
infants who receive human milk than in those who receive formulas. This difference 
may be a reflection of three factors: 1) the high contribution of tissues with rapid 
rates of protein synthesis, 2) contributions of nonprotein pathways of amino acid 
metabolism, and 3) the possibility that milk contains trophic factors that influence 
protein turnover in these and other tissues. 

There is increasing interest in this last possibility, particularly as it relates to 
components of colostrum and immature milk. Considerable attention has been paid 
to the role of trophic factors in stimulating intestinal mucosal growth and develop
ment [32, 25, 62, 39]. Others have proposed (for example Klagsbrun, 1978; Brown 
and Brakely, 1983; Shing and Klagsburn, 1984) that some of these factors may play 
systemic roles. 

When we analyze the significance of these developments a number of important 
points merit emphasis. First, an important distinction must be made between colos
trum and milk produced at later stages of lactation, because the levels of mitogenic 
molecules fall rapidly during the early stages oflactation in man [17], cattle [51], and 
pigs [6]. Second, the trophic factors that have been identified show interspecific 
differences (Table 7). Epidermal growth factor (summarized by Berseth, [3]) appears 
to be present in a number of milks, including human (Carpenter, 1980), rat [3] and 
mouse [22], but not bovine [51]. Recent work by Nichols et al. [39] suggests that 
lactoferrin, a major component in human milk, may play other roles in addition to 

Table 6. Protein deposition (Dep) and body protein synthesis (Synth), determined with 15N-glycine, 
in premature infants receiving either human milk (H) or formula (F) 

Study Feed- Synth cva Dep CV Synth/ CV 
ing (mg/kg/d) (mg/kg/d) Dep 

Jackson et al. (1981) H 11.3 27 1.55 15 7.27 37 
Pencharz et al. (1983) Hb 18.4 26 1.78 13 10.32 ND 

Fb 13.1 18 1.65 13 7.91 ND 
Catzeflis et al. (1985) H 12.1 33 1.66 19 7.28 25 

F 11.4 19 1.80 22 6.31 20 
Duffy & Pencharz (1986) Fb 12.6 5 1.53 17 8.22 ND 
Stack et al. (1988) H 14.2 36 1.41 14 10.07 35 

F 12.8 12 1.76 12 7.27 25 

a CV = Coefficient of variation 
b These measurements were based on the labeling of urinary urea; all others were based on labeling 

of urinary ammonia 

43 



Table 7. Trophic factors identified in colostrum or milk 

Source Factor identified Assay Reference 

Human unidentified fibroblasts Klagsbrun (1978) 
Human EGF fibroblasts Carpenter (1980) 
Human insulin immunoassay and Read et al. (1984) 

EGF L6 myoblasts 
Human IGF·I immunoassay Baxter et al. (1984) 
Human lactoferrin crypt cell Nichols et al. (1987) 
Bovine unidentified various cells Steimer et al. (1981) 
Bovine unidentified fibroblasts Shing & Klagsbrun (1984) 
Bovine PDGF radio receptor Shing & Klagsbrun (1987) 
Bovine IGF·I, IGF·II immunoassay Francis et al. (1988) 
Porcine unidentified GI growth Widdowson (1984) 
Porcine unidentified various cells Cera et al. (1987) 
Porcine unidentified GI growth Nichols (per commun) 
Porcine bombesin 

neurotensin immunoassay Westrom et al. (1987) 
prostaglandins 

Rat unidentified GI growth Berseth et al. (1983) 
EGF GI growth Berseth (1987) 

Mouse EGF immunoassay Grueters et al. (1985) 
Goat EGF fibroblasts Brown & Blakely (1984) 

EGF = Epidermal growth factor 
IGF = Insulin·like growth factor 
PDGF = Platelet·derived growth factor 

its involvement in iron transport and bacteriostasis. These authors have shown that 
lactoferrin stimulates thymidine incorporation into rat crypt cells. Shing and Klags
brun (1987) [51] have identified a platelet-derived growth factor-like molecule in 
bovine colostrum. Similarly, insulin-like growth factor-I has been isolated both from 
human milk (Baxter, 1984) and bovine colostrum (Francis et aI., 1988). Observations 
such as these suggest that each species may have evolved species-specific milk-born 
growth factors. 

A third and critical point is that the degree to which the gastrointestinal tract, and 
perhaps other tissues, respond to these trophic factors may be critically dependent 
on the stage of maturity of the newborn. The degree of expression of certain hydro
lases and the degree to which intestinal growth accelerates after birth varies widely 
between species. Rats and mice are born with an extremely immature gastro
intestinal tract and respond in a marked way to the ingestion of homologous milk 
[58] and EGF [2]. The full-term guinea pig, however, shows little or no response [57]. 
The human is born with a comparatively mature gut, and it may be extremely 
significant that the studies of protein turnover with which we introduced this section 
were performed entirely in premature infants. Whether similar considerations apply 
to the full-term neonates remains to be proven. 

The final point relates to the systemic effects of these trophic factors. Presumably, 
the systemic effects will be critically dependent on the degree of gut closure, i.e., the 
speed with which infants lose the ability to take-up proteins by pinocytosis. The 
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ability is retained in rats and mice up to 15 days after birth, while it is lost in the pig 
within 48 hours of receiving colostrum. 

These new developments may have an important influence on our views of the role 
played by milk in the early growth and development of nursing infants. Diet is too 
easily viewed solely as a source of nutrients. In addition, it is a variable environ
mental factor that interacts initially with the surface of the gut. Elsewhere in this 
volume, the immunologic role of milk proteins is discussed and the evidence present
ed above suggests other trophic roles for milk proteins. The earlier sections of this 
paper emphasized the peculiarities of milk seen simply as a source of amino acids. 
These later developments suggest that milk may have evolved, in addition, as a 
source of critical factors that initiate certain aspects of postnatal development. 
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Introduction 

In this review, I examine the endocrine response to dietary protein in the context of 
the anabolic drive on growth, our term for the regulatory influence of dietary protein 
on all aspects of the maintenance of optimal organ function and growth [21]. 

Hormonal mechanisms are a central component of anabolic drive. The role of four 
major anabolic hormones which are sensitive to the nutritional state: growth hor
mone, insulin, IGF-1, and thyroid hormones, will be examined in terms of regulation 
of their levels and a brief review of the nature of their targets. The primary role of 
insulin, which we believe to be of pivotal importance to the anabolic drive, will be 
emphasized, demonstrating its role in mediating both the response to dietary protein 
and changes in peripheral hormone metabolism. The identification of what appears 
to be separate regulation of growth of muscle myoplasm and connective tissue gives 
rise to a speculative model for muscle growth regulation - the "bag" theory of 
muscle growth - which involves description of muscle growth in terms of bag filling 
and bag enlargement, and which we believe accounts for much of the existing 
phenomenology of muscle growth. 

1. The concept of the anabolic drive 

The introduction of the concept of the anabolic drive [21] arises out of our attempts 
to both rationalize the magnitude of the protein and indispensable amino acid (IAA) 
requirements and to provide a coherent framework within which the regulatory 
mechanisms by which dietary factors influencing growth can be evaluated [19, 22]. 
The main observations which connect the requirements for IAA and their regulatory 
function and those which led us to develop the concept of the anabolic drive are, 

1) Protein and fAA requirementsJor growth and maintenance 
are more than can be accounted Jor Jactorially 

Factorial analysis of the best estimates of protein and amino acid requirements [11] 
shows that at all stages average requirements are at least 40% more than that needed 
for growth and replacement of endogenous losses (Fig. 1). This led us to search for 
an explanation for the inefficiencies of protein utilization. 
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Fig. 1. Age-related change in human protein requirements, showing the component which can be 
accounted for on a factorial basis (growth and replacement of obligatory losses) and the magnitude 
of the remaining unaccountable component 

Hormone requirement for muscle growth Protein requirement for muscle growth: 

GH treatment: food Intake constant energy restrlcted:-proteln constant 

m .... ol. welghtlm .. , Bluaole weight 1m •• ) 

1000 1000 

100 

100 ~ 
- -

100 

- I--

100 100 

100 i1-
t 

100 

100 ~ 
'00 -00 

H,pox H,pox H),pox+8H 100. 7'15 'as 2115 

7 deYI tr.etment with GH (pair '.d) ............... 8 daYI dlatary treatment 

Fig. 2. Regulatory influences on muscle growth. In each case the regulatory stimulus (growth 
hormone or a high concentration of dietary protein) induces muscle growth even in the absence of 
sufficient dietary energy (Bates, Yahya and Millward, unpublished results) 
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2) Dietary protein, especially IAAs, exert a regulatory influence on growth 

Although growth in terms of protein deposition cannot occur without dietary pro
tein, it is also the case that a) protein deposition cannot occur without an intact 
system of hormonal regulatory responses, b) that these regulatory responses are so 
powerful that in the absence of sufficient dietary energy body fat will be mobilized 
to provide the energy, and c) that high concentrations of dietary protein will elicit 
muscle and bone growth even when the organism is in negative energy balance. 
Figure 2 illustrates these phenomena. Hypophysectomized rats will not grow with
out growth hormone treatment, but when treated with growth hormone and not 
allowed to increase food intake they will increase muscle mass. These increases in 
muscle mass occur without increases in body weight - implying decreases in body fat, 
demonstrating the power of the regulatory influence flowing from growth hormone. 
Normal rats fed restricted intakes of diets of increasing protein concentrations (i.e., 
maintaining constant protein intakes) continue to deposit muscle even with 50% 
food restriction (again resulting in loss of body fat and falling body weights). This 
demonstrates the power of the anabolic drive of protein. 

The fact that IAAs playa central role in these phenomena would be predicted 
from the large literature on the influence of protein quality on growth, from specific 
investigations of the influence of selected IAA depletions on growth retardation [4], 
as well as studies showing effects of IAA as opposed to dispensible amino acids on 
nitrogen balance and IGF-1 levels during refeeding [8]. 

3) Most IAAs cannot be tolerated by the organism and are rapidly oxidized 
if concentrations rise 

The problem posed by any regulatory anabolic mechanism requiring substantial 
intakes of IAAs is the organism's desire to maintain only very low tissue concentra
tions of most IAAs, exemplified by the fact that oxidative catabolism of IAAs is 
stimulated by feeding [29]. Any regulatory influence is therefore only likely to be 
transient since dietary IAAs are rapidly removed either by net protein synthesis or 
oxidation. This dual role ofIAAs is shown in Fig. 3. Clearly, the extent to which the 

indispensable amino acid intake 

anaboli( 
drive ==<> 

oXlda' protein (jeposition 
losses and growth 

extent to which anabolic drive requires Intakes above 
deposition rates determines efficiency of utilisation 

Fig. 3. Dual role of indispens
able amino acids as substrates 
and as a regulatory influence as 
part of the anabolic drive 
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dual role of IAAs as substrates and as a regulatory influence can be served without 
promoting excessive oxidation will determine both the efficiency of protein utiliza
tion and the overall protein requirement. From the magnitude of the "unaccount
able" component of protein requirements (Fig. 1), it would appear that the intake 
necessary to exert sufficient anabolic drive is 40% more than substrate requirements. 
The complete model is shown in Fig. 4 and is discussed in detail elsewhere [21]. 

2. Nature of the anabolic drive 

In Fig. 5, the anabolic drive is represented as a combination of direct regulatory 
influences of dietary protein on tissues together with indirect hormonal influences. 
The hormones shown to mediate the anabolic drive are growth hormone, IGF-1, T 3, 

and insulin. This is not to ignore the large number of other hormones known to exert 
both positive and negative influences on growth, but rather to focus on those hor
mones known both to mediate anabolic effects and to be nutritionally sensitive. 
Distinction is made in Fig. 5 between nutritional influences exerted centrally, acting 
on growth hormone and (through TSH) T 4 production, or peripherally, influencing 
the GH-mediated synthesis of IGF -1, T 4 - T 3 conversion, and insulin production. 

Central mechanisms 

The importance of growth hormone in growth regulation is beyond dispute. What 
is less well understood in the present context is the nature and extent of the nutri-

obligatory 
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growth diurnal cycling 

substrate flow 

• 
INDISPENSABLE 
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[g] 
regulatory 
losses 

.: 

Fig. 4. Model for utilization of dietary amino acids (see [21]). The model shows both the fate of 
amino acids as substrates as well as their regulatory influence acting on all stages of amino acid and 
protein metabolism 
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tional regulation of growth hormone production. Growth hormone secretion is 
pulsatile [35], making interpretation of simple measurements of its plasma concen
tration difficult. Work in rodents suggests that the amplitude and frequency of its 
secretion determines its action [35]. In humans, growth hormone concentration 
increases during sleep, on fasting, and in PEM [23, 24], whereas in rodents it falls. 
However, even in rodents the fall in plasma concentrations with fasting or food 
restriction is much slower than with insulin [5] and not correlated with growth 
inhibition [4]. Our own attempts to study the nutritional regulation of growth hor
mone secretion in the rat have involved measuring the hypothalamic content and the 
K + stimulated release in vitro of growth hormone releasing hormone (GHRH) and 
somatostatin from 3d starved, protein deficient, and well fed rats. As shown in 
Table 1, we observed no dietary effects. 

GHlr~tor 
? IG£-1 Tf 

Central 
regulation 

regulation 1 
peripheral 

ANABOLIC DRIVE 

Table 1. Influence of diet on hypothalamic content and in vitro 
release of growth hormone releasing hormone and somatostatin 

Experiment 1. Content 
Diet 

Control 
3-day fasted 
0.5% protein diet 

Experiment 2. Release 

GHRH Somatostatin 
ng/hypothalamus 

3.52± 1.07 
3.63±1.26 
3.78±1.52 

82±26 
95±46 
85±50 

Diet GHRH 

Control 
3-day fasted 
0.5% protein diet 

Basal K + stimulated 

50±10 
48± 4 
46± 5 

229±86 
162±40 
151 ±68 

Data of Tsagarakis, Bates, Price, and Millward (unpublished) 

Fig. 5. Hormonal components of 
the anabolic drive 
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In the case of thyroid hormones, while TSH and T 4 might reasonably be assumed 
to be sensitive to nutritional factors, there is in fact little information of the extent 
to which amino acids are involved in regulation. 

Peripheral mechanisms 

In Fig. 5 growth hormone is shown as contributing to the anabolic drive indepen
dently, as well as indirectly through IGF-1. This is consistent with the dual effector 
theory which arises out of Isaksson's work identifying chondrocyte populations 
which proliferate in response to either GH or IGF-1 [17] and which exhibit different 
responses to the two hormones when administered separately [18]. Clearly, within 
the context of an autocrine mechanism ofIGF-1 action, the possibility that IGF-1 
mediates GH action on any particular cell type in bone or muscle [7], is most difficult 
to exclude. 

Notwithstanding the long-established importance of insulin in stimulating protein 
synthesis in muscle [34], it is not generally regarded as an anabolic hormone when 
defined in terms of mediating cellular proliferation. Nevertheless, we would place 
insulin in a central position in the regulatory scheme. First, more than any other 
anabolic hormone, insulin is able to respond acutely and sensitively to nutrient 
intake. Its secretion reflects a complex interaction between the content of glucose 
and amino acids in the diet and the prevailing state of the organism [3]. The impor
tance of amino acids as a stimulus for insulin secretion is illustrated by the fact that, 
in our recent studies of the responses of rats to various low-protein diets fed ad 
libitum, plasma insulin levels reflected protein intake and not non-protein energy 
[15]. In addition to this, in these experiments, insulin levels reflected T 3 status and 
we have confirmed this statistical relationship in other studies of insulin secretion in 
response to refeeding fasted rats with low plasma T 3 levels [20]. Not only was the 
increase in plasma insulin in response to refeeding dependent on the plasma T 3 level, 
but pre-treatment with thyroid hormones of these fasted rats which had low T 3, 

increased the insulin response to refeeding (Fig. 6). This influence of T 3 on the 
insulin response to feeding is consistent with the studies of Okajima & Vi [26]. 

Recent studies show that in addition to thyroidal influences on insulin secretion, 
P cells of the pancreas are also sensitive to I G F -1 and this influences insulin secretion 
[33]. The importance of these thyroidal and IGF-1 influences on insulin secretion 
means that, to the extent that these hormones are a reflection of the more chronic 
nutritional state, insulin secretion is also sensitive to chronic nutritional state as well 
as to acute changes in food intake. 

The second unique feature of insulin in our regulatory scheme is its involvement 
in the peripheral metabolism of the other anabolic hormones. Results of a recent 
analysis of the statistical relationships (by partial correlation analysis) between die
tary protein energy, plasma insulin and free T 3, and muscle protein turnover are 
shown in Fig. 7. The apparent dependence of T 3 on insulin concentration in this 
scheme (see [15]) is explained by the fact that in many tissues the T4 deiodenase is 
an insulin-dependent hormone [12, 30]. Thus, the adaptation in thyroid hormone 
metabolism in starvation which results in low T 3 levels [20] reflects, at least in part, 
the low insulin levels which occur in response to the absence offood intake. As would 
be expected from this, T 3 levels fall markedly in diabetes [6]. 
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Fig.6. Influence of thyroid hormone pre-treatment on the insulin release in response to refeeding 
in fasted rats (see [20]) 

- + 

~--------------------~ T3 

Fig. 7. Influence of dietary protein on protein metabolism in skeletal muscle as indicated by partial 
correlation analysis of the interactions of the variables measured in vivo. Results were obtained in 
rats fed diets of varying protein intakes ad libitum (see [15]) 

The influence of insulin on IGF-l production is less well understood but indirect 
evidence suggests it to be very important. Thus diabetes is associated with low levels 
of IGF-l [27] which persists with growth hormone treatment [32]. Although the 
influence of dietary protein on plamsa IGF-l concentrations is often stressed [28], 
with evidence for specific influences of dietary IDDAs [8], such relationships could 
well reflect the influence of insulin on IGF-l production. We have recently examined 
this question by feeding rats restricted amounts of diets containing increasing pro
tein concentrations, so that protein intakes are constant. As shown in Fig. 8, the fall 
in plasma insulin with the energy restriction was accompanied with parallel falls in 
IGF-l, so that plasma IGF-l and insulin are highly correlated. In other experiments 
we have measured insulin and IGF-l in well-fed rats which exhibit increased levels 
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Fig. 8. Interrelationship between plasma IGF-1 levels and insulin in rats fed restricted intakes 
containing increased protein concentrations. In these experiments. dietary protein intake was con
stant and the fall in insulin was dependent on the fall in energy intake (Yahya and Millward. 
unpublished results) 

of insulin with age [19. 37]. In rats with no change in dietary intakes. the age-related 
increase in insulin is accompanied by parallel increases in IGF-1. Clearly. causality 
is not proven but dietary amino acid supply cannot account for the changes. and a 
role of insulin in IGF-1 production is strongly indicated. 

A major problem in attempting to evaluate the anabolic drive in this way concerns 
the relevance of change in plasma concentration of hormones to net effects on their 
various targets. Changes in receptor number and sensitivity associated with both 
stimulatory and inhibitory influences from other factors mean that measurements of 
plasma hormone concentrations provide at best a crude. qualitative guide to their 
actual physiological role in growth. For both T3 and IGF-1. the problem can be 
particularly difficult. Given the intracellular location of both T 3 receptors and the 
T 4 de-iodenase. T 3 can be considered to exert its action in an autocrine manner and 
T 3 concentrations at the receptor could be quite different from plasma levels. In 
addition. as we have described [9]. concentrations of free T 3 in the protein-deficient 
rat change in the opposite direction to total T 3 due to increases in binding proteins. 
Binding proteins are also involved in IGF-1 action, possibly increasing their half-life 
[38] and modifying their receptor interaction [31]. Given the possibility that plasma 
IGF-1 reflects liver-produced hormone and that extrahepatic target tissues such as 
muscle and bone can produce their own IGF in paracrine or autocrine fashion, the 
relevance of changes in plasma IGF-1 is increasingly under scrutiny. We recently 
examined the extent to which the rapid fall in plasma IGF-1 on feeding a protein-free 
diet was mirrored by changes in tissue levels and by extraction of the hormone from 
muscle [36]. In fact, while plasma IGF-l falls within 24 h of the diet changes, muscle 
concentrations were not lowered for three days (Fig. 9) [36]. Thus, the acute changes 
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Fig. 9. Changes in plasma and muscle IGF-l concentration in protein deficient rats [36] 

in plasma IGF-l in response to dietary variation may overestimate the actual nutri
tional sensitivity of IGF-l at the target receptors. 

3. Targets for the anabolic drive 

While growth involves coordinated increase in size of all organs, increases in bone 
length (height) and muscle mass can be considered as primary targets since to a 
greater or lesser extent the growth of all other organs is secondary to their growth, 
being dependent (mainly) on functional demand [13]. 

The targets include mitosis, ribosome synthesis, the translational phase of protein 
synthesis and protein degradation in the muscle myofiber, muscle connective tissue, 
and bone. Analysis of changes in muscle growth and protein turnover, plasma 
insulin and free T 3 in rats fed low-protein diets results in statistical relationships 
shown in Fig. 7 and discussed elsewhere [15]; there is experimental confirmation for 
all these influences. In a more recent study of the changes in plasma insulin, muscle 
IGF-l, protein and proteoglycan synthesis in rats fed a protein-deficient diet, insulin 
and IGF-l appear to be independently associated with changes in protein and 
proteoglycan synthesis, respectively [36]. Separate studies of the changes in insulin 
and IGF-l in relation to protein and proteoglycan synthesis in the tibial epiphysis 
of diabetic rats with and without insulin indicate that in bone, protein and proteogly
can synthesis are maintained for several days after insulin withdrawal [2]. This is in 
contrast with the prompt fall in protein synthesis in muscle. Putting these studies 
together, the changes in Fig. 10 are suggested; this is not intended to represent a 
comprehensive scheme. As discussed elsewhere, given that the proliferation of satel
lite cells, the source ofmyonuclei, is more sensitive to IGFs rather than insulin [10], 
IGF-l may well have an important role in mediating myofiber growth as well as 
connective tissue growth in muscle. 
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BONE DIETARY MUSCLE 

Fig. 10. Relationship between insulin and IGF-l in mediation of protein deposition in muscle and 
bone. From the statistical relationships between changes in protein, plasma insulin, tissue IGF-L 
and proteoglycan synthesis in muscle and bone in rats fed a low-protein diet, the above influences 
are indicated [36] 

The important feature of Fig. 10 is that it emphasizes the complementary but quite 
different role of insulin and IGF-1, and that insulin responds acutely to each individ
ual burst offood (especially protein) intake to mediate protein deposition in muscle. 
As introduced earlier, dietary amino acids (especially IAAs) need to be very quickly 
deposited as protein following a meal, to avoid oxidation. The ability of insulin to 
respond immediately to each meal and to promote protein deposition in muscle 
(augmenting the deposition of hepatic protein) allows this to be achieved. Since the 
rapid insulin-mediated increases in muscle protein synthesis are matched by equally 
rapid falls in the postabsorptive state [29], muscle protein is very easily lost if food 
intake is not maintained. However, for growth to occur in terms of irreversible 
structural changes in muscle connective tissue and bone, our scheme would imply 
dependence on a sustained nutrient input in which insulin levels are elevated for long 
enough to increase levels of IGF-l and the other growth factors which together 
mediate such responses. These roles of insulin are shown in Fig. 11. Thus, to some 
extent growth hormone, T 3 , and IGF-llevels represent an integrated response to 
food intake with sufficient torque in their regulation that several meals need to be 
missed before malnutrition is sensed and growth is shut down. This identification of 
separate targets for growth regulation in muscle has another important implication 
for growth regulation. 

4. Bag theory of muscle growth 

While there is no doubt that dietary protein intake exerts the major role in the 
nutritional regulation of growth, it is also the case that this control is only apparent 
within certain limits. Rates of growth in height and rates of protein deposition in 
animals and man can be optimized by nutritional means but cannot be increased 
above particular limits which appear to be genetically determined. These limits 
change at different stages of maturity in man, increasing in puberty and ceasing 
altogether in early adult life. The three observations which have led to the "bag" 
theory of muscle growth are 
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Fig. 11. Role of insulin in mediating the anabolic 
drive. This scheme shows that at low physiologi
cal concentrations insulin exerts a maintenance 
role, maintaining muscle protein synthesis, where
as at higher concentrations its role is extended to 
include regulation of the production of other ana
bolic hormones, namely T3 from T4 and IGF-l 
from growth hormone, which mediate growth 

1) the apparently unlimited extent to which increased food intake can promote 
protein deposition during catch-up growth in malnourished infants exhibiting a 
deficit in weight for height [1]; 

2) the cessation of muscle growth with epiphyseal fusion and the cessation of long
bone growth; 

3) the ability of isometric tension or maximal work exercise, or mechanical 
stretching to promote muscle growth and the fact that this is often associated 
with damage to muscle, as indicated by marked local edema [16]. 

We explain these disparate observations in the following way: muscle comprises two 
elements - the connective tissue sheath (the endomysium, perimysium, and epimy
sium), in effect collagen bags, surrounding the second element of muscle - the 
myofibers [14]. The connective tissue sheath regulates and transmits the contractile 
force to the structure (usually bone) to which the muscle is attached by the tendons, 
and has minimum elasticity. Protein deposition in muscle can therefore be conceived 
as "bag filling", which with an inelastic bag might be limited by physico-chemical 
factors such as viscosity and ionic strength which would increase if protein was 
deposited in a fixed volume. Growth would require, in this context, bag filling and 
bag enlargement. If the regulation of bag enlargement involved factors which linked 
it to bone growth, such as growth hormone and IGF-1, this would provide a mecha
nism for the coordination of bone and muscle growth. Catch-up growth would be 
explained in terms of bag filling, i.e., a malnourished child with wasted muscle would 
have empty bags of a size which corresponded to that necessary to maintain appro
priate muscle mass for that particular bone length, and the "bag full" signal would 
coincide with restoration of normal weight for height (see Fig. 12). Stretch-induced 
hypertrophy is explained in terms of bag tearing or splitting in response to mechani
cal factors, and subsequent enlargement. Collagen synthesis is an early event in 
stretch-induced hypertrophy [16]. The cessation of muscle growth with cessation of 
long-bone growth is more difficult if the link between muscle and bone growth is 
simply growth hormone and/or IGF-1. These hormones do not vanish in adults so 
that inhibition or marked down-regulation of their receptors in muscle connective 
tissue would need to be postulated and a reason or mechanism by which this might 
occur is not at all obvious. It may be that for growth hormone or IGF-1 to induce 
bag enlargement, a combination of hormonal signals and other signals deriving from 

59 



Muscle "Bag" concept 

'Bag' half empty (e.g. malnutrition: 
rapid catch up growth possible) 

~ll I{ l{~ 
~III-

'Bag" full (e.g. normal weight for height: 
growth limited by bag enlargement) 

Fig, 12, Muscle "bag" concept. Shown 
in the diagram is a partially empty bag in 
which the three myofibers have lost pro
tein as a result of wasting associated with 
malnutrition. Consequently, the bag is 
partially empty, Le., muscle myofiber is 
replaced by extracellular water. Below 
this is shown a full bag in which the three 
myofibres have expanded to occupy all 
the volume within the bag. It is postu
lated that no further growth is possible 
without increasing the bag size 

muscle stretching consequent on bone growth is needed. As suggested elsewhere [1] 
these other signals could involve prostaglandins or other prostanoids produced 
consequent to the membrane deformation by stretching. However, this is further 
complicated by the observation that growth hormone treatment can induce protein 
deposition in muscle in adults. This may involve maximal bag filling in individuals 
where some capacity still exists, but if this involves bag enlargement then this raises 
the question of why the level of growth hormone observed in normal adults is 
ineffective in inducing muscle growth. Notwithstanding these last pieces of the 
puzzle, we believe that the bag theory of muscle growth is a useful concept if for no 
other reason than its focus on muscle connective tissue which is generally overlooked 
in considerations of the regulation of muscle growth. 

Conclusions 

In this paper the discussion of the endocrine response to dietary protein has been 
limited to a brief review of selected aspects of the involvement of four anabolic 
hormones which are likely to be nutritionally sensitive, and their respective targets. 
One practical implication of this discussion in the context of the anabolic drive and 
the new model for amino acid requirements [21] is the possibility of identification of 
indicators of nutritional adequacy of dietary protein. Certainly, both the insulin 
secretion in response to a particular meal and the plasma levels of I G F -1 as suggested 
by Munro [25] would, according to the data presented here, be worthy of evaluation. 
However, given the age-related changes in insulin sensitivity and plasma concentra
tions which could be responsible at least in part for the age-related increases in IGF-1 
concentrations, plasma concentrations deemed to indicate nutritional adequacy of 
dietary regimes would need to increase with age. 
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Introduction 

The intake of dietary protein provokes an endocrine response. A rise of glucagon 
[16], adrenocorticotropic hormone and cortisol [21], corticosterone [19] and insulin 
[18] has been reported. 

There is considerably less knowledge about whether different dietary proteins 
cause different patterns of endocrine response. It might be that such a pattern causes 
the specific metabolic reactions which finally result in what we call the "biological 
value." 

Moreover, it is up to now not completely clear why animal proteins raise and 
vegetable proteins lower serum cholesterol levels in rodents as reported by numerous 
investigators [3, 23]. As hormones modulate serum lipids (Table 1) we studied 
whether a different endocrine response is caused by the intake of different dietary 
proteins. 

Methods 

Plasma hormone concentrations were analyzed with radio-immunoassay. Free thy
roid hormones were determined with a low-affinity antibody method (Mallinckrodt 
Diagnostika, Dietzenbach, FRG, SPAC ET). The rationale for this method is 
discussed extensively in [10]. We compared the results of this method with equilibri
um dialysis. A satisfying agreement of both methods (Table 2) shows that free 
thyroid hormone concentrations have been determined accurately. 

Table 1. Hormonal effects on serum cholesterol levels 

Hormone 

Insulin 

Glucagon 
Growth hormone 

Cortisol 
Thyroid hormones 
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Effect 

LDL decrease 
HDL increase 
Decrease 
No effect 
Decrease 
Decrease 
No effect 
Increase 
Decrease 

Reference 

[17] 
[20] 
[4] 
[5] 
[2,9] 
[7] 
[15] 
[14,24] 
[1,11,13] 



Table 2. Free T4 : evaluation of method 

Species 

Pig 
Pig 

Rat 

Sample 

#356 
#366 

#124 

Pig experiments 

Equilibrium 
dialysis 

Radio
Immunoassay 

pmoljl 

o 
4.247 

11.58 

1.300 
4.827 

10.62 

Experiment I was performed with six adult female miniature pigs of the Gottingen 
strain that for six weeks consumed a semisynthetic euenergetic diet containing 
20 wt. % protein and 1 wt. % cholesterol, (for further details see Fig. 1). 

Experiment II was done with young male Gottingen miniature pigs weighing from 
10.3-16.0 kg; they consumed 0.55 MJ ME x kg- o.75 x d- 1 • Groups of eight animals 
consumed for six weeks a semisynthetic diet containing either 15 wt. % casein or soy 
isolate. 

Rat experiments 

Experiments were performed with eight to 10 young male rats per group. In experi
ment III diets contained 20 wt. % casein or soy isolate, 1 wt. % corn oil, and 69 wt. % 
sucrose and were given ad lib. for 10 days. In experiment IV the semisynthetic diets 
contained 10 wt. % protein, 5 wt. % soy oil and 74.8 wt. % sucrose, respectively. 
Diets were fed ad lib. for 17 days. 

Results 

Experiment I shows that soy protein isolate caused 15% higher plasma total thy
roxine concentrations in the pig. This difference was significant at the p < 0.01 level 
as demonstrated by multivariate statistics performed with 21 measurements in six 
adult pigs over 24 h (Table 3 and Fig. 1). 

We wondered whether free thyroxine levels paralleled total thyroxine levels and 
therefore performed experiments II and IV. 

Experiment II resulted in higher total and free thyroxine concentrations following 
soy; however, the difference did not reach statistical significance because of the low 
number of observations (Table 3). 

In experiment IV casein-fed rats had the same food consumption as soy-fed 
animals and the protein efficiency ratios conformed with earlier reports [22]. The 
corrected PER values amounted to 2.5 and 1.59 for casein and soy protein isolate, 
respectively. Significant differences between casein- and soy-fed animals were 
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Fig. 1. Influence of casein or soy protein on plasma thyroxine in pigs obtained in a cross-over trial 
(experiment I). Plasma samples were taken at times of day indicated on the abscissa (hours), 
following a meal shown by the arrow (n = 6, averages ± S.E.M.). Multivariate statistics show that 
casein and soy protein caused highly significant differences of thyroxine concentrations (p < 0.01) 

Table 3. Synopsis of experiments: comparison soy (S)/casein (C) 

Experi- Species Total T4 Free T4 Total T3 Free T 3 
ment 

nmol/l pmol/l nmol/l pmol/l 

Pig S 52.00 N.D. 1.075 N.D. 
e 46.85 N.D. 1.187 N.D. 

P < 0.01 N.S. 

II Pig S 39.77 8.933 2.146 2.673 
e 35.78 8.225 2.149 2.811 

N.S. N.S. N.S. N.S. 

III Rat S 43.12 N.D. 1.293 N.D. 
e 38.87 N.D. 1.352 N.D. 

N.S. N.S. 

IV Rat S 53.16 12.343 2.375 5.483 
e 32.05 9.036 1.705 4.639 

p < 0.001 P < 0.01 P < 0.01 p < 0.01 

N. D. = Not determined 
T 3 = Triiodothyronine (3.5,3' -triiodo-L-thyronine) 
T4 = Thyroxine (3.5,3',5'-tetraiodo-L-thyronine) 
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observed regarding total and free thyroxine and triiodothyronine concentrations 
(Table 3). 

In experiment III total thyroxine concentrations tended to be higher in soy-fed 
animals; however, the number of animals studied was too small to demonstrate 
statistical significance (Table 3). 

Conclusion 

In two out of four experiments in which two different species were studied we 
observed a significant rise of plasma total thyroxine by dietary soy protein as com
pared to casein. Statistical significance was not reached in the other two experiments, 
although values tended to be higher in soy-fed animals as well. This is in accordance 
with data of Forsythe, who reported higher thyroxine levels in the gerbil consuming 
soy protein [12] and with data of Cree and Schalch [8] who did observe higher 
thyroxine levels in rats consuming gluten as compared to casein. The latter finding 
suggests that vegetable proteins in general may cause higher plasma thyroxine con
centrations as compared to animal proteins. 

In two experiments free thyroxine was determined and shown to parallel the 
changes of total thyroxine. In one of these experiments statistical significance was 
not reached though the values tended to be different. 

The implications of these observations are twofold. First, the differences of serum 
cholesterol levels following casein vs soy protein can easily be explained by this 
soy-induced hyperthyroxinemia. Hyperthyroidism is accompanied by lower serum 
cholesterol [1, 13] and all biochemical sequelae reported so far in soy-fed animals 
contributing to a lowering of plasma cholesterol are also metabolic consequences of 
hyperthyroidism (Fig. 2). 
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Fig. 2. Proposed unifying concept for mechanism of protein-induced serum cholesterol changes 
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Second, it is known that thyroid hormones cause a rise of the rate of proteolysis 
[6]. It remains to be established whether dietary proteins causing higher thyroid 
function also produce higher rates of proteolysis. 
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Introduction 

Traditional methods to follow protein digestibility do not take into account that two 
variables interfere with the results: 1) the microbial activity in the gut, and 2) the 
variation of endogenous protein secretion. 

The first influence can be eliminated by measuring the prececal digestibility, i.e., 
the disappearance of nitrogen up to the ileum because its influence in the small 
intestine is only of minor importance. But the second variable is more difficult to 
control. Even the use of 15N as marker for exogenous protein gives no correct 
results. Label from dietary protein appears in the secreta within 25 min after intake, 
proving that amino acids of food protein are rapidly incorporated into endogenous 
secreta [1]. 

Within the homo arginine method [3] it becomes possible to follow the metabolic 
fate of dietary protein and to distinguish between exogenous and endogenous pro
tein in the chyme. By guanidination of the dietary protein lysine is chemically 
transformed into homo arginine [2] according to the following reaction: 

More than 99% of lysine in a protein can become guanidinated if proper condi
tions are chosen [4]. 

Monitoring of the homoarginine content of the digesta at the ileum gives a precise 
estimate of the non-absorbed protein if we assume that the absorption of homoar
ginine corresponds to that of the other amino acids of the protein. That presupposes 
1) the distribution of homo arginine in the protein, 2) the degradation of the guanidi
nated protein, and 3) the absorption of homo arginine must be representative for the 
whole protein. 

Methods 

Five adult Gottingen minipigs fasted overnight and carrying T-shaped permanent 
jejunal (proximal or distal) or ileal cannulae, were given a balanced semi-synthetic 
diet containing 15% protein. Half of the protein supplied was guanidinated protein 
in which more than 95% of lysine was transformed to homoarginine. The proteins 
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studied were in trial 1 acid casein (15.1 % N of dry matter), and in trial 2 either 
toasted (105 °C, 2 bar, 20 min) or untoasted soy beans (6.8% N of dry matter). 
Digesta were continuously sampled for 34 h after the morning meal and analyzed for 
nitrogen and homoarginine. Homoarginine was quantified by conventional amino 
acid analysis following acid hydrolysis. 

Homoarginine as marker for exogenous protein 

Absorption and secretion of free homoarginine in the intestine: when 9 mmol homoar
ginine were infused into the proximal part of the jejunum, there was a 99.9% 
disappearance of the free amino acid homoarginine up to the ileum. In addition, 
following the infusion of 9 mmol homoarginine into the vena jugularis less than 
0.2% of the infused homoarginine appeared in the intestine. 

We concluded from these data that with the homoarginine method endogenous 
protein in the chyme of the intestine can be distinguished from the food protein as 
homoarginine is not incorporated into endogenous secreta and free homo arginine is 
completely absorbed. 

Differentiation between dietary and endogenous protein 

Figure 1 shows the amounts of exogenous and endogenous protein at three sites of 
the intestinal tract after a meal containing guanidinated casein. At the proximal 
jejunum more protein was found than was supplied in the meal, but only 60% of the 
exogenous protein was recovered. At the distal jejunum and ileum only 2-3% of the 
exogenous protein were found and only about 50% of the endogenous protein which 
originally had appeared at the proximal jejunum. That means that not only the 
exogenous protein but also a large part of the endogenous protein disappeared up 
to this site. 

Pro tein (g) 
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Fig. 1. Dietary casein and endogenous protein at different sites of the small intestine of G6ttingen 
minipigs (trial 1) 
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Fig. 2. Dietary and endogenous protein at the ileum of G6ttingen minipigs depending on different 
heat treatments of soy beans (trial 2) 

In Fig. 2 the amounts of endogenous and exogenous protein in the chyme at the 
ileum following the intake of a meal containing either toasted or untoasted soy beans 
are illustrated. 

In comparison to toasted soybeans the untreated beans led both to a higher 
amount of endogenous protein and to a higher amount of food protein at the ileum. 
But the lower prececal apparent digestibility of untoasted protein is more due to the 
enhanced endogenous protein than to the rise of exogenous proteins. 

Limitations of the homoarginine method 

There are some limitations in the suitability of the homoarginine technique: if a 
considerable amount of the lysine cannot be transformed into homoarginine, be
cause Maillard products have been formed in heat-treated protein, one must doubt 
whether the homo arginine method gives valid results. As shown in Table 1, severe 
heat-treatment of casein, particularly in the presence of glucose, leads to a low degree 
of guanidination (only 65% of the lysine could be transformed). In a rat assay this 
preparation showed only a true lysine digestibility of 67%. 

On the other hand a high disappearance of homoarginine of 93% in the small 
intestine has been found in trials with pigs where the guanidinated derivatives of this 
severely heated protein were assayed. The homoarginine method obviously overes
timates the protein absorption of severely heat-treated casein because of blockages 
by Maillard products which are not accessible for guanidination. 

Another limitation of the homoarginine method may become apparent in cases of 
abnormal low activities of pancreatic proteolytic enzymes because we have observed 
in vitro that guanidinated casein was less rapidly cleaved by trypsin than native 
casem. 

However, as shown in studies with guanidinated protein the high digestibility 
coefficients demonstrate that this effect on tryptic cleavage is not relevant in vivo. 

70 



Table 1. Degree of guanidination of heat treated casein and comparison between true lysine digest
ibility in rats and the homoarginine disappearance in pigs 

Casein Degree of True lysine Disappearance of 
guanidination digestibility homoarginine 

% of intake 

Native 97 98 99.4 
Heat-treated 80 91 97.4 
Glucose-supplemented, 65 67 93.2 
heat-treated 

Conclusion 

The suitability and reliability of the homoarginine method for evaluation of protein 
digestibility have been discussed. With the homoarginine method it becomes possible 
to distinguish between exogenous and endogenous protein in chyme and to measure 
the influence of anti-nutritive factors on protein absorption. However, some limita
tions of the homoarginine method may be caused by somewhat changed rates of 
tryptic and under some conditions chymotryptic cleavage of guanidinated sub
strates. A falsely high absorption value is found if a damaged protein does not allow 
a random guanidination of the lysine side-chains. 
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Introduction 

Lactoferrin (LF) is the major iron-binding protein in human milk, but it also occurs 
in other body fluids, e.g., tears, saliva and pancreatic juice. Human milk is unusually 
rich in lactoferrin which constitutes one of the three dominating whey proteins, the 
others being ex-lactalbumin and secretory IgA [5]. Lactoferrin has been shown to 
inhibit the growth of microorganisms in vitro [2] but so far there is meager informa
tion regarding the bacteriostatic effect in vivo. 

Lactoferrin has been postulated to playa physiological function in the breast-fed 
infant in two ways [1]. Firstly, it would function as a bacteriostatic component 
protecting the infant from gastrointestinal infections by binding the iron so strongly 
that it is not available for pathogens such as Escherichia coli. Secondly, it has been 
postulated that lactoferrin is responsible for the high bioavailability of iron from 
human milk [1], [6]. The role oflactoferrin in iron absorption is still under investiga
tion. In both cases, however, the physiological role oflactoferrin can only be a reality 
if the lactoferrin molecule can survive intact during the passage of the gastro
intestinal tract and not be digested by proteolytic enzymes. 

Lactoferrin constitutes about 10-25% of the total protein content in human milk 
[5]. The role of lactoferrin as a source of protein from the nutritional point of view 
has however been questioned [4, 8]. Since its role in the defense against gastro
intestinal infections requires that it is functionally intact throughout the intestinal 
tract, it may interfere with the nutritional role of lactoferrin. Significant amounts of 
lactoferrin and secretory IgA have been found in feces of breast-fed infants [3, 7]. 

The nutritionally available protein in human milk may have to be reduced by as 
much as 40% in case neither lactoferrin, secretory IgA, nor lysozyme are absorbed 
[4], all of them potentially playing a role in the defense against gastrointestinal 
infections. Further studies on the absorption and/or excretion in feces of lac to ferrin, 
secretory IgA, and lysozyme are thus of great importance for the calculation of 
protein balance and requirement in the breast-fed infant. This should be taken into 
account when assessing protein requirement during infancy when human milk is 
used as reference for optimal protein intake. 

Interestingly, although lactoferrin has been shown to occur in the stool of breast
fed infant only 2 - 6 % of the lactoferrin consumed remains intact in feces during the 
first week of life and less than 2% after four months [3]. This means that the 
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abovementioned hypothesis that lactoferrin remains intact throughout the intestinal 
tract may not be entirely correct. On one hand, it means that the protective effect of 
lactoferrin against intestinal infections may not be valid in vivo. On the other hand, 
the role of lactoferrin in iron transport to the intestinal brush border membrane 
could still be valid. 

In this study we analyzed the lactoferrin content in samples of stools which were 
originally collected for other studies on nitrogen and energy balance. The breastmilk 
consumption was measured but unfortunately no samples were collected. We had the 
opportunity, however, to analyze lyophilized stool samples with regard to the con
tent of lactoferrin, secretory IgA, albumin, and rt. 1-antitrypsin by immunochemical 
methods. 

Material and methods 

Samples of feces were collected from 17 infants at the age of 12 to 260 days. Colos
tomy was performed in eight children and ileostomy in nine infants. The diagnoses 
are given in Table 1. Twelve of the patients were studied while they were consuming 
breastmilk in substantial amounts. Furthermore, in two patients samples were also 
obtained at a later stage (at 200 and 260 days of age) when they were no longer given 
any breastmilk. After collection of stools, samples were homogenized and lyophi
lized and kept frozen until analysis. 

Intake of breast milk was measured by weighing the child before and after feeding. 
The percent oflactoferrin excreted in the stools was calculated based on the assump
tion that the lactoferrin content of the breastmilk consumed was within a normal 
range. The lactoferrin content was analyzed by rocket immunoelectrophoresis as 
described in [3]. 

Results and discussion 

A total of 67 samples were analyzed. Seventeen samples were obtained from four 
patients with necrotizing enterocolitis, nine samples from three patients with 

Table 1. Diagnoses and ages of the patients 

Diagnosis No. No. Age Ileostomy/ 
pat. spec. Days colostomy 

Necrotising enterocolitis 4 17 45 ( 24- 59) 2/2 
Hirschsprung's disease 2 8 25 ( 23- 27) 2/-
No breastmilk 3" 9 181 (158-213) 1/2 
Ileum atresia 1 3 16 ( 15- 17) 1/-
No breastmilk 1 5 109 (107-111) 1/-
Anal atresia 2 7 15 ( 12- 19) -/2 
No breastmilk 3" 9 205 (154-260) -/3 
Misc. 3 9 31 ( 16- 56) 3/-

" 1 patient had received breastmilk earlier 
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Hirschsprung's disease, nine samples from three patients with anal atresia, and five 
samples from two patients with ileumatresia. Furthermore, nine samples obtained 
from three patients with miscellaneous diseases were analyzed. Ileostomy was per
formed in eight breast-fed patients and colostomy in four breast-fed patients. 

Table 2 shows the lactoferrin content in feces expressed in percent of calculated 
lactoferrin intake. The lactoferrin concentration in breastmilk was assumed to be 
2 mg/ml in milk obtained after three weeks of age and to 3 mg/ml before 21 days. 

It is seen from Table 3 that the lactoferrin content in feces corresponded to 20% 
in patients with necrotizing enterocolitis (two of them with ileostomy and two with 
colostomy). The patients were between one- and two-months old. Interestingly, the 
two patients with Hirschsprung's disease showed as much as 32% intact lactoferrin 
in their feces although they were almost one-month old. 

In the two groups of patients with atresia of ileum or rectum about 10% of the 
lactoferrin remained in feces although they were only two weeks old. 

There was no real difference in the amount of breastmilk consumed which varied 
between 350 and 500 ml in the various groups of patients. The figures seem to 
indicate that the disease seems to be of more importance than the age or the amount 
of breastmilk consumed in the case of lactoferrin digestion. The fact that the high 
lactoferrin content in the feces of patients with necrotizing enterocolitis and Hirsch
sprung's disease might not be an effect of the inflammatory reaction, and local 
synthesis of lactoferrin in the intestine is indicated by the fact that in those patients 
with the same diagnosis which were not breast-fed no lactoferrin was found in the 

Table 2. Breastmilk consumption and lactoferrin in stools in % of consumed LF 

Diagnosis No. No. Breastmilk Lactoferrin Age Ileostomy/ 
pat. spec. consumed % x colostomy 

Necrotising 4 17 426 20 45 2/2 
enterocolitis (165-620) (5-36) (24-59) 
Hirschsprung's 2 8 370 32 25 2/-
disease (250-490) (9-85) (23-27) 
Ileum atresia 3 580 9 16 1/-

(510-630) (8-10) (15-17) 
Anal atresia 2 7 391 9 15 -/2 

(340-540) (6-12) (12-19) 
Misc. 3 9 451 10 31 3/-

(360-520) (4-14) (16-56) 

Table 3. Lactoferrin in stools from patients who had ileostomy and colostomy (the values refer to 
% of consumed LF) 

No. of No. of % Lactoferrin Age 
patients specimens x x 

Ileostomy 8 30 20 (5-51) 32 (16-55) 
Colostomy 4 14 15 (6-24) 32 (13-58) 
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stools. Furthermore, in two infants samples were collected also during a period when 
they had no breastmilk intake and in these cases no lactoferrin was found in the 
stools. 

Conclusion 

Analysis of the lactoferrin content in 67 stool specimens obtained from 17 patients 
which had been operated upon and had ileostomy (eight cases) or colostomy (three 
cases) were performed. In the 12 patients who consumed breastmilk, intact lactofer
rin detectable by immunochemical methods could be found in the stools correspond
ing to between 9% and 32%. The underlying disease seems to be of greater impor
tance than the age or the amount of breastmilk consumed. Thus 20% and 32%, 
respectively, of the calculated lactoferrin intake was found in the stools in patients 
with necrotizing enterocolitis (20%) and Hirschsprung's disease (32%). In patients 
with atresia of ileum or rectum 9% to 10% remained intact in the stools. 
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Specificity of the Intestinal Lactoferrin Receptor 
L. A. Davidson and B. Lonnerdal 

Department of Nutrition, University of California, Davis, USA 

Introduction 

In spite of a low iron content in human milk, breast-fed infants maintain adequate 
iron status significantly longer than formula-fed infants consuming similar amounts 
of iron [21, 22]. This indicates a high bioavailability of human milk iron. As the 
major iron-binding protein in human milk, lactoferrin has been postulated to be 
involved in the process of iron absorption in the suckling infant. An intestinal 
lactoferrin receptor was first described by Cox et al. following studies demonstrating 
delivery of iron from human lactoferrin (but not from transferrin), to human 
mucosal tissue [8]. Fransson et al. [14] found significantly faster uptake of radioiron 
into red blood cells of suckling piglets from a formula supplemented with bovine 
lactoferrin as compared with ferrous sulfate. Subsequent work has identified lacto
ferrin receptors in rabbit and mouse intestine [15, 20]. 

Our work focused on the Rhesus monkey as an animal model to study iron 
absorption. Not only is Rhesus milk similar in composition to human milk [18], but 
specifically we have shown Rhesus milk lactoferrin to be structurally and functional
ly similar to human lactoferrin [9], including similar molecular weights, amino acid 
composition, N-terminal amino acid sequence, and carbohydrate composition of the 
glycan chain. In fact, of the milks from the many species we tested, only human and 
Rhesus lactoferrin react with the human lactoferrin antibody. In addition, intestinal 
development of the infant Rhesus is similar to that of the human neonate. We 
therefore believe that the Rhesus monkey is an appropriate model for studying the 
involvement of lactoferrin in iron absorption from human or monkey milk. In this 
work, we further characterized the intestinal lactoferrin receptor. 

Rhesus lactoferrin receptor 

Our previous work [11] showed specific saturable binding of human and Rhesus 
lactoferrin to intestinal brush border membranes isolated from the Rhesus monkey. 
Intestinallactoferrin receptors were found to occur in monkeys from all ages studied, 
including fetal tissue and through post-weaning ages. Bovine lactoferrin and human 
transferrin did not bind specifically to the brush border membrane, demonstrating 
specificity of the receptor for human and Rhesus lactoferrin. In addition, it appears 
that binding to the receptor is dependent upon the glycan chain of lactoferrin, as 
removal of fucose from lactoferrin by incubation with fucosidase resulted in de
creased receptor binding. In addition, the presence of the fucose polymer, fucoidan, 
in the incubation caused a significant decrease in binding to the receptor. 
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In the present study we examined additional receptor characteristics in order to 
further understand the mechanism and activities of the intestinal lactoferrin recep
tor. 

Delivery of other minerals by lactoferrin 

In addition to iron, lactoferrin carries a large percentage of the manganese in human 
milk [19]; we therefore studied the binding of manganese-Iactoferrin to the brush 
border membranes. While approximately 75% of human milk manganese is carried 
by lactoferrin, as compared to about 25% of human milk iron (Table 1), the ratio 
of iron to manganese bound to lactoferrin is about 1 000: 1, i.e., less than 0.1 % of 
the available metal binding sites of lactoferrin are occupied by manganese. Because 
some investigators have proposed that lactoferrin may be involved in zinc transport 
and delivery [2, 4, 5], zinc-Iactoferrin was also studied. 

Lactoferrin was labeled with 59Fe, 54Mn, or 65 Zn using an excess of citrate to keep 
the minerals in solution, followed by addition of apo-Iactoferrin. Following labeling, 
the proteins were subjected to polyacrylamide gel electrophoresis followed by auto
radiography to determine whether the protein had been labeled with the isotope. We 
found a high efficiency oflabeling oflactoferrin with iron and manganese. However, 
apo-Iactoferrin could not be labeled with zinc, either as a zinc citrate or zinc sulfate 
solution. Indeed, lactoferrin purified from human milk has been shown to contain 
no detectable zinc [17]. In previous studies examining "zinc-Iactoferrin," no evidence 
for binding of zinc to lactoferrin was provided. Due to these observations, we believe 
lactoferrin is not involved in the binding or transport of zinc in human milk. This 
is consistent with our knowledge of the metal binding characteristics of lactoferrin 
[1]. 

