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Cellulose and Callose Biosynthesis in Higher Plants’

I. Solubilization and Separation of (1—3)- and (1—4)-B-Glucan Synthase Activities from
Mung Bean

Krystyna Kudlicka and R. Malcolm Brown, Jr.*
Department of Botany, University of Texas, Austin, Texas 78713-7640

(1-3)- and (1—4)-B-glucan synthase activities from higher
plants have been physically separated by gel electrophoresis in
nondenaturing conditions. The two glucan synthases show different
mobilities in native polyacrylamide gels. Further separation by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis revealed a
different polypeptide composition in these synthases. Three
polypeptides (64, 54, and 32 kD) seem to be common to both
synthase activities, whereas two polypeptides (78 and 38 kD) are
associated only with callose synthase activity. Twelve polypeptides
(170, 136, 108, 96, 83, 72, 66, 60, 52, 48, 42, and 34 kD) appear to
be specifically associated with cellulose synthase activity. The suc-
cessful separation of (1—3)- and (1—4)-g-glucan synthase activities
was based on the manipulation of digitonin concentrations used in
the solubilization of membrane proteins. At low dipitomin concen-
trations (0.05 and 0.1%), the ratio of the cellulose to callose syn-
thase activity was higher. At higher digitonin (0.5-1%) concentra-
tions, the ratio of the callose to cellulose synthase activity was
higher. Rosette-like particles with attached product were observed
in samples taken from the top of the stacking gel, where only
cellulose was synthesized. Smaller (nonrosette) particles were
found in the running gel, where only callose was synthesized. These
findings suggest that a higher level of subunit organization is re-
quired for in vitro cellulose synthesis in comparison with callose
assembly.

Higher plants contain membrane-bound glucan syn-
thases that are responsible for the synthesis of (1—4)-3-
glucans (cellulose). Membrane-bound enzymes also syn-
thesize (1—3)-B-glucans (callose) in response to wounding,
physiological stress, or infection (Delmer, 1987). Callose is
also a component of specialized walls or wall-associated
structures at a particular stage of growth and differentia-
tion (e.g. in cell plates, seeds, leaf and stem hairs, plasmo-
desmatal canals, sieve plates, transient walls of micros-
porogenic and megasporogenic tissues, and in pollen and
pollen tubes; Fincher and Stone [1981]; Stone and Clarke
[1992]). In members of the Poaceae a (1—3),(1—4)-B-glucan
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is a characteristic component of cell walls, especially those
of the endosperm (Fincher and Stone, 1981).

The nature of the enzymes responsible for the synthesis
of cellulose and callose, including the control of their ac-
tivities during wall formation, is not well understood. Al-
though particles attached to growing cellulose microfibrils,
which were hypothesized to contain cellulose synthases,
were detected in freeze-fracture preparations of plant
membranes as early as 1976 (Brown and Montezinos, 1976),
it has not been possible to isolate and characterize these
particles (Delmer, 1987).

The earliest investigations of in vitro B-glucan synthesis
were directed toward understanding the mechanism of
cellulose synthesis; however, preparations from a number
of different plants catalyzed the incorporation of labeled
Glc from UDP-Glc into water-insoluble polymers identified
as (1—3)-B-glucans (Feingold et al., 1958). Almost all at-
tempts at in vitro synthesis of cellulose have resulted in the
formation of only (1—3)-B-glucans (Carpita and Delmer,
1980; Delmer, 1983, 1987) or only a very limited synthesis
of (1—4)-B-glucans; in the latter case, there was insufficient
proof for its characteristic crystallinity (Franz and Blas-
chek, 1990). Therefore, a persistent problem with in vitro
cellulose synthesis has been a simultaneous assembly of
multiple products from the same membrane preparation
(Mullins, 1990; Delmer, 1991) or (1-—3),(1—4)-B-glucans
from certain plants (Ordin and Hall, 1967; Peaud-Lenoel
and Axelos, 1970; Smith and Stone, 1973; Henry and Stone,
1982; Gibeaut and Carpita, 1993; Becker et al., 1995).

Since either crude or only partially purified membrane
proteins were used for assaying cellulose synthase activity,
it was not clear whether (1—-3)- and (1—4)-B-glucans were
synthesized by the same protein(s) or by a separate pro-
tein(s) (Jacob and Northcote, 1985; Delmer, 1987). To re-
solve this question, it was necessary to isolate and separate
the (1—3)- and the (1—4)-B-glucan synthases from the
membrane. This has proven to be very difficult. Gradient
centrifugation and product entrapment have provided the
highest increase in specific activity (Eiberger and Wasser-
man, 1987; Bulone et al., 1990; Fink et al., 1990). However,
conventional purification techniques, like most forms of
chromatography, usually give very low activity, possibly

Abbreviations: CBH 1, cellobiohydrolase I; TC, terminal com-
plex; TEM, transmission electron microscope/microscopy.
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because of a depletion of essential boundary lipids, non-
specific aggregation of strongly hydrophobic polypeptides,
or dissociation of the polypeptides required for enzymatic
activity (Wasserman et al., 1992).

Because of their relatively high and stable activity,
membrane-bound (1—3)-B-glucan synthases from a wide
array of higher plants have received the most attention and
their multicomponent nature has been revealed (Fink et al.,
1990; Frost et al., 1990; Mason et al., 1990; Amor et al., 1991;
Delmer et al., 1991a; Dhugga and Ray, 1991, 1992, 1994;
Fredrikson et al., 1991, Meikle et al., 1991; Wu et al,
1991; Girard et al., 1992; Kamat et al., 1992; Slay et al., 1992;
Wasserman et al.,, 1992; Bulone et al., 1995). The precise
polypeptide composition of callose synthase and the de-
gree to which the enzyme is conserved between species
and tissue sources is not yet clear. Between six and nine
prominent polypeptides ranging in size from 25 to 92 kD
were found (Dhugga and Ray, 1994). Since similarly sized
polypeptides occur in callose synthase preparations from a
variety of species, it has been suggested that these polypep-
tides may be components of a multisubunit enzyme com-
plex (Fredrikson et al., 1991; Wasserman et al., 1992).

The first major advance in the area of (1—>4)-8-glucan
synthesis came from a prokaryotic organism, Acefobacter
xylinum (Ross et al, 1987). Subsequent detailed studies
confirmed that cellulose was synthesized in vitro by A.
xylinum (Lin and Brown, 1989; Lin et al., 1990). These
investigations led to the identification and cloning of the
genes for the catalytic subunit (Saxena et al., 1990, 1991;
Wong et al., 1990). Recently, a rice cDNA and two cotton
cDNA clones were characterized that are homologous to
the bacterial celA genes that encode the catalytic subunit of
cellulose synthase (Pear et al., 1996). Three regions in the
deduced amino acid sequence of the plant celA gene prod-
ucts are conserved with respect to the proteins encoded by
bacterial celA genes. Within these conserved regions, there
are four highly conserved subdomains previously sug-
gested to be critical for catalysis and/or binding of the
substrate (Pear et al., 1996). Recently, we reported a similar
clone from Arabidopsis thaliana, which appears to be part of
a truncated cellulose synthase (Saxena and Brown, 1997).

During the past several years the partial purification of
separate (1—3)- and (1—4)-B-glucan synthases has been
achieved by product entrapment (Lin and Brown, 1989;
Mayer et al,, 1989; Frost et al., 1990, 1997; Bulone et al,,
1995). Another approach for the purification of B-glucan
synthase complexes has involved the use of polyclonal
(Nodet et al., 1988; Fink et al., 1990; Dhugga and Ray, 1991)
and monoclonal antibodies (Delmer et al., 1991a; Meikle et
al., 1991). Affinity-labeling methods using substrate ana-
logs to identify UDP-Glec-binding polypeptides in glucan
synthases have been widely applied (Read and Delmer,
1987; Lawson et al., 1989; Frost et al., 1990; Lin et al., 1990;
Mason et al., 1990; Delmer et al., 1991b; Meikle et al., 1991).

