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The activity of a highly purified plant lectin, wheat germ

agglutinin (WGA), has been detected in wheat embryos as young as 25

days post-anthesis. The amount of hemagglutinating activity present

in young embryos increases to a maximum level at 45 days post-anthesis.

No lectin activity was found in the endosperm, roots, leaves or in a

wheatembryo tissue culture line. In order to test for lectin activity

during development, a procedure for isolating large quantities of

mature and developing wheat embryos has been devised. Grain is ground

in a Waring Blendor, collected on a sieve (12 mesh/inch), floated on

2M sucrose and purified at the interface of 1M-2M sucrose step

gradient. From 100 grams of mature wheat , one to two grams of embryos

can be purified by this procedure. There is no contamination of the

embryos with other wheat tissues.



Developing embryos of T. aestivum, cultivar Twin were labelled by

placing the cut stems of 28 day post-anthesis flowers in a solution

containing H
2

35
SO

4
for 10 days. The embryos were extracted with 0.05

M HC1 and the resulting extract was chromatographed on a chitin affin-

ity column (Bloch, R. and M. Burger, 1974. Biochem. Biophys. Res. Commun.

58: 113). Approximately 0.12% of the labelled material extracted by

0.05 M HC1 eluted in a peak coincident with authentic WGA. The identity

of the
35
S - protein eluting from the chitin column in 0.05 M HC1 was

further substantiated by its immunological cross-reaction with purified

rabbit anti-WGA IgG followdd by autoradiography of the precipitation

arc. Wheat germ agglutinin appears to be synthesized de novo in

developing wheat embryos.

Antibodies directed against WGA were raised in rabbits by intra-

muscular injection of 3.0 mg of purified WGA. Ammonium sulfate

fractionation of the antiserum followed by DEAE-cellulose chromatography

yielded a population of gamma immunoglobulins active against wheat germ

agglutinin. The purified antibody was used in immunodiffusion and

immunoelectrophoresis tests to detect WGA in embryos, endosperm, roots

and leaves of 3 day-old seedlings, and in an embryo tissue culture

line. Only wheat embryos contained a protein that would cross-react

with the purified rabbit anti-WGA IgG.

A radioimmune assay has been devised to increase the sensitivity

of detecting wheat germ agglutinin in tissue extracts. Using constant

amounts of
14
C-wheat germ agglutinin and rabbit anti-WGA IgG, 0.2 pg

of unlabelled wheat germ agglutinin can be detected by this method.
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Localization and Time of Synthesis of
Wheat Germ Agglutinin in Developing Wheat (Triticum aestivum, L.)

I. INTRODUCTION

Nearly every multicellular organism exists, at some point in its

life cycle, as a single cell. Through mitotic divisions, single cells

become groups of cells often morphologically and biochemically distinct

from one another. Biochemical characterization of the genetic mate-

rial (DNA), intermediates (mRNA), and products (protein) has provided

a mechanism for understanding how transfer of heritable traits to

daughter cells is accomplished. Still unresolved, however, is the

question of how expression of that genetic information is regulated

to produce characteristically different eukaryotic cell types.

One approach used for probing differential gene expression has

been to characterize the molecular events associated with the flow of

information from the nuclear genome to the appearance of polypeptide

product in the cytoplasm. Understanding the mechanics of transcrip-

tion and translation, however, has provided only a framework for

deciding where control may be exerted. Gene regulation, it appears,

may be controlled at any of several levels (102). The mechanism

whereby regulation is accomplished, therefore, must be examined for

each specific gene product.

Currently, methods employed to study the controlled expression

of a specific gene product require that the protein in question be

present intracellularly at fairly high concentrations. Accordingly,
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the most intense effort in studying selective gene expression has

been directed toward explaining regulation of globin, immunoglobulin,

ovalbumin and silk fibroin synthesis. In these cases, appearance of

the specific gene product is controlled or, at least, correlated with

specific environmental or developmental cues.

Many cell types other than reticulocytes, lymphocytes, oviduct

or silk gland cells synthesize large amounts of a restricted set of

proteins during a short, defined period of their growth. The present

study represents a preliminary evaluation of lectin synthesis during

seed development as an acceptable system in which to study gene

regulation.

A. Seed Formation

Embryogenesis in plants begins with two fertilization events.

The embryo results from fusion between one pollen sperm nucleus and

the egg cell nucleus. Simultaneously, the endosperm arises by fusion

of the two maternal polar nuclei with a second pollen sperm nucleus.

Although genetically identical, the embryo and endosperm develop into

two completely distinct tissues. The initial phase of seed develop-

ment is characterized by extremely rapid cycles of cell division in

both tissue types. Usually, the number of cells does not increase

after this initial proliferative phase. With cell division complete,

the second period of seed development results in massive increases in

dry weight and deposition of storage materials to be used by the

embryo tissue in germination. Finally, the seed becomes detached

from maternal tissue, undergoes a dehydration phase, and becomes
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dormant. In short, the transition from a highly metabolic to a

quiescent state makes seed formation a particularly intriguing system

for developmental and molecular study.

For any given seed type, the proteins which accumulate during

seed development and become stored until after germination are

limited to a few specific types. Expression of these proteins occurs

only during seed formation: no seed storage proteins have been found

in other plant tissues. Rigorous characterization of all storage

proteins from any seed type has been impossible, to date, due mainly

to definition of storage protein primarily on solubility character-

istics. Nevertheless, synthesis of storage proteins usually represents

the activation of a restricted group of specific genetic loci at a

single time during development. Animal cell types, in which large

quantities of a few proteins are made, usually are terminally differ-

entiated. That is, the cells will not differentiate into another

cell type. This is not the case for plants which may store proteins

in the cotyledons and embryo of the developing seed. After germination

the cells previously in the cotyledons differentiate into photosyn-

thetically active cells. The difference between plant and animal

cells in their ability to continue differentiation after massive

synthesis of a few proteins suggests that regulation of this gene

expression may be fundamentally different in the two cases and, hence,

warrants examination.

The rules for orderly growth and development have been studied

most often in organisms conveniently grown or maintained. For this

reason, a vast body of information exists on the biochemistry and
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molecular biology of commercially available wheat germ (embryos

contaminated considerably with endosperm). Beyond question, mole-

cular aspects of growth and differentiation have been studied more

in wheat embryos and wheat seeds than in any other angiosperm seed.

From the work of several laboratories, the components of protein

synthesis in wheat embryos have been characterized more completely

that those of most eukaryotes (70, 71, 72, 73, 104). In fact, the

cell-free translation system from wheat embryos (68, 69, 97) has

become the most widely used procedure for synthesizing protein in

vitro. Induction of RNA synthesis concomitant with wheat embryo

germination (20, 21, 28, 29, 38, 91, 92, 113) and the existence of

performed mRNA utilized during germination (14, 24, 103, 112, 120,

128) are active areas of investigation.

Recently, several investigators have become interested in wheat

embryo transcription enzymes (RNA polymerases I, II, and III) and the

regulation of appearance and activity of these proteins during develop-

ment (39, 44, 49, 50, 51, 52, 121). Notably, the first report of

achieving linked transcription and translation of eukaryotic DNA by

a eukaryotic cell-free system used purified wheat germ RNA polymerase

II and the wheat germ translation mix (56).

Histone and non-histone chromosomal proteins have been isolated

and characterized from wheat germ (32, 111, 114, 115, 116). Nuclei

from wheat embryos are isolated easily and will synthesize RNA

in vitro (66), and studies on replication of DNA in wheat embryos have
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recently been initiated (15). In short, the molecular biology of

wheat embryo development is advancing very rapidly.

An added advantage to studying wheat embryo development results

from the careful and extensive work on the cytogenetics of wheat.

Mainly through the efforts of Sears and co-workers, a complete inven-

tory of aneuploids and substitution lines of wheat are available in

which single chromosomes or combinations of chromosomes have been

eliminated or duplicated (80, 105, 106, 107). The utility of these

modified lines is evident for studies involved with the expression

of a single gene product.

A serious limitation, thus far, in studying the transcription and

translation in an entirely homologous system has been the lack of a

characterized wheat specific protein, the synthesis of which may be

demonstrated in vitro. Logically, the wheat endosperm storage proteins

are likely candidates for consideration. Like storage proteins from

other seeds, wheat endosperm proteins are identified by their solu-

bility characteristics. Unfortunately, extensive fractionation is

necessary to resolve the many endosperm proteins that are extracted

with salt, alcohol, water, acid or alkali (18, 23, 36, 37, 54, 55).

Since most of the gliadin, globulin, albumin, or glutenin sub-

fractions have no known enzymatic activity, the sole criterion for

distinguishing between the components is electrophoretic mobility.

A few of the endosperm proteins will inhibit a-amylase activity (27,

55, 83, 101, 108), however there is some disagreement about whether

these proteins are gliadins or albumins. Preliminary characterization



6

has been reported for three classes of a-amylase inhibitors from wheat

but it is doubtful that the proteins were purified to homogeneity. At

this time the conclusion must be that the chemistry of wheat endosperm

storage proteins will have to be more rigorously established before

these proteins can be considered ideal markers for specific gene

expression.

B. Lectins in Seed Development

Fortunately, the properties of one wheat protein, wheat germ

agglutinin, have been thoroughly described. Wheat germ agglutinin

(WGA) is one example from a class of proteins called lectins or

phytohemagglutinins defined by their ability to bind to carbohydrates

and/or agglutinate cells (60, 63, 110). Lectins have been used exten-

sively by mammalian cell physiologists to probe the outer surface of

cell membranes and to understand the nature of cell-cell interactions.

The widespread use of lectins in studies of this type have expedited

their purification and biochemical analysis to the point that some

lectins are among the most highly characterized of all plant proteins.

