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Introduction

The word ‘protein” wilt elicit a very different response when spoken to a nutritionist
ar a molecular biologist. For the former, it may bring to mind words like guality.
quantity, digestibility, malnutrition or health: for the latter, words like sequence,
structure, function or activity. These two seemingly disparate viewpoints, however,
converge in recent efforts to use melecular biclogy techniques to augment the nutritive
value of proteins in food and feedstuffs. The amino acid sequence of a protein (the
order and identity of its component amine acids) dictates how the protein folds and
functions. its structure and its activity, That same amino acid sequence determines the
complement of amino acids available on protein digestion, the protein’s nutritive
value.

Protein quality has always beer an important consideration in both human and
animal nutrition. Because all animals lack the enzymatic machinery to synthesize de
rovo some of the amino acids needed to assemble the proteins necessary for their own
growth and function, these ‘cssential amino acids™ must be supplied from other
sources. For humans and non-ruminant animats, dietary protein is the usual source of
essential amino acids. In ruminants, some of the essential amino acid requirement can
be met by bactertal fermentation of other feedstuffs within the rumen. The deleterious
effects of diets that are sufTicient in prefein quantity but deficient in protein quality are
well documented: poor growth, tissue wasting and, in severe cases, death. As the
world population increases and with it the Joad on our agricubtural resources. the need
for making good quality protein available efficiently and economically becomes
increasingly important.

Foodstufts differ widely in their composition and protein quality. Animal proteins
ltke meat and milk contain both the quantity and distribution of amino acids required
to meet dictary requirements, and are usually considered “complete” protein sources.
Plant proteins, on the other hand, are usually limited in at leasl one essential amino acid
and are considered ‘partial” or “incomplete’ protein sources. Dielary requirements can
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be met by complementing ene ‘incomplete’ protein with a second incomplete protein
rich in the missing amino acid(s). This is, of course, the basis for traditional meals from
vegetarian cultures that often serve graing (in which lysine and tryptophan are
limiting) with legumes (which, while rich in lysine and tryptophan, lack methionine
and cysteine;. It is also the reason that a variety of animals are routinely fed mixed
rations.

The well-balanced diets of most individuals in developed countries resuit in
adequate protein matrition. In developing countries, the situation is much different.
Production costs, the climatic restrictions on cropping possibilities. some traditional
cating habits. and simple lack of guantity are ali factors that militate against diets
supplying adequate amounts of essential amino acids. The effects of inadequate
protein diets are most striking in children, where the need for essential amino acid
mtake is increased by the demands for growth and development. The 1996 World
Health Organization (WHO) Fact Sheet still reports that 40% of children in the least
developed countries are underweight, and severe protein malnutrition or kwashiorkor
syndrome stitl impairs the physical and mental development of many children
worldwide.

On the agricultural front as well, there is ample cvidence that the nutritional
requirements for essential amino acids are not easily met in domestic animals. For both
swine and poulury, for example, mixed diets of cereals and legumes do not completely
meet protein requirements. Amino acid supplements are common. Even in ruminants,
where microbial fermentation in the rumen augments the supply of essential amino
acids, protein requirements for today’s high-producing livestock are not readily met
by simple mix rations. “High quality” proteins, and “protected’ proteins and/or amino
acids often supplement the feed. While these “modern’ feeding methods serve Lo
maintain good nutritional balance for the animal, they are expensive, both in terms of
the costs to the producer and the environmental costs of producing the nutrients. All
of these factors are reflected in the growing scientific and industrial interest in
angmenting the nutritive value of the world’s protein sources.

Historical perspective

The idea of producing crops with enhanced nutritional value is not new. There is some
natural variation in levels of limiting amino acids in many seed crops. Strains and
varieties have been selectively bred on (he basis of their essential amino acid content
and, while many of these varieties are successfully marketed, the ‘enhancement” of the
limiting amino acid is usually insufficient 0 markedly affect feeding practices.
Mutant varieties of maize with increased lysine content, for example, (the limiting
amino acid in the zein corn proteins) have been identified (Mertz et al., 1964; Nelson,
1969). Strains and varieties of other sced crops with enhanced levels of essential
amino acids have also been produced by traditional breeding methods. Unfortunately,
however, many of the varieties that show enhanced essential amino acid content also
show undesirable agranoimic or processing traits: they germinate poorly, dry-down
slewly, have reduced yield or increased microbial susceptibility. (Glover and Mertz,
19873,

I the last 30 years. there has also been some effort invested in the angmentation of
nutritional values in proteins during their processing. Proteins have been chemically
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modified to add important amino acids like tryptophan ( Puigserver er af,, 1986,
cysteine (Friedman and Gumbmann. 1986), and methionine (Puigserver et al., [986).
These methods, while successfui to the extent they add essential amino acids. require
a source of amino acid (often bacterial) and add considerably to the production cost.
They also affect the taste of the final protein product, often negatively.

The advent of genetic engineenng offered a real alternative solution to the tradi-
tional nutritional problem - proteins could potentially be designed or engineered to
meet the animals™ nutritional requirements.