We achieved the in vitro synthesis of a small quantity of
cellulose II allomorph by digitonin-extracted cotton fiber
membranes (Okuda et al, 1993). Later, a two-step
digitonin-solubilization procedure was used to increase the
ratio of cellulose to callose to more than 30% of the total
glucan product (Kudlicka et al., 1995). Significantly, the
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product crystallized as the cellulose I allomorph, whereas
the other preparations synthesized cellulose II, suggesting
that the revised isolation procedure was less damaging to
the native macromolecular complex (Kudlicka et al., 1995).

We now report further modifications to the solubiliza-
tion procedures, which have led to a higher in vitro activity
of glucan synthases and differential solubilization of cellu-
lose and callose synthase activities. In addition, we de-
scribe a nondenaturing gel electrophoresis method that
separates callose- and cellulose-synthesizing activities
from mung bean (Vigna radiata) membranes.

MATERIALS AND METHODS
Chemicals

UDP-[Glc-U-"*C] (250 mCi/mmol) and yeast lytic recom-
binant (1-3)-B-glucanase were purchased from ICN. Dig-
itonin (special grade, water soluble) was purchased from
Biosynth (Naperville, IL). Cellobiose, cyclic-3":5'-GMP,
protease inhibitors, protein A-10 nm gold, and other chem-
icals were obtained from Sigma. Tinopal LPW was a gift
from Ciba-Geigy (Greensboro, NC), and aniline blue was
from Polysciences (Warrington, PA). CBH I enzyme was a
gift from Dr. Martin Schulein of Novo Industri (Copenha-
gen, Denmark). (1-»3)-B-glucan monoclonal antibody was
obtained from Biosupplies (Parkville Victoria, Australia).
The molecular mass standards were purchased from Bio-
Rad. [8-**P]5'-N,-UDP-Glc was provided by Dr. Richard
Drake (Little Rock, AR). Celluclast was obtained from
Novo Nordic Bioindustrial (Danbury, CT).

Plants

Mung bean (Vigna radiata var Berken) seeds from Calco
(Dallas, TX) were supplied by Dr. Sathasivan Sata. The
seedlings were grown in the dark at 28 to 30°C in water-
saturated vermiculite and harvested after 3 to 5 d. The
leaves and roots were excised, and only hypocotyls were
used for the extraction of proteins.

Extraction of Proteins

Tissues of hypocotyls from etiolated seedlings (about
50 g) were homogenized in 50 mL of extraction buffer
containing 50 mm Mops, pH 7.5, 5 mm EDTA, 0.25 M Suc,
and a combination of protease inhibitors (0.5 mm PMSF, 10
uM leupeptin, 0.1 mM N-a-p-tosyl-L-Lys chloromethyl ke-
tone, and 0.1 mm L-1-tosylamide-2-phenyl-ethyl chloro-
methyl ketone) using a mortar and pestle at 4°C. The
extract was filtered through a 210-um mesh screen (Spec-
tra, Sussex, UK) to remove cell walls, and the filtrate was
designated as the crude factor, which was then centrifuged
at 100,000¢ for 1 h. The resulting supernatant was dis-
carded, and the pellet was suspended in resuspension
buffer (50 mm Mops, pH 7.5, with 0.25 M Suc) to obtain
approximately 4.5 mg protein per milliliter; this was des-
ignated as the membrane fraction. Solubilized proteins
were obtained from membrane fractions using a progres-
sive five-step solubilization protocol in which digitonin
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concentrations of 0.05, 0.1, 0.25, 0.5, and 1% were applied,
and the fractions were centrifuged at 100,000g.

The solubilized proteins were concentrated using a
10-kD cutoff concentrator (Centriprep, Amicon, Beverly,
MA). The proteins from all fractions were assayed using a
modification of the Lowry procedure (Markwell et al.,
1978), which included a separate blank for each digitonin
concentration.

To determine the inhibitory effects of digitonin on glucan
synthesis, 2% digitonin was added to fractions previously
solubilized with 0.05, 0.1, 0.25, and 0.5% digitonin, and the
final concentration was adjusted to 1%.

Enzyme Activity Assay

Reaction conditions found to favor cellulose synthesis in
cotton fiber enzyme preparations (Li and Brown, 1993; Li et
al., 1993; Okuda et al., 1993) were used to monitor the
incorporation of Glc from UDP-Glc into a polymer product.
The reaction mixture contained 0.5 mm UDP-[U-'C[Glc
(specific activity 12.5 mCi/mmol) with 10 mwm Bis-Tris-
propane-Hepes buffer, pH 7.6, 20 mm cellobiose, 8 mm
MgCl,, 1 mm CaCl,, 100 umM c-3'-5'-GMP, 0.05% digitonin,
and 40 ug of proteins in enzyme fractions in a final volume
of 100 pL (Kudlicka et al., 1995). The reaction was carried
out for 30 min at 25°C and terminated by placing the
reaction mixture in a boiling-water bath for 1 min. The
radioactive products were collected by filtration on a glass
microfiber filter (Whatman) and washed three times with
distilled water and once with methanol. The radioactivity
retained on the filters was determined with a scintillation
counter (model LS 6800, Beckman).

Native Gel Electrophoresis and Detection of B-Glucan
Synthase Activity

After electrophoretic separation of proteins in the solu-
bilized fractions by nondenaturing PAGE, the products of
B-glucan synthase activity can be observed as fluorescent
bands under UV light after incubation of the gel with
UDP-GIc and effectors, followed by treatment with Tinopal
LPW, a fluorochrome (fluoroprobe) that binds both cellu-
lose and callose (Thelen and Delmer, 1986; Dhugga and
Ray, 1994).

Either an 8% running gel or a 6% running gel/3% stacking
gel containing 62.5 mm Tris-HCIl, pH 8.8, 0.05% ammonium
persulfate, 0.025% N,N,N',N'-tetramethylethylenedamine,
and 0.02% digitonin was used to separate proteins from sol-
ubilized membrane fractions. The gels were precooled and
run at 4°C at a constant current of 20 mA for about 3.5 h
using a running buffer containing 25 mm Tris, pH 8.3, 192
mM Gly, and 0.02% digitonin. Bromphenol blue was added
to solubilized fractions as a tracking dye and electrophoresis
was continued until the dye migrated out of the gel. During
this time the initial potential difference of 103 V increased to
about 300 V.

It was important to continue the electrophoresis suffi-
ciently to complete the separation of proteins. If the voltage
is any lower than 300 V at the termination of the run, the

separation will be incomplete, as evidenced by a uniform
stain of Tinopal-positive material through the stacking gel.

For detection of enzyme activity, the gels were washed
for 30 min at 4°C in 50 mm Mops buffer containing 0.25 M
Suc and 0.02% digitonin. Gels were then incubated in an
incubation mixture containing the same components as for
activity assay. As a substrate 1 mM UDP-Glc (or 0.2 mm
radioactive UDP-Glc, specific activity 0.625 mCi mmol ™)
was used for 30 min to 22 h at room temperature. The
B-glucan products formed in the gels were stained in 0.01%
Tinopal or 0.05% aniline blue in K,PO, buffer, pH 8.2, for
10 min. The gels were then washed in water or 20% ethanol
and stored in the same solution. The product bands were
detected under UV light.

Gels incubated with radioactive substrate were washed
several times in 20% ethanol until the radioactivity in the
alcohol wash was reduced to the background. The radio-
labeled product was detected by exposing the dried gel to
Kodak X-Omat AR film and an intensifying screen (DuPont
Cronex) for 10 to 36 h. Densitometric tracing of the exposed
radiographic film was done using image-analysis software
(IBAS, Kontron, Germany), and the areas under the curves
were calculated.

