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ABSTRACT

Maize (Zea mays L.) R-glucosidase was extracted from shoots of a wild type (K55) and a
"null™ (H95) maize genotype. Enzyme activity assays and electrophoretic data showed that
extracts from the null genotype had about 10% of the activity present in the normal genotype.
Zymograms of the null genotype were devoid of any activity bands in the resolving gel, but they
had a smeared zone of activity in the stacking gel after native PAGE. When extracts were made
with buffers containing 0.5% to 2% sodium dodecyl sulfate, the smeared activity zone entered
the resolving gel as a distinct band. These data indicated that the null genotypes have [3-
glucosidase activity, but the enzyme occurs as insoluble or poorly soluble large quaternary
complexes mediated by a B-glucosidase aggregating factor (BGAF). BGAF is a 35-kD protein
that binds specifically to B-glucosidase to render it insoluble or poorly soluble during extraction.
BGAF also precipitates 3-glucosidase that is added exogenously from supernatant fluids of the
null tissue extracts. The specific R-glucosidase aggregating activity of BGAF is unequivocally
demonstrated. These data clearly show that the monogenic inheritance reported for the null
alleles at the R-glucosidase gene is actually the BGAF protein, and BGAF is solely responsible

for B-glucosidase aggregation and insolubility and, thus, the apparent null phenotype.



R-Glucosidase (3-D-glucoside glucohydrolase, EC 3.2.1.21) catalyzes the hydrolysis of
aryl and alkyl B-D-glucosides as well as glucosides with a carbohydrate moiety such as
cellobiose and other 3-linked oligosaccharides (Reese, 1977). In maize, R-glucosidase occurs
abundantly in young plant parts (e.g., root, mesocotyl, node, primordial leaves, coleoptile, silk,
and ovule) and is localized in plastids (Esen and Stetler, 1993). The enzyme was initially
thought to be encoded by a single nuclear gene (glul) that maps to chromosome 10 (Pryor,
1978). The glul locus is the most polymorphic (>30 alleles) enzyme locus on record in maize or
any other organism (Goodman and Stuber, 1983). cDNAs corresponding to the glul gene have
been cloned and sequenced (Brzohobaty et al., 1993; Esen and Shahid, 1995 direct submission
GenBank Accession No. U25157). In addition, the genomic region containing the glul gene has
been sequenced (Bandaranayake and Esen, 1996; submission GenBank Accession No. U44773).
The data show that the glul gene is about 5 kb in length, consisting of 12 exons interrupted by 11
introns. Moreover, a cDNA corresponding to another 3-glucosidase gene (glu2) has been
isolated and sequenced (Bandaranayake and Esen, 1996). This cDNA's putative protein product
(Glu2) shows 90% sequence identity with those encoded by glul alleles. This second RB-
glucosidase gene (glu2) is expressed at low levels and only in leaves, starting 6 days after
germination. The Glu2 isozyme does not hydrolyze the artificial substrates commonly used for
gel assays, and therefore it is not detected on zymograms unless one uses the fluorogenic
substrate 4-methylumbelliferyl R-D-glucoside (Shahid and Esen, unpublished).

The occurrence and activity of maize 3-glucosidase is correlated with growth and certain
desirable traits (Kahler and Wherhahn, 1986). Castanospermin, a general glucosidase inhibitor,
inhibits the growth of maize seedlings as much as 50% and the formation of secondary roots
completely (Nagahashi et al., 1990). R-Glucosidases from different grasses, including maize, are
implicated in phytohormone activation, the release of indole acetic acid (IAA) from its
glucoconjugates (Wiese and Grambow, 1986; Campos et al. 1993). Maize 3-glucosidase is also
implicated in the activation of cytokinins during germination (Smith and van Staden, 1978). The
major function of maize R-glucosidase however appears to be in the defense of young plant parts
against pests by producing toxic hydroxamic acids from their glucosides. Hydroxamic acids,

derivatives of 1,4-benzoxazin-3-one, are considered to be the major defense compounds in maize,



wheat, rye, and barley (Niemeyer, 1988). They occur in fungi, yeast, bacteria, and plants and are
known to act as growth factors, antibiotics, antibiotic antagonists, tumor inhibitors, cell division
factors, and play a role in iron metabolism (Nielands, 1967). Hydroxamic acids were shown to be
inhibitory to bacterial and fungal growth as well as insect development and reproduction
(Argandona et al., 1983; Sahi et al., 1990). The major hydroxamic acid glucoside in maize is 2-
glucopyranosyl 4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOAGIc) whose aglycone
DIMBOA is the primary defense chemical against the European corn borer (Ostrinia nubilalis)
and aphids. For example, a maize inbred, bxbx, is deficient in DIMBOA, and it suffers from heavy
infestation by the European corn borer. DIMBOAGIc constitutes up to 1% of the dry wt (4 mg/g
fwt, or the equivalent of 10 mM final concentration) in young maize parts; thus it is the most
abundant hydroxamic acid glucoside (80-90% of total). R-glucosidase and the substrate
(DIMBOAGICc) are physically separated from each other by virtue of being in different
compartments within the cell. Physical injury by a biting, chewing, or sucking insect or cell lysis
after fungal and bacterial infections disrupts the compartmentalization and brings the enzyme and
substrate in contact, releasing the toxic aglycone DIMBOA. Numerous studies show a high
correlation between DIMBOA content of maize genotypes and the level of resistance to or
inhibitory effect on insects and pathogens (Klun et al., 1967; Long et al., 1975; Argandona et al.,
1983; and Niemeyer, 1991).

