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Prospects for the Genetic Engineering of Milk 
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Abstract Milk and milk products comprise a substantial fraction of the protein intake of the industrialised West. 
The establishment of germline manipulation techniques in cows offers opportunities for directly manipulating milk 
composition to produce products with enhanced nutritional and processing properties. The major milk proteins are 
encoded by a small number of abundantly expressed single-copy genes and a number of possible manipulations are 
described. Milk proteins exhibit complex interactions with each other and with other constituents of milk. It will, 
therefore, be necessary to utilise model systems to evaluate the consequences of these proposed changes before 
embarking upon the costly and time-consuming process of manipulating the bovine genome. 
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Milk is the sole food of the newborn mammal, 
and milk from domesticated livestock, such as 
cows, sheep, and goats, has been an important 
source of protein in the human diet since prehis- 
toric days. Today it is estimated that about 30% 
of dietary protein in the industrialised West is 
derived from cow’s milk [l]. In recent years the 
conventional genetic selection of dairy cattle has 
improved milk production dramatically. Addi- 
tionally, some differences in milk composition 
between different breeds have been obtained. 
Germline manipulation of dairy animals offers 
the opportunity for the direct manipulation of 
milk composition and, indeed, this approach is 
being effectively exploited as a route for the 
production of biomedical proteins [2,3]. This 
review, however, will concentrate on the pros- 
pects for genetically engineering milk proteins 
for use in the dairy and associated food indus- 
tries. 

MILK 

In the cow more than 90% of the total protein 
of milk comprises just six tissue-specific pro- 
teins which are synthesised by and secreted 
from the secretory epithelia of the mammary 
gland during lactation. These are the four caseins 
(asl, as2, P, and K) and the two major whey 
proteins, P-lactoglobulin and a-lactalbumin. 
Whey also contains a variety of other proteins, 
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including lactoferrin, immunoglobulins, and se- 
rum albumin [41. The genes encoding the major 
milk proteins are single copy and they are ex- 
pressed at high levels in a tissue-specific man- 
ner. They have been cloned and many of them 
are now completely characterised at the DNA 
sequence level. In principle, their genetic manip- 
ulation should be relatively straightforward. In 
practice, however, the situation is complicated 
by the fact that milk is not a simple solution of 
proteins. Thus, the major protein component, 
the caseins, are assembled into supra-macromo- 
lecular structures, termed micelles, which are in 
a colloidal suspension in milk (Fig. 1). It is the 
structure of the micelle that governs many of 
the complex properties of milk and its industrial 
uses. These properties are in turn governed by 
the properties of the individual caseins, as well 
as their interaction with each other and with 
other constituents of milk, such as calcium and 
whey proteins. Although there has been consid- 
erable research studying the biophysics and bio- 
chemistry of milk and milk proteins, it is an 
incompletely understood system and, at present, 
it is not possible to predict with certainty the 
precise consequences of many of the genetic 
modifications envisaged below. 

MANIPULATION OF THE BOVINE GENOME 

Most dairy products are derived from cows 
and, therefore, any proposal to manipulate milk 
composition pre-supposes that the genetic engi- 
neering of the bovine genome is a realistic prop- 
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Fig. 1. Schematic representations of a casein micelle (A) and submicelles (B). Caseins exist in milk in roughly 
spherical structures, 100-300 nm in diameter, in the form of colloidal particle termed micelles. Approximately 10% 
of the micelles consists of calcium and phosphate with lesser amounts of citrate and magnesium. Micelles are 
comprised of submicelles that mainly contain 01 and p caseins. The micelle is stabilised by the binding of submicelles 
via calcium phosphate clusters and by the presence of K casein molecules which are primarily localised at the surface 
[adapted from reference 51. 

osition. Gene transfer by pronuclear injection 
has been established in a number of species of 
domestic livestock 161. In pigs and sheep the 
success of producing transgenic animals is be- 
tween 0.5% and 1% in terms of the number of 
eggs injected and transferred per live transgenic 
animal born. Nevertheless, the procedure is ex- 
pensive, time consuming, and confounded by 

such factors as the small number, fragility, and 
opacity of pronuclear eggs and (in sheep) the 
limitation to  litter size, which means that large 
numbers of recipient animals have to be em- 
ployed. These factors are also encountered with 
the production of transgenic cattle, where a 
generation time of at least two years and the 
significantly greater carcase and husbandry costs 
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serve to magnify the problem. Some success has 
been attained and at least two live transgenic 
cattle reported [7,81. In the latter study a major 
limitation to  the generation of transgenic live- 
stock was overcome by the use of in vitro cul- 
tured embryos derived from slaughterhouse ova- 
ries. Other advances in embryo technology, such 
as screening cultured embryos for transgene 
insertion prior to transfer and the retrieval of 
large number of immature oocytes from live 
animals prior to  in vitro fertilisation and cul- 
ture, can also be expected to improve this tech- 
nology. 