Characterization of Proteins Separated by Native
Gel Electrophoresis

For protein characterization the native gels were stained
with 0.125% Coomassie blue R-250 in 50% methanol and
10% acetic acid for 30 min and destained overnight. The
protein bands from the stacking and running gel were
excised. The gel slices were placed in electroelution tubes
assembled in concentrators (Centricon, Amicon) and
loaded into a microelectroelutor (Centrilutor, Amicon).
Proteins were electroeluted for 2 h at 200 V and concen-
trated for 1 h at 6400 rpm. The concentrated proteins were
run on an SDS-polyacrylamide gel.

SDS-PAGE

SDS-PAGE of proteins separated by the native gels and
of nonseparated, solubilized fractions was used as de-
scribed by Porzio and Pearson (1977). Acrylamide was
used at 10% in the separating gel and at 4.5% in the
stacking gel. The loading buffer contained 10% 2-
mercaptoethanol. The gels were stained for 1 h with Coo-
massie blue.

Photoaffinity Labeling

The reaction mixture for the photolabeling reaction was
the same as that used for the enzyme activity assay. The
membrane fraction solubilized by 0.25% digitonin was as-
sayed and [B->*P]5’-N,-UDP-Glc was used as the substrate.
The reaction mixture was preincubated in an Eppendorf
tube at room temperature for 1 min and then irradiated
with a short UV wavelength (254 nm) using a hand-held
UV lamp (UV Products, San Gabriel, CA) at a distance of 4
cm for 3 min on ice. The reaction was terminated by the
addition of 0.4 mL of methanol, and protein pellets were
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collected according to the methods of Wessel and Flugger
(1984). Electrophoresis was performed as described by Por-
zio and Pearson (1977). Labeled polypeptides were de-
tected by autoradiography at —80°C using Kodak X-Omat
AR film and an intensifying screen (DuPont).

TEM of Proteins Separated by Native Gel Electrophoresis

The bands containing the products and protein com-
plexes were excised from native gels and crushed in a small
volume of distilled water using a Teflon pestle adjusted to
an Eppendorf tube. The gel fragments were mounted on
TEM grids, then labeled with CBH I-gold, negatively
stained with 1% uranyl acetate, and examined with a TEM
(model 420, Philips, Eindhoven, The Netherlands) operated
at 100 kV.

Characterization of B-Glucan Products in the Native Gel

After incubating with substrate and effectors, the gel
sections were placed in small Petri dishes containing en-
zymes for specific product analysis. For (1—3)-8-glucans,
25 units of recombinant yeast (1—3)-B-glucanase was
placed in 3 mL of 50 mm K,PO, buffer, pH 7.5, and 3 mm
NaN,. For (1—4)-B- glucans, 40 ug of CBH I was placed in
3 mL of 50 mm NaC,H;O, buffer, pH 4.8, and 3 mm NaNj.
As a nonspecific control, 3 mL of celluclast was diluted 1:1
with NaC,H;0, buffer, pH 4.8, containing 3 mm NaN;.

In all of the procedures described above, the enzymes
were changed twice during 72-h digestions at 40°C. After
the gel sections were washed with water, they were stained
with aniline blue or Tinopal and observed under UV light.

TEM of Products Synthesized in the Native Gel

The limited quantities of B-glucan product synthesized
in native gels makes it difficult to achieve definitive chem-
ical characterization. Since TEM does not require a large
quantity of material, we examined the ultrastructure of the
product synthesized in the native gels. In our earlier work
we found that cellulose and callose have very characteris-
tic, distinguishable morphologies. Cytochemical analysis
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with CBH I-gold complex labeling was very useful to dif-
ferentiate these two products (Okuda et al., 1993; Kudlicka
et al., 1995, 1996).

The bands containing the product and enzymes were
excised from the native gels and placed in small glass
bottles containing 1 mL of 30% H,0,. The mixtures were
incubated at 60°C for about 5 h to remove the acrylamide.
When gel slices were solubilized, the resulting liquid from
each bottle was transferred into Eppendorf tubes and cen-
trifuged for 10 min at 15,000g. The resulting supernatants
were discarded, and the pellets were washed three times
with distilled water and mounted on TEM grids. The prod-
ucts from separate bands were labeled with CBH I-gold or
the (1—3)-B-glucan-specific monoclonal antibody (Meikle
et al,, 1991) and then with protein A-gold (10-nm particles;
Voughn et al.,, 1996); the samples were negatively stained
with uranyl acetate and then observed with a TEM.

RESULTS
Solubilization of Membrane Proteins

Membrane proteins solubilized by gradually increasing
the concentration of digitonin show that solubilization of
components incorporating Gle from UDP-Glc into an insol-
uble product is concentration dependent (Table I). Very
low digitonin concentrations (0.05%) extract a large quan-
tity of proteins from the membrane fractions. In this step it
is probably not only solubilizing glucan synthase activities
but also removing a large number of other proteins. The
fraction solubilized by 0.1% digitonin shows an increase in
specific activity. Digitonin at 0.25% seems to be optimal for
glucan synthase activity. A further increase of the digitonin
concentration to 0.5% caused a reduction of glucan syn-
thase activity, and 1% digitonin caused an even greater
reduction (Table I).

An additional increase of the digitonin concentration to
1% in the fractions solubilized originally by 0.05, 0.1, 0.25,
and 0.5% digitonin supports the hypothesis of an inhibitory
effect of high digitonin concentrations on glucan synthesis
(Table II).

Table 1. Influence of digitonin concentrations on the solubilization of mung bean membrane pro-

teins and B-glucan synthase specific activity

Values are means = sD of eight separate experiments.

Fraction

B-Glucan Synthase

Total Protein Specific Activity

Crude factor
Supernatant fraction
Membrane fraction

First solubilization of membrane fraction (0.05)?

Second solubilization (0.1)
Third solubilization (0.25)
Fourth solubilization (0.5)
Fifth solubilization (1)
Pellet after solubilization

mg nmol min=" mg~'

4273 +7.3 16.4 = 3.7
292.7 £ 5.2 1.4 *+0.2
228.6 £ 6.2 359+ 46
27.6 £ 3.3 4.8 £ 0.8
21.3 3.1 169 =23
19.9 = 2.0 86.2 = 8.1
89 +1.7 50.2x%5.0
7.4*1.8 19913
549 £7.2 153 29

2 Percentages in parentheses indicate concentration of digitonin used in solubilization.
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Table I1. Influence of digitonin concentrations on the B-glucan synthase activity

Fraction

B-Glucan Synthase

B-Glucan Synthase Activity

First solubilization of membrane fraction (0.05)*

Second solubilization (0.1)
Third solubilization (0.25)
Fourth solubilization (0.5)

Activity after Adding Digitonin to 1%
nmol min~" mg™’ nmol min~" mg~’
5.1 2.6
17.8 8.7
92.1 33.9
52.7 11.8

? Percentages in parentheses indicate concentration of digitonin used in solubilization.
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The time course of the in vitro reaction suggests that the
stability of individual enzyme fractions increases with
higher digitonin concentrations (Fig. 1). The fractions sol-
ubilized by 0.05 and 0.1% digitonin incorporate the radio-
active substrate only during the initial period of the reac-
tion (30 min and up to 2 h, respectively), with the reaction
rate leveling off after longer incubation times. The most
active fractions, solubilized by 0.25 and 0.5% digitonin
(Table I), show a rapid incorporation of radioactive sub-
strate early in the reaction period and continued incorpo-
ration at a slower rate over the remaining period (22 h). The
fraction solubilized by 1% digitonin showed a slower in-
corporation rate at the beginning of the reaction and con-
tinued to synthesize product at a reduced rate until the
termination of the experiment.
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Figure 1. Radioactive substrate incorporation (nmol mg™' protein)
during the time course of the in vitro reaction of different enzyme
fractions. Note that the enzyme fractions solubilized by 0.05% dig-
itonin (C]) show a low activity only during the initial 30 min of
incubation. Fractions solubilized by 0.1% digitonin () incorporate
substrate during the first 2 h of the reaction, and the fractions
solubilized by 0.25% digitonin (O) incorporate a high quantity of
substrate at the beginning of the reaction and continue incorporation
at a slower rate after 1 h. The enzyme fractions solubilized by 0.5%
(&) and 1% digitonin (EH) show a lower initial incorporation rate and
continue incorporation during the entire reaction time (22 h).

