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(ABSTRACT)

Gamma—zein, a proline—rich protein from corn endosperm,

was investigated at the molecular level. Immunological and

electrophoretic data indicated that gamma-zein was deposited

into protein bodies in corn endosperm. Both isolated poly-

somes and poly(A)* mRNA were found to direct in vitro

synthesis of gamma—zein in a wheat germ system. In vitro

synthesized gamma—zein was immunoprecipitated from the total

in vitro translation products. A cDNA expression library

was constructed by reverse transcription of total poly(A)*

mRNA using pUC8 plasmid as vector and E. coll strain DHl as

host. The library was screened for the expression of gamma-

zein and alpha-zein by specific antibodies. The library was

also screened with 32P-labeled gamma-zein and alpha-zein

cDNA probes. The results indicated that gamma-zein and its

fragments were readily expressed in E. coll while alpha-zein

was not.



Seven independently selected clones, six of which were

selected by antibody and one by a cDNA probe, were se-

quenced. A comparison of sequence information from seven

clones revealed that their overlapping regions were identi-

cal. This suggests that gamma-zein is encoded by a single
U

gene. This finding is in conflict with what was expected on

the basis of extensive charge heterogeneity of gamma-zein in

isoelectric focusing. Individual bands cut from an IEF gel

were rerun and shown to give several bands suggesting that

the charge heterogeneity of gamma-zein may be an artifact.

Sequence information of gamma-zein indicated that the gene

encodes a mature protein whose primary structure includes

204 amino acids and has a molecular weight of 21,824 dal-

tons. There are eight essentially identical tandem repeats

of the hexapeptide Pro-Pro-Pro-Val—His-Leu and two of the

octapeptide Gln-Pro-His-Pro-Cys-Pro-Cys-Gln in the N-termi-

nal one-half of the polypeptide. The codon specifying the

third proline in the hexapeptide repeating unit is identi-

cal, CCG, in all eight repeats. It is likely that these

highly conserved tandem repeats are of critical importance

to the function of gamma-zein which is presently unknown.

Alternatively, it is conceivable that selective pressures

responsible for conserving these tandem repeats may be oper-V

ating at the nucleic acid level.
‘
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Chapter I

INTRODUCTION

In the long human history, agriculture has been the ba-

sis for supporting the life of human beings. As early as
4

primitive people moved from hunting and gathering to farm-

ing, they learned to select and sow seeds from plants that

grew faster, produced larger fruit or were more resistant to

pests and diseases.

Since the beginning of the twentieth century, plant

scientists have helped to increase the productivity of many
7

important crops for food, feed, and fiber. A comparison of

average yields per hectare in the United States in 1930 and

1975 indicated that yields of wheat, corn, and cotton have

increased 115%, 320%, and 188%, respectively. Among all

agricultural improvements, applied genetics has accounted

for as much as 50% the of harvest increase in this century

(Gibbons, 1982). The commercial developments of hybrid corn

in the 1920's and l930's, "green revolution" wheats in the

l950's and 1960's, and the use of rice hybrids in China

since the mid 1970's are but three examples of how plant

breeding has a great impact on the staple food supply in

countries around the world.

-1.. _
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Unfortunately, today's world is still facing a food

shortage, although the world population growth rate was re-

duced from 2.2% in 1974 to 1.8% in 1984 (Wei, 1984). The

heart—breaking famine in Africa destroys thousands of lives

every day. It was estimated that at least one out of every

eight men, women, and children on earth suffers from malnu-

trition severe enough to shorten life, stunt physical growth

and dull mental ability (Report of the Presidential Commis-

sion on World Hunger, 1982).

Traditional plant breeding relies on the random recom-

bination. of genetic materials fronn parental plants. This

brings problems of time—consuming, labor-consuming, low fre-

quency of success, and restriction of the parental selec-

tion. The successful genetic manipulation of microbes has

encouraged researchers in agricultural sciences. Cell and

tissue cultures, and protoplasm fusion have shown to be

promising. Very recently, genetic engineering made its emer-

gence in plant sciences as a new and modern technology. Us-

ing recombinant DNA techniques, scientists are working to
‘

improve the efficiency of photosynthesis, reduce photorespi-

ration, have cereal crops attain the ability to fix nitro-

gen, produce higher yield have greater nutritional quality,

and etc. However, the complexity of plants presents a much

much greater challenge to advances in applied genetics than
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those posed by microorganisms. Molecular engineering has

been impeded by lack of answers to basic questions in mole-

cular biology and plant physiology. Nowadays, more and more

scientists are engaged in the study of plants at the molecu-lar level. u
Corn is one of the important staple crops in the world.

Although corn constitutes a major part of people's diet in

some developing countries, its nutritional quality is not

very high because it is deficient in two essential amino

acids, lysine and tryptophan. The amino acid deficiency is

due to a group of proteins, called zein, which are the major

storage proteins in corn endosperm. Because of its effect on

the nutritional quality of corn, zein has been the subject

of intensive research in plant genetics and plant molecular

—biology in the last decade or so. _In 1977, a minor, 5-10%

of the total, subclass of zein was discovered by Paulis and

Wall (1977) and purified and partially characterized by Esen

et al. (1981, 1982). This subclass, referred to as gamma-

zein, meets the criteria for being a prolamin like typical

zein in terms of solubility in alcohol, amino acid composi-

tion, and occurrence in endosperm protein bodies. However,

it is extremely rich in proline, histidine, and cysteine in I
comparison to other zein and has an unusual N-terminal se-

quence in that a perfectly conserved hexapeptide sequence is
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repeated six times or possibly more. The occurrence of these

invariant hexapeptide repeats in gamma-zein sequence sug-

gested that it was not simply a storage protein serving as

nitrogen reserve but might have a function critical to nor-

mal development of the corn kernel. These considerations be-

came the bases for further research aimed at a thorough

characterization of gamma-zein as well as the gene(s) encod-

ing it at the molecular level.

The research objectives were to:

1. determine when gamma—zein polypeptides are synthes-

ized during seed development.

. 2. isolate and characterize gamma-zein mRNA and its in

vitro translation products.

3. clone and characterize gamma—zein gene(s) and se-

quence a selected full-length clone.

4. deduce the primary structure of gamma-zein from the

sequence of its cDNA.
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1.1 LITERATURE REVIEW

1.1.1 The biological ang agronomic aspects gf ggrg.

Corn ( L.) is a grain crop which is well

adapted to regions with warm weather and much rainfall. It

is grown extensively in tropical, subtropical and temperate
A

areas. It can, however, be grown in a wide variety of envi-

ronments, because there is much genetic Variation among the

many strains of corn.

Corn is a flowering plant well suited for biological

research, including molecular studies. It bears its male and

female flowers separately with the male on the top and the

female 5-6 leaves from the top and a single ear can yield

more than 600 kernels.

Corn is one of the most important crop plants in the

world. It is high in yield, adaptable to many kinds of soil,

easy to plant and has a relatively short life span and con-

senquently a high efficiency in using land and growth sea-

sons. This and other biological and agronomical features

make corn provide much of the carbohydrate and protein for

people in many countries in the world. In developed coun-

tries, corn is also of prime importance for feeding domestic

animals. Hence, either directly or indirectly, corn is an

important protein source for human beings.
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There are two major parts in a kernel, endosperm and

embryo. The embryo is a plantlet which is derived from the

union of male and female gametes. The endosperm, which

constitutes the major portion of a kernel, is a fusion pro-

duct of two female gametes and one male gamete and, conse-
·

quently, is triploid. The function of the endosperm is to

accumulate reserve nutrients during seed development and

supply and provide nutrition later to the sporophyte during

germination and early seedling growth. The protein content

of corn kernels generally ranges from 7 to 11%. Although the

starchy endosperm, contains a lower percentage of protein _

than embryo, since it is the largest part of the grain, it

contains 75% of the total protein of the kernel (Shollenber-

ger and Jaeger, 1943).

1.1.2 Th; Storage Proteins in gggg Endosperm.

- Endospernx proteins of corn are grouped into albumin

(4%), globulin (2%), prolamin, also called zein, (55%) and

glutelin (39%) fractions based on solubility (Whitehouse,

1973). Albumin is soluble in water, globulin in salt, prola-

min in alcohol, and glutelin is soluble in dilute alkali and

detergent solutions.

The amino acid analysis (Gianazza et al., 1977) indi-

cated that zein contains high levels of leucine, alanine,
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proline, phenyalanine and glutamine. The existence of large

amounts of hydrophobic amino acids in zein primarily ac-

counts for the solubility of this protein in organic sol-

vents and its insolubility in aqueous systems. Zein is de-

ficient in two essential amino acids, lysine and tryptophan.

This makes corn of low protein nutritional value for human

beings unless it is taken in combination with other sources

of protein like beans. This nutritional limitation has been

partially improved as a result of the discovery of mutants

(e.g. opague 2 and Z) that reduce the synthesis of zein

protein (Mertz et al., 1964). These mutants, however, also

cause a reduction in yield (Lambert et al., 1969).

1.1.3 Fractionation gg ggig

Solvent fractionation was widely used. to study zein

composition in early investigations. Two zein components

could be differentiated on the basis of solubility in aque-

ous ethanol: alpha-zein is soluble in 95% alcohol and

represents 80% of the protein; beta-zein is soluble in 60%

alcohol but not 95% (Turner et al., 1965). It was deter-

mined by sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE) of reduced zein that alpha-zein had a

molecular weight (MW) of 22,000 and 25,000 daltons (Misra

and Mertz, 1976) and beta—zein of 10-15,000 daltons (Lee et

al., 1976). ·
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Another major storage protein fraction occurring in

endosperm is glutelin. It constitutes 30-40% of the total

protein (Landry and Moureaux, 1970). Glutelin is made up of

a heterogeneous mixture of many polypeptides aggregated into

a large multimeric network primarily through disulfide link-
i

ages. Polypeptides of the glutelin fraction are extractable

with dilute alkali or detergent containing a reducing agent.

Moureaux and Landry (1968) and Paulis et al. (1969) indepen-

dently discovered that some glutelin proteins were soluble

in alcohol after reduction of disulfide bonds. This alcohol

soluble glutelin fraction is referred to several names in-

cluding glutelin—1 (Landry and Moureaux, 1970), alcohol so-

luble reduced glutelin (ASG) (Paulis and Wall, 1971), zein-

like (Misra et al., 1975), and zein-2 (Sodek and Wilson,

1971). This fraction (to be referred as ASG for the time be-

ing) contained the same predominant amino acids as zein, but

higher amounts of His, Arg, Pro, Gly and Met.

The question of whether ASG and zein had similar or

unique polypeptide compositions have been, the subject of

several investigations. Gianazza et al. (1976) showed that

zein and ASG had similar isoelectric focusing (IEF) profiles

and essentially were made up of the same polypeptides. They

concluded that ASG polypeptides were essentially zein that

had formed supramolecular complexes with one another or
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non—zein proteins through disufide bridges and were conse-

quently rendered insoluble in alcohol without reduction.