Genetic modification of plants

Because plants provide the most universal food source, much of the research effort has
been focussed on modifying the proteins within the plant to increase the complement
ol essenttal amino acids — o make a ‘complele protein source” from an ‘incomplete’
source. Plants, however. are complex organisms in which proteins are expressed in a
tissug-specific manner to meet the functional requirements of each tissue, Within
individual cefls of specific tissues. proteins are compartmentalized. again on the basis
of their function. Genetic engineering of plants to enbance their nutritional value,
therefore, requires not only vectors and translormation systems for the successful
introduction of recombinant genes. but understanding and control of mechanisms of
protein targeting and tissue-specific expression. With the growing body of knowledge
in cach of these component areas, protein engincering in plants is now not only
possible but can be a practical alternative (o traditicnal feeding and nutrition practices.

In the engineering of piants to meet nutritional needs. then, several factors must be
considered. Of primary importance, of course, is the plant tissue or tissues in which
new or madifted proteins will be expressed as well as consideration of which proteins
wili be modificd. Plant seeds and. to some extent, leaves are the major sources of
dietary proteins in both human ard animal nutrition. In addition to providing structural
scaffolding. proteins in leaf are often associated with enzymatic actions important to
tissue growth and function. Because the primary structure of a protein dictates not oaly
its putritional value (ie.. its amino acid complement) but also its structure-funetion
relationships. modilications to the amino acids of specific proteins or to the amounts
of those proteins in cells can have a significant. often deleterious. effect on the proper
functioning of the cells where those proteins are expressed. Many of the proteins in
secds. on the other hand. have the sole function of providing nitrogen to the germinat-
ing embryo. Thus. seed storage proteins provide perhaps greater scope for modifications
and additions without serious nupairment of seed function. Modification of seed
storage proteins, however. does require some knowledge and skill as amino acid
composition can affect protein deposition {see below) as well as agronomic and
processing traits.

MODIFICATION QOF SEED STORAGE PROTEINS

The possible targets of genetic engineering to increase sced nutritional quality are
many. In addition (o amine acids comprising sced proteins (denoted ‘protein-bound
amino acids’ ). some of the amino acids in plant seeds available (0 be digested are “free”
in the cytosol of celis. These ‘free” amino acids represent the peol avaifabie to the plant
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cell for protein synthests and. to some extent. timit the amount and type of protein
synthesized by the cell. Thus. genetic engineering 10 increase the level of amino acid
synihesis provides a very real avenue (o increasing nutritive value both in removing
some of the limitations to protein synthesis and in enriching the “free amino acid’
content of plant seeds,

The second major approach possibie is to change the levels of specific *high quality”
proteins within the plant tissue. In addition to increasing the availability of component
amimo acids. gene copy number and transeription rate for specific genes can be
increased. the mRNA specilying the protein can be made more stable or the tate of its
translation into protein increased. and the stability of the protein itsetf can be improved
to encourage accumulatcon within the cell.

The third major route 1o increasing the nutritional quality of plant seeds is to
crease the nutritional quality of the proteins synthesized there. New amino acids can
be introduced into proteins already expressed in a particular plant and new proteins
with more desirable complements of amino acids can be expressed. Fach of these
avenues has been explored and will be discussed.

Increasing amine acid svithiesis

Because the free amino acid pool represents up to 5% of the total amino acids available
for digestion in plant seeds, a substantial modification of the lysine and/or threonine
contentin the amino acid pool of cereal seeds (which are usually limited in these amino
acids) could resultin a significant improvement in their autritional value (Ghislain et
af. 1995). Both high threonine- and high lysine-producing mutants have been identi-
ficd in modet systems (Negrutin ef of.. 1984 Frankard er af.. 1991 ). In each case, the
averproduction was shown to result from a modification to an enzyme in the amino
acid biosynthetic pathway. In the maize mutant. opaque-2, the elevated lysine content
and concamitant changes in protein composition have been shown to result, at least in
part. from changes in the enzymes involved in lysine synthesis and degradation
(Brocheuo-Bragaer al., 1992). Barley mutants with altered lysine metabolic pathways
have also been studied (Bright e al., 1979),

These studies open the door to modifying enzymes involved in both the anabolism
and catabolism of the desired amine acid. Lysine. in plants, is derived from aspartate,
anel its synthesis contrelied by two main enzymes: aspartate kinase (AK) and
diliydrodipicolinate synthetase (DHDPS). Both of these enzymes are regulated by end-
product feedback inhibition by fysine andfor threonine and reficf of this feedback
nhibition results inoverproduction of lysine. A lysine-inseasitive form of DHDPS has
been isolated fromeorn and characterized (Bittde er a/., 1992), and enzymes involved in
the biosynthetic pathways for lysine have been cloned and/or identified from a varicty
of sources (Kaneko et o, 199(; Silk and Matthews, 1992: Shur er al., 1992; Perleral.,
1993 Vauterin and Tacobs, 1994 Ghislain er ¢l 1993). The cenhanced lysine
biosynthesis i mutant plants and in transgenic plants expressing hacterial genes
involyed i lysing biesynthetic pathways, however, appears to be associated with
phenotypic abnormalities in the plant (Frankaeder ed., 19923, and it would appear that
this promising approach 10 enhancing both the free amine acid content and the amino
acid pool for protein synthesis requires further refinement, possibly through the use of
developmentally regulated promoters {Ghislaines al., 1995).
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Increasing lovels of naturally occurring proteins

Sced storage proteins were originally classified on the basis of the solubilities of the
extractable protein fractions. This resulted in four major classifications: albumins or
water soluble proteins: globuling (water insoluble but saline soluble): prolamines
talcohal soluble) and glutelins tinsoluble in water. saline or aleohel. but soluble in
alkadine solutions). The distribwtion of proteins among these four major classifications
differs with the sced type.

