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Background

The composition of storage proteins, a major food teservoir for the
developing seed, determines the nutritional value of Mants and rrains
when they are used as foods for man and domestc animals. The amount
of protein varies with genotype or cultivar, but in general, cereals contain
10% of the dry weight of the seed as protein, while in legumes, the
protein comtent varies between 20% and 30% of the dry weight. Tn
many seeds, the storage proteins sccount for 50% or more of the total
pretein and thus determine the protein quality. of secds. Each year the
total world cercal harvest amounts to some 1,700 million tons of grain
(Eens er al., 1985). This yields abowt 85 millicn tons of cereal SIOTRge
proteins harvested each year and contributes & majority of the tolal
protein inake of humans and animals,

With respect to human and amimal notrition, most seeds do oot
provide a balzneed source of protein because of deficiencizs in one or
mare of the estential amino scids in the storage proteins. For example,
humans gequire from foods eight amino acids: isoleucine, leucine, lysine,
methionine, pheaylalanine, threonine, tryptophan and valine, to maintain
i balanced dier, Consumption of proteins of unbalanced amine aad
composiion can lead to 3 malnourished state which 15 most often found
m children in developing countries where plants are the major source
af protein intake, Therefore, the development of nutritionally-balineed
profeing for introduction into plants is of extreme importance.

Recently, many laboratories have attempted to improve the nutritional
quality of plant slorage proteins by transferring heterologous storage
protein genes from other plants (Pederson et al., 1984). The development
of recombinant DNA technology and the Agrobacterium-based vector
syslem has made this approach possible. However, penes encoding
stoTage proteins containing a more favorable aming acid balance do not
exist in the genomes of major crop plants. Furthermers, modification of
native storage proteins has mer with dilficulty because of their instability,
low level of expression, and limited host range. One possible alternative
would be the de novo design of 2 more nutritionally-balanced protein
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which rerains certan characteristies of the patural sterzze proteing
of plants

Cur imitead work described the wse of small fragments of DA which
encoded spans of protein high in essential amino aods (Javnes et al.,
1935 Yang t al., 198%), Subsequently, the genes encoding these protein
domans wens cloned inte an existing protein and the expression level of
thiz modified prowin determined in feansgenic potato plans, Howewver,
because of some of the problems mentioned above. the results were
somewhar less than desirable {Yang et al., [989),

Thers are at least two fundamental difficultics in achicving elfunent
expression of designed proteins. First, it 15 not yet known what stabilizes
3 protemn against proteolyvtic breakdown; and second, the mechanisms
for folding of an amino acid sequence into 2 biologically-stable tertiary
structure have oot yet been [ully delineated. For the construction of
DNF 1 (Designed Mutritional Protein}, we focused on the design of a
physiologicallv-siable as well as & highly nutriniouws, storage-protemn-like,
artificial protein. Based on what we have learned in the design and
expression of Iytic peptides for enhanced disease resistance in plants
(Javoes et al., 1992}, 0 pow seemed possible [or us o design enticely
artificial, stable nuinitionally-significant proteins o improve the nurritive
gualty of plants.

Amino acid requirements

The Imosynthesis of amino acids from simpler precursors is a proosss
vital to all forms of life a: these amino acds are the bullding blocks
of proweing. Organisms differ markedly with respect to their ability to
synthesize amino acids. In fact, virmually afl members of the animal
kingdom are incapable of manufactunng some amino acids. Thers ane
Pwenly common aming acids which are wiilized in the fabrication of
profeins; and essential amino acids are those protcin building blocks
which cannot be synthesized by the amimal. It 5 penerally agreed that
humans require eight of the twenty common aming zcids in their diet.
Protein deficiencies can usually be ascribed o a dier which is deficient
in one orf more of the esental amme aods. A nutroonally adeguate
dict must include a2 minimum dailv consumption of these amino acids
(e 1),

When dicts are high in carbohydrates and low in protein over a
protracted period, essential aming acid deficicncics result. The name
given to this undernourished condition in humans is “Kwashioreor™ which
i an African word meaning “deposed child™ {deposed from the mother's
breast by a newbomn sibling). This debilitating and malnourished state,
characlenized by a bloated stomach and reddish-orange discolored hair,
s mores often found in children than adults because of thetr preat need
for essential amino acids during growth and development. In order for
nocmal physical and mental materation o cocur, the above mentioned
dizily source of essential amino acids 5 2 requisite. Essential aminag acid
content. of protein quality, is as important & feature of the dict as total
protein quantity or total calorie intake.
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the essentizl amino avids than do adults. chis indicates the importance of dicl ke normal
physical and menzal marerazion

Some foods, such as milk, sgrs, and meat, have very high nutritional
values because they contain a disproportionately high level of essental
aming acids. On the other hand, most fendsmuffs obitained from plants
possess a poor peiritenal value becavss of their relatively low conpent
of some or. in a few cases, all of the cssential amine acwls. Gensrally,
the cssennial amino acids which are found 1o be most miting in plants
are seleucine, lvsine. methionine, threcnines, and tryprophan (MLEAA)
[Figuee 2},

It has been difficult 1o produce significant increases in the essential
aming actd content of crop plants wileing classcal plant breeding
approaches. This iz primarily due o the fact that the pgenetics ol
plant breeding 15 complex and that an mcrease in essendal amino
acid content may be offset by a loss in other agronomically important
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Figure 2 The amouno of feodsuffs which neust be consumed in grams per day o ovder
o aeeed the minimum daily ceguivement of I cssentnl aming 2cids.
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charpcreriziics. Also, it s probable that the sparage proteing are very
conserved o their structure and ther essental amine aowl compesiton
would be [itle modified by these conventional technigues.

Structure and classification of natural storage proteins

Seed sworage proteins can be charactenized by several main features
(Pemmoller and bosse, 19830 1) their maon function i3 00 provide amino
acids or nitrogen to the young seedling; 2) the general absence of any
aother known function; ¢} their peculiar amine acid composition in cereal
and legume seeds; and d) therr ocabizanen within storage organelles
called protein bodies, at lecast during seed development. Sewveral classes
of storage proteins are gencrally recognized based on their solubilites
in different solvents. Proteins seluble in water are called “albuminsT;
proteins soluble in 3% zaline, “globulins™; and proteins soluble in
%% ethanol, “prolamins”. The protewns that remain following these
extractions are treated further with dilute aced or alkal, and are named
“plutelins”. Most cercals contain primarily prolamin-type proteing and
can be classified nto different groups oo the basis of the relative
proportions of prolamins, glureling, and globulins, and the subcellular
location of these proteins in the mature seed, The ficst group corresponds
o the Panieoidae sub-family, the second sroup the Trtceas (mbe, and
the lust one Lo oat and Tice storage proteing.