Paulis and Wall (1977) reported the separation of ASG into

water soluble and water insoluble fractions by dialysis

against water. Water insoluble ASG was similar to zein elec-

trophoretically and in amino acid composition, whereas water

soluble ASG differed significantly. Esen et al. (1981) frac-

tionated ASG by cation exchange chromatography (on phospho-

cellulose) using a buffer containing alcohol (10 mM lactate,

pH 3.9, containing 60% isopropanol and 1% 2-mercaptoethnol

(2-ME). The elution profile obtained with O-0.5 M NaCl gra-

dient included two overlapping major peaks (fractions) and

four minor peaks. The early eluting fractions desorbed from

the column under conditions similar to those for zein and

contained primarily polypeptides of 22-24 kilodaltons (Kd) ‘

and 17 Kd while the two middle fractions contained an 18Kd

polypeptide. The two late-eluting fractions exclusively

contained 27 Kd polypeptides whose amino acid composition

was extremely rich in proline (26%). They also had a higher

histidine content (6%) than other alcohol soluble proteins.

This proline-rich ASG was concluded to be the same as the

water soluble ASG described by Paulis and Wall (1977) and

the reduced soluble protein by Wilson et al. (1981). Esen

named this proline-rich protein gamma—zein, because its
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properties such as being rich in proline and glutamine and

soluble in alcohol meet the criteria of prolamin set by Os-

borne (1908). Gamma—zein represents only 5-10% of total

protein in the endosperm (Esen et al., 1982). In other

words, its quantity in endosperm is about one-fifth of that
Q

of alpha-zein. The amount of gamma-zein in corn endosperm

depends on the genetic background of corn lines. Table 1

summarizes the characteristics of each member of zein fami- .

ly.

1.1.4 Characterization gf gamma-zein.

1.1.4.1 Subcellular localization gf gamma-zein.

By immunological and electrophoretic procedures, we found

the presence of gamma—zein in isolated protein bodies, in

which other zeins are exclusively found (Burr and Burr,

1976). Ludevid et al. (1984) found that gamma-zein (they re-

ferred to it as glutelin-2) is located mainly in the peri-

phery of protein bodies.
l

1.1.4.2 Solubility

As mentioned above gamma-zein is soluble both in aqueous me-

dia and alcohol once it has been extracted with alcohol un-

der reducing conditions. In fact, most of gamma-zein is in-

cluded in the albumin + globulin fractions if corn meal is
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TABLE 1

Three subclasses of zein

member solubility molecular weight % of total zein
(Kd)

alpha 50-90% alcohol 20-24 80-85%

beta 30-80% alcohol 10-17 10-15%
+ a reducing

agent

gamma 0-85% alcohol 27 5-10%
+ a reducing

agent
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subjected to extraction with salts (e.g. 0.5 M NaCl) prior

to extraction with alcohol. Therefore when gamma-zein occurs

at low levels as in the case of some inbreds (e.g. W64A), it

may not be detected in electrophoretic profiles of zein if

corn meal has been extracted exhaustively with salt solu-
u

tions earlier. This was the reason why Esen et al. (1982)

erroneously concluded that gamma-zein did not occur in some

maize inbreds.

1.1.4.3 Sigg ggg charge heterogeneity

Gamma—zein appears as a kucad (diffuse band) in SDS gels

with an estimated MW of 27 to 28 Kd. When the quantity of

protein applied on the gel is reduced, as many as 3 poorly

resolved size classes are detectable. The analysis of gam-

ma-zein fractions isolated by differential solubility at low

pH also indicated the presence of at least two size classes

(Landry et al., 1983). As for the charge heterogeneity, one

can readily detect 14-16 components focusing between pH 6.0

and 9.5 after IEF in polyacrylamide gels containing 6 M urea

(Esen et al., 1981). In general gamma-zein charge compo-

nents have more basic pls than those of alpha- and beta-

zein. This is consistent with their late elution from a ca-

tion exchange column. Because of the extensive

microheterogeneity observed after IEF, it was believed that
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gamma-zein polypeptides were encoded by members of a multi-

gene family.

1.1.4.4 Aging acid composition

Table 2 shows the amino acid composition of gamma-zein along

with those of alpha-zein and beta-zein. Gamma-zein has an

amino acid composition distinct from alpha-zein and beta-

zein. It has a higher Pro (26% vs 10%), His (6% vs 1%), Cys

(6% vs 1%) and lower Asx (trace vs 5%), Ala (5% vs 14%), Leu

(9% vs 19%) and Phe (1% vs 5%) content than alpha-zein.

Likewise, it has a higher Pro (26% vs 8%), Val (7% vs 2%),

His (6% vs trace)and lower Ala (5% vs 15%), Met (1% vs 10%)

and Tyr (1% vs 8%) than the 17kD Met-rich beta·zein. Thus,

amino acid composition data alone are sufficient to conclude

that gamma-zein is a unique alcohol soluble protein, not re-

lated to other zeins. The amino acid that distinguishes this

protein from other zein is proline in which it is extremely

rich (26%) and thus the name proline-rich zein. Its higher

content of His and Arg can explain its solubility in aqueous

media once it is reduced. Likewise its high Cys content is

1ikely' to be responsible for its insolubility in alcohol

without reduction since it occurs as large oligomers or po-

lymers held by intermolecular disulfide linkages.
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TABLE 2

Amino acid composition (mole Z) of gamma-zein, alpha-zein
and beta—zein.

Amino acid Gamma—zein# Alpha-zein# Beta—zein#

Asx 0.3 5.1 2.5
Thr 4.1 3.1 2.4
Ser 3.7 6.5 4.7
Glx 16.2 16.4 19.2
Pro 25.8 10.7 8.0
Gly 6.8 2.5 8.8
Ala 5.3 14.5 14.8
Val

‘
7.1 4.0 1.8

Met 0.8 1.5 10.8
Ile 2.0 3.7 0.9
Leu 9.4 19.4 10.0

_ Tyr 2.2 3.6 7.8
Phe 1.3 5.6 0.0‘
Lys 0.1 0.1 0.2
His 5.8 1.1 0.2
Arg 3.0 1.3 3.4
Cys 6.3 1.0 4.6

# From Esen et al. (in press).
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1.1.4.5 The primary structure gf gamma-zein

.From N-terminal amino acid sequence analysis, Esen et al.

(1982) found that all gamma-zein fractions have identical

sequences for at least 49 residues. They speculated these

polypeptides were products of a multigene family which arose

by' duplication from an ancestral gene. Their interesting

finding was that a hexapeptide, Pro—Pro·Pro—Val-His—Leu, was _

tandemly repeated at least 6 times and probably even more.

This repeating hexapeptide sequence started at position 12.

The exact number of repeats has been determined to be 8 by

nucleotide sequencing of gamma-zein gene in this study (see

Chapter IV).

Pedersen et al. (1982) identified 9 tandemly repeating

units of 20 residues in alpha-zein primary structures they

deduced from DNA sequences. However, in this case repeating

units had diverged considerably. Argos et al. (1982) pro-

posed a model for the secondary and tertiary structure of

zein in which 9 repeating units form anti—paral1e1 helices

and produce a rod-like structure. Since the complete primary

structure data of gamma-zein was not available at that time,

no conclusions were drawn about the significance of the es-

sentially invariant N-terminal sequence and of the identical

tandem repeats to the biological function of gamma—zein.
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Periodicity in amino acid sequences of such animal pro-

teins as collagen, keratin, silk fibroin, protamine and tro-

poelastin has been known (Piez, 1968; Ycas, 1972; Foster et

al., 1973). Identical tandem repeats, however, have been

found in only a few proteins, most notably in freezing-point

depressing glycoproteins (DeVries et al., 1971) and tropoe—.

lastin (Foster et al., 1973; Gray et al., 1973). For exam-

ple, in tropoelastin, 4-, 5- and 6- residue-long units were

repeated in tandem in different regions. Nontandem identical

repeats have also been reported in proteins isolated from

human saliva (Isemura et al., 1980; Wong et al., 1979). Re-

cently, a periodic protein has been discovered in the Flas-

modium species (Enea et al., 1984). The most spectacular ex-

ample is the circumsporozoite (CS) protein. of the human

malaria parasite Plasmodium falciparum in which a tetrapep-

tide sequence of Pro-Asn-Ala-Asn is repeated 23 times in

tandem with complete identity (Enea et al., 1984).

1.1.4.6 Secondary, tertiary ang quaternary structure.

Wu et al. (1983) estimated the helicity of water soluble ASG

(gamma-zein) to be 19% by Optical Rotatory Dispersion and

Circular Dichroism measurements. This‘low alpha helix con-

tent is consistent with the high proline content of gamma-

zein. There are neither tertiary nor quaternary structure
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data available about gamma-zein. One can postulate from the

high Cys content and insolubility without being reduced that
i

the native protein forms large quaternary associations

through intermolecular disulfide bonds.

1.1.5 Nucleic acid seggence gf ggin

Studies on alpha-zein mRNA populations indicated that

alpha-zein mRNAs could be divided into at least three fami-

lies, each having related nucleotide sequences (Park et al.,

1980). Hagen and Rubenstein (1981) showed the presence of

numerous genomic segments of different molecular weight hom-

ologous to a given zein cDNA clone. Viotti et al. (1979) es-

timated that there were 120 copies of the alpha-zein gene

per haploid genome. Viotti et al. (1980) found, by in situ

hybridization, that the zein genes were on the long arm of

chromosomes 4 and 5, the short arm of chromosome 7 and the

distal segment of the long arm of chromosome 10. An inter-

esting finding was that the two sites on chromosome 7 and 10

were near the opagge-2 and opague-7 loci which were known to

regulate zein synthesis.

Many research laboratories have deduced the primary

structure of alpha-zein polypeptides from sequences of

cloned cDNA or genomic DNA. By comparing the nucleotide se-

quences of cDNA and genomic DNA of the zein gene, Pedersen
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et al. (1982) found some interesting features about the nu-

cleotide sequence of the zein gene. First, both cDNA and ge-

nomic DNA for alpha-zein are structurally closely related.

Both 5' non—translated sequences are identical and contained

56 nucleotides upstream from the coding region. The first

methionine in the protein preceded the NH2-terminal sequence

by 21 amino acids. This additional sequence corresponds to

a "signal peptide" which was previously shown to be removed

when the protein is secreted into the endoplasmic reticulum

(Larkins and Hurkman, 1978). The 56 base non—translated se-

quence at the 5' end contained several potential stop co-

dons. Secondly, the zein gene contains only one open reading

frame which could specify a protein of 235 amino acids. A

"TATA" or "Hogness box" occurs 33 nucleotides away from the

first 5' nucleotide in the cDNA clone and a "ccAT" sequence

appears 84 nucleotide upstream from the "TATA" box. An

"AATAA" sequence, which is thought to be recognized as the

poly—adenylation site occurred 24 nucleotides after the ter-

mination codon. In other words, no intervening sequence was

found in zein genes, although 5' and 3' flanking regions

contain a consensus sequence similar to those believed to

serve as transcriptional signals in eukaryotes.