Historically, wheat germ agglutinin activity was first reported

by Aub and co-workers (7) as a contaminant in commercial preparations

of wheat germ lipase. The impurity in the lipase preparation caused

agglutination of malignant cells. With the idea of using this protein

to study transformation, several groups set out to purify the activity

both from lipase preparations (4, 58, 67, 82) and from wheat germ

(16, 17, 110). Physico-chemical properties of the protein were not

agreed upon until various affinity chromatography procedures were
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used in the purification procedure (5, 9, 12, 64, 109). Now there is

general agreement that wheat germ agglutinin is a dimer of two iden-

tical 18,000 dalton subunits (9, 12, 64, 85, 94, 109). Unlike lectins

from some seeds, wheat germ agglutinin is not a glycoprotein (5, 64),

nor does it require a metal ion for activity (82). The amino acid

composition of WGA is very unusual since 21% of the residues are

glycine and 20% are half-cystine (5, 9, 58, 82, 85). Reports indicate

that the amino-terminus of the protein is blocked because treatment of

WGA with dansyl chloride does not yield alpha-amino dansyl derivatives

(12, 109). The isoelectric point of wheat germ agglutinin is approxi-

mately 8.7 (4, 95).

In the presence of N-acetyl D-glucosamine and its (-1,4-linked

oligomers, agglutination of cells by WGA is inhibited (5, 16, 17, 58).

Since the tri- and tetramer of N-acetylglucosamine are 3,000 times

more inhibitory than the monomer sugar, it has been suggested that

the binding site of WGA is a series of two or three adjacent subsites

(4). Equilibrium dialysis studies indicate two equivalent and

independent carbohydrate-binding sites per subunit (82, 86, 87).

Crystals of wheat germ agglutinin are relatively easy to obtain

(12, 82) and have been studied by high resolution X-ray crystallography

(130, 131, 132). Structural analysis of the protein indicates each

WGA subunit is an assembly of four structurally homologous domains

(131). The high degree of structural homology and limited evidence

of sequence homology led Wright to suggest that the domains arose

by gene-quadruplication followed by divergent evolution (131). Amino
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acid sequencing of wheat germ agglutinin is being conducted in the

laboratory of Y. Nagata, Tokyo University.

Ion-exchange chromatography of purified WGA on SP-Sephadex sepa-

rates the protein into three fractions, all retaining hemagglutination

activity (5, 93, 95). In addition, one of the SP-Sephadex-derived

fractions can be resolved further into two active components on

QAE-Sephadex (5, 95). Isoforms of wheat germ agglutinin are similar

in molecular weight, amino acid composition, and isoelectric point

(95). Isoforms of lectins have been reported in many other seeds

including soybean (34, 62), kidney bean (33, 57, 76, 89) and Bandeiraea

simplicifolia (81).

To examine a possible genetic basis for isoforms, wheat isolectins

from hexaploid and tetraploid wheat strains were characterized by

ion-exchange chromatography (93). Commercial wheat is hexaploid,

having been derived from crosses of three different wheat species.

The three different genomes of hexaploid wheat are designated A, B

and D leading to a plant with as many as six different alleles at a

particular locus. Tetraploid wheats have only the A and B genomes.

Fractionation of wheat germ agglutinin isoforms on SP-Sephadex gives

three peaks of protein and activity for hexaploid wheat, isoforms I,

II, and III. Tetraploid wheat has only two peaks which chromatograph

exactly with isoforms I and III. Mixing experiments of WGA from

hexaploid and tetraploid varieties eliminate the possibility that

isoform II is lost due to protease activity. From this evidence,

Rice proposes that wheat isoforms are distinct gene products with
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isolectin II being the product of the D genome. Characterization of

wheat germ agglutinin isoforms from wheat aneuploids should give

conclusive evidence to support or refute this proposal.

Comparatively little is known about the localization and synthesis

of lectins in plants. The lectin in peas has been shown to accumulate

rapidly during seed development, its appearance coinciding with the

appearance of pea storage proteins (100). Pea lectin is found in both

the embryo axis and the cotyledon during seed formation when detected

by hemagglutination activity and reactivity toward anti-pea lectin

antibody. A similar result was reported for the localization of lentil

lectin (46, 98, 99), and red kidney bean lectin (75). In addition to

being localized in the seed, soybean lectin has been detected by

hemagglutination and radioimmunoassay in the leaves, roots and stems

of young soybean plants (88). The concentration of lectin in young

plants is much lower than that found in cotyledons and decreases to

undetectable levels in seedlings older than 15 days. Nevertheless,

the amount of lectin found in young seedlings is much greater than the

amount of lectin in the embryo. Either young seedlings are able to

synthesize soybean lectin after germination or soybean lectin is

transported to the plant from cotyledons. In contrast, pokeweed

mitogen, a lectin from Phytolacca americana, occurs in the leaves,

stems, and roots of this plant, sometimes in higher concentrations

than that found in seeds (31).

The subcellular localization of jack bean lectin (Con A) and red

kidney bean lectin (PHA) has been examined using FITC-conjugated serum
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glycoprotein (22). Both lectins were found in all cells of thin-

sectioned cotyledons. In the parenchyma tissue, fluorescence from

the probe was associated with protein bodies and the outer surface of

starch grains. Electrophoresis of proteins from isolated protein-

bodies of castor bean resolved a protein that migrated exactly with

ricin and Ricinus agglutinin, two castor bean lectins (125, 133).

Moreover, Hankins and Shannon (41) have recently stated in a prelimi-

nary report that certainly most, and perhaps all, lectin activity is

associated with isolated seed protein bodies in the eight legume

species they have tested.

A different viewpoint is taken by Millerd and co-workers (78)

who examined developmental changes in the accumulation of pea storage

proteins by cross-immunoelectrophoresis of whole cotyledon extracts

and protein-body extracts with antiserum directed against total protein-

body protein. Pea lectin, independently identified by SDS poly-

acrylamide gel electrophoresis and hemagglutinating activity, was

detected in cotyledon but not in protein-body preparations in a quan-

tity sufficient to elicit antibody formation in the probe. Millerd

concludes, however, that pea lectin must not be present in protein-

bodies in concentrations similar to its concentration in other parts

of cotyledon cells.

Histochemical localization of the B-lectins (plant proteins which

bind specifically to 5-glucosyl linkages) in jack bean, pigeon pea,

lima bean, and red kidney bean has been attempted by coupling phloro-

glucinol to B-glucosyl chains and applying the reagent to cotyledon
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sections (22). Using this technique, B-lectins were localized in

peripheral areas of the cytoplasm (near the cell membrane) and in

intracellular spaces in the cotyledon parenchyma. Often, 1-3 um

spherical bodies in the intracellular spaces and occasionally in cell

walls were stained.

An interesting observation, reported recently, indicates that

proteins cross-reactive with Dolichos biflorus lectin antibody are

present in leaves, stems, and pods of this plant, however, no hem-

agglutinating activity was evident in extracts from these tissues

(117, 118, 119). A protein similar to Dolichos lectin has been puri-

fied from the leaves and stems and was found to have one subunit

identical to the seed lectin and another subunit slightly larger than

the seed lectin subunit but identical at the amino-terminal end(117,

118). Other investigators have reported a small amount of inactive

but immunologically cross-reacting protein from other plants (46, 75,

98, 99, 100). None of these other lectin-related molecules have been

characterized further. With little or no evidence, it has been

proposed that the inactive lectins are synthesized in the leaves or

in other parts of the mature plant and transported to developing

seeds where they become active (46, 60, 118).

The scant amount of work reported on lectin localization has been

done exclusively with dicotyledonous plants, especially legumes. The

study reported here was initiated to establish the pattern of lectin

localization in a monocot, as well as to demonstrate the timing and
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place of synthesis of wheat germ agglutinin. Establishment of these

parameters was essential prior to study of any of the molecular aspects

of wheat germ agglutinin synthesis and its function in seeds.
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II. METHODS AND MATERIALS

A. Plant Material

Wheat caryopses (Triticum aestivum L., cultivar Yamhill) were

collected at weekly intervals throughout the summer of 1977 from an

experimental field plot in North Corvallis supervised by Dr. Robert

Powelson, Department of Botany and Plant Pathology, Oregon State

University. The following summer two cultivars, Yamhill and Anza,

were produced on the Oregon State University Hyslop Experimental Farm.

The plants were harvested by cutting the stems approximately 40 cm

from the flowering head with garden clippers. The plants were trans-

ported to the laboratory within 20 minutes, where ears were removed

from stem and leaf material. The heads were immediately frozen in

liquid nitrogen facilitating removal of glumes and stems. Grains were

separated from chaff by passing through a large (12 X 24 inch) sieve

of 4 mesh/in. The seeds were retained by a second sieve (8 mesh/in)

and the remaining chaff was blown away with a cool hair drier. Grain

remained frozen throughout this procedure. Twenty to thirty pounds

of seeds per week were harvested in this manner and subsequently

stored at -80°C. Seeds were tested for viability before being used

in any experiment.

In addition, wheat plants (T. aestivum, cultivars Anza and Twin)

were maintained in the greenhouse. At ten day intervals, 150 seeds

(25 plants, 6 seeds per pot) were planted in soil containing 15-15-15

fertilizer and lime supplement. The plants were maintained at 19°C
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day temperature and 13°C during the night. The plants received 300

ft. candles of light during a 16 hour day. Under these conditions,

anthesis occurred at 62 days after germination, and the seeds were

mature 63 days after anthesis.

For this study, the beginning of seed development is defined by

the first appearance of bright yellow anthers outside the glumes. For

some experiments individual plants were tagged on the first day of

anthesis.

B. Embryo Isolation

Embryos from mature and developing seeds are isolated by dis-

rupting one hundred grams of seed in a Waring Blendor for five seconds

at the maximum setting (Figure 1). Small fragments generated by this

procedure are sifted from the large fragments. Mature seeds may be

ground directly: developing seeds must be frozen in liquid nitrogen

prior to disruption. Any remaining large fragments are disrupted

three to four more times after removal of the small fragments. Con-

siderable damage to the embryos results if the small fragments are not

removed after each five second disruption. The small seed fragments

are pooled, sifted through a 12 mesh/in screen, and retained by a 24

mesh/in Tyler sieve. Chaff is blown from the embryo and endosperm

fragments with a cool hair drier. Material from mature seeds may be

stored at 4°C for several weeks at this stage of the procedure with

no apparent loss of germination ability. For further purification, the

seed fragments are stirred into 100 ml of cold 2 M sucrose. After

ten minutes most of the endosperm fragments will fall to the bottom
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of the beaker (endosperm fraction), while the embryos and chaff will

float (crude embryo fraction). The top layer is gently skimmed off and

fragments are collected on a nylon screen to remove excess sucrose.