Not onty do seeds from different species differ in their distribution of storage
protein types. different varieties of seeds from within a species can exhibit markedly
different distributions of storage proteins. In seeds ol Gramincae. there are large
quantitics of prolamines and glutelins: in seeds of other species, globuling predomi-
nale. Prolamines are relatively rich in profine and gliamine (hence the name coined
by Osbormne (1924, but Tow in Iysine. In cercal seeds, approximately 530% of the
extractable pretein is profamine and. while the essential amino acid content of cach
prolamine varjes with the species and. to some extent, the individual cultivar. lysine
fevels are low in all prolamines. For example. zein, the prolamine fraction of maize.
often has as little as (.1 g lvsine/100 g protein (Nelson. 19693). Wheat, rye. sorgum.
millet and barley prolamines contain slightly more lysine than corn, but amounts are
stilt insufficient 1o meet nutritional needs. Lysine content is also problematic in rice
profamine. The glutelin fraction of cercals has a higher lysine content {averaging 3.2
@ lysine/100 g glutelin protein). but the glutelin content of these seeds is smaller than
the prolamine content. Lysine is thus a limiting amino acid in all cereal-based diets. In
cach of these cereals except maize (where lysine and tryptophan arc co-limiting).
threonine is the second limiting amino acid.

The major seed proteins of legwines are globuling (e.g., glycinin and viciiin). Lysine
content in globulin proteins varies with species. but all contain moderate to adequate
suppiics (Ma and Bliss. 1978). Mcethionine is limiting in seeds of almost all legumes.
There are, however. several naturally occurring cultivars of legumes in which the
levels of methionine in the seeds are higher than those found in their close relatives.
‘Sanilac” subtypes of the vicilin (phaseolin) storage proteins in the common bean have
been found that contain additional methionine residues and enhanced levels of
phaseolin deposition. (Gepts and Bliss. 1984: Kami and Gepts, 1994). In this bean,
therefore. there appears 1o be acase for increasing the proportion of methionine richer
phaseolins in the storage proteins {(Delaney and Bliss, 1991). Selection has been
successful in increasing the percentage of sced protein in soybean (Brim and Buxten,
1979: Carter er al.. 1982) and the total protein content in wheat (Loeffier et af., 1983).

In maize. two of the carly mutants with aitered amino acid composition, opague-2
and floury-2. were found in the course of a search for mutants that had deficiencies in
the seeds™ ability to produce zein {(Frey et «f.. 1949: Mertz and Bressani. 1957). The
proponents of this approach argued that. if zein does not form, the other seed storage
profeins which contain a larger percentage of lysine will be formed in increased
amounts (Nelson, 1969). An increased ratio of glutelin to zein has indeed been found
in the opaque-2 mutant {Mertz ef al., 1964). Despite the increased nutritional value ol
opaque-2 varieties, the decrease in the zein [raction was not [ully compensated by
increases in other fractions and softer. smaller kernels resulted (Larkins, 1983).
Recombinant methods, including antisense RNA technologies. are now replacing
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tracditional breeding methods in altering the levels of protein synthesis, Studies with
expression of the various zeins in model systems. however, indicate that the synthesis
wnd deposition of seed storage proteins s a complex system involving interaction
between the various protein components { Wallace ef af., 1990} and simple adjustment
of the levels of the various protein components of the seed may not be “simple’ to
execle,

Fxpression of modified or heterologous seed storage proteins

One ol the most rapidly expanding areas of plant genetic engineering is the expression
of modified or heterologous sced storage proteins with enhanced nutritional value.
Becaose of the potential commercial value of such transgenic seeds. much of the work
in this lickl is still proprietary in nature. None-the-less, enough is now published in the
scientific press or in the patent lilerature to give a good indication of the directions and
the progress of this type of work. Generally speaking, transgenic plants being
developed are of three major Lypes: those in which the genes of normally occurring
proteins have been maodified to incorporate additional residues of limiting essential
amino acids: these in which a gene for a raturally occurring protein from another
species has been incorporated inte the genome to provide the complemeniary essential
amine acids: and those in which entirely new genes forde neve designed proteins with
maore desireable amino acid composition have been introduced. With each approach,
somie suceess has been achieved and seme hurdies remain.

Since plunts are able to synthesize all of the amino acids required for protein
synthesis and growth, seed storage proteins are merely the source of nitrogen during
the development of the seedling, not of specific amino acids. Functionally, therefore,
they should accommodate variation in amine acid composition with ease. Since aming
acid sequence is also the major determinant of protein structure, however, substitu-
tions and additions of amino acids can have considerable impact on a protein's ability
to fold. The initial assumption that conservation of seed storage protein primary
structure was unimportant because they lack catalytic function (Shotwell and Larkins,
19913 has given way to the idea that, because seed storage proteins have highly
ordered structures. structural modifications have the potential to adversely affect their
deposition (Habben and Larkins, 1995).