Following labeling of lactoferrin with iron or manganese, binding studies were 
performed to quantify specific binding of lactoferrin to the Rhesus brush border 
membranes. Experiments were carried out as previously described [11]. Briefly, 
labeled human lactoferrin was incubated with brush border membrane vesicles at 
37°C for 5 min followed by vacuum filtration to separate free lactoferrin from that 
which is bound to the membranes. Correction was made for non-specific binding to 
the membranes. Figure 1 shows specific binding of iron- and manganese-Iactoferrin 
of various concentrations to brush border membranes. It can be seen in these satura
tion curves that the magnitude of binding is similar for both minerals bound to 
lactoferrin. In a competition study, the binding of 54Mn-Iactoferrin or 59Fe-Iacto-

Table 1. Distribution of iron and manganese in 
human milk 

Iron Manganese 

Fat 30% 15% 
Casein 10% 10% 
Whey 60% 75% 
Lactoferrin 25% 75% 

77 



Lfbound 
(pmoUmg protein) 

Lf concentration (J.LM) 

Fig. 1. Saturation curves for 59Fe-lactoferrin (D) and 54Mn-Iactoferrin (_) binding to brush 
border membrane vesicles 

100 

80 

Lfbound 60 

(% of control) 

40 

20 

O+---~--~~---r--~--~--~-'--~--~--~--' 
o 20 40 60 80 100 120 

Molar excess lactoferrin 

Fig. 2. Inhibition of 59Fe-Iactoferrin (_) or 54Mn-Iactoferrin ( .. ) binding by excess ferric lactofer
rin 
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ferrin to the receptor was quantified following addition of increasing amounts of 
ferric lactoferrin. As shown in Fig. 2, addition of ferric lactoferrin results in a de
crease in the binding of 54Mn-lactoferrin to a greater extent than that of 59Fe-lacto
ferrin, indicating a preference of the receptor for ferric lactoferrin over manganese 
lactoferrin. 

Effect of degree of iron saturation on receptor binding 

Lactoferrin in human milk is saturated with iron to a low degree [13]; only 3-5% 
of its binding capacity is utilized. However, during passage through the stomach and 
upper small intestine changes in pH and digestion of the protein occur and it is 
possible that the degree of iron saturation may vary. The interaction of lactoferrin 
with various degrees of iron saturation with the receptor was therefore investigated. 
Binding studies were performed with lactoferrin saturated with iron to 5, 20, 50, and 
100%. We observed specific binding of alliactoferrin solutions to the brush border 
membrane, as shown in Fig. 3. However, in a competitive binding assay, an excess 
of 100% iron saturated lactoferrin inhibited binding of 5 or 20% saturated lactofer
rin to a greater extent than lactoferrin solutions of 50 or 100% iron saturation. 
Similar inhibition occurred with an excess of 50% iron-saturated lactoferrin. This 
indicates a preference of the receptor for lactoferrin with a high degree of iron 
saturation. 
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Fig. 3. Saturation curves for binding of 5, 20, 50, and 100% iron-saturated lactoferrin to brush 
border membranes 
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Binding of lactoferrin digestion fragments 

In vitro digestion of lactoferrin by various proteolytic enzymes has been examined 
by several groups [6, 7,16]. These studies have shown lactoferrin to be quite resistant 
to proteolysis, and a number of large digestion fragments have been identified. In 
vivo studies [10, 23] have shown a small percentage of ingested lactoferrin to survive 
passage through the entire intestinal tract of the breast-fed infant, as immunological
ly intact lactoferrin can be detected in the feces of these infants. The tertiary structure 
of human lactoferrin has recently been published [3]. Similar to transferrin, the 
molecule consists of two lobes of almost identical size which are connected by an 
extended polypeptide chain. We have separated these two half-molecules (Fig. 4) to 
study their interaction with the receptor. The "half lactoferrin" molecules were 
found to specifically bind to the receptor to a similar extent as intact lactoferrin 
(Fig. 5). Again, competition with intact lactoferrin resulted in a greater inhibition 
of half lactoferrin binding, suggesting higher affinity of the receptor for intact lacto
ferrin. 

Conclusion 

While the intestinallactoferrin receptor from the Rhesus monkey is quite specific for 
human or Rhesus lactoferrin, i.e., it does not recognize bovine lactoferrin or human 
transferrin, it does recognize various forms of human lactoferrin. The receptor 
readily accepts lactoferrin with a low level of iron saturation, as would occur in 
human milk. However, when lactoferrin molecules with varying degrees of satura
tion are present, lactoferrin with a higher degree of iron saturation is more readily 
bound. 

Lactoferrin may provide a mechanism for manganese absorption from human 
milk, as well as for iron absorption. A majority of human milk manganese is carried 
on lactoferrin and this complex will interact with the intestinallactoferrin receptor. 
High bioavailability of manganese from human milk as compared to cow's milk and 
infant formula was recently demonstrated in human adults [12]. In contrast, we were 
unable to even labellactoferrin with zinc, presented either as zinc citrate or as zinc 
sulfate. This is in agreement with the fact that no zinc can be detected bound to 
lactoferrin isolated from human milk. 

A small percentage of ingested lactoferrin has been shown to survive passage 
through the gastrointestinal tract of the breast-fed infant. It is therefore probable 
that significant amounts of intact and partially digested lactoferrin occur in the 
intestine of the suckling infant. Even after partial digestion, i.e., cleavage into two 
iron-binding fragments, lactoferrin retains enough structural integrity to interact 
with the receptor. These observations provide additional insight into the functions 
of the intestinallactoferrin receptor. 
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Forty-two male Wistar rats of 3.5 months of age were subjected to a 50% food 
restriction of their ad lib. consumption, until their body weights had decreased by, 
on the average, 31 %. One group of six rats then was sacrificed and served as a 
reference group. The remaining rats were divided into six groups of six animals and 
given different diets, ad lib., containing 5,10, or 15% protein (on weight base) being 
either milk protein (soluble lactic protein, SLP, complete milk protein, not denatu
rated) or soy protein (soy isolate) for a period of three weeks. 

In the last week of food restriction the rats were placed in metabolic cages for 
another subsequent three weeks (the rehabilitation period) in order to determine 
nitrogen balance. At the end of the experiment blood samples were drawn and the 
livers removed. 

There were significant differences between the groups in body weight, food con
sumption and efficiency, total protein in blood plasma, liver weight, N-balance 
(retention), creatinine clearance, blood plasma urea and urea excretion. Although 
most differences were level effects, the latter four parameters also showed significant 
effects attributable to the type of protein used (in all cases P < 0.025, with the 
exception of the N-balance, in which P<0.005). 

These things taken together in this respect, it can be noticed that at the low (5%) 
and moderate (10%) levels of dietary protein, the results with soy isolate stayed 
behind those observed with SLP, whereas at the highest protein level (15%) these 
differences were not observed anymore. 

From this study it can be concluded that at suboptimal levels of dietary protein 
compared with soy protein, milk protein is of a superior quality. 

During slimming the losses of body protein (on diets with low or moderate protein 
levels), were smaller with casein than with soy isolate; at high levels of dietary protein 
this effect of protein quality was not observed [1]. 

During rehabilitation after undernourishment there is a favorable effect of milk 
protein compared with soy isolate at low or moderate protein levels of intake; at high 
levels of dietary protein this difference was not found. 

Under these functional conditions a high level or a high quality of the protein is 
recommended. 
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General Discussion: 
Milk Protein and Nitrogen Equilibrium 
P. Furst 

Institut fUr Biologische Chemie und Ernahrungswissenschaft, Universitat Hohen
heim, Stuttgart, FRG 

A novel method, the so-called homoarginine technique has been proposed by 
Dr. Hagemeister and colleagues, although yet only applicable in experimental 
animals, it assesses proteolysis and absorption of dietary proteins during passage 
through the gastrointestinal tract. Interesting new information obtained from his 
presentation is that a low digestibility (e.g., following TI-feeding) may emerge due 
to a reduction of proteolysis of exogenously ingested protein, but presumably this is 
quantitatively more important owing to the rise of endogenous secretion. 

Two short communications contained in this volume deal with lactoferrin. 
Dr. Hambraeus and colleagues from Uppsala, Sweden, investigated the content of 
lactoferrin in feces obtained from ileostoma- or cholestoma-operated children fed 
human milk; they could demonstrate that substantial amounts (between 9-30%), of 
lactoferrin ingested remained. Obviously age did not influence the quantity remain
ing, but rather, it was dependent on the underlying disease. Some questions which 
are yet to be answered are the nutritional availability oflactoferrin and the extent of 
physiological activity relative to the low amounts utilized. 

Dr. Lonnerdal discusses the specificity of the intestinallactoferrin receptor. There 
is obviously a fucose-dependent receptor for lactoferrin in the brush-border mem
brane of the infant rhesus monkey. This recognizes human and monkey lactoferrin 
but not bovine lactoferrin or human transferrin. Lactoferrin may deliver both iron 
and manganese to the receptor; the affinity being certainly higher for iron
lactoferrin. Notable is that iron-saturated lactoferrin has a higher affinity to the 
receptor than less saturated forms. Importantly, in infants a specific receptor for 
lactoferrin facilitates iron and possibly, to some extent, manganese uptake. Al
though the receptor prefers the iron-saturated form of lactoferrin, it also accepts 
proteolytic fragments. 

Dr. Reeds offers an insightful evaluation concerning milk protein and tissue nitro
gen equilibrium on events occurring during postnatal development, such as changes 
in chemical composition of the body, the distribution of the body mass between 
cellular and extracellular components, and the contributions of various tissues to 
body protein mass. Considering growth in light of protein deposition and amino acid 
requirements two factors might be kept in mind: 1) The relative requirements of 
indispensible and dispensible amino acids, and 2) The division of these needs be
tween those that support the accretion of new tissue and those required for the 
replacement of the basal or endogenous losses. Thus, pre term or newborn infants 
have no or limited ability to synthesize histidine, cystine, tyrosine, and presumably, 
glycine. 
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Although extensive information on amino acid composition is available in young 
animals, no directly comparable information exists for human infants. In one avail
able study there is a remarkable similarity between the human fetus and that of 
weaning rat, except that percentages of glycine and proline are considerably higher 
in human fetus, suggesting a substantial higher contribution of collagen to fetal body 
protein. 

The relative poor net utilization of milk proteins by the infants emphasizes an 
interesting aspect of human growth. Since basal nitrogen losses are very similar in 
the various species at least 50% of the infant's minimal requirement of nitrogen 
appears to be expended on the replacement of basal losses. It is also conceivable that 
the removal of some specific amino acids into non-protein pathways of metabolism 
may playa role in restricting the reutilization of amino acids released from protein 
breakdown. Losses of nitrogen in the feces can account for up to 50% of the total. 
In this respect it is important to distinguish between dietary or endogenous origin. 
Specific milk proteins appear in the feces of infants who are fed human milk. These 
infants obviously receive a negative supply of glycine, thus glycine deposition must 
be ensued via de novo synthesis. Dr. Reeds subsequently discusses tissue protein 
synthesis and its relationship to protein deposition. Protein turnover represents the 
sum of tissue protein turnover and each tissue has a characteristic relationship 
between the rate of protein synthesis and deposition. Importantly, the immediate 
postnatal period appears to be marked by accelerated growth of the gastrointestinal 
tract and increase in skin protein. These observations may explain, at least in part, 
why high rates of protein turnover per unit of protein intake are generally observed 
in human neonates. 

Finally, Dr. Reeds paid attention to the possible role of trophic factors stimulating 
mucosal growth and development. Important factors like the stage of lactation, 
interspecific differences, and the degree to which the gastrointestinal tract and per
haps other tissues respond to these trophic factors may be critically dependent on the 
stage of maturity of the newborn. 

Dr. Young directed his evaluation to deal with the capacity of dietary proteins to 
meet the needs for indispensible amino acids. According to his research, amino acid 
composition of the diet considered in relation to amino acid requirements of humans 
may provide a fair basis to evaluate various proteins with reference to practical 
aspects of human protein amino acid nutrition. Dr. Young critically evaluated the 
report from 1985 by FAO/WHO/UNO concerning the proposed energy and protein 
requirements. Especially the very low adult amino acid requirement values recom
mended by the above boards have been scrutinized. Dr. Young emphasized that by 
using the FAO/WHO/UNO scoring pattern almost any diet provides indispensible 
amino acids two to three times in excess. Consequently, he proposes a new tentative 
amino acid scoring pattern for application for the age range from pre-school children 
through adults. The new pattern has been developed on the basis offactorial predic
tion of minimum amino acid requirements and these values acquired are very con
sistent with estimations derived from 13C tracer studies. 

High amino acid requirement values have been questioned by Dr. Millward. He 
states that the requirements are complex and can only be defined under specific 
artificial conditions due to the fact that consumption of protein usually results in 
oxidative losses of indispensible amino acids variable according to dietary composi-
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tion. An age-related fall in the values for requirement may thus simply reflect differ
ent dietary designs in the original balance studies. which then induce different rates 
of oxidative losses. 

The new scoring pattern as proposed by Dr. Young leads to some important 
practical deductions. Undoubtedly. diets based mainly on cereals, especially in such 
areas as in Africa, the Near East, and Far East are likely limited by lysine, while diets 
typical for developed regions are more than adequate. Special care, however, might 
be directed to the new amino acid pattern when animal protein contributes less than 
about one-third of total dietary protein. 

These considerations certainly underscore the high nutritional value of milk pro
teins. 

Dr. Millward's presentation is devoted to evaluating hormonal response to dietary 
proteins. This approach was reviewed in the context of anabolic drive. The first 
important concept in this respect might be that the regulatory influence of dietary 
amino acids must be clearly separated from the function of amino acids as sub
strates. A second essential consideration made by Dr. Millward is that the anabolic 
drive may account in part for the inefficiency of amino acid utilization due to 
enhanced oxidation rates associated with increased intracellular concentrations of 
amino acids. Actually, Dr. Millward renders not less than 60% of human amino acid 
requirements as obligatory, while he contemplates the remaining 40% as an un
accountable part relative to the anabolic drive. The nature of the anabolic drive was 
characterized by central and peripheral regulations mediated by GH, T4 , IGF, T 3 , 

and insulin, respectively. It is argued that insulin is particularly important. 
In this connection it is pertinent to refer to Dr. Barth's presentation concerning 

endocrine response to animal and vegetable proteins. Obviously, two different pro
teins exhibit different endocrine responses as exemplified in variations in the plasma 
thyroxin concentrations. This finding conforms with the general picture: ingestion of 
two different vegetable proteins, like soya-protein and gluten, results in a consider
ably higher plasma thyroid hormone level than that seen after administration of 
casein. An important biological consequence of these findings is that higher plasma 
thyroxine levels indeed influence lipid metabolism resulting in an enhanced HMG
CoA reductase activity, increased synthesis, and excretion of bile acids, while VLDL 
secretion is diminished. The overall results will be a lower serum cholesterol concen
tration. 

In Dr. Millward's presentation of his so-called "bag" theory, his hypothesis is an 
interesting speculation on the nature of muscle growth regulation. In malnutrition 
and muscle wasting diseases, factors like the increased amount of extracellular water 
associated with Na + accumulation, as well as changes in the intracellular pH, might 
be seriously considered in the frame of the presented hypothesis. However, these 
factors are known to influence the apparent creatinekinase equilibrium and, con
sequently, ATP resynthesis and cellular energy charge and may thus well "suit" the 
hypothesis proposed by Dr. Millward. 
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Milk Proteins and Metabolic Requirements 
of Trace Elements, Minerals, and Vitamins 
B. Lonnerdal 

Department of Nutrition University of California, Davis, CA, USA 

Introduction 

For most age groups, milk is considered an excellent source of many nutrients. Even 
those nutrients which do not occur in high concentrations in milk appear to be well 
taken up from milk and dairy products. When examining the reasons for the high 
bioavailability of nutrients from milk, a distinction must be made between the 
newborn infant with a not yet fully developed gastrointestinal tract and the adult 
with a much higher capacity for digestion. It is likely that the mechanisms explaining 
the high bioavailability will be quite different for these two age groups. In this paper, 
I will therefore attempt to give this developmental perspective to nutrient absorption 
from milk. Since many nutrients are bound to proteins, this discussion will primarily 
focus on milk proteins and how they differ from other sources of protein. 

Protein Digestion 

The efficiency of protein digestion is likely to have a pronounced effect on the 
absorption of minerals, trace elements, and vitamins. Depending on this efficiency, 
proteins will be present in the intestinal lumen either as amino acids and dipeptides 
or as larger pep tides or protein fragments. This is of particular relevance for milk 
proteins, since several of these proteins are relatively resistant to degradation by 
proteolytic enzymes (see below). Because trace elements, minerals, and several vita
mins are bound to proteins, the extent of digestion will determine if they will be 
released, and in some cases loosely complexed to amino acids and dipeptides (which 
may occur for elements such as zinc), or more firmly bound to larger polypeptides 
and protein fragments. This binding, or lack thereof, will then determine how well 
a nutrient is absorbed by the intestinal mucosa. 

During early life, secretion of gastric acid and pepsin is lower than later in life [24]. 
As pepsin is only active at very low pH, peptic digestion in infancy may be quite low. 
We have found in both infant monkeys and a few human infants that gastric pH after 
a meal of milk or formula is often around pH 4-5 [27]; thus, pepsin digestion is 
minimal. This was supported by analysis of proteins in the gastric aspirates which 
showed that most milk proteins were still intact. Furthermore, the secretion of 
pancreatic enzymes such as trypsin, chymotrypsin, and elastase is lower in newborn 
infants than in adults. Thus, efficiency of proteolysis may be further compromised. 
Duodenal aspirates from Rhesus infants showed that several proteins in milk were, 
at least in part, still intact in the upper small intestine [27]. This may be a consequence 
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of low digestion capacity combined with resistance of some proteins against proteo
lysis. These in vivo studies are supported by our in vitro studies showing that under 
conditions (pH, enzyme level, incubation times) similar to those occurring in the 
infant, significant proportions of trace elements and minerals are bound to insoluble 
material (casein) and high molecular weight proteins in milk [30]. As stated earlier, 
this distribution is likely to affect the uptake process. 

Milk Protein and Trace Element Absorption 

Zinc Absorption 

Zinc deficiency in healthy, well-nourished infants was first described by Hambidge 
et al. [20]. These investigators found that infants fed a cow milk based formula had 
significantly lower plasma zinc levels than breast-fed infants at six months of age. 
Furthermore, male formula-fed infants, with a higher requirement of zinc because of 
more rapid growth, were significantly shorter than the breast-fed male infants. Since 
the level of zinc in the milk formula was equal to or higher than in breast milk, a 
lower bioavailability of zinc from cow milk than from breast milk was implied. 
Lower initial uptake of zinc from cow milk than from human milk was subsequently 
shown by plasma uptake studies in human adults [5]. Whole body retention studies 
in human adults, using 65Zn and a whole body counter, demonstrated lower bio
availability of zinc from cow milk and cow milk-based infant formula than from 
human milk [51]. On the other hand, zinc absorption from milk and milk products 
was considerably higher than from soy formula, and also at the higher end of the 
range observed for most composite diets [50]. These results demonstrate that zinc 
absorption from milk and milk proteins is high compared to that from most other 
protein sources and also that zinc absorption from human milk is exceptionally high, 
particularly when considering its low protein level. A positive correlation between 
the protein level of a meal and zinc absorption has been demonstrated [50]. Human 
milk contains only 0.8-0.9% protein, while cow milk contains about 3% protein. 

The individual components in milk that affect zinc absorption have received some 
attention [29, 32]. Absorption of zinc from whey proteins appears to be higher than 
from casein [33]. This is supported by the findings of higher zinc bioavailability from 
whey-predominant formula than from casein-predominant formula in infant mon
keys [34] and also in adult human subjects [32]. This suggests that it is not a matter 
of insufficient digestive capacity, but that zinc bound to casein is poorly absorbed. 
It may be that phosphopeptides formed during incomplete casein digestion [38] bind 
zinc and have a negative effect on zinc uptake [29]. It is also possible that zinc may 
be "trapped" within the colloidal calcium phosphate of cow casein, thereby being 
insoluble and poorly absorbed. This is supported by findings of higher zinc absorp
tion from cow milk that had colloidal calcium phosphate removed [23]. Human 
casein does not have a negative effect on zinc absorption [33], which may in part be 
due to its low concentration but also to the absence of colloidal calcium phosphate 
in human milk. It is also possible that phosphopeptides formed from human casein 
may have a different effect on zinc absorption than that of bovine phosphopeptides. 

The higher uptake of zinc from human milk compared to cow milk may also be 
explained by the larger proportion of zinc bound to citrate in human milk [31]. While 
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both these milks contain high levels of citrate, 3-5 mM, the high degree of binding 
of zinc to casein in cow milk leads to a smaller proportion of zinc bound to citrate. 
Zinc is well absorbed from citrate [56], which is an excellent chelator of zinc and 
other cations. It is also possible that citrate exerts a general positive effect on fluid 
and cation transport across the mucosa. It has been shown that addition of citrate 
to oral rehydration solutions increases water and electrolyte transport and that this 
effect is optimal at a citrate level of 5 mM [43]. Since zinc transport is enhanced by 
increased sodium and water transport [16], there may be an effect of citrate on zinc 
absorption independent of its chelating properties. 

While lactose appears to have a positive effect on calcium and iron absorption (see 
below), it does not affect zinc absorption. Substitution of the carbohydrate source 
in soy formula from glucose polymer/maltrin to lactose did not affect zinc absorp
tion in human subjects [32]. The high level of calcium in cow milk does not appear 
to have a negative effect on zinc absorption. Addition of high levels of calcium to 
cow milk-based infant formula did not change zinc uptake in human subjects [32]. 
Iron supplementation of cow milk formula may also affect zinc absorption. It has 
been shown that a large oral dose of iron reduces plasma uptake of zinc and that this 
effect is increased with the iron/zinc ratio [59]. A study on formula-fed infants 
showed lower plasma zinc levels in infants fed non-fortified formula than those fed 
unfortified formula [9]. Other studies have not found such an interaction and it has 
been shown that the competitive interaction between iron and zinc is minimal when 
they are given together in a meal [53]. Thus, this potential interaction needs further 
evaluation. 

It should be emphasized that the difference in zinc absorption between human 
milk and cow milk or cow milk formula is, although significant, not of large magni
tude. In fact, absorption of zinc from dairy sources often is at the higher end of the 
range exhibited for various foods [50]. This is in strong contrast to soy formula, from 
which zinc is poorly absorbed in humans [51], infant monkeys [34] and suckling rats 
[52]. This negative effect of soy on zinc absorption is likely due to the presence of 
phytate in soy protein isolate. Addition of phytate to cow milk formula to a level 
similar to that found in soy formula reduced zinc absorption by 50% and to a value 
similar to that for soy formula [32]. Furthermore, removal of phytate by either 
precipitation methods or phytase treatment caused a significant increase of zinc 
bioavailability to a level similar to cow milk formula [34]. This presence of phytate 
in some food items may have a negative effect on the absorption of zinc from milk 
if they are consumed together. For example, zinc absorption from a mixed milk/ 
cereal formula was significantly lower than from milk alone [51]. Thus, the high 
bioavailability of zinc from dairy products may be impaired by phytate-containing 
foods such as soy and cereals. This is supported by the observation that addition of 
cereals to breast milk or milk formula during the weaning period had a pronounced 
negative effect on the amount of zinc absorbed [3]. 

Iron Absorption 

The iron content of milk and dairy products is usually low. Products intended for 
infants are therefore usually fortified with iron, while adults with high iron require-
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ments, such as pregnant and lactating women, are given iron supplements. The effect 
of various dietary components on iron absorption therefore becomes more crucial 
for infants. 

Iron absorption from human milk has been shown to be significantly higher than 
from cow milk and infant formula [36, 37, 45], although some methodological 
problems have been noticed in these studies [28], and the degree of individual varia
tion is very large [45]. Again, however, iron absorption from soy formula and soy 
products appears to be considerably lower than from either milk or milk formula [18, 
39]. The high bioavailability of iron from human milk has received some attention. 
Several studies have focused on the potential role of lactoferrin in this process (see 
other chapters in this volume). Lactoferrin is high in human milk but not in cow 
milk, and the possibility of a receptor for lactoferrin in the small intestine of humans 
was suggested by Cox et al. [8]. A study of iron absorption in suckling piglets fed 
formula with iron (either bound to lactoferrin or as ferrous sulfate) demonstrated 
higher and more rapid uptake of iron from lactoferrin than from the iron salt [15]. 
Studies in suckling mice supported these findings [14], while a study in human adults 
failed to show an effect [37]. In this latter study, however, a very high ratio of iron 
to lactoferrin was used and it was not tested whether lactoferrin actually was specifi
cally labeled with 59Fe [28]. Therefore, the labeled iron may have been absorbed as 
any other non-Iactoferrin-bound iron. We have recently documented the presence of 
a receptor for lactoferrin on the mucosal surface of infant monkey small intestine 
[10]. This brush-border membrane receptor facilitates iron uptake and is specific for 
human and monkey lactoferrin, while bovine lactoferrin and human transferrin 
cannot deliver iron. These proteins contain glycans with different terminal carbohy
drates [60] an it is possible that the difference in binding is due to differences in 
side-chain glycosylation. The lack of binding of bovine lactoferrin to the receptor 
may also explain the lack of effect of bovine lactoferrin supplementation of formula 
on iron absorption [11]. 

Similar to the discussion on zinc (above), the lower bioavailability of iron from 
cow milk than from human milk may also be due to the higher level of casein in this 
milk and its different binding properties. It has been shown that oc-casein in cow milk 
binds iron efficiently [22], which may have a negative effect on iron absorption. In 
addition, the high calcium level of cow milk may have a negative effect on iron 
absorption. It has been shown in experimental animals that iron uptake from cow 
milk is lower than from human milk and that addition of calcium to human milk 
significantly reduced iron uptake [2]. Some of these negative factors in milk may, 
however, be overcome in milk formula; the calcium level is reduced and the level of 
citrate is usually high. Citrate has been shown to have a positive effect on iron 
absorption [17], possibly by keeping more iron in solution [21]. In addition, supple
mentation of milk formula with ascorbic acid has a pronounced beneficial effect on 
iron absorption [18]. 

The low bioavailability of iron from soy formula may be caused by several dietary 
factors. Phytate has been shown to have a negative effect on iron absorption [19]. 
Removal ofphytate, however, increases iron bioavailability only to a limited extent, 
suggesting that other inhibitory factors are still present. Removal of phosphate, 
produced by degradation of phytic acid with phytase, further increases iron absorp
tion [34]. Although this implies that phosphate inhibits iron absorption, it should be 
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noted that the phytase removal of phosphorus also releases calcium bound to 
phytate and that the dialysis used to remove phosphate also removes calcium. Thus, 
the positive effect on iron absorption may also have been caused by removal of 
calcium. As described previously, calcium can affect iron absorption negatively [2]. 
It is also possible that the protein in soy formula can affect iron absorption. Further 
studies are needed to clarify the roles of protein, phytate, phosphate, and calcium on 
iron absorption. This is particularly important since calcium and phosphate are also 
high in milk. Their effect, or possibly lack of effect, needs to be known when 
evaluating iron absorption from combinations of cereals, which often are high in 
phytate and milk. This combination is one of the most commonly used weaning 
foods in industrialized countries and often a significant component of the diet 
throughout childhood. 

Milk Protein and Mineral Absorption 

Calcium Absorption 

The bioavailability of calcium from milk has been shown to be high in both infants 
and adults [42, 44, 57, 58]. While some reports state that milk "inhibits" calcium 
absorption as compared to a radioisotope given in water solution, it should be noted 
that this is true for any food item given and that the absorption of radio labeled 
calcium is an unphysiological situation with little relevance in human nutrition. 
Instead, when comparing the absorption of calcium from milk to that from several 
commercial sources of calcium salts given at physiological levels, it is found to be 
similarly high [42]. When evaluating calcium absorption from various foods, howev
er, it is also important to consider the amount of calcium provided by the diet. 
Dietary surveys in the U.S. show that dairy products constitute about 70% of the 
total calcium intake. 

Several factors in milk may be responsible for the high bioavailability of calcium. 
Milk protein, and in particular casein, was suggested more than two decades ago to 
have a positive effect on calcium absorption [38]; the formation of casein phospho
peptides would help in keeping calcium in solution and thus facilitate calcium up
take. Several reports support this concept. Lee et al. [25] showed that a phosphopep
tide is formed from bovine casein during digestion in the rat and that this peptide 
aids in keeping calcium in solution. Phosphopeptides formed in vitro and in vivo 
have subsequently been demonstrated to have a positive effect on calcium absorp
tion in chickens [40] and rats [54]. This effect appeared most pronounced in the distal 
part of the small intestine, the major site for calcium absorption. While it is possible 
that casein phosphopeptides may also be formed from (X-casein, it has been shown 
that they can be obtained from p-casein [26]. This phosphopeptide exhibited a 
solubilizing effect on calcium as well as enhanced calcium absorption by ligated rat 
small intestine. In contrast, peptides formed from soy isolate did not have these 
properties [54]. 

Lactose in milk and dairy products is known to enhance calcium absorption [6], 
which can be particularly important during infancy [65]. It has been shown that 
lactose can increase calcium absorption by more than 30% in human adults [6]. This 
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effect, however, is not always found and may be dependent on several factors such 
as the level of lactose given [58]. High individual variability in calcium absorption 
may also contribute to some of the differences found. The effect of citrate in milk on 
calcium absorption should also be considered (as described for zinc). Calcium has 
been demonstrated to be better absorbed when gives as calcium citrate as compared 
to calcium carbonate [41]. 

Calcium absorption from human milk appears to be higher than from cow milk 
[44, 57]. This may be explained by the different level of casein in these milks as well 
as its composition. It is possible that during early life, the digestive capacity of the 
infant's gut may be inadequate for casein phosphopeptide formation from bovine 
casein or that calcium is even better absorbed from phosphopeptides derived from 
human casein. Also, in human milk only 6% of the total calcium content is associat
ed with casein, compared to 41 % in cow milk [13]. It is also possible that differences 
in levels of vitamin D and its metabolites in the two milks may contribute to the 
differences observed. However, it is known that calcium absorption in the very 
young is less dependent on vitamin D. 

Milk Protein and Vitamin Absorption 

While the role of milk in providing fat-soluble vitamins is well-recognized, the 
importance of milk in absorption of water-soluble vitamins is less known. In adults, 
milk can most likely be considered as a source of water-soluble vitamins which are 
well absorbed. During infancy, however, there may be specific roles for milk proteins 
in facilitating vitamin uptake under conditions of limited digestion. 

Folate-binding Protein 

A specific binding protein for folate has been found in milk from several species. The 
folate-binding protein (FBP) in human milk has been isolated and characterized [12] 
and appears both in the whey and in a membrane-bound form [1]. The role of FBP 
in folate absorption during early life has been investigated in the newborn goat [48]. 
By aspirating intestinal contents, it was shown that purified goat milk FBP can resist 
low pH and proteolytic degradation and be found in intact form. 

Higher uptake of folate from FBP than from the free form has been described 
when using isolated rat intestinal cells in vivo [7]. However, another study [46] did 
not find any enhancing effect of FBP on folate transport in everted sacs from rat 
intestine. In this study the transport of free and FBP-bound folate was found to be 
similar in jejunum and ileum. It was proposed that the prior observations [7] may 
have been a result of binding of protein-bound folate to the mucosal surface and not 
transport, since temperature (40 vs 37 0c) did not affect uptake. Said et al. [46] 
proposed that FBP-bound folate is transported more slowly than free folate in the 
jejunum, which is the major site for absorption of free folate. Thus, folate absorption 
in the proximal intestine would be slowed down and a more gradual uptake offolate 
would occur, thereby avoiding rapid excretion of folate into urine and increasing 
tissue utilization of folate. 
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Recently, Mason and Selhub [35] pointed out that previous studies had been 
performed in adult rats and not suckling animals and that species-specific FBP had 
not been used. When using rat FBP and suckling rat pups, these investigators found 
significantly higher absorption of folate from FBP than free form in ileum but not 
in jejunum. In addition, Salter and Blakeborough [47] found that goat milk FBP 
increased folate transport in brush border membrane vesicles from neonatal goats. 
Thus, there may be a specific role for FBP to facilitate folate absorption in the distal 
part of the small intestine at young age. 

Vitamin B 12-binding Protein 

Similar to folate, vitamin B12 is carried by a specific binding protein in milk [4]. In 
human milk, this cobalamin-binding protein is predominantly of the R-type [49], 
and there is little transcobalamin. The concentration of vitamin B12-binding protein 
in human milk is considerably higher than that of vitamin B 12, resulting in a high 
binding capacity for the vitamin. It is possible that the vitamin B12-binding protein 
may be involved in the absorption of this vitamin from milk. 

Several aspects of the involvement of vitamin B12-binding proteins in the uptake 
of the vitamin have been studied recently [61-63]. Using suckling pigs as an animal 
model, it was found that suckled animals younger than seven days retained a higher 
proportion of vitamin BI2 than artificially reared animals [61]. In 15-day-old animals 
no difference in vitamin B12 retention was found. In vivo studies also demonstrated 
that vitamin B12-binding protein could be found intact in all parts of the small 
intestine [62]. This resistance against proteolysis appeared higher when the protein 
was saturated with vitamin B12 than when it was unsaturated; this is similar to what 
has been found for intrinsic factor (IF). Additional support for a role of vitamin 
Bl2-binding protein in withholding vitamin B12 was also found; neither free nor 
bound radio labeled cobalamin was bound to intestinal bacteria in the presence of the 
binding protein. 

Brush border membrane vesicles from suckling pigs were also used to study 
vitamin B12 uptake [63]. The presence of vitamin BIz-binding protein was found to 
strongly promote vitamin B12 uptake in vesicles from seven- and 28-day-old piglets, 
while uptake in the absence of the binding protein was negligible. While the milk 
vitamin B12-binding protein bound equally to all segments of the small intestine, 
IF only bound to the ileum. The vitamin B12-binding protein was found to mediate 
uptake of the vitamin by a specific, rapid, and saturable mechanism. 

Conclusion 

Milk proteins have been shown to facilitate uptake of several nutrients such as trace 
elements, minerals, and vitamins. The effect appears to be most pronounced for the 
species-specific milk proteins. This suggests that specific mechanisms may have 
evolved to assure efficient nutrient utilization during a period of rapid growth but 
with limited digestive capacity. 
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Introduction 

Our knowledge of manganese absorption and metabolism in man is limited. Conse
quently, the amounts of manganese required for humans of different ages remain 
largely unknown. Most diets consumed by adults are relatively high in manganese; 
thus, a pronounced deficiency is unlikely. In early life, however, there is a greater risk 
for manganese deficiency as well as for toxicity. Human milk and cow milk formulas 
are low in manganese concentration, while soy formulas may contain high amounts 
of manganese. In addition, other factors in infant formulas, e.g., phytate and supple
mental iron could interfere with manganese absorption. Manganese nutrition in the 
neonatal period is poorly understood due in part to the lack of information of 
manganese content in infant foods and its bioavailability. 

In this study manganese absorption from human milk, cow milk, and infant 
formulas was studied in healthy adults using a recently developed radionuclide 
method [1]. The method involves feeding an extrinsically labelled diet, using the 
gamma-emitter 54Mn or 52Mn, and monitoring the whole-body retention with a 
sensitive whole-body counter. The use of an extrinsic label was recently validated by 
using a double-isotope technique and intrinsic labelling [2]. 

Materials and methods 

Twenty-six women and six men volunteered for the study. They were all healthy with 
normal levels of manganese in whole blood and normal iron status indices. Fourteen 
of the subjects participated twice; eight were first served human milk and approxi
mately two months later, cow milk; six subjects were fed whey-predominant cow 
milk formula with or without iron fortification on two separate occasions. 

Test meals included: 
1) Human milk, pooled and pasteurized, obtained from the milk bank at Ostra 

Hospital, Goteborg; 
2) Cow milk, 3 % fat, purchased from a local vendor; 
3) Whey-predominant (60/40) cow milk formula (Baby Semp 1, Semper AB, Stock

holm, Sweden), iron-fortified to 7 mg Fe/L; 
4) Whey-predominant (60/40) cow milk formula (Enfamil, Mead Johnson, Evans

ville, Indiana, USA); 
a) iron fortified to 12 mg Fe/L; 
b) without iron fortification (2 mg/L); 

5) Soy formula (Prosobee, Mead Johnson). 
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Each serving consisted of 450 g. Milks and formulas were extrinsically labelled with 
0.2 MBq 54Mn or 52Mn and 1.5 MBq 51Cr before serving. 51Crwas used to establish 
the time point when the non-absorbed manganese isotope left the body and "true" 
whole-body retention was measured. 

The subjects arrived in the morning after 12 h of fasting. Each subject's back
ground radioactivity was measured in the whole body counter and blood samples 
were drawn for determination of whole blood manganese and iron status indices. 
The extrinsically labelled test meal was served and a 100% value of administered 
activity was obtained by measurement in the whole body counter immediately after 
intake. No other food or drink was allowed during the next 3 h. The subjects 
maintained their normal food intake during the study. Whole-body retention was 
measured during approximately 30 days after initiating the study. Manganese ab
sorption was calculated by extrapolation from whole-body retention measurements 
during days 10-30. 

Results and discussion 

The fractional manganese absorption from human milk was significantly different 
(p < 0.01) from the absorption of manganese from cow milk, iron-fortified cow milk 
formula (12 mg FelL), and soy formula (Table 1). However, when total amount of 
absorbed manganese was calculated only minor differences were observed between 
the milks and the whey-predominant cow milk formulas. The fractional absorption 
of manganese from soy formula was very low, but due to the high manganese content 
the total amount of absorbed manganese was significantly higher from soy formula 
as compared to manganese absorption from human milk. 

An effect of iron level on manganese absorption is indicated by the results from 
the two identical formulas which differed only in iron content. 

Table 1. Manganese and iron content and manganese absorption from 450 g of diet 

Diet Mn Fe Mn-absorption 
Ilg mg n % Ilg 

(X±SD) 

1. Human milk 7.2 0.3 8 8.2±2.9 0.59±0.21 
2. Cow milk 44 0.1 8 2.4± 1.7 b 1.06±0.75 
3. Whey-predominant cow 23 3.0 14 6.1 ±4.7 1.40 ± 1.08 

milk formula (Baby Semp) 
4. Whey-predominant cow 

milk formula (Enfamil) 
a) iron-fortified 59 5.6 6 1.6 ±0.8 b 0.94 ± 0.47 
b) non-iron-fortified 59 1.0 6 3.6±3.2 2.12 ± 1.89" 

5. Soy formula 154 7.2 4 1.0±0.4 b 1.54±0.62 b 

" Significantly different (p < 0.05) from human milk 
b Significantly different (p < 0.01) from human milk 
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The optimum amount of manganese to be provided in infant formulas needs to be 
determined. 
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Introduction 

Despite its high affinity to iron, lactoferrin (LP) is only saturated to 2-4% of its 
iron-binding capacity [1] and LP-bound iron constitutes 25-30% of the total iron 
content in human milk. It has been shown that when an iron isotope is added to a 
milk sample in vitro more than 80% is bound to lactoferrin. The reported high 
bioavailability of extrinsically labeled iron in human milk [3] may therefore be valid 
essentially for only the lactoferrin-bound iron. The bioavailability of the other iron 
complexes in human milk is thus still unknown. 

The purpose of this study was to 1) analyze the possibility to label the various iron 
complexes in milk intrinsically; and 2) study the effect of iron status of the lactating 
animal (mother) on the recovery of an intravenously administered iron isotope. 

Materials and methods 

The recovery of an intravenously administered iron isotope (59Pe) was studied in five 
adult, apparently healthy, lactating goats. The animals were studied in two experi
ments under anemic conditions during which they were bled and in one experiment 
after iron supplementation. At the end of each period of treatment (bleeding or 
supplementation), blood samples were collected for hematologic analysis, the mam
mary glands were emptied, and the background radioactivity in the milk was mea
sured. Subsequently, a dose of 3.7 MBq 59Pe-citrate was injected intravenously. 
Milk samples were collected during the next five days, at first, every hour until eight 
hours after injection, then after longer intervals. Some samples were fractionated by 
ultracentrifugation (140000 g, 1 hand 4 QC). Radioactivity was measured in fat, 
casein, and whey fractions in 5 ml milk samples in a gamma counter (Nuclear 
Chicago 1186 with a well-type NaI detector). 

Result and discussion 

Isotope recovery in 1 ml of milk was found to be as low as 0.0001-0.0007% of the 
injected dose. As illustrated in Pig. 1 the process of iron excretion is slow, with the 
maximum concentration of 59Pe reached 10 to 15 hours after intravenous injection, 
and then declining slowly to a constant minimum 40 to 70 hrs after injection. 
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Fig. 1. Distribution of 59Fe excreted in milk after 
intravenous injection of the isotope. The dotted 
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Fig. 2. Distribution of 59Fe in the various iron compartments in milk after intravenous administra
tion of the isotope 

Figure 2 shows the distribution of the isotope in the fat, whey, and casein frac
tions, respectively. It is evident that all iron compartments in milk are labeled by the 
intrinsic labeling technique. 

Figure 3 shows the correlation between iron status of the lactating animal and 
recovery of iron isotope in milk. In three goats the amount of blood loss and the 
duration of supplementation (number of days after the period of bleeding) is plotted 
against the cumulative percent recovery of injected dose in 1 ml milk portions during 
100 h. It is evident that with increasing blood loss, recovery of isotope in milk is 
decreased. 

Goat 1 shows the most rapid return to higher isotope recovery although she was 
not supplemented with iron after the bleeding period. As she was one of two goats 
that lost the most blood in the first two experiments the findings indicate that the 
iron excretion in milk is highly prioritized during anemia. 
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Fig. 3. Correlation between iron status and recovery of iron isotope in milk in three goats (1, 2, and 
3). The amount of blood loss and the duration of supplementation (number of days after the period 
of bleeding) is plotted against the cumulative percent recovery of injected dose in 1 ml milk portions 
during 100 h; • Goat 1, • Goat 2, ~ Goat 3 
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Introduction 

The iron binding protein lactoferrin (LF) is found in the milk of different species. Its 
concentration is very high in the first period of lactation. 

Three functions of LF are discussed in the literature. It is proposed that LF 
enhances the absorption of its ligand and that it supports the host resistance of the 
newborn [3]. Furthermore, a stimulating effect on proliferation of enterocytes has 
been demonstrated [4]. 

The biological importance of the role as a bacteriostatic agent is difficult to assess 
without the demonstration of its survival in the intestinal tract. 

In our investigation in pigs we wanted to answer the following questions: 
1) How much LF resists degradation up to the ileum? 
2) Is there an age-dependent change in degradation of LF? 

Methods 

The degradation of LF was examined in six adult Gottingen mini pigs and in three 
piglets, 21-days old. The adult pigs were kept on a semi-synthetic diet meeting the 
maintenance requirement. They were fed 1 wt. % of bovine LF in a test meal of 180 g 
dry matter. Six h postprandially the animals were sacrificed and digesta were col
lected as completely as possible from different segments of the intestine (see abscissa 
of Fig. 1). 

The suckling piglets consumed 75 mg LF in 50 ml fresh sow's milk and intestinal 
samples were obtained 3 h postprandially. LF was determined by Rocket Immuno
electrophoresis. 

Results 

Less than 0.25% of the LF consumed were detected in total digesta of adult pigs 
(data not shown). On the other hand in piglets there was a considerable amount of 
LF in the distal part of the small intestine (Fig. 1). 
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Fig. 1. Amount of bovine lactoferrin in different segments of the gastrointestinal tract of piglets, 
3 h postprandially. The averages of three piglets are given. In the ileum the values ranged from 
32-51 mg 

Conclusion 

Supplementation of the diet with bovine LF caused up to 20% un degraded LF in the 
feces of the human newborn [1, 2, 5, 6]. In piglets we found a higher amount 
amounting to 52% in the prececal segment of the intestine. The discrepancy of 
results between the human newborn and piglets may be related to the species and the 
fact that heterologous lactoferrin was used in our experiments. Furthermore, it can 
be expected that a high percentage of LF is degraded in the hindgut by microbial 
activity which was excluded in our investigations. 

The results are in accordance with the concept of the bacteriostatic activity of LF 
in the intestinal tract. 
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Introduction 

The availability of iron from human milk is better than from cow milk or cow milk 
formulas. Lactoferrin, an important iron-binding protein in human milk has been 
considered responsible for the high bioavailability of breast-milk iron. To evaluate 
the possible role of lactoferrin on the availability of iron, we measured iron uptake 
from human milk and two cow-milk formulas; one of the latter was supplemented 
with bovine lactoferrin (100 mg/100 ml). 

Methods 

Iron balance studies were performed in 26 healthy term infants from their 3rd until 
their 17th week of life. The balance studies were done at home and comprised up to 
five periods of three subsequent 24 h collections with intervals of three to four weeks. 
Altogether 97 balance periods could be analyzed in the three study groups. Ten 
infants were breast-fed, seven received an adapted infant formula supplemented with 
100 mg bovine lactoferrin per 100 ml milk, and nine received the same adapted 
formula without lactoferrin. Median iron content in human milk was 0.44 mg/I. Iron 
concentration in the supplemented formula was 1.06 mg/l, and 45% was bound to 
lactoferrin. The non-supplemented formula contained 0.77 mg/I. 

The iron concentration in the milk and stool samples was measured after dry 
ashing by automated flameless atomic absorption spectrophotometry. 

Results 

The mean iron intake of the breast-fed infants was 0.2 mg/kg b.w. x 3 d from their 
3rd to 17th week oflife. They retained 0.09 mg/kg b.w. x 3 d. The lactoferrin supple
mented group received 0.5 mg iron/kg b.w. x 3 d and retained 0.2 mg/kg b.w. x 3 d. 
The mean iron intake of the infants fed the adapted formula without supplementa
tion oflactoferrin was 0.36 mg/kg b.w. x 3 d. The retention of iron was 0.13 mg/kg 
b.w. x 3 d. 

In Table 1 mean iron intake, excretion, and retention in the breastfed and formula
fed infants is given. 
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Table 1. Iron balances in the breast-fed (HM) and formula-fed (LF+ = supplemented, and 
LF - = non-supplemented formula) infants is given in mg/kg b.w. x 3 d 

Type of 
feeding 

HM 

Intake 

Excretion 

Retention 

LF+ 

Intake 

Excretion 

Retention 

LF

Intake 

Excretion 

Retention 

Balance period 

n=6 a 

0.29 
( 0.16-0.55) 
0.16 
( 0.04-0.29) 

0.13 
( -0.05-0.44) 

n=4 
0.55 
( 0.44-0.63) 

0.42 
( 0.39-0.46) 
0.13 
( -0.02-0.21) 

n=7 
0.39 
( 0.24-0.67) 
0.27 
( 0.16-0.52) 
0.12 
( -0.07-0.51) 

2 

n=9 
0.24 
( 0.1 -0.33) 
0.17 
( 0.1 -0.36) 

0.07 
( -0.08-0.17) 

n=6 
0.53 
( 0.43 -0.61) 

0.35 
( 0.13 -0.52) 
0.18 
( -0.02-0.39) 

n=8 
0.37 
( 0.21-0.63) 
0.24 
( 0.14-0.32) 
0.13 
( - 0.01-0.48) 

a n = number of balances in each period 
b numbers in parentheses are ranges 

Discussion 

3 

n=8 
0.18 
( 0.12-0.22) 
0.08 
( 0.01-0.32) 

0.1 
( - 0.1 -0.21) 

n=6 
0.53 
( 0.38 -0.84) 

0.28 
( 0.19-0.48) 
0.25 
( -0.02-0.55) 

n=5 
0.37 
(0.26-0.47) 

0.25 
(0.12-0.31) 

0.12 
(0.02-0.34) 

4 

n=9 
0.15 
(0.09-0.24) 
0.04 
(0 -0.1) 

0.11 
(0.03-0.21) 

n=7 
0.43 
(0.28 -0.65) 

0.29 
(0.19-0.47) 
0.14 
(0.01 -0.21) 

n=4 

5 

n=7 
0.15 
(0.09-0.28) 
0.08 
(0.01-0.15) 

0.07 
(0.01-0.18) 

n=7 
0.5 
(0.35-0.64) 

0.25 
(0.08-0.42) 
0.25 
(0 -0.53) 

n=4 
0.3 0.35 
( 0.18 -0.46) (0.24-0.47) 

0.18 0.19 
( 0.12-0.24) (0.15 -0.26) 

0.12 0.16 
( -0.01-0.34) (0.03 -0.26) 

No significant differences in the ratio iron intake/iron retention were observed 
among the three groups. In this study the supplementation of the adapted infant 
formula with lactoferrin did not improve iron absorption. 

Two reasons for these findings may be discussed: 
1) Lactoferrin regulates iron absorption as postulated by Fransson et al. [2]: in iron 
deficient mice iron absorption from a lactoferrin supplemented meal was significant
ly higher than in iron saturated mice, whereas iron absorption from an iron salt was 
always high, regardless whether iron status was sufficient or not. 

Our studies were carried out in the first four months oflife when most infants still 
have sufficient body iron, thus additional iron absorption from lactoferrin seems 
unnecessary; 
2) Lactoferrin promotes iron absorption species specifically as was seen by Cox et al. 
[1]: iron uptake in human enterocytes from human lactoferrin was several times 
higher than from bovine lactoferrin. 
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Introduction 

A low degradation and absorption of the iron-binding milk protein lactoferrin has 
been associated with its proposed nutritional role of enhancing absorption of iron 
and supporting host resistance of the newborn [2]. Such a low degradation and 
absorption can be expected to affect parameters of the nutritive value such as 
apparent net protein utilization (NPU) and apparent digestibility (AD). Therefore 
NPU and AD of bovine lactoferrin were studied in the rat. 

Materials and methods 

Male Wi star rats (40 g) were obtained from Winkelmann, Borchen, FRG. Before the 
metabolic experiment the animals were kept on a standard diet for seven days up to 
a body weight of 65-70 g. The balance experiment, including the design of the 
metabolic cages, followed the procedure of Eggum [1]. During the five days balance 
period each animal was supplied with 750 mg nitrogen from bovine lactoferrin (test 
protein) or casein (reference protein) in a nitrogen-free mixture. During the balance 
period urine and feces were collected separately and nitrogen was determined using 
the Kjeldahl method. Plasma iron was determined at the end of the balance period 
by standard procedure. 

The diets were based on: 
- lactoferrin as test protein (experiment 1); 
- lactoferrin plus 0.5% anise-oil as test protein or casein plus 0.5% anise-oil as 

reference protein (experiment 2); 
- lactoferrin plus 0.34% isoleucine as test protein or casein plus 0.21 % methionine 

as reference protein (experiment 3); 
- lactoferrin plus parenteral iron; 12.5 mg Fe3 + were applied i.p. in total over the 

four days adaptation and five days balance period (experiment 4). 

Results and discussion 

The results from the different experiments are given in Table 1. Experiment 1 shows 
that lactoferrin is highly digestible and that 37% of the lactoferrin nitrogen con
sumed was retained. Because the animals refused to completely consume the diet we 
flavored lactoferrin and casein diets in experiment 2, but despite flavoring, the food 
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Table 1. Nitrogen intake, apparent NPU, AD, and plasma-iron levels following different 
lactoferrin- and casein-diets. LF = Lactoferrin. Plasma iron concentrations of experiments 3 were 
significantly different at the p < 0.01 level (Student's t-test). X ± SEM 

Experiment 2 2 3 3 4 4 
Diet LF LF+ Casein + LF+iso- Casein + LF a LFb 

anise-oil anise-oil leucine methionine 

N intake 439 ±17 464 ±6 509 ±76 450 ±17 715 ±41 506 ±23 469 ±25 
(mg) per 
rat and 
balance 
period 

AD 0.93±0.1 0.90±0.1 0.89±0.1 0.95 ±0.4 0.93 ±0.4 0.94 ±0.4 0.93 ±0.1 

Apparent 0.37±0.1 0.37 ±0.2 0.42±0.2 0.42 ±0.2 0.80 ±0.1 0.43 ±0.2 0.44 ±0.2 
NPU 

Plasma 108.4±6.5 167.9± 18.2 117.1 ±9.6 115.2± 10.2 
iron 
(J.lg/dl) 

• Parenteral iron treatment 
b Parenteral solvent treatment 

intake remained low in both dietary groups. We wondered whether the food intake 
could be raised by supplementing lactoferrin and casein with their first limiting 
amino acids and therefore experiment 3 was performed. While food consumption 
and apparent NPU in casein-fed animals was raised significantly, this was not the 
case in lactoferrin-fed animals. 

We conclude that the bovine lactoferrin tested was digestible and utilized as a food 
protein. Perhaps an even better nitrogen retention would result if a complete food 
intake of lactoferrin diets could be achieved. This could be done either by feeding 
lower doses of lactoferrin or possibly by reducing the high tryptophan content of 
lactoferrin. The AD was better than 0.97 and the NPU of 0.37 was not much lower 
than the value obtained with casein (0.42 in experiment 2). Insofar, bovine lactofer
rin does not seem to contain major parts which are not digested by the rat. 

Because of the surprisingly low plasma iron levels in lactoferrin-fed rats, we tried 
to raise the food acceptance by supplying iron parenterally (experiment 4). However, 
neither food intake nor plasma iron, nor apparent NPU were raised considerably. 
We conclude that the low food intake was not due to the as yet unexplained low 
plasma iron levels in lactoferrin-fed animals. 
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General Discussion: Milk Proteins and Ligands 
L. Hambraeus 

Dept. of Nutrition, University of Uppsala, Sweden 

The section on milk proteins and ligands comprises three outstanding papers in 
which the physiological role of lactoferrin in relation to its iron saturation and 
fragmentation by digestive proteolysis could be said to be the common focus of 
interest. 

The role oflactoferrin is presented from various aspects, which can be summarized 
under the following headings: 
1) the antimicrobial effect; 
2) the nutritional effect with respect to macronutrients, e.g., the role oflactoferrin as 

a dietary protein, and to micronutrients, e.g., the role of lactoferrin in iron trans
port; 

3) the mitogenic or trophic activity on the intestinal mucosa. 
It is obvious that the antimicrobial effect is still essentially based on in vitro studies. 
In her paper, however, Dr. Spik states that an in vivo effect has been observed. When 
1 g of lactoferrin was administered for seven days, a decrease in the total bacterial 
amounts was found in the gastrointestinal tract and some streptococci and staphylo
cocci strains disappeared. 