Most recently, Kridl et al. (1984) revealed one zein

genomic DNA clone ,Z7, had four in-frame termination codons
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resulting from single nucleotide difference with normal

zein gene counterparts. The protein-coding region of Z7 is

88% conserved relative to the others, and 81% for the 5' and

3' noncoding regions. It is still not yet known whether

this pseudogene is expressed in corn.
1

A beta-zein gene has been sequenced in the laboratory

of B. A. Larkins of Purdue University. They found that it

is a single copy gene. But the data have not been published
A

yet.

No DNA sequence information on gamma-zein was available

when this research was started and when the sequencing of

gamma-zein cDNAs was finished. Unfortunately, when the se-

quence datum was in preparation for publication, a paper en-

titled "Nucleic acid (cDNA) and amino acid sequences of the

maixe endosperm protein glutelin—2" by Prat et al. (1985)

from Spain appeared in Nucleic Acdd; Research. (They refer-

red to gamma-zein as glutelin-2). They cloned cDNAs of de-

veloping corn endosperm into pBR322, screened the cDNA li-

brary with antibody prepared against gamma-zein, and

sequenced two of the five clones selected by antibody. When

their sequence result was compared to ours (see Chapter 3),

no difference was found except that their clones had more

information at the 5' end of the mRNA and ours had more at

the 3' end.
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Chapter II

SCREENING EXPRESSION LIBRARIES WITH
NONRADIOACTIVE IMMUNOLOGICAL PROBES

2.1 SUMMARY
l

" An immunological screening method which does not re-

quire radio-labelled antibodies for detection of E. ggli co-

lonies·synthesizing foreign proteins in a cDNA expression

library is described. A umize endosperm cDNA library was

constructed in the plasmid expression vector pUC8. Q. ggli

strain DH1 was transformed, replica—plated onto nitrocellu-

lose filters, grown and lysed. Filters were incubated, in

sequence, with specific antibody, protein A-peroxidase, and

the peroxidase substrate 4—chloro—1-naphthol, which forms a

blue insoluble product upon oxidation by peroxidase and

in-dicatesthe positive colonies. The same filter may be

screened with another antibody, if needed. The method is

sensitive to 0.5-1 ng of antigen, simpler and more rapid

than the procedures currently in use which rely on radio—la—

belled antibodies and autoradiography.

..24-
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2.2 INTRODUCTION

With. the advent of recombinant. DNA technology, con-.

struction of eucaryotic cDNA or genomic DNA libraries in §.

ggli using plasmid or bacteriophage vectors has become a

routine laboratory procedure. However, the use of librar-

_ ies has been hampered by limited ways of screening for a

gene of interest. There are generally two ways of screening

a cDNA library. One is by hybrid-arrest/hybrid-release

translation (Crouch. et al., 1983; Schwartz et al., 1980)

which tends to be very tedious. The other is hybridization-

screening using 3zP—1abeled probes. Various approaches have

been used to generate a specific probe: nick—translation of

a preexisting gene or 5' labeling of DNA or RNA (Maniatis et

al., 1975; Land et al., 1981) and synthesis of oligonucleo-

tides whose sequence is deduced from the complete or partial

amino acid sequence of a protein (Oldberg et al., 1983; An-

derson‘and Kingston, 1983). In practice, the former has been

restricted to those genes whose transcripts represent the

bulk of the mRNA (e.g. mRNAs for globin and ovalbumin), whi-

le the latter is restricted to those genes whose protein

products have been sequenced completely or in part. In most

cases, neither preexisting gene nor amino acid sequence in-

formation is available. Under these circumstances immunos-

creening techniques offer·a powerful and very specific ap-
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proach. The availability of expression vectors, either

phage (Young and Davis, 1983) or plasmid, makes the immunos-

creening of a cDNA library the method of choice.

Most immunoscreening approaches use solid phase techni-

ques (Broome and Gilbert, 1978; Buckel and Zehelein, 1981)

radio-labelled antibodies and autoradiography* (Helfman et

al., 1983), which are_ somewhat cumbersome, expensive,

lengthy and involve exposure to hazardous substances. Here

we describe a simple, sensitive,and rapid immunoscreening

procedure which enables one to isolate a particular gene of

interest for even a low abundance cellular protein without

using radio-labelled probes.

2.3 MATERIALS AND METHODS

2.3.1 Materials
U

Protein A-peroxidase, lysozyme, DNase, and

4-chloro-1-naphthol were purchased from Sigma. Protein A-Se-

pharose was from Pharmacia Fine Chemicals. Nitrocellulose

filters (Triton free) were from Millipore. E. coll strain

DH 1 was from Dr. G. Lacy of the Department of the Plant Pa-

thology and Physiology, Virginia Polytechnic Institute and

State University. pUC8 plasmid was bought from Bethesda Re-

search Laboratories. The source of total poly A+ mRNA used

for cDNA synthesis was seeds harvested 26 days after polli-
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_ nation from corn inbred SSA419. Antisera against X-zein and

B-zein were prepared as described by Esen et al. (1983).

2.3.2 Construction pf pgyg expression library ggg growth
pf colonies

The construction of a cDNA expression library was ac-
‘

complished according to Helfman et al. (1983). Total poly

A* mRNA was used to synthesize cDNA which was then inserted

into the pUC8 plasmid (Vieira and Messing, 1982). The hybrid

plasmid was then used to transform Q. pp1i DH1 following the

procedure of Hanahan (1983). Q. harboring plasmids

with inserted cDNA were replica-plated on a nitrocellulose

filter overlaying on za fresh plate. The filter with the

plate was incubated at 37°C for about 8 hours to obtain a

colony size of about 1-2 mm in diameter.

QB}; si SQ; $2}};

The cells were lysed essentially according to the -

procedure of Helfman et al. (1983) and briefly described

here. The nitrocellulose filter was hung in a container sa-

turated with chloroform vapor for 15 -20 minutes to lyse the

cells. Filters were then incubated with lysozyme(4O pg/ml)
'and

DNase (1 ug/ml) in a so1ution’ of 50 mM Tris—HCl,

pH7.5/150 mM NaCl/5 mM MgCl/1% BSA (bovine serum albumin) in

a petri dish at room temperature overnight with gentle agi-

tation.
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2.3.4 Immunodetection gf the fusion protein

The immunodetection of the fusion protein was carried

out as described by Esen et al. (1983). After overnight in-

cubation in lysis solution, the filter· was washed three

times with PBST (phosphate buffered saline, pH 7.4 contain-
u

ing 0.05% Tween 20) (Conroy and Esen, 1984), and incubated

with 1/50 dilution of antibody, either protein A—Sepharose

purified IgG (Kraus and Rosenberg,1982) or crude antisera,

for 1 hour at room temperature with gentle agitation. The

filter was then washed three times with PBST and incubated

with protein A-peroxidase (1 ug/ml in PBST) for 30-45 mi-

nutes followed by washing with PBST. The filter was finally

incubated with the peroxidase substrate 4—chloro-1-naphthol

for about 5-10 minutes.

For screening the same filter with another antibody,

the filter was washed thoroughly with PBST after incubation

with substrate. The antibody was then added and screening

was performed as described above.

2.3.5 Preabsorption gf diluted antibody solutions

E. ggli DH1 cell culture (25 ml) was centrifuged to

pellet the cells. The cells were resuspended in 1 ml of wa-

ter and boiled for 5 minutes. 100 ul of this solution was

added to 10 ml of antibody solution (1/50 dilution) and in-
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cubated at 4°C overnight. The mixture was then centrifuged

and the supernatant was used for immunoscreening of the cDNA

library.

2.3.6 DNA Segpencing
Q

Of the 8 X-zein clones selected by immunoscreening the

longest one, KZM5 (900 base pairs), was used to determine

the nucleotide sequence corresponding to the N-terminus of

protein product. This was to verify directly the specificity

of immunodetection by anti- X-zein antisera. Clone XZM5 was

digested by Eco RI and Sal 1, respectively. The cDNA insert

was isolated and subcloned into Ml3mpll, which had also been

digested with Eco RI and Sal 1. The Nucleotide sequence of

the 5' end of the insert was determined by Sanger's dideoxy

method (Sanger· et al., 1977) using ( u-35S)dATP as label

(Biggin et al., 1983).

2.4 RESULTS AND DISCUSSION

2.4.1 The specificity eg detection wTph protein A;
conjugated peroxidase

An original transformation plate (about 1400 colonies/

plate) was replica-plated to a filter, cells lysed and incu-

bated with antibody against X—zein, a 27 kd, proline-rich

and low abundance storage protein from corn endosperm. The

anti- X-zein antibody was purified by protein A column chro-
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matography. Figure 1 shows a filter which had 8 positives

out of about 1400 colonies. The intensity of the color, as

judged visually, was not the same in all positive colonies.

This may' be due to the differences in colony size, the

length of the cDNA insert and the amount of fusion protein

synthesized.

To confirm the specificity of the immunoscreening and

to rule out any possible endogeneous peroxidase activity »

that might give a positive signal, the following experiment

was performed. A nitrocellulose filter was incubated first

with substrate only. This yielded. no detectable colored

product indicating that positive reaction was not due to an

endogeneous peroxidase-like enzyme (Figure 2 A). The same

filter was then washed and reacted with protein A-peroxidase

and the peroxidase substrate, respectively. Again there was

no detectable color production suggesting that protein A-

peroxidase does not bind to any protein other than IgG (Fig-

ure 2 B). The filter was then tested with preimmune serum

with negative results (Figure 2 C). Finally, the filter was

incubated with anti- X—zein antibody. This time, one colony

gave a strong positive signal (Figure 2 D). These results

clearly show that bacteria did not have either peroxidase-

like activity or IgG-like protein to which protein A—peroxi-

dase bound to give nonspecific signals. It was thus con-
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cluded that this immunoscreening method detected specifical-

ly the colonies which contain maize cDNAs inserts in the

correct reading frame and produce maize proteins or their

antigenic fragments.

2.4.2 Screening thg ggg; filter ytth different antibodies

I also tried to screen a single filter containing bac-

terial lysates with different antibodies. First, the filter

was incubated with anti- K-zein antibody, protein A-peroxi-

dase, and substrate. After the color reaction had occurred,

the filter was lined up with the master plate, and the posi-

tion where the positive signal appeared was marked on the

master plate. The filter was then incubated with antibody

against B-zein, which is a 17 Kd, methionine-rich and rela-

tively low abundance corn seed storage protein. With anti- _

X—zein antibody, 3 colonies gave positive color signals

(Figure 3). When the same filter was screened with anti- B-

zein antibody, an additional colony gave a positive signal

which indicated that it harbored a plasmid with a B-zein

cDNA insert.

Solutions of both purified IgG and crude serum con-

tained antibody molecules which seemed to react with the

bacterial lysate and gave background color (data not shown).