The principal members of the Pameeoidese sub-family are maize,
sorghum, and millet. Thetr major storage proteins are prolamins {3
to 6% of seed protein) and glureling (35 to 40% of sced protein;
Femoller and Mosse, 1933). Prolamins are stored within protein bodies,
but pluteling are located both inside and outside these orranelles. The
Triticeae tribe which ingludes whear, barey, and rye, differ from the
Pameoideae mainly in storage protein localizaton and structure. In the
starchy endosperm of the sceds belonging to this tribe, no protem bodies
are left at maturity . Clesters of proteins are then deposited between
starch granules, but are no lenger surcounded by 2 membrane.

In legumes and most other dicots, the major storage proleins ace
salt-zoluble globuling (30%) and prelamins (I0-13%). Clobulins can
be divided inie vicillins and legumins (Agros, 1983), based on their
sedimentation coefficient (75/115), oligomeric organization (trimenc!
hexameric), and polypeptide chom struciure (single chain/disulphide-
nked pair of chains). In the leoume seed cotyledon, protein bodies are
embedded between starch granules (Pernollet and Mosse, 1983). They
are membrane-bound organelles. a few microns in diameter, mainly flled
with storage proteins and phytates. Besides storage prolemns, profcin
bodies also contain other proteins, such as enzymes or lectins, although
in lesser amounts.

The structure of soluble globulins were studied more than the insoluble
profamins and glotelins. Vicillin appears as a homo- or beterotrimer,
sommietimes able to associate into hexameric form. Sovbean P-conglycin
and french bean phaseolin (Bolling and Chrspeels, 1978) are the structurally
best known vicilling, Fecently. the three<hmensonal strecture of phaseolin
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was determined by Xoray erystallographic analysis (Lawrence ef al..
1990} However, unlike other vicilins. the phaseolin trimer can associate
int 3 dodecamer (letramer of tnimer) below pll £.5. Each polvpeptidn
of the trimeric form compnses two structurally similias units each made
wp of a B-barrel and an a—helical doman,

Glycimin, the soybean lepumin, has a quaternary structere that was
suggested by Badley et al. (1975) to be twelve subunics packed in two
wentical hexagons. In general, the legumin moleculs is a polymer formed
by the association of six monomers. Each monomer consists of two
subunits; addic and basic. Sometimes these subunits &re associated hy
disulfide linkages. On the other hand, arachin, the peanut legumin, was
found 10 comsist of different kinds of subuenits. The arachin hexamer
association does not need different kinds of subunits, which SUZLCSIS
that the subunits have a very similar structure.

The most studied storage proteins, in terms of structure, are the corn
prolamines called zeins. These profeins perform no known enzymatic
tunction. Three types of zeins (o, B and ) (Esen, 1986) are symrhaesized
on rough endoplasmic feticulum and aggregate within this membrane as
profein bodies. The zein protein readily self-associates 1o form profein
bodies and is inssluble in water even in low concentrations of salt. The
presence of all types of zeins is not necessary for the formation of a
protein body as a single type of zein can aggregate into a dense structure
and 15 penerally found a1 the surface of protein bodies (Lending et al.,
1985; Wallace et al., 1988). The mechanism responsibic for profein body
formation is thought to involve hydrophobic and weak pelar interactions
between individual zein molecules (Wallage et al,, 1988; Apros et al.,
1952}, while they require a high amount of ethanol in aquesus systems
W mamtain their sirict molecular conformation {Agros et al., 1982}

Circular dichroic measurements, aming acid sequence analysis, and
electron microscopy of a zein protein suggests that zein secondary
structure 1o be primarily helical with nine adjacent, wpologically ani-
parallcl helices clustered within a distorted cylinder (Agros et al. . 1082
Larkins. 1983; Larkins et al., 1984). Polar and hydrophobic residues
appropriately distributed along the helical surfaces allowing intra- and
mtermalecular hydrogen bonds and van der Waals interactions among
neighboring helices, such that rod-shaped zein molecules could aggregate
and then stack through glutamate interactions at the cylindrical caps,
Because of this structure, zein is much less soluble under physiofomcal
conditions than the globulin phaseolin, and precipitation of inseluble zein
w the tghtly packed protein body may make them less availzble for
proteclyric degradation {Greenwood and Chrispesis, 1985}, The storage
profein structures are adapted to a maximal packing within protein bodies
(Pernollet and Mosse, 1983). Maximal packing s achieved in ar least
either of two ways. The folding of the polypeptide chain may Tavor
the maximal packing of amino acids within the protein molesule. or the
compacting of protens is increased by the formation of closely packed
quaternary structure. High degress of polymerization can be observed
in pearl millet pennisetin (Pernollet and Mosse, 1983) or zein {Lending
el al., 1983; Wallace et al., 1988), Also, wheat prolaming and slutelin
associale nto aggregates arising in the formation of msoluble aluten.
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These wnsoluble forms of protein depaositg are osmotically mactive andd
stable during the long period of storage between the tume of seed
maltursnon and Serminaion.

Regulation of storage protein genes

All storage prodeins which have been investipated are encoded by
multigenc families (Bartels and Tompson, 1983; Crowch e al., 1983;
Forde er al., 1985 Kasarda et al., 1984 Lyvcett el al.. 19853; Fatalsks
ot al., 1984; Slighrom et al,, 1983). The stiructure of these families varies,
and in some cases, such as mowheal or barley, Dwo major subproups can
be noted; 1he w— and y—gliading and the B- and C-hordems, respectively
(Forde et al., 1935; Kasarda et al.. 1984, Bafalzki er al., 1984}, Within
each subgroup, several subfamilies can be distinguished. Often short
repeats: aceount for ar least part of the structure of the polypeptides.
These repeats constilute inks through which different subfamilies wathin
the same specics are related.

Storage protemn genes, ke most other plamt pencs characterized o
date, are transcribed in a repulated rather than a constitutive fashion,
Expression is frequently tissue-specific and{or) temporally regulated. Cis-
acting DNA sequences invobved in developmental and{or) nssue-specific
regulation of gene expression can be defined by intreducing plant storage
profein pene regulatory regions coupled to bactenal reporter genes
(Darell and Oomns, 1927 Weneler ep al,, 1989, Marries et al., 1985; Chen
et al., 1988), or by introducing entire or dissected genes (Colot et al,,
1927, Chen er al,, 1936) into a trapsgenic environment. Unfortunately, a
transformation system for the nuinuenally important cereal species has
not yet becn well estabiished. Therefore, most regulation mechanisms
have been studied with transgenic dicor plants. Howewver, there s
increasing evidence that gence expressicn 1= controlled, ar least parly,
by the interaction between regulatory molecules and shorl sequences
that are present m the 3% Nanking regien of the penc.