In mice it is now possible to target specific 
mutations to  endogenous genes using homolo- 
gous recombination in embryo-derived stem (ES) 
cells [9]. An ability to target specific changes to 
endogenous milk protein genes (whether gene 
deletion or gene replacement) would provide a 
powerful approach for manipulating milk pro- 
teins. Despite intensive efforts and some encour- 
aging results [lo], ES cells which can colonise 
the embryo and contribute to the germ line have 
yet to be described for any species of livestock. If 
bovine ES cells are produced, they will revolu- 
tionise germline manipulation in this species. As 
well as enabling gene targeting, it seems likely 
that their use would supercede traditional pro- 
nuclear injection as a means of introducing new 
genes into the germline, particularly if nuclear 
transfer could be utilised to avoid the chimaeric 
generation [ 111. 

Model Systems 

Although gene transfer into cattle has been 
established, and the prospects for improving the 
technology are generally good, the time-scale 
and cost of these procedures, plus the complex 
biochemistry of milk proteins, means that model 
systems will be needed to initially evaluate many 
of the proposed changes. 

Expression of milk proteins in prokaryotes 
such as E. coli or simple eukaryotes such as 
yeast has been attempted [121. These expression 
systems are not capable of carrying out the 
appropriate post-translational modifications, 
such as phosphorylation and glycosylation, that 
determine many of the properties of milk pro- 
teins, so their general utility for evaluating the 
structure and function of genetically engineered 
derivatives is limited. 

Established mammalian cell lines are widely 
used for the production of recombinant proteins 
and many efficient expression vectors are now 

available. There is, however, little published in- 
formation on their use to produce and evaluate 
recombinant milk proteins. Preliminary studies 
indicate that it may be difficult to produce large 
amounts of the appropriately modified and se- 
creted milk protein by this route [ 13,141. Secre- 
tion of caseins from immortalised bovine mam- 
mary epithelial cells has been demonstrated [151. 
These cells secrete only low amounts of milk 
proteins and require complex culture condi- 
tions. Nor do cultured cells produce milk, so it 
will not be possible to use them to study the 
behaviour of genetically engineered derivatives 
in their natural milieu, in particular their inter- 
action with other milk proteins and (for caseins) 
their organisation into micelles. 

Transgenic animal models provide a solution 
to  some of these difficulties. A variety of milk 
protein genes have been introduced mice, includ- 
ing rat p-casein [16], bovine a-lactalbumin 1171, 
ovine 0-lactoglobulin “1, and rat whey acidic 
proteins [19], and expression obtained in the 
mammary gland. In some of these examples the 
foreign protein was secreted into milk at high 
levels. For p-lactoglobulin very high levels have 
been obtained and some lines of mice produce 
more than 20 mg/ml of the foreign protein in 
their milk (Fig. 2). The presence of large amounts 
of this foreign milk protein does not appear to 
affect the physiology of the mammary gland in 
terms of fat or carbohydrate metabolism, nor is 
the growth of the pups suckled on this milk 
compromised [20]. Interestingly, however, the 
total protein content of the milk from these 
animals is not increased, indicating that in mice, 
at least, there is a limit to the level of protein 
production from the gland. Although high-level 
p-lactoglobulin expression does not appear to 
compromise mammary function in-vivo, this may 
not be the case for other milk proteins. Thus, 
expression of the mouse WAP gene in transgenic 
pigs can inhibit normal mammary development 
and the gland appears unable to sustain normal 
lactation [211. 