In certain maize genotypes, 3-glucosidase occurs as part of large, insoluble aggregates. The
R-glucosidase zymograms of such genotypes are devoid of enzyme bands (Stuber et al., 1977).
These genotypes were originally thought to be homozygous for a null allele at the glul locus.
However, biochemical and immunological studies in our laboratory have clearly established that
the so-called "null" genotypes have B-glucosidase activity when assayed in solution, and they have
a 60 kD polypeptide reacting specifically with anti-B-glucosidase sera on immunoblots (Esen and

Cokmus, 1990). The enzyme is not detected on zymograms because it occurs as large quaternary

structures (>1.5 x 106 Daltons) which fail to enter the gel. After dissociation of these structures by
SDS, the enzyme can be detected on gels. There are examples of 3-glucosidase aggregation and B-
glucosidase binding proteins in various plants. For example, flax and oat 3-glucosidases occur in
high mol. wt forms ranging 245 to 1200 kD (Fieldes et al., 1994; Nisius, 1988; Gus-Mayer et al.,



1994). Recently, Falk et al. (1995) has reported two myrosinase (B-thioglucosidase)-binding
proteins (50 and 52 kD) from rapeseed. The objective of the present study was to elucidate the
biochemical basis of B-glucosidase aggregation and insolubility observed in certain maize
genotypes. Our hypothesis is that the R-glucosidase "null” phenotype is due to another protein (-
glucosidase-aggregating factor or BGAF) that occurs in "null™ genotypes and specifically interacts
with the enzyme, rendering it insoluble by aggregation into large multimeric forms. We present

data in this paper supporting the hypothesis.



MATERIALS AND METHODS

Plant Materials

Three to 5-d-old-etiolated seedling shoots from a normal (K55) and a "null™ (H95) inbred of
maize (Zea mays L.) were used for protein and R-glucosidase isolation and all the other studies
reported, unless otherwise indicated. Seeds were surface sterilized by soaking in 20% (v/v)
solution of commercial household bleach for 30 min. They were then rinsed thoroughly with
distilled water and germinated in wet vermiculate at 30° C in the dark. Etiolated shoots were
harvested and used either fresh or after freezing or storing at -70° C. In addition, freeze dried

shoot powders were used in certain experiments.

Protein Extraction

Etiolated shoots or their freeze-dried shoot powders were ground in an ice-chilled mortar
with a pestle in 50 mM sodium acetate buffer, pH 5 (referred to as extraction buffer), using a w/v
ratio of 1 g/ 3 ml. The homogenates were transferred to centrifuge tubes, kept on ice for 30 to
60 min, during which time tubes were gently swirled at intervals to suspend the settled material.
The crude enzyme extract was recovered after centrifugation at 17,0009 for 15 min. The
supernatant was transferred to a fresh tube, and the pellet was resuspended in half the volume of
the buffer used for the first extraction, and the centrifugation was repeated. The two
supernatants were combined, aliquoted and used for enzyme activity assays in solution and gels
as well as other experiments. When small amounts of extracts were needed, routinely 0.5 g fresh
or frozen material was homogenized in 1.5 mL of extraction buffer in a small mortar, and the
homogenate was transferred to a 1.5-mL microfuge tube for centrifugation. In the case of freeze-
dried powders, routinely 5 to 50 mg were suspended and extracted with 30 volumes (0.15 - 1.5

mL) of extraction buffer.



Enzyme and Protein Assays

R-glucosidase activity in crude extracts was measured using the chromogenic substrate
p-nitrophenyl B-D-glucopyranoside (pNPG). Routinely, 30 pL of the enzyme solution (the
extract) was diluted with 1470 uL of 50 mM citrate-100 mM phosphate buffer, pH 5.8, in a
1.5-mL microfuge tube. Then, 70 pL of diluted extract were incubated in the wells of 96-well
microtiter plates with 70 uL of 5 mM pNPG in the same buffer at 25° C for 5 min. The reaction
was stopped by adding 70 L 400 mM sodium carbonate, and the pNP liberated from pNPG was
measured at 410 nm. B-glucosidase activity is expressed as absorbance of pNP released at 410
nm. Protein determinations were performed colorimetrically (Bradford, 1976) with bovine

serum albumin fraction V as a standard.

Analysis of 3-glucosidase aggregates by gel filtration

In order to determine the nature of the interactions responsible for aggregation as well as
the sizes of enzyme aggregates, 3-glucosidase isolated from null and normal phenotypes were
subjected to gel filtration analysis. Shoot extracts were made with extraction buffer from K55

(normal) and H95 (null) and subjected to size fractionation through a column (1.5 cm X 85 cm)

of Sephacryl HR 300 (molecular mass cutoff 1.5 x 109 Daltons) using appropriate calibration
standards (thyroglobulin, 670 kD; BSA, 66 kD; ovalbumin, 43 kD; carbonic anhydrase, 29 kD;
soybean trypsin inhibitor, 20.1 kD; and myoglobin, 16kD). Column fractions were assayed for
enzyme activity and protein. The same fractions were assayed for peroxidase and catalase

activity to use these enzymes as internal markers.