Five to ten grams of this crude embryo fraction is layered on a

gradient consisting of 50 ml 1.0 M sucrose layered over 50 ml 2 M

sucrose in a 150 ml Sorvall centrifuge tube. The gradients are cen-

trifuged in a swinging bucket rotor (SL1) of a Sorvall HB1 centrifuge

at 2,500 rpm for 10 minutes at room temperature. After the top chaff

layer is aspirated off with a pipet, the embryo layer, at the interface

of the 1-2 M layers, is removed. Two grams of pure, intact embryos

are obtained from 100 grams of mature wheat seeds.

C. Starch Content of Isolated Embryos

To measure contamination of the isolated embryos with endosperm

and to compare the above procedure for isolating embryos to an earlier

described procedure (53) the starch content of purified embryos, crude

embryo fraction, and crude endosperm fraction was measured. Starch

was determined by modification of the method of Adams and Emerson (1).

One gram of freshly isolated tissue was heated to boiling in 8 ml of

distilled water. The mixture was cooled on ice and extracted with 6 ml

of 70% perchloric acid for one hour at 4 °C. After filtering the extract

through a sintered glass filter, the pellet was washed with 2 ml of

water. The filtrate and wash were pooled and the volume measured.

A standard curve was prepared by making a 200 mg/ml stock solution

of soluble potato starch (Sigma). Dilutions of the starch (40-200 pl)

were made in 1 ml of water. To the diluted starch solutions, 46.5 p1

0.4 M potassium iodine and 120 pl 0.005 M potassium iodate were added.
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The tubes were well shaken and incubated for 15 minutes at room tem-

perature. Absorbance at 660 nm was recorded.

The perchloric extracts of embryos, endosperm, and material float-

ing on 2 M sucrose were diluted 1:10 with water and 10 p1 of this mate-

rial was used in the assay described above. Duplicate samples were

tested.

D. Embryo Germination

Mechanically isolated embryos or hand dissected embryos are ster-

ilized in 10% Chlorox solution for ten minutes and washed extensively

with sterile distilled water. Sterilized embryos are placed on germi-

nation media (Table I) in sterile petri dishes.

E. Purification of Wheat Germ Agglutinin

1. Extraction of Wheat Germ.

Wheat germ agglutinin was purified by modification of a procedure

using affinity chromatography on chitin (12). Vacuum-packed Centennial

Mills (Portland, Oregon) wheat germ (1.6 kilograms) was ground dry in

a mortar for 15 seconds and extracted with seven liters of 0.05 M HC1

for one hour at room temperature. The mixture was centrifuged at 2,000

xg for ten minutes at 4°C. After cooling the HC1 extract to 4°C, ammo-

nium sulfate (Schwartz-Mann, ultrapure) was added to 35% saturation.

Precipitated protein was collected the following morning by centrifuga-

tion at 10,000 xg for 15 minutes. The pellet was suspended in one liter

of 0.05 M HC1 and dialyzed against two changes of 36 liters of distilled

water for 12 hours at room temperature, and then against 36 liters of
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Table I. Germination Medium (61).

Final Concentration
Constitutent mg/ml

NH
4
NO

3 1.650

KNO
3 1.900

H3B03 6.2

KH
2
PO

4 170.0

KI 0.83

Na
2
Mo0

4
'2H

2
0 0.25

CoC1
2
'6H

2
0 0.025

CaC1
2
.2H

2
0 440.0

MgSO47H20 370.0

MnS0
4

1-1
2
0 22.3

ZnS0
4
'7H

2
0 8.6

CuS0
4
'5H

2
0 0.025

Na
2
EDTA 37.3

FeS0
4
'7H

2
0 27.8

Thiamine HC1 0.4

adjust pH to 5.6

Sucrose 40g/1

Glutamine 400 mg/L

agar 15g/L

penicillin 10,000 units/L

streptomycin 10 mg/L
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0.01 M Tris-HC1, pH 8.5 for 24 hours at room temperature. Insoluble

material was removed by centrifugation at 16,000 xg for 15 minutes.

The resulting bright yellow supernatant liquid was added to 400 ml of

DEAE-cellulose (Whatman DE-52) that had been precycled and equilibrated

with 0.01 M Tris-HC1, pH 8.5. The slurry was gently stirred for 30

minutes at room temperature after which the ion-exchange resin was

allowed to settle. The colorless extract was decanted from the DEAE-

cellulose which was then washed with one liter of 0.01 M Tris-HC1, pH

8.5. No further wheat germ agglutinin activity remained with the DEAE-

cellulose after washing. The extract and wash were pooled (volume= 2.5

liters) and applied to a chitin column.

2. Preparation of a Chitin Affinity Column.

Crudely ground chitin from crab shells (Sigma) was ground in a

Wiley mill through a 40 micron mesh. This finely powdered chitin was

treated exhaustively with water, 0.05 M HC1, 1% Na2CO3, and ethanol

until the filtrate had an optical density at 280 nm of less than 0.05.

Again, the chitin was washed with distilled water and then equilibrated

with 0.01 M Tris-HC1, pH 8.5. The 2.5 liter fraction not retained by

DEAE-cellulose was applied to a column (5.3 X 52 cm) of equilibrated

chitin. The column was developed at room temperature with two liters

of 0.01 M Tris-HC1, pH 8.5 -1.0 M NaC1, one liter 0.01 M Tris-HC1, and

finally with two liters of 0.05 M HC1. Thirteen ml fractions were

collected at the rate of 400 ml/hour. Protein eluting from the column

in 0.05 M HC1 was pooled and concentrated by precipitation with ammonium

sulfate (Schwartz-Mann, ultrapure) to 55% saturation at 4°C. A pellet
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of precipitated protein was collected by centrifugation at 16,000 xg

for 30 min at 0-4°C, resuspended in 50 ml of 0.05 M HC1 and dialyzed

for 12 hours against four liters of 0.05 M HC1.

3. Sephadex G-50 Chromatography.

The concentrated fraction eluting from the chitin column in 0.05 r

HC1 was applied to a Sephadex G-50 column (5.4 X 66M) equilibrated

with 0.05 M HC1 at room temperature. Ten ml fractions were collected

at a rate of 100 ml per hour.

4. Storage of Wheat Germ Agglutinin.

Fractions from the G-50 column containing wheat germ agglutinin

hemagglutinating activity were pooled, dialyzed against double dis-

tilled water, and lyophilized. The white, fluffy product was stored

dessicated at -20°C.

F. Hemagglutination Assay for Wheat Germ Agglutinin

Out-dated human whole blood (bloodtype 0 positive) was obtained

from the American Red Cross, Portland, Oregon. Red blood cells are

collected by centrifugation at 4,000 xg for 15 minutes at 4°C. The

supernatant plasma is decanted, the red blood cells are resuspended in

phosphate buffered saline (PBS), (0.01 M NaPO4, pH 7.2, 0.015 M NaCl),

and the centrifugation is repeated. Red blood cells are washed in

this manner until the supernatant liquid is clear. The packed red

blood cells are diluted 1:10 (volume:volume) with PBS and gently

resuspended.
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Two-fold serial dilutions of wheat germ agglutinin or extracts

being tested for WGA activity are made in 100 pg of PBS in 13 X 100 mm

glass test tubes. Generally, triplicate samples are prepared. To each

of the samples is added 100 pl of 10% red blood cells in PBS. The tubes

are incubated at room temperature for 15 minutes and the degree of

agglutination is recorded on the serological scale of 0, +, ++, +++,

++++.

Molecules causing hemagglutination are tested for their carbohy-

drate binding specificity by incorporating N-acetylglucosamine or

ovomucoid in the hemagglutination assay. Both the sugar and the

proteoglycan will competitively inhibit agglutination of human 0 posi-

tive red blood cells by wheat germ agglutinin (5, 16, 17).

G. Purification of Rabbit Anti-Wheat Germ Agglutinin IgG

1. Immunization Procedure.

Pre-immune serum was taken from each of four adult New Zealand

white rabbits (3 kg) by cardiac puncture. The animals were immunized

with 1.5 mg wheat germ agglutinin and 50% Freund's complete adjuvant

(Difco) in phosphate buffered saline, pH 7.0. Two intramuscular

injections were given in each thigh. In four weeks the animals were

immunized in a similar manner with 1.5 mg wheat germ agglutinin and

50% Freund's incomplete adjuvant (Difco) in phosphate buffered saline,

pH 7.0. Bleeding began two weeks after the second injection of

antigen. Weekly, each animal was bled by cardiac puncture (yield =

30-50 ml whole blood) until the titre of the serum fell to below 1/8.
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2. Preparation and Storage of Serum.

Blood was collected in sterile 250 ml Erlenmeyer flasks and allowed

to clot for one hour at room temperature. The clot was carefully sepa-

rated from the sides of the flask with a glass rod. To facilitate sepa-

ration of serum from clotted blood, the flask was stored overnight at

4°C to allow the clot to contract. Sera was decanted into 30 ml Corex

tubes, and centrifuged at 1,000 xg for 30 minutes at 4 °C. Titres of

the serum from each rabbit were measured by Ochterlony double diffusion.

Sera with high activity were pooled, adjusted to 50% saturation with

ammonium sulfate (Schwartz-Mann, ultrapure), and stored at 4°C.

3. DEAE-cellulose Chromatography (59).

Ammonium sulfate precipitated antiserum (300 ml) was centrifuged

at 16,000 xg for 30 minutes at 4°C. The resulting pellet was washed

three times, resuspended in cold 50% saturated ammonium sulfate, and

dialyzed against 0.0175 M sodium phosphate buffer, pH 6.3 at 4°C.

After removing slight amounts of insoluble protein by centrifugation

(1,400 xg, 30 minutes, 4°C), the protein was concentrated to 30 mg of

protein per ml with Aquacide II (Calbiochem) at 4°C. The concentrated

protein was dialyzed against 0.0175 M sodium phosphate buffer, pH 6.3

and applied to a DEAE-cellulose column (DE-52, Whatman) (2.6 X 43 cm)

equilibrated with the same buffer. Four ml fractions were collected

at the rate of 100 ml/hour as the column was developed with 0.0175 M

sodium phosphate, pH 6.3 at 4°C. Protein eluting in a peak coincident

with the void volume was pooled, concentrated with Aquacide II to 25-35 mg
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of protein per ml, dialyzed against borate buffered saline, dispensed

into 0.2 ml fractions, and stored at -20°C.