Separation of Cellulose- and Callose-Synthesizing
Activities by Native Gel Electrophoresis

The most active enzyme fraction of mung bean solubi-
lized by 0.25% digitonin and run under nondenaturing
conditions on the 8% running gel revealed a broad, intense
protein band at the loading well (Fig. 2B). This band mi-
grated very slowly into the gel compared with marker
proteins of up to 205 kD, and it is predicted to be of a very
high molecular mass. After incubation in a mixture of
substrate and effectors and Tinopal staining, a single prod-
uct band appeared (Fig. 2A) at the same location as the
Coomassie blue-stained protein band (Fig. 2B). After the
acrylamide was removed from the gel slices and the result-
ing products were analyzed with TEM, three different mor-
phological structures, corresponding to callose, cellulose I,
and cellulose II, were revealed (Fig. 2C; Okuda et al., 1993;
Kudlicka et al., 1995, 1996).

When a 3% stacking/6% running gel was used for sepa-
ration of proteins from the same membrane fraction (solu-
bilized by 0.25% digitonin), two protein bands (Fig. 3B) and
two corresponding product bands (Fig. 3A) appeared in
different regions of the gel after incubation in the mixture of
substrate and effectors and Tinopal staining. One band (S)
was concentrated at the top of the loading well and the
second band (R) barely entered the 6% separating gel.

Product Characterization
Reaction with Fluorochromes

Since Tinopal induces fluorescence with both cellulose
and callose (Figs. 3A and 4A, bands S and R, respectively),
we used aniline blue, a dye mixture containing fluoro-
chrome specific for callose (Stone et al., 1984). This staining
revealed a broad band at the top of the running gel (Fig. 4B,
band R), indicating the presence of callose. After the gel
section was incubated with (1—3)-B-glucanase and stained
with Tinopal, band R disappeared (Fig. 4C). When the gel
sections were incubated with CBH I and stained with ani-
line blue, band R was still present but band S was not
visible (Fig. 4D). Celluclast digestion removed both bands
from the gel; they were not visible after either aniline blue
or Tinopal staining (data not shown).

TEM Analysis of Products Synthesized in the Native Gel

The material synthesized at the two different regions of
the native gel showed very distinct morphologies (Figs. 3,
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Figure 2. Native gel electrophoresis of mung
bean enzyme fraction (solubilized by 0.25%
digitonin) incubated with UDP-Glc for 20 h. A,
The in vitro product at the boundary of the
loading gel detected under UV light after stain-
ing with Tinopal. B, The same gel stained with
Coomassie blue. C, Negatively stained and CBH
I-gold-labeled product synthesized in the gel,
after polyacrylamide was removed. a, Callose;
b, cellulose I; ¢, cellulose Il. Magnification =
X139,400.

D and E, and 4, E and F). The product extracted from the
top of the stacking gel (band S) was fibrillar and was
labeled with the CBH I-gold complex (Fig. 3D) but not with
the (1—3)-pB-glucan-specific antibody (Fig. 4E). This spe-
cific labeling demonstrates that only cellulose was synthe-
sized by the enzyme complex, which remained in the load-
ing well. The band extracted from the top of the running
gel (band R) revealed a fibrillar material arranged into
rodlets (Figs. 3E and 4F), a morphological feature typical of
callose (Okuda et al., 1993), which was labeled with (1—3)-
B-glucan-specific antibody (Fig. 4F).

Radiochemical Labeling of Product

The product band S (cellulose) was detected within 10 to
20 min of incubation with the substrate and reached a
maximum intensity within 45 min to 1 h. After a prolonged
incubation time (22 h) the fluorescent intensity did not
change. The product band R (callose) was detected within
1 h of incubation with the substrate, and its intensity con-
tinued to increase until about 20 h.

The control reaction (without UDP-Glc) did not yield any
product (cellulose or callose); however, a weak, Tinopal-
positive band was present, suggesting that a glycoconju-
gate moiety of the electrophoresed proteins may have been
stained (data not shown). To prove that the product bands
were synthesized in situ and were not glycoproteins fluo-
rescing with Tinopal, ['*CJUDP-Glc was used as a substrate
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for native gel incubation. After 20 h of radiographic expo-
sure, the same two bands were clearly labeled on the gel
(Fig. 3C).

The use of radioactive substrate in the incubation mix-
ture for the native gel assay allowed quantitation of glu-
can synthase activities in the gel, giving a more sensitive
assay than direct observation or the Tinopal-staining pro-
cedure. Figure 5 shows the separation of glucan synthase
activities in five fractions solubilized by increasing con-
centrations of digitonin after incubation of the gel with
radiolabeled substrate and exposure to radiographic film.
It was surprising that the ratio of the product formed in
bands S and R changed with increasing concentrations of
digitonin (Fig. 5C). In the fraction solubilized by 0.05%
digitonin (lane 1), band S was more intense than band R,
suggesting that more cellulose is synthesized by this frac-
tion. In the fraction solubilized by 0.1% digitonin (lane 2),
band S was also more intense than band R. In the fraction
solubilized by 0.25% digitonin (lane 3), both bands were
equally intense as a result of the high activity of this
fraction. In the fraction solubilized by 0.5% digitonin (lane
4), the intensity of band S decreased and that of band R
increased. In the fraction solubilized by 1% digitonin (lane
5), band S was barely visible and band R was also char-
acterized by a low intensity. These results show that
increasing the concentration of digitonin reduces the cel-
lulose synthase activity (band S) and increases callose
synthase activity (band R; Figs. 5 and 6).
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These results were confirmed by incubating separate
pieces from the top of stacking and running gels in a liquid
assay using activators and radioactive substrate (Table III).
The fraction solubilized by 0.05% digitonin incorporated
more radioactive substrate into the top part of the stacking
gel (band S). On the contrary, the fraction solubilized by 1%
digitonin incorporated more radioactive substrate into the
top part of the running gel (band R). As in the gel assay, the
fraction solubilized by 0.25% digitonin incorporated a sim-
ilar quantity of substrate in the top parts of the stacking
and running gels.

Polypeptide Composition of Protein Bands Separated by
Native PAGE

SDS-PAGE of the protein bands separated by native gels
showed the presence of 12 polypeptides associated with
the cellulose synthase band (Fig. 7, lane S; Table IV); how-
ever, some of these polypeptides were found only in minor
quantities. Two polypeptides appear to be present only in

Figure 3. Native gel electrophoresis of mung
bean enzyme fraction (solubilized by 0.25%
digitonin) separated on two phases of stacking
and running gel. A, Two product bands detected
under UV light after staining with Tinopal. The
band S in vitro product is in the stacking gel; the
band R in vitro product is in the running gel. B,
Two protein bands (S and R) in the same native
gel detected after Coomassie blue staining. Note
that these bands co-localize with the product
bands. C, Two product bands (S and R) detected
after exposure of the gel to radiographic film,
indicating that these bands contained labeled
Glc from ["*CJUDP-Glc. D, Electron micro-
graph of the product released from the top of
stacking gel, negatively stained, and labeled
with CBH [-gold. Note the characteristic CBH
I-gold labeling indicating cellulose. Magnifica-
tion = X127,100. E, The product released from
the running gel. Note the absence of CBH I-gold
labeling and a rodlet appearance indicating cal-
lose. Magnification = X209,250.

the callose synthase band (Fig. 7, lane R; Table IV), and
three seem to be common to both activities (Table IV).

Photoaffinity labeling of the most active enzyme fraction
(solubilized by 0.25% digitonin, Table I) using azido-UDP-
Glc showed that the three polypeptides common to the
cellulose and callose synthase bands (64, 54, and 32 kD)
were labeled (Fig. 8B). The 78-kD polypeptide associated
with the callose synthase band and the 136-kD polypeptide
(one of many) found in the cellulose synthase band were
also photolabeled (Fig. 8B), although they were poorly
detected by Coomassie blue staining (Fig. 8A).