Dissociation of B-glucosidase aggregates by SDS

We discovered that maize B-glucosidase is stable and active in the presence of SDS
concentrations up to 3.2% and that zymogram profiles can be developed on SDS gels if samples
are applied without boiling (Esen and Gungor, 1991, 1993). To determine the nature of the
interactions responsible for aggregation, the enzyme was extracted from H95 with extraction
buffer, containing SDS from 0% to 1%, or SDS was added to the supernatant fluid after
extraction without SDS. These samples were electrophoresed through native, isoelectric

focusing, and SDS gels and stained for enzyme activity.

Mixing and homogenizing tissues from ""null’* and normal genotypes

To determine if seedling parts of a null genotype contain a substance that is capable of
reducing the extractability of 3-glucosidase from normal genotypes, equal amounts (weights) of
shoots from H95 and K55 were mixed, homogenized and extracted together with extraction
buffer. K55 and H95 shoots were also extracted separately to serve as controls. Enzyme activity
was measured in supernatants of mixed and control extracts. In addition, H95 and K55
supernatants were mixed in a ratio of 1:1 and assayed to serve as another control. Similarly, K55
and H95 shoots were homogenized separately, and then 0.8, 0.6, 0.4, and 0.2 mL of the H95
homogenate were mixed, respectively, with 0.2, 0.4, 0.6 and 0.8 mL of the K55 homogenate.
The mixed homogenates and controls (pure homogenates) were incubated in microfuge tubes on
ice for 15 min and centrifuged. The enzyme activity in supernatant fluids was assayed after
centrifugation as usual. A variation of these experiments was performed by extracting the
enzyme from mixtures of freeze-dried 4-d-old K55 and H95 shoot powders. In this case, 0, 5,
10, 15, 20, 25, 30, 35, and 40 mg of the H95 powder were mixed, respectively, with 40, 35, 30,
25, 20, 15, 10, 5, and 0 mg of the K55 powder such that the total in each mixture was 40 mg.
The mixtures were extracted with 1.2 mL of extraction buffer and the supernatants were assayed

for activity.



Adsorption of B-glucosidase activity from the supernatant of normal genotypes

by the pellet of a "'null’* genotype

To determine if the B-glucosidase aggregating activity resided in the insoluble fraction of
the homogenates, the pellets of H95 and K55 homogenates were suspended and washed twice
with a buffer volume equal to that used for the first extraction. Then aliquots of each pellet were
weighed in amounts of 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 g and placed in separate tubes. Also, 1 mL
of the K55 supernatant with known enzyme activity level was added to each tube, pellets were
suspended and incubated on ice for 15 min. Enzyme activity was determined in the supernatants

after centrifugation.

Mixing and incubating extracts from “null” and normal genotypes

To determine if null extracts contained a substance that can aggregate or inactivate the B-
glucosidase present in the supernatant of normal extracts, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and
0.1 mL of H95 extracts were mixed, respectively, with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and
0.9 mL of K55 extracts. The mixtures were incubated at 4° for 16 h, and an aliquot was taken
before centrifugation. Then mixtures were centrifuged at 14,0009 at 4° C for 5 min, supernatants
were transferred to fresh tubes, and the pellets were suspended in 50 mM Tris-HCI, pH 8,
containing 0.5% SDS and incubated for 1 h. Enzyme activity was assayed in the supernatants
before and after centrifugation as well as in the supernatant of the dissolved pellets. In addition,
K55 and H95 supernatants were centrifuged at 17,000g for 10 min, and then a fixed volume (0.5
mL) of the H95 supernatant was mixed with the K55 supernatant ranging in volume from 0.1 to
1.0 mL. The mixtures were incubated at 4° C for 16 h, and enzyme activity in the supernatants

and pellets of these mixtures was assayed as described above.



Solubilization and recovery of 3-glucosidase activity adsorbed by H95 pellets or

precipitated by H95 supernatants

It was observed (see below) that the H95 pellets depleted of soluble protein adsorbed R-
glucosidase activity from the K55 supernatants. Likewise, the H95 supernatants precipitated 3-
glucosidase activity from the K55 supernatants when they were mixed and incubated together.

The question of whether or not the activity lost from the K55 supernatants can be recovered from
the H95 pellet or the precipitate was addressed as follows. The pellet or precipitate was suspended
and extracted sequentially with 50 mM Tris-HCI, pH 8, and with the same buffer but containing
0.5% (w/v) SDS. These extracts were assayed for enzyme activity. Alternatively, the pellets were
suspended and washed four times with buffer to remove any residual soluble protein. They were
then suspended in SDS-sample buffer (0.125 M Tris-HCI, pH 6.8, containing 2% [w/v] SDS, 5%
[v/v] 2-ME and 10% [v/v] glycerol), heated at 95° C for 3 min, cooled, and the supernatants were

recovered by centrifugation and used in electrophoretic analysis.