The transgenic mouse model is presently lim- 
ited by the fact that the properties of mouse 
milk are poorly characterised. Since the ulti- 
mate aim is to manipulate cow’s milk, this will 
involve extrapolation from a heterologous sys- 
tem and caution will have to be exercised. Given 
that milk is, broadly speaking, qualitatively sim- 
ilar between different species, mice should be 
useful for a preliminary evaluation of many of 
the changes. Nevertheless, the relatively small 
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Fig. 2. SDS PAGE analysis of modified mouse milk. Milk 
samples from transgenic mice expressing the ovine beta- 
lactoglobulin gene (TM) were compared with sheep milk (SM) 
and control mouse milk (CM). BLC, purified sheep beta- 
lactoglobulin; M, markers. In some of the transgenic milk 
samples, the sheep beta-lactoglobulin is the most abundant 
protein. This high level expression has no apparent deleterious 
effects on the expressing female or upon the pups suckling the 
milk. 

amounts of milk available (at most a few mls per 
lactation) may limit some of these analyses, 
particularly since many techniques of dairy 
chemistry have been established using substan- 
tial amounts of working material. In this re- 
gards other species, such as rabbits or sheep, 
may prove to be of more utility when it finally 
comes to  modelling the behaviour of genetically 
engineered milk proteins (e.g., in cheese-mak- 
ing). Sheep, in particular, have the advantage 
that the overall composition of milk and the 
primary structure of the milk proteins are very 
similar to the cow (e.g., ovine and bovine p-lacto- 
globulin are both 162 amino acids long and 
differ at  only five amino acid residues). 

The Genetic Manipulation of Caseins 

The caseins determine many of the properties 
of milk and upon them depend many of the 

industrial uses of milk and the milk proteins. 
The presence of additional a and P casein in milk 
enhances curd firmness and processing proper- 
ties during cheese-making. Jimenez-Flores and 
Richardson [22] have estimated that a 20%-30% 
change in the level of a particular casein will 
profoundly affect these properties. This could be 
achieved simply by introducing additional casein 
genes into the bovine genome. These properties 
of casein are due to their phosphorylated status 
and so increasing the degree of phosphorylation 
may also have important consequences for the 
overall composition and processing properties of 
milk. In particular, since the phosphate groups 
bind calcium to form the micellar aggregates, 
increasing the phosphate content can be ex- 
pected to enhance the overall calcium content, 
providing both a nutritional advantage as well 
as increasing the thermal stability of the micel- 
lar aggregates. Casein kinase, which is present 
in the Golgi apparatus, generally phosphory- 
lates serines or threonines when these residues 
are specified by the amino acid motif Ser/Thr-X- 
Ac, where X can be any amino acid and Ac is an 
acidic amino acid residue, in particular Glu, Asp, 
or Ser-P. Additional serines with the potential 
for phosphorylation could be introduced into 
accessible regions of the molecule by introduc- 
ing an extra coding segment. Alternatively, it 
should also be possible to recruit unphosphory- 
lated serines by engineering the appropriate mo- 
tif. For example, an additional phosphate centre 
could be created in p-casein at the sequence 
Ser164-Leu-Ser-Gln-Ser-Lys-Val,70 by changing 
Val170 to a GlU170. 

P-casein is 209 amino acids in length. It is rich 
in proline and contains 5 phosphorylated serines 
clustered in the first 35 amino acids at the 
N-terminal of the molecule. The cDNA sequence 
has been determined and the genomic structure 
elucidated. The gene is 8.7 kb in length and 
comprises 9 exons [231. It is hydrophobic, but 
possesses a hydrophilic region, due principally 
to the clustering of acidic phosphoserine resi- 
dues at the N-terminal. Because it is amphiphilic, 
it is an excellent emulsifier and this protein is 
used in products in which emulsions and food 
stability are required, such as cream liqueurs 
and coffee whiteners. One potential manipula- 
tion of p-casein is to alter the balance between 
the hydrophobic and hydrophilic portions of the 
molecule by changing the degree of phosporyla- 
tion through the introduction of additional phos- 
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phoserines in the N-terminal region of the mole- 
cule. 

0 1 ~ 1  and as2 caseins are also extensively phos- 
phorylated, and it will be possible to increase the 
phosphate content of these proteins by geneti- 
cally engineering additional phosphoserine resi- 
dues. aS1 casein is 199 amino acids in length and 
comprises 8 phosphorylated serines, 7 of which 
are clustered between residues 41 to 77 of the 
mature peptide. as2 casein is 207 residues in size 
and, in contrast to aS1 and p casein, exists in a 
number of forms differing in their degree of 
phosphorylation (between 10 and 13 phosphate 
residues per molecule). The cDNA sequence of 
both as1 [241 and 0 1 , ~  [251 casein have been 
published. The corresponding gene structures 
have not yet been fully elucidated, although it is 
clear that they are more complex than the corre- 
sponding p-casein gene (A.G. McKinlay, per- 
sonal communication) [251. 