[nitial attempts to improve the nutritional quality of legumes (which arc deficient in
methionine but rich in lysine} focussed on the common bean, Phaseolus vilgaris. The
rescarchers inserted a naturally occurring 15 amino acid sequence from the 15 kD zein
storage protein ol maize (maize proteins are rich in methionine but deficient in lysing)
into the hean B-phaseolin. Because phaseolins represent about 50% of the total bean
protein. and because 6 of the 15 amino acids in the insertion sequence are methionine,
this modification appeared to be one that would substantially increase the methionine
level of seeds from transgenic bean piants and, hence, nutriticnal quality. Unfortu-
nately. the modified protein was degraded despite the fact that the gene followed a
normal developmental expression (Hoffman er af., 1988). Based on their studies and
ather mformation from unreiated systems, the authors concluded that both tertiary and
quaternary structures were important o intracellular transport and that the insertion
site chosen caused changes in structure that interfered with the proteins’s Golgi-
mediated transport before deposition in protein bodics. Work on the expression of
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phascoting in Xernopus oocytes (Ceriolli er al., 1991) confirmed that interruptions to
the C-terminal o-helix domain of phaseolin moromers prevented their assembly into
trimers and ensuing transport to the Golgi from the endoplasmic reticulum.

I fight of this work and the avaifable three-dimensional structure of phaseolins
(Lawrence ef af., 1990), Dyer and coworkers {1993) have designed methionine-rich
looping sequences for insertion into loops and turns in phaseolin three-dimensional
structure and suggested methionine replacement of hydrophobic amino acids within
the hydrophobhic core of the3-barrel domain of the phaseolin moenomers. a domain that
Is not inveldved in fetmerization. Others (Sparvoli ef ol 1996) have compared the
sequences of the N-terminal regions of phaseotins from different lima bean sources
with those of the common bean phascolins. Based on the diversity of sequences in
these regions compared with relative conservation of sequence in other regions of the
protein. the N-terminal portions of phaseolins are suggested as potential ‘acceptors” of
rather drastic amino acid modifications. To date, experimental results showing the
practicality of these suggested modifications have not heen published.

A similar approach. however. has been successfully used to engineer bean seed
phylehemagglutinin {(PHA) to contain an additiona three to four methionine residues
{(Kjemtruperal. 1994), In this case. the sequences of P. vid garis PHA (a lectin which
can aecount for 5%—10% of the total protein in bean seeds) was compared to
homologous proteins from other species to determine where methionine codons could
he inserted. Introduction of the resuliant engineered gene in transgenic tobacco plant
resulted in correct processing and accemulation of the protein in the seed.

The use of homologous protein sequences to select sites for methionine insertion
was also used lo modify an Arabidopsis 28 albumin gene. 28 albumin proteins consist
of two polypeptide chains of varied length connected by disulphide bridges between
conserved cysteine residues and represent a major dicotyledon seed storage protein
{Youle and Huang, 1981). In most dicots. 28 albumins are relatively lacking in
methionine content. The Brazil nut (Bertholletia exaisa) 28 albumin, with its 18%
methionine content. is a notable exception (Anpe e al., 1986). Replacement of a
variable region of sequence in one of the two 28 albumin encoding genes with a
methionine-rich sequence based on an homologous sequence from Brazil nut resubted
inan increase of approximately 3% in the total methionine content in seeds expressing
the transgene (De Clereq er af., 1990).

Simitarly. the consideration of structural constraints led to the selection of an
insertion site for four contiguous methionine residues in a variable region of glycinin
from soybean (Kim e e/, 1990). This modified glycinin has also been successfully
expressed in transgenic tobaceo and the protein was shown (o accumulate in the seed
(Utsumi ef af., 19934, b).

Zein proteins have also been the target of engineering to correct amino acid
deficiencies in lysine and tryptophan. Zein genes with two lysine and two tryp-
tophan codons inserted were successfully expressed in oocytes (Wallace et al.,
{988} indicating some telerance for lysine in zein structure. Subsequent efforts (o
express lysine-containing ol-zein genes in tobacco, however, proved unsuccessful.
While the genes were expressed and mRNA levels appeared high enough to direct
significant protein synthesis, the o-zein protein did not accumnulate in seed. (Ohtani
et al. 1991). Because unmodified o-zein proteins did not accumulate either. the
researchers postulate that the probiem resides in the inability of a-zeins to form
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protein bodies in the absence of 3- and y-zeins, and is not inherent 1o the lysine
modification.

One obvious genetic solwtion to the need for dietary and feeding regimes where
mcomplete grain seed proteins are complemented with legume seed proteins is (o
engineer a seed which is internally complemented, Stmple cxpression of a methio-
nine-rich maize protein in a methionine-deficient legume or of a lysine-rich legume
protemn in lysine-deficient corn. if possible, would generate a seed that coukd function
as o complete protein seurce. One popular target protein for expression in heterolo-
gous plant systems has been the Brazil nut 25 albumin seed storage protein, mainly
becawse of its high methionine content. The properties of this protein and its process-
ing and deposition during seed development in the Brazil nut have been well studied
{Sun eraf, 1987) and the cognale gene cloned (Altenbach ¢r ¢l 1987: Gander ef al.,
1991). In addition. nutritienal studies in quail indicate that the protein is sufficient o
promoete growth and development in animals (Tao er af., 1987).