The regulatory sequences of potato storage prolein were investigated
using transgenic potato plants. A 2.3 kb 5 flanking DNA fragment
confaining the promoter and the patatin gene was used to construct
a transcriptional fusion gene with chioramphemcol acetyl transferase
{(CAT) or the B-glucuronidase (GUS) gene (Twell and Ooms, 1987;
Wenzler et al., 198%). When reintroduced e porato, these chimenc
pencs were expressed in tubers, but not in leaves. stems OF ro005.

The cxpression pattern of storage profcin genes of cereals is retamed in
tobacoe, not only with respect to tissue, but also 1o temporal expression.
The 5 upstream regions of wheat glutenin genes possess mf_u.]a:m}'
sequences that determing endosperm-specific cxpression 1o ransgenic
tobaceo (Colot et al., 1987). Deleton analysis of the low molecular weight
(LMW} glutenin sequence indicated that sequences present bebacen 326bp
and 180bp upstream of the trapscriptional start poinl are necessary to
confer endosperm-specific expression. Furthermore, cs-acting glements
determining the regulation of each gene in the cluster are recognized by
the robaced trans-acting factor but also that cis-acting elements directing
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expression of one gene do not affect expression of neighboring genes,
This was demonstrated by the transfer of a 17.1 kb sovbean DNA
containing & secd lectin gene with at least four nonseed protein TEnCs
1o transgenic tobacco piants (Okamuro, [986). The penes in this clustes
were expressed in 4 manncr similar 10 that in soybean; i.e., the lectin
gene products accumdlated in seeds. and the other genes were expressed
in tobacce leaves, stems, and roots.

The expression of several DNA deletion mutants with a 257 bp §
Aanking sequence of the o'-congivein pene indicares thar this region
contained enhancer like elements (Chen er al,, 1986). Only a low
fevel of expression of the o' gene occurred in developing seeds of
transgenic plants that contain the o' gene flanked by 159 nucleotides
3 of the transeripiional start sice. However, a 20 fold incresse in
expression occurred when an additional 98 nucleotides of upstream
sequence were included. The DNA scquence berween 143 and 257
contained five repeats of the sequence AA{G)ICCCA, and plaved a
role in conferning tissue-specific and developmental regulation. The 355
promoter containing this sequence in different positions and different
orientations could enhance the expression of the CAT gene by 25 to 40
fold (Chen e al., 1958).

Trans-acting factors directly involved in storage protein penc regulation
have not yet been reported. However, 1n some cases, the level of amina
acids can control the expression of storage protein, Vegetative storape
protein (VSP) gene expression in leaves, stems and seed pods is closely
related to whether these organs are currently a sink for nitrogen or a
seurce [or mobilized nitrogen for other organs (Staswick, 1989). The
leaves have a sensitive mechanism for detecting changes in sink demand
of mobilizing reserves, and V3P gene expression can be rapidly adjusted
accordingly. Sequestering excess amino acids in this way may prevent
thetr accumulation o toxic levels,

Genectic engineering using Agrobacterium Tumefaciens

Ome of the mast significant recent advances in the area of plant molecular
biology has been the development of the Agrobacteriwm tumefaciens Ti
plasmid as a vector system for the transformation of plants. In nature,
A. mefaciens infects most dicoryledonous and some monocotyledonous
plants by entry through wound sites. The bacteria bind to cells in the
wound and are stimulated by phenalic compounds released from these
cells to transfer a portion of their endogenous, 200 kb Ti plasmid into the
plant cell (Weiler and Schroder, 1987). The transferred portion of the Ti
plasmid, T-DNA, becomes covalently integrated into the plant genome
where it directs the biosynthesis of phytohormones using enzymes which
it encodes. The wvir gene in the bacterial penome is known to be
responsible for this process. In addition to vir gene products, directly
repeating sequences of 25 bases called “border” sequences are essential,
but only the right terminus has been shown 1o be used for T-DNA
transter and integration.
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Expression of the T-DMNA pene inside the plant results inthe wncontrolled
srowlh of these amnd surrpunding cells, leading to tormation of 3 wall
{Weiler and Schroder. 1987). Ti plasmids, from which these disease-
producing genes have been removed or replaced, are referred 1o as
“dhisarmed” and can be used for the inmroductuon of foreizn genes inte
plants. The grem size of the disarmed Ti plasmid and [ack of unigue
restriction endenuclease sites prohibic direce cloning ino the T-DNA
Insrcad. intermediate vectors such as phMOMNZ3T or pBILIZI can be wsed
o introdece genes inle the T plasmid. Currently, twoe kinds of vectar
systems are available as intermediate vectors: cointegrating vectors and
Rinary vectors. A cointcgrating transformation vector must mnclude z
region Of homaolagy between the vecltor plasmid and the Ti plasmid.
Onece recombination occurs. the cointegrated plasmid is replicated by
the Ti plasmid origin of replication. The cointegrare system, while more
chifficall 10 wse, does offer advantages. Once the cointegraie has been
formed, the plasmid s stable in Agrobacterium.

A binary vector eontaing an origin of replication from a broad host-
range plasmid instead of a region of homology with the Ti plasmid.
ince the plasmid does not need 0 form o coimtegrate, these plasmids
are considerably easier to introduce inte Apgrobacterium. The other
advantage 1o binary vectors is that this vector can be introduced me
any Agrobacterium host contaming any Ti or Ei plasmid, as long as the
vir helper function s provided. Using these systems, the gene regulation
mechanism of storage proteins has been elucidated.

Improvement of nutritional qualitics of plants

The aming acid composition of the cereal endosperm protein is
charactenzed by a high content of proline and glutaoine whale the
amount of cssential aming acids, lysine and toyptophan in particular,
i5 @ limiting factor (Pernollet and Mosse 1983). In legumes, sulfur
conlaining amino acids such as methionine and cysteine are the major
Emiting easential amino acids [or the efficient utilization of plant protein
as animal or human food while roots and tubers arc deficicnt in almost
all of the essential aming acids.