pH-dependence of R-glucosidase extractability and BGAF activity

An earlier pilot experiment comparing BGAF activity (the ability to aggregate and
precipitate 3-glucosidase) and B-glucosidase aggregation and insolubility at pH 5 vs. pH 8
suggested that both the activity of BGAF and the extractability of B-glucosidase were pH-
dependent. BGAF activity was higher at pH 5.0, whereas R-glucosidase extractability was higher
at pH 8.0. To investigate this aspect further, 30 mg of freeze-dried K55 and H95 whole-shoot
powders were each extracted in separate tubes four times with 0.9 mL of the following buffers:
sodium citrate (pH 3.0 and 4.0), sodium acetate (pH 5.0), 2-(N-morpholino)-ethanesulfonic acid
(MES) (pH 6.0), 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES) (pH 7.0), Tris-
HCI (pH 8.0), 2-(cyclohexylamino)-ethanesulfonic acid (CHES) (pH 9.0), and sodium carbonate-
bicarbonate (pH 10 and 11). The first, second, and third extracts were saved separately and

assayed for enzyme activity. The fourth extract was discarded as it had little or no protein and
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activity. Because the first and second extracts contained about 90% to 95% of the total
extractable activity at a given pH, they were pooled (1:1 volume) and re-assayed for enzyme
activity and protein so that the activity extracted at each pH could also be expressed as specific

activity.
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Determination of the nature of BGAF and its specific interaction with

R-glucosidase

The question of whether or not BGAF is a protein has also been addressed using another
approach: a whole shoot extract of H95 was subjected to gel filtration through a column of
Sephacryl HR 300. Column fractions were tested for BGAF activity by mixing and incubating
them with a K55 supernatant of a known amount of enzyme activity. Crude extracts and column
fractions of H95 having BGAF activity were heated at 95° C and then mixed with K55 extracts
and assayed for BGAF activity.

To determine if BGAF causes aggregation of other proteins besides -glucosidase, the H95
and K55 supernatants were mixed at a volume ratio of 3:2, incubated overnight, centrifuged, and
the supernatant and pellet fractions were subjected to SDS-PAGE along with unmixed controls.
The same experiments were repeated using purified 3-glucosidase from K55 or Escherichia coli
lysates. In the latter case, the maize B-glucosidase isozyme Glul was cloned and expressed in
E. coli (Cicek and Esen, 1999). The recombinant enzyme (r-Glul) was purified and diluted with
extraction buffer so as to have 0.2 A1 units/min p-nitrophenyl 3-D-glucoside hydrolysis
activity. The enzyme was added to 700 pL H95 extract at amounts varying from 0 (control) to
300 pL, increasing at 50uL increments, and the final volume was adjusted to 1 mL in all tubes
by adding extraction buffer. The H95 extract was made with extraction buffer and subjected to a
freeze-thaw-centrifugation cycle to remove nonspecifically precipitating proteins during which
neither free 3-glucosidase nor BGAF precipitates. Mixtures were incubated on ice for 2 h, and
the enzyme activity was assayed in an aliquot of each mixture before and after centrifugation.
The pellet was suspended in 100 pL Laemmli (1970) buffer and subjected to SDS-PAGE

analysis. The same experiments were also performed using K55 extracts.
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RESULTS

Table 1. Distribution of B-Glucosidase Activity between two Size Classes
in Normal and "Null" Genotypes of Maize.

Genotype Estimated Molecular Weight (Daltons)
120,000 >1.5 x 10°

“Null” (H95) 22% 78%

Normal (K55) 98% 2%

Estimated by gel filtration (Sephacryl HR 300).

The gel filtration analysis clearly shows that most of the R-glucosidase activity in the
extracts of a null inbred (e.g., H95) occurs in a high mol wt fraction (Table 1). For example,
when crude K55 and H95 extracts were fractionated by gel filtration, 22% of the activity in the
H95 extract eluted as a dimer (120 kD) while 78% of the activity was in the flow-through

fraction having an estimated molecular size of 1.5 x 106 Daltons or greater (Table I). In contrast,

nearly all of the activity (98%) in extracts of a normal genotype (K55) eluted from the column as
a dimer.

The electrophoretic data (Fig. 1) shows that the enzyme extracted from a typical null
genotype such as H95 does not enter the 6% (w/v) resolving gel during native PAGE, remaining
mostly in the sample well and stacking gel, with only its leading front barely entering the top of
the resolving gel. The situation does not change significantly until SDS is added up to a final
concentration of 0.5% (w/v) to the extraction buffer. At 0.25% (w/v) SDS in the extraction
buffer, the occurrence of dimeric enzyme in the extract and its entry into the resolving gel are

evident, while at 0.5% (w/v) SDS, all of the enzyme is dimeric and enters the resolving gel. In
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contrast, most of the activity remained in the stacking gel and at the top of the resolving gel
when SDS is added later to a final concentration of 0.5% (w/v) to the extract after it has been
made in the absence of SDS. In the latter case, complete entry into the resolving gel occurs after

SDS is added to a final concentration of 2% (w/v).