This Z5 albumin protein was first expressed in transgenic model plants (tobaceo) in
1989 by Altenbach ey ¢f.. and resulted in a 30% enhancement of the seed methionine
content. B has since been expressed in other plants with varving degrees of success.
Studies by three different groups on 28 methionine-rich protein in transgenic Brassica
napus {canolay seem to indicate that many components of the transgene construct must
be considered in order o facilitate adeguate expression and deposition of the desired
protein. Using the seed specific promoter from the soybean lectin gene and a coding
sequenice consisting of a fusion of the signal peptide-encoding sequence of the fectin
and the codons for the processed 28 albumin protein, Guerche and co-workers (1990)
achieved levels of heterologous protein ranging from 0.02% 10 0.06%: of total seed
protein. De Clercy and co-workers (1990) used the promoter and signal sequence from
one (AT25 1) ol the two 25 albumin encoding genes inArabidopsis 1o drive and target
expression of the processed methionine-rich protein and achieved only marginally
beller expression in canola (the transgene preduct represented 0.1% of tetal seed
protein). While 28 albumins represent some 40% of total protein in Arabidopsis seed,
the AT2S1 gene. however. accounts for only about one fifth of the mRNA for these
proteins. The much stronger AT282 gene promoter produces most of the mRNA for
28 albumin protein production. More recently, the third group (Altenbacher ai., 1992)
has achieved accumulation of 28 albumin protein up to levels of 4% of the lotal seed
protein (an enrichiment in total seed methionine of 33%) by using a chimeric gene in
which a phascolin prometer is used to drive the expression of the coding sequence for
the unprocessed (pre-pro) 28 albuinin protein. This research indicates that, in addition
to consideration of promoter strength and temporal expression, both transport and
processing play key roles s the levels of heterologous protein accumulation in the
seeds of transgenic plants. Recent advancement in gene transfer methods for legumes
have cxpanded the range of plant targets for Brazil nut 25 albumin expression to
mnclude the common bean (Aragoa et al., 1992) and three different grain legumes
{Saalbach er af., 1994},

Like Brazil nut. the sunflower seed expresses a 25 albumin protein that is extremely
methioaine-rich (Kortt ef el 1991). Tn efforts 10 address the methionine requirement
of pigs and chickens fed substantinl amounts of the peas or lupin (as part of a grain/
legume mixed ration regime) Australian researchers have begun to investigate the
transformation of legume with chimeric genes for the sunflower 28 protein (Tabe ef
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al.. 1993). Recent research has attempied 1o correct both methionine and tryptophan
deficiencies by incorporating tryptophan codons into transgenes of Brazil nut 28
albumins. Genes contairing up to 5 consecutive tryptophan residues have heen
successfully expressed in model plants. (Marcellino et af., 1996).

Transgenic soybeans expressing the methionine-rich 28 albumin protein were
recently examined for commercialization by an international plant breeding and seed
supply company. A recent study (financiatly supported by that same company)
indicates that the 28 albumis protein is probably a major Brazit nut aflergen and that
lransgenic soyhean expressing this protein could clicit an allergic reaction in sensitive
mdividuals (Nordlee eral., 1996 While the allergenicity of the sunflower 28 alhumin
protein has not been thoroughly tested. the homologous 28 albumin (Sina ) in yellow
mustard has been reported to be a major allergen in mustard seeds (Menéndez et af.,
[988). This protein is closely related to 28 albumin found in canola. castor bean and
Brazi nut. While food allergies are relatively rare. affecting about 2% of adults and
6% of children, the company developing the transgenic soybcan chose to cease
development of the product. Because of the potentially fatal reactions in sensitive
individuals, health regulatory authorities in most countries require that novel foods
isuch as transgenics) containing a polential aliergen be labelled 10 alert the consumer.

Some progress has also been made in the expression of soybean glycinin in
transgenic potatoes, Glycinins. like most legume proteins. are sufficient in most amino
acids exeept the sulphur-containing amine acids. Patatin, the major storage protein in
potato tubers, is deficient in feucine. lysine and threonine. Neither patatin nor a
glycimin on its own is deemed sufficient to meet the nutritional requirerents of young
children (FAG/WHO/UNU, {983),

Together. glycinin and patatin would constitute a source of complete protein.
Soyhean proglycinins have been expressed in model systems {£. cofi (Kim et al.,
1990) and tobacco (Utsumi er al., 1993a)). Soybean B-conglycin has been expressed
i pelunia (Lawton ef g/, 1987) and transgenic tobacco. Both native soybean glycining
and soybean glycinings which have been genctically engineered 10 contain four
additionat methionine residues can be expressed in potato tubers using the potato
patatin promoter. Although the glycining were not processed in the tubers. the
proglycinin proteins trimerized and were deposited at levels of up o 195 of the Lotal
seduble protein (Utsumi ef af., 1994). -

Transgenic rice in which the lysine-rich B-phaseolin protein from bean is expressed
te complement the lysine-deficient rice prolamines has recently been reported. (Zheng
et al.. 1995). The phascolin protein could be expressed at relatively high levels (4% of
total seed proteiny. This study was interesting, not only because of the importance of
rice as amajor dictary component for a significant portion of the world population. but
alse because the heterologous protein was targeted to and expressed in only onc of the
two types of protein bodies that co-gxist in the rice endosperm.