There has been a great deal of effort to overcome these amino acid
limitations by breeding and selecting for more nutritionally balanced
varieties. Plants have been mutated in hopes of recovenng individuals
with more puiriious storage protemns. Neither of these approaches has
been very successful, althowgh some naterally occurring and artificially
produced mutants of cereals were shown W0 contain a more nuinionally
balanced aming acd composition. These mutations cause a significant
reduction in the amount of storage protein synthesized and thereby resnit
in a higher percentage of lysine in the seed; however, the softer kernels
and low yield of such strains have mited ther wsefulness (Pernollet
and Mosse, 1933), The reduction in storage protein also causes the
seeds 10 become more brittle; as a result, these seeds shatter more
eagily dunng storage. The lower levels of prolamin alsa result in fours
with unfavorable funetional properties which cawse brttlensss i the
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Expression of the T-IDMA pene inside the plant reselism the unconorolled
arowth of these and surrounding cells, l=ading to formation of a eall
(Weiler and Schroder, 1987). Ti plasmids, frem which these disease-
producing genss have been removed or replaced, are referred o as
“disarmed ™ and can be wsed for the mroduction of foreirn penes inmg
plants, The great size of the disarmed Ti plasmid and lack of unigue
restrictien endoenuclease sites prohibic direct cloning inmo the T-DHA.
Instead. intermediate vectors such as pbON2ZET or pBII121 can be used
fer infroduce genes inta the T plasmid. Currently, two kinds of vecior
systems are avalable as intermediate vectors: colntegrating vectors and
binary vectors. A cointegrating transfocmiation veotor must include a
regicn of homology between the vector plasmid and the Ti plasmid
Onee recombination occurs, the cointegrated plasmid s replicaed by
the Ti plasmid origin of replication. The comtegrate system, while more
difficult to wse, does offer advantages. Once the cointegrate has been
formed, the plasmid is stable in Agrobacterivm.

A binary vector containg an origin of replication from 4 broad host-
range plasmid insiead of 2 region of homology with the Ti plasmid,
since the plasmid does not aced w form a cointeprate, these plasmids
are considerably easier (o introduce into Agrobacterium. The ather
adventage o binary vectors is that this wector can be introduced inte
any Agrobacterium host containing any Ti or Ri plasmid, as long as the
vir helper function s provided. Using these systems, the gene regulation
mechanism of storage proteins has been clusidaced.

Improvement of nutritional qualities of plants

The amino acd composition of the cercal endosperm protcin is
churacterized by a high content of proling and plutamine while the
amount of cssential aminc acids, lysine and tryptophan in particular,
is @ limiting (actor (Pemoliet and Mosse 1983). In legumes, suffur
containing amino acids such as methionine and cysteine are the major
limiting essential aming acids for the efficient utifization ol plant protein
#5 animal or human food while roots and twhers are deficient in aimost
all of the essential aming acids.

There has been a great deal of effort w overcome these amino acd
hmitations by breeding and sclecting for more nutritionally balanced
vareties. Plants have been mutated i bopes of recoverning individuals
with more purrious storage proteins. Neither of thess approaches has
been very successful, although some naturally occurring and artificially
produced mutants of cereals were shown o contam 2 more nuiriionaslly
balanced aming acid composition. These mutations cause a significant
reddueticn in the amount of storage protein synthesized and thereby result
m @ higher percentage of Ivsine i the seed; however, the soffer kerncls
and low yicld of such strans have hmited their wselulness (Pernoller
and Mosse, 1933}, The reduction in storage protein also causss the
seeds 0 become more brictle; as a result, these seeds shatter more
easily duning storage. The lower levels of prolamin also result in Aours
with unfavorable functional properties which cause brttleness in the
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baked products (Pernollet er al o 1983). Thus, no satsfactory solurion
has yet been found for improving the aming acd composition of storase
profeins

Cne direct approach to this problem would be to modify the nucleoride
sequence of genes enceding stotage proteins so that they contain high
lewvels of essential amino acids. To achieve this sim, several labargronies
have tried to modify and express slorage proteins in the host plants.
Muodified storage proteins have been created and expressed by changing
their eodon sequences. In vitro mutagenesis was used to supplement the
sulfur amino acd codon content of 2 pene encoding F-phaseoiin, a
FPhaseolus vilgaris storage protein {Hoffman ct al., 1988). The nutritionsl
quality of B—phaseolin was increased by the insertion of 15 amino acids,
six of which were methionine. The mserted peptide was essentially a
duplication of a naturally occurnng sequence found in the maize 15kd
zein storage protein (Pederson er al, 1986). However, this modified
phaseolin achieved less than 1% of the expression level of normal
phaseolin in transformed seeds. Recently it has been found that this
mseruon was made in part of a major structural element of the phacsolin
trimer {Lawrence er al., 1990, Therefore, an inclusion of 15 residues at
this site could distory the structure at the tertiary and{or) quatcrnary
lewel.

Lysine and tryprophan-encoding oligonucleotides were introduced ar
several positions inte a 19kD e—type zein complementary DNA by
cligonucleotide-mediated mutagenesis (Wallace ot al, 1988), Messenger
BEMA for the modified zein was synthesized in vitre and injected into
Xenopus laeviy oocytes. The modified zein agrregated into structures
sumlar 1o membrane-bound protemn bodies. This experiment suggested
the possibility of creating high-lysine corn by genelic engineerng.

There are allernative approaches that might be more practical, One
ol these 15 to transfer heterologous storage protein genes that encode
storage proteins with higher levels of the desired amino acids. For
this purpose, a chimeric gene encoding a Brazil nut methionine-rich
protein which containg 18% methionine has been rransferred to tobacco
and expressed in the developing seeds (Altenbach et al., 1989). The
remarkally high level of accumulation of the methionine-rich protein in
the seed of tobacco results in a significant increase in methionine levels
of —30%.

The maze 15 kd zein structural gene was placed under the regulation
of French bean B-phasechin gene flanking regions and expressed in
tobacco (Hoffmann et al., 1987). Zein accumulation was obtained as high
as 1.6% ol the total seed protein. Zein was found in roots, hypocoryls,
and cotyledons of the germinating transgenic fobacco seeds. Zein was
deposited and accumulated in the vacuolar protein bodies of the tobacco
embryo and endosperm. The storage proteins of legume secds such as
the common bean {Phaseolus vulgaris) and sovbean (Glycine max) are
dehcent in sulfur-containing amino acids. The nutritional quality of
soybean could be improved by introducing and expressing the gene
encoding methionine-rich 15 kd zein (Pederson et al., 1986).