Structural Characterization of Cellulose/Callose Synthases

Most of the gel fragments were too thick for TEM obser-
vations; however, their marginal regions were sufficiently
thin to reveal protein complexes and their products em-
bedded in native gels. The top part of stacking gel (band S,
the cellulose-synthesizing region) revealed numerous par-
ticles, among them a number of rosette-like structures
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Figure 4. Product characterization in the native
gel. A, Gel fragment stained with Tinopal. Note
the presence of the two product bands (S and R).
B, Gel fragment stained with aniline blue. Note
the staining of only the broad band R. C, Gel
fragment stained with Tinopal after digestion
with B-1,3 glucanase. Note the absence of band
R (which contains only callose) and the continu-
ing presence of band S (which contains only
cellulose). D, Gel fragment stained with aniline
blue after CBH | digestion. S (cellulose) band is
removed but band R (callose) remains. E, Elec-
tron micrograph of product released from band
S (cellulose) and labeled with monoclonal anti-
body specific to callose. Note the absence of
labeling, which verifies that callose is not
present. The characteristic fibrils of cellulose |
and aggregates of cellulose Il are visible. Mag-
nification = X175,230. F, Electron micrograph
of product released from band R (callose), la-
beled with a monoclonal antibody specific for
callose, and detected by protein A gold com-
plexes. Note the extensive labeling of this prod-
uct throughout the mass. Magnification =
X222,750.

(63-82 nm in diameter; Fig. 9, A-D). These rosette com-
plexes were composed of six subunits. Reinforcement anal-
ysis (not shown) indicated a 6-fold symmetry. The top part
of the running gel (band R, the callose-synthesizing region)
revealed abundant smaller protein complexes (29-38 nm),
which never aggregated into rosette structures. In both
samples, numerous examples of products associated with
the particle complexes were found. Labeling of the prod-
ucts with CBH I-gold in the gel was sparse because of poor
penetration.

DISCUSSION

Successful separation of B-glucan synthase activities de-
pends on a number of factors such as efficient membrane
solubilization and extraction of active proteins. In studies
in which 1% digitonin was used to solubilize membrane-
associated proteins, these fractions usually produced a
large quantity of callose (Thelen and Delmer, 1986). Others
have used 0.1% digitonin to purify solubilized enzyme
fractions by removing peripheral proteins, but these frac-
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tions were usually discarded because of the small quantity
of solubilized proteins (Dhugga and Ray, 1991, 1994).

An even lower concentration of digitonin (0.05%) in our
earlier work gave, to our knowledge, the largest quantity of
cellulose so far reported (Kudlicka et al., 1995). In the
present report we have modified the solubilization proto-
col and obtained results clearly showing that the solubili-
zation of active proteins incorporating Glc from UDP-Glc
into a polymer product is dependent on the digitonin con-
centration. Digitonin at 0.25% appears to be optimal for
total glucan synthase activity (Table I); however, 0.05 and
0.1% digitonin seem to be optimal for cellulose activity
(Figs. 5 and 6). An understanding of the reduction in
glucan synthase activity under higher detergent concentra-
tions (Table II) remains to be elucidated, but the cause may
be related to an initial disorganization of the enzyme com-
plex structure during solubilization.

Solubilization of membrane proteins by digitonin cou-
pled with in situ assays following electrophoresis in non-
denaturing conditions have been applied previously to
detect the activities of chitin synthase (Kang et al., 1984)
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Figure 5. Native gel electrophoresis of five enzyme fractions solubi-
lized by increasing concentrations of digitonin. Lanes 1, Solubiliza-
tion by 0.05% digitonin; lanes 2, solubilization by 0.1% digitonin;
lanes 3, solubilization by 0.25% digitonin; lanes 4, solubilization by
0.5% digitonin; and lanes 5, solubilization by 1% digitonin. The gel
was incubated with radioactive substrate. A, The product bands
visualized under UV light after the gel was stained with Tinopal.
Band S is the product in the stacking gel; band R is the product in the
running gel. B, Protein bands in the same gel visualized with Coo-
massie blue staining. C, Product bands in the same gel visualized
after the gel was exposed to radiographic film. Note that the ratio of
products in the stacking and running gels is different in various
fractions (1-5).
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Figure 6. Relative quantity of radioactive substrate incorporation by
glucan synthases separated by native gel electrophoresis. Stippled
bars, Cellulose at the top of the loading well; gray bars, callose at the
interface of the stacking and running gel. Gray values were created
from Figure 5C.

and glucan synthase (Thelen and Delmer, 1986; Dhugga
and Ray, 1994). In experiments measuring the (1—3)-8-
glucan synthase activity of barley, soybean, mung bean,
pea, and cotton, all proteins migrated as a broad band of
very high molecular mass (Thelen and Delmer, 1986; Ped-
erson et al., 1993; Dhugga and Ray, 1994).

Similar results were observed in our experiments when
only one concentration (8%) of the running gel was used
(Fig. 2, A and B). Application of a very low gel concentra-
tion (3% stacking/6% running) for the sequentially solubi-
lized enzyme fractions run under nondenaturing condi-
tions gave, for the first time to our knowledge, a complete
separation of cellulose and callose synthase activities from
a higher plant source (Figs. 3 and 5). Incubation of the gel
with ["*CJUDP-Glc proved that radioactive Glc was incor-
porated into both product bands and confirmed separation
of the two synthases (Fig. 3C). The techniques for product
analysis used here have provided evidence that cellulose
and callose have been synthesized as two separate product
bands in the native gels (Figs. 3, D and E, and 4, B-F).

The major difference in our experiments appears to be
the initial concentration of digitonin applied for membrane

Table lll. ["*CJUDP-Glc incorporation into the separated pieces
from top of the stacking gel and from top of the running gel

Fraction Loading Well Top of Running Gel
First solubilization (0.05)* 8,334 5,050
Second solubilization (0.1) 11,484 7,203
Third solubilization (0.25) 21,633 18,037
Fourth solubilization (0.5) 7,405 18,134
Fifth solubilization (1) 4,955 8,727

* Percentages in parentheses indicate concentration of digitonin
used in solubilization.
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Figure 7. Protein profiles of separated polypeptides from native gel
activities of cellulose (band S) and callose (band R) synthases. Note
that polypeptides 1 (170 kD), 2 (136 kD), 3 (108 kD), 4 (96 kD), 5 (83
kD), 6 (72 kD), 7 (66 kD), 9 (60 kD), 11 (52 kD), 12 (48 kD), 13 (42
kD), and 14 (34 kD) are characteristic of the protein band eluted from
the loading well, where only cellulose was synthesized. Polypeptides
16 (78 kD) and 17 (37 kD) are characteristic of the protein band
eluted from the top of the running gel, where only callose was found.
Polypeptides 8 (64 kD), 10 (54 kD), and 15 (32 kD) are common to
both activities.

solubilization. Thelen and Delmer (1986) used only 1%
digitonin to solubilize p-glucan synthase. The same 1%
enzyme fractions in our experiments synthesized predom-
inantly callose (band R) in the running gel (Fig. 5, lane 5),
and in our earlier work only 4% cellulose was synthesized
by such fractions from cotton fibers (Kudlicka et al., 1995)
and only 2% from mung bean seedlings (Kudlicka et al.,
1996). Data presented in this report clearly show that,
together with the increasing concentrations of digitonin,

Table IV. Proteins fractionated by native PAGE and further
resolved by SDS-PAGE

Polypeptides Associated with
Cellulose Synthase Activity

170 kD-1

136 kD-2 minor
108 kD-3 minor
96 kD-4 minor
83 kD-5 minor

Polypeptides Associated with
Callose Synthase Activity

78 kD-16
72 kD-6 minor
66 kD-7 minor
64 kD-8
60 kD-9 minor
54 kD-10
52 kD-11 minor
48 kD-12
42 kD-13

64 kD-8

54 kD-10

38 kD-17
34 kD-14

32 kD-15 32 kD-15
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the cellulose band intensity decreases, whereas the callose
band intensity increases (Figs. 5C and 6).