We therefore preabsorbed the antibody solutions with'host Q.
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coli DH1 cell extract. The overnight preabsorption of anti-

body reduced the background color to a level which was bare-

ly visible. In one sense it is advantagous to have slight

background because it marks the position of all colonies and

facilitates the alignment of the fi1ter· with the master
u

plate so that colonies showing a positive signal could be

identified accurately. On the other· hand, the .background
° limited the number of different antibodies that can be used

to screen the same filter. This is because after several cy-

cles of incubation, the background gradually increases to a

level that make the recognition of new positive colonies

difficult. In my hands, using two different antibodies to

screen the same filter gave satisfactory results, and both

purified IgG or crude antisera worked equally well. Back-

ground may be reduced further by using a more concentrated

E. ggli cell extract and prolonged preabsorbtion.

In order to test the sensitivity of the immuno-detec-

tion, solutions of serial dilutions (0.01 to 100 ng/ ul) of

K-zein and B—zein (1 ul of each dilution) were spotted on

strips of nitrocellulose. The strips were sequentially incu-

bated with antibody, protein A- peroxidase and the sub-

strate, under conditions identical to those used for the im-

munoscreening of bacterial colonies. The results, as judged

visually, showed that quantities of each antigen at 0.5-1 ng
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or above could be detected unequivocally. Amounts at or be-

low 0.1 ng could not be distinguished from the background.

2.4.3 Nucleotide Seqgence Analysis

One cDNA clone, XZM5, was used for DNA sequencing. The

sequence of the first 180 nucleotides determined corresponds

to the 5' end of mRNA and therefore the N-terminus of the

encoded protein. Figure 4 shows the nucleotide sequence of

KZM5 and the deduced amino acid sequence corresponding to

it. When the deduced amino acid sequence was compared with

the known N-terminal amino acid sequence (Esen et al., 1982)

of X·zein, the two sequences were found to be identical con-

firming the specificity of the screening method described in

this paper.

In summary, the immunoscreening procedure described

here is very simple, inexpensive and reliable to identify

colonies of interest in a cDNA expression library. The

procedure requires no radioactive materials; the insoluble

colored product formed by the peroxidase activity specifi-

cally marks the colonies harboring recombinant plasmids

whose cDNA insert is in the correct reading frame and ex-

pressed; and its sensitivity (0.5-1 ng antigen equivalent

per colony) approaches that of those which use radio-la-

belled antibodies. The sensitivity may be increased further
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KZM5 ACA AGC GGC GGC TGC GGC TGC CAG CCA
(a) Thr ser Gly Gly Cys Gly Cys Gln Pro
(b) HZN-Thr His Thr ser Gly Gly Cys Gly Cys Gln Pro

M5 CCG CCG CCG GTT CAT CTA CCG CCG CCG GTG CAT CTG
i

(a) Pro Pro Pro Val His Leu Pro Pro Pro Val His Leu
(b) Pro Pro Pro Val His Leu Pro Pro Pro Val His Leu

M5 CCA CCT CCG GTT CAC CTG CCA CCT CCG GTG CAT CTC
(a) Pro Pro Pro Val His Leu Pro Pro Pro Val His Leu
(b) Pro Pro Pro Val His Leu Pro Pro Pro Val His Leu

M5 CCA CCG CCG GTC CAC CTG CCG CCG CCG GTC CAC CTG
(a) Pro Pro Pro Val His Leu Pro Pro Pro Val His Leu
(b) Pro Pro Pro Val His Leu Pro Pro Pro Val His Leu

M5 CCA CCG CCG GTC CAT GTG CCG CCG CCG GTT CAT CTG
(a) Pro Pro Pro Val His Val Pro Pro Pro Val His Leu
(b) Pro Pro Pro Val His X Pro Pro Pro Val His -

M5 CCG CCG CCA-
(a) Pro Pro Pro-
(b)

Figure 4: Nucleotide sequence of the
5’

region of vzms.
The top row shows the nucleotide sequence. The
second row (a) shows the deduced amino acid
sequence while the third row (b) shows the N-
terminal sequence of X—zein determined by
protein sequencing (Esen et al., 1982).
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by using biotinylated antibodies followed by incubation with

avidin- peroxidase. In addition, the time required to de-

velop the color after antibody incubation is less than one

hour as opposed to days needed by radioimmunoscreening meth-

ods. Therefore it should have a general application in

screening cDNA expression libraries.
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Chapter III A

EXPRESSION OF MAIZE PROLAMINS IN ESCHERICHIA
COLI

3.1 SUMMARY
4

I have constructed an expression library of developing corn

endosperm using plasmid pUC8 as vector and E. coll strain

DHl as host. The expression library was screened with non-

radioactive immunological probes to detect the expression of

gamma-zein and alpha-zein. When anti-gamma-zein antibody

was used as the probe, 23 colonies gave positive signals.

The lengths of cDNA inserts of the 23 colonies were found to

be between 250-900 bp. When anti—alpha zein antibody was

used, however, fewer colonies gave positive signals. The

library was also screened by colony-hybridization with

32P—labe1ed DNA probes. Based on immunological and hybridi-

zation screening of the library and other evidence, we con-

cluded that alpha-zein was either toxic to Q. coll cells or

rapidly degraded whereas gamma-zein and its fragments were

readily expressed.

A -41-
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3.2 INTRODUCTION

Zein, the prolamin of corn, is a group of alcohol solu-

ble proteins constituting about 50% of the total storage

protein in corn endosperm. By solubility, zein is classi-

fied into three groups: alpha-zein, soluble in 50-90% alco-

hol, MW. 20-24 Kd and making up 80-85% of total zein; beta-

zein, soluble in 30-85% alcohol in the presence of a

reducing agent, MW. 10-18 Kd and consisting of 10-15% of to-

tal zein; and gamma-zein, soluble in 0-85% alcohol in the
i

presence of a reducing agent, MW 27.5 Kd, and consisting of

5-10% of total zein. The lack of 2 essential amino acids,

lysine and tryptophan, and the high content of zein make

corn a low quality protein source for nonruminants. An un-

derstanding of zein structure and the regulation of zein ex-

pression would help efforts directed at the improvement of

the nutritional quality of corn. We studied the expression

of alpha-zein and gamma-zein in Q. ggli cell by constructing

an expression library of developing corn kernels using the

pUC8 plasmid (Vieira and Messing, 1982) as the vector. This

paper reports our results and their discussion.
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3.3 MATERIALS AND METHODS

3.3.1 Poly (A); RNA Isolation ggg cDNA Synthesis

Corn inbred line SSA419 was planted in the field and

hand—pol1inated. Developing seeds of 26 days post·pollina—

tion were harvested, frozen in liquid nitrogen, stored at
·

-70°C and used as the source of polysomes. Isolation of po-

lysomes was performed following the procedure of Vodkin

(1981). Poly (A)* mRNA was purified by oligo-dT cellulose

chromatography. Total poly (A)* mRNA was used for cDNA
3

synthesis by reverse transcriptase (Life Sciences) which was

also used for second strand synthesis. Synthetic linkers

were added sequentially to double stranded cDNA before liga-

tion to the vector (Helfman et al., 1983). The double

stranded cDNA with a hairpin loop at one end was repaired to

obtain a blunt end by Klenow (Boehringer). Sal 1 linker (P—L
l

Biochemicals) was ligated by ligase (BRL) to the end corres-

ponding to 3' end of the mRNA. S1 nuclease (BRL) was then

used to nick the a hairpin loop and the cDNA was filled in

by Klenow again. The Eco RI linker was then added to the

end corresponding to the 5' end of the mRNA. Einally the

cDNA was double digested with Sal l and Eco RI (Helfman et

al., 1983).
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3.3.2 Construction gf Eggé Expression Library

The plasmid pUC8 was used as vector for constructing

the cDNA expression library. DNA of pUC8 was double digested

with Eco RI and Sal 1. The large fragment was purified away

from the 16 bp piece by chromatography on a Sepharose CL—4B

mini—column. cDNA was ligated with the larger fragment of
”

pUC8. The chimeric plasmid was used to transform E. ggli
U

strain DH1 as described by Hanahan (1983).

3.3.3 Screening gf ggg Library gith Antibody Probes

Colonies were rep1ica—plated onto nitrocellulose fil-

ters and the cells were lysed by chloroform Vapor. The fil-

ter was incubated with a lysis solution containing lysozyme

and DNase (Helfman et al., 1983) and washed with PBST

(phosphate buffered saline containing 0.05% Tween-20) (Con-

roy and Esen, 1984). It was then sequentially incubated with

specific antibody, protein A-peroxidase and peroxidase sub-

strate (4—chloro—1—naphtho1) (Esen et al., 1983). The posi-

tive colonies gave a dark blue spot resulting from peroxi-

dase catalyzed oxidation of 4-chloro-1-naphthol to a colored

insoluble product.
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3.3.4 Characterization gf Clones Expressing Gamma-Zein ggg
its Fragments —

Plasmids were isolated (Birnboim and Doly, 1979) from
u

different clones that yielded positive reactions with anti-

gamma-zein antibody and presumably synthesizing gamma-zein .

or its fragments. The lengths of the inserts were compared

on a 1.2% agarose gel after digestion of plasmids with Sal 1

and Eco RI. l
Overnight culture from different clones(1 ml) was used

for total protein extraction. Cells were pelleted from the

culture, dissolved into 100 ul 10 mM Tris-Glycine pH 8.3,

containing 8 M urea. The suspension was centrifuged, Laemmli

(1970) sample buffer added to an aliquot of the supernatant

and 5-10 ul applied on 12% SDS-PAGE gel. The gel was stained

with coomassie blue to visualize the fusion protein, and

also Western—blotted onto nitrocellulose paper which was

then incubated with anti-gamma—zein antibody.

3.3.5 Screening gf th; Library'by 3ZP-labeled QNA Qrgbg

_ Two different alpha-zein cDNA inserts in plasmid pBR322

were kindly provided by Dr. Brian A. Larkins of Purdue Univ-

ersity. Alpha—zein cDNA was 32P-labeled by nick-translation

(BRL Kit) and used as a hybridization probe. Colonies were

replica—plated onto GeneScreen membrane (New England Nu-

clear) and the cells were lysed by alkali. Hybridization
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was performed in sealed petri dishes following the procedure _

provided by the supplier of GeneScreen membrane.
W

3.4 RESULTS

3.4.1 Screening gf php Expression Library py Antibody
ääbé

The nonradioactive immunological screening method used

in this study was both specific and sensitive in detecting

the expression of zein in E. ppli. Figure 5 shows a fi “er

which was incubated with anti-gamma-zein antibody with 8 co-

lonies giving positive reactions. The dark blue spots were

the sites of colonies which contained gamma-zein cDNA in-

serts in the correct reading frame and expressed them. _

3.4.2 Partial Characterization gf Selected Clones

Plasmids isolated from positive colonies were run on

agarose gels (Figure 6). The lengths of the inserts variedn

between 250 and 900 bp. This indicated that anti-gamma-zein

antibody recognized not only full or near full length gamma-

zein but also its fragments.