A 292 bp synthetic gene (HEAAFE 1 = High Essential Amino Acid
Encidling) which encoded a protein domain high in essential amine acid
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was expressed a3 a CAT-HEAAE | fusion protein in potato (Jaynes
er al., 19860 Yang et al., 1989}, However, atructural nstability limited
the lugh level expression of this fusion protzin m the potato system.
Alsa, the content of essennal ammo acids was diluled te less than 400%
of the onginal encoded protein by constructing this fusion.

There are several precautions that should be considered mn engineenng
storage proteins (Larkins, 1933} First, m vitro mutational change must
not be in regions of the protein that perturb the normal protein structuree)
atherwize, the proteins might be wunstalle, Sccond, when amempling
e inerease outritional guality by intreducing & gene encoding a
heterologouws protein in crop plants, it 5 important that the proosin
encoded by an introduced gene does not produce any adverse effects
in humans or lvestock, the ulimate consumers of the engineersd seed
proteins [Altenbach ecal., 198%). Finally, it s critical thar the aming acds
present in the introduced protein are able o be atilized by the amimal for
growlh and development.

De Novo design of proteins —

Recently. 2 new field in protein research, de novo design of proteins,
has made remarkable progress due 1o oa better wnderstanding of the
riles which povern protein folding and topology. Protein desien has
twy components: the design of activity and the design of structure,
This review will concentrate on the design of structurally stable storage
provein-like proteins,

The vsual approach for the design of helical bundle protcing consistz
of linking sequences with a propensity for forming an a-helix via short
loop sequences to get linear polypeptide chains. This chain can fold into
the predetermined “globelar tvpe' termiary siructure in aquecus solution
(Mutter 1988, DeGrado et al. 1989). a-helical secondary structures are
stabilized by interatomic interactions that can be classified according to
the distance between interacting atoms in the sequence of the progin
(Dedirado et al,, 1989).

Short range interactions account for different amino acids having
different conformarional preferences. Both statistical {Chou and Fasman,
1978} and expermental (Sueki et al., 1934) methods show that residues
such as Glu, Ala, and Met tend 1o stabilize helices, whereas residues such
as (3ly and Pro are destabilizing. However, these intrinsic preferences arc
ot sufficient 1o determine the stability of helices in glebular proteins.

Analysis of the free-energy reguirements for helix aucleation and
propagation indicares that pepudes of 100w 20 residues should show e
helix formation in water (Bierzyvnski et al., 19382) when the Zimm-Bragg
equation (Zimm and Bragg, 1959) is used, with parameters (s and %)
determined by host-guest experiments where s 6 the helix nucleation
constant, n is the number of H-bonded residues in the hehix and 5 13
an avecrage stability constant for one residuc:

saEn-LE-1)
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Mevertheless. the 13 amino acid C-peptide obtamed from RNase A
does show measurabic helicity (~25%) at low lemperature (Bierrynski
et al.. 1982, Brown and Klee, 1981). The stability of this peptide
15 1000-fold grester than the value caleulated from the Zimm-Brage
equation. Specific side-chain interactions, factors that are not conside red
in the Zimm-Bragg maodel, are responsible at least in part for the fact that
the C-pepride is much more helical than predicted (Scherepa, 1985).

feledhum-ringe interactions are responsible for the addinonal stabilization
of secondary structures [(DeGrade er al, 1989, Interaction bepween
the side-chains are regarded as mmportant medium range interactions
(Shoemaker et al., 1987; Marqusce and Baldwin, 1987), These include
electrostatic interactions, hydrogen bonding, and the perpendicular stacking
of aromaric residues (Blundell et al., 1986). An o—helix possesses a
dipole moment as a result of the alipnment of 1ts peptide bonds. The
positive and negative ends of the amide group dipole point toward the
helix NHa-terminus and COOH-terminus, respectively, giving rise to a
significant macrodipole. Appropriately charged residues near the ends of
the helix can favorably interact with the helical dipole and stabilize helix
formation. It was estimated that the eleetrostatic interaction between a
pair of antiparallel a-helices is about 20Kcallmel less than a parallel
e—helices pair (Hol and Sanders, 1981). Hydrogen bonds between side
chang and terminal helical N-H and C=0 groups alse participate in
the stabihzation of helical structure (Richardson and Richardson, 1938,
Fresta and Rose, 1988; Richardson and Richardson, 1989),

Protein structures concain several long-range stabilizing interactions
which include hydrophobic and packing interactions. and hvdrogen
bonds. Among these, the hydrophobic effect is 2 prime contributor to
the [olding and stabilizing of protein structures. The driving force for
helix formation in RNase A anses from long-range interactions berween
C-peptide and S-protein, a large frapment of the protein from which
C-peptide was cxcised (Komoriva and Chaiken, 1985).

The role of hydrophobic interactions in determining seoondary structures
was studied for a senes of peptides containing only Glu and Lys in their
sequence (DeGrado and Lear, 1985). Glu and Lys residues were chosen
as charged residues for the solvent-accessible exterior of the prorem o
help stabilize helix formaron by electrostatic interaction.

Stability of designed proteins

Hydrophobie: residues often repeat every three to four residues in an a-helix
and form an amphiphilic structure (DeGrado et al., 1989). Amphiphilicity
i important for the stabilization of the sccondary structures of peprides
and proteins which bind in aqueous solution 1o extrinsic apolar surfaces,
including phospholipid membranes, air, and the hydrophobic binding
sites of regulatory proteins (Degrado and Lear, 1985). This amphiphilic
secondary structure cun be stabilized relative fo other conformations
by self-associatipn, Therefore, shorr peptides often form the a-helix n
water only because the helix is amphiphilic and is stabilized by peptide
agpregation along the hydrophobic surface. Matural globular proteins

Li
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are folded by a similar mechanism, involving hydropholbe mreraciion
Ferween neighboring sepments of secondary structure {Presnell and
Cohen, 198%9). Using the concept of an amphiphilic helix, DeCirado and
coworkers have successfully built pepride-hormone anslogs with minimal
homolegy 1o the natve sequences. These peprides, like the native ones,
are: 0ot helical in solution but do form helices at the hydrophobis surfaces
of membranes.