Product band S focused at the loading well becomes
detectable within 10 to 20 min of incubation with substrate
and reaches maximum intensity within a short time (30
min-1 h). This could indicate a certain degree of instability
of the proteins responsible for cellulose synthesis. On the
other hand, the product band R located at the top of
separating gels was detectable after a longer period (about
1 h) and its intensity continued to increase for about 20 h,
reflecting a greater stability of callose synthase activity.

As noted in previous reports, 1% digitonin may disorga-
nize the enzyme complexes during solubilization, causing
separation of cellulose-binding components, whereas mild
digitonin concentrations (0.05 and 0.1%) release the en-
zyme complexes relatively intact and similar to the native
state, probably with more subunits associated. We believe
that during separation using nondenaturing conditions, the
components solubilized by the low digitonin concentra-
tions may remain attached and highly integrated. As a
result, the binding of these components could block
callose-synthesizing sites, whereupon only cellulose could
be synthesized (Brown et al.,, 1996). On the contrary, 1%
digitonin may cause a severe separation of the enzyme
complex subunits and the binding components. In such a
conformation, the unblocked callose synthesis sites are hy-
pothesized to be accessible to the substrate and compete
more effectively than the cellulose synthesis sites. As a
result, a massive synthesis of callose would occur. Subunits
lacking the binding components are predicted to be smaller
and could therefore migrate through the stacking gel.

It has been shown that glucan synthases are large protein
complexes (>450 kD) and that several protein subunits
ranging from 18 to 115 kD might be involved in glucan
synthesis (Delmer, 1987; Eiberger and Wasserman, 1987;

200>
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66>

45>

Figure 8. Photoaffinity labeling with [B-**P]-5'-N,-UDP-Glc of en-
zyme fraction solubilized by 0.25% digitonin. A, Protein profiles
detected with Coomassie blue staining. B, Autoradiogram of gel A.
Note that the 136-, 78-, 64-, 54-, and 32-kD polypeptides are spe-
cifically labeled with UV light.
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Figure 9. Electron micrographs of cellulose and callose synthase
complexes (of fraction solubilized by 0.25% digitonin) and their
products embedded in the native gel. The small gel fragments were
negatively stained with 1% uranyl acetate. A to D, Rosette-like
structures (63-84 nm) embedded in the top part of the stacking gel
(band S), where only cellulose was synthesized. Note in particular
that several rosette-like structures have products connected with
them. The rosette structure in D is particularly well preserved and
appears to have six subunits (about 24 nm in diameter). The dark
particles are CBH I-gold complexes. Magnification = X125,050. E,
Particles (29-38 nm) associated with product synthesized in the top
part of the running gel (band R), where only callose was synthesized.
These structures are smaller than the rosettes found in A through D
but are slightly larger than the individual subunits of the rosette-like
particles. Magnification = X125,050.

Read and Delmer, 1987; Bulone et al., 1990; Lin et al., 1990).
Efforts have been directed at defining the relationship be-
tween the individual components in various synthase
preparations and, in particular, at identifying which
polypeptides might participate in (1—=3)- and/or (1—4)-g-
glucan synthesis. So far, only in the fungus Saprolegnia
monoica has the separation of cellulose synthase and callose
synthase been achieved (Bulone et al., 1990; Fevre et al.,
1993; Bulone and Fevre, 1996). This (1—4)-B-glucan syn-
thase was composed of 52-, 58-, and 60-kD polypeptides,
whereas (1—3)-B-glucan synthase showed three different
polypeptides (34, 48, and 50 kD; Bulone et al., 1990). These

enzymes may have an oligomeric structure composed of
different subunits.

Based on photoaffinity labeling, a number of polypep-
tides ranging from 31 to 83 kD have been suggested to be
involved in cellulose and callose activity in different or-
ganisms (Read and Delmer, 1987; Mayer et al., 1989; Frost
et al., 1990; Lin et al., 1990; Amor et al., 1991; Delmer, 1991;
Delmer et al., 1991b; Meikle et al., 1991). Based on entrap-
ment and immunoprecipitation reactions of callose syn-
thase activity with antibodies, the 30- to 32-, 34-, and 55- to
58-kD polypeptides as well as a 60- and 62-kD doublet
were identified as the most likely candidates for callose
synthase polypeptides (Delmer, 1989; Fink et al., 1990;
Dhugga and Ray, 1991; Meikle et al., 1991b; Bulone et al.,
1995; Bulone and Fevre, 1996). If all of these identifications
are valid, this would imply that the enzyme complex
known to be of very high molecular mass could be com-
posed of a number of nonidentical subunits.

Our results show that several polypeptides appear to be
common to cellulose and callose synthase activities (64, 54,
and 32 kD; Fig. 7; Table IV), and they are labeled with
[B-*?P]5"-N,-UDP-Glc (Fig. 8). This might suggest that the
core region of glucan synthase may have an oligomeric
structure composed of similar subunits, whereas the
polypeptides specific for each separated fraction could play
major, as yet unidentified, roles in the switching and reg-
ulation of B-glucan synthesis.

Numerous questions remain to be answered that are
fundamental to a complete understanding of the structure
and function of higher plant B-glucan synthases. For ex-
ample, does the 78-kD polypeptide have a specific regula-
tory function for callose synthesis? Which polypeptides
specifically regulate cellulose biosynthesis? Which are the
UDP-Glc-binding proteins? Since the synthase bands lie at
the interfaces of the gels, it is necessary to confirm that
there are not trapped polypeptides unrelated to the syn-
thase activities. Once the sequence data from all polypep-
tides are complete, we will have data available for compar-
ison with sequences and functions that may be known.

It has been suggested that (1—4)--glucan synthase can
be converted by conformational changes to (1—3)-B-glucan
synthase and that the same enzyme might be able to cata-
lyze the synthesis of both glucans (Delmer, 1987). Another
hypothesis proposes that limited protease action might
convert (1—4)-B-glucan synthase to (1—3)-B-glucan syn-
thase (Girard and Maclachlan, 1987).

The first separation of in vitro activity for cellulose and
callose synthesis, coupled with TEM of the particles in-
volved, opens the way for understanding the nature of
enzyme complexes responsible for cellulose and callose
biosynthesis. We have found that particles with a rosette
organization are exclusively associated with cellulose as-
sembly in vitro (Fig. 9A), thus supporting the long-
standing concept that rosette TCs are the sites for cellulose
synthesis (Mueller and Brown, 1980). It is interesting that
the rosette dimensions in the native gel are larger than
those reported from the freeze-fracture data (Mueller and
Brown, 1980; Herth, 1984). This could be understood based
on the difference in preparation methods. During the
freeze-fracture process membranes are split and the sample
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is coated with Pt and C. The observed rosette TC subunits
are found on the protoplasmic-fracture face. No views on
the protoplasmic-surface have ever been noted; therefore,
in the absence of this perspective, the in vitro whole-
particle complex can now be much better appreciated.

The extracted complexes, when viewed by negative stain-
ing in the gel, have larger dimensions. The size difference
could be due to the additional micelles associated during the
solubilization phase with digitonin, or the size may repre-
sent the true, larger dimensions of the TC complex. For
example, earlier sectioned views of linear TCs showed ad-
ditional cytoplasmic components associated with the trans-
membrane complex (Kudlicka et al., 1987). Ordinarily, these
would never have been observed in the freeze-fracture rep-
licas. The isolated enzyme complexes require further exten-
sive analysis. It is unknown how much the native protein
dimensions may be modified by association with digitonin
or endogenous lipids. However, the distinction between the
particle complexes involved in cellulose and callose in in
vitro synthesis is clear (Fig. 9, A-E).