GUENETIC ENGINEERING OF PLANT LEAF TISSUE

Most heterologous protein expression in plants has heen targeted to the seeds. Seed
storage proteins. because of their high nutritive value, also have potential use in
improving forage crops if they could accumulate in leaves. Grazing animals consume
large amounts of forage. In ruminants. however. the natritional quality of the feed
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ingested is only part of the nutritional picture. Microorganisms in the rumen digest
most of what is ingested by the animal and use the nutrients to synthesize cell
components (pelysaccharides, protein. lipid and nucleic acids) needed for their own
survival and growth (Hungate, [964; Clark er «f, 1992; Merchen and Titgemeyer,
[992). While some foodstuff escapes digestion in the rumen, it is the products of
microbial digestion (mainty volatile fatty acids) and the rumen microbes themselves
that largely provide the murient source for the animal jtself. The rumen {ermentation
process has both advantages and disadvantages. Rumen bacteria are able, forinstance.
to digest cellulese and plant fibre: they are as a group also able 1o synthesize all amino
acidsde novo, an ability that alfows the production of *high quality’ complele proteins
tike milk and meat from ‘low quality” incomplete proteins found in forage. in high
producing raminants like modern cattle and sheep, however, rumen microbial synthe-
sis of protein is insufticient to meet the demands of production. In dairy cattle at peak
factation, for example, rumen bacterial protein production is not sufficient to meet the
animal’s need for the amine acids lysine, methionine, threonine and levcine (King et
el 1990 Munneke et of., 1991; Clark eral., 1992). Protection or post rumen infusions
of these limiting amino acids have been shown to increase the protein content of milk
significantly (Donkin er af., 1989: Le Henaff ¢f af., 1990: Rulquin ef «l., 1993). In
order to overcome these deficits, high producing ruminants are often fed additional
protein supplements. Only a small portion of this additional protein in a ruminant’s
diet escapes microbial digestion to reach the ruminant (Beever and Siddons, 1986;
Beeverand Cotrifl, 1994). While the amount of protein escaping ruminal digestion can
increase with protein consumption (Slatter, 1986: Minson, 1990} feeding of digestible
protein supplements is an inefficient way (o increase amino acid availability. It is now
comimon practice to supplement ruminant diets with proteins or amino acids that have
been artificialty protected against microbial digestion in the rumen (Ashes er «l.,
1995),

Because individual proteins appear to have different susceptibility to rumen degra-
dation {see. for example. Spencer er af., 1988), Tabe and co-workers (1993} have
attempted o wdentify proteins rich in sulfur-containing amino acids {particularly
important i wool production) that are somewhat resistant to breakdown in sheep
rumen. These studies have selected hen-egg ovalbumin and 28 methionine-rich
albumin of sunllower seeds for transfer inte forage clovers and lucerne. Qvalbumin in
feaves of transgenic plants represented less than 0.01% of the total extractable protein
(Wandeltet of., 1991). The sunflower sced protein, on the other hand, was expressed
at much higher levels in leaves. particularly when genetic engineering was used 10
introduce amino acid sequence changes that anchored the protein in the endoplasmic
reticufum (Tabe ef al., 1993).

Seed storage proleins are generally targeted either 10 the endoplasmic reticulum
(ER) or to vacuolar compartments via the ER. In seeds, vacuoles are largely storage
compartments where protein bedies form and accumulate. In non-seed tissue, like
leat. vacuoles are protease-containing vesicles in which protein is generally degraded
and does not accumulate (Van der Valk and van Loon, 1988), Seed storage proteins
maodified to contain the ER-anchoring peptide KDEL have been shown 1o be retained
in the endoplasmic reticulum (Wandelt et al.. 1992; Tabe er al.. 1993). Some seed
pretems withow such targeting signals, however, have been shown to accumulate
stably in leaves of transgenic plants. Both pea lectin expressed in potato plants
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(Edwards e al.. 1991) and barley lectin in tobacco plants (Wiikins et al.. 1990) were
found in significant amounts in vacuoles of the leaf cells of the respective transgenic
plants. Attenpts e express the vacuolar targeted B-phascolin gene behind the cauli-
flower mosaic virus promoter in lransgenic (obacco plants resulted in some new
protein accumulation in the seed. but the B-phascolin was presumably degraded in the
feal vacuetes and no new protein was detected in that tissue {(Baggaeral.. 1995). The
E5-kilodalton zein protein (which exists as an ER-derived protein body in maize
seedsydid. on the other hand. stably accumulate in both leaves and seeds of transgenic
tobacco expressing the genc {Bagga er o, 19951, Whether the protein accumulation
in feaves results from ER retention or the inherent ability of the protein to aggregate
andresistdigestion is not evident from the results reported to date. Clearly, while seed
storage protein expression in heterologous hosts is a promising avenue toward the
enrichment ol both seed and feaf proteins. much remains to be understood at a more
fundamental level.