SDS-PAGE analysis of whole cell extracts from selected

clones showed that two clones, XZM1l—2 and XZM11-7, had a

distinguishable band (arrow, in Figure 7 A) corresponding to

the fusion protein. Densitometric scanning indicated that

these two bands contained about 5% of the total E. ppli pro-
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tein. The remaining clones did not have bands detected visu-

ally after staining. To visualize the fusion protein immuno-

logically, proteins were Western-blotted from SDS—PAGE gel

onto nitrocellulose paper and probed with gamma-zein anti-

body. The results (Figure 7 B) showed that each of the

different positive clones had bands reacting with gamma-zein

antibody. Furthermore, there was, in general, a correlation

between the lengths of the inserts and the sizes of the ex-

pressed products (arrows). Almost all clones, however, had

bands with higher than expected MW reacting with anti-gamma-

zein antibody. We postulate that these high MW multiple

bands resulted from association of the fusion protein with

itself and/or host proteins. The pattern of association was

different for different clones. But similar patterns were

observed for similar sized polypeptides (e.g. lane 2 vs 3;

lane 5 vs 7). However, in vitro mixing of mature gamma-zein

with E. ppli protein extract indicated no association (data

not shown).

3.4.3 Th; Expression pf Alpha—Zein

Surprisingly, when the library was screened with anti-

body against alpha-zein, which is the most abundant zein,

the number of colonies that gave positive reactions was

about one—third of that obtained with anti-gamma-zein. In
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contrast, when the library was screened with DNA probes, the

number of positive colonies detected with alpha-zein cDNA

probe was nearly 2 times greater than those detected with

gamma-zein cDNA probe (Table 3).

3.5 DISCUSSION

In the corn kernel cDNA expression library, gamma-zein

and its fragments were found to be readily expressed. Since

the inserts being expressed varied significantly in size, a

particular portion of the gene or its protein product could

be isolated and studied separately. This could be exploited

in locating functional sites or domains and identifying the

function. of each. domain. within a gene or protein. Some

clones gave a distinguishable band corresponding to the fu-

sion protein on SDS-PAGE while others did not. This may be

due to: (a) the fusion protein migrating to the same posi-

tion as one of host proteins; or (b) the fusion protein be-

ing diluted as a result of association with host proteins.

Western-blotting of an SDS-PAGE gel of total E. ggli protein

extracts from different clones showed multiple bands react-

ing with the antibody, indicative of association of fusion

protein with itself or host proteins. The mechanism of this

association and its effects on both host and expressed pro-

duct are not yet understood. An alternative—explanation for



52 ~

TABLE 3 _

Expression of alpha-zein and gamma-zein in E. coli

A Number* of Positive Colonies
Per Filter Selected with

Antibody DNA Percent
Zein Class Probe Probe Expression

Alpha 6.7 1 0.6 105.0 1 1.2 6%
Gamma 21.8 1 4.2 64.0 1 5.0 30%

* based on screening 3 filters each with approximately
1500 colonies.
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multiple bands reacting with antibody is the production of

covalently linked aggregates of fusion protein and or its

degradation products with host proteins.

The reason for immunodetection of only a few clones ex-

pressing alpha-zein can not be explained at this time. One

possibility is the occurrence of Sal 1 and/or Eco RI sites

within alpha-zein genes. Therefore after cDNA digestion, the

cloned alpha-zein cDNA fragments were invariably out of the

correct reading frame. Previous work by others (Petersen et

al., 1982; Kridl et al., 1984) and a digestion trial in our

laboratory found no Sal 1 nor Eco RI sites within alpha-zein

genes. Another possibility was that there was not much al-

pha-zein mRNA in the total po1y(A)* mRNA to begin with. The

result of in vitro translation of total poly(A)* mRNA indi-

cated that this was not the case (data not shown). The fact

that, by cDNA probes, 7% of the population contained alpha-

zein cDNA inserts showed that alpha-zein cDNA inserts were

cloned and maintained in E. coll when they were out of cor-

rect reading frame. This implies that the alpha-zein cDNA

product is somehow toxic to E. coll. One cause for the tox-

icity might be its insolubility in aqueous solution. Gamma-

zein, on the other hand, has a dual solubility in both alco-

hol and water. The toxicity of expressed foreign protein was

reported by several investigators (Little, 1979). Shimatake
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and Rosenberg (1981) reported the lethal function of cloned

kcII protein based on the observation that only the clones

which contained XcII inserts on
Vthe

opposite orientation

were obtained. Borsius (1984) reported the toxicity of the

overproduction of rat insulin in E. coll and that deletion

in translation initiation signals and changing the reading

frame allowed the maintenance of the cloned rat insulin

_ gene. The fact that several clones did express alpha-zein

suggested that E. coll cell could tolerate certain parts of

the polypeptide. This was confirmed in part by the experi-

mental data (not shown) that the_expressed alpha-zein in-

serts were relatively short in length. This partial toler-

ance was also noticed by Samuel et al. (1984).
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Chapter IV

SEQUENCE STUDY OF A MAIZE STORAGE PROTEIN
REVEALS ONE CODING SEQUENCE AND IDENTICAL TANDEM

REPEATS IN ITS PRIMARY STRUCTURE.

4.1 ABSTRACT

We Ihave deduced the primary structure of gamma-zein

(proline-rich zein) from the nucleotide sequences of cDNA

clones isolated from an expression library using a specific

antibody probe. The sequences of a total of 7 independent

cDNA clones indicated that they had identical sequences in

regions where they overlapped. The primary structure of the

mature protein consists of 204 residues. The N-terminal

one-half of the sequence contained 8 essentially identical

tandem repeats of the hexapeptide Pro-Pro-Pro-Val-His-Leu

and 2 of the octapeptide Gln-Pro-His—Pro-Cys-Pro-Cys-Gln.

In addition, the codon specifying the third proline in the

hexapeptide repeating units is identical (CCG) in all 8 re-

peats. It is likely that these highly conserved tandem re-

peats are of critical importance to the function of gamma-

zein, which is presently unknown. Alternatively, it is

conceivable that some of the selective pressures responsible

for conserving these tandem repeats may be operating at the

nucleic acid level. Although gamma-zein exhibits extensive

charge heterogeneity when fractionated by isoelectric focus-

-57-
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ing, these charge components do not seem to be encoded by

members of a multigene family.

4.2 INTRODUCTION

The storage protein in maize endosperm is classified
u

into four solubility groups: albumin, globulin, prolamin

and glutelin (Payne and Rhodes, 1982). The prolamin of

maize, zein, is a group of highly hydrophobic proteins inso-

luble in aqueous buffers but readily soluble in organic sol-

vents, alcohol in particular. There are three classes of

zein (alpha, beta and gamma) characterized by their solubil-

ity, molecular weight and amino acid composition, etc. Al-

pha-zein (80% of total zein) consists of 20-24 Kd polypep-

tides and has been studied extensively at both protein and

nucleic acid levels. By comparing the sequences of cDNA and

that of a genomic DNA of alpha-zein gene, Petersen et al.

(1982) found that the alpha-zein gene contains only one open

reading frame. Geraghty et al. (1982) identified 9 tandemly

repeating units of 20 residues in alpha-zein primary struc-

ture they deduced from DNA sequences. However, there was

considerable sequence divergence among the repeating units.

Studies on alpha-zein mRNA population indicated that these

mRNAs could be divided into at least three families each

having related nucleotide sequences (Park et al., 1980). Vi-
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otti et al. (1979) estimated that there were 120 copies of

alpha-zein gene per haploid genome.

Beta-zein consists of 15% of total zein and is made up

of 17-18 Kd methionine—rich polypeptides. The N-terminal am-

ino acid sequence of the 17 Kd zeirx has been. determined

(Esen et al., in press).

Gamma-zein is the least abundant zein (5-10% of total

zein) and is soluble in alcohol as well as in water in the

presence of a reducing agent. When separated by sodium do-

decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),

gamma-zein gives a broad (diffuse) band with a estimated mo-

lecular weight of 27 Kd (Esen et al., 1981). The analysis

of gamma-zein fraction isolated by differential solubility

at low pH indicated the presence of at least two size class-

es (Landry et al., 1983). As for the charge heterogeneity,

one can readily detect 14-16 components focusing between pH

6.0 and 9.5 after isoelectric focusing (IEF) in polyacrylam-

ide gels containing 6 M urea (Esen et al., 1981). Gamma-

zein amino acid composition is distinct from alpha-zein and

beta-zein (Esen et al., 1981). It has a higher Pro, His, Cys

and lower Asx, Ala, Leu, and Phe content than_alpha-zein.

Likewise, it has a higher Pro, Val, His and lower Ala, Met,

and Tyr than beta-zein (Esen et al., in press). Esen et al.

(1982) determined the first 58 residues of the N-terminal
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region by amino acid sequence analysis. They found out that

tandem repeats of hexapeptide unit Pro—Pro—Pro-Val-His-Leu
u

occurred at least six times.

In the present paper we report additional data on gam-

ma-zein including the nucleotide sequence of gamma—zein cDNA
U

clones and the complete deduced primary structure of the

protein.

4.3 MATERIALS AND METHODS

4.3.1 Extraction pg gamma-zein fppg protein bodies

Protein bodies were isolated from endosperm of corn in-

bred line Tx102 35 days postpollination as described by Burr

and Burr (1976). The isolated protein bodies were first

made alpha-zein free by extraction with 90% isopropanol plus

1% 2—mercaptoethanol (2-ME) several times. Both gamma-zein

and beta·zein were extracted by adding 60% tertiary—butanol

plus 1% 2-ME. The extract was freeze-dried and extracted

with water plus 1% 2-ME to obtain gamma-zein. The presence

of gamma-zein in the water plus 2-ME fraction was shown by

SDS-PAGE and immunologically by the Ouchterlony technique.
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4.3.2 In yipgp translation ggg immunoprecipitation

Polysomes from developing maize kernels of inbred line

SSA4l9 were isolated according to the procedure of Vodkin

(1981) and ip yippp translated in a Wheat Germ System (BRL)

as recommended by the supplier of the translation system us-

ing 3H—proline as label. The translation product was spun

down for 10 minutes in a microfuge at 4°C. Antibody against

gamma-zein was added to the supernatant. After incubation

at 4°C for 4 hours, goat anti-rabbit IgG (GAR) was added,

incubated at 4°C overnight, and centrifuged. The pellet was

resuspended in SDS gel sample buffer (Laemmli, 1970), and

analyzed by SDS-PAGE. The gel was treated with ENSHANCE (New

England Nuclear) as described by the supplier, dried and au-

toradiographed for 2 to 4 days at —70°C to visualize the ra-

dioisotope labeled protein.

Antiserum against gamma-zein was prepared as described

by Esen et al. (1983).