% SDS added to extraction buffer % SDS added to extract

e

.'='

| - "

Fig. 1. Zymogram (6%][w/v] native PAGE gel; anode at bottom) showing the entry of

b-glucosidase from a null genotype (H95) into the gel after SDS was added to the extract
or the extraction buffer at a final concentration of 0.5% (w/v) or higher. Note the enzyme
BGAF aggregates remain in the stacking gel or form a band at the top of the resolving gel

at lower than a 0.5% (w/v) SDS concentration.
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When enzyme activity was assayed in the supernatants of K55, H95, and H95 + K55
(homogenized and extracted together), the H95 and H95 + K55 supernatants had only 6 and
11%, respectively, of the activity present in the K55 supernatant. In contrast, when H95 and K55
supernatants were mixed in a ratio of 1:1 after they had been extracted separately, the activity in
the supernatant mix was equal to the arithmetic mean of the activity present in the individual
supernatants used to prepare the mix.

Figure 2 shows the expected and observed enzyme activities in the supernatants of pure
H95 and K55 homogenates and of their mixtures incubated for 15 min before centrifugation.
The data indicate that enzyme activity in the supernatant of the mixed H95 and K55 homogenate
is drastically reduced. For example, only 12% of the expected activity was present in the
supernatant resulting from the homogenate mix containing 3 parts H95 and 2 parts K55, and in
all cases enzyme activity in the supernatant decreased as the percentage of the H95 homogenate
in the mixture increased (Fig. 2A). The data from extraction of mixtures of H95 and K55 freeze-
dried shoot powders also indicated that the extractability of 3-glucosidase decreased as the
amount of the H95 powder in the mixture increased. For example, the greatest reduction in
extractability occurred when 25 mg of the H95 powder was mixed with 15 mg of the K55
powder. In this case, only 13% of the expected activity (sum of the activities expected if 25 mg
of the H95 and 15 mg of the K55 powder were extracted separately) was found in the
supernatant.

When soluble protein-depleted pellets of H95 and K55 homogenates were checked for
BGAF activity, the K55 pellet had little or no R-glucosidase-adsorbing activity (Fig. 2B). Even
when the highest amount of pellet (1 g) was incubated with 1 mL of supernatant, only a 25%
reduction in activity was observed. Such reduction was attributed to dilution of the supernatant
activity by the buffer retained in the wet K55 pellet. In contrast, the H95 pellet adsorbed -
glucosidase activity in a weight-dependent manner (Fig. 2B). For example, 0.1- and 1.0-g H95
pellets, respectively, removed 60% and 96% of R-glucosidase activity from 1 mL of K55
supernatant after 15 min of incubation. Assay of protein content in the K55 supernatant before

and after incubation with the H95 pellet showed little or no detectable changes. Freeze-dried
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H95 shoot powders also adsorbed R-glucosidase activity from a fixed volume of K55 supernatant
with a known amount of enzyme activity after they were suspended and incubated in the K55
supernatant. Again, the amount of activity loss from the supernatant in this case is also directly

proportional to the amount of the H95 shoot powder used.
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Fig. 2. A, Reduced extractability of B-glucosidase from K55 (wild type) maize after its
homogenate was mixed with that of H95 (null) and centrifuged. [, Expected activity in the
mixture if the homogenate of each genotype were centrifuged separately and the resulting
supernatants were mixed at indicated ratios. O, Observed activity in the supernatant after
homogenates were mixed at indicated ratios and centrifuged, showing a decrease in enzyme
activity as the amount of H95 homogenate in the mixture increased. B, Adsorption of
R-glucosidase activity from K55 (wild-type) maize extract by the H95 (O) protein-depleted
pellet after suspension and incubation with K55 extract. The K55 pellet (0) adsorbed little or no

b-glucosidase activity.
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Residual Activity (Agionm)

Residual Activity (Aionm)
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Fig. 3. A, Precipitation of b-glucosidase activity from K55 (wild-type) maize extract by H95
(null) extract after incubation and centrifugation of extract mixtures at the indicated volumes.
Shown are activity in the mixture before centrifugation OJ; activity after centrifugation, O; and
activity in the suspended pellet D. Note that the highest precipitation of activity occurs at two to
three parts of K55 (wild-type) to five parts of H95 (null extract), and the activity lost from the
supernatant is recovered from the pellet. B, b-glucosidase activity profile of extracts after
mixing a fixed volume of H95 (null, 0.5 mL) extract with varying volumes of K55 (wild type, O-
1.0 mL). Shown are activity in the mixture before centrifugation, ®; activity after centrifugation
O; and activity in the suspended pellet D. C, control (K55 extract). Again note that the highest
precipitation of enzyme activity occurs at two to three parts of K55 (wild-type) to five parts of

H95 (null extract), and the activity lost from the supernatant is recovered from the pellet.
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Experiments addressing the question of whether or not the B-glucosidase activity that was
precipitated by BGAF could be resolubilized showed that the extraction of the pellet with 50 mM
Tris-HCI, pH 8.0, released only about 20% of the pellet-bound activity. However, the extraction
using the same buffer plus 0.5% (w/v) SDS released essentially all of the activity from the pellet
(Fig. 3A and B). In fact, when activities were normalized for about 15% activity loss due to
exposure to SDS and the insoluble activity present in the H95 pellet prior to incubation with the
K55 supernatant, essentially all of the activity removed by BGAF from the K55 supernatant was
recovered.