Are rosette structures necessary for in vitro callose syn-
thesis? According to our observations, the answer is no.
Can cellulose be synthesized in vitro from single rosette TC
subunits? Our observations indicate that the answer to this
is yes. In spite of this advance, our observations still leave
unanswered questions about the exact sites for cellulose
and callose synthesis in situ; however, we can speculate
that perhaps the TC rosette subunit contains the catalytic
sites (hypothesized to be separate) for both (1—3)-B- and
(1—4)-B-glucan synthesis. Since the SDS-separated pro-
teins isolated from the cellulose- and callose-synthesizing
bands have both common and specific peptide compo-
nents, it is reasonable to hypothesize that the rosette par-
ticle complex is a multifunctional complex; however, se-
quencing analysis and identification of the genes for
cellulose and callose synthase will be necessary to ulti-
mately provide the answers to this vexing problem.

These studies have given some insight into the ways in
which cellulose and callose may be switched on and off,
developmentally, during wounding, or during extraction
for in vitro studies. We have observed that enzymes syn-
thesizing cellulose (at the top of stacking gel) are more
labile, and the synthesis of cellulose band occurs at the
early period of incubation with substrate. The enzyme
particles frequently are associated with a multisubunit par-
ticle complex, often in the form of a rosette.

What prevents callose synthesis from overtaking cellu-
lose assembly in vivo? It is possible that the catalytic site
for callose is protected from access to the substrate when
the rosette’s conformation is tuned for cellulose synthesis.
Wounding may cause rosette subunits to cleave into
smaller particles, which then would have exposed callose
catalytic sites (in addition to the native cellulose sites)
(Brown et al., 1996).

Why would callose synthesis be so much more successful
in competing for cellulose synthesis in vitro? A possible
answer lies in the unique nature of the catalytic site pre-
dicted for cellulose synthesis (Saxena and Brown, 1997). If
the multidomain hypothesis for dual simultaneous docking
of two UDP-Glc for cellulose holds true, then the probabil-
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ity that both sites could receive the substrate at the same
time is relatively low compared with a single site required
for callose synthesis. Given an equal probability for expo-
sure to UDP-Glc the callose site would have a much greater
chance to capture the substrate and effectively compete
with the cellulose site. Obviously, such conjecture will
need to be supported by biochemical evidence; however,
the suggestion of this type of unique regulatory mechanism
for polysaccharide assembly does give some new insight
into the years of mystery surrounding the synthesis of
callose and cellulose.

Many questions remain concerning the regulatory mech-
anisms for cellulose and callose biosynthesis under natural
conditions where callose is the major product, such as sieve
plates and pollen tubes, versus the synthesis of callose
under wounding conditions. A prediction can be made that
the genes controlling the synthesis of callose in pollen
tubes and sieve plates are different from the genes associ-
ated with cellulose/callose synthesis, such as the chitin
synthases genes in fungi (Bulawa, 1993) and cellulose syn-
thases genes in A. xylinum (Saxena and Brown, 1995).

ACKNOWLEDGMENTS

We thank Dr. Inder M. Saxena for helpful discussions and
assistance with editing the manuscript, and Dr. Sathasivan Sata for
providing mung bean seeds.

Received April 23, 1997; accepted June 30, 1997.
Copyright Clearance Center: 0032-0889/97/115/0643/ 14.

LITERATURE CITED

Amor Y, Mayer R, Benziman M, Delmer DP (1991) Evidence for
a cyclic diguanylic acid-dependent cellulose synthase in plants.
Plant Cell 3: 989-995

Becker M, Vincent C, Reid JSG (1995) Biosynthesis of
(1-3)(1—4)-B-glucan and (1—3)-B-glucan in barley (Hordeum
vulgare L.). Planta 195: 331-338

Brown RM Jr, Montezinos D (1976) Cellulose microfibrils. Visu-
alization of biosynthetic and orienting complexes in association
with the plasma membrane. Proc Natl Acad Sci USA 73: 141-147

Brown RM Jr, Saxena IM, Kudlicka K (1996) Cellulose biosyn-
thesis in higher plants. Trends Plant Sci 1: 149~156

Bulawa C (1993) Genetics and molecular biology of chitin synthe-
sis in fungi. Annu Rev Microbiol 47: 505-534

Bulone V, Fevre M (1996) A 34-kilodalton polypeptide is associ-
ated with 1,3-B-glucan synthase activity from the fungus Sapro-
legnia monoica. FEMS Microbiol Lett 140: 145-150

Bulone V, Fincher GB, Stone BA (1995) In vitro synthesis of
microfibrillar $-1,3-glucan by a ryegrass (Lolium multiflorum)
endosperm B,1-3-glucan synthase enriched by product entrap-
ment. Plant J 8: 213-225

Bulone V, Girard V, Fevre M (1990) Separation and partial puri-
fication of 8-1,3- and B-1,4-glucan synthases from Saprolegnia.
Plant Physiol 94: 1748-1755

Carpita NC, Delmer DP (1980) Protection of cellulose synthesis in
detached cotton fibers by polyethylene glycol. Plant Physiol 66:
911-916

Delmer DP (1983) Biosynthesis of cellulose. Adv Carbohydr Chem
Biochem 41: 105-153

Delmer DP (1987) Cellulose biosynthesis. Annu Rev Plant Physiol
38: 259-290

Delmer DP (1989) The relationship between the synthesis of cel-
lulose and callose in higher plants. In C Schuerch, ed, Cellulose
and Wood: Chemistry and Technology. John Wiley & Sons,
Syracuse, NY, pp 749-764



Cellulose and Callose Biosynthesis in Higher Plants 655

Delmer DP (1991) The biochemistry of cellulose synthesis. In C
Lloyd, ed, The Cytoskeletal Basis of Plant Growth and Form.
Academic Press, London, pp 101-107

Delmer DP, Amor Y, Solomon M, Shedletzky E, Shmuel M,
Mayer R, Benziman M (1991a) Identification and characteriza-
tion of genes and gene products involved in B-glucan synthesis
(abstract). J Cell Biochem Suppl 15A: 13

Delmer DP, Solomon M, Read SM (1991b) Direct photolabeling
with [*?P]JUDP-glucose for identification of a subunit of cotton
fiber callose synthase. Plant Physiol 95: 556-563

Dhugga KS, Ray PM (1991) A 55 kDa plasma membrane-
associated polypeptide is involved in -1,3-glucan synthase ac-
tivity in pea tissue. FEBS Lett 278: 283-286

Dhugga KS, Ray PM (1992) Purification of p-1,3-glucan synthase
activity from pea tissue by product entrapment (abstract no.
327). Plant Physiol 99: S-55

Dhugga KS, Ray PM (1994) Purification of 1,3-8-D-glucan syn-
thase activity from pea tissue: two polypeptides of 55 kDa and
70 kDa copurify with enzyme activity. Eur J Biochem 220:
943-953

Eiberger LL, Wasserman BP (1987) Partial purification of
digitonin-solubilized B-glucan synthase from red beet root.
Plant Physiol 83: 982-987

Feingold DS, Neufeld EF, Hassid WZ (1958) Synthesis of a 8-1,3-
linked glucan by extracts of Phaseolus aureus seedlings. J Biol
Chem 233: 783-788

Fevre M, Bulone V, Girard V (1993) Fungal cellulose biosynthesis.
In JE Kennedy, GO Phillips, PA Williams, eds, Cellulosics:
Chemical, Biochemical and Material Aspects. Ellis Horwood
Limited, Chichester, West Sussex, UK, pp 11-15

Fincher GB, Stone BA (1981) Metabolism of noncellulosic polysac-
charides. In W Tanner, FA Loewus, eds, Encyclopedia of Plant
Physiology, New Series 13B. Springer-Verlag, Berlin, pp 68-132

Fink J, Jeblick W, Kauss H (1990) Partial purification and immu-
nological characterization of 1,3-B-glucan synthase from suspen-
sion cells of Glycine max. Planta 181: 343-348