H. Immunoelectrophoresis and Gel Diffusion

L. Preparation of Plates.

Clean microscope slides (1 x 3 inches) were pre-coated with 3 ml

of melted 0.3% agar. In 30 minutes the slides were placed in a 70°C

oven and left until a thin film of dried agar covered the plate.

Agarose (1.2 g) (BioRad low-mr) was dissolved in 100 ml of boiling

distilled water. To the melted agarose was added 100 ml 0.1 M sodium

barbital buffer, pH 8.5, 0.07% EDTA, (Corning) 0.04% sodium azide.

Eleven ml of agarose was pipetted on a pre-coated glass plate and

allowed to cool for 30 minutes. Plates may be stored in wet chambers

at 4°C for months if sodium azide is sprinkled on towels in the chamber.

Large amounts of agarose were divided into quantities sufficient for

three plates and stored in the cold. Agarose for use in immunoelectro-

phoresis or Ochterlony diffusion plates was not melted more than one

time.

2. Ochterlony Double Diffusion.

Wells spaced 5 mm apart were cut in the agarose using a template

and whole punch (LKB Instruments). Twenty microliters of antiserum or

antigen were pipetted into the wells. Plates were stored in a wet

chamber (a large petri dish with a piece of water-soaked filter paper

on the bottom and three glass rods to hold the slides) for 18-48 hours

at room temperature.
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3. Immunoelectrophoresis.

Wells and troughs were cut using a template ([KB Instruments).

After removing the agarose plug, wells were filled with 20 pl of

antibody or antigen. Agarose from the trough is not removed until

after electrophoresis. The buffer trays of a Gelman semi-microelectro-

phoresis chamber are filled with 0.05 M sodium barbital buffer, pH 8.5,

0.035% EDTA, 0.02% sodium azide. Filter paper wicks which extend to

the buffer trays are applied to both sides of the agarose plate. The

gels are electrophoresed at 15 mAmps per plate (constant current) for

two hours, with a Buchler Instruments (model 3-1014A) power supply. At

the end of the electrophoresis, the troughs are removed from the slide

and filled (200 pl) with antiserum or antibody. Precipitation patterns

are allowed to develop as described for gel diffusion.

4. Drying and Staining the Slide.

Antigen-antibody reactions in the agarose slide are stopped by

rinsing the gel in two changes of PBS for 15 minutes each and one rinse

with water for the same time period. Gels are dried to the surface of

the glass plate by applying a single piece of wet filter paper over

the gel taking care to avoid air bubbles. The gel and filter paper

wick can be dried with a cool hair drier or air dried overnight. Dried

gels are stained with 0.5% Coomassie blue R-250 (BioRad) in ethanol-

acetic acid-water (9:2:9) for 15 minutes and destained in the same

solution used for staining minus the dye.



I. In Vitro Labelling of Wheat Germ Agglutinin

Wheat germ agglutinin was labelled in vitro with
14

C by reductive

alkylation following modifications of the procedure of Rice and Means

(96). One mg of wheat germ agglutinin in one ml of 0.2 M sodium borate

buffer, pH 9.0 was cooled on ice. To the buffered protein, 100 pl of

0.033 M
14
C-formaldehyde (53.3 mCi/mmol New England Nuclear) was

added. Thirty seconds later, 50 pl of sodium borohydride (5 mg/ml)

was added followed by two more 50 pl additions over a period of

3 minutes. Finally, after a thirty minute incubation on ice, 100 pl

of sodium borohydride at the same concentration was added. The reac-

tion mixture was immediately dialyzed against two changes of 1.5 liters

of borate buffered saline pH 8.4 (BBS) (0.01 M boric acid, 0.0025 M

sodium tetraborate, 0.15 M NaC1) overnight at 4°C. For convenience,

the labelled protein was dispensed into 100 pl fractions and stored

at -20°C.

J. Chitin Chromatography of
14

C-Wheat Germ Agglutinin

Twenty pg of
14
C-wheat aerm agglutinin (specific activity = 8

X 10
5
cpm/mg) was applied in ten ml of 0.01 M Tris-HC1, pH 8.5 to a

chitin column equilibrated in 0.01 M Tris-HC1, pH 8.5 packed in a 5 ml

syringe. The column was developed with 40 ml of 0.01 M Tris-HC1, pH

8.5-1.0 M NaC1, followed by 40 ml of 0.01 M Tris-HC1, pH 8.5, and

finally 40 ml of 0.05 M HC1. Fractions of 500 pl were collected at a

rate of 2 ml/minute. An aliquot (50 p1) from every other fraction was

spotted on Whatman 3 MM filter paper disks, air dried and counted in
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toluene-Omniflour (New England Nuclear) scintillation cocktail in a

Packard model 2405 liquid scintillation spectrometer.

K. Isolation of Wheat Germ Agglutinin From Mature Embryos

Five grams of mature embryos (T. aestivum L, cultivar Yamhill)

were isolated (see section C) and extracted with two volumes of 0.05 M

HC1 at 4°C. The mixture was centrifuged at 16,000 xg for 30 minutes.

Taking care to avoid the thin lipid layer on the surface, the super-

natant liquid was removed and concentrated to one ml by reverse

dialysis with Aquacide II (Calbiochem) at 4°C. The concentrated

extract was dialyzed against four liters of 0.01 M Tris-HC1, pH 8.5

and applied to a chitin column as described in section J. Absorbance

at 280 nm was monitored during development of the column by an ISCO

Absorbance Fluorescence monitor (model UA-5) interfaced to a Houston

Instruments 3000 recorder.

L. Labelling of Wheat Germ Agglutinin During Development

Greenhouse grown wheat (T. aestivum, cultivar Twin) was harvested

at 28 days post-anthesis by cutting the stems under water at 25 cm

below the flowering head. The plants were transported in a small

amount of water to the laboratory where any remaining leaf material

was removed from the stems. The cut ends of approximately 800 heads of

wheat were placed in a large plastic jar containing 600 ml of water

and 10 mCi H
2

35
SO

4
(939 mCi/millimole) (New England Nuclear). After

sealing the jar with Parafilm, the plants were placed in a 21°C growth

chamber with 24 hr light (50 ft. candles) for nine days.
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M. Nitrogen Determination

Finely-ground dried plant material or protein extracts are digested

with small amounts of concentrated sulfuric acid and a K
2
SO

4'
.CuS0

4

'5H
2
0:Se (100:10:1) catalyst. Digestions are carried out in acid-

washed glass test tubes stoppered with glass marbles in a sand bath

at 265°C. Digestion is complete when the digests become transparent.

Ammonium sulfate crystals are dried overnight in a 70 °C oven and used

for making nitrogen standards which are digested as described above.

Determination of the amount of ammonia in the digests is made by

theindolephenol reaction ( 19). Triplicate samples from the digests,

usually 10-20 microliters, are placed in acid washed test tubes. To

the sample is added 3.75 ml of 0.14 M phenol. Following the addition

of 0.1 ml of 0.25 M sodium nitroferricyanide the tube is mixed on a

vortex mixer and 1.0 ml of freshly-prepared alkaline hypochlorite

(1 M NaOH- Chlorox, 50:1 vol/vol) is added. The tubes are incubated

for 20 minutes at room temperature and the absorbance at 625 nm is

recorded.

N. Quantitative Precipitation

Serial dilutions of antibody are made in borate buffered saline

in 0.50 ml polypropylene Eppendorf centrifuge tubes. A constant amount

of antigen is added to each of the triplicate samples of antibody. The

tubes are gently shaken, incubated at room temperature for one to two

hours and then refrigerated. After the first 24 hours, precipitates

are resuspended by shaking the tubes. Precipitation is allowed to

proceed for 1-4 days at 4°C. Antigen-antibody complexes are pelleted
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by centrifugation at 10,000 xg for 5 minutes at 4°C. The amount of

protein in the pellet is determined by the indolephenol method. If

the antigen is labelled, the amount of uncomplexed antigen is measured

by directly counting 150 pl of the supernatent liquid in 10 ml of

Triton scintillation cocktail (Triton X-100, toluene-Liquifluor

1:2:0.129) containing 0.85 ml of double distilled water. The pellet

is washed three times with cold BBS (150 p1 per wash) and solubilized

in 0.5 ml Protosol (New England Nuclear). Solubilization is accom-

plished by incubating the samples overnight at room temperature or by

heating to 55°C for one hour. The solubilized pellet is transferred

to a scintillation vial containing 5 ml toluene-Omnifluor (New England

Nuclear) and is counted.
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III. RESULTS

A. Growth of Wheat

Both in the greenhouse and under field conditions, the period of

maximum increase in dry weight of the whole grain and nitrogen content

in the embryo occurred 22-36 days post-anthesis (Table 2). Under

proper growing conditions, grains from individual ears were surpris-

ingly synchronous in their development with the exception of the two

upper and lower rows of grains. Over 85% of the ears resulting from

plants planted on the same day underwent anthesis within a three-day

period.

B. Purity of Isolated Embryos

Johnston and Stern (53) reported that wheat embryos could be

isolated and purified by floating on carbon tetrachloride-cyclohexane.

Since this procedure might be too harsh for isolating immature embryos,

a sucrose gradient procedure was devised. Tissues sedimenting at the

interface of a 1M - 2M sucrose step gradient are exclusively embryo

or embryo-derived fragments. The majority of mature embryos isolated

by this procedure are intact completely and capable of germinating

(Figure 2). Some contamination of the embryo fraction with glume

fragments can occur, but only if the grain has not been thoroughly

cleaned prior to embryo isolation.

Levels of endosperm contamination were monitored by determining

the starch content in each group of tissues. The endosperm fraction

had a starch content of 29.5% of the tissue fresh weight, while the
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Table 2. Changes in grain weight, grain water content and embryo
nitrogen of T. aestivum, cultivar Anza. Grains were dried
at 70 C to constant weight. Embryos were mechanically
isolated from frozen grains, dried to constant weight at
700C, and digested in sulfuric acid. Nitrogen was deter-
mined by the indolephenol method.
N X 5.95.