It seems to be most accurate to stimulate further studies on the effect oflactoferrin 
using in vivo studies. It is of special interest to study the effect of various iron 
saturation of lactoferrin on its antimicrobial effect as well as when the lactoferrin 
molecule loses its physiological effect during digestive proteolysis. This is of special 
concern since Dr. Goldblum has shown the occurrence oflactoferrin fragments both 
in stools and urine in infants fed enriched human milk. 

The question of the need of homologue lactoferrin for a bacteriostatic effect in 
man also needs further studies. As discussed during the conference, bovine lactofer
rin seems to have little antimicrobial effect in man. 

A special question remains as to whether we should perform studies in other 
populations which have a higher incidence of infections, i.e., developing countries. 
As suggested by Dr. Reiter, this might make it easier to get evidence for a suggested 
antimicrobial effect of lactoferrin during infancy and childhood in vivo. 

The nutritional role oflactoferrin seems to be more challenging. The problem can 
be divided into two sections: 
1) a macronutrient aspect regarding lactoferrin as a dietary protein source; 
2) a micronutrient aspect regarding the role of lactoferrin for iron absorption and 

transport. 
Dr. Spik originally showed the occurrence of lactoferrin in the stools of breast-fed 
infants. Her findings have been verified in the USA by Davidson and Lonnerdal, in 
the UK by Prentice and collaborators, as well as in Sweden by ourselves. Thus, 
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4-6% of consumed lactoferrin seems to remain in the stools in healthy newborns 
during the first weeks of life, but under certain circumstances, up to 20-30% may 
remain, as indicated by our own observations. Of particular interest are the observa
tions by Dr. Goldblum and his collaborators of lactoferrin fragments in stools and 
urine that occur after ingestion of fortified human milk. 

These findings may indicate that we cannot calculate the amount of lactoferrin 
(which constitutes 10-15% of the total protein content in human milk) that is 
nutritionally available without further studies. This calls for the use of isotopes in 
order to evaluate the origin oflactoferrin and its fragment found in stools and urine, 
but we also need studies to analyze the lactoferrin exchange over the intestinal 
mucosa. 

The role oflactoferrin in the transport of iron additionally requires further studies. 
Notable in this respect is the discussion regarding lactoferrin receptors in the intesti
nal brush border mucosa cells, offered by Drs. L6nnerdal and Spik. Not only is the 
model presented by Dr. L6nnerdal of great interest for further studies, but also its 
localization in the brush border and the specificity of the lactoferrin receptor and its 
implication for the possible role of bovine lactoferrin as an iron vehicle deserves our 
attention. 

The pH-dependency and the interaction between various minerals, e.g., trace 
elements zinc and manganese, calcium, and iron absorption must also be studied 
further. 

An additional and partly new aspect of the role of lactoferrin is the mitogenic or 
trophic activity. This has especially been studied by Nichols and collaborators. It 
represents a challenging aspect on the role of lactoferrin for the differentiation of 
human intestinal mucosa cells. It also includes the hypothesis that the consumption 
of human milk may stimulate the local production of lactoferrin in various mucosa 
cells, e.g., the urogenital tract as proposed by Dr. Goldblum. 

In conclusion it could be said that the physiological role of lactoferrin, which may 
constitute a good example of the milk protein and ligand complex, gets more and 
more intriguing. Obviously, as more knowledge is accumulated, the primary role of 
lactoferrin as an antimicrobial unit has been supplemented and perhaps surpassed 
by its role in iron transport and as a mitogenic agent. Of special concern are ques
tions regarding the digestion and fragmentation of the lactoferrin molecule in the 
gastrointestinal tract; it remains for us to find out when it loses its physiological role, 
and we must further study the lactoferrin receptor in the intestinal mucosa. The 
antimicrobial effect which originally was considered as the role of lactoferrin must 
be better verified in vivo before we understand the mechanism and the possible use 
of heterologues of lactoferrin molecule. 
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Introduction 

A protein molecule is best characterized when its tertiary structure has been eluci
dated by high resolution x-ray crystallography. As far as the main milk proteins are 
concerned, this was achieved in 1986 for two of them, baboon a-lactalbumin [1] and 
bovine fJ-lactoglobulin [2]. No one casein has ever been crystallized and, owing to 
their self-aggregation properties, it may be that these proteins will never be obtained 
in crystalline form. However, as for the other milk proteins, a great deal of informa
tion can be deduced from their primary structures. Indeed, for any biologically active 
protein, genetic variability does not usually affect the tertiary structure to a large 
extent even if the activity is strongly modified. A good example of this statement is 
the phylogenic relationship between a-lactalbumin and lysozyme that we shall dis
cuss later on. 

In what follows the known structures of the main cow milk proteins will be 
discussed, as well as that of a rodent milk protein, whey acidic protein (WAP), which 
has not been detected in dairy species. The structure and features of an ubiquitous 
milk protein, lactoferrin, will be discussed elsewhere. 

Another part of this review will be devoted to intra- and inter-species variability 
of these proteins due either to genetic considerations or to post-translational modifi
cations, neglecting variations (mainly quantitative) resulting from lactation stage, 
age, feeding, mammary status, and milk storage. 

Structure of milk proteins 

The primary structures of the main cow milk proteins were elucidated using conven
tional methodology between 1972 and 1977. From this period a number of milk 
proteins from many species were characterized using either the same techniques or, 
more recently, recombinant DNA technology. The list of the milk proteins of known 
primary structure is given in Table 1. It must be remembered that a protein sequence 
deduced from that of the corresponding cDNA does not give any information on 
post-translational modifications such as phosphorylation, glycosylation, proteo
lysis, etc. 

Data given in this chapter will concern the overall features of the main milk 
proteins, cow milk proteins being taken as examples when information is available. 

Whey proteins: these proteins have different cellular origin. a-Lactalbumin, 
fJ-lactoglobulin, xanthine oxidase, possibly lactoferrin, lactoperoxidase, and lyso-
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Table 1. Main milk proteins of known primary structures 

(X- Lactalbumin 
Cow (p, c, g), sheep (p, c), goat (p), horse (p), camel (p), rabbit (p), guinea-pig (p, c), rat (p, c, g), 
red-necked wallaby (p), man (p, c, g) 

fJ- Lactoglobulin 
Cow (p, c), water buffalo (p), sheep (p, c, g), goat (p), mouflon (p), horse I and II (p), donkey I (p), 
pig (p), Eastern grey kangaroo (P) 

(X'I-Casein 
Cow (p, c), sheep (c), goat (P), guinea-pig (c), rat (c) 

(X,2-Casein 
Cow (p, c), sheep (c), guinea-pig (c), rat (c), mouse (c) 

fJ-Casein 
Cow (p, c), sheep (p), rat (c, g), mouse (c), human (p) 

x-Casein 
Cow (p, c), sheep (p), goat (p), rat (c), mouse (c), human (p) 

Other milk proteins 
Human lactoferrin (P), rat and mouse WAPs (c), cow folate-binding protein (p), cow colostrum 
serine proteinase inhibitor (p), cow colostrum low-Mr cysteine proteinase inhibitor (p) 

p, protein; c, eDNA; g, gene 

zyme, are secreted by the mammary epithelium. IgGs, IgMs, serum albumin, plas
minogen and a number of minor proteins originate from blood. IgAs are synthesized 
by lymphocytes located near the mammary epithelium [3]. 

Whey proteins have tight, globular, tertiary structures which make them fairly 
resistant to proteinases. Each one has a specific biological activity, either in the 
mother or in the newborn, or both. Most of them are easily denatured, in particular 
by heat treatments which make them insoluble. 

IX-Lactalbumin: this protein was crystallized from cow whey just before World 
War II and was continuously studied from that time. However, the discovery of its 
biological role in 1966 [4] led to a burst of investigations. IX-Lactalbumin is one of the 
two subunits of lactose synthetase, the enzyme involved in the last step of lactose 
biosynthesis. The primary structure of the bovine molecule was elucidated in 1970 
[5]. It is a 123-residue single peptide chain with four disulphide bridges. Some 
corrections were brought in 1984 to the initially published sequence [6]. The amino 
acid sequence was also deduced in 1987 from that of the corresponding cDNA [7]. 
This brought other corrections to the previous results. Finally the whole nucleotide 
sequence of bovine IX-lactalbumin gene was published in 1987 [8]. It confirms the 
amino acid sequence established in [7]. IX-Lactalbumin displays approximately 40% 
homology with either mammalian or avian c-type lysozymes [6], enzymes which have 
a quite different catalytic activity. This homology was also observed at the structural 
gene level [9]. Only in 1980 was IX-lactalbumin found to contain a calcium ion [10]. 
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As indicated earlier the tertiary structure of baboon IX-lactalbumin was recently 
resolved by x-ray crystallography at 1.7 A resolution [1]. The sequence of this protein 
was not known. but preliminary experiments suggested very few differences between 
the sequences of human and baboon IX-lactalbumins, the former being known. It 
appeared that IX-lactalbumin possesses a Ca2+ binding loop that resembles the "EF
hand" present in calcium-modulated proteins. A clear homology exists with the cor
responding loop in c-type lysozymes which do not bind calcium. The calcium ion in 
IX-lactalbumin is bound to the carbonyl groups of Lys 79 and Asp 84, to carboxylate 
of Asp 82, 87, and 88, and to two water molecules [1]. The biological role of metal 
ion binding is unclear. It seems to stabilize the molecular conformation. Below pH 4 
IX-lactalbumin loses its calcium and undergoes a conformational change [11]. It was 
recently shown in our laboratory (lvon M., Miranda G., to be published) that, both 
in vivo and in vitro, IX-lactalbumin is digested by pepsin only below pH 3.5. 

Bovine fJ-Iactoglobulin: this protein was obtained in crystalline form at the same time 
as IX-lactalbumin and an important amount of data concerning its properties and 
structure have been accumulated over the years. Its primary structure was deter
mined in 1972 [12]. It contains 162 amino acid residues, two disulphide bridges and 
a free SH group at position 121 [2]. An identical sequence lacking the first 11 
residues, was recently deduced from that of the corresponding cDNA [13]. Bovine 
fJ-Iactoglobulin exists as a dimer in milk. 

An indication concerning its biological role was obtained only in 1985 when two 
groups of researchers observed a limited sequence homology to plasma retinol
binding protein (RBP) [14, 15]. The recent elucidation of fJ-Iactoglobulin tertiary 
structure at a resolution of 2.8 A strongly confirmed this suggestion [2]. RBP is the 
protein that transports retinol in plasma from its storage in the liver. Both proteins 
have quite similar tertiary structures. The fJ-Iactoglobulin molecule consists of an 
anti-parallel fJ-sheet, formed by nine strands wrapped around to form a flattened 
cone. The core of the molecule is an eight-stranded, anti-parallel fJ-barrel. Strand I 
is involved in the formation of the dimer by causing anti-parallel interactions with 
its counterpart. The interface between monomers also involves hydrophobic interac
tions and stacking of imidazole rings. The free sulphydryl, at position 121, is buried 
[2]. For many years it has been known that p-Iactoglobulin strongly binds two retinol 
molecules, one on each protomer, with a binding constant of2 .10- 8 M. This bind
ing is not pH dependent in the range 2-7.5 [16]. It was recently found that fJ-Iacto
globulin belongs to a family of proteins able to transport small hydrophobic mole
cules; this family includes human plasma apolipoprotein D, human plasma retinol
binding protein, human urinary protein HC, human IXl micro globulin, ungulate 
fJ-microglobulin, rodent IX2u-globulin, tobacco hornworm insecticyanin, and frog 
BG protein [14, 17, 18]. 125I-Iabelled fJ-Iactoglobulin-retinol complex binds specifi
cally to purified microvilli prepared from one-week old calf intestine. This specific 
binding is not present in six-month old animals [2]. It was shown more than 30 years 
ago that a proteinuria develops during the first 30-40 h of life in calves fed on 
colostrum and that the main protein present in urine was fJ-Iactoglobulin. The 
protein was crystallized from urine [19, 20]. These results strongly suggest a role of 
fJ-Iactoglobulin in vitamin A uptake and transport in the calf. 

114 



Other whey proteins: lactoferrin, an important human milk protein, will be consid
ered elsewhere. Although its structure is known, milk serum albumin will not be 
considered here because of its minor significance. The primary structures of lacto
peroxidase and xanthine oxidase are not known. Milk plasminogen was unambigu
ously identified with its blood counterpart. Although it is of economic significance, 
only its action on caseins will be considered in the next section. 

Cow colostrum often contains more than 10 g immunoglobulins per 100 ml, in 
which IgGs are predominant and belong to two different classes, IgGl and IgG2, 
with slightly different heavy chains. These IgGs, together with IgMs (pentamers of 
IgG-like molecules joined by disulphide bridges and a secretory component), are of 
blood origin, while IgAs are synthesized by lymphocytes in the mammary gland as 
dimers of two IgG-like molecules linked by a joining piece, a 15 kD glycoprotein. A 
secretory component (SC,71 kD glycoprotein), synthesized by secretory epithelial 
cells, attaches to them for secretion of sIgAs in milk. Some free SC occurs in milk 
[21]. IgGs are essential for the newborn calf which does not acquire passive immunity 
pre-partum via placental transport as it occurs in some other species; they are able 
to be transferred from the intestinal lumen to the blood. sIgAs are found in all 
exocrine secretions and play an important role by providing local immunity. We shall 
not give any detail on the structure of immunoglobulins which is now well known. 
A human IgA was sequenced in 1979 [22]. 

A rat whey glycoprotein, which was present at three levels of phosphorylation (0, 
1,2 P/mole), was characterized in 1978 [23]. A similar protein, which did not appear 
to be phosphorylated, was similarly characterized in mouse milk in 1981 and called 
WAP (whey acid protein) [24]. The latter was shown to be synthesized in the mam
mary gland. The amino acid sequences of both proteins were deduced from that of 
their corresponding cDNAs [25, 26]. WAP is the major protein in mouse whey. 
Among other species it has been only characterized in the rabbit (E. Devinoy, 
personal communication). Mouse and rat WAPs (134 and 137 amino acids, respec
tively) are homologous, acidic, cysteine-rich proteins with 66% homology. Most of 
the cysteines are located in two clusters containing six cysteines each, arranged in an 
identical pattern. The occurrence of sequences 19 - 24 Ser-Ser-Ser-Glu-Asp and Ser
Pro-Ile-Glu-Gly in the rat and mouse WAPS, respectively, may explain why only the 
former is phosphorylated (see below). 

The cysteine pattern of WAPs resembles that of a family of proteins which contain 
a "four disulfide core" (snake venom neurotoxins, wheat germ agglutinin, ragweed 
pollen allergen Ra5, and neurophysin). However, although neurophysin and WAPs 
have an almost identical cysteine pattern, there is no homology between them at the 
amino acid level [26]. On the other hand, the WAPs seem to have a close evolutionary 
relationship with red sea turtle protease inhibitor. However no protease inhibitor 
activity was found for rat WAPs [25]. 

Caseins 

The four caseins, (J(sl, (J(s2' p, and x, are all synthesized by the mammary secretory 
epithelium. They do not have any known biological activity. However their structure 
is especially loose, owing likely in part to their high proline content. This makes them 
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highly susceptible to digestion by proteinases, namely those of the newborn's diges
tive tract. In milk they occur as micelles formed of the four proteins and inorganic 
calcium phosphate, whose occurrence is due to the presence of phosphate groups on 
each of them, especially on iX.1-, iX.z-, and p-caseins. These groups seem to be 
included in a semi-crystalline array of brushite, a form of calcium phosphate. The 
caseins are soluble at neutral pH, but give polydisperse self- or hetero-aggregates of 
high molecular weights. In the presence of a low level of calcium only x-casein is 
soluble. This protein is responsible for the stability of casein micelles in milk. Most 
x-casein appears to be located at or near the micelle surface. In the stomach of young 
ruminants x-casein is rapidly split into two parts, caseinomacropeptide (CMP) and 
para-x-casein, by chymosin and pepsin. CMP is soluble while the whole micellar 
system, which now includes para-x-casein, coagulates. This leads to a slow release 
of pep tides by the stomach proteases [27, 28]. 

The study of a number of different caseins from different species or corresponding 
to different genetic variants (see next section) has shown that phosphorylation of 
caseins in the mammary gland only occurs on serine or threonine residues which are 
included in the sequence Ser/Thr-X-A, X being any amino acid and A an acidic 
residue (Glu, SerP, Asp). The occurrence ofThr in first position, or Asp in the third 
position, leads to a less efficient phosphorylation. The presence of the code sequence 
shown above appears to be an absolute requirement for phosphorylation of caseins. 
However this is not sufficient since some such sequences are not at all, or incomple
tely phosphorylated [29]. 

iXs1 -Casein: the primary structure of the bovine protein was elucidated in 1971 [30]. 
iX. 1 -Casein has a single peptide chain of 199 residues which does not contain any 
cysteine or cystine. Its major form in cow milk bears eight phosphate groups at
tached to serine residues. 

Three hydrophobic regions are discernible in the molecule, roughly including 
residues 1-44, 90-113 and 132-199. Sequence 41-77, containing 7 SerP, 8 Glu, 
3 Asp, carries a high net negative charge at the pH of milk, while the remainder of 
the molecule has essentially no net charge at this pH. 

In 1984 two groups independently determined the sequence of iX.1-casein cDNA 
[31, 32]. The corresponding protein sequences were identical to that determined 
earlier, with one exception: residue 30, formerly determined as GIn, is Glu. Pre
iXs1 -casein was recently cloned and expressed within E. coli cells [33]. 

iXs2-Casein: this was the last bovine casein characterized and sequenced. It occurs 
in milk in several forms, formerly called iXs2 , iX.3' iX.4' and iX.6 (iX.5 being a dimer 
iXs3 -iX.4), differing in their levels of phosphorylation. Its primary structure was 
determined in 1977 [34]. The peptide chain contains 207 residues, including two close 
cysteines at positions 36 and 40. The number of proline residues is lower and that 
of lysine higher than those found in the other caseins. Thirteen phosphate groups 
were localized, 12 on serines, one on threonine [35]. They are grouped in three areas 
of the molecule (7-31,55-66,129-143). A clear sequence homology was observed 
between segments 50-123 and 132-207. The cDNA corresponding to bovine 
iX.2-casein was sequenced in 1987 [36]. The corresponding protein sequence showed 
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one difference with that published earlier. Gin was found at position 87, instead of 
Glu; there was likely an error in the former sequence. This cDNA study extended the 
internal homology observed earlier to give a tandem repeat of codons 33 -125 and 
126-205. 

f3-Casein: this casein has a single chain of 209 residues without any cysteine and 
cystine. It is especially rich in proline. Five serines located in the first 35 residues are 
phosphorylated. f3-Casein is the most hydrophobic of all the caseins. At the pH of 
milk the N-terminal 21-residue segment is highly negatively charged, while the rest 
of the molecule, which is highly hydrophobic, has no net charge. This is why f3-casein 
forms micellar aggregates in solution. f3-Casein was sequenced in 1972 [37]. The 
protein was fully re-sequenced in 1988 [38]. Four errors were found in the first report, 
involving three times Glu~Gln. The fourth error was an inversion of two residues. 

Three separate sequence determinations of f3-casein, deduced from those of 
cDNAS, were made available in 1987 [36, 39, 40]. The first two fully agree with the 
corrected sequence obtained from the protein in 1988. Although the third corrects 
the original sequence like the other three determinations at positions 117 and 175, 
it gives the same results in the other two places mentioned above. Furthermore, Leu 
was found instead of Met at position 93. Taking also into consideration a number 
of differences at the nucleotide level between the sequence shown in [40] and those 
obtained in [36] and [39], we conclude that the sequence reported in [40] is not 
accurate. 

x-Casein: being the target of rennet, this protein has been most intensively studied. 
It is, in milk, glycosylated at various levels. The primary structure of the carbohy
drate-free fraction was determined in 1973 [41]. Its chymosin sensitive bond had been 
identified earlier [42] from the characterization of a tryptic peptide overlapping 
para-x-casein and CMP. Carbohydrates are bound to CMP by O-glycosidic linkages 
with serine or threonine residues. It appears that Thr 131, 133, 135 (or 136), 142 and 
Ser 141 are potential glycosylation sites [43]. The various carbohydrate chains, the 
structures of which have been determined by several groups, are formed of three to 
six units (N-acetylgalactosamine, N-acetylglucosamine, galactose, N-acetyl neur
aminic acid). They have in common the disaccharide Gal f3-1-3-Gal Nac, directly 
linked to the peptide chain [44]. x-Casein has two cysteine residues in the para-x 
region (1-d05). This region is highly hydrophobic and insoluble. One (or two) 
phosphate groups are linked to serines in the CMP (106-+ 169). CMP is highly polar, 
negatively charged, and soluble. Its amphipathic character leads x-casein to form 
micelles in solution. The structure surrounding the chymosin-sensitive bond appears 
to be essential for an efficient cleavage by pepsin and, above all, chymosin (e.g., see 
[45]). 

The x-casein sequence was confirmed in 1984 by the study of the corresponding 
cDNA [32]. Asn was found at position 81 instead of Asp. A similar result was 
obtained by another team, however they found His instead of Tyr at position 35. 
These last authors cloned and expressed in E. coli a DNA fragment corresponding 
to the whole cDNA coding region with the addition of Met-Ala at the N-terminal 
end [46]. 
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Variability of milk proteins 

We think that the most interesting variability of milk proteins is the one regarding 
genetic events. However, colostrum composition is extremely different from that of 
mature milk as far as the concentrations and proportions of its various protein 
components are concerned. 

From what we know about milk proteins, intra- or inter-species variability from 
genetic origin can affect their primary structure, their concentration or proportion 
in milk, and the extent of their post-translational modifications. The intra-species 
variability of milk proteins has only been studied in the cow, and to a lesser extent, 
in the goat. 

Cow milk: an extensive review dealing with the genetic polymorphism of bovine milk 
proteins and its relationships with milk quantity, composition, and "cheesability" 
was recently published [47]. Most information given below is derived from it. 

Genetic variants have been found, mostly by electrophoresis, for all main milk 
proteins (the four caseins, IX-lactalbumin, p-lactoglobulin). Only two were detected 
for IX-lactalbumin and IXs2-casein. Most of them derive from point mutations leading 
to the substitution of a single residue. Only two display a deletion. The study of 
polymorphism in cattle was extended to two other species of the Bos genus, Zebu, 
and Yak. 

It has been known for years that IXsl-' p-, and x-caseins are genetically closely 
linked and that almost undissociable combinations of alleles (haplotypes) at the 
three corresponding loci are transmitted from parents to offspring. The allelic fre
quencies at the six main lactoprotein loci in 11 French breeds and the haplotype 
frequencies for IXsl-, P- and x-caseins in five French breeds are shown in [47]. 

A large survey of literature has found, among contradictory data, some quanti
tative and qualitative relationships associated with some genetic variants [47]. 
p-Lactoglobulin polymorphism has a major effect on its own concentration 
(P_LgA/A > P_LgB/B) which indirectly leads to the following relation between 
p-lactoglobulin phenotypes on the one hand, and whole casein content and casein 
index on the other hand: P_LgB/B > P_LgA/B > P_LgA/A. The casein index is higher 
by 2.5-3%, on the average, in milk from P_LgB/B cows than in that from P_LgA/A 
cows [47]. 

From a qualitative point of view a highly significant effect of x-casein polymor
phism was found on natural and maximum milk heat stability (x_CNB/B > x_CNA/B 
> x_CNA/A) [48]. Furthermore, x-CN Band p-CN B give milk better "cheesability" 
[47]. 

As far as post-translational modifications are concerned in bovine milk protein 
variability, let us note that x-casein from colostrum is richer in carbohydrates than 
its counterpart in mature milk. Furthermore the carbohydrate moieties of the former 
are somewhat different [43]. Proteolysis of IXs2- and x-caseins by plasmin can be 
considered as a post translational modification. We have observed long ago that 
individual fresh milks display on electrophoresis quite different patterns of x-caseins 
at the quantitative point of view. Whether this is due to genetic traits or other 
individual features is not known. 
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Goat milk: a study of the genetic polymorphism of goat iXsI - and iXsz-caseins was 
published in 1984 [49]. While iXsz-CN polymorphism was fairly simple, that of 
iXsI-CN was uncommonly complex. By electrophoresis iXscCN showed both quanti
tative variations and differences in electrophoretic mobility. The same authors 
showed in 1987 that this polymorphism was under control of a minimum of six 
alleles oflocus iXsi-CN, termed A, B, C, B-, F, and O. Alleles A, B, and C were found 
to be associated with a "high" content of iXsi-casein in milk (approximate contribu
tion of each allele being 3.6 g/l), allele F with a low content (0.6 g/l) and B- with an 
intermediate content (1.6 g/l), 0 (zero) being probably a true null allele (no produc
tion of iXsi-casein) [50]. 

The A variant was recently sequenced. It was also shown that A and C differ from 
B each by two amino acid substitutions [51]. Other studies are in progress in connec
tion with our group. Its seems that some low-expressed variants underwent severe 
structural modifications when compared to the three known variants. The correla
tion observed between the polymorphism of iXsi-casein and the total casein content 
of milk suggests the promotion, in milking goat populations, of a selection favoring 
the three alleles associated with a high iXsccasein content [50, 51]. 

Inter-species variability: it has been known for many years that there are large 
qualitative and quantitative differences between milks according to the species. A 
number of data concerning the milk proteins in many species can be found in [21]. 
In general all the milks studied so far contain proteins homologous to their bovine 
counterparts, but their concentrations and/or proportions are often quite different. 
It would be too long to discuss these variations here. In what follows we will first talk 
of species in which some of the six main milk proteins are absent. Some examples of 
strongly different post-translational modifications among species will then be given. 
Finally a short review will be made of the milk protein phylogeny. 

Occurrence of the six main milk proteins among species: iX-lactalbumin has been found 
in all milks that have been checked except that of the California sea lion which 
contains no lactose [21]. However the obvious correlation between the occurrence of 
lactose and that of iX-lactalbumin in milk was not found during a recent study of the 
milk of a marsupial, the Tammer wallaby. In this species the iX-lactalbumin concen
tration remained almost constant through lactation (40 weeks) while the concentra
tion of total lactose (free lactose plus lactose contained in oligosaccharides) fell to 
zero after 34 weeks post-partum [52]. 

f3-Lactoglobulin was once thought to occur only in milk from ruminants. It has 
now been found in the milk of seven non-ruminant species: pig, horse, donkey, dog, 
dolphin, manatee, and kangaroo [53]. However no trace of f3-lactoglobulin was ever 
found in milk from mouse, rat, rabbit, guinea pig, and human. We recently thor
oughly reinvestigated human milk proteins and did not find this protein [54]. Simi
larly, human milk appears to be devoid of iXsI - and iXsz-caseins [55]. Finally, let us 
recall that whey acidic protein (W AP) has been found only in rat and mouse milk. 

Inter-species variability due to post-translational modifications: milk proteins are 
submitted to three main post-translational modifications: enzymic removal of signal 
peptide (which affects all of them and will not be considered here), phosphorylation 
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(caseins and WAP), and glycosylation (x-casein, immunoglobulins, a-lactalbumin, 
lactoferrin). Only the extent of phosphorylation and glycosylation appears to vary 
to a large extent between species. 

Whereas there is only a minor proportion of bovine asl-casein (formerly called 
aso-casein) with an additional phosphate group, two asl-caseins occur in similar 
proportions in goat, sheep, and water buffalo. They only differ by a phosphate group 
[51, 56, 57]. 

Similarly there are two p-caseins, with the same difference, in goat and sheep milks 
[56,58]. Finally human p-casein consists of six proteins with identical peptide chains 
and zero to five phosphate groups [21]. In any case the occurrence of such multiple 
forms among caseins originates from the partial phosphorylation of some potential 
phosphorylation sites. 

As far as differences in glycosylation among species are concerned, we will just 
mention two proteins, a-lactalbumin, which appears to be more or less glycosylated 
according to species [21], and x-casein. The latter, which contains ca. 10% carbohy
drates in cow milk, is highly glycosylated in human [59] and porcine [60] milks in 
which the carbohydrate content amounts to ca. 50%. This makes them soluble in 
12% trichloroacetic acid. 

Phylogeny of milk proteins: it does not seem that there is any evolutionary relation
ship between a-lactalbumin, fJ-Iactoglobulin, and caseins. Even in the last groups of 
proteins, homologies between x-casein and the other three caseins have not been 
found. 

The conservation of the amino acid sequence of the leader peptide of the ovine 
Ca-sensitive caseins, which led originally to the proposal ofa casein gene family [61], 
has been strikingly substantiated by additional sequences determined on DNA 
which also show conservation of the 5' untranslated sequences. However, available 
data show that the evolution of each of the caseins was extremely rapid. These 
proteins accumulated a number of point mutations, additions, and deletions. For 
example, rat asl-casein has 31 % homology with its bovine counterpart at the amino 
acid level, but the alignment requires a total of one insertion and eight deletions. A 
6O-residue-insertion, corresponding to a repetition of a 10-residue segment, starts at 
position 123 in the rat sequence [62]. The homology of rat and bovine x-caseins is 
somewhat higher (38%). Comparison of five x-casein sequences (from goat, ewe, 
cow, human, and rat) shows that the rate of evolution of para-x-casein is higher than 
that of CMP. This is mainly due to the high homology which can be observed be
tween residues 104 and 126 (cow numbering): 55 and 22% identity in the five species 
for this fragment, and for the whole molecule, respectively [59]. This region contains 
bond 105-106 whose cleavage by pepsin or chymosin leads to milk coagulation in 
the stomach. 

As indicated above there is now clear evidence of a common origin for the Ca
sensitive caseins. However, at the level of the mature proteins, only polyphosphory
lated regions have clear homologies. The proposal has been made [63] that the 
ancestral casein gene resulted from the recruitment into a functional gene of a 
minimum of four exons corresponding to the 5' non-coding region, the leader pep
tide, a hydrophilic sequence containing a major phosphorylation site, and a hydro
phobic sequence responsible for aggregation behavior. 
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Indeed it seems that, during evolution, caseins have only kept features that allow 
them to be secreted in the mammary gland, to make micelles, and to be easily 
degraded in the digestive tract. 

The two main whey proteins each have a specific biological function. This is likely 
the reason for an evolution slower than that of caseins. They each are part of a 
protein family, that of lysozyme for a-lactalbumin, and that of a protein family able 
to transport small hydrophic ligands. a-Lactalbumin has lost characteristic residues 
involved in catalysis in lysozyme, but has acquired new binding sites for galac
tosyitransferase and probably Ca2 + ions. If it is assumed that ,B-Iactoglobulin only 
occurs in milk, it must derive from an ancient transport protein. Ifit is also assumed 
that the function of ,B-Iactoglobulin is to transport retinol, it must have kept, during 
evolution, both amino acid residues involved in the binding of retinol, and those 
involved in interactions with a receptor. Its dimeric state in the milk of ruminants 
and kangaroo does not appear to be essential, as it occurs as a monomer in the other 
species studied so far. All ,B-Iactoglobulins seem to have two disulphide bridges. All 
but the horse I protein have a free thiol group [64]. In horse and donkey two forms 
of ,B-Iactoglobulin were identified. ,B-Lg I and II from horse only have 70% homolo
gy. This means that the two proteins are synthesized from two different genes [65). 
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Introduction 

Recombinant DNA technology allows the isolation and precise structural character
ization of genes. Reintroduction of genes into intact organisms is now possible, 
allowing functional analysis of cloned genes and of the physiological consequences 
of expression of cloned genes [18]. In addition, gene transfer offers the possibility of 
genetic manipulation of livestock, directing changes as opposed to selecting from 
existing populations [21]. 

Genes direct the synthesis of proteins; a large proportion of milk is protein, the 
properties of which are responsible for many of the characteristics of milk. Most of 
the protein in milk consists of a few species which are synthesized in the mammary 
epithelium, encoded by singly-copy genes which are expressed specifically in the 
mammary gland. The composition of milk should, therefore, be amenable to manip
ulation by gene transfer. 

Transgenic animals 

Animals into which genes have been transferred are called "transgenic animals." 
Several methods have been developed for gene transfer into mice: microinjection [4], 
infection with retroviral vectors [12, 25], and embryonic stem cell-mediated gene 
transfer [9, 19]. Of these, microinjection has been the most widely used technique in 
mice, and to date the only method successfully applied to other mammals. 

For gene transfer by microinjection, newly fertilized eggs are collected, typically 
from superovulated animals, before the first cleavage. At this stage, two pronuclei 
are present, one derived from the sperm nucleus and one from the egg. In turn, eggs 
are held firmly by suction on a blunt pipette while a very fine pipette is inserted into 
one of the pronuclei and DNA injected. Approximately two picolitres of DNA 
solution are injected containing tens to hundreds of molecules of DNA, sufficient to 
cause visible swelling of the pronucleus. About two-thirds of eggs survive this proce
dure and are transferred into the oviducts of recipient female animals. About a 
quarter of the transferred eggs undergo normal gestation, and of the animals born, 
up to a third carry the injected DNA [4]. 

Transgenic animals generated by microinjection typically carry multiple copies of 
the injected DNA, integrated into a single site on one of the chromosomes. There 
appears to be no specificity of integration site. Most transgenic animals contain the 
transferred gene in every cell, including the germ cells; this means that the integrated 
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DNA (or "transgene") may be transmitted to offspring, allowing the establishment 
of transgenic lines. Because the trans gene is integrated into a single chromosome, the 
animals are hemizygous and the frequency of transmission is 50%. 

Many genes have been transferred into mice (see [18] for review), and have been 
shown to be expressed in the same cell types as the endogenous copy of the gene. 
Expression of transgenes is often regulated correctly during development and in 
response to hormonal and other environmental signals. In addition to the transfer 
of natural genes, it is possible to alter genes prior to transfer. In this way it is possible 
to produce novel proteins (if the coding sequence is altered), or to change the 
regulation of expression of naturally occurring proteins. Many studies have em
ployed hybrid genes in which the regulatory elements of one gene have been joined 
with the coding region of a second gene; as a result, the second gene has been 
expressed in a manner characteristic of the first. 

Gene transfer into livestock 

While mice are excellent experimental organisms, practical application to the manip
ulation of milk requires gene transfer in dairy animals; scale-up from mice to live
stock is not trivial. The production of transgenic mice by microinjection is relatively 
simple and efficient: a single day's microinjection can yield several transgenic mice. 
This is largely possible because of the availability of almost unlimited numbers of 
mouse eggs, and the ability to reimplant large numbers of eggs quickly. There are a 
number of factors which make gene transfer into large animals considerably more 
difficult. Dairy species (cows, sheep, and goats) have small litters, small numbers of 
eggs are produced, even after hormonally induced superovulation, and few can be 
implanted into each foster mother. Experimental control over the timing of ovula
tion, fertilization and early development is not precise; many of the eggs which are 
recovered are not at the correct stage for microinjection. Eggs of large animals are 
relatively opaque, making pronuclei more difficult to see: sheep and goat pronuclei 
are visible by careful DIe microscopy, pig and cow pronuclei are only visible after 
the eggs have been centrifuged to stratify the cytoplasm [26]. The eggs of livestock 
are more fragile than mouse eggs and more care in microinjection is required. 
Despite these problems, transgenic pigs and sheep have been produced [2, 10,23]. We 
have chosen to work with sheep for a number of reasons: they are relatively cheap, 
the generation interval is significantly shorter than that of cows, and sheep may yield 
sufficient milk for commercial scale production of human proteins (see below), our 
main interest to date. We have produced eight transgenic sheep, carrying three 
different fusion genes (see Tables 1 and 2). So far we have bred from six of these sheep 
and have obtained transgenic progeny from four; in one case we have second gener
ation transgenic offspring. 

The methods described above allow the introduction of new genes into animals. 
The modification of expression of endogenous genes may prove to be equally impor
tant in practical applications of gene transfer. Techniques are being developed to 
allow this [6,11,13, 14,24], but are not yet sufficiently efficient for general applica
tion. 
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Table 1. Production of transgenic sheep. Breakdown of sheep eggs microinjected over three seasons 
(1984/5, 1985/6 and 1986/7), including data presented in [23], where the methods are described 

DNA injected" 

pMK 
pMKb 
BLG-FIX 
BLG-o:jAT 

Total 

Stage of injected eggs 

2 4 

93 42 0 
15 5 0 

252 48 7 
298 40 5 

658 135 12 

Animals resulting Transgenic 

lambs fetuses C 

26 9 1 
3 0 0 

52 5 4 
47 11 3 

128 25 8 d 

a pMK: a plasmid containing a hybrid gene composed of the mouse metallothionein-1 promoter 
and the herpes simplex virus thymidine kinase gene [3]; BLG-FIX: a sheep fJ-Iactoglobulin/human 
factor IX hybrid gene [23]; BLG-lXjAT: a sheep fJ-Iactoglobulin/human IXj-antitrypsin hybrid gene 
[23] 

b Eggs were centrifuged prior to microinjection 
C Not all fetuses were tested for the presence of the injected DNA because of degradation of the 

tissue 
d All transgenic individuals were derived from microinjection at the one-cell stage, and are living 

Table 2. Characteristics of transgenic sheep 

Sheep Transgene Copy Sex Trans-
number number miSSIOn 

5LL229 pMK 1 ¥ 
6LL225 BLG-FIX 40 6' Yes 
6LL231 BLG-FIX 10 ¥ Yes 
6LL239 BLG-FIX 1 6' Yes 
6LL240 BLG-FIX 10 ¥ Yes 
6LL273 BLG-o:jAT 4 0 

+ 

7LL167 BLG-1X1AT 1 ¥ b 

7LL183 BLG-o:1AT 10 ¥ 
a 1 progeny analyzed, not transgenic 
b No data available yet 

Sheep p-lactoglobulin in mouse milk 

,B-lactoglobulin is a major component of ruminant milk, but is absent from the milk 
of rodents. We chose to study expression of the sheep ,B-lactoglobulin gene in trans
genic mice. The gene-encoding sheep ,B-lactoglobulin was isolated from a genomic 
library [1] and characterized. It is approximately 4.9 kb long and is split into seven 
exons. Clones were isolated which, from their nucleotide sequences, were predicted 
to encode A or B variants of ,B-lactoglobulin. Segments of DNA from clone SSl, 
containing the gene and flanking regions (Fig. 1 a) were introduced into mice by 
microinjection into fertilized eggs [22], as described above. Of the seven transgenic 
mice we chose for breeding, five transmitted the ,B-lactoglobulin gene to their off
spring, establishing lines of transgenic mice. 
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Table 3. Sheep fJ-lactoglobuIin in transgenic mouse milk. Milk 
was collected from transgenic mice 11 days after parturition. 
Concentrations of fJ-lactoglobuIin were determined by scanning 
densitometry of coomassie blue-stained sds polyacrylamide gels, 
with concentration standards of pure sheep fJ-lactoglobuIin. 
(Data from [22].) 

Transgenic line 
(DNA segment) 

7 
(Sail) 

14 
(Sail) 

45 
(Sal I - Xba I) 

Mouse 

7.1 
7.10 

14.10 
14.11 

45.18 
45.20 

fJ-lactoglobuIin 
concentration 
(mg/ml) 

23.2 
23.0 

3.0 
7.0 

14.1 
21.6 

One of the lines of mice has the gene incorporated on the Y chromosome; only 
male mice are transgenic and thus this line could not be analyzed for appropriate 
expression of f3-lactoglobulin. Milk was collected from transgenic mice from the 
other four lines and analyzed for the presence of sheep f3-lactoglobulin. Mice of three 
lines produce large amounts of sheep f3-lactoglobulin, up to 23 mg/ml (Table 3), the 
fourth line produces the sheep protein at low levels. The f3-lactoglobulin produced 
by these mice has the same molecular weight as f3-lactoglobulin produced by sheep, 
and reacts with antiserum raised against f3-lactoglobulin purified from sheep milk. 
The sequence of the gene in clone SS1 corresponds to that of the B variant of 
f3-lactoglobulin [1]. The isoelectric point of the protein produced in the mice was 
indistinguishable from that of f3-lactoglobulin B from sheep. We have also obtained 
apparently genuine f3-lactoglobulin A from mice carrying another clone, SS12, the 
sequence of which corresponds to f3-lactoglobulin A (Ali and McClenaghan, un
published data). 

In order to determine whether expression of the sheep f3-lactoglobulin gene is 
correctly regulated in transgenic mice, we prepared RNA from a number of organs 
and found f3-lactoglobulin RNA only in the mammary gland. Analysis of the lactat
ing transgenic mouse mammary RNA has shown that the 5' and 3' ends of the 
f3-lactoglobulin mRNA are identical with those of f3-lactoglobulin mRNA from 
sheep. We have examined the time course of expression of the f3-lactoglobulin gene 
through pregnancy and lactation: some sheep RNA is detectable in the mammary 
glands of virgin transgenic mice, the amount of f3-lactoglobulin mRNA increases 
steadily throughout pregnancy and rises further after parturition, broadly following 
the pattern of expression of mouse f3-casein (S. Harris, unpublished data), and 
reflecting the normal regulation of f3-lactoglobulin expression in sheep (S. Ali, un
published data). 

Lee et al. [16] have produced transgenic mice which carry the rat f3-casein gene: 
expression was observed in the mammary glands oflactating female mice (and in the 
brain of one line of mice). The expression was regulated through pregnancy and 
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Fig. 1 a. The structure of the sheep p-lactoglobulin gene transferred into mice. The entire 16.2 kb 
insert of clone SS1 (Sail - Sail) or a fragment with 5.7 kb of 3' flanking sequences removed 
(Sail -Xba I) were used to produce transgenic mice. The positions and sizes of the exons are shown; 
the translation initiation codon is in exon 1, the termination codon is in exon 6. (See [1] and [22].) 

Fig. 1 b. The structure of hybrid genes transferred into sheep. The p-lactoglobulin-factor IX (BLG
FIX) and p-lactoglobulin-!Xl-antitrypsin (BLG-AAT) hybrid genes were constructed by insertion of 
cDNAs encoding human factor IX or human !Xl-antitrypsin (cross-hatched box) into exon 1 of the 
sheep p-lactoglobulin gene, upstream of the p-lactoglobulin translation initiation codon. The ma
ture transcript predicted is a bicistronic mRNA with the potential to be translated into factor IX 
or !X,-antitrypsin and p-lactoglobulin. (See [23].) 

lactation, but the levels of expression were low: 0.01 to 1 % of endogenous mouse 
fJ-casein. 

Production of human proteins in milk 

There are many medical conditions which may be alleviated by treatment with 
particular human proteins. Hemophilias A and B, for example, are sex-linked disor
ders of blood coagulation which result from deficiencies of clotting factors VIII and 
IX, respectively. Hemophiliacs are currently treated with partially purified concen
trates of factors VIII and IX prepared from donated human blood. In addition to 
the limited supply of human blood, problems have been encountered with viral 
contamination of clotting factor concentrates, notably with hepatitis viruses and 
HIV. 

Numerous genes encoding proteins of potential therapeutic value have been 
cloned in recent years, and a great deal of effort has been expended on attempts to 
express these genes to produce large amounts of authentic proteins. While some 
proteins are produced satisfactorily in microorganisms such as E. coli, many proteins 
require modification after translation, necessitating their expression in mammalian 
cells. We have previously suggested [5, 15] that a viable alternative to expression in 
vitro, in cultured mammalian cells, may be expression in vivo, in transgenic animals. 
For this to be feasible, the rates of production of the proteins of interest would 
ideally be high, and they should be easily harvested. These criteria suggested the use 
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of milk protein gene regulatory elements to direct expression of human genes to the 
mammary gland during lactation, the proteins being secreted into milk. This may 
have the added advantage that the products would largely be isolated from the 
animal's circulation, minimizing any harmful effects of the presence of large 
amounts of biologically active human proteins. 

We chose clotting human factor IX and human al-antitrypsin as candidates for 
expression in milk. Hybrid genes were constructed using the sheep f)-lactoglobulin 
gene and cDNA clones encoding factor IX and acantitrypsin: the cDNAs were 
inserted into the first exon, upstream of the f)-lactoglobulin translation initiation 
codon (Fig. 1 b). The hybrid genes have been introduced into sheep by microinjec
tion of DNA (see Tables 2 and 3). Four transgenic sheep carry the f)-lactoglobulin
factor IX hybrid gene (BLG-FIX) and three carry the f)-lactoglobulin-al-antitrypsin 
hybrid gene (BLG-alAT). So far we have been able to analyze expression of the 
trans gene in the two ewes which carry BLG-FIX. Milk was collected, and RNA was 
prepared from biopsy samples. Both factor IX RNA and protein (Table 4) were 
detected in samples from both of these sheep, although at low levels. We are currently 
investigating how increased expression of human proteins in milk may be achieved. 
Gordon et al. [8] have recently reported the production of human tissue plasminogen 
activator (tPA) in mouse milk using the 5' end of the mouse whey acidic protein gene 
to direct expression of tPA cDNA. 

Once transgenic animals have been obtained which secrete large amounts of 
therapeutic proteins, considerable effort will be required to characterize the protein 
produced, and to devise methods for purification of the protein free from all contam
inants. 

Modification of milk 

We have shown that it is possible to modify the composition of milk by gene transfer, 
but how do we envisage this being applied to milk as a food? There are a number of 
possibilities, some of which I will describe below, along with some of the limitations. 

Table 4. Human factor IX in transgenic sheep milk. 200 ml milk 
was defatted and acid fractionated. The whey fraction was ap
plied to an anti-factor IX monoclonal antibody affinity column. 
Bound material was eluted, concentrated, and assayed for factor 
IX antigen and activity. Antigen was assayed by radioimmuno
assay using a human-specific anti-factor IX polyclonal anti
serum; activity was assayed by a single stage clotting assay. The 
recovery for factor IX from the affinity column was not quanti
tative. 

Sheep number Factor IX antigen' Factor IX activity' 

6LL231 0.Q15 0.031 
6LL240 0.024 0.032 
Control 1 < 0.0077 <0.01 
Control 2 N.D. < 0.009 

• Total amount of factor IX recovered by the above protocol, 
in international units 
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Protein content 

At first sight, it may seem that the expression of extra genes in the mammary gland 
may result in an increased protein concentration. The levels of mRNA may not, 
however, be the limiting factor in determining the output of protein by the mammary 
gland. In these circumstances, any extra protein production would be at the expense 
of one or more other proteins. Preliminary data (M. McClenaghan, unpublished) on 
the effects of fJ-lactoglobulin expression on the total protein content of transgenic 
mouse milk indicate that there is little or no increase in total protein concentration. 
While transfer of milk protein genes may not allow increased protein production, it 
may be possible, for example, to increase the production of casein at the expense of 
the whey proteins. 

Casein micelle structure 

The caseins comprise the majority of milk protein, and are assembled into large 
micellar structures [see 20]. Many of the properties of milk are determined by the 
biochemical and biophysical properties of the casein micelles. CXs1 -' cxsrfJ-caseins are 
highly phosphorylated proteins which bind calcium ions and calcium phosphate. 
x-casein is predominantly located at the surface of the micelle and is important for 
micelle stability. 

It would be possible to construct genes to produce modified CXsl-, cxsrfJ-caseins, 
creating new phosphorylation sites which may result in increased calcium content 
and increased micelle stability. Another option is to increase the ratio of x-casein to 
CXs1 -' CXsr and fJ-caseins which would lead to reduced micelle size, and possibly 
increased stability. In cheesemaking, chymosin is used to cleave x-casein, destabiliz
ing the micelle and leading to the formation of the curd. A reduced x-casein to CXsl-, 
(l(s2- and fJ-caseins ratio may be desirable for cheese production. 

Lactose 

Lactose is present in cows milk at a level of 46 grams per litre, and after ingestion, 
is hydrolyzed by the action of lactase in the brush border of the small intestine. The 
products of lactose hydrolysis, glucose and galactose, are readily absorbed from the 
gut, lactose is not. In a large proportion of individuals of some human populations 
(African, American-Indian, and Asian), production of lactase ceases at weaning; 
ingestion of dairy products can result in symptoms of bloating, flatulence, abdo
minal cramps and diarrhea, due to the osmotic effects of the lactose and the metabo
lism oflactose by intestinal bacteria. Lactose is synthesized in the secretory epithelial 
cells of the mammary gland, by the action of galactosyl transferase in conjunction 
with cx-lactalbumin. It may be possible to reduce or prevent the production oflactose 
[17] by reducing or eliminating the expression of (I(-lactalbumin, alternatively, pro
duction of lactase in the milk would result in hydrolysis in situ. The consequences of 
such manipulations may be expected to result in a dramatic alteration of milk 
volume, since lactose is a major osmotic component of cow's milk. The low-lactose 
milk produced may possibly be quite abnormal and prove not to be useful. 
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Fat 

The production and secretion of fat globules is many steps removed from the expres
sion of a gene, and thus a much more difficult process to envisage changing by gene 
transfer. It has been suggested that expression of .,112 desaturase could increase 
linoleic acid at the expense of oleic acid [7]; in addition to the dietary benefits, this 
modification would be expected to result in softer butter. Milk fat and proteins are 
secreted by the same cells, thus any manipulation which has a profound effect on 
milk fat production may also be expected to influence the protein synthetic capacity 
of the mammary gland. 

Antimicrobial proteins 

Milk naturally contains antimicrobial proteins, most notably immunoglobulins. The 
immunoglobulins, however, are a diverse set of proteins. The genes encoding the 
immunoglobulins are assembled during development by processes of DNA rear
rangement and mutation. It would be possible to introduce genes to produce a single 
immunoglobulin, but it is difficult to envisage the production of the populations of 
immunoglobulins which are important for immunity. 

Conclusions 

Techniques are now available for the genetic manipulation of animals, including 
dairy animals. In this paper I have outlined some of the possibilities offered by 
genetic manipulation for modification of milk. The production of therapeutic pro
teins in milk is in some respects the simplest, in that the desired product is a single 
protein; providing the product can be isolated from the milk in its native form, the 
overall characteristics of the milk are not important. Milk as a food, however, is 
complex. The quality of milk is a combination of a large number of factors, many 
of which we can envisage altering by gene transfer. The changes possible are very 
specific, and it is to be expected that different changes would be appropriate for the 
production of milk for different purposes. Now that the technology of gene transfer 
is becoming established, it is necessary for dairy scientists to collaborate with molec
ular biologists to design, produce and assess new milk products. 
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Introduction 

Two-dimensional (2D) NMR spectroscopy may be used to study the tertiary struc
ture of proteins and nucleic acids [28]. This NMR approach to determining the 
structure of biological macromolecules has some advantages over the conventional 
method using x-ray crystallography: 
1) NMR spectroscopy can be applied to proteins that cannot be crystallized; 
2) The tertiary structure of proteins or nucleic acids can be obtained under varying 

conditions such as pH, temperature, or inhibitor concentration; 
3) NMR parameters may provide information on the dynamics of protein confor

mation, so that exchange processes and molecular flexibility may be studied. 
Prior to an analysis of the tertiary structure a nearly complete assignment of 

proton resonances has to be achieved. In the following the assignment procedures, 
as well as the subsequent evaluation of the tertiary structure, are described for the 
enzyme ribonuclease T 1. 

Ribonuclease T 1 (RNase T 1) cleaves the phosphodiester bond of RNA, specifi
cally at the 3' end of guanosine; 2'- or 3'-guanosine monophosphates (2'- or 3'-GMP) 
as well as other purine nucleotides act as inhibitors of this reaction [25]. The tertiary 
structure of the RNase-T1-2'-GMP complex was determined by x-ray crystallogra
phy [11, 24, 3]. The present study revealed not only the folding manner of the enzyme 
but also some interesting features of protein-nucleotide interactions. Using the dis
tance parameters obtained from the 2D-NMR investigation, a preliminary molecu
lar dynamics calculation was carried out to arrive at a tertiary structure of the 
complexes comparable to that obtained from crystals. 

The immense complexity of 1H-NMR spectra of RNase T 1 has hitherto restricted 
1H-NMR studies to the observation of the aromatic resonances or isolated methyl 
resonances of the protein spectrum [23, 1, 2, 10, 12-14, 21]. Interactions between 
histidines and tyrosines of the active site and of the base and phosphate moieties of 
nucleotides were already derived from observations of the pH dependence of some 
protein proton resonances and of 1sN, 31p, and 1H resonances of the nucleotide [19, 
16, 20]. The high magnetic field strengths currently used as well as the application 
of2D-NMR techniques make it possible to gain useful additional information about 
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the structure of the free enzyme and about the changes III structure induced by 
nucleotide binding. 

Materials and methods 

On the basis of the 2D procedures developed by Wuthrich and others [4, 28] we were 
able to identify most of the amino acid spin systems and to assign about 90% of the 
side chain and backbone proton resonances to specific amino acid residues in this 
protein. We used the following 2D experiments for the sequential assignment of the 
1 H resonances: 
1) Correlated Spectroscopy (COSY; [22, 6, 18]); 
2) Nuclear Overhauser enhancement and exchange spectroscopy (NOESY; [15, 17]); 
3) Relayed coherence transfer spectroscopy (RCT; [9, 27, 7]). 
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All spectra were acquired on a Bruker AM-500 spectrometer. The pulse sequence 
(T _90° -t 1-90° -t 2)n was used for the acquisition of the COSY spectra. A typical COSY 
spectrum was recorded within approx. 36 h, with 144 scans accumulated per free 
induction decay (FID). The NOESY spectra were recorded with the pulse sequence 
(T-900-tl-900-tm-900-t2)n' The mixing time tm was set to 150 ms; in order to eliminate 
artifacts resulting from coherence transfer, tm was varied randomly by 10%; 256 
scans were accumulated per FID. A typical NOESY spectrum was obtained within 
approximately 68 h. RCT experiments were performed with the pulse train (T-900-
tl-90o-rm/2-180o-rm/2-900-t2)n' Undesired artifacts were eliminated by phase cycling 
as described by [8, 5]. As an important advantage, RCT spectra contain information 
on connectivities between two spins that exhibit negligible direct coupling, but do 
both exhibit significant coupling to a common third spin. 