4.3.3 QQNA isolation fppm ap expression library

Polysome and poly(A)* mRNA isolations, cDNA synthesis,

construction of cDNA expression library, immunoscreening and

hybridization screening of the library with antibody probe

and labeled gamma-zein cDNA probe, and characterization of

selected positive clones were described in Chapter III.
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4.3.4_, Subcloninq gf gamma—zein QQNA fg; seggencing
l

DNA sequence determination was accomplished following

Sanger‘s dideoxy method using 35S—dATP as label (Biggin et

al., 1983).

Gamma-zein cDNA inserts from clones XZM8-3, 8-7, 8-1,
1

11-7, 11-6, and 5 isolated by_immunoscreening of a cDNA ex-

pression library and KZGS71 obtained by hybridization

screening' were subjected to DNA sequence analysis. They

were double digested out of the pUC8 plasmid by Eco RI and

Sal 1 and subcloned into M13 mp1O and mpll which had been

double digested with Eco RI and Sal 1. Both mp1O and mpll '

were used in order to sequence both 5' and 3' ends. Clone

Azzms, with the longest insert among the ones selected by an-

tibody against gamma-zein, was partially and completely dig-

ested with Pst 1. The digested fragments were separated

from each other by agarose gel electrophoresis and each band

was subsequently eluted. The purified fragments were sub-

cloned into mp1O which was digested by Pst 1, or double dig-

ested by either Eco RI and pst 1 or Sal 1 and Pst 1.

Single strand DNA preparation, sequencing reaction and

gel electrophoresis was done following Amersham's procedure

(Amersham International, 1983). e
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4.4 RESULTS

4.4.1 Existence pf gamma-zein ip protein bodies

I extracted gamma-zein from isolated protein bodies by

a differential solubility procedure. Results of SDS-PAGE and

Ouchterlony methods indicated the presence of gamma-zein in

water—soluble fraction of protein bodies. We then concluded

~ that gamma-zein is deposited in protein bodies which were

also the storage site of alpha-zein and beta-zein.

4.4.2 Immunoprecipitation pf ip yipgp translational
product

Polysomes of inbred line SSA419 were in vitro translat-

ed and then the in vitro translation product was immunopre—

cipitated. The precipitate was run on SDS—PAGE. Contrary to

that observed for mature protein on SDS-PAGE, a fine narrow

band appeared (Figure 8 A). To rule out the possibility that

antibody might not react with all the "forms" or "bands" of

gamma—zein, an IEF gel (Figure 8 B) was Western-blotted onto

a nitrocellulose paper and incubated with antibody against

gamma—zein. The result (Figure 8 C) indicated that the anti-

body reacts with all bands detectable on an IEF gel.
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4.4.3 Seggence

Gamma-zein cDNA inserts subjected to DNA sequencing

varied in length from 250 to about 900 base pairs as shown

in Table 4 . The purpose of choosing clones with inserts

varying in length initially was to get a consensus sequence

of gamma-zein. The rationale was that these clones should

all contain sequences corresponding to the 3' end of the

mRNA, and each of the longer portions should give sequence

information collectively extending along the mRNA from 3' to
4

5' end as shown in Figure 9 .

Clone XZM5 was chosen for the full_length sequencing

while others were sequenced for both 5' and
3‘

ends except

KZM8—l whose 5' end was sequenced only. Figure 10 outlines

the sequencing strategy.

When the sequence information was compared, it was

found that the initial objective of obtaining a consensus

sequence could not be accomplished by sequencing only one

·end of' the clones because the relative position. of each

clone was not like what was expected based on the length of

inserts. The shortest insert in clone XZM8—3 (250 base

pairs) covered the very 5' end including 5 amino acids of

signal peptide of gamma-zein. The actual relative position

of each clone in reference to mRNA can be seen in Figure 10.
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TABLE 4
·“

The length of inserts from selected gamma-zein clones

KZM KZGS
clone 8-3 8-7 8-1 11-7 ll-6 5 7l

1¤°——‘—'"“'—— "—'“

(bp) 251 463
490‘

579 733 888 1000
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5' 3'

Figure 9: Strategy for obtaining a consensus sequence of
gamma-zein.

5’
to 3' is the polarity of mRNA.

Solid line represents each cDNA insert. Dashed
line underneath the solid line represents the
portion of the insert that could be sequenced.

_ The dash line at the bottom represents the
consensus sequence collected from each fragments.
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T————• T-—————» •-T ‘

1 200 400 600 800 1000 1200
:=::::::::::::::::::::::::::::::::::::::::::::::::::::::=:::

________,______________ *_______ XZM5
______+ _______ *____________ XZM11-6

KZM8-3_ _ KZM11-7
_ _ ‘ XZM8-7__________ ______ __ XZM8-1

T T T T •—- T T T T T T T T T T T

XGS71

Figure 10: Strategy of nucleotide sequence determination.
The portion above the double line is sequencing
strategy of subcloned Pst 1 fragments of clone
XZM5. The portion· below is the sequencing
strategy for the 7 clones (as indicated). Both
5' and 3' ends were sequenced for all the
clones except clones XZM8-1 which was sequenced
only at 3' end. The solid lines represent the
sequenced portions and dash lines represent the
unsequenced portions of clones. The number on
the double line refers to the base pairs. Arrow
indicates the sequencing direction.
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It was also found that sequences of all 7 clones were

identical in regions where they overlapped. The sequences

of both DNA and the deduced amino acid are shown in Figure

11 . When the deduced N—terminal amino acid sequence was

compared to the determined sequence (Esen et al., 1982), the

two sequences showed perfect agreement (data not shown).

Based on the sequencing data, gamma-zein contains 25% Pro,

15% Gln, 8% His and does not have Asp, Asn, Lys and Trp.

The amino acid composition calculated from the sequence and

the one determined by amino acid analysis showed very close

agreement (Table 5). The deduced mature protein has 204 am-

ino acid residues with a molecular weight of 21,824 daltons

which is about 5,000 daltons smaller than that estimated

(27,000 daltons) by SDS-PAGE..

4.4.4 The tandem repeats in gamma-zein

The existence of tandem repeats of the Zhexapepetide

Pro-Pro—Pro-Val-His-Leu in the N-terminal sequences of the

protein was reported earlier (Esen et al., 1982). The im-

mediate question was how far the hexapeptide repeats extend-

ed. As can be seen in Figure 11, Pro-Pro-Pro-Val—His—Leu re-

peats tandemly and perfectly 8 times except the #7 repeat in

which Leu is substituted by Val. It is interesting to note

that this is the only substitution within the 8 repeats and
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-GCG AGC GCC ACC TCC
-Ala Ser Ala Thr Ser

ACG CAT ACA AGC GGC GGC TGC GGC TGC CAG CCA CCG
Thr His Thr Ser Gly Gly Cys Gly Cys Gln (Pro Pro

CCG CCG GTT CAT CTA CCG CCG CCG GTG CAT CTG CCA
Pro Pro) Val His Leu Pro Pro Pro Val His Leu Pro .

CCT CCG GTT CAC CTG CCA CCT CCG GTG CAT CTC CCA
Pro Pro Val His Leu Pro Pro Pro Val His Leu Pro

CCG CCG GTC CAC CTG CCG CCG CCG GTC CAC CTG CCA
-Pro Pro Val His Leu Pro Pro Pro Val His Leu Pro

CCG CCG GTC CAT GTG CCG CCG CCG GTT CAT CTG CCG
Pro Pro Val His Val Pro Pro Pro Val His Leu (Pro

CCG CCA CCA TGC CAC TAC CCT ACT CAA CCG CCC CGG
Pro Pro Pro) Cys His Tyr Pro Thr Gln Pro Pro Arg

CCT CAG CCT CAT CCC CAG CCA CAC CCA TGC CCG TGC
Pro Gln Pro His Pro Gln Pro His Pro Cys Pro Cys

CAA CAG CCG CAT CCA AGC CCG TGC CAG CTG CAG GGA
Gln Gln Pro His Pro Ser Pro Cys Glm Leu Gln Gly

ACC TGC GGC GTT GGC AGC ACC CCG ATC CTG GGC CAG
Thr Cys Gly Val Gly Ser Thr Pro Ile Leu Gly Gln

TGC GTC GAG TTC CTG AGG CAT CAG TGC AGC CCG ACG
Cys Val Glu Phe Leu Arg His Gln Cys Ser Pro Thr

GCG ACG CCC TAC TGC TCG CCT CAG TGC CAG TCG TTG
Ala Thr Pro Tyr Cys Ser Pro Gln Cys Gln Ser Leu

CGG CAG CAG TGT TGC CAG CAG CTC AGG CAG GTG GAG
Arg Gln Gln Cys Cys Glu Glm Leu Arg Glm Val Glu

CCG CAG CAC CGG TAC CAG GCG ATC TTC GGC TTG GTC
Pro Gln His Arg Tyr Gln Ala Ile Phe Gly Leu Val

CTC CAG TCC ATC CTG CAG CAG CAG CCG CAA AGC GGC
Leu Gln Ser Ile Leu Gln Glu Gln Pro Gln Ser Gly

CAG GTC GCG GGG CTG TTG GCG GCG CAG ATA GCG CAG
Gln Val Ala Gly Leu Leu Ala Ala Gln Ile Ala Glu

CAA CTG ACG GCG ATG TGC GGC CTG CAG CAG CCG ACT
Gln Leu Thr Ala Met Cys Gly Leu Gln Gln Pro Thr
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CCA TGC CCC TAC GCT GCT GCC GGC GGT GTC CCC CAC
Pro Cys Pro Tyr Ala Ala Ala Gly Gly Val Pro His.

TGA AGAAACTATGTGCTGTAGTATAGCCGCTGGCTAGCTAGCTAGT
Stop
TGAGTCATTTAGCGGCGATGATTGAGTAATAATGTGTCACGCATCAC
CATGGGTGGCAGTGTCAGTGTGAGCAATGACCTGAAIQAACAATTGA
AATGAAAAGAAAAAAGTATTGTGTCCGGCCGCCGCCGCAGCCCGCAA
TGGCGTCCCTTTTCAAGGACCCCAGCAAGCTCTCGGCGTACAGGGAC
CGGCCGGTTCAAGGGGACGCAGGAGGAGTATGAGGCGGCGCTGCTTGC

Figure ll: The nucleotide sequence of gamma-zein cDNA and
the deduced amino acid sequence. The identical
hexapeptide and octapeptide repeats are
underlined. The four proline residues before and
after the 8 tandem repeats are in parentheses.
The sequence dash lined is part of signal
peptide sequence. Sequences underlined in 3'
nontranslated region are poly A signal sites.
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TABLE 5

Comparison of amino acid compositions (mole %) of X—zein
deduced from nucleotide sequence and determined by aminol

acid analysis

deduced from determined by
Amino Acid nucleotide sequence amino acid analysis

Ala 4.9 5.3
Arg 2.5 3.0
Asp 0.0 0.3

_ Asn 0.0 -
Cys 7.4 6.3

‘
_ Gln 14.7 -

Glu 1.0 16.2
Gly 6.4 6.8
His 7.8 5.8
Leu 9.3 9.4
Ile 2.0 2.0
Lys 0.0 0.1
Met _ 0.5 0.8
Phe 1.0 1.3
Pro 25.0 25.8
Ser 3.9 3.7
Thr 4.4 4.1
Trp 0.0 -
Tyr 2.0 2.2
Val 7.4 7.1
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is the result of a single nucleotide substitution, C to G.