The proteolytic breakdown of the casein mi- 
celle occurs during the maturation of cheese, 
and the cleavage of a Phe24-Va125 or PheZ4-Phez5 
bond in aS1 casein is thought to be one of the key 
processes during ripening. Additional sensitive 
bonds would be expected to accelerate this pro- 
cess and Kang and Richardson [261 have pro- 
posed that the conversion of Ile71 to Phe71 in asl 
casein would generate an additional sensitive 
bond that would increase the rate of textural 
development during the ripening process. 

K-casein is 169 amino acids in length. It is 
phosphorylated to a lesser degree than the other 
caseins (it contains only one phosposerine per 
molecule) and, unlike them, it is 0-glysoylated 
at a number of serine and threonine residues. 
tc-casein exists as a disulphide linked polymer 
comprising on average about 30 molecules in 
milk. The cDNA sequence has been published 
[241 and the corresponding gene comprises a 13 
kb transcription unit divided into 5 exons [271. 
By contrast to 01 and p caseins, K casein is found 
predominantly on the surface of the micelle, 
where it determines micelle size and functions 
to prevent micellar aggregation. It is known that 
K-casein plays an important role in preventing 
the thermally induced gelation of milk 1281. 
Expressing additional unmodified K-casein genes 
will decrease micelle size and increase the stabil- 
ity of casein aggregates, retarding detrimental 
effects such as coagulation and gelation in vari- 
ous milk products. 

In their simplest form these proposed changes 
to milk involve manipulating individual caseins 

by the introduction of the corresponding genes 
or their genetically engineered derivatives into 
the germline. As such, the consequences of these 
manipulations will have to be assessed in the 
presence of the endogenous caseins. Experi- 
ments in mice suggest that this type of manipu- 
lation will not result in any net increase in the 
protein content of milk, but, rather, will cause 
an overall qualitative change, such as increasing 
the proportion of casein to whey. For the future, 
if bovine ES cells are developed this will open up 
the possibility of manipulating endogenous genes 
specifically. It will be possible to target precise 
genetic changes and assess the properties of 
genetically engineered variants in the absence of 
their endogenous counterparts. The four casein 
genes are tightly linked in the bovine genome 
and contained within a segment of chromosos- 
mal DNA that is about 200 kbp in length [291. It 
can be anticipated that gene targeting tech- 
niques will ultimately enable the specific dele- 
tion of large segments of chromosomal DNA. 
Thus it may be possible to delete the entire locus 
and replace it with a novel set of casein or indeed 
other genes for expression in milk! Finally, in 
mice, the major casein genes have also been 
shown to be tightly linked [301. Deletion of the 
entire casein locus in this species would gener- 
ate a useful model system for the subsequent 
testing of various genetically engineered caseins 
and combinations thereof. 

The Genetic Manipulation of Whey Proteins 

In the cow, whey proteins comprise about 18% 
of the total milk proteins. Although they are not 
generally considered to be of such relevance to 
the dairy industry as the caseins, they, neverthe- 
less, exhibit important characteristics with re- 
gard to the dietary and functional properties of 
milk. 

p-lactoglobulin is the major whey protein in 
cow’s milk. It is a 162 amino acid globular pro- 
tein. It has been proposed that p-lactoglobulin is 
involved in the transport of vitamin A, although 
the importance is this process is generally un- 
clear, since milks from a number of species (e.g., 
human and rodent) lack this protein. The cDNA 
sequence has been published [311 and the corre- 
sponding genomic structure partially charac- 
terised [321. 