For experiments in H 20, the solvent resonance was saturated by continuous 
selective irradiation at all times except t1 and t2. 
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The procedure for sequence-specific assignments of proton resonances of proteins 
was developed by Wuthrich [28]. The basic concept is to utilize scalar coupling 
phenomena to identify complete spin systems. The type of amino acid is then as
signed via the characteristic chemical shifts of the coupled protons. After this identi
fication of the spin system the Ca H and backbone amide protons of the amino acid 
in question have to be assigned. Through-space connectivities between CaH and 
backbone amide protons are monitored via NOESY spectroscopy. In this manner 
successive residues can be identified step-by-step. With the help of the primary 
structure of the molecule, the sequence-specific assignment can be carried out. 

Results and discussion 

In Figs. 1 and 2 the so-called fingerprint peak region, i.e., the connectivities between 
the NH and the CaH resonance of phase-sensitive COSY spectra, is shown for free 
RNase T 1 and for the RNase-T 1-2'-GMP complex. Approximately 100 cross peaks 
of this area could be assigned to specific amino acid residues. 

From corresponding NOESY spectra, NOE values of adjacent protons in the 
molecule were derived. In Fig. 3 these NOE data are presented in a diagonal plot. 
Since the NOE values are related to distances between the corresponding protons, 
such a plot is particularly helpful for the determination of the secondary structure. 
The filled squares indicate NOEs between backbone protons (NH or CaH). The 
sequential NOEs appear as a nearly continuous line of squares immediately adjacent 
to the diagonal. The helical regions are characterized by lines of squares running 
parallel to the diagonal at a distance of three sequence positions, with some addition
al NOEs at two or four positions from the diagonal. The regular anti parallel fJ-sheet 
formed between four strands is manifested by a continuous line of squares perpen
dicular to the diagonal. A parallel fJ-sheet would produce a line of squares parallel 
to the diagonal at a distance determined by the relative sequence locations of the two 
neighboring strands. Hence, a diagonal plot presentation of the NOE data can 
provide a clear illustration of the characteristic patterns of short 1 H _1 H distances for 
the common polypeptide secondary structures. In the diagonal plot, NOEs between 
NH or CaH and a side chain proton are also indicated, as well as NOEs between side 
chain protons of two different residues. 

From a comparison of COSY spectra of the free RNase T 1 and its 2'-GMP and 
3'-GMP complexes (Figs. 1 and 2; Figs. 4 and 5) two essential features for conforma
tional changes induced by complex formation were derived: 
1) Interaction of the inhibitor and the substrate with the active site leads to consid

erable changes of the side-chain and backbone positions. Correspondingly larger 
changes are observed in the proton resonance positions of amino acid residues 
directly involved in binding; 

2) Smaller changes occur also inside the protein domain, in particular in the contact 
area between the a-helix and the fJ-sheet structure. Proton resonances of amino 
acids located in this area shift their respective positions only slightly. 
T38, H40, Y 42, N 43, Y 45, Y 56, E58, W59, R 77, H92, N99, and F 100 proton 

resonances shift considerably (Figs. 1 and 2). The side-chain resonances of V 79 and 
190 (Figs. 4 and 5), which are located between the central fJ-sheet and the active 
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center, are also shifted. These residues are more or less directly involved in nucleotide 
binding or are near the active site. 

Smaller high- or low-field shifts can be observed for the 1 H spin systems of A 19, 
Q20, G23, Y24, L26, H27, T32, V33, P39, Y57, F80, and N81. These resonances 
are located in the contact area between the IX helix and the fJ-sheet structure. 

Distance changes between protons attached to aromatic side chains and protons 
of adjacent groups also lead to considerable shift changes. 

From a comparison of the COSY spectra it is evident that the conformation of the 
RNase-Tc 3'-GMP complex is more similar to the conformation of the free enzyme 
than to that of the RNase-T l -2'-GMP complex (spectra of the RNase-T 13'-GMP 
complex not shown). 
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The so-called long-range NOEs contain valuable information about distance con
straints in the macromolecule. They constitute the major NMR information on 
spatial protein structures and connect hydrogen atoms located anywhere in the 
sequence. Therefore a distance geometry program or a molecular dynamics calcula
tion for structure determination from such data should lead to the tertiary structure 
ofa protein. For our study of RNase T 1 we used the GROMOS molecular dynamics 
program developed by van Gunsteren [26]. In this program the bond lengths are kept 
fixed, whereas all bond and torsional angles are accessible to changes at any time. 
Violations of upper distance limits obtained by 1 H NMR or oflower limits imposed 
by the atomic van der Waals' volumes are taken into account in the protein structure. 
300 NOE long-distance constraints were used in the MD calculations. Owing to 
NMR-inherent reasons, intermolecular NOEs between the enzyme and the substrate 
are not observable, and intramolecular NOEs in the loop regions of the active site 
are rare. 

The comparison of the refined structure and the x-ray structure shows good 
agreement with respect to the backbone folding. 

As found in the crystal structure, the nucleotides 2'-GMP and 3'-GMP take the 
syn conformation for the glycosidic bond (Cs-N 9-C'1-0~). According to our results, 
the peptide CO group of Asn 98 is located in H-bond distance to the amino group 
of the guanine base. The carboxyl group of Glu 46 is apparently bound to the 
Guo-N 1 position, whereas the Guo-06 position forms a hydrogen bond with the 
peptide NH of Asn 44. In contrast to the x-ray structure, the N7 position is not 
hydrogen-bonded to the amide group and the peptide NH of Asn 43. In fact, the 
formation of this H-bond seems unlikely also according to 15N-NMR studies (20). 
In agreement with previous ID-NMR studies, the phosphate group of 2'-GMP 
interacts with the imidazole ring of His 40. The guanidinium group of Arg 77 is 
located near the phosphate group, but too far away to form a hydrogen bond, and 
His 92 cannot reach the phosphate group either. 

~:W 
~c Glu 58 

-ROH V 
0::- ~e 
His92 6@ 

or Arg77 <I His 40 

H 

Fig. 6. Possible arrangement of hydrogen bonds for the binding of the base of 2' -G MP in the active 
site of RNase T l' and presumable mechanism of RNase-T 1 action 
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Like in the crystal, the phenol ring of Tyr 45 is located on top of the guanine ring. 
Unfortunately, it was not possible to detect any NOE values for the interaction 
through space of the ring protons of Tyr 45 with any of the surrounding protons in 
the RNase-T I-2'-GMP complex. Not even the COSY or NOESY cross peaks of the 
backbone NH and CaH and of the side chain proton resonances were observed in 
the complex. Apparently owing to exchange phenomena, the resonances are broad
ened. 

For the initial transesterification step of RNase-T I-catalyzed hydrolysis, a possi
ble mechanism is proposed in Fig. 6. According to this mechanism, the carboxylate 
group of Glu 58 withdraws a proton from the 2' -hydroxyl group, which is then ready 
for a nucleophilic attack of the phosphate group, possibly activated by an increase 
in electrophilicity of the phosphate moiety via an interaction with His 92 or Arg 77. 
The 05 leaving group takes over a proton from the protonated imidazole group of 
His 40. It appears that the side chains of Glu 58 and His 40 are connected via a 
hydrogen bond in the free enzyme. The hydrolysis of the 2' -3' cyclic phosphate 
should occur in a similar way. Glu 58 transfers its proton to form the 2'-hydroxyl 
group, whereas His 40 activates the water molecule. Possibly, contrary to this reac
tion scheme, His 92 takes the role of His 40, since it is also located near the phosphate 
group. Further studies with mutants of RN ase T 1, presently in progress, may clarify 
this point. 
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Bioactive Sequences in Milk Proteins 
E. Schlimme, H. Meisel and H. Frister 

Institute for Chemistry and Physics, Federal Dairy Research Centre, Kiel, FRO 

Nutritive value of proteins 

Kaufmann has already summarized some important historical data on the develop
ment of knowledge about the "nutritive value" of proteins [16]. The documentation 
of this knowledge began 200 years ago with the first description of nitrogen, an 
element which scientists initially regarded as "azote," meaning lifeless, until it was 
recognized that, on the contrary, nitrogen is essential to life. 

Assessment of the "biological value" of proteins based on the definition of 
Thomas, 1909, and Mitchell, 1924, considered the amino acid composition as well 
as nitrogen balances. It is current practice to include in the evaluation of food 
proteins their content of digestible protein as well as the availability of the absorbed 
essential and non-essential amino acids. Additionally it has to be taken into account 
that both the digestibility and the absorbability are markedly influenced by antago
nistic and synergistic interactions with other dietary components. 

The discovery in 1979 of the opioid activity of peptides derived from partial 
enzymatic digestion of milk proteins [1- 3, 15, 17] followed the first isolation of 
endogenous opioid peptides called enkephalins in 1975. These findings introduced a 
new criterion in evaluating the "nutritive value" offood proteins. Peptides which are 
"hidden" in an inactive state within the protein sequence may be released by diges
tive processes in vivo and may act as potential physiological modulators of metabo
lism during the gastrointestinal passage of the diet. 

Although animal as well as vegetable proteins contain potentially bioactive se
quences, the following overview refers only to milk proteins because these are cur
rently the main source of biologically active peptides. Furthermore, milk proteins 
constitute up to 30% of man's average dietary protein intake. 

Strategies for seeking bioactive sequences 

Chiba and Yoshikawa [9] described two strategies for identifying new bioactive 
peptide sequences in milk proteins: 
1) searching proteins for amino acid sequences similar to those known to be bio

active, e.g., opioid peptides, followed by synthesis of these pep tides and evalu
ation of their bioactive properties; 

2) isolation and characterization of bioactive peptides from in vitro digests of pro
teins. 
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A third strategy of investigation was employed in the Dairy Centre in Kiel [12, 14, 
19-21], i.e. 
3) isolation and characterization of bioactive pep tides from the gastrointestinal 

chyme of Gottingen minipigs fed with animal or vegetable proteins. 

Bioactive sequences in casein 

Most of the known bioactive peptides are derived from caseins. Casein fragments 
have been shown to behave like opioid agonists [1-3, 5-9, 11, 15, 18, 19], to 
modulate the gastrointestinal motility and to stimulate secretion processes [4, 10, 
23-26]. 

f3-Casein fragments 

The heptapeptide Tyr-Pro-Phe-Pro-Gly-Pro-Ile isolated from a peptone digest of 
bovine f3-casein was the first opioid peptide described [1-3]. This fragment and other 
C-terminally shortened peptide sequences derived from it were named f3-caso
morphins (Fig. 1). Since they originate from exogenous food sources and behave like 
morphine they are also termed exorphins or formons (from food hormones). 

Table 1 lists a series of peptides which correspond to the 60- 70th residues of 
bovine f3-casein. These compounds were isolated from in-vitro digests [1, 8, 15] or 
from in-vivo duodenal chyme samples [19], or they were synthesized [17]. With the 
exception of the tripeptide Tyr-Pro-Phe, all of these f3-casomorphins, including 
f3-casomorphin-11 (the only one which could be isolated in vivo from duodenal 
chyme of mini pigs [19]), exert naloxone inhibitable opioid activities. Morphiceptin, 
the amide of j3-casomorphin-4, is the most active opioid peptide known so far [6]. 
Lack of the N-terminal Tyr, as in des-Tyr-j3-casomorphin-7, results in a total ab
sence of bioactivity [6]. 

10 20 
Arg-Glu-Leu-Glu-Glu-Leu-Asn-Val-Pro-Gly-Glu-Ile-Val-Glu-Ser-Leu-Ser-Ser-Ser-Glu-

I I I I 
P P P P 

30 40 
Glu-Ser-Ile-Thr-Arg-Ile-Asn-Lys-Lys-Ile-Glu-Lys-Phe-Gln-Ser-Glu-Glu-Gln-Gln-Gln-

I 
P 

50 60 
Thr-Glu-Asp-Glu-Leu-Gln-Asp-Lys-Ile-His-Pro-Phe-Ala-Gln-Thr-Gln-Ser-Leu-Val-Tyr

:::::::::. 

70 80 
Pro-Phe-Pro-Gly-Pro-Ile-Pro-Asn-Ser-Leu-Pro-Gln-Asn-Ile-Pro-Pro-Leu-Thr-Gln-Thr
::::::::::::::::::::~:::::::::::f::::::::f;:;:;:;:r:::;:;:;:~;:;:;~::::f:::::::::~:::::::::::::::::::::::~ 

j 4 5 6 7 8 11 

Fig. 1. Bioactive p-casein fragments: N-terminal region of bovine p-casein A 2 
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Table 1. Bioactive p-casein fragments 

Peptide Residues Bioactivity Isolation Syn- References 
the-

in vitro in vivo sized 

p-casomorphin-3 60-62 inactive + [3,6,17] 

p-casomorphin-4 60-63 opioid agonist (+ )d + [2,3,6,17,26] 
immunoreactive 

p-casomorphin-4 60-63 opioid agonist +a + [3, 6, 8, 17] 
amide (morphiceptin) 

p-casomorphin-5 60-64 opioid agonist +a + [1-3,6,15,17] 

p-casomorphin-6 60-65 opioid agonist (+ )d + [17,26] 
immunoreactive 

p-casomorphin-7 60-66 opioid agonist + b.c [1, 2, 6, 15] 

p-casomorphin-8 60-67 ? +a [8] 

p-casomorphin-l1 60-70 opioid agonist +e [19] 

a enzymatic digest; b casein hydrolysate; c peptone digest; d intestine contents after bovine 
milk ingestion in adult humans [26]; e jejunal chyme of minipigs 

Similar peptides have been found in human milk proteins; the appropriate "hid
den" sequences correspond to the 41-44th, the 51-58th, and to the 59-63rd resi
dues of human fJ-casein [13, 24]. Among other bioactive fragments, the tetrapeptide 
amides valmuceptin (51-54th residues) and fJ-casorphin (41-44th residues) show 
opioid activities similar to morphiceptin, whereas the hexapeptide Tyr-Pro-Ile-Pro
Glu-Val (54-59th residues) for example - which has been purified from in-vitro 
digests - acts as an immunostimulant [24]. These findings suggest that anti-infectious 
immunostimulants are naturally released from human fJ-casein in the infant's gut 
[24]. 

(X.-Casein fragments 

Figure 2 shows the bioactive peptides derived from bovine (X.-casein. The fragment 
which corresponds to the 90-96th residues of (X.I-casein could be isolated from 
in-vitro enzymatic digest and was named (X-casein exorphin [18] because of its opioid 
activity. Very recently [21], a caseinophosphopeptide released from (X-casein could be 
purified from jejunal chyme of minipigs fed with casein diet. It was characterized as 
a nonapeptide corresponding to the 66-74th residues of (X-casein [21]. The calcium 
binding properties of this oligopeptide probably enhance calcium uptake in the 
intestine. 

'X-Casein fragments 

Figure 3 lists a number of bioactive peptides derived from bovine 'X-casein [9]. The 
fragments which correspond to the 33-39th residues [22] could be isolated not only 
from in-vitro peptic digests but were also chemically synthesized [9]. The tetra-, 
penta-, and hexapeptides, named casoxins, were modified by methoxylation during 
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w W 
Arg-Pro-Lys-His-Pro-Ile-Lys-His-Gln-Gly-leu-Pro-Gln-Glu-Val-leu-Asn-Glu-Asn-Leu-

30 40 
Leu-Arg-Phe-Phe-Val-Ala-Pro-Phe-Pro-Gln-Val-Phe-Gly-lys-Glu-Lys-Val-Asn-Glu-leu-

so 60 
Ser-Lys-Asp-Ile-Gl y-Ser-Glu-Ser-Thr-Glu-Asp-Gln-Ala-Met-Glu-Asp-Ile-L ys-Glu-Met-

I I 
p P 
66 70 74 80 

Glu-Ala-Glu-Ser-Ue-Ser-Ser-Ser-Glu-Glu-Ile-Val-Pro-Asn-Ser-Val-Glu-Gln-lys-His-
I :' ; ~.m ... !:m:!!m3iiJjt I 
P P P P 

00 ~ ~ 
Ile-Gln-lys-Glu-Asp-Val-Pro-Ser-Glu-Arg-Tyr-leu-Gly-Tyr-leu-Glu-Gln-leu-Leu-Arg

liililiilli!iil!!!illiliil:ll!:iii!ilm:l>llim 

Peptide residues bioactivity isolation 
in vitro in vivo 

CJ-casein exorphin 90-96 opioid agonist .8 

c:aseiJlllphlla",-Ude 66 - 74 calciu. uptake .b 

(.> enz,...tic digest of (I-casein; (b) jejunal chYlE of .inipigs. 

N-terminal region 
of bovine Qsl-casein B 

references 

18 

21 

Fig. 2. Bioactive IXs-casein fragments: N-terminal region of bovine IXs1-casein B 

10 20 
PyroGlu-Glu-Gln-Asn-Gln-Glu-Gln-Pro-Ile-Arg-Cys-Glu-L ys-Asp-Glu-Arg-Phe-Phe-Ser-Asp-

N-terminal region 
30 33 39 40 

Lys-Ile-AIB-Lys-Tyr-Ile-Prll-Ile-Gln-Tyr-Val-Leu-~~~ri!;ml:~iiil;r~iii~ttLeU- of bovine' -casein B 

50 60 
Asn-Tyr-Tyr-Gln-Gln-Lys-Pro-Val-Ala-Leu-Ile-Asn-Asn-Gln-Phe-leu-Pro-Tyr-Pro-Tyr-

Peptide residues bioactivity isolation synthesized references 
in vitro in vivo 

casoxin-4 35 - 38 opioid antagonist . B 

casoxin-5 34-38 • 8 

casoxin-6 33 - 38 .B 9 

~b 33 - 38 less active 9 

(a) enz:,.atic digest of x-casein with pepain; (b) non-Ethoxylated CBBDxin-6. 

Fig. 3. Bioactive x-casein fragment: N-terminal region of bovine x-casein B 

the isolation procedure. The methyl esters are much more active as opioid antago
nists than the corresponding non-methoxylated natural peptides [9]. 

Bioactive sequences in whey proteins 

Figures 4 and 5 show the sequences within the primary structures of bovine and 
human whey proteins [5, 11] which have potential opioid activity. The tetrapeptide 
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10 20 
Glu-Gln-Leu-Thr-LYS-trS-GIU-Val-Phe-Arg-Glu-Lau-LYS-ASP-Leu-Lys-GI y-Tyr-Gly-Gly-

Cys 120 
30 40 

Val-Ser-Leu-Pro-Glu-Trp-Val-CrS-Thr-Thr-Phe-His-Thr-Ser-Gl y-Tyr-Asp-Thr-Glu-Ala-

Cys 111 
50 53 60 

Ile-Val-Glu-Asn-Asn-Gln-Ser-Thr-Asp-r~ii~h'I~\f~~;-Gln- Ile-Asn-Asn-Lys-Ile-Trp-

N-terminal region 
of bovine a-lactal

bunin B 

Peptide residues bioactivity isolation synthesized references 
in vitro in vivo 

50 - 53 opioid agonist 9 

Fig. 4. Bioactive IX-lactalbumin fragment: N-terminal region of bovine IX-lactalbumin B 

102 105 110 120 
·-l'lS-~~T'-leu-Phe-Cys-Met-GIU-Asn-Ser-A18-Glu-Pro-Glu-Gln-Ser-leu-Ala-Cys-Gln-

130 140 
Cys-Leu-Val-Arg-Thr-Pro-Glu-Val-Asp-Asp-Glu-Ala-leu-Glu-Lys-Phe-Asp-Lys-Ala-leu-

150 160 
Lys-Ala-Leu-Pro-Met-His-Ile-Arg-leu-Ser-Phe-Asn-Pro-Thr-Gln-leu-Glu-Glu-Gln-Cys-

162 
His-Ue 

peptide residues 

102 -105 

(b) .... ine B-Lactagl.abulin. 

bioactivity isolatioo • 
in vitro in vivo 

opioid agonist 

C-termlnal region 

of bovine B-lacto
globul in B 

synthesized references 

9 

Fig. 5. Bioactive p-lactoglobulin fragment: C-terminal region of bovine p-lactoglobulin B 

amides (X-Iactorphin and fJ-Iactorphin correspond either to the 50-53rd residues of 
(X-lactalbumin or to the 102-105th residues of fJ-Iactoglobulin. Both lactorphins 
were chemically synthesized and their opioid activity was established [9]. 

Conclusion 

The discovery of biologically active peptides derived from food proteins has intro
duced a new criterion in defining the "nutritive value" of proteins. Although the real 
physiological role of these pep tides as exogenous metabolic modulators during their 
gastrointestinal liberation is not yet well unterstood [9,19,26] and their activities are 
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contradictory to some extent, the following dietary applications are indicated for the 
future: 

supplementation of the diet with desirable synthetic bioactive peptides; and 
production of desirable bioactive peptides during food processing by use of genet
ically transformed microorganisms. 
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Isolation and Chemical Characterization 
of a Phospho peptide from In Vivo Digests of Casein 

H. Meisel and H. Frister 

Institute for Chemistry and Physics, Federal Dairy Research Centre, Kiel, FRG 

Introduction 

It is now accepted that peptides, and not amino acids, are the main degradation 
products of protein digestion. Moreover, it is becoming increasingly evident that a 
consideration of protein value must take into account the relationship between 
protein structure and the amount and composition of peptides released during 
digestion in the gastrointestinal tract. In particular, interactions with other nutrients, 
transport functions, and biological activities of peptides liberated from dietary pro
tein might be of significance to its nutritive value. 

Bioactive peptides have been identified as digestion products of several food 
proteins [3, 9, 16]. All bioactive pep tides are hidden in an inactive state inside the 
polypeptide chain of a larger protein. Milk protein is a rich source of biologically 
active peptides [15] such as casomorphins and caseinophosphopeptides, which might 
have significant nutritional implications. Recently, it has been shown that phospho
peptides are formed in the small intestinal lumen during the digestion of food 
containing casein [14]. 

The aim of the present study is to identify caseinophosphopeptides as in vivo 
digestion products of bovine casein. 

Experimental 

The primary advantage of pigs as animal models is their marked anatomical and 
physiological similarity to humans with respect to the digestive tract and nutritional 
requirements [5]. Digests of the distal jejunum were quantitatively collected in two 
G6ttingen-strain minipigs fitted with T-shaped cannulas after feeding with 200 g of 
a diet containing 15% casein [10]. 

The reversed phase (C 18) method for analytical and preparative peptide separa
tion with a gradient of acetonitrile in 0.1 % trifluoroacetic acid is described elsewhere 
[11 ]. 

Phosphopeptides were enriched by affinity chromatography using ferric ions im
mobilized on a chelating iminodiacetate-agarose gel [1]. The ferric-ion-loaded gel 
served as a group-specific sorbent for phosphorylated amino acid side chains. Phos
phopeptides were strongly retained by this sorbent at acidic pH, but were readily 
eluted by increasing the pH [11]. 

The quantitative amino acid analysis of total hydrolysates and the determination 
of phosphoserine (SerP) in partial hydrolysates was performed by an ion-exchange 
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chromatography technique using an automated analyzer. For details see Meisel and 
Hagemeister [10] and Meisel and Frister [11]. 

Purified peptides were subjected to N-terminal group analysis by the dansyl chlo
ride method and to C-terminal analysis by digestion with carboxypeptidase Y [9,11]. 
Furthermore, the treatment with carboxypeptidase Y allowed the sequential release 
of amino acid residues from the C-terminus. 

C(- and e-amino groups were determined by a modified OPA method using 
N,N-dimethyl-2-mercaptoethylammonium chloride as the thiol component [6]. The 
quotients calculated from OPA-sensitive amino groups before and after HCl hydro
lysis allow the determination of the chainlength of purified peptides, provided that 
the amino acid composition is known. 

The phosphorus content of phosphopeptides was measured after wet ashing [7] 
which converts organic phosphorus to inorganic phosphate. Inorganic phosphate 
was quantified as the phosphomolybdate complex by an ultramicro method [2]. 

Isolation and characterization 

Since casein contains some clusters of phosphorylated serine residues, digestion of 
this protein probably liberates various phosphopeptides. Figure 1 shows the typical 
peptide pattern obtained by reversed phase HPLC of the soluble part of intestinal 

A205 nm ---

o.s 

10 20 

------- phosphorus 
nmol I fraction 

30 

40 

30 

20 

Fig. 1. HPLC (RP 18) elution pattern and phosphorus content in the peptide fraction of the soluble 
part in the jejunum after ingestion of a casein diet 
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chyme after ingestion of the diet containing casein. The inorganic phosphorus, as 
well as free amino acids, appeared in the first two fractions. Caseinophosphopep
tides could be identified by the relatively high content of peptide-bound phosphorus 
in certain HPLC fractions. The main phosphopeptide fraction with a retention time 
between 16 and 17 min was isolated by several preparative HPLC runs. Qualitative 
amino acid analysis of the isolated caseinophosphopeptides indicated that phospho
serine was the only phosphorylated amino acid present. 

The phosphopeptide-enriched fraction obtained after affinity chromatography 
was separated by preparative reversed phase HPLC (Fig. 2). The main phosphopep
tide with a retention time of about 17 min was collected from several runs. After 
further rechromatography using a less steep gradient, the isolated phosphopeptide 
was pure enough for the determination of amino acid composition, endgroups, chain 
length, and phosphorus content. The results are summarized in Table 1. 

The nearly equimolar concentrations of serine residues and organic phosphorus 
indicate that all of the serine is present in the phosphopeptide as phosphoserine. 
When the known amino acid sequence of the different caseins is examined for 
phosphorylated regions, it is clear that the analytical data are only consistent with 
a nonapeptide fragment corresponding to the sequence 66 to 74 in the primary 
structure of (Xsl-casein (genetic variants A - E): SerP-SerP-SerP-Glu-Glu-Ile-Val
Pro-Asn. 

A205 nm ---

1.0 

0.5 

o 

10 20 

_______ phosphorus 
nmol/fractlon 

30 

Fig. 2. HPLC (RP 18) elution pattern of the caseinophosphopeptide-enriched fraction obtained by 
(Fe 3 +)-affinity chromatography of jejunal chyme 
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Table 1. Amino acid composItion, serine/phosphorus ratio, chain 
length, N- and C-termini and partial C-terminal sequence of the iso
lated caseinophosphopeptide 

Component Purified peptide Theoretical peptide 
(analytical data) (deduced from 

analytical data) 

Amino acids 
(molar ratio) 

Asp 1.05 1 
Ser 2.73 3 
Glu 1.98 2 
Pro 1.00 1 
Gly 0.30 
Ala 0.13 
Val 0.88 
lie 1.48 

Ser/P 1.10 
(molar ratio) 

Peptide chain length 9.30 9 

N-terminus Ser Ser (P) 
C-terminus Asn Asn 

C-terminal -lIe-Val-Pro-Asn· OH 
partial sequence 

Possible physiological effects of bioactive caseinopeptides 

It is known that caseinophosphopeptides are highly resistent to further proteolytic 
breakdown by digestive enzymes. Furthermore, they exhibit a potent ability to form 
soluble complexes with calcium and prevent the precipitation of calcium phosphate 
[12]. Hence, caseinophosphopeptides are likely to enhance the rate of passive calcium 
absorption from the distal small intestine lumen by increasing the concentration of 
soluble calcium [14]. Caseinophosphopeptides can also form organophosphate salts 
with trace elements, such as iron, zinc, and copper, and may function as carriers for 
these particular minerals. Accordingly, they have already found interesting applica
tions as dietary supplements and in pharmaceutical preparations [4]. 

Conclusions 

In this study, the in vivo formation of a caseinophosphopeptide, has been proven for 
the first time and under physiological conditions. These findings therefore support 
the hypothesis that bioactive peptides derived from casein participate in the regula
tion of nutrient entry. Moreover, the molecular characteristics of pep tides generated 
during proteolysis, as well as their influence on metabolic processes, offer new 
aspects of the evaluation of the nutritive value of milk proteins. 
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Introduction 

The protein fraction of milk consists of a few major lactoprotein species synthesized 
in the lactating mammary gland. In bovine milk caseins represent 80% of the total 
lactoproteins. Linkage studies [1, 2] and in situ hybridization [3, 5] revealed linkage 
between ocs1 -Cn-ocsz-Cn-j3-Cn-x-Cn genes, forming a gene cluster on a single chromo
some, controlled by steroid and peptide hormones. Large amounts of casein-specific 
mRNAs in the lactating mammary gland make possible the successful application of 
recombinant DNA techniques to establish cDNA libraries [9]. Isolation of genomic 
sequences, coding for caseins, sequencing of cDNA and genomic DNA clones, and 
RFLP studies offer much information about the fine structure and possible mecha
nisms of regulation of that gene complex. In the following experiments we studied 
expression of the ocs1-casein-coding cDNA clone using two in vitro expression sys
tems. 

Material and methods 

The cDNA sequence, coding for bovine pre-ocs1-casein B was isolated from the 
plasmid pBocsl C184 [7]. For the in vitro translation experiment the plasmid pSPcas 
was constructed. The 1106 bp-BglII-PstI ocsl-Cn cDNA fragment was inserted into 
BamHI-PstI-BglII-PstI ocsl-Cn cDNA fragment was inserted into BamHI-PstI dou
ble restricted polylinked sequence of the vector pSP65 (Promega Biotec). After 
ligation with DNA T 4 ligase (BRL) the derived plasmid pSPcas was propagated in 
E. coli HB101 and after linearization, either with PstI or BglI, endonuclease served 
as a template for in vitro transcription. In vitro transcription and capping of the 
transcripts were carried out using SP6 RNA polymerase and m 7G(5')ppp(5')Gm cap 
structure [4]. The RNA transcripts were translated in a rabbit reticulocyte lysate in 
vitro translation system (BRL). The 35S-methionine labeled translation products 
were run on SDS PAGE followed by autoradiography. 

For the expression experiment in procaryotic cells the UV sensitive E. coli mutant 
SS3228c (maxi cell) was used. The vector pCAS was constructed by insertion of the 
668 bp casein coding BglII-EcoRI sequence into the BamHI-EcoRI double restricted 
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plasmid pUC9 [8]. After UV irradiation and cycloserin-D treatment the pCAS
transformed maxi cells were starved for sulphate. After addition of 3SS methionine 
and IPTG, E. coli was incubated for 1 h and subsequently Iyzed using Iysozyme- and 
ultra sonic-treatment. Cell-lysate was immunoprecipitated and run on SDS PAGE. 
Radioactive-labeled protein products were identified by autoradiography. 

Results and discussion 

The plasmid pSPcas containing the cDNA sequences coding for bovine pre-asl -
casein B was set under transcriptional control of the strong bacteriophage SP6 
promoter (Fig. 1 a) in order to have an efficient in vitro transcription. RNA tran
scripts were capped and in vitro translated using rabbit reticulocyte lysate in vitro 
translation system. Specific in vitro translation products showed in SDS PAGE 
slightly higher molecular weight (MW) compared to the chemically purified asl -

casein, due to the additional leader peptide sequence. The site of linearization of the 
DNA template had no influence on the translation products. As previously shown 
[6] the poly-A tail is not essential for in vitro translation using reticulocyte system. 

Successful integration of the cDNA fragment coding for asl-casein into the lac Z 
gene-region of the plasmid pUC9 (Fig. 1 b) was tested using the x-gal test. Protein 
products of transformed maxi cells precipitate with anti-casein antibodies (Fig. 2). 
The reason for the unexpected high MW of the protein showing the casein-like 
antigenic properties might be a "read through", due to reading frame change on the 
3' -end of the insert. 

EcoRI 

Fig. 1. Construction of the expression vectors: a) pSPcas; b) pCAS 
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Fig. 2. SDS PAGE autoradiogram from im
muno-precipitated bacterial protein products: 
1) molecular weight marker; 2) immuno-pre
cipitation of the pUC9 transformed maxi cells; 
3) pUC9 transformed maxi cells; 4) immuno
precipitation of pC AS transformed maxi cells 
showing a specific immunoprecipitation line; 
5) pCAS transformed maxi cells 
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Introduction 

To minimize hard-clot formation in the human stomach upon ingestion of regular 
cow milk, a product with increased whey protein content has been proposed [1]. 
Investigations of heat stability of this modified milk showed differences due to the 
use of ultrafiltration (UF) produced whey protein retentates (UFR) from cottage 
cheese or rennet-type wheys [2]. Coagulation of milk with cottage cheese whey UFR 
was observed, but the cause was not determined. To elucidate this problem, investi
gations of the heat-induced coagulation in blends of skim milk and cottage cheese 
whey UFR were carried out in comparison to similar blends with UFR from un
heated and pasteurized (72 °C for 15 s) rennet wheys and from a sweet whey obtained 
by ultracentrifugation (UC) of skim milk. 

Methodology 

The same approach as in [2] was followed for preparation of the modified milks. 
Cottage cheese whey from an industrial processor, laboratory-prepared rennet whey, 
and the UC whey obtained according to [3], were ultrafiltered on an Amicon 8400 
(Amicon Corp., Lexington, Massachusetts, USA) UF unit with a 10000 D mem
brane. Some of the cottage cheese whey was decalcified before the UF by an ion 
exchange treatment described in [4]. Heating was in test tubes submerged in a boiling 
water-bath for 30 min. Heat stability was taken as time needed for appearance of 
visually distinctive coagulation. Sodium dodecyl sulphate polyacrylamide gel elec
trophoresis (SDS-PAGE) before and after heating was carried out as in our previous 
work [4]. Selected samples embedded in agar gel were subjected to transmission 
electron miocroscopy observations using established methodology [5]. 

Results and discussion 

Heat stability data for various skim milk-cottage cheese whey protein retentate 
mixtures (Table 1) indicate that when the whey protein-casein ratio increased from 
1: 4, as in milk, to about 3 : 4 (i. e., mixtures of about 70% milk and 30% UFR), the 
heat stability was impaired. At these higher whey protein concentrations the heat 
induced P-Lg and x-casein interaction does not have the usual stabilizing effect 
against the P-Lg precipitation. On the contrary, the higher calcium ion concentration 
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Table 1. Heat stability of milk mixtures with cottage 
cheese whey UF retentates; heating time 30 min max at 
93 °C (come-up time excluded) 

Skim milk/whey Heating time Protein 
UF retentate to coagulation content" 
(% v/v) (min) (% w/w) 

0/100 0 0.8 
10/ 90 0 0.8 
20/ 80 2 0.9 
40/ 60 4 0.9 
50/ 50 8 1.0 
70/ 30 > 30 3.3 
90/ 10 > 30 3.2 

100/ 0 > 30 3.4 

" By Kjeldahl of centrifugation supernatants after heat
ing (average protein content in mixtures before heating 
was 3.2, range 3.1 - 3.4) 

in UFR seems to induce casein co-precipitation and destabilization of the whole 
protein systen:J" as shown by the protein content (Table 1) and the SOS-PAGE of 
supernatants from the coagulated samples and the heat-stable mixtures (Fig. 1 a, b). 

The Ca content of the cottage cheese whey UFR (0.11 %) decreased drastically (to 
0.03%) after heating the pH 6.5 adjusted retentate and coagulum removal by cen
trifugation. In similar experiments with decalcified acid whey UFR (Ca content 
0.01 %), a partial precipitation was seen after 10 min of heating at 93 °C. Unheated 
or pasteurized rennet whey (Ca=0.04%) or UC sweet whey (Ca 0.05%) UFR 
appeared to be more heat-resistant and no heat-induced coagulation was observed 
in the conditions of the test. All combinations of milk and UFR from these wheys 
were heat stable, with the exception of mixtures with unpasteurized rennet whey 
UFR which behaved similarly to those made with regular cottage cheese whey UFR. 
However, in this case the coagulation may have been due to the residual rennet 
activity in the UF concentrates. 

SA 

Casein 

$3-lg 
o.-la 

a b 
5 

a b 
6 

Fig. 1. Examples of SDS-PAGE patterns of 
heat-unstable and heat-stable milk with vary
ing whey protein/casein content before (a) and 
after (b) heating at 93 °C for 30 min. Skim 
milk/cottage cheese whey UF retentate ratios: 
(5) - 50: 50; (6) - 70: 30. Below 50 : 50 all pat
terns were similar to (5) with progressively 
fainter casein bands as the casein concentra
tion decreased; above 50 : 50, all patterns were 
the same as in (6) 
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Electron microscopy observations confirmed that heating the rennet whey UFR 
alone produced large, well defined particles but no aggregates typical of coagulated 
protein (Fig. 2a). The visual appearance of this retentate changed upon heating to 
resemble regular skim milk. The 10: 90 mixture of the unpasteurized UFR with skim 
milk coagulated upon heating, similar to the cottage cheese whey UFR mixtures; 
correspondingly, large aggregated clusters typical of coagulated protein can be seen 
(Fig. 2b). Microstructure of the heat-stable 70:30 mixture (Fig. 2c) was similar to 
regular milk after heating, with clearly distinguishable casein micelles and no whey 
protein aggregation. 

a 

160 

b 

Fig. 2. Transmission electron micrographs of 
the unpasteurized rennet whey UFR/skim 
milk preparations after heating for 30 min at 
93 °C. The arrow indicates agar gel used for 
embedding of the samples; P=milk protein. 
(a)=rennet whey UFR with no skim milk; 
(b)=10/90 skim milk/UFR; (c)=70/30 skim 
milk/UFR 



Conclusions 

The heat instability of milk with increased whey protein content appears to be due 
to calcium-modulated co-precipitation of P-Lg with casein. After calcium removal 
from acid-type whey, or in UC, or pasteurized rennet-type wheys with genuinely low 
Ca-content, the skim milk/UFR mixtures were heat stable. 
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Introduction 

During the secretion mechanism of intracellular milkfat droplets from the lactating 
cell into the glandular lumen an envelopment by the apical plasma membrane takes 
place which results in the well known high emulsion stability of the fat phase in fresh 
milk. This initial milkfat globule membrane (MFOM) is mainly composed of various 
types of polar lipids, (glyco-)proteins, and enzymes; its structural organization ex
hibits three characteristic zones, i.e., an (inner) proteinaceous coat, a unit membrane, 
and a glycocalyx [1, 5, 8]. MFOM glycoproteins show a considerable variation 
among mammalian species. Mucin-like glycoproteins with an estimated molecular 
weight of ca. 500 kD and a carbohydrate content of 50- 80% (w /w) - mainly galac
tose, fucose, glucos- and galactosamine, and sialic acids - have been isolated from 
human MFOM, but have not been found e.g., in bovine MFOM [6, 7]. Only in the 
presence of these mucin-like glycoproteins has an unusually well developed glycoca
lyx, i.e., a filamentous exterior coat, been demonstrated by transmission electron 
microscopy applying the freeze-etching technique [1-3, 8]. Because these character
istic proteinaceous constituents of some milks have so far received little attention as 
to their possible biological significance some methodical aspects and some recent 
findings will be summarized. 

Materials and methods 

Fat globules from freshly drawn milk are transferred to distilled water or dilute 
buffer solutions, e.g., by means of repeated centrifugal creaming and redispersion 
(final concentration offat phase ca. 20-50% (v/v)). Cross-linking reactions, e.g., by 
glutaraldehyde, may be applied for stabilizing membrane structure. 

Prior to electron microscopy preparation these globule dispersions may be further 
treated, e.g., with heating, with proteolytic or glycolytic enzymes, or with specific 
markers like cationized ferritin or lectin-ferritin complexes. Small droplets of fat 
globule dispersion are rapidly deep-frozen by direct immersion into coolants, e.g., 
melting Freon 22 (-160 DC). Deep-frozen specimens are further handled in a freeze
fracture apparatus, i.e., cleaved (e.g., at -105 DC) and subsequently freeze-etched 
(e.g., for 2-5 min) in order to sublime ice to a depth of roughly 1 J.!m. The freeze
etched surface of the specimen is replicated by unidirectional or rotary shadowing 
with platinum/carbon plus pure carbon. Cleaned replicas are studied in a transmis
sion electron microscope. 
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Results and discussion 

Milkfat globules from species like humans, horses, or pigs which show high molecu
lar weight glycoproteins in electrophoresis exhibit a pronounced filamentous glyco
calyx in contrast to others without such glycoproteins like globules from cow, goat 
or rabbit milk (Fig. 1). 

The filaments originate from the membrane surface and extend up to 0.5 - 111m 
into the aqueous phase. Apparently these filaments represent mucin molecules in an 
unfolded state, the degree of unfolding possibly depends on the ionic strength of the 
buffer solution. Pretreatment of milks with glutaraldehyde stabilizes the structure of 
the membrane but does not affect the appearance of the filaments. 

Fig. l. Freeze·etch electron micrographs of milkfat globules from milks of humans (a), horses (b), 
cows (c), and goats (d), demonstrating the species-dependent occurrence of a filamentous glycoca
lyx, i.e., mucin-like glycoproteins. (Scale bars equal 1 I-lm) 
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The glycoprotein filaments are removed from the MFGM surface by heating or 
by certain proteolytic enzymes [1- 3, 6]. Heavy binding of cationized ferritin demon
strates the negatively charged nature of the filaments and the membrane surface [2]; 
binding of various lectins demonstrates the presence of certain carbohydrates on the 
filaments [2, 8]. 

It is concluded that the direct visualization of these MFGM-bound mucin-like 
glycoproteins is supportive for biochemical and immunological characterizations. 
The species-dependent presence of such glycoproteins on the MFGM raises ques
tions about their biological significance and possible function either in the mammary 
gland or also in the nutrition of the newborn [3, 6]. In the field of cancer research 
monoclonal antibodies raised against these mucins of human MFGM have received 
major attention because of their significance for the diagnosis and prognosis of 
breast cancer [4]. 
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Introduction 

Vaccination of pregnant cattle for immunization of calves by pinocitary resorption 
of colostral antibodies vs pathogenous microorganisms of infectious breeding 
diseases has been applied for years in veterinary medicine [2]. 

The application of antibodies from the colostrum against defined protein antigens 
for therapeutic or analytic purposes by immunization of cows was seldom applied 
up to now; only Fey et al. [3] and Hammer et al. [4] have dealt with this subject more 
intensively and produced antibodies in bovine colostrum against ovalbumin, rabbit 
serum albumin, rabbit IgG, and horse ferritin. 

Compared to the conventional production of antibodies the production of colos
tral antibodies has the following advantages: 

1) No special animal housing is necessary; 
2) The yield of antibodies is essentially higher and more uniform; about 80% of the 

immunoglobulins of bovine colostrum consist ofIgG 1 , whereas in the serum it is 
only 50%. The concentration ofIgG1 in colostrum varies between 35-75 gil; in 
serum the concentration is 11 gil. The average quantity of colostrum per cow 
amounts to 4-51, corresponding to a yield of IgG of 136-375 g per animal per 
birth; 

3) A veterinarian is only required for the immunization; colostrum is obtained sim
ply by milking; 

4) Invasive manipulations for the extraction of blood and physical and psychical 
stress of the cows are minimized. 

We have applied chemically modified 7 S-soyprotein fraction (conglycinin), or chem
ically modified bovine p-lactoglobulin to cows in late gestation [1, 5]. 

Deriving p-lactoglobulin was necessary to make it more specific for the bovine 
immune system. A chemical modification of the soy protein was made for improved 
solubility. 

Colostrum taken two and ten hours post partum was defatted, caseins were 
removed by renneting, and the colostral whey was tested for the following properties: 

1) test of successful immunization by the qualitative and quantitative determination 
of specific antibodies; 

2) cross reactivity of antibodies; 
3) enrichment of antibodies; 
4) suitability of antibodies for analytical purposes. 
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Methods 

Immunogens: 

a) conglycinin succinylated according to Hoagland [1, 5]; 
b) conglycinin oxidized with performic acid according to Klostermeyer et al. [1, 5]; 
c) fJ-lactoglobulin was converted to reduced S-carboxymethyl-fJ-lactoglobulin 

(= RCM) according to McKenzie et al. [1, 5] and thereafter it was succinylated 
(= S-RCM) according to Habeeb [1, 5]; a peptide produced by BrCN-cleavage 
from RCM, according to Otani [1, 5], was coupled with glutaraldehyde and 
human serumalbumin according to Avrameas [1, 5]. 

Immunization: 

Every animal was immunized eight, five and two weeks ante partum (calculated from 
the date of insemination). The total quantity ofimmunogens was 150 mg ofS-RCM 
and 220 mg of HSA-RCM per cow; 1000 mg of the soy protein derivates were 
applied. Freund's incomplete adjuvant was used as immunostimulant in order to 
avoid a tuberculine-positive reaction of the animals. 

Determination of antibodies: 

a) double radial immunodiffusion according to Ouchteriony; 
b) immunoelectrophoresis according to Grabar-Williams; 
c) counter currency electrophoresis according to Gocke and Howe; 
d) single radial immunodiffusion according to Mancini et al. [1, 5]. 

Enrichment of colostral IgG: 

The following methods were tested for their suitability: 
a) isoelectric dialysis precipitation at low ionic strength; 
b) ammonium sulfate precipitation; 
c) ethanol-precipitation; 
d) polyethyleneglycol precipitation; 
e) Congo Red precipitation. 

Results 

1) Neither in the colostrums nor in the precipitates taken from the colostrum could 
precipitating antibodies against S-RCM and HSA-RCM be detected. Probable 
reasons: the derivated allogenic fJ-lactoglobulins are not behaving sufficiently like 
a xenogenic antibody and therefore, they are only immunogenic ally weak in the 
bovine immune system. Incomplete Freund's adjuvant cannot counterbalance 
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this deficiency; therefore, the quantities of the immunogenes used were not high 
enough. 

2) Colostrums of animals which were immunized by the soy protein derivates con
tained antibodies, but the concentrations were so low that for further investiga
tions enriched precipitation preparations were used. 

3) Of the five methods tested, precipitation by ammonium sulphate (33% satura
tion) and precipitation with 25% ethanol (pH 6.3, -5°C) showed the best results 
with regard to enrichment of antibodies. 

4) Colostral antibodies show cross-reaction with either native soy protein or with 
native protein extracts from pollens of various species ofleguminosae; if the latter 
were succinylated or oxidized by performic acid, no cross-reaction could be de
tected. 

5) Because of the different protein content the detection limit depends on the kind 
of soy product in use. We found a detection limit of 0.07 -0.13 mg/ml which 
agrees well with values cited in the literature for serum antibodies. A Tris/Glycine 
buffered urea solution (pH 8.6) was favored as the best-suited extraction medium. 
Textured and structured soy proteins could only be detected qualitatively. 

6) Recovery is greatly influenced by addition of polysaccharides and proteins from 
other sources. Determination of soy protein in food stuff is therefore complicated 
and only accomplished by the use of corresponding reference products. 
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Introduction 

The major effort in molecular biology during the last two decades was to explain 
the structure and function of the eucaryotic genome. The investigators were able to 
establish a variety of recombinant DNA techniques which have a great potential for 
the application in animal breeding. cDNA- and genomic DNA-libraries and gene 
transfer techniques are the most important tools to diagnose and manipulate the 
genome. The first indication for possible application of gene transfer was successful 
expression of the MMT -growth hormone fusion gene in transgenic mice [7], but the 
following experiments in rabbits, pigs, sheep, and cattle [2, 4, 1] reduced the great 
expectations. The recent data about controlled, tissue specific expression of the 
transferred milk protein gene for ovine p-Iactoglobulin [8] in mice suggest that 
manipulation of milk composition and changing of technological properties of milk 
proteins could be of interest for practical animal breeding [3]. 

In our experiments we tried to express the cDNA, coding for bovine IXsl-casein in 
eucaryotic cells under control of H-2K promoter from murine histocompatibility 
complex. 

Material and methods 

For the expression experiments in eucaryotic Chinese hamster ovary (CHO) cells the 
vector pH-2Kcas was constructed. The 2kb promoter region (kindly provided by 
D. Morello), from murine major histocompatibility complex gene region was iso
lated from the plasmid pSB1/H-2K [6] as a HindIII-BamHI fragment. The 1106 bp 
BglII-PstI cDNA sequence, coding for bovine pre IXsl-casein B, originally cloned into 
the plasmid pB IXsl C184 [9], was ligated in an equimolar ratio with the H -2K pro
moter region using DNA T4 ligase. The H-2K/cas fusion gene was inserted into 
HindIIIjPstI double restricted vector pSP65 (Promega Biotec), giving the plasmid 
pH-2Kcas. 

Co-transfection plasmid pMMTneoK, coding for neomycin resistance in eucary
otic cells was derived from plasmid pdBVP-MMTne0342-12 [5] after deletion of the 
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BPV (Bovine papilloma virus) sequence. CHO cells were transfected with 5 Ilg pH-
2Kcas, 1 Ilg pMMTneoK and 10 Ilg calf thymus DNAj500 III precipitate, using the 
Ca-phosphate precipitation method. Cells were selected for G418 resistance and 
resistant colonies were isolated. The chromosomal DNA from resistant cells was 
prepared and digested with EcoRI endonuclease; 5 Ilg of digested chromosomal 
DNA were electrophoresed on a 0.8% agarose gel and transferred to nitrocellu
lose filter. The nick-translated plasmid pBasl C184 (> 1.4 . 108 cpm specific activity) 
served as the probe. 

The supernatant of the transfected CHO cells was collected and concentrated by 
ultrafiltration (Amicon) and lyophilization. 0.8 mg of the lyophilized probe was 
dissolved in 100 III 7 M urea and 5 III of this solution was used for immunelectro
phoresis. The electrophoresis was run on 1.6% agarose gel on the Gel-Bound-Foil 
(FMC Corporation, Marine Colloids Division). First-direction was running 2 h at 
300 V and 10 °C, the second direction for 6 h at 170 V. To the second run gel 2.4% 
rabbit anti-bovine casein serum (Behring-Werke AG) was added; then the gel was 
dried and stained with silver dye. 

Results and discussion 

Agarose gel electrophoresis of DNA restriction fragments served as control for the 
construction of the vector pH-2Kcas (Fig. 1). The Southern blot analysis of the 
chromosomal DNA of one transfected cell clone showed hybridization signal in the 
range of 9.0 and 5,7 kb, respectively, displaying the integration of the transferred 
DNA. By using immunelectrophoresis we could show specific precipitation curves, 
indicating casein-specific antigenic determinants in the supernatant of transfected 
cells. This could be expected because H-2 antigens are expressed in almost all differ
entiated cells. Consequently the recent gene transfer experiments showed regulation 
of expression of transferred genes under control of the H-2K promoter, similar to 
expression of the endogenic H-2K gene complex [6]. The occurrence of more than 
one precipitation curve can be explained with the different phosphorylation and 

EcoRl 
Ps t 1 

pH-2Kcas 

Fig. 1. Construction of pH-2Kcas 
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glycosylation rate, as a post translational modification, due to eRO-cell protein
kinases, and unspecific for bovine casein. This experiment showed the possibility for 
expression of milk protein genes in un specialized tissues. 
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Introduction 

Genetic variants of milk proteins are interesting because: 1) There are correlations 
between the genetic variants and protein content, protein composition, fat content, 
functional properties (e.g., cheese making ability, heat stability), and the fitness of 
the cow; and, 2) breeding for yield of milk, fat and protein may have altered 
gene frequencies; studying breeds which have barely undergone selection, or breeds 
with a small population, is therefore very important. Furthermore, electrophoretic 
methods provide fast and reliable phenotyping of great numbers of milk samples 
because of the high resolution obtained, especially by isoelectric focusing. 

Methods 

1) Cellulose acetate gel electrophoresis of whey proteins in veronal buffer; pH 8.9, 
200 Vh; 

2) Isoelectric focusing in immobilized pH-gradients (lPG-IEF) in 260 x 125 x 
0.5 mm polyacrylamide gels; pH 5.2 - 5.7; 1800 Vh; 

3) Carrier ampholyte isoelectric focusing (CA-IEF) in 265 x 125 x 0.25 mm poly
acrylamide gels; pH 2.5-8.0, 8 M urea, 5000 Vh. 

Results 

When phenotyping milk samples of "Murnau-Werdenfelser" breed for p-Iacto
globulin variants, a new variant provisionally called p-Iactoglobulin W was detected 
(Fig. 1) [5]. In a recent study of several breeds we applied IPG-IEF (Fig. 2) and 

2 3 456 

~ D 
-=: BW 
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Fig. 1. Cellulose acetate gel electrophoresis at pH 
8.9 of bovine P-Lg variants from the milk ofindi
vidual "Murnau-Werdenfelser" cows. 
(1) j3-Lg BD; (2) P-Lg WD; (3) P-Lg AB; (4) P-lg 
WD; (5) P-Lg AB; (6) j3-Lg WD. Capital letters 
and arrows denote the migration position 
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Fig. 2. IPG-IEF at pH 5.2-5.7 (resolution = 
0.025 pH/em). Total whey proteins of individ
ual "Murnau-Werdenfelser" cows. 
(1) f3-Lg AD; (2), (3) f3-Lg BD; (4) f3-Lg AW; 
(5) f3-Lg BB. La = (X-Lactalbumin B 

Fig. 3. CA-IEF at pH 2.5 - 8.0. Ca
seins from different breeds with rare 
kappa-casein C or D variant. Samples 
with kappa Cn: 
(1), (6) AC (Angler), (2), (5) BC 
(Angler x Simmental) (3) AC (a gift 
from Prof. C. Corradini, Univ. Piacen
za, Italy), (4) AD (Simmental breed , a 
gift from Dr. G. Erhardt, Univ. Gies
sen, FRG) 

confirmed the new variant [2]. It was found in 19 Murnau-Werdenfelser cows, in two 
Jersey cows, and in two Simmental x Red Holstein crossbred cows. 

Upon CA-IEF of caseins of different breeds a new k-variant was observed (Fig. 3) 
and it proved to be identical with k C found by Di Stasio and Merlin [1], as well as 
by Mariani [3], and identical with k D described by Seibert et al. [4]. 