When supernatants of H95 and K55 extracts instead of homogenates were mixed in similar
experiments, the expected and observed enzyme activities in supernatant mixes were the same.
However, if the supernatant mixes were incubated overnight, and then centrifuged, the observed
activity in the supernatant decreased after centrifugation, for example, by 55% in the 1:1 mixture
and by 80% in the 2:3 mixture (K55:H95) (Fig. 3A and B). In all cases, the amount of activity
decrease was directly proportional to the amount of the H95 extract present in the mix.

The experiments testing the effect of pH on the extractability of R-glucosidase and the
activity of BGAF (Fig. 4A) showed that the amount of enzyme activity and extractable protein
increased with pH in K55, being lowest or negligible at pH 3.0 and highest at pH 11. When the
highest B-glucosidase activity extractable at pH 11 is set as 100%, relative extractabilities were
52% at pH 4.0 and increased from 74% at pH 6.0 to 93% at pH 10 (Fig. 4B). However, in terms
of specific activity (expressed here as As10 units or the absorbance of pNP produced per mg of
protein), the pH 4.0 and 5.0 extracts had the highest activities (92 and 89 units), and while in the
pH range 6.0 to 11, specific activity decreased as the pH of the extraction buffer increased (data
not shown). The H95 (null) extracts exhibited the following striking differences when compared
with those of K55: (a) The amount of total extractable R-glucosidase activity was about 3 to 20
times lower, depending on pH, resulting in drastic decreases in specific activities; and (b) more
surprisingly, relative extractabilities in the pH range 7.0 to 10 increased from 42% to 61%, in
stark contrast to little or no increase (86%-93%) for K55 in the same pH range. Another
surprising result was the decrease of relative extractability to 19% at pH 5.0 and to 35% at pH
6.0 after 40% at pH 4.0 (Fig. 4B).

19



Association of BGAF activity with a protein fraction has been confirmed by assaying
fractions of a whole shoot extract of H95 (null) that was subjected to gel filtration
chromatography through a column of Sephacryl HR 300. Again, essentially all of the -
glucosidase activity appeared in the excluded fraction (>1.5 X 10° Daltons) due to aggregation by
BGAF. When column fractions were assayed for BGAF activity by mixing and incubating them
with a K55 supernatant of known enzyme activity level, two fractions (41 and 42) had R3-
glucosidase-precipitating activity. Both fractions were positive for protein based on
spectrophotometric and gel assays. SDS-PAGE analysis of these fractions revealed that both had
a 35-kD polypeptide whose intensity correlated with the amount of BGAF activity. The same
polypeptide appeared as a minor component in the excluded fraction, presumably representing
the BGAF that is associated with the aggregated R-glucosidase. Moreover, when an aliquot of

fractions 41 and 42 were boiled for 10 min, they completely lost their BGAF activity.
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Fig. 4. A, pH-dependent extractability of b-glucosidase activity () and protein (A) from K55
(wild-type) and b-glucosidase () and protein (D) from H95 (null) maize genotypes. Note that
extractability increases with pH, and the two genotypes do not differ with respect to total
extractable protein, but differ with respect to extractable b-glucosidase activity. B, b-
glucosidase extractability as percent of pH of highest activity from K55 (O, wild-type) and H95
(O, null). Note that the amount of extractable b-glucosidase is drastically reduced in H95 tissue,

especially at pH 5.0.
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Electrophoretic analysis of before and after centrifugation of K55 and H95 supernatant
mixes and their pellets further confirmed the association between R-glucosidase aggregation and
a 35-kD polypeptide. These data revealed that the difference between the protein profiles in the
before and after centrifugation supernatant was a decrease in the intensity of the 60-kD R3-
glucosidase monomer band in the after centrifugation supernatant (Fig. 5C). In addition, the
pellet fraction contained the 60-kD R-glucosidase monomer as the most predominant protein
band along with some minor polypeptides, one of which (35 kD) was visible only in the H95
profile, but considerably enriched in the pellet. This 35-kD polypeptide is identified as putative
BGAF (Fig. 5C).

More unequivocal evidence associating BGAF activity with the 35-kD polypeptide was
obtained by incubating purified 3-glucosidase with whole shoot extracts of H95 (Fig. 5A). In
this case, B-glucosidase activity was lost from the supernatant in proportion to the amount of
added B-glucosidase after centrifugation and recovered in the pellet fraction (Fig. 5A & 5D).
SDS-PAGE analysis of the pellet fraction showed essentially two polypeptides, the 60-kD R3-
glucosidase monomer and the 35-kD BGAF monomer (Fig. 5D). However, no enzyme activity
was lost from the supernatant after centrifugation when the same amount of purified B-
glucosidase was added to the K55 extract (Fig. 5B). Consequently, there was no detectable
amount of the 60-kD R-glucosidase monomer and the 35-kD BGAF monomer in the pellet

fraction (data not shown).
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Fig. 5. A, Precipitation of exogenously added purified B-glucosidase by BGAF in extracts of
H95 (null) as a function of the volume of purified 3-glucosidase solution (0.05 to 0.3 mL) added
to a fixed volume (0.7 mL) of the H95 extract. B, as in A except that the wild type extract (K55)
was used in the experiment. Note that there is little or no detectable BGAF activity in the wild