Protein = indolephenol

days
post-anthesis

wet-weight
per grain

(mg)

dry-weight
per grain

(mg)

H2O

content

(%)

embryo
protein

(% dry weight)

15 31.0 8.6 72.0

22 53.0 17.9 66.2 10.5

29 63.3 27.8 56.1 17.7

36 72.8 39.6 45.6 25.1

43 55.8 41.9 24.9 26.3

50 46.7 41.6 10.7 29.5

57 47.4 42.7 9.9 30.2
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Figure 2. Mechanically isolated mature embryos of T. aestivum cultivar
Yamhill.
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crude embryo fraction has a 21.3% starch content. Embryos purified by

the sucrose gradient procedure had a starch content below 1% of their

fresh weight.

C. Germination of Isolated Embryos

Intact grains of wheat will not germinate on glutamine germination

medium, however, mechanically isolated or hand-dissected embryos will

germinate readily (Figure 3). Embryos from grain as young as 29 days

post-anthesis can be isolated in large quantities by mechanical iso-

lation. Mature embryos show visible signs of germination (that is,

protrusion of the radicle) within 24 hours at 27°C. In contrast, ten

day post-anthesis embryos require a much longer period in culture, up

to 6 days, before radicle emergence (Lisa Webb, senior project).

Greater than 90% of the intact embryos isolated from freshly

harvested grain germinated. After six months storage at -80°C, the

germination frequency dropped to 66%, and by fourteen months only

14% showed signs of normal growth.

D. Purification of Wheat Germ Agglutinin

Affinity chromatography of wheat germ agglutinin on chitin is a

rapid, simple and economical method to purify large quantities of

lectin. The elution profile (Figure 4) shows that hemagglutinating

activity is specifically eluted from chitin with 0.05 M HC1. Bloch

and Burger (12) have reported that developing the chitin column with

0.05 M N-acetylglucosamine or 1% chitin hydrolyzate will also remove

wheat germ agglutinin. The simplicity of lowering the pH to elute WGA
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Figure 3. Mature isolated embryos four days after germination.
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Figure 4. Chitin chromatography of wheat germ agglutinin. Partially
purified wheat germ agglutinin was applied to a 5.3 X 52
cm column of chitin equilibrated in 0.01 M Tris-HC1, pH 8.5.
The column was developed at room temperature with (A) 0.01
M Tris-HC1, pH 8.4, 1.0 M NaC1, (B) 0.01 M Tris-HC1, pH 8.5,
and (C) 0.05 M HC1. Thirteen ml fractions were collected
at the rate of 400 ml per hour. Fractions containing
hemagglutinating activity are indicated by the bar. Active

fractions were pooled, concentrated by ammonium sulfate
precipitation, and dialyzed against 0.05 M HC1.
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activity makes it the method of choice. Care must be taken to thor-

oughly remove all salt from the column before reducing the pH since

the combination of high salt and low pH irreversibly denatures WGA.

A gel filtration step is necessary to remove a high molecular

weight contaminant that co-chromatographs with wheat germ agglutinin

on chitin. The contaminant (fractions 30-50) has no hemagglutinating

activity (Figure 5). Further characterization of the contaminant was

not performed. It would be particularly interesting to determine if

the high molecular weight contaminant is cross-reactive with antibody

made against WGA.

A summary of the purification of wheat germ agglutinin is shown

in Table 3. Typically, 100 mg of electrophoretically pure WGA can be

purified in five days.

E. The Hemagglutination Assay

Measuring WGA activity by hemagglutination is a rapid and simple,

although somewhat subjective, procedure. Agglutination nearly always

is visible within 30 seconds after addition of red blood cells.

Although the rate of agglutination is very constant from one group of

red blood cells to another, the titre of purified WGA required to

agglutinate different batches of red blood cells varies. For this

reason, the titre was measured for each experiment or for each new

stock of red blood cells. Hemagglutination was detected with as

little as 0.78 pg of WGA per assay.

Inhibition of agglutination was possible by adding 100 pg N-

acetyl glucosamine or 20 pg ovomucoid per pg of wheat germ agglutinin.
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Figure 5. Sephadex G-50 chromatography of wheat germ agglutinin.
Material eluted from the chitin column in 0.05 M HC1 was
applied to a Sephadex G-50 column (5.4 X 66 cm) equilib-
rated with 0.05 M HC1 at room temperature. Ten ml frac-
tions were collected at a rate of 100 ml per hour. Frac-
tions containing hemagglutinating activity are indicated
by a bar.
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Table 3. Summary of the purification of wheat germ agglutinin.

Step
Volume

(ml) )

Total Protein
a

(mg)

Total Units
b

Specific Activity
(units/mg)

HC1 extract 4000 1.08 X 10
5

2.36 X 10
5

2.18

DEAE-cellulose 2500 1.37 X 10
3

3.64 X 10
5

273

Chitin 494 1.7 X 10
2

1.12 X 10
5

682

Sephadex G-50 140 1.3 X 10
2

9.7 X 10
4

746

a
Protein was determined by the Lowry method (106).

b
A unit is the reciprocal of the highest dilution of wheat germ
agglutinin (mg/ml) to give detectable hemagglutination in 15 minutes.
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F. Detection of Hemagglutination Activity in Developing Wheat Grains

Acid-soluble proteins extracted from isolated embryos and endo-

sperm were tested for their ability to cause agglutination of red

blood cells. Results from identical duplicate experiments are listed

in Table 4. Wheat germ agglutinin activity first appears in embryos at

25 days post-anthesis. The amount of activity present in extracts

increases progressively as the embryo matures. Fully mature embryos

appear to have lost some lectin activity. Since the extracts were

dialyzed against phosphate buffered saline prior to testing, it is

unlikely that the decrease in activity seen from 45 to 62 days post-

anthesis results from accumulation of a low molecular weight inhibitor

during the late stages of grain development. It should be noted that

WGA may be present in embryos younger than 25 days post-anthesis.

Embryos cannot be isolated mechanically from very young grains in

large quantities. It is possible that WGA is present in the 15 and 7

day seeds but the activity is masked by the overwhelmingly large

concentration of endosperm proteins. At no time did endosperm protein

extracts give detectable hemagglutinating activity. Similarly, wheat

germ agglutinin activity was not found in 4 day-old roots.

G. Purification of Rabbit anti-WGA IgG

Intramuscular injections of wheat germ agglutinin in adult rabbits

induced the synthesis of antibodies directed against WGA. The titre of

anti-WGA in antiserum never rose above 1/16 when tested by Ochterlony

double diffusion. There was some individual variation between rabbits

in the rate with which circulating anti-WGA activity decreased. It is
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Table 4. Hemagglutination activity in developing seeds.
t

1

# days post! ,Protein Conc. in
anthesis Material :extract (mg/ml)

HemagglutinationInhibition by
activity ' ovomucoidb

62 !Embryo 5.2 ++ Yes

!Endospermc 2.7 0

45 Embryo 5.8 ++++ Yes

Endospermc 2.8 0

35 Embryo 5.7 +++ Yes

Endospermc 2.8 0

25 Embryo 2.2 0a0

Endospermc 1.5 0

15 Whole
Seedsc 3.7 0

Whole
Seedsc 0

a
When extract was concentrated 5-fold hemagglutination activity = ++,

b
100 pg ovomucoid/assay

c
These extracts had no hemagglutinating activity even when maximally
concentrated.
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important, therefore, to immunize as many rabbits as possible and to

measure the weekly production of antibody for each rabbit.

Attempts to increase the titre of anti-WGA activity in anti-serum

by changing the immunization procedure were unsuccessful. Neither

injection of small amounts of antigen (50 pg) in 30 intradermal sites

(126) nor intramuscular injection of 3 mg glutaraldehyde cross-linked

WGA (6) were successful in increasing the titre of anti-WGA.

Storage of antisera as 50% saturated ammonium sulfate precipitates

at 4 °C for as long as 12 months did not appear to affect the binding

ability of antibody to antigen. Purification of IgG followed proce-

dures widely and routinely used for isolation of these proteins. Pre-

cipitation with ammonium sulfate separates gamma globulin, beta globulin

and a few albumins from the remainder of serum proteins (35). Chro-

matography of 50% ammonium sulfate precipitated proteins on DEAE-

cellulose is a very effective means of separating IgG from other

immunoglobulins as shown in Figure 6. IgG is eluted in the void

volume at pH 6.3, whereas other proteins are removed from the column

only by washing with 0.5 M NaCl.

Protein passing through the DEAE-cellulose column is identified

as rabbit anti-wheat germ agglutinin gamma immunoglobulin by several

critera. First, the purified serum protein forms Ochterlony precipi-

tationtation arcs with authentic wheat germ agglutinin (Figure 7)and 14C -WGA

(Figure 8). Immunoelectrophoresis of a 0.05 M HC1 extract from mature

wheat embryos yields a single precipitation arc that is coincident with

the arc formed by cross-reaction with wheat germ agglutinin (Figure 9).
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Figure 6. DEAE-cellulose chromatography of rabbit serum proteins
insoluble in 50% saturated ammonium sulfate. Ammonium
sulfate insoluble proteins were dialyzed against 0.0175 M
sodium phosphate buffer, pH 6.3 and applied to a DEAE-
cellulose column (DE-52, Whatman) (2.6 X 43 cm) equili-
brated with the same buffer. The column was developed
with 0.05 M HC1. Four ml fractions were collected at the
rate of 100 ml per hour. Fractions which cross-reacted
with goat anti-rabbit IgG antiserum are indicated by the
bar. Protein eluting in a peak coincident with the void
volume was pooled.