We observed the C variant in one purebred Angler cow, in one crossbred cow 
(Angler x Simmental), in one crossbred cow (Angler x Brown Swiss), and III one 
purebred Brown Swiss cow. 

Conclusions 

The results indicate that breeds which have scarcely undergone selection (e.g., 
Murnau-Werdenfelser), or which are not widely distributed (e.g., Jersey, Angler) 
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show greater genetic variants than more common breeds. With the high resolution 
obtainable by the new electrophoretic methods there is a chance to discover new rare 
variants even in those breeds that have been studied extensively. 
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Introduction 

Whey proteins have several excellent functional properties and one of their most 
important functions is to improve consistency of foods by forming thermally in
duced gels. fJ-Lactoglobulin, which is the major whey protein, has good gelation 
properties and the aim of this study was to follow the formation of heat-induced gels 
of an industrially fractionated fJ-lactoglobulin isolate at different pH and assess their 
properties using dynamic rheometry. 

Materials 

Industrially fractionated high purity fJ-lactoglobulin isolate was obtained from 
INRA (Rennes, France). In the INRA process, whey is freed of phospholipids 
through aggregation with Ca and heat and microfiltration. a-Lactalbumin fraction 
is heat-aggregated at 55°C, pH 3.8 and centrifuged. The supernatant is diafiltered 
and freeze-dried [1]. 

A fJ-lactoglobulin preparation (L-6879) from Sigma Chemical Co. was used for 
comparison. NaCl, HCI, and NaOH were all of analytical grade. Newly prepared 
protein solutions were used in all experiments. 

Methods 

The protein was dissolved in 2% NaCl-solution to a concentration of 3.5% (w/w) 
and pH was adjusted to appropriate pH value with 1 M HCI or 1 M NaOH. 

Gelation of the protein solution was induced by heating in situ in the rheometer 
cup (DIN 53 019) of Bohlin VOR Rheometer (Bohlin Rheology, Lund, Sweden). 
The sample in the rheometer is contained between a Couette-type cup (the outer 
cylinder) and a bob system (the inner cylinder, diameter 14 mm). The bob is sus
pended in a torsion bar. When the cup is oscillating, the moment couple of the bob 
is sensed through the bob's angular deflection and the signal is fed to the computer 
for conditioning, corrections, and calculations of moduli via fast Fourier transform. 
For the relaxation measurement a given angular deflection is applied to the cup and 
the decay of the resulting couple is measured. 

The temperature profile of the protein solution in the cup is shown in Fig. 1. 
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The first oscillation test: gel formation is followed during the final stage of tempera
ture gradient and at 90 °C by oscillation measurement at 1 Hz, nominal strain 0.02. 

The second oscillation test: gel dynamic moduli are measured at frequencies 
0.01 Hz -1 Hz, nominal strain 0.016 after cooling to 40 °C and an equilibrium period 
of9 min. 

The relaxation test: gel relaxation is measured after a ramp increase of strain to 0.007 
in 0.1 s. 
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Fig. 1. The temperature profile of the fJ-lactoglobulin solution during gel formation and measure
ment 
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Fig. 2. Complex modulus, G*, at 1 Hz as a function of time (first oscillation test) 
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Results 

The effect of pH on gel formation of fJ-Iactoglobulin is shown in Fig. 2. The temper
ature of the onset of gelation is largely independent on pH (within 2 QC), despite the 
known large variation of fJ-Iactoglobulin denaturation temperatures (17 QC) in the 
pH range 4.5- 7 [2]. 
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Fig. 3. Complex modulus, G*, at 1 Hz as a function of pH at 90° and 40°C. Average 
value ± standard deviation 
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Fig. 5. Relaxation modulus, G, as a function of time at 40°C 
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The highest gel strengths are reached at pH 5.0 - 6.0 and significantly lower values 
are found both at more acidic (pH 4.5) and more neutral pH (pH 6.5). Gel strength 
increases again at alkali pH values. The pH dependence of gel strength is the same 
at both 90°C and after cooling to 40°C (Fig. 3). Ii-Lactoglobulin from Sigma starts 
geling at a somewhat lower temperature (2°C) and gives a somewhat stronger gel 
(15-20%) than the Ii-lactoglobulin from INRA. 

Both elastic and viscous modulus of the gel at different pH are measured in the 
frequency range 0.01 -1.0 Hz and Fig. 4 shows that the elastic component of moduli 
dominates at all pH values, i.e., the gels of Ii-lactoglobulin are elastic. 

Relaxation behavior of the gels at different pH values at times up to 1 000 s 
(Fig. 5) indicates a reduction of the elastic component of the Ii-lactoglobulin gels 
linear with log time, in accordance with the oscillation experiments, and shows no 
evidence of residual permanent elasticity. 
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Milk seems to be the best known food with respect to its biosynthesis, composition, 
and chemical structure of the individual components. However, there is still further 
need for fundamental research. 

Especially, knowledge about the influence of the physical properties on the biolog
ical behavior, on the chemical reactivity, as well as on the technological suitability, 
is rather limited. This might change during the next years. At least the industry is 
already highly interested in the physical properties of their products, since properties 
like mouthfeeling and eatability are of higher importance for selling a product than, 
for instance its nutritive value. 

At the moment, data on the relationships between chemical structure, physical 
properties, and nutritive value are few. Does a protein with a certain amino acid 
composition have the same biological value ifit is placed in solution, in a membrane, 
at the surface of a fat globule, within a foam, or in a textured matter? 

Thanks to the fundamental work of Prof. Ribadeau-Dumas and his colleagues we 
know many details about the primary structure of milk proteins, and now many 
details about the tertiary structure of the whey proteins are also known. Clearly, with 
little changes in primary structure, nature manages important biological problems, 
however, our understanding of such phenomenons is still rather limited. 

New methods and possibilities for genetic techniques and biotechnology may help 
us to get further information in the near future, and protein engineering may offer 
a way for studying structure effects and structure-reactivity relationships, especially 
in the milk protein system. The udder seems to be a suitable, if not a good system 
to express artificial genes by mammalian cells. 

Our knowledge of the structure of proteins and its parts (domains) in solutions, 
up to now, comes mainly from studies with crystallized materials or from research 
with one-dimensional techniques like spectroscopy. Prof. Riiterjans demonstrates 
how it is possible to find out the real three-dimensional structure of a protein in 
solution, namely by knowledge of the primary structure (one dimension) and com
bining this with two-dimensional NMR-spectroscopies. This new possibility will 
again stimulate research in our field. 

Comparing this year's Kiel-Milk-Protein-Symposium with that of 1983, we ob
served a certain shift of the subjects; in 1988 more papers were based on the known 
chemical molecular structure of the subjects. In the future, physical chemistry may 
play an important role in a meeting like ours. However, one might presume that in 
1988, the right persons discussed the right problems at the right moment. 
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Introduction 

The modern food industry is rapidly changing from a commodity-handling industry 
toward a market-driven consumer products industry. Today's informed consumer is 
increasingly demanding food products that are compatible with a busy, healthy 
lifestyle that include convenience, that are balanced in calories and nutrients, that 
are safe (less saturated fatty acids and cholesterol), more wholesome, of consistent 
high quality, appropriately portioned, and attractively packaged. Quality attributes, 
flavor, odor, color, taste, texture, mouthfeel are expected. More fabricated food 
products will increasingly be manufactured placing a premium on ingredients with 
versatile but consistent functional properties and compatible with automated fabri
cation. In addition to nutrition, these developments have dramatized the need for 
a range of functional ingredients, in particular low-calorie and structure-forming 
macromolecules like polysaccharides and proteins [27]. 

Proteins represent a most important class of functional ingredients because they 
possess a range of dynamic functional properties (Table 1); they show versatility 
during processing, they can form networks and structures, and they provide essential 
amino acids, i.e., they fulfill functional and nutritional requirements. In addition, 
they interact with other components and improve quality attributes [29]. 

Many sources of ingredient functional proteins are used in foods and dairy pro
teins are a major source. The bulk of these are used in products that are relatively 
tolerant of variability in the ingredient proteins but with refinements in product 
formulae and with automated formulation the food industry is becoming more 

Table 1. Functional properties of proteins in foods 

General property Functional criteria 

Organoleptic Color, flavor, odor 
Kinesthetic Texture, mouthfeel, smoothness, grittiness, turbidity 
Hydration Solubility, wettability, water sorption, swelling, thickening, gelling, syneresis 
Rheological Viscosity, gelation 
Surface Emulsification, foaming, film formation 
Binding Lipid, flavor-binding 
Structural Elasticity, cohesiveness, chewiness, adhesiveness, network formation, 

aggregation, dough formation, texturizability, extrudability 
Enzymatic Coagulation (rennet), tenderization (papain), mellowing (proteinases) 
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demanding not only for compositional but also for functional specifications of 
ingredient proteins. This has dramatized the need for standard methods to determine 
and quantitatively describe the functional properties of proteins for applications and 
also help elucidate structure function relationships [25, 32]. 

The dairy industry will increasingly depend on the food industry as a market for 
functional ingredients, hence it must pay careful attention to meeting the varied and 
exacting needs of the food industry and to the methods of preparation (separation, 
dehydration, fractionation) of functional ingredients. Research is warranted to show 
the unique functional attributes of individual dairy proteins, protein blends, or 
modified dairy proteins [31]. In this context much more information concerning the 
relationships between the physical properties of milk proteins (which are reasonably 
well understood) and functional behavior is needed. In addition, the particular 
physical properties that meet the functional requirements in particular food applica
tions must be elucidated so that rational decisions can be made in selecting the best 
proteins for specific application or determining what modifications are required for 
improving a particular function. 

Different applications require quite different functional properties and many 
products require an array of properties and in some cases depend on changes in 
properties during actual processing or preparation, e.g., in foam formation and 
stabilization some molecular unfolding and subsequent protein: protein interaction 
must occur [25]. In reformed meats adhesion and binding are important and adhesive 
proteins (unlike myofibrillar proteins) that can function without added salt are 
needed. In comminuted meat products solubility, viscosity, emulsifying, water
holding, and gelation are required to ensure good texture, shape retention, cutting 
characteristics, and smooth mouthfeel. Few single proteins possess the appropriate 
range to perform all these functional properties and usually a mix of proteins is 
needed. In emulsions or foams the protein(s) should possess good interfacial activity 
and form a strong cohesive, elastic film. To achieve this a protein must perform a 
sequence of functions which few proteins can achieve satisfactorily. Casein and 
caseinates being amphipathic are distinctly surface active, readily form films and 
satisfactory emulsions and foams, but in some products these films lack sufficient 
interactions and critical viscoelastic properties for stability. Proteins which retain 
more tertiary structure, that possess molecular flexibility and a balance of hydro
philic and hydrophobic interactions form stronger films, e.g., fJ-Iactoglobulin and 
bovine serum albumin (BSA) [22, 51]. However, the best films are obtained with 
mixtures of proteins, e.g., egg white or caseins and whey proteins blended with basic 
proteins [52]. 

Modification and properties 

Knowledge of the physicochemical characteristics required for particular uses are 
only partly understood. In gelation limited unfolding of polypeptides to facilitate 
interactions and a balance of attractive and repulsive forces are desirable [43, 24]. In 
foams and emulsions amphiphillic flexible molecules which readily orient at an 
oil-water interface with maximal protein: protein interaction is required to form a 
strong film [24, 27]. However, while the features required may be known, the current 
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state of knowledge is inadequate in terms of specifying the best protein structures to 
use for particular uses. Much of the available information has been obtained by 
empirical practices and currently the rational design of functional protein is not 
possible. However, a large amount of general information which is indicative of 
particular molecular structures that perform best in certain applications is available, 
as exemplified by gelatin gels; egg-white proteins for whipping, caseins for cheese 
curds, and gluten for viscoelastic properties in leavened bread [32]. The structure, 
conformation, size, surface charge, hydrophobic: hydrophilic balance, molecular 
flexibility, etc., affect functional properties, hence, modification of these can be 
exploited to alter the functional behavior of proteins. Because of the increasing, 
though incomplete, knowledge of structure: function relationships the modification 
of proteins by physical, thermal, chemical, enzymatic, and genetic procedures or by 
blending of different proteins (and other macromolecules) is being gradually devel
oped to improve the nutritional and functional behavior of proteins [27, 5, 6,44]. 

Physical: Fractionation and separation is widely used in the dairy industry to pre
pare amphipathic caseins for use as heat-stable surfactants in coffee-whiteners. Ul
trafiltration is used to prepare various protein fractions. Heat treatments are used to 
modify or improve functional behavior of products. e.g., "low-," "medium-," "high
fat" milk powders [24]. Low-heat powders contain more soluble whey proteins and 
less .B-lactoglobulin/x-casein complexes and are useful in fortifying yogurts, ricotta 
cheese, and in rennet casein manufacture. High-heat powders are required to avoid 
loaf depression in bakery products [26]. 

Heat-induced interaction between .B-Lg and the x-casein on casein micelles im
proves the gel structure of yogurts and reduces syneresis [17]. Heat combined with 
pH adjustment can be exploited to separate .B-Lg or IX-lactalbumin from whey [48]. 
Heat treatment of whey protein or .B-Lg is used to prepare networks with a range of 
rheological and textural properties from soft curds to hard gels [43, 12]. 

Charge: Adjustment of pH by altering net charge on proteins can be exploited to 
alter functional behavior of milk proteins and to prepare acid casein [42]. The heat
stable surface active properties of caseins cannot be exploited as such, however, the 
caseinates are universally used in foods where solubility, heat stability, water hold
ing, and surface activity are required [42, 24, 39]. 

The pH greatly affects the functional behavior of whey proteins [24, 40, 41]. Thus, 
whey proteins and .B-Lg form stronger, clearer heat-induced gels above pH 7.0 [43]. 
The emulsifying properties of .B-Lg improve as the pH is increased, i.e., surface 
activity, film thickness, and film strength is greatly enhanced at pH 9.0 compared to 
pH 5.0 reflecting greater molecular interaction and better film formation [57]. 

Acid stability of .B-Lactoglobulin: Resistance to Proteolysis: .B-lactoglobulin (.B-Lg) 
avidly binds retinol (Ka 108 M - 1) and has been proposed as a specific carrier of 
retinol from maternal milk to the neonate [49,47]. The .B-Lg molecule possesses a 
barrel structure with a hydrophobic pocket or calyx which forms a high affinity 
binding site. Because the binding affinity of a ligand is sensitive to the conformation 
of the host protein the delivery of the retinol to the small intestine of the neonate 
would require that .B-Lg remain stable at the low pH values (pH < 2) encountered in 
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the stomach. To assess this, the conformational stability of f3-Lg at progressively 
decreasing pH values was examined by [20]. The UV-difference spectra of f3-Lg 
revealed a progressive increase as the pH was reduced from 7.5 to 1.5. This was 
consistent with the transfer of some chromophores (tryptophan, tyrosine/phenyl
alanine) into the more apolar interior with tighter folding and decreased molecular 
flexibility as observed by Shimizu et al. [57]. 

The conformational stability was determined by studying the equilibrium thermal 
unfolding of f3-Lg at various pH values. The T rn (i.e., temperature at which 50% of 
the protein is unfolded) progressively increased with decreasing pH (Table 2). The 
pH stability curves indicated a sharp reversible transition at specific temperatures 
and the associated thermodynamic parameters were calculated from the apparent 
equilibrium constants (Kapp). As the pH was adjusted down from 7.0 to 1.5 the 
temperature of maximum stability (T rna.) increased and the magnitude of the appar
ent free energy (Ll G~pp) at Trnax increased. The relative change in the free energy of 
unfolding became more positive with decreasing pH reflecting enhanced stability by 
> 12 kJ/mol and a Trn increase of 18.5°C (Table 3). At pH 1.5, f3-Lg possesses about 
18 positive charges yet this does not destabilize the protein. Conceivably the proto
nation of certain carboxylic acid groups may contribute to extra hydrogen bonding 
and stabilize the protein at pH 2.0 [21]. This stable conformation may effect the 
peptic digestibility of f3-Lg hence this was examined. 

Digestibility. The structure and conformation of proteins affect their digestibility 
and hence their nutritional value [37]. Caseins with limited secondary structure are 
facilely digested compared to whey proteins. Other proteins in milk which perform 
specific biological functions during milk synthesis (e.g., a-lactalbumin) or in the 
protection of the neonate (lactoferrin, lysozyme, immunoglobulins) may be resistant 
to proteolytic digestion because of their structures [61,56,58, 18]. In this regard f3-Lg 
(which is absent from human milk), because of its compact structure at pH 2.0, may 
be resistant to pepsin. This may present a problem in humans because of its aller
genicity. In animals f3-Lg is resistant to gastric digestion and apparently remains 
intact after passing through the stomach [38, 69]. Jakobsson et al. [15] identified 

Table 2. Effect of pH transItion temperature 
(T m) of f3-lactoglobulin 

pH 

7.5 
7.0 
6.5 
3.0 
2.5 
2.0 
1.5 

182 

64.8 
69.2 
71.9 
77.2 
78.8 
82.5 
83.3 

o 
+ 4.4 
+ 7.1 
+ 12.4 
+14.0 
+17.7 
+ 18.5 

Table 3. The increased enthalpy (Ll H~pp Kcal/ 
mole) and entropy (Ll S~pp entropy units) ofther
mal unfolding of f3-lactoglobulin at decreasing 
pH values 

pH H~pp Ll S~pp 

7.5 47.80 141.22 
7.0 51.74 151.34 
6.5 53.53 155.23 
3.0 57.70 164.73 
2.5 59.65 169.12 
2.0 63.68 178.95 
1.5 65.98 185.07 

a These values were calculated with those at 
pH 7.5 as references (at 70°C) 



immunoreactive bovine f3-Lg in human milk and correlated its presence to the 
development of colic in breast-fed babies. 

In addition, f3-Lg may function as a retinol-carrier protein to provide vitamin A 
via specific receptors in the small intestine of the neonate [47]. This would require 
that the protein retain its structure (and binding capacity) [7] and resist pepsin under 
the acidic conditions of the stomach. Therefore, the structural and conformational 
behavior of native, heat modified, and reduced f3-Lg under acidic conditions were 
correlated with its susceptibility to pepsin and ex-chymotrypsin hydrolysis [55). 

Native f3-Lg is quite resistant to pepsin hydrolysis at pH 2.0 and heating at 50°, 
60°, and 70 °C did not significantly alter its resistance to pepsin. Heating at 80°C 
increased the hydrolysis to some extent, while heating at 90 °C resulted in rapid 
hydrolysis of f3-Lg (Fig. 1). In contrast, cleavage of the two S-S bonds via sul
fitolysis markedly increased the digestibility of f3-Lg. 

The effects of heating at pH 6.8 on the conformation of f3-Lg was assessed by 
fluorescence emission spectroscopy at pH 2.0. Structural changes were negligible 
following heating at 50°, 60°, and 70°C but fluorescence quenching dramatically 
decreased above 80 °C reflecting exposure of previously buried tryptophan groups. 
Cleavage of S - S bonds caused marked quenching of fluorescence and a red-shift in 
the absorption maxima with a concomitant increase in emission Amax reflecting 
extensive conformational changes. Calculated emission transition energy (Vi) and 
surface polarity (Z) values for extrinsic fluorescence of ANS conjugates showed a 
decrease upon heating and S-S bond cleavage at pH 2.0 indicating exposure of 
hydrophobic groups to the aqueous polar medium; this was associated with im
proved accessibility to pepsin and enhanced digestion [55). 

The chymotryptic digestibility of native, heat-treated, and S-S cleaved f3-Lg in
creased with time in all cases, especially following heating at 80° and 90°C and 
cleavage of the S-S bonds (Fig. 1). 

Protein digestibility is influenced by the conformation of protein and the accessi
bility of susceptible bonds to the enzyme. Pepsin has a specificity for tryptophan, 
tyrosine, phenylalanine, leucine, and isoleucine residues [4). The resistance of native 
f3-Lg to peptic digestibility indicates that these groups are not accessible to enzyme 
because of the tightly folded state of f3-Lg which internalizes most of the pepsin 
specific bonds in native f3-Lg at pH 1.5. Heating f3-Lg at temperatures above 70°C 
and cleavage of S-S bonds by causing unfolding and exposure of hydrophobic 
residues greatly increased proteolysis by pepsin. Both heat treatment above 70°C 
and disulfide cleavage caused marked conformational changes in f3-Lg. This reflects 
dissociation and unfolding of f3-Lg to expose hydrophobic residues. This was condu
cive to more extensive proteolysis by both pepsin and chymotrypsin which shows a 
specificity for the phenylalanine, tyrosine, and tryptophan residues that were ex
posed following heat treatment and reduction. These data indicate that the disrup
tion of native structure especially by S-S cleavage, exposes susceptible peptide 
bonds and significantly decreases the resistance of f3-Lg to pepsin. Thus, processes 
such as heating (>90°C) or cleavage of S-S bonds may be used to improve the 
digestibility of f3-Lg and possibly reduce its allergenicity to sensitive babies. 

These data that show the resistance of f3-Lg to pepsin proteolysis are consistent 
with a post secretory biological function that requires molecular integrity in the 
small intestine. Thus f3-Lg may act as carrier for the insoluble retinol in bovine milk. 
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However, since milk fat contains p-carotene and Vitamin A the importance of this 
proposed carrier function is questionable, though it is possible that P-Lg may facili
tate the esterification of retinol in neonatal tissue as observed with other retinol 
binding proteins [46]. 

pH and Thiol Reactivity of P-Lg: The free thiol group in P-Lg is partly responsible 
for the thermal instability of P-Lg via irreversible aggregation [9] which is a problem 
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in preparing functional proteins from whey [24]. In addition, the interaction of f3-Lg 
with micellar x-casein may destabilize the casein micelles in UHT milks and impair 
chymosin action in milks reconstituted from heated milk powders. 

The thiol group on residue 121 is located on the surface f3-barrel sheet of the f3-Lg 
monomer that is normally occluded by the association in the dimer [2]. The thiol 
group of f3-Lg is not very reactive at pH 2.0. However, as the pH is increased, 
especially above pH 7.0, the thiol group becomes more reactive especially upon 
heating [9]. Therefore agents which stabilize the structure of f3-Lg may reduce the 
reactivity of the thiol groups of f3-Lg. The reactivity of the thiol group of f3-Lg under 
different solution conditions of pH, heat, and anions were determined using dithio
nitrobenzene titration [21]. 

The reactivity of the thiol group was negligible at 25°C at pH 6.8, however 
increasing the pH caused an increase in thiol exposure and above pH 8.4 the reactiv
ity increased markedly, i.e., 0.9 moles of thiol/mole of f3-Lg reacted within 30 min. 
The pKa of the thiol group occurred at pH 9.3 which is higher than in other proteins 
reflecting the fact that it is normally buried in the hydrophobic region of the dimer. 
Dissociation of the f3-Lg dimer using increasing concentrations of chao tropic agents 
(e.g., guanine hydrochloride or urea above 1.5 M), increased the reactivity of the 
thiol group, i.e., more than 75% of the thiol groups reacted in 3 min reflecting 
dissociation of the f3-Lg dimer. 

Heating f3-Lg (pH 6.8) from 50-80°C progressively increased thiol exposure at 
pseudo first order rates which increased with temperature. The dissociation had 
positive L1H+, L1S, and L10 values at all temperatures (Table 4) [19]. 

The addition of various structuring anions decreased the rate of thiol exposure 
(Table 5), probably by enhancing the stability of dimeric f3-Lg and retarding disso
ciation. Citrate had the most stabilizing effect as reflected in the relative chan£"p in 

activation free energy L1 (L10 dimer) [where (L10) = -RT·ln·ks/ko]. These salts 
stabilized the f3-Lg in the order citrate> phosphate> sulfate> chloride as deter
mined by circular dichroic-spectroscopy. The mechanism apparently involves the 
structuring of water and the unfavorable thermodynamic changes (negative entropy) 
required to expose non-polar groups to the water and to create hydration cavities 
[13]. Thus, by enhancing hydrophobic interactions within the f3-Lg dimer and con
comitantly strengthening hydrogen bonding and van der Waals interactions these 

Table 4. Effect of temperature on the thermodynamic activation parameters for the dissociation of 
p-lactoglobulin dimer, i.e., accessibility of thiol group at pH 6.85 

Temperature Rate AH! AS! AG! 
(0C) K(sec- 1) (cal/mol) (calfmol/K) (cal/mol) 

50 5.58 x 10- 4 31200 22.9 23800 
55 1.10 x 10- 3 31190 22.7 23740 
60 2.29 x 10- 3 31180 22.7 23620 
65 5,60 x 10- 3 31170 23.0 23390 
70 1.08 x 10- 2 31160 22.9 23290 
75 1.93 x 10- 2 31150 22.7 23240 
80 3.42 x 10- 2 31140 22.7 23180 

185 



Table 5. Effect of various anions on the rate constant (k) and 
relative change in free energy of activation, Ll (Ll G: dimer) for 
the dissociation of the j3-lactoglobulin dimer and exposure of 
thiol group at 70°C 

Salt k Ll (Ll: dimer) 
(0.2 M) (sec-I) (cal/mol) 

None 1.20 x 10- 2 0 
Chloride 9.80x1O- 3 140 
Tartrate 7.61x1O- 3 312 
Sulfate 4.80x1O- 3 620 
Phosphate 4.07x10- 3 730 
Citrate 3.33x1O- 3 875 

anions increase the thermal stability of f3-Lg and decrease the reactivity of the thiol 
groups. These observations may be further exploited to improve the heat stability 
and reduce the reactivity of f3-Lg in milk. 

Chemical modification: The principal functional groups of proteins that can be 
modified are the free amino and carboxylic groups; however, in addition the hy
droxyl, phenolic, sulfhydryl, and disulfide groups may occasionally be modified [33]. 
The most common methods that have been used for modification of milk proteins 
have included acylation or alkylation of free amino groups; esterification and ami
dation of carboxyl groups; glycosylation of amino and carboxylic groups; phosphor
ylation of free hydroxyl (mostly serine) and amino groups; reduction of disulfide 
bonds; cross-linking using thioljdisulfide interchange, and also trans glutaminase 
(y-glutamyl carboxyl to e lysine condensation) and proteolytic modification [23, 44, 
39, 5, 6]. 

Acylation: Acyl anhydrides facilely modify the e-NH 2 group of lysine to form 
acylated proteins with increased negative charge depending on the group added [33, 
8, 25]. Thus, succinylation of caseins and whey proteins enhances their solubility, 
hydration and rheological properties and in the case of whey proteins and f3-Lg 
limited succinylation improved surface activity and heat stability. Acylation of pal
mitic acid to the free amino groups of caseins via palmitoyl hydroxysuccinimide ester 
improved the surface active properties [10]. The incorporation of methionine via the 
carboxyanhydride reduced the solubility of casein [1]. Acylation generally reduces 
the nutritional value of proteins by reducing the availability oflysine, however at the 
levels used in foods this should not be significant. 

Phosphorylation of the serine hydroxyl and e-NH 2 lysine of casein and f3-Lg 
respectively has been achieved using phosphorus oxychloride [35, 67]. Phosphory
lation altered structure, increased solubility, water binding, viscosity, emulsifying 
activity, and it enhanced heat stability. It improved network formation via calcium 
cross-linking which induced gelation and improved the stability of emulsions [68]. 
The effects depend upon the extent of phosphorylation. This is a harsh method and 
may be impractical, however, enzymatic phosphorylation may become of practical 
use with the production of enzymes and deserves further study. 
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Glycosylation of caseins via reductive alkylation improved their solubility at 
acidic pH values, significantly enhanced viscosity, and slightly improved foaming 
properties [6]. Maltose and p-cyclodextrin were coupled to the lysine residues of P-Lg 
using the cyclic carbonates [65, 62, 66]. Glucoseamine was linked to carboxyl groups 
via carbodiimide. These yielded a heterogeneous population of P-Lg products with 
altered conformation, charge and solubility characteristics. The viscosity and water
holding properties were enhanced and although surface activity was not significantly 
altered, some of these glycosylated p-Lg had useful emulsion and foaming proper
ties. Increasing glycosylation enhanced in vitro digestibility reflecting extensive un
folding of these proteins [63, 64]. Glycosylation of P-Lg with gluconic and melibionic 
acid caused improved solubility over the entire pH range and enhanced heat stability 
by approximately 5°C [34]. Generally, the introduction of charged functional groups 
or bulky substituents into proteins causes extensive changes in the conformation of 
these proteins and alters physicochemical properties, e.g., viscosity, surface hydro
phobicity, solubility and, network forming behavior. 

The free carboxylic groups of glutamic and aspartic acid can be readily esterified 
and/or amidated to alter the isoionic pH of P-Lg and increase it from 5.2 to above 
pH 9.0. These esterified proteins improved surface activity and emulsion stability, 
perhaps by reducing charge and enhancing hydrophobicity [36]. These cationic pro
teins readily interact with other food proteins and improve foaming properties [52]. 

Surface activity: The capacity of proteins to form interfacial films and stabilize 
foams is an important functional attribute in many applications and is particularly 
important in the fabrication of low-calorie desserts, whipped toppings, aerated 
pastries, etc. Some proteins that are amphipathic and possess dynamic flexible struc
tures are very surface active and can form effective foams, e.g., caseins, but generally 
these foams are unstable, particularly to heat [25]. The criteria required in a "foam
ing" protein are solubility, rapid adsorption of part of the molecule at the interface 
with concomitant partial unfolding, spreading in the interface, and extensive 
protein: protein association in the air, aqueous and air: water interface to form a 
continuous cohesive film. Ideally, these films should possess mechanical strength 
and viscoelastic properties to enable them to encapsulate air bubbles, resist rupture 
and gas leakage, and effectively retain water in the foam capillaries. Few individual 
proteins can perform all the dynamic functions required for formation of a stable 
foam - usually a mixture of proteins, e.g., egg white perform best [50]. 

The caseins have good whipping and overrun characteristics but the films formed 
tend to be weak and hence the stability of these foams is unreliable. Whey proteins 
and particularly p-Iactoglobulin have excellent foaming properties that are superior 
to egg white in overrun [50]. They form thicker stronger films reflecting extensive 
intermolecular interactions. However, these have limited heat stability for many 
applications. Poole et al. [54] showed that the addition of basic proteins, clupeine, 
and lysozyme improved the foaming behavior of several proteins including P-Lg. 
Proteins with pI values greater than pH 9.0 progressively improve foaming behavior 
of other proteins. 

Modification of milk proteins to improve their film forming properties has not 
been very successful [23], however, recently it has been observed that modification 
of P-Lg via amidation or esterification to increase its isoelectric point to pH> 9.0 
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makes it a good complementary foaming agent, i.e., when mixed with f3-Lg at a ratio 
of 1 : 10 at pH 7.0 it markedly enhanced the foaming behavior (overrun and stability) 
of f3-Lg [52]; clupeine and lysozyme also enhances foaming and whey protein isolates 
and improves their heat stability [50]. The glycine and arginine esters of f3-Lg also 
markedly enhanced the foaming properties of food proteins and this was related to 
their net positive charge which facilitated maximum interactions with other proteins 
[52]. This observation provides a new approach for improving the functional proper
ties of milk proteins. These observations are consistent with the suggestion that 
thicker interfacial films form more stable foams [25, 51]. 

Disulfide Bonds: Disulfide bonds maintain the structure and stability of many pro
teins including k-casein, IXs2-casein, f3-lactoglobulin, IX-lactalbumin, serum albumin, 
and immunoglobulins of milk. While the disulfide bonds in these proteins may be 
important in maintaining biological activity, they may actually impair functional 
applications. Thus controlled cleavage of the disulfide (S-S) bonds of these proteins 
may be an approach for improving their functional properties. 

The cleavage of S-S bonds by reduction is of limited use in foods because of 
rapid reoxidation unless the thiol groups are protected, e.g., with iodoacetamide. 
However, most of these SH protective reagents are not allowed in foods, therefore 
alternative cleavage methods are needed, e.g., sulfitolysis. 

A facile method for the controlled cleavage of S-S bonds involves treating a 
protein solution containing an S-S concentration of 40-400 11M in phosphate 
buffer at pH 7.0 with sodium sulfite (0.1 M), ammoniacal cupric sulfate 0.1 M, and 
bubbling oxygen through at 45°C. The progress can be monitored by quantifying 
S-S bonds [20]. In this reaction the free SH groups are sulfonated by oxygen in a 
cupric ion mediated oxidation/reduction cycle. The rate of the reaction can be 
controlled by the copper concentration with rates of 1.2 x 10 - 3 and 1.6 x 10 - 2 
min -1 obtained at 40 and 400 11M. The rates of cleavage varies with protein but can 
be accomplished without denaturants [20]. 

Sulfite reduction of whey proteins, serum albumin, and f3-Lg greatly increased 
their viscosity and at low levels of sulfitolysis their surface active properties can be 
improved. Emulsions were made using bovine serum albumin with approximately 
50% and 100% of the S-S bonds reduced by sulfitolysis. This caused extensive 
unfolding of the protein as reflected in the specific viscosity which increased from 
0.05 to 0.12 and 0.3 at 50% and 80% sulfitolysis, respectively. The isoelectric point 
was decreased by the additional S03" groups and the overall conformation of the 
protein changed with an increase in conformational flexibility as indicated from 
fluorescence and CD spectra [22]. The cleavage of disulfide bonds improved the 
emulsifying behavior ofBSA as reflected in the decrease in emulsion droplet size and 
increased surface area per gram of protein (Table 6). These data suggest that the 
increased flexibility and unfolding of the protein following sulfitolysis improved the 
capacity of BSA to form interfacial films for these emulsions. 

Enzymatic modification: Because chemical modification lacks specificity, control, 
and causes concerns about safety and nutritional value, enzymatic modification 
should be systematically explored because of specificity, mild conditions, safety and 
control. Furthermore, with advances in biotechnology a wide range of enzymes 
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Table 6. Effects of sulfitolysis on emulsifying behavior of bo
vine serum albumin 

s-s 
cleaved % 

o Native 
50% 

100% 

Oil fraction 

Average droplet 
size D(Jl) 

0.2 0.4 0.6 

2.1 4.6 10.1 
2.0 3.7 9.2 
1.9 3.0 6.9 

Surface area 
(m2/g protein) 

0.2 0.4 0.6 

260 225 160 
240 300 175 
270 380 250 

should become available for hydrolyzing, acylating, reduction (disulfide), oxidation 
(thiol), cross-linking, and glycosylation of proteins. 

Limited proteolysis improves the foaming properties of proteins, especially aggre
gated denatured proteins [60]. Partial hydrolysis of as-casein with pepsin, plasmin, 
or chymosin released 23 amino acid N-terminal residue that had a high surface 
activity, facilitated emulsion formation but failed to stabilize emulsions. 

Transglutaminase catalyzes a calcium dependent acyl transfer in which the car
boxyamide group of glutaminyl residues of protein (donor) is linked to a nucleophil
ic group (acceptor) such as the e-NH2 of lysine. This enzyme can be used to incor
porate amino acids/peptides, e.g., methionine or lysine esters, into proteins [14] and 
to cross-link proteins and increase viscosity, heat stability and induce proteins to 
form cold-set gels [59, 45]. This enzyme may be used to introduce a wide range of 
groups, e.g., glycosyl residues, peptides, etc. into proteins to alter functional proper
ties. 

There is a need for enzymes such as disulfide reductase and sulfhydryl oxidases to 
manipulate intra- and intermolecular crosslin king and improve functional behavior 
of milk protein in foods. 

Genetic modification: An understanding of structure: functional relationships is de
sirable in selecting or modifying proteins for food applications and in the rational 
design of proteins via recombinant DNA technology. Unfortunately, with the excep
tion of {J-lactoglobulin (and to a lesser extent a-lactalbumin and caseins) little is 
known of the native molecular structures and the particular conformation which are 
important in specific functions. However, for many food applications general struc
ture function relationships should be adequate in directing rational modification. 
Thus, in the case of {J-Lg, deletion of cysteine 121 or insertion of a pairing cysteine 
to form a new disulfide link should improve the thermal stability of {J-Lg and reduce 
its interaction with x-casein. The recent successful cloning of the {J-Lg gene will 
facilitate site-directed mutagenesis [16]. Modification of this protein to study struc
ture function relationships and eventually to design proteins that can be produced 
in lactating mammary of transgenic animals may now be feasible. Other research is 
focusing on isolating and cloning genes for caseins with a view to altering their 
properties via site directed mutagenesis [5]. In this context, the mammary tissue and 
milk may gradually become the vehicle for an array of additional food and thera-
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peutic products via recombinant DNA and gene transfer, e.g., tailored proteins, 
enzymes, immune globulins, lactoferrin, vitamins, etc. Mammary tissue could be
come a major synthetic source of many genetically engineered mammalian products. 
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Introduction 

With the growing body of knowledge of protein structure has come the realization 
that proteins are not rigid, inflexible structures. Rather their structures are dynamic 
and are characterized by marginal stability and conformational equilibria. Their 
structures represent a minimization of the sum of the free energies resulting from 
noncovalent interactions between amino acid residues within a polypeptide chain, 
between residues in contacting polypeptide chains, and between residues and solvent 
molecules. Because of their marginal stability, protein structures are sensitive to 
environmental change and alteration in their structure may be reversible or irrever
sible. Neglecting postsynthetic covalent change, proteins will refold to their native 
conformation from a random coil state under conditions which mimic the physio
logical environment. This result is a consequence of the thermodynamic nature of 
their structural stabilization. Recent evidence suggests that folding pathways as well 
as the native structures are determined by the primary structure and the consequent 
thermodynamics of noncovalent interactions between residues and residues plus 
solvent [1]. 

Often however, structural changes are irreversible. Obviously this would be true 
in instances where postsynthetic covalent change had occurred, such as limited 
proteolysis. Frequently, however, the structure of a protein is kinetically trapped in 
a non-native structure because the refolding conditions do not adequately mimic the 
physiological state. For example, refolding in solutions allows interchain interaction 
of reactive residues, whereas in vivo, physical isolation of nascent folding polypep
tide chains would favor intramolecular interactions [2]. Also, in the case of thermally 
denatured proteins, the denatured state is often separated from the native state by 
a high activation energy due to multiple intermolecular interactions. Thus, if cova
lent changes have not occurred, a transition from the "irreversibly" thermally dena
tured state to the native structure can be achieved by first eliciting a random coil 
structure in a chao tropic solvent [3]. 

As a consequence of the dynamic nature and marginal stability of protein struc
ture, subtle changes in the primary structure or environmental conditions can signif
icantly alter their structure and their resulting functionality and nutritional quality. 
This paper will review some of the structural characteristics of milk proteins, the 
relationship of structure to proteolytic susceptibility, and some of the structural 
changes that may occur during processing and storage. Finally, the effect of these 
structural changes on the protein's digestibility will be discussed. 
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General aspects of protein structure 

In recent years, our concept of protein structure has dramatically expanded, largely 
as a result of the rapid increase in the numbers of proteins whose three-dimensional 
structures have been solved by x-ray crystallography. Of the major milk proteins 
only the three-dimensional structures of IX-lactalbumin and fJ-Iactoglobulin have 
been solved at a high resolution [4-6]. Nevertheless, the principles derived from 
analysis of many known structures provide insight and allow a more probing discus
sion of protein structures based on other characteristics. For example, although it is 
still not possible to derive the three-dimensional structure from the primary struc
ture, certain predictions of secondary structure can be made with reasonable accu
racy [7]. It should be recalled that the primary structures of all the major milk 
proteins are known [8]. Furthermore, recent combination of x-ray crystallography 
with site-directed mutagenesis has permitted unequivocal analysis of the contribu
tion of specific noncovalent interactions to protein structure and stability [9]. The 
derived principles and relative contributions of various noncovalent interactions 
provide a growing comprehension of structure and acquisition of structure in pro
teins. 

Hydrophobic interactions result from an increase in the surface free energy and 
structure of water adjacent to nonpolar groups and thus the thermodynamic necessi
ty to minimize the nonpolar surface area in contact with water. These interactions 
appear to be a major factor in the initiation of protein folding and are responsible 
for the globular nature of protein structure [1]. However, other than required com
plimentarity of surface topology, hydrophobic interactions are not specific or direc
tional. Thus, biospecifically interacting hydrophobic surfaces often include hydro
gen bonds and/or ion-pairs which provide the specificity and correct orientation. 
Hydrogen bonds, on the other hand, are very directional as the free energy is greatly 
dependent upon the bond angle and, hence, are responsible for formation and 
maintenance of regular backbone structure (secondary structures such as IX-helix, 
fJ-sheet, and fJ-turn structures). An isolated backbone hydrogen bond, however, 
would not be stable in competition with potential H-bonds of similar energy with 
water. Consequently the requirement for a minimum number ofH-bonds to simulta
neously form results in cooperation with structure formation, i.e., the "velcro" 
effect. Of course, interactions between side chain residues protruding from the back
bone are also important for stabilization of the secondary structure, consequently 
certain sequences favor IX-helix, fJ-sheet, or fJ-turn structures and some sequences do 
not permit formation of an H-bonded secondary structure. 

Folding most likely proceeds from initial formation of hydrophobic globules 
resulting from short range interactions, through acquisition of secondary structures, 
and finally interaction of these structures yields supersecondary structures and, 
ultimately, the final tertiary structure. The last step in the stabilization of native 
structure for secreted proteins containing disulfide bonds is oxidation. Disulfide 
bond formation pathways have been elucidated for several proteins [10,11]. Forma
tion of non-native disulfide bonds has been observed in the preferred folding path
way which must subsequently rearrange through sulfhydryl-disulfide interchange to 
give the native structure. Physiologically, formation of disulfide bonds in proteins is 
most likely catalyzed by protein: disulfide isomerase [12] and/or sulfhydryl oxidase 
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[13]. The latter enzyme will catalyze de novo synthesis of disulfide. Therefore, its 
participation, either directly or indirectly, seems highly probable through provision 
of oxidizing equivalents. 

The tertiary structure of a protein consists of one or more domains which may fold 
independently and may have different stability. Noncovalent interactions (hydro
phobic interactions, H-bonding, ion-pair formation) and complimentarity of surface 
topology will lead to association of supersecondary structures and domains yielding 
a folded native protein. In some cases, additional association of folded protein 
subunits occurs to yield quaternary structure and also superstructure. A funda
mental question of biology addresses how the biospecificity of these interactions is 
achieved since similar interactions participate in all levels of structure. It appears 
that the primary structure is not sufficient in all cases to specify all levels of structure 
since some proteins cannot be refolded from random coils in solution [14]. More
over, intracellular synthesis and storage of protein in recombinant microorganisms 
commonly yields inactive proteins [15]. The answer may lie in the physical [2] and/or 
temporal [16] isolation of nascent folding polypeptide chains. Recently it has been 
proposed that pauses occur at crucial times during biosynthesis which would allow 
certain domains to fold before synthesis of adjoining domains [15]. Previously, we 
have proposed that polypeptide chains are substantially folded prior to release from 
ribosomes or membranes in the case of secreted proteins and thus are physically 
separated while they are folding [2]. Consequently, temporal isolation would prevent 
non-native intrachain interactions while physical isolation would prevent non-native 
interchain interactions. 

It is important to recognize that conditions for folding to yield native structures 
are not obtained when foods are restored to ambient temperature, neutral pH, or 
physiological salt concentrations. Hence, the protein structures obtained are often 
quite different from those in the original biological material. 

Structure of caseins 

In comparison with typical globular proteins, such as the whey proteins, the struc
tures of the caseins are quite unique. Perhaps the most unusual feature is the amphi
philicity of their primary structures [8]. This characteristic is enhanced, particularly 
in the O(sl-' O(sz-, and f3-caseins, by phosphorylation of seryl or threonyl residues in the 
polar domains. For example, at pH 6.6 the C-terminal 53-residue sequence of 
x-casein has a net charge of -10 to -17, the sequence 41 --> 80 in o(s I-casein has a net 
charge of -21, the C-terminal 47-residue sequence of O(sz-casein has net charge of 
+9.5 while the N-terminal 68-residue sequence has a net charge of -21, and the 
N-terminaI21-residue sequence of f3-casein would have a net charge of -12 [8]. Those 
regions of lO-residue segments with a net charge frequency of 0.5 or greater are 
illustrated in Fig. 1. Such sequences are unique to the caseins. The remaining se
quences, particularly for O(sl-' f3-, and x-casein, are rather hydrophobic and contain 
a low frequency of charged residues that are about equally divided between cations 
and anions. 

As a result, the tertiary structures of caseins are most likely composed of two 
domains: a very hydrophobic globular domain and a highly charged, polar domain 
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Fig. 1. Amino acid sequences in bovine milk proteins exhibit a net charge density of 0.5 or greater 
at the pH of milk 

[8]. The caseins, vis-a-vis typical globular proteins, contain less secondary structure; 
nevertheless, some is predicted from the primary structure and by analysis of CD 
spectra (Table 1). Most of the secondary structure is likely to be present in the 
hydrophobic domains. The hydrophobic domain of x-casein in particular contains 
appreciable secondary structure allowing for the possibility of supersecondary struc
ture such as a f3af3 unit [18]. Some secondary structure is also predicted in the polar 
domains; however, the predictions depend upon the probability assignments for 
phosphoserine [19] which are not well established at the present time. Although the 
polar domains contain fewer residues than the hydrophobic domains, the polypep
tide chain in these regions probably exhibits much greater flexibility and thus would 
occupy a greater share of the molecular volume. Consequently, these proteins would 
not be expected to behave hydrodynamically as a typical globular protein. This 
result has been well established [8]. 

Because of their amphiphilic structure and the large size of their hydrophobic 
domains, the casein monomers cannot sufficiently remove their hydrophobic sur
faces from contact with water. Consequently, their hydrophobic surfaces interact to 
form polymers in the case of isolated individual caseins or to form submicelles as 
these proteins exist in their natural state [25, 26]. Submicelles appear to have a 
variable composition of each of the caseins and are roughly spherical (10 nm diame
ter) with the polar domains of the various caseins on the surface [25, 27, 28]. Their 
composition is presently controversial [25 - 29]; however, the average composition is 
a 3: 0.8: 3 : 1 ratio of as! : as2 : f3: x-caseins [25] and it appears they can be separated 
into several fractions including those rich in x-casein and those rich in as and/or 
f3-casein [27]. 
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Table 1. Secondary structures of milk proteins 

Protein 

%-casein 

:xd-casein 

fJ-casein 

fJ-lactoglobulin 

:x-lactalbumin 

Secondary structure 

Sequence prediction a 

:x-helix 
% 

23 [17] 
16 [18] 

22 [19] 

12 [19] 
10 [20] 

10-50 [21] 
7 [6]b 

35 [22]' 

fJ-sheet 
0/0 

31 [17] 
17 [18] 

7.5 [19] 

11 [19] 
13 [20] 

20-30 [21] 
51 [6]b 

18 [22]' 

a The number in parentheses is the reference 

fJ-turn 
% 

24 [17] 

17-24[21] 
11 [6]b 

18 [22]' 

b Calculated by the author from the crystallographic structure [6] 

CD spectra a 

:x-helix 
% 

14 [17] 

13-20 [19] 

12-20 [19] 
1-10 [20] 

10 [24] 

26 [23] 

, Calculated from energy minimization and homology to the structure of lysozyme 

fJ-sheet 
% 

31 [17] 

17 [19] 

0[19] 
13-16 [20] 

43 [24] 

14 [23] 

Various models have been proposed for micelle structure. The submicelle models 
of Slattery and Evard [30] and Schmidt [25] are particularly attractive since these 
models account for most of the observations. The major distinction between the two 
models is that the Slattery model places emphasis on the hydrophobic interactions 
linking the submicelles together, whereas Schmidt's model emphasizes the interac
tion between submicelles through calcium phosphate. In both models, submicelles 
rich in x-casein are on the surface of the micelle in agreement with various experi
mental observations [31,32]. 

As noted above, hydrophobic interactions are likely to be the major stabilizing 
force in submicelle structure. However, anionic clusters of phosphoryl groups are a 
unique feature of casein structure and I suggest that these clusters form a recognition 
interface on the surface of submicelles that selectively bind certain divalent metal 
cations or their salts, especially Ca 2+ and Ca9 (PO 4)6. Submicelles rich in x-casein, 
which does not have an anionic cluster, would have fewer binding sites capable of 
interaction through calcium phosphate with other submicelles. Therefore, these 
micelles would form an unreactive surface which would limit growth of the micelle. 
Binding of Ca2 + to the anionic clusters may discharge these sites, lower the polarity, 
and allow less directional hydrophobic interactions to occur between submicelles. 
Thus as Ca 2 + is added to milk, more dense and less hydrated aggregates of submi
celles are formed, eventually leading to precipitates of the most hydropho bic submi
celles. Furthermore, considering that some anionic clusters in native micelles may be 
occupied by Ca2 +, submicelles that are rich in the more hydrophobic fJ-casein, and 
which thus contain fewer anionic cluster linkage sites may interact with other submi
celles hydrophobically. Such submicelles would be released at low temperatures due 
to weakening of hydrophobic interactions. However, their release would not disrupt 
the overall micelle because these interactions are less directional than anionic cluster 
interactions and do not form the matrix structure of the micelle. 
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Finally, it should be noted that the structure of caseins and the resulting micelle 
structure has great nutritional significance. Due to their more flexible structure the 
individual caseins are more susceptible to proteolysis (see below) than typical globu
lar proteins and the open structure of micelles is easily penetrated by exo- and 
endopeptidases. Furthermore, the curd formed by crosslinking of micelles, from 
which the stabilizing surface polar domain of x-casein has been removed, remains in 
the stomach for long periods thus allowing slow release of nutrient [33]. Experimen
tal evidence also suggests that curd firmness is a function of the concentration of 
anionic clusters (phosphoseryl residues) in the micelle [33] as would be anticipated 
from the model presented above. It also appears that the bioavailability of divalent 
metal ions is related to these anionic clusters [33]. 

Proteolysis and protein structure 

It is well established that peptide bonds susceptible to hydrolysis by exo- or endopep
tidases are those bonds which are exposed and flexible [34]. This requires that the 
polypeptide chain is not stabilized in some secondary or tertiary structure; therefore, 
the rate of hydrolysis is proportional to the fraction of the substrate protein mole
cules in an unfolded conformation about that particular bond [35]. Quantitatively 
this relationship may be stated as 

v = kid [S] 

where v is the velocity of proteolysis, id is the fraction of the molecules with the 
peptide bond in an unfolded flexible conformation, [S] is the substrate protein 
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Fig. 2. Average main-chain temperature factors along the polypeptide chain of thermolysin. Arrows 
indicate sites of limited proteolysis or autolysis: S, sites for cleavage by subtilisin; A, cleavage by 
autolysis in 1.5 mM CaCl2 and 1 mM or 10 mM EDTA; T, cleavage by thermal autolysis. (Taken 
from [36] with permission) 

197 



concentration, and k is a pseudo first-order rate constant. Consequently, peptidases 
can be used to probe the structure and stability of proteins. 

The correlation between sites of limited proteolysis in thermolysin and chain 
flexibility, as measured by crystallographic temperature factors which are indicative 
of mean atomic displacements, is illustrated in Fig. 2. Only the regions having the 
greatest chain flexibility were susceptible, thus indicating the importance of the 
ability of the polypeptide chain to adapt to the conformation of the enzyme's active 
site. 

Since the rate of peptide bond hydrolysis is proportional to fd' proteolysis can be 
used to monitor structural transitions in proteins. There have been numerous exam
ples of this application [35 ~ 37]; for example, the thermal transition of lysozyme at 
low pH measured by the rate of pepsi no lysis [37]. As illustrated by data in Fig. 3, 
there is excellent agreement between the proteolytic method and classical spectral 
methods for monitoring this structural transition. 

More recently, immobilized peptidases have been used to characterize structural 
transitions [35, 38]. Use of immobilized peptidases to monitor a transition has the 
following advantages: a) autolysis is prevented; b) the structural stability of the 
enzyme can be increased; c) the extent of the reaction is easily controlled; and d) the 
reaction mixture is not contaminated with the peptidase or its autolysis products 
[35]. Data in Fig. 4 show the thermal transition of ribonuclease as measured for the 
C-terminal region by hydrolysis with the immobilized exopeptidase carboxypepti
dase A and for the overall structure as measured spectrally by exposure of tyrosyl 
residues [38]. Such experiments were not possible with soluble carboxypeptidase 

30 35 45 

Fig. 3. Thermal transition curve of lysozyme at pH 2.0 .• ; values obtained by classical methods, 
monitored by optical rotation; 0, values obtained by pepsinolysis. Taken from [37] with permission 
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Fig. 4. Thermal unfolding of ribonuclease as measured by ultraviolet difference spectroscopy and 
optical rotation (0) and by hydrolysis with immobilized carboxypeptidase A (e). (Taken from [38] 
with permission) 

since the enzyme does not remain active in the temperature region of the transition. 
In agreement with other independent studies, some exposure of tyrosyl residues in 
other parts of the ribonuclease molecule is indicated prior to unfolding of the C
terminal segment. Also, we have used immobilized S. griseus Pronase to monitor 
structural transitions of proteins in chaotropic solvents [39]. Results for the struc
tural stabilities of whole casein, j1-lactoglobulin, and lysozyme in urea are shown in 
Fig. 5. Obviously, the caseins are the least stable but, as expected from the discussion 
above, some structure is indicated in native casein. 

It is apparent that some denatured proteins are more rapidly hydrolyzed by 
peptidases than their native counterparts and thus should be more digestible. Most 
proteins are less stable under acid conditions such as that in the stomach so the 
evolution of such conditions for initial digestion of proteins is not surprising. The 
types of denaturation or structural change which lead to a loss in digestibility will be 
addressed below. 