Dresigned svnthenie pepides bave been vsed o show how hydropholie:
perindicity in a profein sequence stabilizes the formation of simple
sepondary structures such as an amphiphilic a—helix (Ho and DeGrado,
[987). The strategies used in the desipn of the helices in the four-helix
rundles are: 1) the helices should be composed of strong bebix [orming
aming acids, and 2} the helices should be amphiphilic; e, they should
have an apolar face o mteract with neighboring helices and a polar face
o maintzin water solubility of the cnsuing aggregates. The results show
that hydrophobic pericdicaty can determine the structure of a peptide.
Therefors, the peptides tend to have random conlormations in very dilute
salution, but form secondary structures when they self-associate (at high
concentration) or bind o the am-water surface,

The free encroy associated with dimenzation or eiramerizaion of
the designed peprides could be expenmentally determined from the
concentration dependence of the CD spectra for the peptides (Dedrado
et al., 199 Lear ot al., 1988; DeCrrado and Lear, 1983) 0 AL low
concenirations, the peptides were found 0 be monomenc and have low
helical contents, whersas al high concentration they could self-associate
and stabilize the sccondary structure. Therefore, possible hairpin loops
between helices can affect the stability of the secondary structure by
enhancing the self-association between the helcal monomers. A strong
helix breaker {(Chow and Fasman, 1978; Kabsch and Sander. 1983,
Sueki e1 al., 1984, Scheraga, 1978) was included as the first and last
residue to set the stage for adding a hairpin loop between the helices.
A single profine residue appeared capable of serving as a suilable link
if the C and N terminal glycine residues are slightly unwound. Glycine
lacks & B—carbon, which is essential for the reverse turm where positive
dihedral angles are required. The pyrrolidine ring of proline constrams ils
[ dihedral angle —50°. Thus, proline should be destabilizing at positions
where significantly different backbone torsion angies are required. This
amino acid, as well as glvane, has 2 high tendency to break helices and
occurs {requently at turms (Creighton, 1987,

The direct evidence for stahilization of protein structure by adding the
linking sequence was observed by comparing the guanidine denaturation
curve for a monomer, dimer and tetramer (Degrado en al., 1989). The
gene encoding tetrameric protein was expressed in £, colfi and purified
o homogeneity, In the series of mong-, di-, and tetramer, the stabilicy
toward guaniding denaturation inereases copcomitantly with the morease
in covalent cross-links berween helical monomer, Al eguivalent peptide
concentrations, the midpoints of the denaturation curves occurred at
0.55, 4.5 and 6.5M puanidine for the. mono-, di, and teframer.
Furthermore, as the number of covalent eéross-links was increased,
the curves became increasingly cooperative. Thus, the linker sequence
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stubilized the formation of the four helix structures ar low concentration
of the peptides (<X 1mgfml).

Structural stability of proteins is directly related o in vivo protedlysis
{Parasell and Sauer, 1989). Proteolysis depends an the accessibility of 1he
serssile peptide bonds to the attacking protease, The sites of proteolytic
provessing are gencrally an relatively flexible interdomain segments or
on the surface of the loops, in contrast to the less aceessible interdomain
peptide bonds (Newrath, 1989). This supgests that the stability of the
lolded state of the protein is the most important determinant of its
protealytic degradation rate. The effect of a folded structure on the
proteolytic degradation has been proven by several experiments, First,
proteins that contam amino acid analogs or are prematurely terminated
are often degraded rapidly in the cells {(Goldberg and St. John, 19745,
Secomd, there are goodd corrclations between the thermal siabilities
of specific murant proteins and their rates of degradation m E. ool
(Pakula znd Saver, 1986, Parasell and Sauer, 1989). Finaily, second-
Sil¢ SUPPressor mutalions that increase the thermodynamic stability of
unstable mutanl proteins have alse been shown 10 increase resistanee
to intracellular proteolysis (Pakula and Saver, 198%). The solubility of
profeins could alse affect their proteolyvtic resistance as some proteins
aggregate 1o form inclusion bodies that escape proteolytic attack (Kane
and Hartley, 1988).  Metabolic stability is another factor influcnang the
i vive stability of protemns. Usually, damaged and abnormal profeins are
metabolically unstable in vive (Finley and Varshavsky, 1985: Pontremoli
and Melloni, 1986). In eukaryotes, covalent conjugation of ubiguitin with
protens is essential for the sclective degradation of short-lived proteins
(Finley and Varshavsky, 1985). It was found that the amino acid ar the
aming-lerminus of the protein determined the rate of wbiguitination
{Bachmair er al., 1986). Both prokaryotic and eukaryotic long-lived
proteins have stabilizing amine acids such as methionine, serine, alanine,
glycine, threonine, and valine at the amino terminus end. On the other
hand, amine acids such as leucine, phenylalanine, aspartic acid. Ivsine,
and arginine destabilize the target proteins

Designed nutritional proteins

We designed the synthetic proein DMP 1 to contain a high content
of those amino acids which are essential to the diet of animals. The
optimized content of essental amine acids for this new protein was
abtained empirically by determining the amounts of cssential amino acids
necessary for normal metabolism of the animal. We alse determined the
“deficicney values™ or the ratios of deficient essential amine acids for the
10 primary crops animals consume throughout the world {Figure 3). From
these data, we then found the ratio of essential amino acds needed to
totally complement each particular plant foodstuff. We merely averaged
these values and came up with 2 set of numbers we call the “Average
Eatio far All Crops Idealized to the DNP 1 Monomes® (Figure 4], This
set of numbers represents the tato of cssential amino acds MECESSATY
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i 17T = 20
Leu 1.7 —== 20
Ly= 38— 40
Mar 25— 30
Phe 148 —== 1.0
Thr 188 —==- 20
Trp 153 =——fe 1.1
Wal 1.85 =——pr. 1.0

160 TotalMonare

Fipare 3 How the composition ratio of the HOMP 1 nsonomer wis cakeulated, The

ratio = oan overall zverage which takes w0 comideration 2l daily requiremenis for five

apge proups: the deficences of the oo mujor crop planes people consume: rice, ahea,

harley, sorghiam, manzc. podato, sweed poiace, plantxin, cossavn, and taro; and how el
these plant fondstuffs are wilized as & prolein suree.

to complement the deficiencies found in all 10 crops for all human age
Eroups,

From the above set of numbers, we designed the DNFP 1 protein for
humans (HDWT 1), It has 1.8 times more of the cssential aming acids
compared 10 zein or phaseolin. The difference in MLEAA is much
higher. containing thres times more than phaseolin and 6.5 times more
than zein. The hefical region of HDNP 1 is amphipathic (hydrophobic
residucs clustered on one face of the helix while hydrophilic residues are
found on the other face) and is stabilized by several GLU — LYS salt
bridges (Figure 3). The helix breaker Gly-Pro-(Gily-Arg has been used
a5 a turn sequence. The design results in an antiparallel wetramer which
achieves an extracrdinanly stable secondary and tertiary structure even
at low concentration.