80
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Figure 7. Ochterlony immunodiffusion of wheat germ agglutinin and
rabbit anti-WGA IgG. Two-fold serial dilutions of wheat
germ agglutinin (initial concentration 1 mg/ml) were
placed in the outer wells (20 pl per well). Twenty pl
of rabbit anti-WGA IgG (7.5 mg/ml) was'placed in each
center well. Diffusion proceeded for 48 hours at room
temperature. Dilutions of antigen were as follows:
a. 1, b. 1/2, c. 1/4, d. 1/8, e. 1/16, f. 1/32, g. 1/64,
h. 1/128, i. 1/256, j. 1/512, k. 1/1024, 1. 1/2048.
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Figure 8. Ochterlony immunodiffusion of
14
C-wheat germ agglutinin

and rabbit anti-WGA IgG. Two-fold serial dilutions of
14C-wheat germ agglutinin (initial concentration 1 mg/ml)
were placed in the outer wells (20 p1 per well). Twenty
pl of rabbit anti-WGA IgG (7.5 mg/ml) was placed in the
center well. Diffusion proceeded for 48 hours at room
temperature. Dilutions of antigen were as follows: a. 1,
b. 1/2, c. 1/4, d. 1/8, e. 1/16, f. 1/32.



44

Figure 9. Immunoelectrophoresis of 0.05 M HC1 extract of mature
Yamhill embryos (a) and purified wheat germ agglutinin
(b). Twenty pl of (a) and (b) were electrophoresed at
15 m Amps for 2 hours. Two hundred pl of rabbit anti-WGA
IgG was added to the central trough. Diffusion was stopped
at 24 hours.
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Hence, the antibody is monospecific with respect to acid-soluble embryo

proteins. Finally, reaction of the putative rabbit anti-WGA IgG with

goat anti-rabbit IgG antiserum generates a single precipitation arc in

immunoelectrophoresis (Figure 10).

It should be noted that the purified rabbit gamma globulin repre-

sents many IgG molecules with different antigen specificities including

a group of IgG's specific for wheat germ agglutinin. Separation of the

specific anti-WGA IgG is possible by affinity chromatography on WGA-

Sephadex.

Successive steps in the purification of rabbit anti-WGA IgG are

outlined in Table 5. From 50 ml of antiserum approximately 100 mg of

IgG was obtained.

H. Preparation and Chitin Chromatography of 14C Wheat Germ
Agglutinin

Wheat germ agglutinin was reductively alkylated with 14C-formalde-

hyde to 5-8 X 105cpm/mg protein. When chromatographed on chitin, the

labelled lectin eluted only when the pH of the column dropped (Figure

11). No labelled material was removed from the column during the 1.0

M NaCl wash indicating that conditions for alkylating WGA were suffi-

ciently mild to preserve all substrate binding capacity. Approximately

86% of the counts applied to the column were recovered in the 0.05

M HC1 eluate. Recovery of labelled wheat germ agglutinin was not

enhanced by the addition of carrier (1% w/v) bovine serum albumin.
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Figure 10. Immunoelectrophoresis of goat anti-rabbit IgG antiserum
(a) (undiluted serum, Janus Labs) and pre-immune serum (b).
Twenty pl of (a) and (b) were electrophoresed at 15 m Amps
for 2 hours. Two hundred pl of rabbit anti-WGA IgG was
added to the central trough. Diffusion was stopped at

24 hours.
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Table 5. Purification of rabbit anti-serum wheat germ agglutinin
gamma immunoglobulin.

Step Protein conc. (mg/0) titre proteins

antisera 60 1/8 total serum
proteins

50% ammonium
sulfate precipitate 33.5 1/32 IgG, IgB

some albumins

DEAE chromatography 7.5 1/256 IgG
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Figure 11. Chitin chromatography of
14

C-wheat germ agglutinin. Twenty
ug of 14C-wheat germ agglutinin (specific activity = 2.4 X
106 cpm/mg) was applied to a 5 ml (packed volume) column of
chitin equilibrated in 0.01 M Tris-HC1, pH 8.5. The column
was developed with (A) 0.01 M Tris-HC1, pH 8.5 - 1.0 M NaC1,
followed by (B) 0.01 M Tris-HC1, pH 8.5, and finally (C)
0.05 M HC1. Fractions of 500 pl were collected at a rate
of 2 ml per minute. An aliquot (50 p1) from every other
fraction was spotted on Whatman 3 MM filter paper disks,
air dried and counted in toluene-Omnifluor scintillation
cocktail in a Packard model 2405 liquid scintillation
spectrometer.
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I. Chitin Chromatography of Embryo Proteins

Although chitin chromatography had been proven to be a practical

method to separate wheat germ agglutinin from other wheat germ proteins,

it was necessary to establish that chromatography on chitin would be

an effective means of partially characterizing the wheat embryo lectin.

In this context, wheat germ refers to commercially available material,

and wheat embryos are freshly isolated from whole grains. Initial

experiments were performed using easily obtained mature embryos from

T. aestivum, cultivar Yamhill. The absorbance profile (Figure 12) of

0.05 M HC1 eluted fractions compares directly with peaks of activity

in the case of authentic wheat germ agglutinin or radioactivity in the

case of
14

C-WGA chromatography.

J. In Vivo Labelling of Wheat Germ Agglutinin

Several experiments in which cut stems of wheat plants were

immersed in aqueous solutions of
35
S (10 mCi/600 ml) demonstrated that

this procedure was useful for labelling large numbers of developing

embryos. Transpiration was very rapid under the labelling conditions

used and required daily replacement of lost water. At the end of the

ten day labelling period, 28-39 days post-anthesis, the majority of

plants were still green. Grain isolated.from labelled plants did not

appear different from grain at the same developmental stage that had

not been labelled.

Approximately 24 grams (fresh weight) of embryos were hand-

dissected from the labelled grain. All operations were conducted
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Figure 12. Chitin chromatography of wheat embryo proteins. Mature
wheat embryos (5 g) were extracted in 0.05 M HC1. The
acid soluble proteins were dialyzed against 0.01 M Tris-
HC1, pH 8.5 and applied to a chitin column as described
in Figure 9. Absorbance at 280 nm was monitored during
column development by an ISCO Absorbance Fluorescence
monitor (model UA-5) interfaced to a Houston Instruments
3000 recorder.
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at 4°C. Isolated embryos were frozen and stored at -80°C until extrac-

tion. Conditions for extracting wheat germ agglutinin from developing

embryos were exactly as described for isolating WGA from mature embryos

(see section I). A larger chitin column (25 ml packed volume) was

constructed to insure that the WGA binding capacity was sufficient.

The elution profile foracid-soluble proteins from developing embryos

chromatographed on chitin was similar in every way to profiles gener-

ated by wheat germ agglutinin, 14C-wheat germ agglutinin, and WGA

isolated from mature embryos (Figure 13).

A summary of the purification steps leading to isolation of in vivo

labelled wheat germ agglutinin is given in Table 6. The 0.05 M HC1

eluted material represents 0.13% of the acid-soluble protein extracted

from embryos and accounts for 0.12% of the label. This result is due

to a combination of factors. First, the number of sulfur-containing

amino acids in wheat germ agglutinin is very high compared to most

proteins. Of 174 amino acid residues, 33 are half-cystine and 2

are methionine. That is, over 20% of the amino acids in this protein

contain sulfur. Labelling with
35

S, therefore, preferentially labels

WGA over other embryo proteins. Secondly, synthesis of wheat germ

agglutinin during embryogenesis most probably started very close to,

if not after, labelling of the plants was initiated. Although nothing

is known about the turn-over rate of wheat germ agglutinin, it has

been suggested from work with castor bean lectin (125, 133) and

Dolichos lectin (118) that lectins accumulate during seed development

much like storage proteins. Given the very long labelling time in
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Figure 13. Chitin chromatography of 35S-labelled wheat embryo proteins.
35S-labelled proteins were applied to a chitin column
(25 ml packed volume) and eluted with (A) 0.01 M Tris-HC1,
pH 8.5 1.0 M NaC1, (B) 0.01 M Tris-HC1, pH 8.5, and
(C) 0.05 M HC1. Fractions of 2.5 ml were collected at
the rate of 2 ml per minute. An aliquot (25 111) from
every other fraction was spotted on Whatman 3 MM filter
paper disks, air dried and counted in toluene-Omnifluor
scintillation cocktail in a Packard model 2405 liquid
scintillation spectrometer.
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Table 6. Purification of in vivo labelled wheat germ agglutinin.

Volume
(ml) Total cpma

Total Protein
b

(mg)

1. 0.05 M HC1 extract 58 7.3 X 107 261

2. dialyzed against
0.01 M Tris-HC1, pH 8.5 58 1.6 X 107 60.9

3. Concentrated with
aquacide 5 4.96 X 106 25.0

4. Chitin column
0.01 M Tris-HC1, pH 8.5-
1.0 M NaCl peak

5. Chitin column
0.05 M HC1 peak

3.5 4.68 X 106

1.5 8.9 X 10
4

21.2

0.33

a
Twenty microliters of sample was spotted on Whatmen 3 MM filter paper,
dried and counted in toluene-based Omnifluor. Values have been
corrected for total sample volume.

b
Determined by Lowry protein assay (65) of TCA precipitated samples.
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this experiment and the possibility of very slow or no turn-over, then

it is likely that most WGA molecules in the 38 day old embryos were

labelled.

Chromatography of the in vivo product on chitin is suggestive

evidence that the product is WGA. More convincing evidence comes

from immunoelectrophoresis of the material in the 0.05 M HC1 eluted

peak and reaction with monospecific antibody raised against WGA.

When such analysis is carried out, a single precipitation arc forms

identical in position to the reaction with authentic WGA (Figure 14).

In addition, autoradiography of the immunoelectrophoresis plate

demonstrates that the precipitation arc has formed as a result of the

reaction of anti-WGA IgG with a labelled protein (Figure 15). The

inescapable conclusion is that wheat germ agglutinin was labelled

in vivo during the fourth week of embryo formation.

K. Immunochemical Detection of WGA in Wheat Tissues

Purified rabbit anti-WGA IgG used in these experiments will give

an immunodiffusion precipitation arc when as little as 0.39 pg of

purified wheat germ agglutinin is present in the opposite well.