There are four successive proline residues flanking the

stretch of 8 tandem repeats at both ends. Another intriguing

point is that when the repeats are lined up as in Figure 12,

the codon for the third prolines are invariablely CCG. Alt-

hough codons_for the first and second prolines have some di-

vergence, they showed a high level of conservation, too. Co-

dons for the first prolines are either CCG or CCA while

that for second prolines are either CCG or CCT. At other po-

sitions of the gene, however, proline codons could be any

one of the four possible codons CCN.
‘

In addition, at position 232 to 279, there are two tan-

dem repeats of 24 nucleotides (octapeptides):

CAG CCA CAG CCA TGC CCG TGC CAA

CAG CCG CAT CCA AGC CCG TGC CAG.

Among the four base substitutions, one is at the first

position of a codon and the rest are in the wobble position

which do not change the amino acid sequence. The amino acid

sequence is:

Gln Pro His Pro Gys Pro Cys Gln
A

Gln Pro His Pro Ge; Pro Cys Gln.

The only amino acid change is from cysteine to serine

resulting from a single base change frmn T to A. Before

this tandem repeat is the sequence Gln-Pro-His-Pro which is
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AMINO ACID
Pro Pro Pro Val His Leu

CODON _
CCN CCN CCN GTN CAT CTNl

C TTA(G)
Repeating

Unit
1 CCG CCG CCG GTT CAT CTA
2 CCG CCG CCG GTG CAT CTG
3 CCA CCT CCG GTT CAC CTG
4 CCA CCT CCG¥GTG CAT CTC
5 CCA CCG CCGFGTC CAC CTG
6 CCG CCG CCG GTC CAC CTG
7 CCA CCG CCG GTC CAT GTG
8 CCG CCG CCG GTT CAT CTG

Figure 12: 18—base long tandem repeats in gamma-zein DNA.
The conserved CCG for all the third position
prolines are blocked. _
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the first half of the octapeptide repeating unit (Figure

11).
U

There are some dipeptide repeats like Ala—Ala, Gln-Gln,

Gly-Gly, Leu-Leu in the second half of gamma-zein primary

structure. Such repeat was also noticed by Geraghty et al.

(1982) inalpha—zein.4-4-5

§>.<B>L1l‘ä9’E§1E£The
protein was divided into two parts. The first part

containing the N-terminal 102 amino acids is rich in proline

(0 Ala; 41 Pro; 8 Gln) and includes all the tandem repeats.

The second part includes the C-terminal 102 amino acids and

is rich in glutamine and alanine (10 Ala; 10 Pro; 22 Gln).

The nucleotide sequence coding for 8 tandem repeats plus the

four flanking prolines is extremely GC-rich, 73.6%. Similar-

ly, the whole coding region is also GC-rich, 69.8%. The 3'

nontranslated part has a 53.9% GC content. The base compo-

sition study* of the noncoding strand indicated that A=T

(92:93) whereas C>G (253:174).

The codon usage by gamma-zein DNA is shown in Table 6 .

Like other genes, gamma-zein gene has preference in codon

usage. The codon·preference was also reflected by base pre-

ference at the third position. A codon usage value (U) was

calculated for each of the four bases by comparing the ob-
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served number of appearance (O) with theoretical one (T).

U=O/T. As shown in Table 7, there are significant differenc-

es in base usage (U value) at the third position of codons.

G is a constantly favorite nucleotide for third position. It

was used two times more often than it should be on a random

basis. T and A are not, especially in the last part of pro-

tein. For example, out of 100 theoretical "A" positions,

‘ only 14 was actually used in the last 102 amino acids.

When the preferred codons of gamma-zein gene were com-

_ pared to that of eukaryotes, it can be seen that there is a

general agreement of the prefered codon in gamma-zein with

that generalized for eukaryotes (Wain—Hobson et al., 1981)

(Table 8).

4.5 DISCUSSION

A sequential addition of linkers (Sal 1 and Eco RI

linkers) was exploited to construct the cDNA expression li-

brary (Helfman et al., 1983). Thereby, all the cloned cDNA

should be in the same orientation and have a common end cor-

responding to the 3' end of mRNA (Sal 1 liker side). Based

on such an assumption, we attempted to obtain a consensus

sequence of gamma-zein cDNA. Unfortunately, most of ·the

clones covered the middle portion of the gene. This was ob-

viously the result of breakage of DNA (or DNA/RNA duplex)
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TABLE 6

Codon usage in gamma—zei¤ cDNA.

Phe TTT O Ser TCT O His CAT 9 Pro CCT 6
TTC 2 TCC 1 CAC 7 CCC 5

Leu TTA O TCA O Gln CAA 4 CCA ll
TTG 3 TCG 2 CAG 26 CCG 29
CTT O AGT O Asn AAT O Thr ACT 2
CTC 3 AGG 5 AAC O ACC 2
CTA 1 Arg AGA O Lys AAA O ACA 1
CTG 12 AGG 2 AAG O ACG 4

Ile ATT O CGT O Asp GAT O Ala GCT 2
ATC 3 CGC 0 GAC O GCC 1
ATA 1 CGA O Glu GAA O GCA O

Met ATG 1 CGG 3 GAG 2 GCG 7
Val GTT 4 Tyr TAT O Gly GGT 1 Trp TGG O

GTC 7 TAC 4 GGC 9 Stop TAA O
GTA O Cys TGT 1 GGA 1 TAG O
GTG 4 TGC 14 GGG 2 TGA 1
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TABLE 7

Evaluation of base usage at third position by U value

the U value of the U value of .
base, first 102 amino acids, last 102 amino acids

T 63.72% 30.77%
C 99.12% 153.85%
A 65.92% 14.08%
G 180.22% 199.43%
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TABLE 8 _

'Comparison of the preferred codons in gamma—zein with that
_ generalized for eukaryotes

Codoh
AA Gamma-zein Eukaryotes

Ala GCG GCC
Arg CGG CGT
Cys TGC -

# Gln CAG CAG
# Gly GGC GGC

His CAT -
# Leu CTG CTG
# Ile ATC

”
ATC

# Phe TTC
‘

TTC
Pro CCG CCC
Ser AGC —
Thr ACG ACC

# Tyr TAC TAC
Val GTC GTG

# ihdicates the amino acid for which gamma—zei¤ has the
same codon as that generalized for eukaryotes.
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during the first strand DNA synthesis (most likely by conta-

minating nuclease). The shortest insert, clone XZM8—3, cov-

ered the very 5'end. It encodes 84 amino acids, 5 of which

were in the signal peptide region. The rest includes se-

quences corresponding to the 8 tandem repeats and flanking
u

sequences before and after the repeats. Because this clone

reacted with antibody against gamma—zein as strongly as oth-

ers, it was speculate that at least one antigenic determi-

nant resides in this 79 amino acid region. It is conceiv-

able that the antigenic determinant might reside in the

tandemly repeated sequence. The antigenicity of tandem re-

peats of a oligopeptide was also observed by Enea et al.

(1984). In their case, a tetrapeptide repeated tandemly 23

times and reacted specifically with monoclonal antibody pre-

pared against the native protein.

The calculated molecular weight of gamma-zein is about

5,000 daltons less than what was estimated by SDS—PAGE. One

explanation for this discrepancy could be that gamma-zein is

rich i11 basic amino acids (histidine and arginine) which

cancels some of the negative charges imparted by SDS. It

may therefore move slower on SDS—PAGE showing a higher mole-

cular weight than it has. The conformation of the protein,

of course, may also interfere with the migration of a pro-

· tein on an SDS gel. At the N-terminal region, there are
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many prolines which give random coils that make the protein

loosely folded and denatured readily. This would also re-
l

sult in slower movement of gamma-zein on SDS—PAGE than a

protein which is not fully denatured.

The sequence information. obtained fronx 7 independent

clones suggested that there is only a single coding sequence ‘

_ for gamma-zein although the existence of small gene family

can not be ruled out at this time. This finding is in con-

flict with what had been suspected on the basis of IEF ana-

_ lysis (see INTRODUCTION). What causes this charge hetero-

geneity after IEF is not known yet. When an IEF gel was

Western blotted onto nitrocellulose, all bands reacted with

specific antibody against gamma-zein (Figure 8 C) suggesting
V

that antibody does react with all the pI forms of gamma-

zein. The immunoprecipitation of in vitro translation pro-

duct, on the other hand, gave a narrow single band on SDS

gel (Figure 8 A). I speculate that there are some post-
V

translational modifications, e.g. glycosylation and deamida-

tion (Righetti et al., 1977), that can not occur in the in

vitro translation system being used. I also tried glycopro—

tein staining with a rwndefinitive result. It should be

borne in mind that the periodic acid—schiff stain reacts

only with certain types of sugar residue. Neutral glycosyl

residues that are substituted at C·3 and 2-deoxyglycosyl or
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2-acetamido—2—deoxyglycosaminyl residues substituted at

either C-3 or C-4, or both, positions will not give a color

reaction. In addition, the sensitivity of the assay (Gan-

der, 1984) is not high enough to detect low amounts of car-

bohydrate in a protein, although it might be high enough to

. give charge heterogeneity. Recently, we cut out each band

from an IEF gel and reran them on an IEF gel. Each band

could give multiple bands although not as many as 14 to 16

bands as detected for the mature gamma—zein. This suggests

that the multiple banding on an IEF gel maybe, at least in

part, an artifact resulted from interaction of gamma—zein

protein with ampholyte, urea, other chemicals being used, or

itself to give aggregation through disulfide bond linkage.

The existence of 8 essentially identical repeats and 2

additional octapeptide repeats suggest their importance in

the structure and function. The codon for the third proline

is invariably CCG and that for the first two prolines also

has some degree of preference. At other positions of the

repeats, there is some degree of conservation at the nucleo-

tide level, too. This might indicate that this piece of DNA

might. have some structural role. Another possibility is

that gamma-zein gene might arise frmu a recent fusion of

some GC-rich region of a chromosome to a preexisting gene or

DNA fragment. The importance of the conservation at the nu-
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cleotide level is not clear yet. In addition, only a single

amino acid substitution was found within the 8 tandem re-

peats suggests the importance of this sequence to the func-

tion of the protein.