Changes in protein structure resulting from processing and storage 

The changes in protein structure that occur during a processing operation may be 
reversible or irreversible. Of course only irreversible changes will be of any conse
quence to subsequent properties. Nevertheless, it should be kept in mind that a 
reversible change may become irreversible when other components are added to the 
system. Irreversible changes vary from rearrangement of noncovalent interactions to 
changes in the protein's covalent structure. Both changes may be of nutritional 
significance; the first by altering the protein's digestibility and the second by chang
ing both the digestibility and the bioavailability of certain amino acids. 
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Fig. 5. Initial rates as a function of urea concentrations for hydrolysis of proteins by immobilized 
S. griseus pronase. The observed rates were corrected for small reversible losses of enzyme activity 
at the higher urea concentrations. The initial rates are given in Ilmol ex-amino groups released per 
minute; (0), whole casein; (0), {3-lactoglobulin; (,,), lysozyme. (Taken from [35] with permission) 

Physical changes primarily resulting from rearrangement of noncovalent interaction 

Irreversible structural change often occurs when unfolding is induced by a change in 
pH or temperature because of subsequent interaction of the unfolded chains either 
under the altered conditions or when the perturbing condition is relaxed to the 
original. Thermal denaturation of milk proteins is commonly observed since most 
processing of dairy foods involves some type of heat treatment. Whey proteins are 
the most susceptible of the milk proteins to thermal denaturation. Their heat stabili
ties, in decreasing order are Il(-lactalbumin > p-Iactoglobulin > serum albumin> 
immunoglobulins (40-42). For example, a heat treatment of milk for 30 min at 70°C 
caused irreversible denaturation of roughly 90% of the immunoglobulins, 50% of 
the serum albumin, 30% of the p-Iactoglobulins and only 5% of the Il(-lactalbumin 
[40]. In a recent comparison of various types of processing treatment [43] the percent 
whey protein denaturation measured by several methods was 62-68% for a UHT 
indirect method (145°C; 3 s), 51-54% for a UHT direct method (142°C; 3 s), 
30-36% for an HTST method (80°C; 30 s), and 20-30% for a batch pasteurization 
(63°C; 30 min). 

Environmental factors including pH, Ca2 + concentration, and the concentration 
of sugars effect the thermal denaturation of whey proteins. Furthermore, in whey the 
influence of these factors will be different for thermal precipitation, resulting from 
unfolding followed by association, versus thermal unfolding alone. In whey at neu
tral pH or above, sulfhydryl-disulfide interchange will occur between the sulfhydryl 
group in p-Iactoglobulin, exposed by unfolding, and disulfides in Il(-lactalbumin and 
serum albumin [44, 45] leading to formation oflarge complexes. Noncovalent inter
actions between the unfolded chains are also very strong under these conditions and 
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precipitates will form in whey and whey protein concentrates [41, 46]. However, 
proteins in acid whey below pH 3.7 are very stable to precipitation [46]. Nevertheless, 
thermal unfolding occurs at lower temperatures at acid pH; therefore, stability to 
precipitation probably results from increased electrostatic repulsion and prevention 
of sulfhydryl-disulfide interchange at these pHs [47). Certainly IX-lactalbumin will be 
less stable at low pH since it will exist as the apo-form [8] which is a less stable, 
expanded structure. However, its thermal transition would be partially reversible, 
with only those molecules that interact with other unfolded proteins being trapped 
in non-native states, thus the extent of its irreversible denaturation should be depen
dent on concentration in WPC. 

Addition of sugars, e.g., sucrose [4S], lactose [4S, 46] and various monosaccharides 
[4S, 46] to whey or WPC stabilizes the proteins to thermal precipitation. Sugars 
stabilize protein structure by inducing preferential hydration of either the native 
structure or expanded structures, thus, contradictory results on the stabilization of 
native structure have been obtained [4S, 46]. However, it is clear that intermolecular 
interactions are prevented by added sugars. 

It is often stated that the caseins are extremely thermostable, but this refers only 
to their stability to thermoprecipitation. Actually, micelle structure is quite sensitive 
to changes in environmental conditions which often lead to apparently irreversible 
structural alterations. For example, the dissociation of fJ-casein from micelles at cold 
temperature is well known and explains the steady increase in y-caseins that occurs 
during refrigerated storage of raw milk since dissociated monomers of fJ-casein are 
more susceptible to proteolysis by the milk proteinases [48]. Thermal processing of 
milk leads to interaction of denatured whey proteins with the surface of the micelle 
[29,31). This interaction is primarily between unfolded fJ-Iactoglobulin and x-casein 
and most likely results from sulfhydryl-disulfide interchange [49]. A surface interac
tion is implied by the observed interaction between immobilized fJ-Iactoglobulin and 
x-casein [49] and the predominance of x-casein on the micelle surface as shown by 
a reversible immobilization technique [32] and by immunohistochemical localization 
[31). As a result of this interaction, micelles become more resistant to thermally
induced and proteolytically-induced coagulation and are less susceptible to storage 
gelation [SO). 

Thermal processing, particularly UHT treatment, also causes a change in the 
micelle size distribution [29, SO-S2] and a decrease in casein solubility [31). An 
increase in the size and numbers of large micelles is observed as well as an increase 
in the number of small particles (submicelles) that are not sedimented by high speed 
centrifugation (100 000 x g). The increase in size is probably due to surface interac
tion with denatured fJ-Iactoglobulin, whereas the small casein particles may result 
from dissociation of submicelles due to a change in their interaction with calcium 
phosphate. 

The nutritional significance of the above changes in protein structure lies in the 
affects on digestibility. Denatured proteins with more unfolded, expanded structures 
should be more susceptible to both exo- and endopeptidases and hence more diges
tible. In fact, both in vitro and in vivo data have indicated that the ranking of 
digestibilities of milks are UHT > HTST > Raw [31]. Furthermore, in a feeding study 
of human infants, more rapid weight gain was realized with UHT as compared to 
pasteurized milk [S3]. 
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Covalent modification of protein structure 

More severe processing and storage conditions can cause substantial change in 
protein structure which will result in both reduced digestibility and bioavailability. 
The most common structural changes resulting from thermal processing and/or 
exposure to alkaline pH are racemization of amino acid residues, crosslinking of 
protein chains, and modification of residues (particularly lysine), by Maillard-type 
reactions with carbohydrates [54-57]. The potential consequences of these covalent 
modifications on digestibility, absorption, and utilization are illustrated in Fig. 6. 

Both racemization and crosslinking are initiated by abstraction of a proton from 
the IX-carbon which, through a carbanion intermediate, results in racemization or, 
through subsequent fJ-elimination, yields the dehydroalanylprotein [54]. Conse
quently, the rates of these reactions vary greatly with pH where much faster rates are 
observed under alkaline conditions. The rate of racemization is related to 0"*, a 
parameter which reflects the electron inductive effects of the amino acid side chain 
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Fig. 6. Possible consequences of metabolism of modified proteins. Taken from [61] with permission 
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[58, 59]. Plots of log rdlog r Ala' where ri is the rate for amino acid i and r Ala that for 
Ala, versus (1* are linear (corr. coeff. 0.61-0.97 [58]). However, the linear free energy 
relationship observed for racemization of various amino acid residues within a 
protein are not observed when comparisons are made between proteins [58, 59]. For 
example, a lower rate of racemization is observed for residues in oc;-lactalbumin as 
compared to soy protein [60]. The structure of the protein, directed by the amino acid 
sequence, may thus dictate a particular residue's susceptibility to racemization [58]. 
Consequently, a unique order for decreasing susceptibility to racemization cannot be 
given, but for milk proteins the order is roughly Cys, Ser, Asp> Thr, Met, Phe > Glu, 
Tyr, Lys > Ala> Val, Leu, He, Pro [58, 59]. 

Dehydroalanylprotein may be formed by fJ-elimination of the disulfide in cystinyl 
residues, the phosphoryl group in phosphoseryl residues, or the OH group in seryl 
residues. Reaction of cystinyl residues are probably most important in the whey 
proteins, whereas fJ-elimination of phosphoseryl residues are likely to be the major 
source of dehydroalanyl residues in the caseins. Calcium ion apparently enhances the 
rate of fJ-elimination ofphosphoseryl residues [55]. Dehydroalanyl residues are quite 
reactive and will undergo vinyl-type additions, particularly with the B-amino group 
of lysine to yield the lysinoalanyl (LAL) crosslink and with the sultbydryl group of 
cysteine to give the lanthionyl crosslink [61, 62]. Both of these residues have been 
measured in various foods. For example, the LAL content of evaporated milk varies 
from about 200 to 900 ppm [55]. Also, a 6% loss of total half-cystine was noted in 
UHT processed milk (150°C; 1.5 s), some of which may have been converted to 
dehydroalanine [63]. 

Although formation of LAL and racemization share a similar initiation mecha
nism, the extent of these two reactions in a protein appears to be inversely related. 
For example, oc;-lactalbumin and serum albumin are very susceptible to LAL forma
tion, whereas the racemization rates in these proteins are low in comparison to soy 
and wheat protein isolates where the inverse relationship was observed [60]. Casein 
also appears to racemize more rapidly than oc;-lactalbumin [54]. It has been suggested 
that proteins with less stable structure may racemize more rapidly since their back
bones would be more accessible, whereas some remaining structure may promote 
LAL formation [60]. Of the milk proteins, fJ-lactoglobulin seems to be the least 
susceptible to either crosslinking or racemization [60]. 

Nutritionally, the carbonyl-amine reactions are probably the most significant of 
the covalent changes that occur in dairy foods, particularly the Maillard reaction of 
carbohydrates with the B-amino group oflysine [57]. The high content oflactose and 
lysyl residues in milk and milk proteins and the importance of milk proteins as a 
source of this essential amino acid make dairy foods particularly vulnerable to 
nutritional damage by Maillard reactions. Potentially, any carbonyl group, such as 
aldehydes derived from lipid oxidation, could react with lysine; however, lactose and 
lactulose are most reactive because they are present at much higher concentrations. 
Furthermore, since these reactions proceed at measurable rates under common 
storage conditions, they are of increased importance due to lengthening shelf-lives 
accompanying growth in aseptic technology. 

During thermal processing some of the lactose is converted to lactulose [64] and, 
in fact, the amount of conversion has been used to indicate the amount of heat 
treatment received by milk products [64]. Typical values in various dairy foods are: 
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UHT milk, 10-51 mg/l00ml; in-bottle sterilized milk, 87-137mg/l00ml; and 
spray dried powder, 17 mg/l00 m!. Values of lactulose in infant food ranged from 86 
to 187 mg/l00 ml depending on the length of storage. Its presence in infant food is 
considered beneficial due to its stimulating effect on the growth of Bifidobacterium 
bifidum [63]. 

Both lactuloseiysine and fructoselysine have been identified in processed milk 
products [65]. Although their concentrations are at or below the level of detection in 
pasteurized and UHT milk, significant quantities can develop during storage of 
UHT milk [66]. For example, a six-month storage ofUHT milk reduced the available 
lysine by 5% at 4°C and by 14% at 37°C [66]. Typically, available lysine losses are 
1-2% for pasteurization, 2-4% for UHT processing, 6-10% for in-bottle steriliza
tion, and 20% for evaporation [67]. In a study of UHT skim milk (143°C; 10 s), 
nearly 1.5% of the lactose was incorporated into the casein micelles, with the greatest 
amount attached to x-casein [68]. The significance of this modification of the micelle 
surface on its stability is not known. 

The predominate factors affecting the extent of Maillard reaction in milk powders 
are the temperature and moisture content. A maximal rate of reaction is observed 
between 7% and 15% moisture [57]. Loss of available lysine can reach 45% in 
powders stored for four years at 20°C. 

Changes in protein digestibility 

Changes in protein structure which cause unfolding or expansion leading to in
creased flexibility will be accompanied by increased digestibility. As previously 
noted, this effect has been observed in vitro as well as in vivo. Covalent changes in 
structure, on the other hand, may decrease the ability of exo- and endopeptidases to 
hydrolyze peptide bonds involving the modified residues. Moreover, such modifi
cation may affect not only the hydrolysis of peptide bonds with the modified residue, 
but also may prevent or decrease the hydrolysis rate of bonds involving adjacent 
residues. In the author's view, this possibility has not received sufficient attention. 
Thus, the common observation that the biological value of a processed protein may 
be reduced to a greater extent than that accounted for by loss of available lysine, for 
the case of Maillard reactions, in fact may be caused by an overall reduction in 
digestibility [57]. 

Various methods have been developed for in vitro assessment of digestibility of 
food and food proteins using soluble enzymes. These include the pepsin digest 
residue (PDR) method [69], the pepsin pancreatin digest (PPD) index [70]; the pepsin 
pancreatin digest dialysate (PPDD) index [71], the pH-drop rate assay using trypsin, 
chymotrypsin, intestinal peptidases, and microbial protease [72], and a pH stat rate 
method using similar enzymes [73]. We have developed an extent assay which uses 
the digestive enzymes as immobilized forms for the reasons previously listed [60]. 
This method, known as the immobilized digestive enzyme assay (IDEA) attempts to 
mimic the digestive process by measuring the extent of peptide bond hydrolysis. 
Some proteins, for example egg proteins, may exhibit rather slow hydrolysis rates 
but the extent of hydrolysis eventually reaches a value consistant with their digesti
bilities measured in vivo. 
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A number of studies have indicated that digestibilities determined with the IDEA 
system agree quite well with those measured by in vivo methods [74, 75]. For exam
ple, the comparison with in vivo digestibilities determined by two independent labo
ratories in a cooperative study of a number of foods and food proteins is given in 
Table 2. Correlation with these in vivo determinations is characterized by r""" 0.8. 
When the IDEA digestibilities and in vivo measurements were made in the same 
laboratory a slightly better correlation was obtained using a number of proteins that 
had received alkali or heat treatment [75]. 

The digestibility of a protein exhibits a very good correlation with the extent of 
Maillard reaction or the degree of crosslinking and racemization of residues. For 
example, the correlation between loss of digestibility and loss of available lysine due 
to Maillard reaction with fructose is shown in Fig. 7 for a number of proteins, 
including f3-lactoglobulin and ex-lactalbumin [60]. It should be noted that the correla
tion does not appear to intersect the axis at zero, suggesting that formation of small 
amounts of fructose lysine «20%) does not detectably lower digestibility. At low 
levels of modification perhaps only trypsin activity would be affected. 

Since racemization and crosslinking of residues occur simultaneously upon expo
sure of proteins to alkaline conditions, the correlation with loss in digestibility was 
tested by assuming their contributions to be additive. Hence, a measure of the sum 

Table 2. Comparison of digestibilities of protein in various food and food components determined 
with the IDEA system with that determined in vivo (taken from data given by [74]) 

Food products Digestibilities 

IDEA In vivo c 

Da (in vitro) Predicted b 

in vivo 

Animal: 
ANRC Casein 0.471 ±0.049 92.5 96.8; 99 
Nonfat dry milk 0.338 ± 0.036 89.3 92.6; 95 
NFDM (Heated) 0.105±0.012 83.7 90.1; 90 
Sausage 0.446±0.012 91.9 93.9; 94 

Animal-vegetable mixture: 
Macaroni & cheese 0.352 ± 0.090 89.7 95.5; 94 

Vegetable: 
Soy isolate 0.453 92.1 92.0; 98 
Rolled oats 0.357 ±0.041 89.8 93.8; 91 
Chick peas 0.386 ± 0.043 90.5 88.0; 89 
Pea protein concentrate 0.448 92.0 93.5; 92 
Wheat cereal 0.361 ±0.023 89.9 91.4; 91 
Pinto beans 0.027 ± 0.035 81.9 72.7; 79 
Rice-wheat gluten 0.509±0.048 93.5 92.7; 95 

a Defined as the fraction of the total peptide bonds that was hydrolyzed. The standard deviations 
listed are for triplicate measurements 

b Calculated from the in vitro values using the regression: Y=81.14+24.19D (see [75]) 
C In vivo values determined independently in two laboratories using the same sample (see [74]) 
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Fig. 7. Relationship between percent loss in digestibility as measured with the IDEA system and 
percent loss in available lysine: e, soy protein isolate; A. bovine serum albumin; ., f3-lactoglobulin; 
e, IX-lactalbumin. The dashed line represents the linear regression given by Y = 19.2 + 1.14 X, corre
lation coefficient 0.87. (Taken from [60] with permission) 

of LAL formation and phenylalanine racemization is plotted versus the digestibility 
loss in Fig. 8. As for the case of Maillard reaction, the correlation with digestibility 
loss appears rather good. In this case the fit intersects very close to zero. This result 
should not be surprising since racemization and crosslinking will affect all enzyme 
activities, including those with extensive substrate-binding requirements. It has been 
shown that synthetic epimeric tripeptides containing D-amino acids as the central 
residue are not hydrolyzed by the enzymes used in the IDEA method nor are they 
utilized in rat feeding trials [76, 77]. The minimum size of peptides containing 
crosslinked or racemized residues that are recalcitrant to digestion is not presently 
known. 

If comparisons are made for the same protein system, so that the composition of 
essential amino acids is not a factor, then measurement of digestibilities for samples 
of protein which received different treatments may allow prediction of their in vivo 
nutritional quality. Thus, data in Table 3 indicate a direct relationship for each 
individual protein source between digestibility and NPU or PER [78]. Such a rela
tionship could be useful for prediction of PER or NPU values for a dairy food that 
may have been subjected to various processing or storage treatments; for example, 
comparison of various milk powders or UHT milks, etc. 

Finally, it should be recalled that Maillard reactions, and therefore digestibilities, 
are greatly dependent upon temperature and water activity during storage. In a 
recent study of a model casein-glucose powder, it was observed that increasing the 
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Table 3. Comparison of predicted digestibilities determined 
with the IDEA method to NPU and PER values for native and 
alkali- or fructose-treated proteins (taken from data in [78]) 

Food protein Digestibility a NPU PER 
(predicted) 

Casein 
Native 94.5 87.3 3.35 
Alkali treated b 91.7 82.2 2.89 
Fructose treated C 89.9 81.6 2.69 

Egg white 
Native 90.0 83.6 3.81 
Alkali treated b 87.9 74.9 2.30 
Fructose treated b 88.9 79.3 2.80 

Soy protein 
Native 93.3 81.8 2.67 
Alkali treated b 87.7 72.0 1.93 
Fructose treated C 89.9 74.0 2.30 

Whey protein 
Native 94.9 88.0 3.21 
Alkali treated b 87.6 82.0 1.70 
Fructose treated C 89.5 86.5 2.50 

a Calculated using the regression: Y=81.14+24.19D in vitro 
[751 

b Treated with 0.2N NaOH 40 DC for 4hr 
C Treated with 0.2 M fructose at pH 7 and 90 DC for 4 hr 
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Table 4. Digestibilities of a casein-glucose model mixture stored 
for one month under various conditions (taken from [79)). The 
carbohydrate concentration was 3 mol glucose per mol of pro
tein lysyl residues 

Water activity Temperature Digestibility a 

(0C) (predicted) 

0.2 30 94.0 
0.5 30 89.2 
0.2 60 89.9 
0.5 60 85.7 

a Digestibilities were measured with the IDEA method and 
predicted with the regression equation: Y=81.14+24.19D 
[75] 

water activity from 0.2 to 0.5 decreased the digestibility by 50%, see Table 4 [79]. As 
expected, increasing the storage temperature also decreased the digestibility. 

These considerations of the potential effects of processing and storage on digesti
bility emphasize the importance of avoiding extreme temperatures and pH during 
processing of dairy foods. If long storage periods are anticipated, the temperature, 
carbohydrate concentration and water activity (in the case of powders) should be 
considered in order to minimize nutritional damage. The nutritional quality of a 
dairy food may be considerably less than the expected value if care is not taken 
during processing and storage. 
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Technological and Functional Aspects 
of Milk Proteins 
J. N. de Wit and G. Klarenbeek 

Netherlands Institute for Dairy Research, Ede, Netherlands 

Introduction 

Milk proteins, which are widely used as ingredients offood products, are well-known 
for their high nutritional quality and versatile functional properties. Their behavior 
during food processing, however, is very complex and is governed by the heat 
sensitivity of the whey proteins [4]. Many attempts have been made to predict the 
functional properties of milk proteins, and these may be summarized by the two 
working methods shown in Fig. 1. They are: the systematic approach of estimating 
functional properties in aqueous solutions (lefthand side), and the empirical ap
proach of assessing protein functionality by using whey protein products directly in 
food products (right). 

The term "functional properties" is generally used for the physico-chemical prop
erties of proteins in aqueous solutions or in simple model systems [10]. These param-

FUNCTIONAL PROPERTIES 
IN AQUEOUS SOWTION 

solubility 

foamability 

emulsification 
water uptake 

gelation 

WHEY PROTEI N 
PRODUCTS 

FUNCTIONAL PROPERTIES 
IN FOOD PRODUCT 

solubility 
aeration 

fat binding 
water binding 

structure formi ng 

Fig. 1. Functional characterization of whey protein products 
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eters have the advantage of being primarily related to information on process history 
and composition of a given protein source, as is shown schematically in Fig. 1. 

However, the usefulness of these parameters for predicting similar functional 
characteristics in food products, is limited or even absent. This is mainly due to the 
complex behavior of proteins in interactions with other ingredients of any food 
product during food processing. In particular the inevitable heat treatments used 
during processing and preservation of food products ensures that such properties as 
solubility, aeration, fat-binding, water-binding and structure-forming capacity in 
food products are not simply related to similar functional protein properties in 
aqueous solutions [6]. 

The heating of fluids containing milk proteins may also result in fouling of pro
cessing equipment. In the dairy industry, in particular, the whey proteins playa 
dominant role in the fouling of heat exchangers, because these proteins have a high 
heat sensitivity [7, 11, 14, 15]. A better understanding of the behavior of whey 
proteins during heat treatment is essential for the control of both their functional 
properties and their fouling ability. 

In the present paper the kinetics of heat-induced changes of whey proteins are 
analyzed under various conditions and the results are related both to protein func
tionality in food products and to fouling problems in processing equipment. 

The discussion will be focused on the difference between the rate of protein 
unfolding observed by differential scanning calorimetry (DSC), and the rate of 
protein aggregation observed by high-performance gel permeation chromatography 
(HP-GPC) during and after heat treatment. 

Effects of heat treatment on the behavior of whey proteins 

The solubility of whey proteins in aqueous solution may differ widely from that in 
a complete fruit drink, as is illustrated in Fig. 2. Addition of 1 % whey proteins from 
a highly soluble whey protein concentrate (WPC) to the orange juice (center) caused 
a precipitate in the poorly soluble drink (right). This beverage was completely de
stabilized in the presence of whey proteins when pasteurized at 74 DC for 5 min, 
which clearly shows the discrepancy between this functional property of whey pro
teins in aqueous solution and in a food product. 

But also solubility-related functional properties such as the foamability and emul
sification, may be impaired by the commonly applied heating processes during 
processing and/or preservation of food products. Examples are the negative effects 
of baking on the properties of meringues prepared from sugar foams ofWPC [4] and 
of sterilization of whey protein-stabilized whipped toppings carried out under im
proper conditions [16]. 

In addition to this, liquids containing whey proteins may cause fouling of heat 
exchangers during pasteurization or sterilization processes, as a consequence of a 
deposit being formed on metal surfaces. Results obtained by Tissier et al. [15] 
showed that p-lactoglobulin (P-Lg) is the dominating protein in the mechanism of 
deposit formation at the inner surface of a plate-sterilizer. They observed a correla
tion between the maximum denaturation rate of P-Lg and the maximum deposit 
formation. 
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Fig. 2. Destabilization of an orange juice due to precipitation of 1 % whey proteins after pasteuriza
tion during 5 min at 74 DC 

It is well-known [5] that the denaturation of whey proteins may be considered as 
a two-step process: 1) an unfolding, which may be reversible or irreversible, and 2) 
aggregation, which generally follows irreversible unfolding. Arnebrant et al. [1] stud
ied the thermal unfolding of [3-Lg by differential scanning calorimetry (DSC) and the 
adsorption of this protein on metal surfaces by ellipsometry in the same temperature 
range. By comparing these results they concluded that, in order to produce deposit 
formation, a metal surface has to be present when the unfolding of [3-Lg takes place. 
Based on these results obtained in phosphate buffer at pH 6.0, these authors postu
lated that bulk denaturation of [3-Lg controls its deposition on metal surfaces. 

Both protein unfolding and protein aggregation are, however, influenced by envi
ronmental conditions such as pH, ionic strength, and protein concentration [9]. In 
order to be able to optimize heat treatments that ensure the proper functional use of 
milk proteins in food products and to reduce fouling of heating equipment, it is 
important to have more detailed information available on the kinetics of unfolding 
and aggregation of whey proteins under various environmental conditions. 
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Kinetics of protein unfolding 

Unfolding of globular proteins is accompanied by an endothermal heat effect (heat 
uptake). This effect may be observed by DSC as a function of temperature or time. 
We used a Dupont 990 Thermal Analyzer with a so-called heat flux DSC-cell, 
operating on the measuring principle shown schematically in Fig. 3. 

The cell consists of a small heating box (oven), in which hermetically sealed sample 
pans are placed on a constantan plate provided with chromel/alumel thermocouples 
fitted close to the samples. The sample and an inert reference sample with a similar 
heat capacity (usually water or solvent) are heated at a programmed heating rate of 
5°C/min. The observed differences in heat flow between sample and reference sam
ple are recorded as a function of the sample temperature (or time, since constant 
heating rates are used), as shown in Fig. 3. 

From the shape of the heat absorption curve, information on the kinetics of the 
unfolding process can be obtained by the well-known method of Borchardt & 
Daniels [2]. This method is based on the assumptions that 1) the rate of heat uptake 
(i.e., protein unfolding) is proportional to the base line deflection (dH/dt) at a given 
temperature and 2) the extent of the unfolding is proportional to the heat evolved 
up to that temperature. 

As protein unfolding is a reaction of the first order, the rate constant can be 
calculated from the following equation [13]: 

kt=dH/dt * 1/L1Hr. 

where k = the first-order rate constant at temperature T, 
dH/dt = the deflection from the baseline at temperature T (see Fig. 3). 
L1Hr = the total area below the curve (L1H) minus the area up to tempera

ture T, 
t = time. 

The quantities dH/dt and L1Hr are taken from the DSC curve at different temper
atures. 

Figure 4A shows a thermogram of a whey protein concentrate (WPC) and, drawn 
in the same plot, one of fJ-Lg in whey permeate. It is shown that both curves overlap 
in the temperature range between 71 0 and 80°C, which indicates that kinetic data on 
the unfolding of fJ-Lg may be derived from this part of the WPC-curve. Figure 4 B 
shows first-order Arrhenius plots of the WPC curve analyzed between the onset 
(65°C) and the transition temperature (76°C). The Arrhenius plot becomes non
linear above the transition temperature, which may be caused by heat effects evolved 
from protein aggregation expressed in this part of the curve. As shown in Fig. 4 B, 
the Arrhenius plot of WPC reflects the kinetic data of fJ-Lg from 71 0 to 76°C, 
whereas a lower activation energy (130 kJ /mol) is shown from 65° to 71°C. This 
lower activation energy is probably caused by the unfolding of other whey proteins 
(ex-lactalbumin and serum albumin) [5]. Based on this observation we decided to 
select for the kinetic analysis of unfolding of fJ-Lg a temperature range of maximum 
5°C just before the transition temperature in thermograms of milk proteins. 
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Fig. 3. Differential scanning calorimetric (DSC) procedure for the kinetic analysis of whey proteins 
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Kinetics of protein aggregation 

To determine the rate of protein aggregation the following procedure was followed. 
Aliquots (10 ml) of a 0.5% protein solution were heated in small tubes in a water 
bath at temperatures between 70 and 90°C. The heating rate was 5°Clmin; the 
holding times at the selected temperature varied between 30 and 300 seconds, after 
which the samples were cooled rapidly by immersing of the tubes in ice. Subsequently 
the tubid solutions were centrifuged for 60 min at 90000 x g, and the supernatant 
analyzed in 0.25 M phosphate at pH 6.7 by HP-GPC. A Dupont column, Type 
GF 250, was used at a flow rate of 1.5 mllmin, and the detection was performed at 
280 nm. The residual monomer concentrations of fJ-Lg and a-La were determined by 
measuring the peak heights, and these results were compared with those obtained 
using non-heated solutions of fJ-Lg and a-La, as shown in Fig. 5. 

The reaction order was determined by the differential method described by Hill 
and Grieger-Block [8]. This is based on differentiation of the experimental concen
tration-vs-time data, starting from the general equation: 

-dCjdt=kcn 

where n = the order of the reaction, obtained by using the logarithmic form of this 
equation. 

k = the rate constant derived from the integral of the general equation, 
gIvmg: 
CICo = exp (- k t) for a first-order reaction and ColCt = [1 + k Co t] 
for second-order reactions, 

where Co = the initial monomer concentration and 
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Ct = the monomer concentration after a heating time t. 
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The temperature dependence of the rate constants was derived from the Arrhenius 
equation according to: 

where EA = the energy of activation in J jmol, 
R = the universal gas constant (8.314 JjmoljK), and 
T = the absolute temperature. 

Environmental effects on unfolding and aggregation of fJ-Lg 

Some of the kinetic data of unfolding and aggregation of [3-Lg in water, whey 
permeate, exhaustively desalted WPC, whey, skim milk and whole milk are summa
rized in Table 1. As mentioned earlier, unfolding was observed by DSC as a first
order reaction up to the transition temperature. The reaction order of the aggrega
tion process varied, however, depending on composition, temperature and duration 
of heating. The most accurate and representative results were obtained at a temper
ature of 85°C, at which the changes in the concentration of the native protein 
molecules are fairly large (i.e., a great deal of aggregation occurred). 

Table 1. Kinetic data of {3-lactoglobulin (0.5%) in various media at pH 6.5 

Medium Data of unfolding Data of aggregation 

Reaction k(75) EA (70-75) Reaction k(75) EA (75-85) 
order (s -1) (kJ/mol/K) order (l/g· s) (kJ/mol/K) 

Water 1.0 17.25 367 1.8 0.02 214 
Permeate 1.0 21.53 338 1.0 0.59 275 
WPC 1.0 12.72 346 2.4 0.08 185 
Whey 1.0 13.64 294 1.8 0.12 300 
Skim milk 1.0 13.65 261 1.8 0.19 307 
Milk 3% fat 1.0 N.D. N.D. 1.8 0.19 374 

a Determined at 85 DC 
b Derived from first-order reaction kinetics (k in s -1) 

Most aggregation reactions appeared to follow (nearly) second-order kinetics, as 
was expected, except those taking place in desalted WPC and permeate. The higher 
reaction order in WPC may be explained by the participation of other protein species 
that are present. The aggregation of fJ-Lg in permeate, however, was found to follow 
a (pseudo) first-order reaction at all temperatures studied. This may be explained by 
the effect of a mechanism of two competing reactions (e.g., [3-Lg and calcium for 
aggregate formation). Pseudo first-order conditions are only accomplished if the 
(molar) concentration of calcium or of other participating cations is much greater 
than that of [3-Lg. Under those conditions the participating cation concentration 
remains approximately constant during aggregation [3]. 
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Table 1 shows that at 75 DC the rate constants of unfolding are approximately two 
to three orders higher than those of aggregation. This implies that protein unfolding 
under these conditions is never a rate-determining process during denaturation of 
whey proteins. It is striking, however, that the aggregation of fl-Lg in water (and 
desalted WPC) proceeds at a much lower rate than in salt-containing solutions. Also, 
the temperature coefficients (EA ) of the rate constants of fl-Lg in these media are 
lower. This confirms the results achieved by Pantaloni [12] and Vreeman and Poll 
[17], who observed a time lag of several minutes in this temperature range before 
aggregation started. The lag phase was attributed to a slow, rate-determining, con
formational change which precedes aggregation. This change is retarded by elec
trostatic repulsions which dominate in media of low ionic strength [17]. 

The large differences between the rates of unfolding and aggregation of fl-Lg are 
shown more clearly in Fig. 6, showing the percentages of unfolding and aggregation 
in various media at 80 DC. The differences in the percentage of unfolding in the 
various media are small and fall within the curves shown for fl-Lg in water and in 
whey. Within one minute 99% of this protein becomes unfolded, whereas, after a 
heat treatment of five minutes at 80 DC, the aggregation of fl-Lg only reaches 10% 
in water and just over 50% in permeate. The aggregation of fl-Lg in the other media 
shows a regular increase with the concentration of other protein species, including 
the (proteinuous surfaces of) fat globules. 

The differences between the aggregation of fl-Lg in water and in permeate are even 
more pronounced with increasing temperature at a given time, as shown in Fig. 7. 
This figure shows the percentage of aggregation of 0.5% fl-Lg in water (dashed lines) 
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Fig. 6. Unfolding and aggregation of fJ-lactoglobulin in various media at 80 0 e 
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Fig. 7. Percentage of aggregation of p-lactoglobulin in water (--) and permeate (- ) as a function 
of temperature and time 

and in permeate (solid lines) both as a function of temperature and time. It appears 
that the aggregation observed at 75 °C increases to only 3% in water and to 20% in 
permeate after 300 s (see dotted and white planes in front) . A heat treatment at 
slightly increased temperature (300 s at 90 °C) results in 35% and 95% aggregation 
of {3-Lg in water and permeate, respectively (see hatched planes on the right hand 
side). Moreover, it can be clearly seen that in permeate most of the aggregation is 
achieved within one minute. 

Some functional and technological consequences 

The kinetic information on unfolding and aggregation of whey proteins thus ob
tained under various conditions may explain a number of features of a functional 
and technological nature. An example of a functional nature is a DSC analysis of the 
mechanism responsible for the destabilization of the orange juice, discussed in a 
previous section. The thermograms ofWPC shown in Fig. 8 reveal that reduction of 
the pH from 6.5 to 3.5 leads to an increase in transition temperature of nearly lO °e. 
Moreover the WPC-curve at pH 3.5 resembles that of {3-Lg, because the proteins 
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Fig. 8. DSC thermo grams of 5% (m/v) protein solutions from WPC at pH 6.5 and 3.5. Heating rate 
5 K/min 

IX-lactalbumin (IX-La) and serum albumin (BSA) have already unfolded at this pH
value [14]. Kinetic analysis of both curves reveals that a heat treatment of 5 min at 
74°C will reduce the amount of unfolding from 96% (at pH 6.5) to only 3.5% (at 
pH 3.5). This implies that under these conditions hardly any heat-induced aggrega
tion may be expected, as unfolding is the first step in this process. So it is obvious 
that the aggregation of f3-Lg during pasteurization of the orange juice-containing 
WPC, mentioned earlier, will be strongly reduced or will even be absent at pH 3.5. 
A reduction of the pH from 4.2 to 3.5 indeed appeared to be sufficient to prevent 
precipitation in the juice shown in Fig. 2. The more acid taste that developed could 
be masked by adding sugar, provided that the buffer capacity of the beverage was 
not too high (low salt concentration). 

An example of a technological nature that is connected with the differences in the 
kinetics of unfolding and aggregation of f3-Lg is the improved control of the fouling 
of heat exchangers. Table 2 shows some results of numerical calculations adapted to 
a continuous heating process of skim milk at two extreme heating rates through the 
indicated temperature range. A heating rate (Hr) of 60°C/min, may occur in the 
heating section of industrial pasteurizers, and a rate of 1°C/min in the regenerative 
sections of heat exchangers with extensive facilities for heat recovery. Cu indicates the 
availability of unfolded f3-Lg, which is the difference between the (relative) amount 
of unfolded and that of aggregated protein, going through the indicated temperature 
range. Va is the aggregation rate, i.e., the change in the amount of aggregation of 
f3-Lg per second through this temperature range. The data in Table 2 clearly illustrate 
that the availability of unfolded f3-Lg is at maximum near 72.5 °C at a heating rate 
of 1°C/min, and near 85°C at a heating rate of 60 °C/min. This implies that, accord
ing to the hypothesis that unfolded and not yet aggregated f3-Lg is preferentially 
adsorbed on metal surfaces, maximum adsorption may be expected near 85°C and 
72.5 °C at heating rates of 60°C/min and 1°C/min, respectively. The rate of aggrega
tion at 85°C is, however, over 40 times higher than that at 72.5°C, indicating that 
increased aggregation and thus fouling may be expected at 85°C and higher when the 
highest heating rate is used. At 80 °C the amount of unfolding and the rates of 
aggregation are practically identical for both heating rates. At Hr = 1°C/min, how-

220 



Table 2. Effects of two heating rates on the availability of unfolded P-Lg (Cu ) and on its aggregation 
rate (Va) in skim milk at various temperatures 

Temperature 
eC) 

70.0 
72.5 
75.0 
77.5 
80.0 
82.5 
85.0 
87.5 
90.0 

Heating rate 

(60°C;min) 

Cu (% net) 

1.0 
2.5 
7.0 

15.0 
29.0 
55.5 
92.5 
85.5 
70.5 

Va (l/s) 

0.15 
0.15 
0.15 
0.15 
0.35 
1.10 
2.15 
3.80 
6.25 

(1°C/min) 

Cu (% net) Va (l/s) 

34.0 0.01 
94.5 0.05 
84.0 0.10 
62.0 0.20 
17.5 0.35 
0 0 
0 0 
0 0 
0 0 

ever, most of the P-Lg has already unfolded and aggregated at 80°C, so that hardly 
any fouling may be expected at higher temperatures or prolonged heating times. 

Summarizing, our kinetic model predicts serious fouling problems in heat ex
changers or holding sections at temperatures of 85°C or higher, when high heating 
rates are used. This prediction is in accordance with the general experience offouling 
in continuous-heating equipment, and stimulates the use of this kinetic approach for 
a more quantitative interpretation of these features. 

Conclusion 

- Some functional and technological aspects of milk proteins during and after heat 
treatments were studied on the basis of a new kinetic approach. 

- In this approach the kinetics of whey protein denaturation is split into two succes
sive processes: 1) unfolding and 2) aggregation. 

- In the temperature range between 70° and 90°C the rate of unfolding appears to 
be several orders higher than that of aggregation. 

- The rate of unfolding of P-Lg (the most important whey protein) can be slowed 
down by reducing the pH to 3.5. It is shown that this is sufficient to permit 
pasteurization of a whey protein-enriched orange juice without encountering sta
bility problems. 

- The relative rates of unfolding and aggregation may be optimized by the selection 
of proper temperature/time relations during the heating processes. It is argued 
that all this may be used to predict and control fouling of heat exchangers. 
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In Vitro Digestion of Bovine Milk Proteins 
by Trypsin Hydrolysis and pH-Stat Analysis 
P. Antila 

State Institute for Dairy Research, Jokioinen, Finland 

Introduction 

Knowledge of the proteolytic properties of milk proteins and the factors affecting 
them is becoming increasingly important, owing to the food industry's growing use 
of milk protein concentrates and fractions. 

This study investigated the in vitro proteolysis of casein and various whey pro
teins, using both native and modified proteins. 

Material and methods 

Acid casein (CN) was prepared in our laboratory [1]. Serum albumin (SA), 
fJ-Iactoglobulin (fJ-Lg), IX-lactalbumin (IX-La), trypsin, and pepsin were purchased 
from the Sigma Chemical Co. 

Modification of proteins: the acid treatments, pepsin predigestions, and heat treat
ments were performed as shown in Figs. 1 and 2. The protein concentration of the 
substrate solutions was 0.3%. 

In vitro digestion of proteins: the digestion was carried out by trypsin hydrolysis and 
pH-stat analysis as described by Antila et al. [1]. The following conditions were used: 
protein concentration 0.3%, protein-enzyme ratio 150: 1, pH 8.0 and temperature 
37°C (Mettler MemoTitrator). 

Results and conclusions 

Native proteins: the results indicated that trypsin hydrolyzed casein considerably 
more efficiently than whey proteins, the most endurant of which was IX-lactalbumin 
(see Fig. 1). 

Modified proteins: both the acid and pepsin treatments improved the digestion of 
whey proteins in trypsin hydrolysis (Fig. 1). Pepsin predigestion, however, had an 
opposite effect on casein. 

Heat treatments enhanced the trypsin hydrolysis of fJ-Iactoglobulin (Fig. 2). No 
change was observed for the other whey proteins or for casein. 

223 



c: 

~ ~ 30,-CN __________ ~S-A----------~be-t-a---~-G----~-a-lf-a---L-A----_, 
iija. 
~tJI 
oE 
~o 20 
0 0 g:, 

:I: 
~ '5 10 

z 

~~ o 
E 
:::1 

.. ' t>'" 

.... 
.' 

(> •••••••• .. ' 

100 200 300 100 200 300 100 200 300 100 200 300 
TIME OF PROTEOLYSIS (SECONDS) 

Fig. 1. In vitro digestion of bovine milk proteins by trypsin. Native and modified proteins pre
treated with acid and pepsin. Key: o = Protein without pretreatment, + = Acid treatment at pH 2 
(HCl) and 38°C for 30 min, <> = Pepsin treatment at pH 2 (HCl) and 38°C for 30 min, Protein
enzyme ratio toO: 1 

c: 
'ij .... 

~ 0 - ... 
~a. 

~tJI 
oE 
~o 
00 
Q:.-a.. , 
lL.:I: 
00 c 
wZ 

~~ 
0 
E 
:::1 

CN 
30 

20 

10 

SA beta-LG alfa-LA 

100 200 300 100 200 300 100 200 300 100 200 300 
TIME OF PROTEOLYSIS (SECONDS) 

Fig. 2. In vitro digestion of bovine milk proteins by trypsin. Proteins modified by heat treatment 
and predigested with pepsin. Key: 0 = Proteins not heat treated, + = heat treatment at 60°C, pH 7.0, 
for 1 h, <> = heat treatment at 70°C, pH 7.0, for 1 h, t. = heat treatment at 80°C, pH 7.0, for 1 h 

The different proteolytic behavior of milk proteins has also been shown in studies 
carried out in in vitro conditions with other proteolytic enzymes, e.g., pronase, 
pepsin, chymotrypsin, and pancreatin [2-5]. 

The differences in the initial rates of the proteolysis of native milk proteins corre
lated well with their structural properties. Casein with limited ordered structure was 
more susceptible to proteolytic enzymes than structurally compact whey proteins. 
The modifications promoted the digestion of whey proteins more than that of casein. 
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Degradation of p-casein by Mesophilic 
Starter Lactococci 
W. Bockelmann, B. Kiefer, A. Geis, and M. Teuber 

Federal Dairy Research Centre, Institute of Microbiology, Kiel, FRG 

Introduction 

During growth in milk lactococci depend on a cell wall-associated proteolytic system 
[1, 3]. For the rapid acid production required in the dairy industry fast growth to 
high cell densities is necessary. Because of the low level of free amino acids and 
pep tides in milk, milk proteins have to be utilized by the cells for a sufficient supply 
of nitrogen for the cells' protein synthesis. The degradation of milk proteins is 
mediated by a protease and several peptidases localized in the cell wall. These 
enzymes are a potential source for the bitter flavor and f3-casomorphins found in 
fermented milk [2, 4]. 

The aim of our work is to purify and characterize all components of the lacto
coccal cell wall-proteolytic system for a better understanding of the pathway of 
bacterial protein degradation in milk. 

Materials and methods 

- source of enzymes: Lc. lactis subsp. cremoris strains P8-2-47 and Ac1; 
- growth: M17-Medium, 30°C, harvest of cells: late log phase; 
- purification from cell wall extracts: 

a) protease: anionexchange-chromatography (Q-Sepharose FF) in soluble buffer 
containing 20 mM CaClz; NaCI gradient 
b) peptidase: first step same as a); 2nd step: FPLC anionexchange-chroma
tography in soluble buffer (Mono Q); NaCI gradient; 

- assays: 
a) protease: forming of radioactive TCA soluble products from 14C-methylated 
total casein 
b) peptidase: splitting of oligopeptides, dipeptides, and aminoacid-nitroanilids; 

- aminoacid analysis: "Biotronic" analyzer; sequencing: EDMAN 

Results 

The protease from cell wall extracts (Lc.lactis subsp. cremoris AC1 & P8-2-47) could 
be separated completely from peptidase activity and was purified in one step. A 
number of acid-soluble peptides is released from f3-casein by the action of the 
purified protease (Fig. 1). One peptide contains the sequence of f3-casomorphin-7, 
one is reported to have a bitter taste (C-terminus of f3-casein, pos. 194-209). 
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Fig. 1. Cleavage sites of the 'AC1' protease in J3-casein 

Table 1. Substrate specificity 

J3-casein J3-casomorphin-7 c 

Protease" + 
Endopep. N.D. + 
Dipep. 
Aminopep. b 

Prolidase N.D. N.D. 

" Cleavage of asl -' asz-, and x-casein at a very slow rate 
b Cleavage of Leu-NA and Ala-NA at a slower rate 
C Peptide: tyr-pro-phe-pro-gly-pro-ile (60-66 in J3-casein) 

leu-gly 

N.D. 

+ 

N.D. 

lys-NA 

+ 
N.D. 

Pro-NA 

+ 

In preparations of the P8-2-47 aminopeptidase recently dipeptidase- and endopep
tidase activities were detected. It could be shown by native PAGE (activity staining 
of protein bands) that these peptidase activities belong to different enzymes (Table 1). 
Purification of these peptidases is still in progress. Low level prolidase activity was 
detected in cell wall extracts but not in any of the peptidase preparations after the 
first step of purification (Table 1). 

226 



Our in vitro experiments showed that during growth in milk the proteolytic system 
of lactococci is a potential source of bitter peptides and p-casomorphins. These 
peptides, however, can be further degraded by a set of at least four cell surface 
peptidases. The combined action of the described cell wall associated protease and 
peptidases seems to be capable of degrading p-casein to an extent that supplies the 
cells with all amino acids required for their nitrogen metabolism. 

Conclusion 

Five enzymes of a cell wall-associated proteolytic system were identified in Lactococ
cus lactis subsp. cremoris strains AC1 and P8-2-47 and partially characterized. The 
cell wall proteinases of strains AC1 and P8-2-47 were purified. p-Casein is the 
preferred substrate for the proteinases. Several small, acid soluble peptides (length 
4-25 amino acids) are liberated from p-casein by the purified proteinase. At least 
one of these peptides contains the amino acid sequence of p-casomorphin-7, another 
is reported to have a bitter taste. All peptides are further hydrolyzed by cell wall 
peptidase extracts. Degradation stops at N-terminal proline residues, but it can be 
continued by a prolidase which has been detected in cellwall extracts of Lactococcus 
lactis subsp. cremoris AC1 & P8-2-47. The described five components of the cell 
wall-proteolytic system seem to be able to hydrolzye p-casein efficiently. Liberated 
aminoacids and small peptides can be transported through the cell membrane as a 
nitrogen source necessary for the growth of the highly auxotrophic bacteria in milk. 
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Determination of Furosine, Lysinoalanine (LAL) 
and 5-Hydroxymethylfurfural (HMF) as a Measure 
of Heat Intensity for UHT-Milk 
B. Dehn-Muller, B. Muller, M. Lohmann and H. F. Erbersdobler 

Institute of Human Nutrition and Food Science, University of Kiel, Kiel, FRG 

Introduction 

UHT treatment of milk results in such chemical alterations of the product as degra
dation of essential nutrients, or formation of undesired substances. To evaluate the 
intensity of the heating process it is possible either to measure losses of nutrients or 
to analyze the concentrations of new substances whose formation depends on differ
ent heating conditions. 

One special reaction that takes place during the heat treatment of milk is the 
Maillard condensation, where the lactose reacts namely with the e-amino group of 
lysine. The first main intermediate formed in this way, lactuloselysine, is degraded 
during acid hydrolysis of the protein, but can be estimated by analyzing for furosine 
which is formed during hydrolysis with strong HCl [1]. For the determination of 
5-hydroxymethylfurfural (HMF), which also results from the Maillard condensa
tion, precursors of browning products in milk are transformed into HMF after 
addition of oxalic acid and following heating. Principally, the HMF value of a milk 
can be used as an indicator for the heating process, but data from literature offer 
a wide range for this value. A comparison between the furosine and the HMF
method should give information about the usefulness of the HMF-method as a rapid 
and simple measure of heat damage caused by the UHT process. 

Additionally, lysinoalanine (LAL) was determined in commercial UHT milks. 
LAL is formed throughout heat and/or alkali treatment of proteins by nucleophilic 
reaction of the lysyl-e-amino-group with the activated double bond of dehydro
alanine, which is formed by f3-elimination of cystine and phosphoserine in the pep
tide chain. Like furosine, LAL creates unwanted nutritional effects like a reduction 
in protein digestibility and amino-acid availability. 

Furosine, HMF, and LAL do not exist in raw milk. They represent, therefore, a 
good means to characterize the reactions during the heating process. 

Methods 

Furosine and HMF were measured in 270 model milk samples obtained by direct 
heating in a pilot plant with heating temperatures of 100 -150°C and heating 
times of 2 -128 s. In 190 commercial UHT milk samples from 45 different dairies 
in W. Germany, furosine, HMF, and LAL were determined. 

The furosine and LAL analyses were performed by ion-exchange-chromatogra
phy with a Liquimat III amino acid analyser (Kontron Instruments, Munich, FRG) 
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following the procedure of Erbersdobler et al. [2]. HMF was determined by the 
method of Keeney and Bassette [4] corresponding to Konietzko [5]. 

Results 

The results of the determinations in the model milk samples show that there is a clear 
relationship between the severity of heat treatment in terms of heating time and 
temperature, and the furosine and HMF values of the milks. Figure 1 shows the 
effect of heating temperature and time on HMF values in directly heated UHT milks. 

30 

25 

20 56 sec 

,.... ..... ,.... 
0 15 32 sec. 
E 
::I. .. 

LL. 
::E 

16 soc. ::r: 

10 12 soc 
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5 , s.ec. 

100 110 120 125 130 135 140 1L5 150 
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Fig. 1. Effect of heating temperature and time on HMF values in directly heated UHT milks 
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A very similar picture was obtained for the furosine values as is given in [2]. The 
correlation of the furosine and the HMF values of r=0.961 (y= 1.76+2.34x) was 
very good. According to this study furosine values between 5 and 15 mg/litre can be 
expected in commercially processed UHT milks with direct UHT treatment. Indi
rectly heated model milk samples showed somewhat higher values (15-35 mg/l, 
unpublished data). Directly heated milks normally show lower furosine and HMF 
values than indirectly heated milks; however, this depends on the adjustment of the 
UHT plant. 

In the commercial UHT milks furosine ranged from 9 to 88 mg/l, while HMF 
values of 6-28 ~mol/l (without subtracting the blank value) and LAL values of 
0.5-5.8 mg/l were obtained. About 70% of the milks contained furosine in the range 
of28-49 mg/l and HMF contents of 10-16 ~mol/l. Higher values revealed excessive 
heating and confirm other findings that termal processes are often too severe (e.g. 
[3]). 

Table 1 shows the furosine, LAL, and HMF results in the milk samples tested, 
given as the mean values. 

With a correlation-coefficient of r = 0.846 for the commercial UHT milk samples 
the furosine and the HMF methods showed a fairly good agreement in estimating 
the heat intensity of processing. 

Conclusion 

The results of the present project show that furosine is a precise indicator of heat 
damage in UHT milks. Its determination, however, is expensive and difficult. The 
HMF-method, for these reasons, is a useful alternative, particularly for routine 
checking of milk quality. The LAL values on the other hand appear to be too low 
for precise testing but can be a useful means in cases of overprocessing or incorrect 
alkali treatment. 

The losses in available lysine were calculated on the basis of the furosine levels, 
according to [1]. Supposing an appropriate UHT milk production (furosine values 
< 50 mg/l) the heat-induced lysine losses of 0.4-2.6% are of inferior nutritional 
significance for the consumer considering the high lysine values in raw milk - but the 
data may be an aid to good manufacturing practice and could assist in the improve
ment of processing equipment and in the study of the effect of new process tech
niques in general, e.g., sensorial and milk quality. 
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Analysis of Milk Proteins and Their Proteolytic 
Products by Use of a Modified OPA-method 
H. Frister, H. Meisel, and E. Schlimme 

Institute for Chemistry and Physics, Federal Dairy Research Centre, Kiel, FRG 

The reaction of o-phthaldialdehyde (OPA) (A, Fig. 1) and mercaptoethanol (Bl) 
with free oc- and e-amino groups (C) in amino acids, peptides, and proteins, as well 
as their hydrolytic and proteolytic products has recently attracted much attention 
because of the high sensitivity of the assay which can be carried out in aqueous 
solutions [1, 3, 10]. 

However, the use of mer cap to ethanol as thiol component in the OPA-reaction has 
the disadvantage that the initially generated 1-alkylthio-2-alkylisoindole (D) often 
undergoes a matrix-dependent rearrangement to form 2,3-dehydro-l-H-isoindole
i-one (E, Fig. 2). This process is induced by an intramolecular nucleophilic attack 
on the C-l-atom of the pyrrole system by the hydroxyl group of the mercaptoethanol 
[9]. This leads to a decrease in absorbance at the monitoring wavelength of 340 nm. 
Substitution of mer cap to ethanol by ethanethiol (B2) [2, 3, 8] prevents the rearrange
ment of alkylthioalkylisoindole mentioned above and gives stable absorbance values 
over a longer period of time. This is demonstrated in Fig. 3 for the reaction of human 
oc-Iactalbumin with OPA [3]. A disadvantage remains in that the plateau in the 

o 
U (XC-H 

I + 
~ C-H 

II 
A 0 B C 

0.1 M Na,8.O, . 
pH 9.3 

Fig. 1. Formation of l-alkylthio-2-alkylisoindoles 

Fig.2. Formation of isoindolones 
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Fig. 3. Absorbance vs time diagram of ex-lactalbumin (human) using mercaptoethanol (81) and 
ethanethiol (8 2 ) 
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absorbance vs time curve is not always constant. Furthermore, a strong, repulsive 
odor is generated. 