Although acid extracts of various wheat tissues (other than the embryo)

were unable to agglutinate human red blood cells, it was of interest

to try to detect proteins antigenically similar to wheat germ agglu-

tinin in several wheat tissue types. Leaves and roots from two month

old vernalized plants, shoots and roots from 3 day-old seedlings,

purified embryos and endosperm from mature wheat kernals, and a wheat

embryo tissue culture (T. aestivum, cultivar Hyslop in its sixth
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Figure 14. Immunoelectrophoresis of in vivo labelled wheat germ
agglutinin (a) and purified wheat germ agglutinin (b).
Twenty p1 of (a) and (b) were electrophoresed for 2 hours
at 15 m Amps. Rabbit anti-WGA IgG (200 pl) was placed in
the trough after electrophoresis. Diffusion was stopped
at 24 hours:
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Figure 15. Autoradiograph of in vivo labelled
35

S-wheat germ agglu-
tinin immunoelectrophoresed (Figure 14) and precipitated
with rabbit anti-WGA IgG.
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transfer, gift from Ernest Hubbard) were extracted with small volumes

of 0.05 M HC1. The extracts were dialyzed extensively against cold

PBS and tested in an Ochterlony immunodiffusion test against undiluted

rabbit anti-WGA IgG. With the exception of the embryo extract, all

extracts failed to yield a precipitation arc. Extracts were then

dialyzed against double distilled water, lyophilized and tested again

in the double diffusion test. After maximum concentration of the acid-

soluble proteins from the various tissue types only the embryo extract

cross-reacted with wheat germ agglutinin antibody (Figures 16 and 17).

Concentrating the embryo hydrochloric acid extract by lyophilization

had no affect on the activity of the protein. It appears, therefore,

that within the sensitivities of the assays employed in this study the

distribution of wheat germ agglutinin is restricted to the embryo.

L. A Radioimmunoassay to Quantitatively Measure
Wheat Germ Agglutinin

Hemagglutination, immunodiffusion and immunoelectrophoresis are,

for the most part, qualitative procedures. In an effort to quanti-

tatively measure the level of wheat germ agglutinin, a radioimmunoassay

was developed. When constant amounts of
14
C-wheat germ agglutinin

were added to serial dilutions of rabbit anti-WGA IgG, the amount of

radioactivity measured in the immunoprecipitate was found to decrease

at antibody dilutions greater than 1/8 (Figure 18). At antibody con-

centrations higher than 1/8 over 90% of the input counts were precipi-

tated. In the absence of antibody only 3.2% of the 14C-WGA could be

pelleted. The relationship shown in Figure 18 specifies the regions
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Figure 16. Ochterlony immunodiffusion of acid-soluble proteins from
several wheat tissues.

well extract protein concentration (mg/ml)

a embryo 9.9
b endosperm 14.1

c 3-day old shoots 5.7
d 3-day old roots 6.0
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Figure 17. Ochterlony immunodiffusion of acid-soluble proteins from
several wheat tissues.

well

59

extract protein concentration (mg/ml)

a embryo 9.9
b tissue culture 5.2
c vernalized roots 5.2
d vernalized leaves 4.8
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Figure 18. Quantitative immunoprecipitation of
14

C-WGA with rabbit
anti-WGA IgG. Two-fold serial dilutions of rabbit anti-WGA
IgG were made in 200 pl borate buffered saline (initial
concentration 7.5 mg/W. A constant amount of 14C-wheat
germ agglutinin (5 pg in 100 pl BBS, 4500 cpm) was added
to triplicate samples of antibody. Precipitation occurred
for one hour at room temperature followed by 48 hours at
40C. Immunoprecipitates were collected by centrifugation
in a Beckman Microfuge at 10,000 xg for 5 minutes at 4°C.
Precipitates were washed three times with 150 pl Protosol
(New England Nuclear), and counted in 5 ml toluene-Omnifluor
(New England Nuclear) scintillation cocktail.
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of antigen and antibody excess for immunoprecipitate formation. The

narrow concentration range between minimal and maximal 14C -WGA

immunoprecipitate formation is characteristic of homogeneous antibody

preparations.

Radioimmunoassays are performed in the region of antigen excess

to insure that competition between radioactively-labelled and unlabelled

antigen for antibody binding sites will be quantitative. For subsequent

experiments purified rabbit anti-WGA IgG was diluted 1:10 and a constant

amount of
14
C-WGA was added. A standard curve was constructed by adding

known amounts (0.2 pg to 10 pg) of purified wheat germ agglutinin to

the antibody and labelled antigen (Figure 19). Low levels of unlabelled

antigen are partially effective in competing for antibody binding sites.

As the concentration of unlabelled WGA was increased, the amount of

14
C-WGA that was immunoprecipitated decreased correspondingly. When

the concentration of unlabelled antigen was equal to or greater than

the protein concentration of the labelled WGA, only 5% of the input

counts were precipitated. The lower level of sensitivity of this assay

is yet to be determined. In preliminary experiments, differences in

the amount of label immunoprecipitated by 0 and 2 ng of unlabelled

WGA could be measured.



62

>-
cD
0
co

17- 80

0 60

F-
41
/1"-- 40
a_

LA

FE 20

0
0

100 50 20 10 8 6 4
WGA CONCENTRATION (x107g

Figure 19. Radioimmunoassay standard curve 0.2 to 10 pg unlabelled
antigen per assay. Triplicate samples containing constant
amounts of diluted rabbit anti-WGA IgG (0.75 mg/ml) and
14C-wheat germ agglutinin (5 pg, 4500 cpm) were incubated
in the presence of varying amounts of unlabelled antigen
(0.2 to 10 pg WGA per assay). Reaction volume = 200 p1.
The samples were treated as described in Figure 18. Corre-
lation coefficient = 0.989.



63

DISCUSSION

Based on hemagglutination assays and immunodiffusion tests, it

appears that the distribution of wheat germ agglutinin is restricted

to the embryo. WGA activity is first detected in the embryos at 25

days post-anthesis and rapidly increases during the period of maximum

endosperm storage protein synthesis. During the late stages of embryo

maturation a decrease in lectin activity is observed. This observation

is supported by the finding of Talbot and Etzler (78) that the lectin

content of Dolichos biflorus seeds decreases from a peak level at 27

days post-anthesis to approximately 70-75% of the maximal level at 35

days post-anthesis. Similar observations have been made for soybean

storage proteins, certain fractions of which decrease during seed

maturation after reaching a high level in early seed formation (43).

In vivo labelling of wheat embryo proteins during the period from

28 to 39 days post-anthesis results in the synthesis of a labelled

protein capable of binding to a chitin affinity column and which is

specifically precipitated by rabbit anti-WGA antibody. The most

simple interpretation of this result is that wheat germ agglutinin is

synthesized de novo in the embryo during the middle phase of grain

development. Since no hemagglutination activity and no specific anti-

body precipitation activity is present in the endosperm tissue at this

stage, it is highly unlikely that WGA is being transported to the embryo

from the endosperm. Prior to labelling the grains, all leaves were

removed from the stems. For this reason, it is equally improbable that
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wheat germ agglutinin is synthesized in the leaves and transported to

the developing grain as has been suggested for other lectins (46, 60,

118). Tryptic digestion of the in vivo labelled protein and demon-

stration of label in all tryptic fragments will provide conclusive

evidence that the protein is synthesized de novo and is not the result

of modification of a pre-existing peptide.

The subcellular localization of wheat germ agglutinin has not been

examined in this study. The availability of purified anti-WGA antibody

and a specific radioimmunoassay for WGA should now make the question of

WGA localization amenable for study. Initially, the presence of wheat

germ agglutinin could be tested in embryo subcellular fractions isolated

by differential centrifugation. Preliminary experiments have demon-

strated that tagging the anti-WGA antibody with fluorescein isothio-

cynate (FITC) did not alter the ability of the antibody to bind to

wheat germ agglutinin. Clearly, this approach could be used for deter-

mining the subcellular localization of WGA (10), although great care

must be taken in designing experiments of this type due to auto-

fluorescence of most plant cells.

As yet, the probable function of wheat germ agglutinin in plant

development has not been discussed. In fact, many suggestions have

been made regarding the possible function of lectins in higher plants,

however, no agreement has been reached. Lectins have been implicated

in transporting sugars or carbohydrates (60, 63, 110), stimulating

cell division (47), conferring specificity for the symbiotic association

between rhizobia and legumes (11, 13, 25, 26, 40, 129) inhibiting fungal

and bacterial infection of seeds (2, 3, 8, 79), serving as storage
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proteins (100, 125, 133) or sugar hydrolases (41, 84). At this point

it is impossible to pin-point a single function for all angiosperm

seed carbohydrate-binding proteins. Perhaps lectins are involved in

different activities depending on the plant or developmental period

from which the protein is examined. Another possibility is that lectins

exert their influence by some membrane-mediated process, leading to

different results in different cell types. It is also possible that

lectins are only an artificial grouping based on their ability to

bind carbohydrates and should, therefore, not be expected to have

similar properties.

Specifically, some work has been reported by Mirelman and co-

workers (79) to indicate a possible function of wheat germ agglutinin.

These investigators have studied the inhibition of Trichoderma virde

growth and spore germination by WGA. Binding of fluorescein isothio-

cynate-conjugated wheat germ agglutinin to Trichoderma hyphae was

detected by fluorescence microscopy. In these experiments, the lectin

was principally bound to hyphal tips and septa. Older regions of the

hyphae were not fluorescent probably due to the overlayering of glucan

outside the immature chitin cell wall of the hyphae. Incorporation

of [
3

H] acetate by the fungus, detected autoradiographically, was

inhibited by WGA when the lectin concentration was 1.25 mg/ml. When

WGA was pre-incubated with chitotriose, there was no effect on

[

3
H] acetate incorporation.

A third experiment outlined in this paper demonstrated the growth

inhibition capacity of WGA in a different manner. Spores of Tricoderma
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were innoculated on plates and grown in the dark for two days. At the

end of that period, the plates were exposed to light to induce

conidation, a visible measure of colony extension. Holes were drilled

in the agar and several samples of WGA (30-500 pg in 50 p1) were placed

in the wells. The plates were grown for four days and then scored for

hyphal growth. These high WGA concentrations were effective in prevent-

ing hyphal growth around the wells. The degree of growth inhibition

was directly related to the concentration of WGA, and no inhibition

was observed in wells that did not contain WGA or in wells that held

WGA and chitotriose.