The existence of a half of the octapeptide repeat unit

before the two octapeptide repeats suggests that this repeat

might be a result of unequal crossing over. The conserva-

tion at both nucleotide and amino acid levels could also be

noted for this repeat. Here there is a substitution of cy-

steine for serine. If exchanges between cysteine and serine

is tolerable, there would be a lot of more similar-sense mu-

tation being observed. But that is not the case. This might

indicate that the nucleotide sequence is more important to a

biological funcion. An alternative is that it is an evolu-

tionarily young gene.
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Chapter V

GENERAL DISCUSSION

5.1 TIME OF GAMMA-ZEIN SYNTHESIS .

Our preliminary studies indicated that 18 days after

pollination there was already detectable amounts of gamma-

zein as assayed by SDS-PAGE. Recent studies in this labora-

tory (Mohammad, personal communication) indicated that gam-

ma-zein can be detected by ELISA (enzyme-linked

immunosorbent assay) as early as 10 days postpollination,

which was also true with alpha-zein. Accumulation of gamma-

zein was found to be in parallel with alpha-zein in develop-

ing corn endosperm (Ludevid et al., 1984). This may suggest

some functional dependence between alpha-zein and gamma-zein

(section 3).

5.2 POLYSOME IMMUNOPRECIPITATION

Immunoprecipitation of polysomes has proved to be a

powerful approach to isolate a specific mRNA species from a

polysome population, both abundant (Shapiro et al. 1974) and

low abundant mRNA (Kraus and Rosenberg, 1982; Korman et al.

1982). Our attempts to immunoprecipitate polysomes were not

successful based on the results of numerous experiments. One

might attribute these negative results to lack of reactivity

-86- i



87 ~

between antibody against gamma-zein and nascent polypeptide.

But the results of immunoscreening of cDNA expression li-

brary indicated that the antibody can recognize not only
”

full or near full length polypeptide but also its fragments

even as short as 80 amino acids long. I postulated that the

reason for unsuccessful polysome immunoabsorption experi-

ments was most likely to be the interaction of nascent pep-

tide with some component of the protein body based on the

following data. (a) we successfully immunoprecipitated in

vitro translation product by antibody against gamma-zein

(section 3). This indicated signal peptide alone would not)

change the antigenicity of gamma-zein. (b) Ludevid et al.

(1984) concluded, from immunocytochemical results, that gam-

ma-zein was located in the periphery of protein bodies. They

also found that gamma-zein could be extracted out of protein

body in the presence of a reducing agent (DTT). After solu-

bilization of gamma-zein by DTT, protein bodies underwent a

change in their general shape as observed by electron mi-
I

croscopy indicating a loss of internal structure. Their ob- '

servation suggested the possibility of the physical involve-

ment of gamma-zein in the structure of protein body. This

involvement is probably with a protein or proteins through a

covalent linkage (e.g. disulfide bond), because in our poly-

some isolation, a 1% final concentration of Tween 40, Brij
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35 and Nonidet P-40 (Vodkin, 1981) was used and these deter-

gents should make the isolated polysome lipid-free. The pro-

tein—like component bound to gamma-zein, when alone, could

change the overall three dimensional structure of the nas-

cent polypeptide or directly block the antigenic determinant

on gamma—zein. In either case, the nascent polypeptide could

not be recognized by antibody.

5.3 IN VITRO TRANSLATION AND IMUNOPRECIPITATION

Using wheat Germ In vitro Translation System (WGITS),

we found that the final product pattern analysed by SDS-PAGE

differed depending on how messengers were provided, e.g. in

free mRNA form or in polysome form. There was more alpha-

zein and less gamma-zein being synthesized in WGITS when to-
·

tal mRNA was used to provide the messenger than when total

polysome was used. This may suggest that there are some dif-

ferences in translation between wheat germ and corn endos-

perm. It may also suggest that the translation efficiency

was different for alpha-zein and gamma-zein. Alpha-zein had

a higher efficiency of initiation than gamma-zein when free

mRNA was used. Our sequence information of gamma-zein rev-

ealed a secondary structure in the 5' region of the mRNA as I

shown below:
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C

G-C
4

T-A

_ C-G

G-C
l

G-C

C A

_ G-C '

T C

C-G

G-C _

G-C

C-G

A G-C

G-C

5' AQQCATACAAGC-GGTTCAT 3'

(# the first codon of the coding sequence for mature protein

is underlined.)

The presence of this secondary structure may make it diffi-

cult for mRNA to be translated efficiently and result in the

slow down of overall rate of synthesis of gamma-zein.

The sources of difficulty experienced initially in im-

munoprecipitating gamma-zein after in vitro translation may
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be attributed to the following. The first is the presence

of abundant and insoluble alpha-zein among the translation

products, which coprecipitated with goat anti-rabbit

(GAR)-IgG-gamma-zein complex. Centrifugation for 10 minutes

prior to the addition of antibody against gamma-zein over-
·

came this problem. Secondly, gamma-zein was not antigenic in

the presence of SDS, which was used as one component of the

buffer for immunoprecipitation. In fact, we observed that

gamma-zeirx was not immunogenic after treatment with SDS.

This suggested that SDS could demolish the antigenic deter-

minant on gamma-zein.

5.4 CONSTRUCTION OF A CDNA EXPRESSION LIBRARY AND
SCREENING FOR CLONES WITH GAMMA—ZEIN CDNA INSERTS

An expression library using pUC8 plasmid as the vector

was successfully constructed. The sequential additions of

Sal 1 and Eco RI linkers fixed the orientation of cloned

cDNA and yielded a higher frequency of expression of the

cloned inserts. This technique also facilitated the subclon-

ing process. Of 26 clones selected by antibody against gam-

ma-zein, 6 were chosen for sequence study. These 6 clones

had inserts varying in size from 250 to about 900 base

pairs. Sequence data revealed that most of the clones cov-

ered the middle portion of the gene, which was not expected.

This is thought to be the result of digestion of DNA by con-

taminating nucleases in the reverse transcriptase lot used.
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Our results showed that construction of an expression

library is an easy way to isolate a particular gene for

which no sequence information is available. However, there

are some limitations in this approach. One problem is the

toxicity of the foreign protein being expressed to Q. coll.
{

The toxicity has been reported by a number of investigators

(Little, 1979; Samuel et al., 1984). Our results (see

Chapter III) showed that alpha-zein cDNA. was cloned and

maintained in E. coll, but not well expressed.

The antibody against gamma-zein we had been using had

crossreactivity with one component of beta-zein, 18 Kd

beta—zein. This crossreactivity was also noticed by Ludevid

et al. (1984). However, our sequence data revealed the exis-

tence of no beta-zein inserts in the clones selected by an-

itibody against gamma-zein. This indicated that beta—zein

might not have been expressed in Q. coll either as was the

- case with alpha—zein.

The causes of toxicity are not known at this time. The_

insolubility of alpha-zein and beta-zein in aqueous systems

even in the presence of a reducing agent may have led to

formation of insoluble aggregates which, in turn, may have

interfered with various cellular activities critical to sur-

vival of the E. coll cell. Another possibility is that the

presence of signal peptide on zeins might have caused their
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transport through membrane to periplasmic space where they

are more toxic than in the cytoplasm (Brosius, 1984; Tal-

madge and Gilbert, 1982).

5.5 SEQUENCE STUDY OF GAMMA-ZEIN AND ITS GENE

The overlapping regions of 7 clones sequenced had iden-

tical sequences strongly suggests that gamma-zein is encoded

by a single copy gene. A 100% agreement between our sequence

data and that of Prat et al. (1985) also supported this con-

clusion. By chromosome walking, however, Geraghty and Ruben-

stein (1985) indicated the presence of 2 gamma-zein genes in

the corn genome. The 2 genes were on the same chromosome 17

Kb apart. They sequenced one of the genes and found that the

deduced N-terminal amino acid sequence was identical to the

published one (Esen et al., 1982). What is the sequence of

the other gene? Are these two genes identical? If not, what

is the degree of homology between them? Are they both func-

tional? These questions remain to be answered.

Our conclusion of only one gene for gamma-zein is not

consistent with what was expected on the basis of SDS—PAGE

and IEF. Gamma—zein shows extensive heterogeneity when sepa-

rated by IEF. Even on SDS gels, gamma-zein shows some de-

gree of' heterogeneity. Consequently, it was assumed that

gamma-zein was encoded by a multigene family. cDNA sequence
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data do not support this assumption. Even if the 2 genes in-

dicated by Geraghty's data are both functional, the 14-16

bands observed on IEF gel can not be explained by a multiple

gene family. Our results (see chapter IV) suggested that the

heterogeneity of gamma-zein may be due to the two reasons.
U

One is post-translational modification, e.g. glycosylation,

deamidation, and possibly others, presently unknown. The

other reason is the structural variation of gamma-zein re-

sulting from the interaction with wlrea, ampholyte and/or

other components of IEF gel. The result of rerunning indivi-

dual bands cut from a preparative IEF gel showed that each

band could give several bands after rerunning even though

not as many as 14-16 bands. This suggested that, to a con-

siderable degree, the heterogeneity of gamma-zein is an ar-

tifact of IEF.

The molecular weight of gamma-zein calculated from de-

duced amino acid sequence is about 5000 daltons less than

that estimated by SDS-PAGE. This could be due to the fact

that gamma-zein has basic pls and it is structuraly loosely

packaged due to the presence of large number of proline re-

sidues in the polypeptide. lt is also conceivable that ad-

dition of some other substance(s) to gamma-zein during or

after its synthesis can cause the increase in molecular

weight;
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As mentioned in section 2, gamma-zein was found to be

located in the periphery of the protein bodies and after it

was removed, the protein body changed its general shape.

This may suggest that gamma-zein not only serves as nutrient

reserve, but also has some structural function in the pro-

tein body. This idea is favored by the fact that there are

regular repeats at the N-terminal region of the protein. One

hypothesis is that gamma-zein may serve as a skeleton for

protein body because it has 7.4% Cys residues by which it

can form a multimer molecule through disulfide bond linkage

with its self or other Cys rich protein like glutelin faci-

litating the packaging of protein into protein body.

5.6 QUESTIONS REMAINING TO BE ANSWERED

Results of this research raise many new questions. The
‘

immediate question is what cause the heterogeneity of gamma-

zein on IEF. We have some preliminary results, but a further

documentation— of artifactual heterogeneity should be ob-

tained. Our sequence data suggested the existence of a sin-

gle copy gene for gamma-zein. Geraghty found two copies on a

chromosome. But how are these two genes related to each oth-

er? Can both genes be transcribed and translated and how?

This needs to be cleared. If the hypothesis of gamma-zein

being encoded by a single (or two at the most) gene is
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right, and if gamma-zein has some function both at DNA and

protein levels, the question of the evolution of gamma-zein

should be studied. First, one should check the presence or

absence of gamma-zein in the relatives of corn and other ce-

reals. Secondly, a sequence homology study among gamma-zein
U

genes from different species should be performed. As to the

evolutionary relationships between reins, the 18 Kd beta-

zein, which had a crossreactivity with antibody against gam-

ma-zein, should be a good material to study the sequence

homology between these two zeins. Since our results indi-

cated that gamma-zein antibody can recognize relatively

small fragments synthesized in Q. coll, one can clone indi-

vidual fragments of the gene into an expression vector, iso-

late and purify peptide fragments, get specific antibodies

against them, and use these antibodies to study the native

structure of gamma-zein inside of protein bodies. These an-

tibodies can also be used to study the degradation process

of gamma-zein during seed germination.

u
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