We therefore modified the OPA-method by using N,N-dimethyl-2-mercapto
ethylammonium chloride which does not give off a repulsive odor in OPA-solution. 
The use of this new thiol component in the OPA-reaction results in long-term 
stability of the absorbance values [4]. This is shown in Fig. 4 for the reaction of 
human IX-lactalbumin with OPA [5]. 

Spectroscopic measurements of 19 different amino acid-OPA reaction products 
gave extinction coefficients within the range of e = 5.98 (glycine, one OPA-sensitive 
amino group) to e = 12.96 (lysine, two OPA-sensitive amino groups) mmol- 1 x 
I x cm -1. For quantitation of amino acid mixtures and proteolytic products the 
mean extinction coefficient of an OPA-sensitive amino group was found to be 
e = 6.42 ± 0.20 mmol- 1 x I x cm - 1 [4]. Based on this mean extinction coefficient the 
recovery ofOPA-sensitive amino groups was investigated for several peptides, whey 
proteins, and caseins before and after RCI hydrolysis (Table 1) [4, 5]. 

Furthermore, the quotients (F-values) calculated from OPA-sensitive amino 
groups after and before RCI-hydrolysis of the peptides and milk proteins have been 
determined (Table 2). 

Using this method it was possible to determine average chain-lengths of protein
derived soluble peptides in the intestinal chyme of mini pigs fed a casein or soya diet. 
The F-values (five different animals) ranged from 2.8 to 3.9 after the casein diet and 
from 2.8 to 5.4 after the soya diet [5]. The results support previous findings [6] that 
the soluble part of chyme contains mainly small peptides as well as amino acids. 

Table 1. OPA-reaction of peptides and milk proteins before and after HCl hydrolysis 

OPA-sensitive Validation ± s OPA-sensitive Validation ± s 
NHrgroups % of the cal- NH 2-groups % of the cal-
before hydro- culated value after hydro- culated value 
lysis b lysis C 

Glu-Lys 2 91.2±1.3 2.85 93.1±0.6 
Thr-Lys-Tyr 2 87.1 ±0.8 3.80 87.9±0.8 
Ser-Ser-Ser 1 94.6±2.1 2.85 95.2±0.9 
Thr-Lys-Pro-Arg 2 98.9± 1.3 3.80 107.8 ± 1.1 
p-Lactoglobulin A (bovine) 16 97.7±1.2 158.65 93.7± 1.3 
P-Lactoglobulin B (bovine) 16 101.8±0.9 158.65 100.0±2.0 
ex-Lactalbumin (bovine) 13 95.5 ± 1.2 122.55 95.6±0.7 
ex-Lactalbumin (human) 13 96.0±0.6 123.50 93.3±0.9 
Whole casein (bovine) 13.7" 110.0±1.0 178.30" 100.2±1.7 
ex-Casein 70% (bovine) 14.1 " 91.3±0.6 181.20" 93.0 ± 1.4 
ex-Casein 90% (bovine) 15.7" 95.5±1.6 185.90" 92.7±1.4 
ex.I-Casein (bovine) 15.5" 86.8±1.6 185.40" 86.5±0.5 
x-Casein 80% (bovine) 11" 96.2± 1.7 149.20" 99.4±1.3 

" Calculated according to the protein pattern obtained by PAGE 
b Calculation: N-terminal ex-NH 2-group + e-terminal NH 2-group of lysine 
C Calculation: ex-NH2-groups of aminoacids + e-terminal NH2-groups of lysine -Try-Pro- 5% de

struction after HCl hydrolysis 
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Table 2. Relative chain-lengths F of the substrates 

Glu-Lys 
Thr-Lys-Tyr 
Ser-Ser-Ser 
Thr-Lys-Pro-Arg 
fJ-Lactoglobulin A (bovine) 
fJ-Lactoglobulin B (bovine) 
IX-Lactalbumin (bovine) 
IX-Lactalbumin (human) 
Whole casein (bovine) 
IX-Casein 70% (bovine) 
IX-Casein 90% (bovine) 
IXd -Casein (bovine) 
x-Casein 80% (bovine) 

F ca1c . 

1.4 
1.9 
2.9 
1.9 
9.9 
9.9 
904 
9.5 

13.0 a 
12.9 a 
11.8 a 
12.0a 
13.6 a 

Fexp. 

1.4±0.1 
1.9±0.1 
2.9±0.1 
2.0±0.1 
9.5±0.2 
9.8±004 
904±0.3 
9.2±0.2 

13.3±004 
13.1 ±Oo4 
11.5±0.5 
11.9±004 
14.0±0.5 

a Calculated according to the protein pattern obtained by 
PAGE 

The chain-lengths of the casein derived phosphopeptide Ser(P)-Ser(P)-Ser(P)
Glu-Glu-Ile-Val-Pro-Asn isolated from intestinal chyme of mini pigs given a casein 
diet was determined with F=9.3 [7]. 

In conclusion, the application ofN,N-dimethylmercaptoethylammonium chloride 
as thiol component in the OPA-reaction in the analysis of free amino groups, both 
in milk proteins and their proteolytic/hydrolytic products, is characterized by good 
repeatability and recovery. Furthermore, the stability of the absorbance values 
makes the reaction particularly suitable for pre- and post-column derivatization in 
HPLC. 
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Effect of Technological Treatments of Milk 
on Gastric Digestion 
P. Garnier, B. Savalle, G. Miranda, and J-P. Pelissier 

Station de Recherches Laitieres INRA, Jouy-en-Josas, France 

Introduction 

Technological treatments of milk modify its digestibility. Coagulation plays an im
portant role during the first part of digestion which takes place in the stomach. To 
compare the effects of technological treatments of milk on the gastric emptying of 
proteins and peptides, three diets were studied: crude skim milk, pasteurized skim 
milk (95 °C, 45 s), and skim yoghurt. In the preruminant calf (monogastric) all 
effluents leaving the stomach during 12 h were collected and analyzed for amino acid 
composition, N emptying, NPN level, and identification of proteins and pep tides 
(electrophoresis, HPLC). 

Results 

For the three diets, a-lactalbumin was degraded when the pH value was under 3.5; 
j1-lactoglobulin is not proteolyzed. Casein emptying depends on the ability of diets 
to coagulate. With crude skim milk casein coagulation is almost immediate in the 
stomach and caseins are evacuated in the form of peptides. With pasteurized skim 
milk, casein coagulation is slower. Caseins are also evacuated in the form of pep tides. 
With yoghurt, caseins are evacuated during the whole digestion process and gradu
ally degraded and there is no coagulation. This result is confirmed by proline empty
ing (proline may be considered as a marker of caseins). Therefore, the proportions 
of each amino acid vary according to the different diets. This especially may have 
consequences for essential amino acids. 

The change of the NPN level during digestion occurred in two steps. During the 
first hours of digestion, the NPN level increased considerably. After four hours the 
proportion of large pep tides increased. This is not observed with yoghurt - the NPN 
level is always lower which indicates that yoghurt is a less coagulable diet. 

Amino acid compositions of the effluents are more homogeneous with pasteurized 
skim milk than with crude skim milk. With yoghurt, these compositions are almost 
identical during the whole digestion process. 

Conclusion 

Technological treatments of milk do not seem to modify the whey protein emptying 
but they do modify casein evacuation. With crude skim milk, caseins coagulate 
immediately in the stomach. Thus, whey proteins are emptied at first, and caseins are 
degraded and afterwards evacuated as peptides. With yoghurt, caseins are continu
ally emptied; at the same time they are gradually degraded. Pasteurization of milk 
induces an intermediate behavior. 
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Molecular Weight Determination of Protein 
Hydrolysates (FPLC) 
G. Georgi, G. Sawatzki 

Milupa AG Research Department, Friedrichsdorf, FRG 

Introduction 

Food allergy, especially with cow's milk proteins, is a problem in infant nutrition. 
The prevention of such allergic reactions can be managed by using structural
modified proteins derived by heat denaturation or enzymatic hydrolysis of the pro
teins. Recently there is an increased use of the partial enzymatic hydrolysis of 
proteins [2, 3], since it is known that decreasing the length of the resulting peptides 
is parallel to a decrease in immunogenicity. The length of the peptides can be deter
mined by gel electrophoresis or by gel chromatography. The use offast protein liquid 
chromatography (FPLC) with a Superose-12-column (Pharmacia) for determining 
the molecular weight of protein hydrolysates was investigated. 

Materials and methods 

Gel filtration chromatography was performed with FPLC by using a Superose-12-
column, HR 10/30 (Pharmacia); 1 mg of each standard (Table 1) and 30 mg of the 
samples (Pregomin, Milupa AG; Nutramigen, Mead Johnson) were dissolved in 
1 ml of eluent I (10 mM Tris, 100 mM NaCl, 0.1 % SDS; pH 6.8) or eluent II 
(6 M Guanidine-HC1, 50 mM Tris, 5 mM EDTA; pH 8.6), centrifuged at 4000 x g 
for 15 min (samples), and membrane-filtered (0.45 11m); 100-200 III of each filtrate 
was injected. The pep tides were separated using a flow rate of 0.4 ml/min (eluent I) 
or 0.3 ml/min (eluent II) and detected at 214 nm and/or 280 nm. 

Both infant formulas, Pregomin and Nutramigen, contain protein hydrolysates. 

Table 1. Proteins and peptides for the calibration of the Superose-12-
column 

Protein 

Bacitracin 
Insulin, B chain 
Glucagon 
Aprotinin 
a-Lactalbumin 
a-Chymotrypsinogen A 
Myoglobin and fragments 
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Molecular weight 

1450 
3400 
3500 
6000 

14200 
25700 
2500-16900 

Source 

Serva 
Serva 
Serva 
Sigma 
Sigma 
Serva 
Sigma 
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Results and discussion 

Due to difficulties with SDS-PAGE during fixation and staining of small peptides 
from cow's milk protein hydrolysates, we used liquid chromatography (FPLC) with 
Superose-12-column for the determination of the molecular weights. This is less 
time consuming and it allows to isolate definite peptides. For our experiments we 
used two different eluents (containing SDS or GuHCl) for the separation or the 
peptides, and compared both methods. The calibration curves for both eluents were 
linear in the selected range. Figures 1 a-c show the molecular weight patterns for the 
peptides of Nutramigen and Figs. 2a-c show those for Pregomin. The elution with 
0.1 % SDS was monitored not only at 280 nm but also at 214 nm to guarantee that 
peptides without aromatic amino acids could be detected as well. For both Pregomin 
and Nutramigen the calculated molecular weights were smaller using GuHCl com
pared to SDS. Using SDS for the elution of peptides the calculated molecular 
weights are higher than the actual [1, 4]. Since the calibration of our column was 
performed under the same conditions as those used for the molecular weight deter
mination of the hydrolysates it can be assumed that the molecular weights are 
comparable. Nevertheless we observed different molecular weight patterns and 
found different calculated molecular weights dependent on the eluent (SDS or 
GuHCl). This effect can be considered as an interaction between the separation 
matrix (Superose-12) and the pep tides and/or interaction between the matrix and the 
eluent. These interactions seem to be protein specific. The verification of both meth
ods for the determination of the real molecular weights is under investigation. 

Conclusion 

The determination of molecular weights of hydrolysate peptides using FPLC 
(Superose-12) is reproducible and easily performed. The hydrolysates analyzed 
showed apparent higher molecular weights when SDS was used as eluent compared 
to GuHCl. Due to these observations it is inevitable for discussing molecular weight 
data of protein hydrolysates to give the method used. 
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Introduction 

While whey proteins are highly susceptible to heat-induced changes, heating of 
casein-containing liquid dairy systems usually does not result in visible coagulation 
unless the whey-protein and calcium content are increased [1]. However, when ca
seins are removed by ultracentrifugation or by the action of rennet or acid as in 
production of various cheeses, heating of the remaining sweet or acid wheys normal
ly results in protein aggregate formation and often in precipitation. The size and the 
shape of the aggregates formed in sweet whey systems may be such that the heating 
effect is observed as a change from translucent to milky white appearance with no 
apparent coagulation. 

For certain food applications, the susceptibility of whey protein to heat-induced 
precipitation is a defect limiting the whey protein use. In development of whey-based 
beverages, the heat-coagulability of whey protein is especially important as it may 
result in an undesirable cloud and/or sediment formation. 

The objective of this brief communication is to review some of the recent informa
tion on the heat stability of natural and isolated whey protein systems in acidic 
conditions suitable for whey beverage manufacture. 

Theoretical considerations 

Information about thermal behavior of whey protein systems in acidic conditions 
below pH 4.0 is scant as shown by a recent literature review [2]. What little informa
tion is available pertains mostly to isolated individual whey proteins in pH regions 
as low as pH 2.0-2.5. For whey beverage manufacture, the pH region of 3.0-4.0 is 
of particular interest since this is the typical range of acidity for most thirst
quenching beverages such as fruit juices, cola-type products or other carbonated soft 
drinks. 

Both of the major whey proteins, P-Lg and a-La, are known to undergo conforma
tional changes at this pH range. While P-Lg merely dissociates from its dimer con
figuration to a monomeric state at approximately pH 3.5, the a-La is said to undergo 
an acid denaturation-type conformation at about the same pH range, probably due 
to the removal of the stabilizing calcium from the molecular structure [3]. However, 
neither of these changes appears to result in coagulation in isolated protein systems; 
in fact, the monomerization of the p-Lg may be responsible for the observed resis
tance to heat-induced coagulation [4]. 
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The effects of heating in acidic conditions on isolated serum albumin (SA) have 
been studied to even a lesser degree. This protein is known to be effective in fatty acid 
binding and the different heat-related stability data reported in literature [5] may be 
due to the type of the isolated protein used in the experiments. 

Behavior of the complex whey protein systems in heated acidified wheys and 
modified whey systems is also subject to uncertainties. A coagulative interaction 
between a-La and fJ-Lg has been described for the pH 4.5-6.5 range [2] . Whether the 
same occurs in acidic conditions has not been established. While it is recognized that 
the coagulative behavior of whey protein systems changes with pH, the limiting pH 
for these changes and the consequences of heating with respect to visible sediment 
formation have been established only recently. 

Effect of pH on heat-induced precipitation of whey proteins 

Investigations of problems associated with the various whey beverage technologies 
available today indicated [6] that pH 3.8-3.9 is critical for the change in heat 
stability of proteins in whey. The transition from heat-unstable to heat-stable sys
tems occurs in a relatively narrow pH range of about 0.2 pH units. The heat stability 
of acidified wheys has been demonstrated by the lack of any visible change quanti
fied as the Absorbance Index (A. I. ) upon heating at 92 °C for up to 30 min (Fig. 1). 
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Fig. 1. Effect of pH on heat stability of 
whey protein in acid whey heated to 92°C 
for 15 min (adapted from (9)) 
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The calcium content of the particular whey system plays a major role in the 
stabilization of the whey protein fraction towards heat-induced precipitation. Sweet 
(rennet) whey systems and wheys in which Ca was chelated by citric acid, or EDTA, 
or removed by ion exchange, behaved similarly with [6] the critical pH range for 
transition from heat-unstable to heat stable conditions, shifting by about 0.2 pH 
units from 3.9 - 3.8 to 3.7- 3.5. 

When investigated separately in a UF permeate from cottage cheese whey, the 
individual major whey protein fractions (fJ-Lg, ex-La, SA) responded differently to 
heat treatment. The precipitation patterns of the individual proteins were illustrated 
[4] by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) of 
the model protein solutions before and after heating to 93 °C for 20 min. The behav
ior of the P-Lg generally followed the trends observed in whole wheys, with the 
protein being resistant to heat-induced coagulation at pH 3.7 in the normal permeate 
but precipitating at this pH in decalcified permeate. However, the isolated SA and 
ex-La, in the absence of P-Lg but with the Ca present, appeared quite resistant to heat 
coagulation. In particular, the ex-La showed no signs of any precipitation up to pH 
4.5, typical for regular acid wheys. In decalcified permeates, slight increases in 
turbidity in both ex-La and SA solutions were observed at the onset of the heating 
experiments but no further change was caused by the heating. No removal by 
precipitation was seen on the PAGE patterns for ex-La up to pH 4.5, while the SA 
band disappeared at pH 4.2. However, in a mixed model system containing all three 
proteins, some of the ex-La and SA appeared to co-precipitate with the P-Lg (Fig. 2) 

SA • 

1'-19 • 

Q-Ia. 

a b c d e f 
Fig. 2. Effect of heating (92 °e, 20 min) on whey protein precipitation in model acid whey solutions 
acidified to pH 3.7 (a), 4.0 (c), or 4.2 (e) in comparison to corresponding unheated controls (b, d, 
f, resp.) ; (from [4]). 
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above the critical pH range of3. 7 - 3.8. Similar patterns were observed in regular and 
decalcified cottage cheese wheys above the critical pH ranges established earlier. 

Whey protein denaturation 

Although the phenomena of protein coagulation and denaturation are related, they 
are not synonymous. The resistance of the whey protein fraction to heat-induced 
coagulation below the critical pH range does not mean that the whey proteins are not 
denatured by heating in this pH range. Investigations with differential scanning 
calorimetry (DSC) showed that temperatures of denaturation for 10% solutions of 
P-Lg and SA heated in the simulated milk ultrafiltrate (SMUF) were not substan
tially different at pH 3.5 from values obtained for sweet and acid whey pH conditions 
(6.5 and 4.5; Table 1). However, a-La showed a definite effect of the acidic pH, 
mainly evidenced by the 50% reduction in the enthalpy of denaturation. Because of 
the presumed acid denaturation, it is not surprising that at pH 2.5 no heat denatura
tion signal was obtained while at pH 3.5 the experimental observations showed great 
variability, particularly with respect to the reversibility of the denaturation phenom
enon. 

Recent experimental evidence [7] confirmed that a-La in pH conditions of sweet or 
acid wheys is stabilized by calcium. As a result, the heat denaturation reaction is 
reversible at pH 4.5 or higher when the calcium remains available in the solution. 
However, when the Ca is chelated by EDTA addition, the heat denaturation is 
irreversible and the observed denaturation temperature is much lower. The revers
ibility of the denaturation reaction and the resulting limited coagulability, may have 
been the reasons why a-La was earlier considered to be the most heat-stable whey 
protein, while in fact its denaturation temperature is lower than for any of the other 
main whey proteins in the acid or rennet whey pH range. 

The same is also true for the highly acidic range (PH 3.5), however, the reversibility 
of the denaturation reaction is reduced and the temperature of denaturation is lower 
by about 3°C as compared to pH 4.5 or higher; P-Lg and SA showed no effect of the 
acidic pH on denaturation temperature as compared to the regular whey pH range 
of 4.5-6.5, and also no evidence of renaturability. 

Table 1. Heat denaturation temperatures for main whey 
protein fraction in SMUF a 

Isolated protein pH 

3.5 4.5 6.5 

IX-La 58.6 61.5 61.0 
P-Lg 81.9 81.2 75.9 
SA 73.5 74.0 71.9 
SA - defatted n.d. 65.5 n.d. 

a Adapted from [8]; SMUF = simulated milk ultrafil
trate; n. d. = not determined 
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Heat-induced co-precipitation of whey proteins 

Binding of P-Lg with casein and possibly with IX-La are the best examples of interac
tive heat-induced whey protein reactions. The limited co-precipitation of IX-La and 
especially SA with P-Lg above the critical pH range was recently illustrated (Fig. 2). 
Similarly, in the mixed component systems such as whey beverages containing fruit 
juices, additional heat-induced whey protein co-precipitation with certain fruit com
ponents (pectins, tannins) may occur below the critical pH range. In our recent 
experience, a whey beverage containing berry fruit juices was formulated for final pH 
below the critical whey protein coagulation range. Upon UHT processing, the prod
uct showed evidence of strong cloud formation resulting in substantially reduced 
appearance acceptability. Whether this heat-induced change was due to interaction 
of any specific whey protein fraction with the fruit component has not yet been 
determined. Evidence in literature for heat-induced co-precipitation of whey pro
teins with fruit components in the acidic pH range is not available, and much 
additional work to identify the causes of the various co-precipitation reactions of 
whey proteins is required. 

References 

1. Jelen P, Patocka J (1988) This volume, pp 158-161 
2. Hill AR (1986) Thermal precipitation of whey proteins. Ph D Thesis, Univ of Guelph, Canada 
3. Kronman MJ, Singh SK, Brews K (1981) J Bioi Chern 256:8582 
4. Patocka J, Drathen M, Jelen P (1987) Mi1chwissenschaft 42:700-705 
5. Mulvihill DM, Donovan M (1987) Ir J Food Sci Technolll:43-75 
6. Patocka J, Renz-Schauen A, Jelen P (1986) Mi1chwissenschaft 41:490-494 
7. Bernal V, Jelen P (1984) J Dairy Sci 67:2452-2454 
8. Bernal V, Jelen P (1985) J Dairy Sci 68:2847-2852 
9. Jelen P, Buchheim W (1984) Mi1chwissenschaft 39:215-218 

246 



Selected Gelation Properties of Beta-Lactoglobulin 
in Comparison with Whey Protein Concentrate 
P. Chr. Lorenzen and M. Grzinia 

MILEI GmbH, Stuttgart, FRG 

Introduction 

The functional properties of whey protein concentrates (WPCs) are the sum of the 
properties of their fractions. Therefore the ultimate performance of the whey protein 
complex will be influenced by either the synergistic or antagonistic properties of 
these fractions. 

Some authors [e.g., 1, 3] suggest that the functionality of WPCs is essentially 
determined by its beta-lactoglobulin-fraction (f3-Lg). 

The object of this paper is to examine this suggestion with regard to some selected 
gelation properties of f3-Lg and Wpc. 

F or better comparison of the results of the gelation properties, the materials used 
were defatted WPC and f3-Lg (which was prepared from defatted WPC) and gel 
strength was used as the indicator for gelation. 

Materials and method 

The WPC was obtained by ultrafiltration (UF) of Emmental whey. Prior to UF the 
whey was defatted according to the procedure described by de Wit et al. [5]. UF was 
carried out at 20°C in a pilot plant unit (De Danske Sukkerfabrikker, Denmark). 
After concentration of the protein up to 80% (in dry matter) the WPC was spray
dried. 

f3-Lg was prepared from the defatted WPC according to Pierre and Fauquant [4]. 
Solutions (protein content = 11.25%, pH 7.0) of WPC and f3-Lg were prepared 

in demineralized water. 150 g of the solutions were weighed into 250 ml beakers. The 
beakers were sealed with aluminum foil and heated in a water bath at 75°C for 
45 min. Afterwards the samples were cooled for 30 min under running water and 
stored for 90 min in a refrigerator (6-8 0C). 

The determination of the gel strength was performed by means of a texture 
analyzer (Stevens, UK). 

Technical Data. Probe area, 1 cm2 ; penetration rate, 0.5 mm/sec; penetration dis
tance, 20 mm; gel strength, maximum load during 20 mm penetration expressed as 
penetration load (g) (see Fig. 1). The only parameters to be changed during these 
tests were temperature and protein content. 
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Figure 1 illustrates the typical gel texture profiles for penetration load (g) against 
penetration distance (mm) obtained with WPC and fJ-Lg. 

Both products achieve their maximum value after 20 mm penetration (end of 
measurement). Thereby the profile of WPC increases linearly whereby the curve of 
fJ-Lg is slightly concave. Both gels were milky in appearance and showed slightly 
brittle and aggregated structures. 
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Figure 2 shows the effect of varying heating temperatures on the gel strengths of 
WPC and P-Lg. 

Prior to heating the solution of WPC was translucent while that of the P-Lg was 
milky-white. After heating to 55°C for 45 min, P-Lg showed evidence of slight 
gelation in the form of flakes while with WPC no gelation appeared and the solution 
remained translucent. At a temperature of 60-65 °C both products reached com
parable levels of the gel strength. The gels ofWPC took on a milky-white appearance 
similar to that of P-Lg. From a temperature of 70°C and above the gel strength of 
the P-Lg became much higher than that of the wpc. 

Figure 3 shows the influence of varying protein levels on gel strength. 
At 6% protein the WPC solution showed clear evidence of gelation which had 

taken on a milky appearance. However, the P-Lg solution remained unchanged with 
no indication of any gelation. At protein levels of 7% and 8% both products had 
similar gel strengths. As the protein content increased (9% up to 12%) the P-Lg 
achieved twice the gel strength of WPC. 

Discussion 

The gel texture profiles illustrated in Fig. 1 indicate that both WPC and P-Lg form 
plastic gels as opposed to elastic gels which would result in a slightly convex curve 
and a clearly visible gel break point [2]. 

A surprising result of these investigations was the appearance of a slight gelation 
at 55°C in the P-Lg because previously it had been determined that the denaturation 
temperature was 74°C [6]. At 70-75 °C the gel strength of P-Lg is increased enor
mously, which is most probably caused by the unfolding of the globular structure of 
this protein. 
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At 6% protein the WPC showed clear signs of gelation while there were none with 
the fJ-Lg. This result clearly indicates that the fJ-Lg-fraction is not the only fraction 
which will influence gelation in the whey protein complex. 
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Introduction 

The genetic polymorphism of caseins and f3-lactoglobulin can heavily affect the 
composition and technological properties of milk [11, 12, 15]. While the effect of 
genetic variants on rennet coagulation has been extensively investigated, few and 
conflicting reports have been concerned with the relationships among protein poly
morphism and heat stability of milk [9, 3, 13]. 

Several factors influence heat stability, like pH, composition of milk, stage of 
lactation, and processing (see [5] for review). 

The aim of this work was to investigate heat and rennet stability of milks different 
for x-casein (x-CN) and f3-lactoglobulin (P-Lg) genotypes. 

Experimental 

Selection of samples 

Individual milks, previously typed for casein and P-Lg polymorphisms [1], were 
collected from one Friesian herd. Six samples were pooled from 97 mastitis-free 
cows, selected in a limited range (1 : 4) for parity and stage oflactation (30 : 180 days). 
Samples were homogeneous for iXs1-CN BB and p-CN AA, differing for x-CN 
(AA, AB) and f3-Lg (AA, AB, BB). No pooled milk from x-CN BB was tested 
because of the few individual samples available. 

Analytical determinations 

Each pooled sample was submitted to the following measurements: 
- total protein, casein and whey protein contents were determined by Kjeldahl 

method as described on IDF Standards [6, 7]; 
- proportions (%) of casein fractions and soluble whey proteins were calculated 

from the densitometer peak areas (Ultroscan XL-LKB) after polyacrylamide aga
rose gel electrophoresis, according to Uriel [17]; 

- urea concentration was determined by an enzymic method using a Boehringer 
testing kit (Boehringer Mannheim GmbH, FRG); 
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Fig. 1. Lactodynamographic patterns for each typed milk. (FORMAGRAPH Apparatus - Foss & 
Co., Denmark) 

- Ca and P content were determined, respectively, by atomic absorption on ashes 
and a colorimetric method according to IDF Standard [8]. The colloidal amounts 
were calculated by subtracting the soluble amounts determined in the rennet whey 
from the total Ca and P contents of milk; 

- rennet coagulation (Fig. 1) was investigated by lactodynamographic analysis 
using a Formagraph apparatus (Foss & Co., Denmark); 

- heat coagulation time (HCT) was determined at natural and modified pH (Fig. 2) 
on 2 ml sample sealed in an airtight glass tube heated in an oil bath at 140°C, as 
described by Feagan et al. [3]. 

Results and discussion 

No remarkable differences were found between x-CN AA and AB milks for rennet 
and heat coagulation, while milk stability was higher in the two samples from 
P-Lg BB cows (Figs. 1 and 2). These samples showed the highest IG and BSA level, 
while the contents in P-Lg and colloidal calcium phosphate were the lowest (Tables 1 
and 2). Moreover, P-Lg BB samples presented a higher casein content, either in 
absolute and relative terms, but lower level in x-CN fraction. 
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Fig. 2. Heat coagulation time-pH curves of the different samples at 140°C. Arrows indicate the 
HCT at natural pH 

The effect of natural pH on either rennet and heat coagulation was remarkable -
higher pH values being associated with a higher stability of milk. 

The present findings agree with literature for relationships between P-Lg genotype 
and composition of milk (casein, P-Lg content in particular; [12]). As regards heat 
stability of milk, these results confirm McLean's findings on concentrated milk [13], 
while they conflict with previous reports about genotype influence on heat coagu
lation, which indicated that P-Lg AA is associated with a higher stability of milk [3]. 

Moreover, although Rose [14] found heat stability positively related to P-Lg 
concentration, this relationship has not been confirmed in any other studies [13]. In 
the present work P-Lg content seems to be negatively associated with heat stability. 

An important effect could be ascribed to the different P-Lgjx-CN ratio, which we 
found to be lower in milks with higher heat stability, as previously suggested by 
Feagan [3]. It should also be noted that heat coagulation time-pH curves (Fig. 2) 
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Table 1. Physico-chemical parameters of the six pooled milks. In brackets: number of cows selected 
for each sample 

x-CN AA x-CN AB 

f3-LgAA f3-Lg AB f3-Lg BB f3-LgAA f3-LgAB f3-Lg BB 
(13) (36) (16) (10) (22) (10) 

pH 6.71 6.69 6.78 6.73 6.69 6.76 
°SH/lOO 6.6 6.8 6.2 6.1 6.6 6.2 
Ashes (g/100 g) 0.77 0.75 0.76 0.87 0.72 0.65 
Fat (g/100 ml) 3.10 3.40 3.20 3.00 3.60 3.10 
Protein (g/100ml) 3.26 3.21 3.27 3.10 3.29 3.28 
Casein (g/1 00 ml) 2.41 2.44 2.47 2.29 2.53 2.50 
Casein number 74.0 76.0 75.4 73.9 76.9 76.3 
Sol. Whey Prot. (g/100 ml) 0.64 0.58 0.62 0.61 0.57 0.57 
Urea (mg/l00ml) 37.2 33.7 29.9 36.1 32.4 39.9 
Ca/P 1.40 1.39 1.19 1.36 1.52 1.47 
Colloidal Ca + P (g/100 ml) 0.122 0.136 0.109 0.163 0.131 0.107 
Colloidal Ca+P (g/100cas) 5.06 5.57 4.41 7.11 5.17 4.28 

Table 2. Quantitative distribution (%) of casein and whey protein fractions 

x-CN AA x-CN AB 

f3-LgAA f3-LgAB f3-Lg BB f3-LgAA f3-Lg AB f3-Lg BB 

a,-casein 52.4 54.3 55.2 55.0 54.1 54.1 
f3-casein 35.5 35.4 34.2 35.0 37.5 37.0 
x-cas em 6.7 5.1 5.1 6.7 4.7 5.3 
Minor caseins 5.4 5.2 5.5 3.3 3.7 3.6 

f3-lactoglobulin 64.8 58.7 46.8 63.7 60.8 52.8 
a-lactoalbumin 22.5 23.8 24.4 19.1 21.8 21.2 
BSA 4.4 4.8 6.7 5.0 5.8 7.1 
Ig+PP 8.3 12.7 22.1 12.2 11.6 18.9 

presented in five samples of A-type profile [16] in which the natural pH is close to 
HCT minimum, with a value included between HCT max and HCT min' Only one 
pooled milk (fJ-Lg BB - x-CN AB) showed the B-type curve (no minimum HCT), 
probably due to higher urea [10] and lower colloidal calcium phosphate contents [4]. 
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In vivo digestion of proteins is initiated in the stomach by pepsins, and in some 
young animals by chymosin. It has been shown that milk coagulation in the stomach 
contributes to slowing down the degradation and it retains some peptides; casein 
degradation into small peptides takes place afterwards. fJ-lactoglobulin appears to 
be resistant to gastric proteolysis, but Q(-lactalbumin is hydrolyzed when stomach pH 
is about 3.5. 

In vivo experiments for the study of protein digestion are time consuming and 
expensive. Experiments on animals and man are time consuming and difficult to 
realize. The aim of the present work was to simulate in vitro the most important 
phenomena observed in vivo in the stomach during milk protein digestion. The 
development of the model was achieved by control of different parameters: acidi
fication curve of the medium, enzyme distribution (rennet), shaking mode, and 
emptying of peptides. 

Samples recovered during in vivo and in vitro digestion were compared by SDS
electrophoresis, N measurement, amino acid composition, and the kinetic of libera
tion of characteristic peptides. 

Results 

SDS electrophoresis showed the rapid coagulation of caseins. These proteins are 
evacuated forwards as small peptides (evolution of the proline content confirms this 
result). fJ-lactoglobulin is not proteolyzed by gastric enzymes; Q(-lactalbumin is de
graded when pH decreased below 4.0. 

In vivo as in vitro, two groups were detected by multivariate analysis of the amino 
acid analysis. They correspond to sediment and supernatant in 12% TCA. The 
"small" peptides, which are probably absorbed faster, have essential amino acid 
contents that are different from "large" peptides. NPN level increased up to 50% 
during digestion and probably decreased a little after. No amine N (difference 
between Kje1dahl and amino acids) is evacuated earlier. 

During digestion some peptides appeared rapidly and then disappeared, in partic
ular the CMP (sequence 106-169 of x-casein) and sequence 1-23 from Q(sl-casein. 
Quantities of other peptides increased slowly, such as 193 -209 of fJ-casein. 

Gastric emptying of proteins and peptides is reproducible. Nand NPN level as 
well as HPLC profiles are similar to results obtained in vivo. 
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Conclusion 

The comparison of the results obtained in vivo with those obtained in vitro using the 
"artificial stomach" (gastric emptying of Nand NPN, NPN level, amino acid com
positions, electrophoresis, HPLC profiles, and emptying of characteristic peptides) 
confirms the validity of our model. The described procedure is simple, does not 
require sophisticated material, and is much less expensive than in vivo experiments. 
Moreover, in vivo reactions that take place in six hours can be simulated in three 
hours. 
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General Discussion: 
Milk Proteins - Technological and Functional 
Aspects 

E. H. Reimerdes 

Research and Development, Meggle Milk Industry GmbH & Co KG, Wasserburg, 
FRG 

Milk constituents and milk products are traditionally recommended raw materials 
for the food industry. Due to their high nutrient density and specific functional 
properties they are designated to improve the nutritional and technological quality 
of food products. 

Among milk constituents the proteins are of great importance for modern food 
production. The development of custom milk protein ingredients is directly related 
to improvements in modern food processing. Among modern processing technolo
gies, fractionation, physical-chemical modifications, and recombination should be 
mentioned - by these methods the milk industry meets the requirements for optimi
zation of their protein products with respect to a highly sophisticated food tech
nology. 

Due to the complex composition of milk proteins and progress made in protein 
technology the development of specific milk protein products by numerous modifi
cations is a challenge to research and practice. 

Functional properties of food ingredients, especially of milk proteins, are 
physical-chemical parameters which depend on structure and conformation as well 
as on interactions with other components of the product matrix. With respect to milk 
proteins these parameters are higly dependent on composition and processing condi
tions. The development of functional food ingredients on the basis of milk proteins 
is related to solubility, dispersibility, water-binding, fat-binding, viscosity, and the 
formation and stabilization of disperse systems such as foams, emulsions, and gels. 
In many food systems different types of disperse systems are integrated, e.g., in 
sausages, fat emulsification, and gel formation are of importance. 

Another example is ice-cream where dispersed gases must be stabilized in destabi
lized oil-water emulsion matrix systems. 

Besides the surface activity the viscosity of protein solutions or suspensions have 
to be considered in optimal food production. Each protein and protein product, as 
well as the complex food matrix, has its own characteristics and functionalities. 
Large differences can be found among the various types of proteins, e.g., caseins, 
whey proteins, fat globule membrane proteins, and even with the non-protein nitro
gen (NPN) components. 

There are large differences in structure/function relationships among caseins, 
whey proteins, fat globule membrane proteins, and the peptides of the NPN-frac
tion, dependent on the amino acid composition, sequence, and conformation. 

In milk the caseins are organized in so-called micelles. After isolation the caseins 
show typical ion-exchange and detergent properties. This means the caseins can be 
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modified by monovalent and divalent cations and anions. Due to the fact that 
caseins have a flexible open-chain structure they show a high heat stability. 

With whey proteins an entirely different situation has to be accounted for. Accord
ing to their amino acid composition whey proteins have a typical globular structure 
which is further stabilized by disulfide-bridges. Due to the fact that globular proteins 
show related denaturation pattern upon heating, any type of heat treatment above 
a critical temperature/time combination will change structure and functional proper
ties of whey protein products. In addition, denaturation and aggregation are depen
dent on pH, ions, and other food matrix constituents. Evaluating the kinetics of heat 
influence on whey proteins by sophisticated research techniques is crucial for the 
development of optimized milk and especially whey protein products. Skim-milk 
powders are already produced in five different types according to whey protein 
denaturation. Considering the application of these different products the significant 
different functionalities become apparent. 

Further development is related to techniques such as ultrafiltration, ion-exchange 
chromatography, molecular-sieve chromatography, etc., which allow the production 
of a range of products with different protein contents, mineral compositions, and 
lactose contents. Including the above mentioned parameters, a multitude of products 
with different functionalities can be envisioned [Kinsella]. 

Structure/function relationships of proteins include the interactions with other 
food components, e.g., lipids, carbohydrates, minerals, etc. [Swaisgood]. This means 
that for the successful incorporation of a protein the recipe has to be evaluated with 
respect to the composition and processing parameters and the processing conditions 
have to be carefully evaluated in order to avoid unwanted reactions [Erbersdobler 
et al.] which can reduce the biological value of the food products. Typical indicators 
for suboptimal processing conditions are elevated, e. g. furosine, lysino alanine, or 
HMF. These indicators are useful for the evaluation of proper processing parame
ters, especially those concerning heat treatment. 

During recent years special modifications of milk proteins have been developed. 
Among these are biotechnological procedures, e.g., proteolyses [Antila et al., Teuber 
et al.]. Functional properties like solubility and foam stabilization are directly 
related to the molecular weight of the proteins, which means by specific proteolytic 
degradation these parameters can be optimized with respect to food production. 
Other opportunities are the dephosphorylation of typical phosphor proteins like the 
caseins, or changes in the composition due to fermentation processes. 

The fractionation of milk proteins to obtain single components with very specific 
biological or functional properties, e.g., immunoglobulins, is another interesting 
field of milk protein utilization [Klostermeyer et al.]. 

From traditional food product processing with raw materials, modern foods have 
been developed for high nutritional and techno-functional properties. Modern pro
tein products are essential for quality parameters like structure, texture, and matrix 
consistency in many foods. For these purposes detailed information about ultra
structure and interfacial protein layers in foams and emulsions is essential. The 
fat globule membrane is the model system for such stabilized interfacial surfaces 
[Buchheim]. 

In summary, the inherent technological and functional properties of milk-protein 
products and the various possibilities for modification allow us to optimize the 
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quality of food systems with respect to structure, texture, and stability. By integra
tion of basic research results with practical considerations the development of new 
milk-protein products with specific functionalities for the improvement of food 
quality can be realized. 
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Milk Protein Allergy: Clinical Features, 
Pathogenesis, and Therapeutic Implications 
A. Ferguson and K. C. Watret 

Gastrointestinal Unit, Western General Hospital and University of Edinburgh, 
Edinburgh, UK 

Introduction 

The subject of food intolerance is of great interest to the general public as well as to 
the medical profession, the food industry, government and community regulatory 
bodies. There is considerable current research, particularly into the mechanisms 
underlying clinical food intolerance. It is clear that allergy, immunologically medi
ated intolerance, is relatively rare even when food intolerance has an organic cause, 
as opposed to the psychologically-based food aversion. 

Food intolerance - definitions and clinical spectrum 

Adverse reactions to ingested food vary enormously in severity as well as in patho
genesis. Food intolerance may be merely a nuisance, for example producing a tran
sient rash or abdominal discomfort or there may be features strongly suggestive of 
disease. Many aspects of this subject are discussed in the report of the joint working 
party on food intolerance of the Royal College of Physicians and the British Nutri
tion Foundation, published in 1984. One of the most important sections of this 
report deals with definitions of diseases and with mechanisms. Two main conditions 
can be identified, and it is recommended that the terms food intolerance and food 
aversion are used, and defined as follows: 

Food intolerance itself, which is a reproducible, unpleasant (i.e., adverse) reaction to 
a specific food or food ingredient and is neither immunologically nor psychologically 
based. This occurs even when the affected person cannot identify the type of food 
which has been given (for example, when it is disguised by flavoring and given as a 
puree). 

Food allergy is a form of food intolerance where there is both a reproducible food 
intolerance and evidence of an abnormal immunological reaction to the food. 

Food aversion comprises both psychological avoidance - when the subject avoids 
food for psychological reasons - and psychological intolerance, which is an un
pleasant bodily reaction caused by emotions associated with the food rather than the 
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food itself and which does not occur when the food is given in an unrecognizable 
form. 

Food aversion, intolerance j and allergy are very difficult to distinguish from one 
another. Whether objective changes are present or not, in most instances the clinical 
diagnosis of food intolerance can only be established if the symptoms and signs 
disappear with an elimination diet and if a controlled challenge then leads either to 
a recurrence of symptoms or to some other clearly identified change - for example, 
in a jejunal biopsy. Although much publicity has been given to a wide range of 
additional tests, both clinical and laboratory-based, these vary in their validity and 
interpretation and cannot reduce the importance of the challenge test. 

True food allergy is predominantly a problem in infants and young children, and 
in the occasional highly atopic adult with multisystem disease. Cow milk allergy, 
similarly, is predominantly manifest in infants; however milk intolerance due to 
lactose malabsorption is, globally, by far the most common of all types of food 
intolerance. 

In childhood, a wide range of conditions has been associated with food allergy, 
including eczema, wheeze, urticaria, mood alterations, angio-edema, diarrhea, 
vomiting, malabsorption, colitis, and gastrointestinal blood loss. The evidence link
ing hyperactivity to food intolerance is poor, despite some claims to the contrary. 

In adults, classical allergic symptoms - urticaria, asthma or anaphylaxis - may 
occur and clinical effects on the gastrointestinal tract include nausea, vomiting, 
abdominal pain and diarrhea, anaphylaxis and angio-edema and in such patients the 
basis for the symptoms is truly allergic. 

Milk allergy within the spectrum of food intolerance and disease 

It is very important to clearly define the relevance of immunological mechanisms, 
and of the particular foodstuff, in the context of the symptom or disease under 
consideration. In relation to milk allergy, the pattern may be: 
a) all cases of the disease are caused by milk allergy (for example milk-sensitive 

enteropathy). However, usually there are other single foods which can produce an 
identical condition, such as soya; 

b) several substances, milk, other foods and other allergens particularly inhalants, 
are implicated in disease pathogenesis (for example atopic eczema); 

c) allergy (including food allergy) is only one of several possible causes of a symptom 
or disease (for example diarrhea, wheeze). 

In the diagnosis of milk allergy, the pioneer work by Goldman has now been 
superceded, partly because of recognition that challenge may be hazardous in atopic 
infants. Goldman's criteria required that symptoms subside after dietary elimination 
of milk; symptoms recur within 48 h after milk challenge and reactions to three such 
challenges must be positive and have a similar onset, duration, and clinical 
features [11]. The increasing use of double-blind testing of foods and placebo in older 
children and adults has greatly strengthened the clinical information to be obtained 
from a challenge test. Walker-Smith [29] has recommended that histological criteria 
substitute for the clinically-based "Goldman" criteria for diagnosing cow milk 
allergy. 
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Diseases caused by milk allergy in some patients 

Atopic eczema: the incidence of atopic eczema is rising in Britain and foods are 
among the many environmental factors which contribute to exacerbation of this 
distressing skin disease [1]. The strongest evidence of a role for food in the patho
genesis of atopic eczema derives from a study in which 36 children with atopic 
eczema entered a double-blind controlled crossover trial of an egg and cow milk 
exclusion diet [2]. Twenty children finished the study of whom 14 responded to the 
antigen avoidance diet whereas only one responded to the control diet which con
tained egg and cow milk. Eczema can occur in exclusively breast-fed infants but this 
can be due to the carryover of food antigens in the mother's milk. Cant et al. [7] 
found that 11 of 34 breast-fed infants with atopic eczema had strongly positive skin 
test reactions to egg, and five of the 11 to cow milk, whereas none of the 34 controls 
had such skin-test reactivity. 

Food intolerance and enhanced immune responsiveness to foods is also a feature 
of atopic eczema in adults. However, the antigens concerned are usually fish, shell
fish, eggs, and nuts and milk sensitivity does not seem to be important [3, 4]. 

Asthma: an excellent and thoughtful appraisal of food sensitivity in childhood asth
ma was published recently [30]. In a group of hospital-based asthmatic children, one 
or more foods was thought to exacerbate symptoms in 70%, but eggs and milk were 
incriminated in less than 10% and this would support clinical observations that milk 
intolerance does not appear to be an important factor in asthma in childhood. 

Malabsorption syndrome with cow milk intolerance: the classical description is that of 
Kuitunen et al. [19] who reported on 54 patients. All had diarrhea and failure to 
thrive; in the majority vomiting was also a feature and some 20% had atopic eczema 
and recurrent respiratory infections. Gastrointestinal investigations demonstrated 
malabsorption, and jejunal biopsy revealed abnormalities of the jejunal mucosa, 
ranging from moderate villus atrophy to a pathology indistinguishable from celiac 
disease. These Finnish pediatricians treated their patients with human milk and once 
clinical recovery was complete, patients were challenged with cow milk. Clinical 
effects of milk provocation varied: 28 of the infants had a rapid reaction (gastro
intestinal symptoms occurring with one day of the challenge), however, in 26 infants 
the response was much slower. All of the children were clinically tolerant of cow milk 
by the age of one year, although the proximal jejunal mucosa often showed persistent 
but minor abnormalities. 

In clinical practice, now that the disease is fully recognized by pediatricians, the 
need for jejunal biopsy in diagnosis and to confirm the existence of the condition by 
challenge when it is normally self-limiting, is being questioned [28, 8]. 

Lactose intolerance overlaps the syndrome of cow milk protein sensitive enteropa
thy. Where there is extensive villus atrophy, loss of disaccharidase-containing mature 
enterocytes leads to a relative reduction in the disaccharidase activity of the small 
bowel mucosa and thus there may be a reversible lactose intolerance consequence 
upon the enteropathy of cow milk protein intolerance [13, 16]. The most important 
practical consequence of this is that lactose intolerance should not be accepted as a 
primary explanation of malabsorption, failure to thrive, etc., but it should be appre-
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ciated that it can accompany a number of other more serious enteropathies. Addi
tionally, when milk challenge is to be considered, it is often advisable first to carry 
out a lactose challenge in the healthy infant on a milk free diet. When this produces 
no clinically adverse effect, reactions to cows' milk challenge can be attributed to the 
protein constituents rather than the lactose. 

Cow milk sensitive colitis: rectal bleeding accompanying other features of cow milk 
allergy in infants was recognized many years ago. However, it was only when the 
bimodal age distribution of children with colitis was recognized that the specific 
entity of probable allergic infantile colitis was formally documented [18, 23]. Typi
cally, an infant with food sensitive colitis presents before the age of one year with 
loose, mucousy, bloody stools. In a series of 16 infants, 11 were less than four months 
old, of whom seven were taking cow milk protein only and the remaining four were 
exclusively breast-fed. Elimination diet and challenge procedures, with clinical ob
servation and rectal biopsy have given similar findings to jejunal biopsy in cow milk 
sensitive malabsorption syndrome. Rectal biopsy pathology differs from classical 
ulcerative colitis in that there is preservation of crypt architecture with no crypt 
abscess formation and no depletion of goblet cell mucus. Additionally, there are 
substantial numbers of eosinophils and plasma cells in the lamina propria infiltrate. 
These infants respond well to elimination of cows' milk from their diet or from that 
of the mother. Severe clinical colitis was induced by challenge in a small number and 
it is recommended that challenge should not be used to confirm a diagnosis of 
food-sensitive colitis. As is the case for food-sensitive enteropathy, most children can 
tolerate cow milk by the age of two. 

Infantile colic: in 1978, lakobsson and Lindberg suggested that exposure to antigens 
of cow milk might cause infantile colic in breast-fed infants. They reported that when 
breast feeding mothers of 19 infants with infantile colic eliminated cow milk protein 
from their diets, the colic disappeared promptly in 13 of 19 infants. In 12 infants, 
milk-protein-induced colic was confirmed by dietary challenge of the mother. Subse
quently, five of the infants were fed cow milk and four reacted promptly with colic. 
It is of considerable interest that three of these infants developed other symptoms of 
cow milk protein intolerance (skin rash, vomiting, and diarrhea). 

Immunological aspects of the proteins of cow milk 

Antigens of cow milk which induce hypersensitivity reactions are confined to the 
protein components. Digestion of milk proteins may reveal new immunogenic epi
topes which are not present on the intact molecule. This has been studied in man for 
IgE responses to fJ-lactoglobulin (fJ-Lg) degradation products [25], and in an animal 
model new amino acid sequences were revealed during digestion of bovine serum 
albumine (BSA), and these induced quite distinct patterns of immune responses 
when compared with the native protein [22]. 

In clinical studies particular attention has been paid to {J-Lg, but reactions to all 
of the milk proteins may occur. For example Goldman et al. [11] orally challenged 
a group of children with cow milk allergy: 62% reacted with fJ-Lg but, in addition, 
60% reacted with casein, 53% with a-lactalbumine (a-La), and 52% with BSA. 

264 



Lebenthal [20] reviewed the results of five studies and pointed out that sensitivity to 
P-Lg occurred in 82% of patients, to casein in 43%, to a-La in 41 %, to BGG in 
27%, and to BSA in 18%. Kuitunen et al. [19], studying enteropathy and malabsorp
tion, challenged eight children with two or more individual cow milk proteins. Five 
of six responded to casein, one of four to a-La, six of seven to P-Lg, one of seven to 
BSA, and one of five to BGG. 

Immunogenicity, as reflected by serum antibodies, of cow milk protein in man: there 
have been many reports, using a wide range of techniques, of the titres and patterns 
of antibodies to cow milk proteins in the serum of human infants and children. For 
example May et al. [21] used a protein-binding technique to detect and measure 
antibodies to BSA, casein, a-La, P-Lg, and BGG in infants and children who were 
not hypersensitive to foods. They found antibodies in the serum of a proportion of 
children up to age 15 years, to all of these antigens, but antigen-binding-capacity of 
serum was distinctly higher in the first year of life. In the 1970s we used passive 
hemagglutination and precipitin tests in the clinical immunology laboratory in Glas
gow, and found that serum antibodies to all five major proteins were present in more 
than 50% of children aged under four years. Children with diffuse small bowel 
disease and enhanced intestinal permeability, such as in celiac disease, tend to have 
high titres of serum antibody to many foods, but we found that the distribution of 
antibody to the various milk proteins was similar in celiac disease and other children 
(unpublished). 

IgE responses to food proteins are of greater relevance than other isotypes as the 
mechanism of food allergic disease. The development of such antibodies in a group 
of 86 normal female infants followed from birth to age seven years has been reported 
[14, 15]. Transient IgE antibodies to food proteins were detected in a proportion of 
the children and at the age of seven, seven of the 86 children had detectable IgE 
antibodies to cow milk in serum. 

Immune responses to milk proteins encountered via the gut: when antigen is introduced 
into the tissues of an animal a variety of immune responses may be evoked (Fig. 1), 
and these are not mutually exclusive. In the case of antigen normally encountered via 
the gut it is relatively unusual for there to be induction of a serum antibody response 
(the guinea pig being an exception to this rule), and the most striking effects are 
induction of mucosal IgA antibodies, and suppression of systemic immune respon
siveness and oral tolerance. Active immune responses can readily be detected and 
measured in humans as well as in animals whereas the phenomenon of immunolo
gical tolerance to ingested protein is best demonstrated in experimental animals. We 
are currently examining immune responses to P-Lg in mice, and find that, as with 
most other proteins, this is immunogenic when administered parenterally and toler
ogenic when fed. Our experiments with the egg protein ovalbumin have shown that 
both immunoregulatory T cells and "processing" of antigen by the gut are involved 
in tolerance induction [5, 6, 10,26,27]. 

The fact that cow milk proteins are immunogenic in man and, indeed, in experi
mental animals, does not necessarily indicate that the immune responses which ensue 
are harmful. In the absence of induction of oral tolerance to a fed antigen, systemic 
immunity to foods, as with serum IgM and IgG antibodies, is usually harmless. IgE 

265 



Protein 
antigen 

SYSTEMIC 
tolerance 

I MMUNE RESPONSE 
I---i--~-:-:----:--=-:-:-:-~---;lot- no net effect 

( antibodY,CMI) 

G.I. 
tract 

MUCOSAL IMMUNE priming 
RESPONSE 

: (antibody) 
, , 

__ J (CMI) 

Fig. 1. Range of immune responses which may occur when antigen is fed 

antibodies are evidence of an atopic state and often are of no clinical relevance being 
not associated with clinical food allergy. However, occasionally the presence of 
specific IgE to a defined antigenic determinant correlates very well with clinical 
reactions to the foodstuff concerned. Induction of cell-mediated immunity can be 
demonstrated by positive in vitro tests with blood lymphocytes and, theoretically, 
should be demonstrable by delayed skin test reactions. Although these are useful in 
animals they have not found any clinical role in man. 

Mucosal hypersensitivity reactions: when oral tolerance fails and a state of active 
systemic immunity is induced, re-exposure to antigen is likely to produce intestinal 
and systemic hypersensitivity reactions analogous to those experienced in clinical 
food allergy. The cow milk protein BSA and the chicken egg protein ovalbumin 
(OVA) have been extensively used in investigation of the induction and expression of 
intestinal anaphylaxis (reviewed in [9]). Granato and Piguet [12] succeeded in pro
ducing a monoclonal IgE antibody directed against bovine P-Lg. They found that 
1 ng of this purified antibody was capable of eliciting cutaneous anaphylaxis and 
demonstrated very clearly the development of an immediate hypersensitivity reac
tion to BLG within the gut in passively immunized mice fed P-Lg. Fluid accumu
lation within the small intestinal lumen, increased permeability of the gut and edema 
within the villi were present at 30 min after the challenge feed. Studies in this and 
similar animal models fully support the descriptions of the clinical and pathological 
effects of intestinal anaphylaxis in half a century of biomedical literature. 