type extract.
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Fig. 5. C, SDS-PAGE profiles of H95 (null, 3 volumes) and K55 (wild type, 2 volumes) maize
extract mixtures and of their pellet. Lanes 1-3, after incubation on ice. Lane 1, before
centrifugation; lane 2, supernatant after centrifugation; and lane 3, post-centrifugation pellet.
Lanes 4-6, after incubation at 4°C. Lane 4, before centrifugation; lane 5, supernatant after
centrifugation; and lane 6, post-centrifugation pellet. The pellet profile includes primarily two
polypeptides, the 60 kD 3-glucosidase monomer and the 35 kD BGAF monomer, indicating the
specific interaction between B-glucosidase and BGAF and precipitation of the resulting complex
upon centrifugation. D, SDS-PAGE gel showing the specific interaction between 3-glucosidase
and BGAF and its quantitative precipitation of the resulting complex upon addition of purified B-
glucosidase to H95 (mutant) extracts and centrifugation (refer to A). Lane 1, mol wt markers;
lane 2, H95 extract before addition of purified enzyme; lane 3, K55 extract before addition of
purified enzyme; lanes 4-10, post-centrifugation pellets after 0, 0.05, 0.1, 0.15, 0.20, 0.25, and
0.30 mL purified 3-glucosidase solution was added, respectively, to 0.7 mL H95 (null) extract
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(lane 2), incubated for 2 hrs, and centrifuged. Note the intensities of the 60 kD [-glucosidase
monomer and the 35 kD BGAF monomers in the pellet fraction increase as the amount of [3-

glucosidase added to the H95 extract increases.
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DISCUSSION

It was reported that certain maize genotypes were devoid of B-glucosidase activity based
on the absence of any activity zones (bands) on zymograms after starch gel electrophoresis
(Stuber et al., 1977). Therefore, such genotypes were classified as "null”. However, the original
paper from our laboratory on the subject reported that the 3-glucosidase "null™ phenotypes had R-
glucosidase activity when assayed spectrophotometrically, and an immunoreactive protein in the
60 kD region of the gel when assayed by immunoblotting (Esen and Cokmus, 1990). The null
phenotype appeared to be an artifact in that the enzyme of null genotypes occurred in large
aggregates, was poorly soluble, did not enter the gel, and was not detected when zymogram
techniques were used for analysis and scoring. Our gel filtration data support the conclusion that
nullness is a consequence of poor enzyme extractability and solubility due to aggregation. The
data indicate that about 80% of 3-glucosidase activity is in aggregates of 1.5 million Daltons or
greater in size and thus does not enter the gel (Table I, and Fig. 1). In fact, this is likely to be
underestimated because the extract used for gel filtration was freshly made and applied onto the
column immediately after centrifugation. In extracts stored 24 hours or longer nearly all of B-
glucosidase is in the aggregated state, suggesting that the interaction between R-glucosidase
dimers and BGAF continue as long as there is free 3-glucosidase and BGAF in the extract.
Interestingly, the gel filtration data did not reveal any distinct intermediate size classes between
R-glucosidase dimers and the >1.5 million Dalton aggregates detected by gel filtration. This
observation may suggest the kinetics of aggregation is rather fast and if intermediate forms
indeed occur they must have a short half-life.

Our activity staining data indicated that extracts of null genotypes did not yield any bands
on 5-7% polyacrylamide gels, confirming the results of Stuber et al. (1977) on starch gels.
Instead, we found a diffuse zone of activity extending from sample wells to the boundary
between the stacking gel and the resolving gel, indicating the presence of large aggregates that
failed to enter the resolving gel. The data (Fig. 1) clearly show that the enzyme from a typical
null genotype such as H95 stays in the aggregated form and does not enter a native alkaline gel

unless SDS is added to a final concentration of 0.5% to the extract or extraction is made with a
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buffer containing SDS at or above 0.5%. The B-glucosidase present in null extracts, having been
dissociated from BGAF by SDS added at a final concentration of 0.5 to 1.0% to extracts, enters
and focuses at a position in IEF gels similar to those of 3-glucosidase allozymes found in normal
extracts (data not shown). Thus, the so-called null genotypes do not have a specific mutant allele
coding for an allozyme unique to them that have propensity to aggregate. When zymograms
were developed after SDS-PAGE, all "null" genotypes had a band in the 120 kD region of the gel
(data not shown) whether or not the samples were treated with SDS prior to electrophoresis.

This result indicates that the combination of high pH and 0.1% SDS (the concentration in the gel
and running buffer) is sufficient to dissociate the 3-glucosidase aggregates into dimers.
Alternatively, dissociation occurs when the SDS ion front (much higher concentration of SDS)
passes through the sample zone during stacking. It is clear that SDS alone is able to dissociate
the 3-glucosidase-BGAF aggregates yielding the dimeric form of the enzyme as it occurs in wild
type genotypes. This observation suggests that the aggregates are formed and stabilized by
noncovalent (e.g., hydrophobic) interactions.