(:enetic engineering for nutritional quality in bacteria

Bacterial cell lines are a popular target for genetic engipeering to produce new
proteins. particulasly those that do nof require post-transiational modifications. Their
frequent use is partty because of the relative simplicity of the system and parlly
because. in the case of the more common *workhorse” hacterial species. EXPIesson
vectors and transformation systems are quite well developed. In these well-studied
species. effective promoters, enhancers. lerminator signals. etc are readily available
and the temporally controlled. targeted expression of proteins is rather routine. Much
of the early work using genetic engineering o increase the nutritional value of
foodstuffs focussed on the ereation of nutritional products synthesized in. and purified
from. bacterial cells. These products would then be added back to a food or feed
preparation. Single cell protein production using recombinant micro-organisms (o
convert. for example. methane into protein have heen explored by a variety of
researchers as a means of converting inexpensive or wasle sources of carbon and
nitrogen into useful proteins. (For a review of carly work in this area. sce Spinks,
1982} Work o make single cell. “industriat food” proteing for human use was well
underway inthe early 1980°s (Rehm. 1982). In most of these early exampies, bacterial
cells produced the usual complement of proteins and the engineering was at the level
of modifications which allowed the bacteria to use hitherto “unusablie® sources of
component molecules. The resultant products were envisioned as being additives
rather than whole foods themselves,

Expressioncof new, de nove design proteins

Bacterial cells have also been explored as sources of specific amine acids. These
amina acids could be used to supplement dicts that are defficient in only certain amino
acids. Such feeding practices are common with livestock. Until recently. the amino
acid were usually produced by protein hydrolysis and purification rather than by
recombinant hacterial fermentation. With advances in baclerial genetic engineering.
the situation is quickly changing. The key 1o successful fermentation for amine acid
production is the ability to overcome the end-product inhibition of the enzymes in the
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biosynthetic pathway for amino acid production. While it is possible to engineer
enzymes te be insensitive to such inhibition, it is simpler, conceptually at least, to
remove the end-product causing the inhibition by using it in protein systhesis. A
cloned synthetic gene containing several copies of asingle codon will, in theory, result
in the synthesis of a homopolymer ‘sink” for the encoded amino acid. Kangas and co-
workers (1982) were successsful in using this concept to produce a proline-rich
protein in . cofi. A synthetic DNA for poly(Asp-Phe) was also cloned and shown to
express (Doel er al, 1980) as was a poly(Glu-Glu-Pro-Glu-Tyr-Gly-Glu)-encoding
sequence (Niehrs er af, 1992). An attempt to express an artifical gene encoding
poly(Phe-Trp-Pro-Lys), however, was unsuccessiul (Gupta et af., 1983). Biernat and
Koster (1987) constructed a new plasmid to express synthetic genes for proteins of
enhanced nutritional quality. In each of the successful cases, the levels of protein
expression were not particularly high despite the fact that the copy mumber of the
encoding gene was quite sufficient to support high pretein production. As in the plant
seed storage protein experience, the problems appear to be with inherent instability of
the protein product rather than with any inefficiencies in transiation of the mRNA into
protein.

In 1936, the *N-terminal Rule’ (which stresses the importance of the N-terminal
amino acid residue in conferring proteolytic stability (o a protein) was proposed as
the key to stable protein expression (Bachmair er af., 1986). Biernat and Koster
(1987} suggested that it is the N-terminal amine acid sequence rather than the
tdentity of only the first amino acid in that sequence that has significance for the
proper folding of the polypeptide chain. In our laboratory, we attempted to express
syathetic genes encoding repeating pentapepetides of nutritonal importance fused
o the N-terininal sequence {or a-peptide} of B-galactosidase. The «-peptide is the
same amino acid sequence that provides the N-terminal folding signals for the
stable accumulation of B-galactosidase in the native enzyme and thus should fulfill
the requirements of both variations of the ‘N-terminal Rule’. We were not, how-
ever, able to detect any of the recombinant proteins without resorting to a sensitive,
antibody-based detection system (Beauregard ef o, 1994). Because the levels of
mRNA transcript for each of our fusion proteins were extremely high, it appeared
that protein degradation rather than synthesis was limiting the level of acculatin of
the gene product. Predictive methods indicated that all of our de nevo designed
proteins were expected to be unstructured in solution and thus likely targets for
protectytic degradation. Thus, in bacteria as wetl as in plants, protein structure is an
important factor to consider in designing new or altered proteins of nutritional
value.

Given the knowledge that structural stability was the key to ensuring protein
stability. we then set out to design a new protein with high levels of essential amino
acids that weuld fold into a compact. protease-resistant structure. De nove design of
proteins with specific tertiary structures or folds has been undertaken by several other
research groups in order to explore in more detail the rules which govern protein
folding in general. Proteins have been designed to form some of the simpler tertiary
structure motitfs — the four-c-helix-bundle (e.g., DeGrado, 1988; Hecht et of., 1990,
coiled-coil proteins {Morncera er al., 1996), an a3 barrel protein (Goraj er al., 1990;
Beauwregard et af., 1991: Houbrechts er af., 1923) and all B proteins (Yan and Erick-
son. 1994: Quinn er of., 1994). In cach of these designs, however, the goal was o
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choose from the twenty common amino acids those that would best promote the
desired feld. The composition of the pool of amino acids that will result on hydrolysis
or digestion of the protein was of no concern. In the design of proteins for nutritional
purposes. the situation is different. The overall amino acid composition of the protein
isof paramount impartance; the actual linear sequence of amino acids is inconsequen-
tial as long as the protein can adopt a stable, compact, folded structure. Thus, in the
design of our first nutritional protein, the milk bundle protein or MB-1, we used a
novel design appreach. lnstead of choosing amino acids which best promote a given
fold. we searched the known, simple tertiary folds in naturally eccurring proteins for
one that could support the incorporation of the fargest percentages of the desired
amino acids using a “consensus residue” approach (Beauregard er al., 1993).