The structural stability of a protein is important in determining its
susceplibility to proteolysis. Most native proteins are relatively resistant
to cleavage by proteolytic enzymes, whereas denatured proteins are
much mare sensitive (Pace and Barret, 1984), Several findings suggest
that the stability of a folded protein is an important determinant of
s rate of degradation. Therefore, in addition to improved nutritional
quality, HIDNFP 1 has been designed to have a stable storage protein-like
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Figure 3 A depicoon of the amphiphilicicy of the HFMNE T mononser whsee Bydroplabe
amine acick are m the white rectangle and hydeophilic i the shaded rectanple. Mate the
imnteraction bolween the Gla (E) and Lys (K) residues (dark lines depict salt bridpas).

structure in plants. Its design is based on the strocturally well-studied
corn storage zein proteing (219 and Z27), which are comprised of nmne
repeated helical units {Apros et al., 19820, Each helical unit of zein,
16 to 26 amino acds long, is flanked by turn regions and forms an
antiparallel hebisal bundle. Maost of the aming acids in the helices are
hydrophobic residues. On the other hand, HDNP 1 is comprised of four
heligal repeating units, each 20 amino acids long {Figure 6). Increased
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Figure & The amino o sequescs of the HDNFP 1 tetramer. Hydrophilic amine acids
agse urlerlingd and B-turns so indiczied.

fene copy number BY concatenalion can morease the protem yields, At
the same fme, gene concatenation gives the increased molecular mass
of the encoded protein. Such an incroase in size and concalenalion can
significantdy stabilize an otherwise unstable product (Shen, 1984).

The 284bp pene encoding this novel peptide was chemically synthesized
and cloned into an E. coli expression vector, This peoe conlains plant
consensus sequences at the 3° end of the translation inidation site to
optimize the expression of proteins in vivo. It was placed wnder the
control of the 235 cauliflower mosme vicws (CabV) promoter in order
o permit the consttulive expression of this gene in tobacco.

Prediction of the structure of HDNP 1

The sccondary structures of the HDNEP 1 monomer and tetramer wers
predicted by PREDICT-SECONDARY in B-SYBYL. The percentage
of c-helix content predicted by imformation-theory showed a higher
e—helix content compared o the other two prediction methods {Baves-
statistic and neural-net) in PREDICT-5ECONDARY. The predicted
secondary structures by information-theory gave 100% helical content
for the monomer and T4% for the tetramer.

However, the accuracy of the three widely vsed prediction methods
ranged from 49% to 56% for prediction of three states; helix, sheer,
and coil (Kabzch and Sander, 1983). This inaccuracy might be due to
the small size of the data base and{or) the fact thar secondary structure
i determined by rertiary interactions which are not included in the
local sequences. For [urther predictions of structure, the structures
predicted by information-theory were energy minimized using SYBYL
MANIMING.

A perfect amphiphilic a-helical conformation was predicted for the
HDOMFP I-mongmer aller minimization. The tertiary structure of the
HDMF |—tetramer after minimizaton showed the antiparallel confor-
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manon @5 was designed. These minimization results suggested the high
probability of stable secondary structure (ec-helix and f-turn) formation
of the HIDNP [-monomer and —tetramer. However. @8 might he oo
early 10 conclude the tertiary structure of the HDMP l-tetramer with
minimization only without considering longer range interactions which
are the most impooiant determinant of protein folding.

The predominant driving force for folding the HDNP 1-tetramer might
be the longer range hydrophobic interactions between the a—helical
manomers, because HDINP | was designed to be amphiphilic. However,
na currently avallable force feld for the minimization of tertiary stoucture
contains these parameters and could not give the perfect predicted
tertiary srructure of the protein. Actually, mimimization schemes alone
have falled to predict chain folding accurarely (Fasman, 1989). Therefore.
we might be able to obtain indications of 2 much more stable sccondary
and tertiary srrucrures if we considered this factor for the minimization
of HDMNP 1-tetramer.

Structural analysis of HDNP 1 protein

The structural stability of HDNP l-monomer and tfetramer could not
ke determined by minimization only. Therefore. the stability of the
a—hefical secondary structure of HDMNP 1-monomer was investigated,
HPLC analysis of the gel Altered syntheric HDNP l-monomer showed
that purity was more than 90% and amino acid analysis of the purified
fraction gave the expected molar ratios. This fraction was also analyized
by mass spectrometry, and the melecular weipht peak corresponding
i the HDNF I-monomer (259637 was present. Smce the structural
stability of HDNF 1-monomer and tetramer could not be determined
by minimization only, the stability of the e-helical secondary structure of
HDNFP 1-monomer was investigated by circular dichroism (CD) analysis.
CD spectra of HDNP 1-monomer showed the typical pattern of - helical
proteins with double minima at 208 and 222 nm m agueous solution {data
not shown ). The stability of the sccondary structure can be induced by the
inter-maolecular interaction between the helical chaing (DeGrado e al,,
1989). Therefore, stable aggregation between monomers, presumabily
through hydrophobic interactions, could stabilize the helical structure.
Besides, proper packing of the apolar side chains and proper electrostatic
interaction might play imporant roles in stabiliang the secondary structurs
of HDNP 1. The stable interaction among the monomenc HDNP |
molecules is an important determinant for the proper folding into
the tertiary structure of the HDNP l-tetramer. Thercfore, the self-
agsoctation capability of the HDNP l-monomers was investigated by
wsing stze exclusion chromatography. The hydrodynamic behavior of
this peptide showed that it was aggregated into & hexamer form with
an apparent molecular weight of about 17 kD. This hexameric aggregate
could e maintained in either low or high iomic sirength solutions.
This result provides proof of the stable globular type tertiary siraciung
formation of tetrameric HDMNE 1.
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Three potential G-turn (Gly-Pro-Gly-Arg) sequences were inseried
betwesn [our menomers for the HDMNP l-tetramer construction. The
f—turn could play an important role for structural stability of the
HDNFP I—tetramer when it is expressed in vivo. [t ¢can alse help stabilize
tertiary strwcturs formation. The interacrions belween the helical monomers
mighl be much faster due to the proximate cffect when they are
connected. This proximate effect might be critical for folding at the
low concentrations of HDNP l-tetramer that are possible when they
are expressed m vivo. At the same time, the stability of the secondary
structure 15 increased by the bhydrophobic interactions between helical
monomers. In addition, this B—turn sequence has a trvptic digestian sige
{Gly-Arg) which could increase the digestibelity of this protein when it
is consumed by animals

The stability of the folded structure of @ protein has a close relation
to its proteolytic degradation rate (Pace and Barret, 1984; Pakula and
Sauer, 1986; Parasell and Saver, 1989; Pakula and Sauner, 1989). In
this respect. we expected high stability of folded HDNP I-tetramer
against proteolytic degradation when it is expressed in vivo. Stable
quaternary structure i essential for the formation of protein bodies
of storage proteins in zein or phaseolin (Lawrence et al., 19803, These
higher order structures can be achieved through the interaction and close
packing of the stable tertiary structures. The major driving force for this
Juatermary structure formation 15 also hyvdrophobic interaction belween
the tertiary structures. Al this moment, designing and prediciing of the
quaternary struclure is not casy bur our data sugzest that precisely this
might be ooourring with HDNE 1-retramer.