The most plausible interpretation of the presented data is that the B-glucosidase null
phenotype observed in certain maize genotypes is caused not by specific mutant alleles of the R-
glucosidase gene but by an allele of another gene which encodes BGAF. Stating it directly,
BGAF (a protein factor present in all null genotypes) interacts specifically either in vivo or
during extraction or both with native 3-glucosidase dimers causing them to aggregate into
multimeric forms of 1.5 million Daltons or larger in size. Analysis of isolated aggregates
(precipitates) by electrophoresis indicates that they are made up of primarily 3-glucosidase and
BGAF (Fig. 5A and D) and may include other minor protein components that are probably
nonspecifically associated with or trapped in the aggregates.

Evidence for the conclusion that the B-glucosidase null phenotype is caused by another
protein (i.e., BGAF) rather than a R-glucosidase null allele is as follows: 1) drastically reduced
extractability of the enzyme from the normal genotype after its shoot material is mixed and
homogenized together with the shoot material of the so-called null genotype (Fig. 2A); 2)
reduction or loss of enzyme activity from supernatant fluids of the normal genotype after

suspension of freeze-dried tissue powders or post-extraction and centrifugation pellets of null
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tissues in a manner directly proportional to the amount of null tissue powders or post
centrifugation pellets (Fig. 2B); 3) reduction or loss of enzyme activity from homogenates and
supernatant fluids of the normal genotype after mixing and incubating them with homogenates
and supernatants of the null genotype and then centrifugation —again the activity loss being
directly proportional to the amount of null homogenate or supernatant (Fig. 2A, 3A and B); 4)
recovery of lost (adsorbed or precipitated) enzyme activity from post-centrifugation pellets after
suspension in buffers containing SDS (Fig. 3A and B); 5) loss of R-glucosidase precipitating
activity in null homogenates, supernatants, and pellets after heating at 70° C or above; 6) co-
precipitation of a 35 kD polypeptide with 3-glucosidase after mixing and incubating supernatants
of the normal genotype or purified B-glucosidase solutions with supernatants of the null genotype
(Fig. 5A and D); and 7) isolation of the above-mentioned 35 kD polypeptide from null extracts
by gel filtration through a Sephacryl S-300 column and demonstration of its 3-glucosidase
aggregation and precipitating activity and loss of such an activity upon heating at 70° or above.

The significance of what appears to be the pH dependence of the interaction between 3-
glucosidase and BGAF is not fully understood. The fact that 3-glucosidase from tissues of the
null genotype is least extractable at pH 5 (Fig. 4A and B) suggests that this pH is optimum for -
glucosidase-BGAF interaction and the resulting aggregation and insolubility of the enzyme.
Moreover, the estimated pl of B-glucosidase is 5.2, meaning that charge repulsion will be near a
minimum at and around pH 5, thus promoting noncovalent (e.g., hydrophobic) interactions
between R-glucosidase molecules as well as those between R-glucosidase and BGAF. The same
result can also be explained by low solubility of B-glucosidase-BGAF complexes at and around
pH 5, rather than pH 5 being optimum for B-glucosidase-BGAF interaction. The latter
interpretation is supported by the zymogram data, which show the same enzyme activity profile
in extracts made with buffers ranging in pH from 4 to 11. In other words, the activity was
detected only in the stacking gel and at the boundary between the stacking and resolving gel,
indicating the occurrence of enzyme-BGAF aggregates at all pHs tested.

The stoichiometry of the interaction between R-glucosidase and BGAF could not be
determined because we could not purify sufficient amounts of free BGAF. However,

densitometric analysis of $-glucosidase and BGAF monomer intensities after correction for size
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differences suggests about 2 molecules of 3-glucosidase to 1 molecule of BGAF stoichiometry.
The fact that BGAF and B-glucosidase precipitate together and they are the most abundant
proteins in the precipitate suggest that BGAF mediates enzyme aggregation by directly binding
to B-glucosidase rather than catalyzing aggregation between R-glucosidase molecules. We
postulate that BGAF has at least two binding sites for 3-glucosidase, as does an antibody
molecule for its specific antigen, which will lead to the formation of large multimeric complexes
(>1.5x 10°). If BGAF were monovalent, it could bind only one B-glucosidase dimer, resulting
in a quaternary association of ~150-160 kD whose existence is doubtful. This interpretation is
consistent with our gel filtration data in that about 80% of enzyme activity was in the excluded
fraction as B-glucosidase-BGAF aggregate while about 20% of enzyme activity eluted from the
column as a dimer (~120 kD) (Table 1). Moreover, free BGAF eluted from the column as a
monomer (~35 kD), and its mobility was the same through a SDS-PAGE gel whether the sample
was applied onto the gel after denaturation (i.e., boiling in Laemmli buffer) or directly.

It appears that binding of BGAF to R-glucosidase has no detectable effect on enzyme
activity and kinetic parameters, suggesting that BGAF binding either does not sterically block
the active site or does not change the conformation enough to affect enzyme activity.

In conclusion, the data we presented clearly establishes that the so-called 3-glucosidase
null genotypes of maize are not null. Instead, they express and contain a 35 kD protein, which
specifically binds -glucosidase, leading to the formation of large, insoluble quaternary
associations. The nature of the interaction between 3-glucosidase and BGAF is specific and
noncovalent, reminiscent of that of an antigen-antibody interaction. This system provides an
excellent model system for the study of protein-protein interactions and their mechanism.
Whether the specific interaction between R-glucosidase and BGAF has physiological relevance,

or is simply fortuitous, remains to be determined.
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