The presence of p-lactoglobulin in milk causes 
a number of problems, both in terms of food 
processing and nutrition. The protein contains a 
free sulphydryl group at CyslB1. At higher tem- 
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peratures this group is exposed and is available 
to form disulphide bonds with free sulphydryl 
groups present on K-casein, causing an un- 
wanted gelation of milk. Secondly, the compact 
globular structure of p-lactoglobulin makes it 
difficult to digest. This is particularly a problem 
in infant formula milks in which the ratio of 
whey to casein has been increased and p-lactoglo- 
bulin is thought to be responsible for many of 
the observed allergies to cow’s milk [331. There 
is thus a case for the removal of p-lactoglobulin 
from milk and, should bovine ES cells become 
available, this would be practicable by gene tar- 
geting. Some care, however, must be exercised 
with this approach, since p-lactoglobulin is the 
main source of cysteine in milk. Therefore, on 
nutritional grounds the case is rather to replace 
p-lactoglobulin with a more digestible, less aller- 
genic protein containing suitable amounts of 
cysteine. 

a-lactalbumin is the other major whey protein 
and is 123 amino acids in length. The cDNA has 
been cloned and sequenced, and the genomic 
structure elucidated [34]. The transcription unit 
is 3 kb in length and comprises 4 exons. a-lactal- 
bumin is one of the two subunits of the enzyme 
lactose syn’ihase, which in the mammary gland 
is involved in the last step of lactose biosynthe- 
sis. Lactose is a disaccharide, comprising a glu- 
cose and a galactose moiety, and is present in 
nearly all mammalian milks. After ingestion, it 
is hydrolysed in the gut by lactase. In Indo- 
European populations the majority of people 
produce lactase throughout their life, but in 
African, Asian, and Indo-American populations, 
a post-weaning switch reduces its production. 
This results in lactose malabsorption, with con- 
sequent intestinal problems, and this excludes 
milk and many milk products from the diet of 
these people. Lactose malabsorpbers may repre- 
sent up to 90% of the world’s adult population 
[35]. A second problem with lactose is that its 
relatively high concentration in milk presents 
problems to various industrial processes in the 
dairy industry. The complete removal of lactose 
from milk by targeting the deletion of the a-lac- 
talbumin gene (given that bovine ES cells will 
eventually be available) will not be desirable. 
This is because lactose is a major osmotically 
actively molecule in milk and functions to draw 
water across the secretory epithelium during 
lactation. Practically, then, the level of lactose 
can only be reduced rather than completely elim- 
inated without compromising the functioning of 

the mammary gland. Anti-sense [361 and ri- 
bozyme approaches to reduce the steady-state 
level of a-lactalbumin mRNA have been sug- 
gested, but it is not clear how effective such 
approaches will prove. Alternatively, gene target- 
ing to attenuate expression from the a-lactalbu- 
min gene promoter or the introduction of a 
dominant/negative a-lactalbumin mutation 
could suppress lactase synthase activity and re- 
duce the concentration of lactose. 

Lactoferrin is an iron binding protein thought 
to play an important role in iron transport and 
absorption from the gut. This whey protein also 
has beneficial bacteriostatic properties. The con- 
centration of lactoferrin is high in human milk, 
but relatively low in cow’s milk. A receptor for 
lactoferrin is present on the mucosal surface of 
infant monkey small intestine [371. Bovine lac- 
toferrin, however, fails to bind to this receptor 
and this may explain the failure of the protein to 
enhance iron absorption in supplemented infant 
formula milks. Consequently, it may be neces- 
sary to express the human protein in milk and 
this approach is currently being developed. The 
human protein is 703 amino acids in length and 
the corresponding cDNA has been cloned and 
inserted into an expression cassette comprising 
regulatory sequences from the aS1 casein gene. 
The construct has been introduced into bovine 
germline by pronuclear injection and at least 
one transgenic animal produced [81. At present 
no data is available on expression. This work 
represents the first attempt to  alter bovine milk 
by gene transfer and has the advantage that a 
specific product and market (human lactoferrin 
supplemented infant formula milk) have been 
clearly identified. 

CONCLUSION 

The genetic engineering of cow’s milk is a 
realistic proposition. Nevertheless, it will be nec- 
essary to evaluate and refine many of the changes 
proposed above using the appropriate model sys- 
tems. Although some of the manipulations envis- 
aged in this review do not yet have such a clearly 
defined target and market as, for example, hu- 
man lactoferrin supplemented infant formula 
milk, this is not to say that such “designer 
milks,” aimed at specific nutritional and/or in- 
dustrial requirements, will not be increasingly 
exploited in the years to come. Nevertheless, the 
cost, in both time and money, of manipulating 
the bovine genome will always present limita- 
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tions to the adoption of this technology. Finally, 
the sensibilities of the consumers and the statu- 
tory bodies that exist to protect them will have 
to be carefully considered, given that these prod- 
ucts are destined, ultimately, for human con- 
sumption. 
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