IgE mediated hypersensitivity reactions produce edema, diarrhea, and functional 
changes in epithelial fluid and electrolyte transport without any histological changes 

266 



or malabsorption. There is a wealth of evidence, based on animal work, that it is the 
T-cell mediated reactions in small bowel mucosa which cause immune mediated 
villus atrophy, crypt hyperplasia with malabsorption (reviewed in [9]). To our knowl
edge there have been no studies of animal models of cell-mediated immune responses 
to cow milk proteins in the gut mucosa. 

Conceptually, it is essential to separate the induction phase of the immune re
sponse which relates to the dose and nature of antigen, the route of first encounter, 
and which may produce active immunity or tolerance, and expression of immunity 
after antigen re-exposure of an immune animal. This involves, in the first instance, 
antigen-specific, antigen-antibody, or antigen-cell reactions followed by non-antigen 
specific recruitment of cells and mediator release, and finally, effects on the function 
of tissue which may be detrimental, thus by definition: hypersensitivity. 

Implications for prevention and treatment 

Regulation of the induction of the immune response to an antigen which all of us 
ingest daily in large amounts, is the critical point at which any food allergy and food 
allergic disease must be considered. In the case of atopic individuals there is a defect 
in the regulatory mechanisms involved in help and suppression for the IgE B cell 
system. As far as cellular immunity is concerned, it is our hypothesis, based on 
experimental animals, that both the balance between help and suppression, and 
some sort of antigen processing by the gut, are necessary to induce oral tolerance for 
cell-mediated immunity to fed antigen and that there are many circumstances in 
which oral tolerance fails to develop. This puts the experimental animal, and by 
analogy the patient, at risk of developing food hypersensitivity. 

There are a number of nutritional and therapeutic implications if one accepts that 
the problem in milk protein allergy is more likely to be in the infant's response rather 
than the food itself. Infants are particularly at risk of milk allergy because of imma
turity of their immunoregulatory mechanisms and also because of the limited selec
tion of foods which they encounter as antigens via the gut. There is a wealth of 
evidence in animals and also in human allergy that if extremely small doses of 
antigen are administered this tends to induce IgE antibodies, whereas large amounts 
of antigen suppress this isotype. Thus, there are theoretical reasons why so called 
hypoallergenic diets, which contain only trace amounts of antigen such as beta
lactoglobulin, are contraindicated even in the children of atopic families. One could 
argue that large amounts of antigen, administered frequently, are theoretically much 
more advisable as mechanisms of preventing allergy. 

Once an individual is actively immunized and expresses the immune response as 
a hypersensitivity reaction either in the gut or in the skin, the best treatment is by 
elimination diet and this is not too difficult to achieve for cow milk protein. Howev
er, where mast cells and IgE antibodies are involved, drugs which modify mast cell 
functions such as sodium cromoglycate, may have a role. T-cell mediated immunity 
is probably the underlying mechanism of enteropathy and colitis in the majority of 
infants with these rare syndromes and exciting new developments on immunomodu
latory regimes affecting T cells either by the use of monoclonal antibodies or phar
macologically, may have scope for treatment of the expression of the harmful im-
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mune response in the gut of these infants. Ultimately, one would hope to develop 
protocols and regimes which recreate the healthy state of immunological tolerance. 
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Introduction 

The incidence of nutritional deficiencies in hospitalized patients is often high [20, 21, 
62, 90] but the indications for instituting nutritional support are both controversial 
and difficult to define. In general, patients requiring nutrition support fall into three 
groups. The first group comprises patients with preexisting weight loss, a low plasma 
albumin level, muscle wasting, and peripheral edema. Patients in the second group 
present with no overt malnutrition but have a dietary history of reduced intake for 
2-4 weeks preceding admission. Finally, there are patients with normal nutritional 
status but whose underlying pathology results in malnutrition if nutritional support 
is withheld. These aspects are discussed in detail elsewhere [115]. 

Having made the decision to institute nutrition support, the choice lies between 
the parenteral route of nutrient delivery (through a central or peripheral catheter) or 
the enteral route (via a nasoenteral tube or by oral supplementation). Developments 
in enteral nutrition have, to some extent, been overshadowed by advances in total 
parenteral nutrition (TPN), since Dudrick first reported long-term support of pa
tients by TPN [36]. Although enteral nutrition is not a new technique [133] its 
widespread acceptance has only come about following formal evaluation of the 
benefits and risks associated with each mode of nutrient delivery [61, 112]. It is now 
clear that enteral nutrition is more physiological than, considerably cheaper than, 
and has fewer associated risks than TPN. There are situations where TPN alone is 
indicated but many patients who are inappropriately prescribed TPN would benefit 
from enteral nutrition. In the light of this change towards greater use of the enteral 
route, it is worth considering the protein source of the diet and the best form in which 
it should be given in different disease states. There is considerable controversy as to 
whether free amino acids, partially hydrolyzed protein, or whole protein is "best." 
The aim of this paper is twofold. Firstly, this question will be examined in relation 
to the physiology of nitrogen absorption in the normal gastrointestinal tract and in 
situations where gut absorptive capacity is impaired. Secondly, the use of hydrolyzed 
proteins for parenteral use will be examined in the light of the considerable body of 
experience with intravenous casein hydrolysates and more recent studies with short
chain peptides. 

Physiology of protein nitrogen absorption 

Sources of digested protein and site of absorption in the gastrointestinal tract: Al
though dietary nitrogen intake forms the major part of protein digested and ab-
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sorbed in the intestine, endogenous sources (gastric, biliary and intestinal secretions) 
represent, in man, about one-third of an adequate dietary protein intake [65, 98, 99] 
and comprise about 20-30 g from direct secretions [43], the remainder being desqua
mated epithelial cells [44] and plasma proteins secreted into the intestinal tract [43]. 
The majority of ingested protein appears to be absorbed in the proximal jejunum [22, 
65, 98, 99, 123] although ileal protein assimilation does not appear to be complete 
[50, 84]. Animal studies implicate the colon as the major site of assimilation of 
endogenous protein [33]. 

Luminal protein digestion: The initial phase of protein digestion occurs in the stom
ach by the dual mechanism of acid denaturation and the action of several pepsins 
with an acid pH optimum and with varying substrate specificities [33, 138]. The 
primary cleavage products are large oligopeptides, only small amounts offree amino 
acids are liberated in the process [26] and further hydrolysis is effected by pancreatic 
proteases in the small intestine [44, 51]. 

In addition to pancreatic enzymes, low levels of solubilized intestinal brush-border 
and cytoplasmic intestinal mucosal aminooligopeptidases can be detected in intes
tinal contents, implying only a small role in luminal digestion [68, 122]. However, 
digestion of large oligopeptides by brush-border membrane bound neutral metal
loendopeptidases [127] may have quantitative significance in view of studies showing 
significant digestion and absorption of dietary protein in the absence of pancreatic 
secretions [16, 32, 34, 132, 136]. The high level of solubilized membrane peptidases 
in the ileal lumen suggests significant luminal hydrolysis of peptides. Luminal pro
teolysis produces both peptides of chain-length 2-6 [9, 26, 98 99] and a smaller 
quantity of free amino acids (ca. 30% [9, 28]). 

Free amino acid uptake: Free amino acid transport, studied in vitro is dependent on 
a gradient of Na + across the brush-border membrane of intestinal epithelial cells 
[110] and in man is saturable, consistent with the existence of carrier mediated 
mechanisms for amino acid transport [4, 5, 7, 13, 60]. To date, the absolute Na + 

dependency of free amino acid transport has not been demonstrated in vivo in man 
[116] but competition studies in animals indicate the likely existence of four major 
group-specific active transport systems [82, 84]. 

Peptide uptake: Although early studies, showed that small amounts of un hydrolyzed 
dipeptides crossed the intestinal wall [15, 92, 139], or could be taken up intact [93, 
94], it was concluded that free amino acid uptake was the major route for nitrogen 
assimilation and that peptide transport was quantitatively insignificant. 

The oral-load experiments of Matthews and colleagues in man [31] challenged this 
concept decisively and to date, there are four lines of evidence which favor peptide 
transport in the small intestine: 
1) In patients with Hartnup disease and cystinuria, those free amino acids whose 

uptake is blocked are absorbed normally when presented to the mucosa in the 
form of homologous or mixed dipeptides [17 -19, 59, 89, 118, 120]; 

2) Competition for uptake, in vivo, between free amino acids is relieved when they 
are presented as heterologous dipeptides [6, 58, 113, 117]; 
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3) Faster rates of uptake of at least one of the constituent residues has been observed 
from the dipeptide rather than the corresponding free amino acid solution [30, 58, 
117]; 

4) Unhydrolyzed dipeptides (resistant to brush-border hydrolysis) have been detect
ed in peripheral plasma samples during intestinal perfusion in vivo [6, 48, 49] and 
in peripheral circulation during oral feeding experiments in man [63, 103, 104]. 
This evidence and studies on the substrate specificity of mucosal and cytoplasmic 
peptidases of the enterocyte [44, 71, 73, 96, 97,101,109,134] suggest that peptide 
uptake and mucosal hydrolysis are closely related phenomena (see [52]). As a 
result, a "dual hypothesis" for peptide assimilation has been proposed. In this 
model, there are two routes of uptake of peptide nitrogen [80, 83, 113, 114]: 
a) Intact absorption of di- and tripeptides and subsequent cytoplasmic hydrolysis; 
b) Brush-border hydrolysis and uptake of free amino acids and smaller peptide 

fragments. 
Given the enormous number of possible small peptide sequences generated during 
luminal digestion, for any particular dipeptide the proportion of peptide-bound 
amino acid absorbed by each route would depend on the relative affinity for intact 
transport [Kt] or brush-border hydrolysis [Km]. 

Tripeptide and tetrapeptide transport: All the evidence now supports the view that 
tripeptides are assimilated by the small intestine in a similar fashion to dipeptides [2, 
3, 14, 119]. In contrast, with one exception [29], all experimental studies suggest that 
prior brush-border hydrolysis oftetrapeptides has to occur before uptake of peptide 
nitrogen can occur [3, 11, 24, 111, 126]. The appearance of luminal free amino acids 
is consistent with the affinity of brush-border amino oligopeptidases for tetrapep
tides [72, 73, 97, 134] and the absence of significant enterocyte cytoplasmic tetrapep
tidase activity [97]. 

General characteristics of dipeptide and tripeptide transport: Peptide assimilation in 
the small intestine appears to have the following characteristics (see [52]): 
1) There is at least one carrier system not shared with free amino acids [10]; 
2) The in vivo and in vitro evidence is consistent with the existence of a single 

common carrier [35, 125], single or multiple transport systems which may be 
allosterically activated by more hydrophobic dipeptides [25, 85, 86], or multiple 
transport systems [1,39, 76, 107]; 

3) Transport is energy dependent with a Na + dependent component and is a satura
ble process with Michaelis-Menten kinetics. The partial Na + dependence appears 
to be a reflection of the activity of the Na + /K + /ATPase system at the basolateral 
membrane of the enterocyte. Recent studies have indicated the cotransport ofH+ 
with di- and tripeptides, the process being "driven" by a proton gradient adjacent 
to the mucosal surface [46]. 

Intestinal assimilation of modified peptides: So far, the discussion of the assimilation 
of dietary nitrogen has assumed that all protein amino acids arrive in the portal vein 
in the form of free amino acids. This is a gross oversimplification because some 
amino acid residues of casein and egg protein are modified by covalent addition of 
phosphate or glycosyl moieties and will be released in peptide bound form during the 
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process of luminal or brush-border digestion. Similarly, certain amino acid se
quences (e.g., those rich in proline moieties [103, 104]) are particularly resistant to 
brush-border and cytoplasmic hydrolysis by the enterocyte and may enter the blood 
stream intact. 

Estimates of the proportion of alpha-amino nitrogen present in peptide form in 
portal blood following a protein meal vary, but the evidence reviewed by Gardner 
[48, 49], suggests that it is more than 10%. In the light of this observation, some 
revision of current concepts of nitrogen absorption may be necessary. Since amino
aciduria in man is rarely more than 2% of dietary intake, it may be concluded that 
pathways for degradation of significant quantitities of intravenous pep tides exist. 
The reason for this mechanism may be the removal of pep tides with pharmacological 
activity from the circulation. In relation to milk protein, the best studied peptide is 
a fragment of beta-casein liberated by pancreatic and intestinal brush-border hydro
lysis, beta-casomorphin [102] which can be detected in the plasma of calves ingesting 
milk [74]. The major site of hydrolysis of beta-casomorphin (Tyr-Pro-Phe-Pro-Gly) 
appears to be the renal tubule from which it is reabsorbed as Phe-Pro-Gly and 
Phe-Pro [87] by a carrier mediated peptide transport system [47]. Thus it can be seen 
that there is provision for the lack of absolute barrier function of the small intestine 
against translocation of intact peptides. The significance of this in relation to intra
venous preparations of hydrolyzed egg and milk proteins in parenteral therapy will 
be considered later. 

Nutritional significance of amino acid and peptide transport 

Intestinal perfusion studies: In order to quantitate the uptake of nitrogen from 
different dietary proteins in man we, and others, have studied the absorption of 
partial enzymic hydrolysates of protein which simulate the post-prandial milieu of 
the small intestine. In each case, an intestinal perfusion system has been used which 
excludes pancreatic secretions from the perfused test segment. 

Effect of concentration on relative uptake of amino acids and peptides: The rates of 
absorption of amino acid residues have been shown to be faster, and more even, from 
peptide based than the free amino acid based mixtures [40,117,121,124] and, as a 
result, there may be a quantitative [rate of absorption] and qualitative [evenness of 
absorption] "kinetic advantage" conferred by peptide based hydrolysates on nitro
gen uptake. Although this effect occurred at perfused loads approximately two to 
three times greater than those experienced during continuous nasogastric enteral 
nutrition, the evenness of absorption of amino acid residues from the hydrolysate 
remained constant at all concentrations [54, 57] and this improvement in absorption 
pattern may have a bearing on the clinical situation. 

Effect of peptide chain-length on uptake: Other factors which may influence uptake 
of amino acid residues from protein hydrolysates include differences in starter pro
tein amino acid composition, primary sequence, enzymatic system used, and chain 
length of the pep tides [70]. In particular, the effect of peptide chain length on 
absorption of hydrolysates of two milk proteins and one egg protein has been studied. 
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The absorption of nitrogen from a lactalbumin hydrolysate containing mainly 
peptides of chain length 10 -15 was significantly less than from a lactalbumin hydro
lysate of chain length 2- 5, and less than from the equivalent free amino acid mixture 
[53]. A series of partial enzymic hydrolysates of ovalbumin were therefore prepared 
[54] and two contained a predominance of di- and tripeptides while the third con
tained mainly tetra- and pentapeptides. During perfusion at 30 mmol/L and 
tOO mmol/L, we noted that the subtle increase in chain-length profile reduced nitro
gen uptake at both concentrations perfused. Similar studies with hydrolysates of 
casein (containing either 70% of di- and tripeptides or 64% tetra- and pentapeptides) 
confirmed this observation [105] and it was concluded that in man, brush-border 
hydrolysis may be a rate limiting step in assimilation of nitrogen from mixtures 
which simulate the products of post-prandial luminal digestion. The optimum chain
length for absorption under these experimental conditions would appear to be two 
to three amino acid residues. 

Thus, where the absorptive capacity of the small intestine is severely limited, there 
may be good grounds for presenting dietary nitrogen in the form in which it is best 
absorbed, namely as di- and tripeptides, rather than as tetra- and higher peptides. 

Clinical applications of amino acids, partially hydrolyzed milk protein 
or whole milk protein in enteral nutrion 

Where intestinal function is normal: Initial studies in animals [64] indicated that 
whole protein or free amino acid-based diets produced similar growth rates and 
nitrogen balance. Comparison of the plasma appearance of amino acids in subjects 
ingesting a fish protein hydrolysate-based diet or equivalent free amino acid-based 
meal [123] indicated more rapid absorption, although by the time the meal had 
reached the distal small intestine, total absorption of the two diets was identical. 
Similarly, no difference was observed in nitrogen balance in healthy subjects fed 
isonitrogenous diets based on lactalbumin, a lactalbumin hydrolysate, or an equiva
lent amino acid mixture [88]. In light of these studies, one would expect that where 
gut function is normal, an enteral diet based on whole protein would be as efficiently 
assimilated as one based on a protein hydrolysate or free amino acid mixture. 

One difficulty in assessing the metabolic utilization of comparable nitrogen 
sources has been the confounding effect of larger clinical variables such as the poor 
performance of feeding tubes, the use of diluted starter regimes, the use of small 
volume diet reservoirs and the slowing of infusion rates due to the development of 
gastrointestinal side-effects including diarrhea (see [115]). However, controlled clini
cal trials of enteral diets based on whole-protein or free amino acids have been 
unable to detect differences in nitrogen balance or clinical benefit or complications 
[66, 67]. There is thus no basis for using anything other than whole protein based 
diets in patients with normal gastrointestinal function. 

Where gastrointestinalfunction is impaired: There may, however, be a place for easily 
assimilated forms of dietary nitrogen where some impairment of digestive capacity 
(e.g., pancreatic insufficiency, pancreatectomy, intestinal resection, or more rarely, 
severe active celiac or Crohn's disease) exists. The issue in this case is whether the 
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capacity of the remaining small intestine is sufficient to digest and absorb the load 
of nitrogen given by 24 h nasoenteral infusion. 

With moderate impairment of function, we were unable to detect any differences 
in nutritional parameters or diet absorption in patients with moderately impaired 
gastrointestinal function [106] who were fed either a milk protein hydrolysate or a 
whole milk protein-based diet. As far as the protein moiety of the diet is concerned, 
there is probably no basis for feeding protein hydrolysate based diets where there is 
slight impairment of gastrointestinal function. 

However, where absorptive capacity (e.g., the inadequate short-bowel syndrome) 
or digestive capacity (e.g., total pancreatectomy) is severely impaired it is unlikely 
that whole protein would be efficiently assimilated. Thus in enterally-fed pancreatec
tomized patients, a lactalbumin hydrolysate was well absorbed (ca. 90%) compared 
to only 48 % absorption of lactalbumin itself [132]. Whether protein hydrolysate or 
free amino acid based diets should be used is still open to question. In the severe 
inadequate short bowel syndrome « 100 cm small intestine), we were unable to 
detect any difference in the efficiency of absorption or rates of whole-body protein 
turnover when patients fed diets containing either a partial hydrolysate of casein 
(chain length 4 to 5 amino acids) or an equivalent free amino acid mixture [55]. In 
view of the observation that absorption of peptides in this chain-length range is 
rate-limited by brush-border hydrolysis [53, 54, 105], it seems likely that a hydro
lysate diet containing mainly di- and tripeptides will give maximal absorption. 

We would therefore conclude that where there is some impairment of gastro
intestinal function, a whole protein diet is indicated; more severe impairment will 
require the use of partial hydrolysates of protein. There do not appear to be any 
indications, on purely nutritional grounds, for the more expensive amino acid-based 
elemental diets. 

Clinical use of partially bydrolzyed milk proteins in parenteral nutrition 

Total parenteral nutrition, as such, was first introduced by Elman who succeeded in 
infusing mixtures of electrolytes, glucose, and amino-acids (as a partial hydrolysate 
of casein) in sufficient quantities to reverse the edema oflong-term malnutrition seen 
in patients with intestinal obstruction who were unable to eat normally [37, 38]. 
These results were often repeated with both acid and enzymatic hydrolysates of 
casein or fibrin given parenterally [23, 41, 78, 100, 129, 135, 141] and these prepara
tions appeared to be an efficacious source of nitrogen for Total Parenteral Nutrition. 
It was noted that there was some peptiduria but in early preparations this could be 
accounted for by the formation of Maillard reaction products when the hydrolysate 
and glucose were heat sterilized together [27]. When administered to healthy sub
jects, hydrolysates were well utilized [78], and in patients on TPN, appeared to be as 
well utilized as free amino acids [135]. 

Following the subsequent use of defined mixtures of crystalline amino acids in 
TPN, protein hydrolysates fell into disuse. The reasons for this change seemed to be 
the development of central vein parenteral nutrition enabling hyperosmolar amino 
acid solutions to be infused, the ability to manipulate the amino acid composition 
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to give a balanced mixture for therapeutic reasons, and finally, the successful large 
scale economic production of L-amino acids suitable for TPN. However, it should 
be noted that amino acid formulations have theoretical and practical drawbacks, 
namely the poor solubility and stability of certain amino acids (Tyrosine, Cysteine, 
Tyrptophan, and Glutamine), and the high osmolarity of amino acid solutions which 
would prevent administration of adequate nitrogen intakes via a peripheral vein. 

Interest in the use of peptides as an nitrogen source in TPN has been revived by 
the work of Furst, Adibi and others. Recent work from Furst's group has indicated 
that synthetic peptides containing Glutamine [45], or Tyrosine [91] are soluble, 
stable, and will replete the tissue Glutamine pool. Similarly [8, 12, 75], synthetic 
peptides (based on Glycine at the N-terminal) are well tolerated and appear to be as 
effectively utilized as free amino acids in model of complete TPN in baboons [131]. 
One feature of this work was that with glycine oligomers [12] there appeared to be 
efficient utilization of the injected peptides up to a chain length of four glycine 
residues. With increasing peptide chain length, the pattern of peptide metabolism 
altered and in the case of tetraglycine, renal tubular brush-border hydrolysis and 
reabsorption of smaller peptides or free amino acids predominated. In view of the 
similarity in the enzymology of the small intestinal and renal brush border, it may 
be tentatively predicted that highly purified protein hydrolysates containing di- and 
tripeptides or tetra- and pentapeptides would be similarly handled when given intra
venously. Certainly the intestinal perfusion studies discussed above suggest that 
brush-border limitation of nitrogen uptake only occurred with milk or egg protein 
hydrolysates containing a predominance of tetra- and pentapeptides, rather than di
and tripeptides. 

We therefore investigated the intravenous utilization of an ovalbumin hydrolysate 
which differed from earlier intravenous hydrolysates in one important respect. 
Whereas these contained less than 30% as peptides of undetermined length [79, 108], 
the ovalbumin hydrolysate contained approximately two-thirds of amino acids as 
di- and tripeptides [54]. In healthy volunteers infusion of a complete TPN mixture 
based on the ovalbumin hydrolysate or the equivalent free amino acid mixture 
indicated good utilization of the hydrolysate although peptiduria (6% of excreted 
nitrogen) was slightly higher than that observed during amino acid infusion or 
following overnight fasting [56]. Due to the nature of the ovalbumin hydrolysate 
used, it is likely that the increase in excretion of peptide species was due, in part, to 
the presence of brush-border peptidase resistant glycopeptides which could be de
tected in the hydrolysate, by GC/MS [42]. Further studies are planned to answer this 
point. In summary therefore, there may be several benefits from the use of highly 
purified and defined short-chain peptide mixtures prepared from enzymically hydro
lyzed protein. Firstly, the lower osmolarity of such preparations (cf. free amino 
acids) may allow peripheral infusion of adequate nitrogen. Secondly, since the gluta
mine and asparagine content of the original protein is preserved in stable form, such 
hydrolysates may be a suitable carrier for glutamine, which appears to be a specific 
nitrogen and energy source for the gut and cells of the immune system [95,128,140]. 
Infusion of exogenous glutamine may spare the efflux which occurs from peripheral 
tissues in states of stress or sepsis. Finally, it is likely that such preparations will be 
an economic alternative to the use of crystalline free amino acids or synthetic dipep
tides [130] as a TPN nitrogen source. 
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Is Milk Intake Still Adequate in Present-day 
Practice of Child Nutrition? 
M. Kersting, W. Ruhe and O. Schoch 

Forschungsinstitut fur Kinderernahrung, Dortmund, FRO 

Introduction 

Recommendations for child nutrition have to allow for an adequate intake of high
quality proteins and of minerals, particularly calcium, to meet specific growth re
quirements. Among the convenient foodstuffs in our environment, cow's milk is an 
excellent source of both calcium and protein. Therefore, milk intake of children 
should be assessed from time to time. 

Nutrition surveys 

Two nutrition surveys, done about 15 years apart, were carried out on 1 ~ 14 year-old 
healthy children in Dortmund. Food intake was assessed with a weighed dietary 
record method; energy and nutrient intake was calculated from food composition 
tables. Study I took place from 1965~1979 comprising 310 children with usually 
21 ~42 dietary record days for each child (3); study II from 1985 ~ 1987 comprising 
275 children with three dietary record days for each child [2]. 

Results 

In study I, average daily consumption of milk (e.g., whole, partly skimmed, pasteu
rized, and UHT) and milk products (e.g., yoghurt, sour milk, cheese) increased 
during childhood from 300 to 530 g (Fig. 1). More recently, only 300 to 370 g have 
been observed (study II). In study II, sweetened commercial milk products 
amounted to 15% (1 ~6 yrs) and 25% (7 ~ 14 yrs) of the total consumption of milk 
and milk products [2]. 

In study I, energy intake corresponded closely to the DOE recommendations [1] 
in nearly all age groups (Fig. 2). Recently (study II) energy intake has decreased and 
is now about 15% below the DOE recommendations for children older than 10 
years. With increasing age, the contribution of milk and milk products decreased 
from 25 to 15% of energy intake in both studies. 

In both studies (Fig. 3), protein intake was markedly above the already generous 
DOE recommendations [1]. Preschool children consumed about 50% and school
age children about 20% more protein than recommended. Protein from animal food 
amounted constantly to two-thirds of overall protein intake. From study I to study 
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II, the contribution of milk and milk products to protein intake decreased from 40 
to 30% at 1-6 years, and from 30 to 20% at 7 - 14 years. 

In study I, calcium intake corresponded to the DOE recommendations [1], with 
a contribution of about 75% from milk and milk products (Fig. 4). In study II, the 
decreased milk consumption from school-age onwards leads to decreased calcium 
intakes which may be 25% below the DOE recommendations. Only 50-60% of the 
present calcium intake stems from milk and milk products. 
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Discussion and conclusion 

Energy intakes below the recommendations of nutrition boards in normal growing 
children of about the age of puberty, as in the recent study II, have been reported 
in British children, too [4]. The lower energy requirements are thought to be due 
chiefly to lower physical activity [4]. A low energy intake necessitates a sufficiently 
high nutrient density of the consumed food. It is therefore unfortunate that an 
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increasing proportion of commercial milk products consumed by children in all age 
groups contains substantial amounts of sugar which is virtually free from essential 
nutrients. 

Present-day low milk consumption from school-age onwards does not lead to a 
reduction in the already superabundant overall protein intake because it is compen
sated for by other animal food. Regarding calcium however, the lower milk intake 
is not compensated for by other foods in the recent study. This observation needs 
additional consideration because the bioavailability of calcium from milk is higher 
than from most plant foods. Although the DGE recommendations for calcium 
intake [1] have generous safety margins, they should be approximated as closely as 
possible. Therefore, present-day recommendations for milk intake of children 
should be based on the quantities actually consumed by children 15 years ago - but 
with the precaution of recommending, at the same time, a reduction in the consump
tion of other animal food. 
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Enteral vs Parenteral Nutrition 
in the Early Postoperative Phase 
with Special Regard to Protein Metabolism 
B. Liinstedt, J. Seifert 

Department of General Surgery and Experimental Surgery, University of Kiel, 
Kiel, FRG 

Introduction 

Artificial nutrition in the postoperative phase is the method of choice for providing 
adequate nutrients to patients in the so-called post-aggressive metabolism. The 
method of artificial nutrition is not set and the doctor must decide between parent
eral application of nutrients using a central venous catheter with its attendant prob
lems, or enteral nutrition through a fine-bore feeding tube placed in the proximal 
jejunum. In a prospective randomized study of 60 patients after elective colonic 
surgery we assessed the value of early postoperative enteral feeding vs parenteral 
feeding. 

Patients and methods 

Sixty patients (aged 35-75 years) were randomized into two groups of different 
nutritional regimens after elective colonic surgery. Group I (EN) received from the 
first postoperative day until the 10th postoperative morning 2 000 ml/day of a diet 
containing carbohydrates, fat, and short-chain peptides (Nutricomb F Peptid) via 
a fine-bore feeding tube placed preoperatively in the proximal jejunum. Group II 
(PN) was treated with standard intravenous fluids consisting of carbohydrates and 
amino acids via infusion into a central vein. Calorie intake and the composition of 
artificial nutrition was similar in both groups (EN: 110 g peptide + AA, 370 g 
dextrose + polysacch., 60 g MCT + ess. FA., -2000 kcal/day; PN: 70 gAA, 440 g 
glucose, 50 g LCT-fat emulsion, -2200 kcal/day). 

Samples were taken preoperatively, as well as on day 5 and day 10 postoperatively. 
Beside others, we investigated the albumin and short-living proteins (prealbumin 
and transferrin), the immunoglobulins, and the plasma fibronectin. The 24-h N
excretion was measured in the urine by an Antec® nitrogen analyzer. 

Results 

Both regimens were well tolerated by the patients. The short-life proteins and the 
albumin decreased up to day 5 in the postoperative phase in both groups (Fig. 1). 
Prealbumin as well as transferrin increased faster in the EN-group postoperatively 
then in the PN-group - at postoperative day 10 we measured 24.5 and 250, respec
tively, 18.0 and 210 mg/dl (Fig. 1). 
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The plasma fibronectin and the immunoglobulin IgM showed significant higher 
levels at day lOin the EN-group (39.8 and 340, respectively, 32.4 and 280 mg/dl) 
(Fig. 2). The other immunoglobulins show no difference in both groups. The five
day cumulative N-balance is similar in both regimens (Fig. 3). 

Conclusion 

In a prospective randomized study with 60 patients differences between enteral and 
parenteral nutrition were investigated especially with regard to short living proteins, 
immunoglobulins and nitrogen balance. Prealbumin as well as fibronectin and trans
ferrin increased faster in enteral nourished patients postoperatively than in the 
parenterally nourished group. From the immunoglobulins only IgM was significant
ly increased after enteral nutrition. Both regimens were well tolerated in the early 
postoperative periode. 

288 



(mg/dll 

400 

300 

preop 

o parenteral 

I:1lI enteral 

[91 

- 15 

-1 0 

- 5 

PN 

19M 

Fibronectin 

5doys 

EN 

10 days 

Fig. 2. Immunoglobulin-M and the 
plasma fibronectin, postoperative 

Fig. 3. The five-day cumulative N-balance, post
operative 

289 



References 

Dietze G (1983) Fehler und Gefahren der enteralen und parenteralen Erniihrung. Chirurg 54: 18 
D6lp R, Grunert A, B6hm A (1983) Enterale oder parenterale Erniihrungstherapie - Eine verglei

chen de Studie. Infusionstherapie 10:286 
Gunter B (1983) Parenterale Erniihrung als Langzeittherapie. Chirurg 54:12 
Hausmann D, Mosebach KO, Caspari R, Feller D, Lippold R, Stoeckel H (1983) Enteral

parenterale Erniihrung mit hohem EiweiBangebot bei schweren Schiidel-Hirn-Traumen. Infu
sionstherapie 10: 306 

Heberer G, Schultis K, Hoffmann K (1976) Postaggressionsstoffwechsel: Grundlagen, Klinik, 
Therapie. Schattauer, Stuttgart New York 

McArdle AH, Palma son C, Morency J, Brown RA (1981) A rationale for enteral feedings as the 
preferable route for hyperalimentation. Surgery 77: 616 

Merkle NM, Wiedeck H (1983) Die unmittelbar postoperative enterale Erniihrung nach Co
lonresektion. - Eine Alternative zur parenteralen Erniihrungstherapie? In: Schreiber (ed) 
Langenbecks Arch Chir Forum 1983. Springer, Berlin Heidelberg New York, p 273 

290 



Influence of Casomorphin on Plasma Lipid Levels 
and Lipid Secretion Rates 
M. Pfeuffer and C. A. Barth 

Institut fUr Physiologie und Biochemie der Ernahrung der Bundesanstalt 
fUr Milchforschung, Kiel, FRG 

Introduction 

Casomorphins are sequences of casein with opioid, morphine-like activity [1]. Caso
morphins have been identified in the duodenal chyme of pigs following a casein meal 
[2]. Orally applied casomorphins have been shown to stimulate postprandial insulin 
release in the dog [4]. This effect was inhibited by naloxone. 

There is a hypercholesterolemic and atherogenic potential of casein (as compared 
to vegetable protein, e.g., soy protein), which is most prominent in rabbits, less 
prominent in many other animal species and not present at all in man. In rats the rate 
of hepatic lipoprotein secretion has been shown [3] to contribute to changes of 
plasma cholesterol following different dietary proteins. 

This paper addresses the question of whether casomorphins or any other se
quences of casein with opioid activity are responsible for the increase of lipoprotein 
secretion rates and plasma cholesterol levels following casein as compared to soy 
protein. 

Methods 

We performed two experiments. In the first we fed rats sucrose-rich diets containing 
either casein (C), soy protein (S), soy protein plus fJ-casomorphin (1-5) (0.7 mg/ 
100 g diet) (SCM) or soy protein, casomorphin and naloxone (0.6 mg/l00 g diet) 
(SCMN). In the second experiment we fed casein (C), soy protein (S), casein plus 
naloxone (CN) and soy protein plus naloxone (SN). 

The SCM and CN groups in experiments 1 and 2 were the test groups, whereas 
SCMN and SN served as controls. 

Male Wistar rats aged 4 weeks (40 g) were housed at 52% humidity and 21°C. All 
animals consumed first the soy protein diet for 10-20 days and were then kept on 
the experimental diets for exactly 10 days. 

The experiment began on the morning of the 11th day at about 10.00 hrs after a 
16 h fast. After taking a 0.4 ml heparinized blood sample from a catheter in the vena 
jugularis, 1 ml of 10% (v/v) Triton WR-1339 in saline was injected and four further 
samples were taken at 30 min intervals [3]. Cholesterol and triglycerides were deter
mined enzymatically. Statistical calculations were done using Student's t-test. 

Results 

Plasma cholesterol levels were significantly higher with casein feeding as compared 
to soy (Table 1). Casomorphin or naloxone did not modulate plasma cholesterol. 
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Table 1. Plasma cholesterol levels and lipid secretion rates of rats given casein or soy protein in 
combination with p-Casomorphin (1- 5) or naloxone 

Dietary n Cholesterol Lipid secretion 
regimen level mmolxl- I xh- I 

mmol/l 
Cholesterol Triglycerides 

Exp.1 C 9 1.72±0.12b• c 0.72±0,06 a•e•k 2.82±0.14 f 

S 9 1.39±0.07 b 0.43 ±0.05 e 2.44±0.21 
SCM 10 1.35 ±0.08 c 0.48±0.02 a 2.47±0.11 
SCMN 10 1.50±0.05 0.39±0.03 k 2.12±0.32 f 

Exp.2 C 9 1.87±0.12 d 0.73±0.03 i 1.84±0.08 g 

S 9 1.46±0.08 d 0.47±0.05 i 1.42±0.06 g 

CN 10 1.92±0.09 h 0.74±0.14 1.77 ±0.17 
SN 10 1.43±0.08 h 0.50±0.04 1.53±0.13 

Values are mean ± SEM. Values sharing common superscripts are significantly different from each 
other at p<0.05 (a-d), p<0.01 (e-g) or p<0.001 (h-k); n=number of animals 

The injection of Triton WR-1339 was followed by a linear rise oflipid levels within 
the 2-h observation period in all groups of animals (Table 1). In both experiments 
cholesterol secretion rates of casein-fed animals were significantly higher than those 
of soy protein-fed animals. The same was true for triglyceride secretion rates in 
experiment 2. Neither cholesterol nor triglyceride secretion rates were influenced by 
the casomorphin or naloxone supplements. 

Discussion 

These experiments confirm former results [3] in that plasma cholesterol levels and 
both cholesterol and triglyceride secretion rates are significantly higher with casein 
as compared to soy protein. 

These data show that fJ-casomorphin (1-5) is not responsible for casein-induced 
hypercholesterolemia. The fact that naloxone did not modulate hepatic secretion 
rates suggests that other peptide sequences of casein possibly having opioid activity 
have no such effect, either. Furthermore, it becomes clear that casomorphin-induced 
insulin release is not responsible for casein-induced hypercholesterolemia. 
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The Absorption of Proteins From the Gut 
in Cyclosporin-A Treated Animals 
J. Seifert, G. Axt, and P. Bonacker 

Experimental Surgery of the Department of General Surgery, University of Kiel, 
Kiel, FRG 

Introduction 

Since proteins are absorbed from the gut, not only under physiological conditions, 
but also from patients treated with certain drugs, the influence of parenterally 
applied Cyclosporin-A, a potent immunosuppressive drug, was evaluated upon the 
absorption of human serum albumin (HSA). 

Methods 

Over a period of five days rats were treated i.p. with 15 mgjkg Cyclosporin-A daily. 
Thereafter absorption studies were performed and compared with similar studies in 
non-immunosuppressed animals. For this purpose animals were fed 1 g HSA dis
solved in 0.9% NaCI solution. The uptake ofHSA from the gut in blood and lymph 
was measured by immunological methods. It is possible to determine a concentration 
of a protein by an antiserum using the agar diffusion technique. If a sample contain
ing HSA diffuses in agar with anti-HSA, a ring of precipitation will result. In this 
system the diameter of the precipitation ring is proportional to the concentration of 
the protein. With this immunological method we to determined intact human serum 
albumin in serum and in thoracic duct lymph of animals after enteral application of 
the protein. After five hours of absorption all animals were sacrified. The whole 
gastrointestinal tract was taken out and rinsed with saline; the content of HSA was 
determined in the rinsed fluid. From the originally applied dosage and the remaining 
content in the rinsed fluid the absorption rate could be calculated. The effect of 
immunosuppression was controlled by measuring the peripheral lymphocyte count. 
This parameter was markedly decreased. In immunosuppressed animals only 50% 
of the initial peripheral lymphocytes could be detected, which indicated an immuno
deficiency. 

After treatment with Cyclosporin-A and enteral application of 1 g HSA the con
centration of HSA in blood and lymph samples, which were taken in intervals of one 
hour over an observation time of five hours was controlled. Blood samples were 
obtained from the tail veins of the animals and lymph samples were collected from 
a drainage of the thoracic duct. 

Results 

Whereas the concentration of HSA in serum of untreated normal rats remains 
unchanged over the observation time at a level between 1 and 2 mgjdl, Cyclosporin-
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Fig. 1. Concentration of human se
rum albumin in blood and lymph of 
rats after enteral application of 1 g 
Cyc1osporin-A; treatment was over 
1 week 15 mg/kg daily. Control ani
mals remained untreated 

A treated animals show a linear and highly significant increase up to 29.2 ± 2.5 mg/dl 
(Fig. 1). The rate of increase per hour was 4 mg/dl in mean. At the end of the 
observation the albumin concentration in serum of Cyclosporin-A treated animals 
is 10 times higher than in control animals. 

In principle, similar results could be observed with regard to the HSA
concentration in the lymph samples. Cyclosporin-A treated animals have significant 
higher HSA concentration in the lymph than control animals. Furthermore, it is 
obvious that the lymph concentration exceeds the concentration found in serum. 
This can be explained by the low flow rates in the lymph vessels. 

The high concentration of HSA in serum and lymph of Cyclosporin-A treated 
animals correlates very well with the absorption rate of HSA from the gut. The 
remaining amount of HSA in the gastrointestinal tract of Cyclosporin-A treated 
animals is 20% lower than in control animals. With that the absorption rate is 20% 
higher in immunosuppressed animals (Table 1). The discrepancy between the 10-fold 
increase in serum and lymph and the 20% difference in the absorption rate can be 
explained by a slow metabolism or degradation of human serum albumin in rats. If 
absorption is faster than degradation serum levels must increase continuously. 
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Table 1. Remainder of albumin in the gut after enteral applica
tion and five hours absorption. The absorption rate is calculated 
from the applied dosage and the remaining content 

Cyc10 A Controls 
% of applied dose per ml 

Stomach 0.136±0.064 0.172±0.074 
Duodenum 0.013 ± 0.005 0.120±0.063 
Jejunum/ileum 0.125±0.058 0.190±0.047 
Colon 0.D35 ± 0.002 0.03 ±0.014 

Total 31% 51% 

Absorption rate 69% 49% 

Conclusions 

If the increased absorption of high molecular proteins in an immunosuppressed 
organism is a general observation and can be extended to all nutritional proteins it 
could be dangerous. Since nearly all proteins that come into the gastrointestinal tract 
are immunologically foreign proteins, the organism must react against these proteins 
with the induction of antibodies. An incompatibility to nutritional proteins would 
be the consequence. 
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Influence of Diet and Stage of Lactation 
on Taurine Contents in Milk 
B. v. Blomberg, E. A. Trautwein, H. F. Erbersdobler 

Institute of Human Nutrition and Food Science, University of Kiel, FRO 

Introduction 

The present study was conducted to determine if there are direct influences of 
conventional and lacto-ovo-vegetarian diets on breast-milk concentrations of tau
rine. Taurine can be obtained from the consumption of animal foods such as meat, 
meat products, fish, sea-food, and eggs. Plant foods on the other hand are devoid of 
taurine. Since milk and milk products are also low in taurine, a negative influence 
of a lacto-ovo-vegetarian diet on taurine levels in breast milk was expected. Addi
tionally, changes in the taurine concentration during the lactation period were stud
ied and taurine levels in human milk were compared to taurine concentrations in cow 
milk. 

Methods 

Breast-milk samples (n = 224) were obtained from 20 healthy mothers of term infants 
who gave their consent to the investigation. The mothers gave a written qualitative 
protocol about the food consumed on the sampling days. According to these written 
protocols and additionally by interviewing the women to confirm their usual nutri
tion behavior, the mothers were classified into three groups: 
1) Lacto-ovo-vegetarians (n = 6), consuming a diet rich in vegetables, fruits, cereals, 

and also milk and dairy products, but no meat and meat products; 
2) Omnivores (n = 7), consuming a high quality diet rich in meat, fish, milk, and dairy 

products; 
3) Omnivores (n = 7), consuming a relative poor quality diet rich in fast-food of low 

quality, and high carbohydrates foods such as cakes and sweets. 
Milk sampling started later than 30 days post partum and then breast-milk was 
collected at different stages of lactation (30-499 days post partum). The mothers 
were asked to express about 20 ml of milk by using a hand operated breast pump 
during the initial stage of nursing while they nursed the baby on the other breast. On 
test days a milk sample was expressed before (fasting level) and another one 3-4 h 
after the main meal (post prandial). More details about the experimental procedures 
are given elsewhere [2]. The milk samples were stored at -20°C immediately after 
sampling and until analysis. 

Taurine analyses were carried out on an automatic amino acid analyzer (LC 5000, 
Biotronik, Maintal, FRO) using a shortened analytical program with lithium citrate 
buffers and ninhydrin reaction for detection. 
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Results 

Breast-milk protein content (Kjeldahl-N x 6,25) varied from 0.74 to 1.66 g/100 ml 
milk, whereas no striking differences existed between the fasting levels and the post 
prandial values. Moreover, the total protein concentrations in the milk samples of 
the mothers who consumed different diets showed no differences. The mean values 
of total protein in breastmilk were 1.07 g/tOO ml in the lacto-ovo-vegetarians, 
1.11 g/100 ml in the omnivores fed a poor quality diet, and 1.1 0 g/100 ml in the 
omnivores who consumed a high quality diet. Breast-milk taurine concentrations 
exhibited no differences between fasting and post prandial levels in the average of all 
lacto-ovo-vegetarian and omnivore mothers. Some single mothers, especially in the 
group of omnivores fed a high quality diet, showed higher fasting levels compared 
to post prandial values. The mean values of taurine concentrations were partially 
significantly different among the groups (Table 1). 

The taurine values of the present study are in good agreement with the results 
reported by Rana and Sanders (1986), who also found significantly lower breast
milk taurine concentrations in vegans than in omnivores. Rana and Sanders did not 
differentiate between omnivores on a good or poor diet, although their range of 
variation (2.4-8.5 mg/tOO ml) was in the same area as the data of the present study 
(3.8-9.4 mg/l00 ml) for all omnivores. The taurine concentrations in the mothers 
who consumed a strict vegetarian diet (vegans) showed slightly lower values in the 
study of Rana and Sanders, which is understandable because their diet was com
pletely devoid of taurine compared to the lacto-ovo-vegetarians of the present study. 

Another investigation with the intention to determine an influence of different 
diets on the carnitine concentrations in human milk, performed at the same milk 
samples reported, also showed significant differences of L-carnitine contents in milk 
from lacto-ovo-vegetarians and omnivores [1]. 

As shown in figure t the taurine levels in breast-milk remained almost constant in 
the average of all mothers throughout the period of lactation. The breast-milk 
taurine contents in the lacto-ovo-vegetarians and the omnivores consuming a poor 
quality diet increased slightly during the lactation period, whereas the taurine levels 

Table 1. Taurine content in breast-milk (in mg/100 ml); a comparison of the results of this study 
with the results of Rana & Sanders (1986) 

Vegans 
Lacto-ovo-vegetarians 
Omnivores, poor 
quality diet 
Omnivores, high 
quality diet 

n 

39 
34 

44 

Present study 

Mean ± SE Range 

5.0±O.7 
4.9±O.5 

6.5±O.8 b 

3.6-7.1 
3.8-6.6 

4.8-9.4 

a significantly different from omnivores 

Rana & Sanders 

Mean ± SE Range 

3.5±0.4a 1.5-6.6 

5.4±O.5 2.4-8.5 

b significantly different from the mean values for the lacto-ovo-vegetarians and omnivores fed a 
poor quality diet 
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Fig. 1. Taurine content in human milk throughout the period of lactation 

in the milk of the omnivores on a high quality diet showed a somewhat more distinct 
but not significant decrease. 

In addition to the milk samples of the 20 mothers which were collected after the 
30th day post partum, samples of the first days of lactation (mainly from the 3rd 
through 6th days post partum) from another investigation [3] were considered. The 
mean value of breast-milk from the first days of lactation (5.0 mg/l00 ml) was in the 
same range as the taurine contents in the present study. The data of taurine content 
in the milk of the first days of lactation are also incorporated in Fig. 1. In contrast 
to the results found in human milk, the taurine concentrations in cow milk decreased 
considerably within the first weeks of lactation. The taurine concentrations in the 
colostrum of the cows were 410 mg/kg dry matter resp. 7 mg/l00 ml milk, and were 
in the same range as the taurine concentrations in human milk [3]. In the first weeks 
of lactation the taurine content in cow milk decreased greatly down to 100 mg/kg dry 
matter. In cow milk of about 100 days post par tum taurine concentrations of 
30 mg/kg dry matter resp. 0.4 mg/l00 ml were found (unpublished data). 
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General Discussion: 
Milk Protein and Clinical Nutrition 

G. Schoch 

Forschungsinstitut fur Kinderernahrung Dortmund, FRG 

Milk is the most complete and, therefore, a very important food, but it is also a major 
cause of food allergies and of non-immunological food intolerances. 

In this context, Dr. Grimble justly recalls the fundamental importance of the phys
iology of protein digestion and absorption pertinent for any discussion of milk in the 
context of clinical nutrition. 

Even at the optimum pH of 1.5-2, which is not reached in the infant, gastric 
digestion of proteins is very limited. In the small intestine, the pancreatic endopepti
dases trypsin, chymotrypsin, and elastase, produce oligo pep tides which, from hexa
peptides downward, are further cleaved by peptidases of the intestinal mucosa. Not 
only free amino acids are absorbed, but also and indeed preferentially, di- and tri
peptides. These latter are mostly cleaved within the enterocytes, but they can also 
reach the portal vein and are then processed mainly by the kidneys, the liver and the 
muscle. 

Given orally, oligopeptide solutions ideally containing fragments of about 2 - 6 
amino acids in length have been shown to combine several advantages. They are no 
more allergenic. They are readily cleaved and/or absorbed even by a damaged 
mucosa, and they do not have the hypertonicity of an equivalent amino acid mixture. 

As discussed by Dr. Grimble, parenterally given dipeptide, and possibly even 
oligopeptide solutions, offer the chance to increase the intravenous amino acid 
supply more than twofold without raising osmolality. Moreover, otherwise hardly 
soluble (Cys) or unstable amino acids (Gin, Trp, Tyr) can be included as needed. 

On the other hand there remain potential immunological risks with the intra
venous use of protein hydrolysates which can be circumvented by the restriction to 
pure amino acid mixtures. 

The possibility to abolish or reduce allergenicity of milk proteins by partial hydro
lysis has aroused widespread interest among clinicians during the last few years. In 
this context a rigorous distinction must be made between the treatment of manifest 
cow's milk allergy and the attempt to protect genetically predisposed infants from 
developing cow's milk allergy, that is, to take preventive measures. This distinction 
has not always been made with sufficient clarity by both users and producers of 
protein hydrolysates. 

It is important to recall that all commercially available protein hydrolysates for 
oral use do still contain substantial amounts of oligopeptides with a molecular 
weight exceeding 1 200 daltons, corresponding to a chain length of about 10 amino 
acids, a value which is generally accepted as the threshold of antigenicity. The 
percentage of longer peptides is higher in products designed for preventive use than 
in those for therapeutic use. On the other hand the taste of a hydrolysate is worse 
the shorter the mean chain length. 

299 



Dr. Ferguson has explained in detail the different, fundamentally distinct mecha
nisms of food intolerance known today. Thus, food allergy has to be distinguished 
from food intolerance caused by non-immunological factors like enzyme deficien
cies, as well as from psychogenic food aversion. 

True food allergy is on the whole rather rare and can be proved beyond doubt only 
by elimination plus challenge. This is not always without risk. Therefore many cases 
of supposed "food allergy" are purely conjectural. 

Cow's milk allergy is nearly always self-limited and is thereby, in general, re
stricted to the first two years of life. The clinical symptoms of cow's milk allergy are 
multifaceted and go from malabsorption syndrome to atopic eczema. 

Small quantities of probably intact cow's milk proteins are absorbed by the 
mother and transmitted to the infant, who sometimes reacts allergically. 

As a rule of thumb, however, breast-fed infants are generally well-protected 
against food allergies, whereas feeding heterologous protein, especially during the 
first days of life, implies an increased risk of sensitizing the infant. It is precisely 
during this first critical phase that many mothers do not yet produce enough milk 
to feed the infant to satisfaction. 

In these cases a hypoallergenic hydrolysate is thought by many to enable a tran
sient preventive feeding regimen which might significantly reduce the risk of sensiti
zation before full lactation is achieved. The idea is that after an initial hypoallergenic 
feeding regimen followed by full breast feeding a subsequent feeding of cow's milk 
should be safe. By contrast, initial short-term feeding with cow's milk could initiate 
at first a latent and later, upon reintroduction of cow's milk, a manifest cow's milk 
allergy. 

Dr. Ferguson has impressively demonstrated that antigen exposure, depending on 
circumstances, can elicit quite varied immunological reactions ranging from immu
notolerance to anaphylaxis. Most antigens reach the organism via the gastro
intestinal tract. The regular reaction is the local formation of secretory IgA by the 
mucosa whereas systemic immune reactions are generally suppressed. Oral antigen 
administration thus generally engenders oral tolerance, whereas parenteral applica
tion of the same antigen induces systemic sensitization. 

If oral tolerance fails to develop for whatever reasons, a systemic production of 
serum IgM and IgG antibodies is generally harmless as long as the antigen is present
ed orally. 

In atopic patients, whose mucosa is possibly characterized by enhanced leakiness 
throughout life, IgE antibodies are produced in addition. However, only in a fraction 
of cases are there concomitant clinical symptoms of a specific food allergy against 
the respective antigen, e.g., cow's milk protein. 

Although food allergy does, in addition, induce cellular immune responses, 
delayed skin reactions have not proved useful in man for the diagnosis of food 
allergies. 

The critical point of every immune reaction against oral antigens which are admin
istered daily in large doses is the regulation of the induction of the immune response. 
In atopic disease there are disturbances of the IgE production by B cells, of T-cell 
immunity, and of antigen processing by the gut. Thus, oral tolerance depends on the 
fine tuning of a multistep process. 

300 



From this, Dr. Ferguson concludes that the problem in milk protein allergy is 
more likely to be in the individual infant's response than in the food itself. 

The most important factor favoring the development of food allergy in infants is 
the immaturity of the infant's immunoregulatory mechanisms. Whereas large 
amounts of oral antigen suppress the production of IgE antibodies, multiple, ex
tremely small doses of oral antigen as seen from animal experiments tend to induce 
IgE antibodies. These facts render the use of so-called hypoallergenic food for the 
prophylaxis of atopy theoretically problematic, since hypo allergenic food always 
contains traces of antigens. According to Dr. Ferguson one could even argue that the 
regular administration of large amounts of antigen might be more suitable for 
preventing allergies than the regular administration of minimal amounts. 

However, field trials carried out to date with hypoallergenic milk hydrolysates in 
therapy and prophylaxis of food allergy do look promising. 

The case of hyposensitizing food is far from closed. The refined immunological 
methods developed during the last few years have permitted, in animal experiments, 
a stepwise partial unravelling of the mechanisms described. It has been shown by 
these methods that the maturation of the digestive and immune system as well as the 
timing and doses of antigen administration are of decisive importance for the devel
opment of either immune tolerance or of one of the various immune reactions. 

Thus there is an as yet unresolved inconsistency between anxieties based on theory 
and encouraging clinical observations concerning the oral application of protein 
hydrolysates in prevention and therapy of food allergy. 

In this situation I consider it eminently important not to "jump to conclusions", 
but to progress by small and thoroughly controlled steps in the clinical evaluation 
of the promising new possibilities of milk and other heterologous proteins in hydro
lyzed form. 
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