Introduction of HDNP 1 gene into tobacco

The correct insertion and orientation of the pBl derivative containing
the HDNF 1 tetramer was screened by EcoRI and HindIll digestion
{it was found in £, colf that the most stable form of the pene was the
tetramer form). The EcoRI digestion gave a fragment of the expected
size, 3.2 kb, which consisted of 3'NOS of HDNP | and the GUS gene
{data not shown), Also. the HDNP | gene with its 355 promoter and
MO sequences was detected as a 1.4 kb band by HindIII digestion,
stable transtormation of the HDNP 1 gene into A. remefaciens LBA4404
was confirmed by Hind1II digestion of isolated plasmid DNA. It could he
solated from Agrobacterium and detected by enzyme digestion because
pBIIZ1 is a binary vector. Leaf discs, transformed with LBEAS404
carrying the HDNF 1 gene, gave about five to seven shoots two to
three weeks after infection, A total of 565 kanamycin-resistant shoots
were regenerated from 120 feaf discs. These shoots were excised from
the leaf discs and transferred to new media 10 grow several more weeks
and then transferred to rooting media. After three weeks in rooting
medium, 126 rooted shoots were analyzed for f—glucuronidase (GUS)
Foot tps of 36 out of 126 plants showed vafious levels of GUS activity
Mot all the kanamycin-resistant shoots showed the GUS positive result.
Although kanamycin resistance was due to the expression of neamycin
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phosphotransferase (NTF I gene ). regeneration of nontransgemc shoots
in the presence of Kanamycin has been repored. Therefore, escapes from
the screening based on Kanamyein sensinviny sught have occurred in the
aontrnsiormed plants, making them kan-_.mv-;,m CEEISTAnT.

Thirty =ix plantlets which showed high levels of Beslucuronidase
activity were transplanted into jiffy pots. After establishment of the
plants, & more accurate Quorogenic assay for GUS activity was donc
to quantily the expression level of this gene {data oot shown), Some of
these transformed tobacco plants showed higher levels of B-glucuromdas:
activity compared o other plants. The level of expression. might be
primarily affected by whether the gene i3 imeorporated into an active or
inactive site of chromatin. Actvity of chromation, methylanon of DA
and nuclezse hypersensitivity are closely related to cach other. [t has
been found that the nuclease hypersensitive sites correlate 1o active
transcription (Gross and Garrard, 19870 The degres of methylation of
DNA is inversely related to gene expression. Furthermore, if the gene is
located near the plant’s endogenous promoter or enhancer sites, the level
of expression of this gene will be increased by these near-by enhancing
facrors, Thercfore, the difference in the levels of (GUS activity betacen
the transformed plants might be doe 1o this posinenal effect, which was
determined by the zites of incorporation of this pene mto the tobacco
EEnOmE.

Expression of HDNP 1 in transformed plants

Polyclonal antibody raized against synthetic HDNF 1 monomer was used
to detect the production of stable HDNP 1 protein in mobaceo. High levels
of the tetrameric form (11.2 kd) of the HDNFP 1 protein were detected
from plant & L7 by western blor analysis (data not shown). Therelore,
direct correlation was found between pene copy oumber, number of
genetic NPTII koci, (GUS expression, accumulation of HDNP 1 transcript
and prorein expression level in the case of plant #17. Some heterologous
seed proteins undergo spectlic degradation when expressed in ransgenic
plants. A significant amount of the immunoreactive protein accumulated
m tobaceo seed expressing the phaseolin gene i smaller than the final
processed protein (Sengupta o al, 19350, A similar result was found
when f—conglycinin was expressed in transgenic petunia {Beachy er al.,
1925)., In contrast G these resuliz, the HDMNF | protein appears to be
quite stable in transgenic tobacco plants,

Aming acid and total protein analyses were conducted on leaf tissue
from several of the transgenic plants which produced detectable levels of
HDNP 1. Surprisingly, we found that the overall levels of all amino acids
were increased with some of the plants being remarkably high. (Figure 7).
This rather dzconceriing result bas boen n:pn:amd numerous times and
the overall levels of all amine acids in the transgenic plants remain
sigmificantly elevated. Other methods of determimng overall protein
content have been wsed with similar trends observed, For example,
comparison of total protein densitometric values denved from SD5-
PAGE of eqguivalent samples {oma weight basis) yield the same results
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(dara not shown). At this time., we can offér no definitive explanation.
Therefore, in addition to being a very stable protein in a plan: cell,
HDNFP | must function as a general ‘protein-siabilizes” and coduces
overall prolein turnover without apparent deleterious effects 1o the
plants, since there is po observable difference 1o growth characteristics
in the planes producing high amounts of HDNFP 1 over control plants

Conclusions

HDNF 1 is the first reported de novo designed protein expressed in plant
systems. We have found that it is possible 10 construct a protein of high
nutritional valee mimicking the well known physical characteristics of
plant storage proteing. Plans for {uture studies of tetrameric HIDNFP |
begin with further analysis of its structural properrics such as: 1) stability
against proteolytic attack, and 2) solubility and aggrepation pattern.
Additionally, we are inlensively studying the import of its apparent
ability 10 réduce overall protein turnover. Subsequent plans are W pursue
high level tssue-specific expression of this gene in the mors sconomically
imporiant planis such as potato, soybean, and selected cereals.

It should be clear that the application of the above-deseribed technigques
for protein design could have a profound impact on how humans feed
themselves and their livestock. It is possible that within the verv near
futwre (less than five years) traditional food and feed plants could be
produced that contain the [ull-complement of essential amine acids to
moeet the specific needs of sach species considered. Thus, foundation
seed-stock of so-called genetically-engincered “human-corn®”, “swine-
corn”, “poultry-corn”™, ete. could be provided 1o farmers for high-level
production, distribution, and sale w the food and feed mdustry.
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