Extremely high levels of WGA were effective in blocking Trichoderma

spore germination. Wheat germ agglutinin in concentrations higher than

2 mg /ml were required to inhibit the germination of at least 50% of the

spores. The spores were not agglutinated by WGA, and FITC-WGA did not

bind to the spore coat, but the fluorescently-labelled WGA did bind to

the emerging hyphal tube.

In a more recent communication (8), these observations have been

extended to show that fluorescent wheat germ agglutinin will bind to

young hyphal walls and septa of 21 different fungi, all of which contain

chitin as a principal cell wall component. In the presence of

chitotriose, the FITC-conjugated lectin did not bind to the cells. In

moderately high concentrations of WGA (0.5-1.0 mg /ml) the incorporation

of sodium [3 H] - acetate, N-acetyl-D [1-3 H] glucosamine and

D- [1-
14
C]- galactose was inhibited by 50% of the control value in

Aspergillus ochraceus. Similar concentrations of WGA were required to
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inhibit [

3
acetate incorporation by 50% in Aspergillus niger andHl

and Stemphylium botryosum. Fungal spore germination was inhibited to

10% of the control value by wheat germ agglutinin at very high concen-

trations (15 mg/ml) in A. ochraceus and A. niger. In Penicillum

italicum, 30% of the spores germinated in 15 mg/ml WGA. The authors

concluded from these observations that WGA may be involved in protecting

wheat against chitin-containing pathogens during seed imbibition,

germination and early seedling growth.

Although fungal growth has been shown to be inhibited by wheat

germ agglutinin, albeit at high lectin concentrations, none of these

fungi are considered to be wheat pathogens. Experiments have been

initiated to examine the affect of WGA on Tilletia growth (90). This

fungus is the causal agent of wheat bunt disease, one of the most

destructive of all wheat diseases in the Pacific Northwest, as well as

in other wheat producing areas of the world (124). Infective hyphae

penetrate susceptible wheat seedlings through the coleoptile, advance

to the growing point and develop with the host until the kernal tissue

begins to develop. The pathogen then undergoes reproductive development

into teliospores which replace the entire contents of the seed to form

"smut" or "bunt" balls.

A number of studies on the growth of Tilletia spp. suggests that

resistant wheat cultivars possess substances which somehow inhibit

hyphal growth of the pathogen (42, 45, 123). The results of Mirelman

and co-workers (8, 79), the localization of WGA in the embryo, and

what little is known about the infection and elaboration of the bunt
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disease in wheat plants suggested that WGA might bind to and inhibit

the growth of Tilletia.

The growth of T. caries cultures (measured as dry weight increases)

in T-19 medium (130) is inhibited by 10% in the presence of 50 pg/ml

of purified WGA. Over 200p o/ml must be present for complete inhibition.

In addition, hyphal fragments (<60 p) from cultures of T. caries can

be specifically agglutinated by WGA within thesame concentration ranges.

The agglutination occurs at both acidic and neutral pH in PBS, is

inhibited by N-acetylglucosamine and ovomucoid and does not occur when

a 10-fold higher concentration of only BSA is present. Hence, the

original observation of fungal growth inhibition and binding by WGA

(8, 79) has been extended to a wheat pathogen and shown to inhibit

growth (i.e. dry weight measurement) and to bind to the hyphal surface

(i.e. agglutination). If lectins are involved in protecting wheat

seeds from fungal and bacterial infection, it would seem logical and

perhaps necessary that extremely high concentrations of lectin be

present in the seed coat and peripheral layers of the seed including

the endosperm. Paradoxically, the highest concentration of WGA is in

the embryo, a tissue representing less than 2% of the seed mass. The

lack of immunologically detectable wheat germ agglutinin in young

seedlings makes it unlikely that plants at this stage are protected

from fungal infestation by WGA. Until a correlation is established

between the localization of WGA and the sites of fungal growth in the

plant, and, quantitative and qualitative (i.e. isoforms) measurements

of WGA in susceptible and resistant varieties, a cautious approach

should be taken in linking WGA to resistance of fungal diseases.
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Very recently, two reports have appeared suggesting that lectins

from mung beans (41) and red kidney beans (84) may have enzymatic

activity. Modifying the extraction procedure for mung bean lectin

(MBL) by including a disulfide reducing agent (10 mM 2-mercaptoethanol)

and the sugar recognized by MBL (1 mM galactose), an a-galactosidase

activity was found to co-purify with the mung bean lectin

hemagglutinating activity (41). The two activities were co-purified

by CM-cellulose chromatography, Sephacryl S-200 chromatography, and

one-dimensional SDS-polyacrylamide gel electrophoresis. Both activities

exhibited similar pH optima, heat stabilities, sensitivities to

p-chloromercuribenzoate, and had virtually identical carbohydrate

specificities. Hankins and Shannon concluded that the hemagglutinating

and a-galactosidase activities are associated with a single protein.

This conclusion would be more compelling had the authors examined the

electrophoretic mobility of the protein(s) by two-dimensional

electrophoresis or by a combination of isoelectric focusing and

electrophoresis. Traditionally, lectin purification schemes have

not included precautions for the protection of enzymatic activity.

Undoubtedly, this report will encourage examination of additional

plant lectins for possible enzymatic activity.

Examining purified plant proteins, especially those involved in

carbohydrate metabolism, for possible lectin activity may prove equally

interesting. A highly purified a-mannosidase from Phaseolus vulqaris

has been found to be mitogenic in lymphocyte cultures in a manner

similar to the blastogenesis of T-cells stimulated by the lectin
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concanavalin A. The a-mannosidase/mitogen was electrophoretically

distinct from the previously characterized mitogenic phytohemagglutinin

from Phaseolus.

Whether or not wheat germ agglutinin has an enzymatic activity

when isolated in the presence of 2-mercaptoethanol and N-acetyl-

glucosamine, it will be of interest to compare various means of

purifying this lectin. With the availability of large amounts of

14
C wheat germ agglutinin, it should be possible to add labelled lectin

to the starting material and maximize the extraction procedure so that

as little
14

C-lectin as possible is lost. Wheat germ agglutinin used

in this study was purified by a commonly employed method in which no

precautions were taken for disulfide bond reduction, protease activity,

phenolic oxidation, or substrate binding site protection. Clearly a

protein can be isolated from commercial wheat germ and mature and

developing wheat embryos that contains identical hemagglutinating

activity, carbohydrate specificity and cross-reactivity with a purified

antibody. This study has demonstrated the timing of synthesis and

tissue localization of a very highly characterized wheat protein. It

is unclear now as to whether the physical characteristics or activities

of wheat germ agglutinin will change if different lectin purification

procedures are used.

This study was initiated to examine the potential of wheat germ

agglutinin biosynthesis as a system in which to study the controlled

expression of a single, unique gene product in higher plant development.

Reports available at the time this project started indicated that



71

lectins were present in protein bodies both in the embryo axis and the

cotyledons of dicotyledonous plants and that their activities increased

during the middle stages of seed formation. No information was avail-

able for the localization or pattern of appearance for a monocot lectin

and, in fact, no reports have been published during the progress of

this study. The finding that the activity and immunologically-detectable

protein of wheat germ agglutinin are restricted to the embryo casts

serious questions on the suitability of WGA to serve as a marker for

studying molecular aspects of development. Embryos can be mechanically

isolated from developing grain during the period in which wheat germ

agglutinin activity increases, however, embryonic tissue represents no

more than 1.5-2% of the total grain volume. Attempts to purify the

messenger RNA for wheat germ agglutinin will require the year-round

availability of vast quantities of developing wheat. Although wheat

germ agglutinin was not detected in embryo tissue cultures it may be

possible to select for high WGA producing cells from wheat embryo

suspension cultures by modifying the procedures of Cohen (30). The

synthesis of such a highly characterized wheat protein by suspension or

tissue cultures would reduce the restrictions imposed on this system

by the availability of developing embryos.

The radioimmune assay described in this study will facilitate

quantitative measurement of lectin concentration in developing embryos

as well as encourage re-examination of the presence of antigenically

similar proteins in other wheat tissues. The assay will also be useful

for the massive screening of wheat species, cultivars, and relatives

for the presence of WGA. In addition, the purified anti-WGA antibody
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will be useful for identifying and precipitating polyribosomes actively

making wheat germ agglutinin. In vitro translation products made in

the presence of wheat germ agglutinin mRNA can be selectively identified

by immunoprecipitation.

This initial investigation into the synthesis of WGA in wheat will

provide a foundation from which to study possible functions of this

lectin in the physiology or development of the plant. Higher plants

are the only group of organisms in which embryogenesis is interrupted

by a quiescent period. Sussex has proposed that embryos have the

potential to develop along two distinct pathways. Most embryos

mature normally, enter a dormancy period and then will germinate under

the proper environmental conditions. Some embryos, however, may

germinate while they are still attached to the parent plant. In most

cases this is a lethal alternative and is strongly selected against in

breeding programs.

To understand the underlying molecular events of embryogenesis and

dormancy and their interactions, a dissection or separation of the two

phenomena is required. It is well established that isolated, developing

embryos from many angiosperms will precociously germinate on a nutrient

medium (48, 77, 127, and personal observations). Certain stages of

seed maturation, dessication, and quiescence, it would appear, are not

required steps for successful embryo germination and subsequent

development. More importantly, precocious germination of developing

embryos is a means of experimentally separating embryos in a means of

experimentally separating embryogenesis and dormancy.
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The question of whether wheat germ agglutinin synthesis is tied

to either of these developmental options can be examined by radio-

immunoassay of WGA in precociously germinating embryos and embryos in

which germination has been inhibited by abscisic acid. Having an

identifiable marker protein to distinguish between the direct-germi-

nation route and the dormancy route of embryo development would not

only help answer questions about the function of lectins in plants,

but would also pave the way for studies probing the molecular basis of

seed dormancy.

In conclusion, the localization of lectins in monocots, or at

least in wheat, appears to be quite distinct from the site of lectin

deposition in the dicots studied to date. Although no function can

yet be ascribed to this protein, several avenues of study are accessible

now with the availability of a purified anti-WGA antibody. It is

hoped that some progress will be made toward understanding the molecular

basis for the regulated appearance of this protein during the life cycle

of the wheat plant.
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