Our particular inlerest is in meeting the nutritional requirements of high-produc-
tion. lactating dairy cows. Several studies have shown that mixed ration diets routinely
fed 1o dairy cows in lactation are severely limited in the essential amino acids
methionine and lysine and secondarily limited in leucine and threonine (King et al.,
£990: Clark er ., 1992: Rulquin ef al., 1993). There is also ample evidence to show
thiat when these amino acids are suppiied post-ruminally, levels of protein in the milk
increase significantly (Donkin e of., 1989; Rulquin er af., 1993). The question for us,
then. was what known tertiary fold will best accommodate large amounts of lysine,
methionine. leucine and threonine. The results of cur consensus residue analysis
indicated that the four-g-helix-bundle motif was a good candidate fold, We then
designed MB-1.abundle protein in which 67 of the 100 amino acid residues are lysine,
methionine, leucine or threonine. The protein could be expressed from a synthetic
gene intreduced into recombinant Z. coli athigh levels (7% 10 12% of the total cellul-
ar protein) and was shown {o be largely helical as designed (Beauregard et al., 1995;
Heltord ef «f., in preparation.)

Because our targel was a nulritional protein for ruminants, a bacterial expression
system seemed obvious. As noted, most of the protein available 10 a ruminant comes
from the microbial protein produced by rumen fermentation rather than directly from
the feed. Protein expressed in plants or as single cell protein products that are {ed to
ruminants need 1o be protected from rumen degradation. MB-1 was designed to be
expressed in the cytosol of a recombinant rumen bacterium where it would be
protected from the digestive enzymes present in the rumen fluid. The intraceilular
location ol MB-1 necessitated refinement of the protein design to eliminate any known
sites for bacterial cytosolic proteolytic enzymes (Gotlesman. 1989). In addition, the
gene for MB-1 must be configured to be expressed at high levels in strains of micro-
organisms that are abundant in the rumen. Genetic engineering methods for rumen
bacteria. while much less developed than those for such bacteria as F. coli or B.
subtilis. are now emerging (see Teather er al., 1996, for a recent review) and we are
cuarrently refining the expression vector in order to optimize MB-1 production in
recombinant strains of the mamen bacterium B. fibrisalvens.

The successtul de novodesign of proteins with specific tertiary structures indicates
thal incorporation of al feast some of the essential amino acids into novel proteins is
quite feasible. Leucine, for example, is the amino acid most commoniy used by nature
in the hydrophobic *a” and *d” positions ir the heptad repeats that form the helices in
hoth four-a-helix-bundle proteins and in coiled-coil proteins (Paliakasis and
Kokkinidis, 1992: West and Hecht. 1995). Lysine (in conjunction with glutamic acid
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o neutralize charge effects) is often found ir the hydrophobic positions of both o-
helices and PB-sheets in proteins of all shapes and sizes (Regan and DeGrado, 1988;
Hecht er af., 1990, Kamickar er af., 1993; Houbrechts ef of., 1995). The conscnsus
residue approach used in MB-1 design, however, was most useful in that it identifted
methienine as apotiential hydrophobe in bundle proteins. Methionine, while compas-
ible with the physical and chemical properties required for the “a’” and *d” positions of
the heptad repeats in helices. is not often found in naturally-occurring bundles
tPaliakasis and Kokkinidis. 1992) nor has it ofien been incorporated in designed
proteins. Others have found that methionine can, in fact, destabilize a-helices when
inserted in some structural environments {Dyeres al., 1993: Gassner ef al., 1996). The
consensus residue approach o helix design permits one to choose ‘allowed” structural
environments lor methionine insertion. We have recently expanded our consensus
restduc approach 1o look at the loops between the helices in four-a-helix-bundle
proteins as well as the helices themselves {Parker and Hefford, 1997). The results of
this study indicate that the essential amino acid, tryptophan, among others, can be
accommodated in some positions within the loop regions of these proteins.

The principles used in the design of MB-1 are not Hmited to expression of
autritional proteins in bacteria and are currently being employed for the design of new
proteins. enriched in essential amino acid, in plant seeds and leaves. As in the
production of other nutritionally important proteins in plant seed, de novo protein
expression will depend not only on the proper folding of the new protein itself but also
on the ease with which it can be incorporated inte protein bodies. This is, at present,
an arca of very active rescarch. As a result of the economic import of the work,
however. most of this research is proprietary.

General conclusions

The nutritional quality of protein sources in both animal and human diets hag
enormoeus soctal and economic impacts. Nutrition influences both the health and
productivity of cur livestock and human vitality and mortality. The ability to supply
adeguate amounis of essential amino acids in diets while reducing the economic and
environmental costs of doing so is becoming increasingly important as the world
population expands. Genetic engineering to produce recombinant bacteria and plants
with enhanced levels of etther free or protein-bound essential amino acids provides a
very {casible alternative to traditional methods of eshancing the essential amino acid
supply in diets, While there are still several technical chailenges to be met, the research
available at this date indicates that novel, nutritionally enhanced food products from
genetic engineering will become increasingly common in the not too distant future.
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