Franz G, Blaschek W (1990) Cellulose. Methods Plant Biochem 2:
291-322

Fredrikson K, Kielbom P, Larson C (1991) Isolation and polypep-
tide composition of 1,3-B-glucan synthase from plasma mem-
branes of Brassica oleracea. Physiol Plant 81: 289-294

Frost DJ, Brandt K, Estill C, Goldman R (1997) Partial purification
of (1,3)-B-glucan synthase from Candida albicans. FEMS Micro-
biol Lett 146: 225-261

Frost D], Read SM, Drake RR, Haley BE, Wasserman BP (1990)
Identification of the UDPG-binding polypeptide of (1,3)-8-
glucan synthase from a higher plant by photoaffinity labeling
with 5-azido-UDP-glucose. ] Biol Chem 265: 2162-2167

Gibeaut DM, Carpita NC (1993) Synthesis of (1-—3),(1->4)-8-p-
glucan in the Golgi apparatus of maize coleoptiles. Proc Nat!
Acad Sci USA 90: 3850-3855

Girard V, Bulone V, Fevre M (1992) Separation and partial pep-
tide characterization of B-1-3 glucan synthase from Saprolegnia.
Plant Sci 82: 145-153

Girard V, Maclachlan G (1987) Modulation of pea membrane
B-glucan synthase activity by calcium, polycation, endogenous
protease, and protease inhibitor. Plant Physiol 85: 131-136

Henry R], Stone BA (1982) Factors influencing B-glucan synthesis
by particulate enzymes from suspension-cultured Lolium multi-
florum endosperm cells. Plant Physiol 69: 632-636

Herth W (1984) Oriented ‘rosette’ alignment during cellulose for-
mation in mung bean hypocotyl. Naturwissenschaften 71:
216217

Jacob SR, Northcote DH (1985) In vitro glucan synthesis by mem-
branes of celery petioles: the role of the membrane in determin-
ing the type of linkage formed (supplement). J Cell Sci 2: 1-11

Kamat U, Garg R, Sharma CB (1992) Purification to homogeneity
and characterization of a 1,3-B-glucan (callose) synthase from
germinating Arachis hypogaea cotyledons. Arch Biochem Biophys
298: 731-739

Kang MS, Elango N, Mattia E, Au-Young J, Robbins PW, Cabib
E (1984) Isolation of chitin synthases from Saccharomyces cerevi-

sige. Purification of an enzyme by entrapment in the reaction
product. ] Biol Chem 259: 14966-14972

Kudlicka K, Brown RM Jr, Li L, Lee JH, Shin S, Kuga S (1995)
B-Glucan synthesis in the cotton fiber. IV. In vitro assembly of
the cellulose I allomorph. Plant Physiol 107: 111-123

Kudlicka K, Lee JH, Brown RM Jr (1996) A comparative analysis
of in vitro cellulose synthesis from cell-free extracts of mung
bean (Vigna radiata, Fabaceae) and cotton (Gossypium hirsutum,
Malvaceae). Am ] Bot 83: 274-284

Kudlicka K, Wardrop A, Itoh T, Brown RM Jr (1987) Further
evidence from sectioned material in support of a linear terminal
complex in cellulose synthesis. Protoplasma 136: 96-103

Lawson SG, Mason TL, Sabin RD, Sloan ME, Drake RR, Haley
BE, Wasserman BP (1989) UDP-glucose: (1,3)-B-glucan synthase
from Daucus carota L. Characterization, photoaffinity labeling
and solubilization. Plant Physiol 90: 101-108

Li L, Brown RM Jr (1993) B-Glucan synthesis in the cotton fiber. II.
Regulation and kinetic properties of p-glucan synthases. Plant
Physiol 101: 1143-1148

Li L, Drake RR Jr, Clement S, Brown RM Jr (1993) B-Glucan
synthesis in the cotton fiber. IIl. Identification of UDP-Gle-
binding subunits of B-glucan synthases by photoaffinity labeling
with [8-32P]5'-N,-UDP-Glc. Plant Physiol 101: 1149-1156

Lin FC, Brown RM Jr (1989) Purification of cellulose synthase
from Acetobacter xylinum. In C Schuerch, ed, Cellulose and
Wood—Chemistry and Technology. John Wiley & Sons, New
York, pp 473-492

Lin FC, Brown RM Jr, Drake RR, Haley BE (1990) Identification of
the uridine 5'-diphosphoglucose (UDP-Glc) binding subunits of
cellulose synthase in Acetobacter xylinum using the photoaffinity
probe 5-azido-UDP-Gle. J Biol Chem 265: 4782-4784

Markwell MAC, Hass SM, Bieber LL, Tolbert NE (1978) A mod-
ification of the Lowry procedure to simplify protein determina-
tion in membrane and lipoprotein samples. Anal Biochem 87:
206-210

Mason TL, Frost DJ, Read SM, Wasserman BP (1990) Inhibition
and labeling of red beat UDP-Glc:(1,3)-B-glucan (callose) syn-
thase by chemical modification with formaldehyde and UDP-
pyridoxal. Physiol Plant 79: 439447

Mayer R, Ross P, Weinhouse H, Amikam D, Volman G, Ohana P
(1989) The polypeptide substructure of bacterial cellulose syn-
thase and its occurrence in higher plants (abstract 38). In SC Fry,
CT Brett, JSG Reid, eds, Proceedings of the Fifth Cell Wall
Meeting. University of Edinburgh, UK

Meikle PJ, Boning I, Hoogenraad NJ, Clarke AE, Stone BA
(1991a) The location of (1-3)-B-glucans in the walls of pollen
tubes of Nicotiana alata using a (1,3)-B-glucan-specific monoclo-
nal antibody. Planta 185: 1-8

Meikle PJ, Ng KF, Johnson E, Hoogenraad NJ, Stone BA (1991b)
The B- glucan synthase from Lolium multiflorum. Detergent sol-
ubilization, purification using monoclonal antibodies, and pho-
toaffinity labeling with a novel photoreactive pyrimidine analog
of uridine 5'-diphosphoglucose. ] Biol Chem 266: 22569-22581

Mueller SC, Brown RM Jr (1980) Evidence for an intramembra-
nous component associated with a cellulose microfibril synthe-
sizing complex in higher plants. J Cell Biol 84: 315-326

Mullins JT (1990) Regulatory mechanism of g-glucan synthases in
bacteria, fungi, and plants. Physiol Plant 78: 309-314

Nodet P, Grange J, Fevre M (1988) Dot-blot assays and their use as
a direct antigen-binding method to screen monoclonal antibod-
ies to 1,4-B- and 1,3-B-glucan synthases. Anal Biochem 174:
662-665

Okuda K, Li L, Kudlicka K, Kuga S, Brown RM Jr (1993) B-
Glucan synthesis in the cotton fiber. I. Identification of B-1,4-
and B-1,3-glucans synthesized in vitro. Plant Physiol 101: 1131-
1142

Ordin L, Hall MA (1967) Studies of cellulose synthesis by a
cell-free oat coleoptile enzyme system. Inactivation by airborne
oxidants. Plant Physiol 42: 205-212

Pear JR, Kawagoe Y, Scheckengost WE, Delmer DP, Stalker DM
(1996) Higher plants contain homologous of the bacterial celA
genes encoding the catalytic subunit of cellulose synthase. Proc
Natl Acad Sci USA 93: 12637-12642



656 Kudlicka and Brown

Peaud-Lenoel C, Axelos M (1970) Structural features of the B-
glucan enzymatically synthesized from uridine diphosphate
glucose by wheat seedlings. FEBS Lett 8: 224-228

Pederson LH, Jacobsen S, Hejgaard J, Rasmussen SK (1993)
Characterization and partial purification of 8-1,3-p-glucan (cal-
lose) synthase from barley (Hordeum vulgare) leaves. Plant Sci 91:
127-138

Porzio MA, Pearson AM (1977) Improve resolution of myofibrillar
proteins with sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis. Biochim Biophys Acta 490: 27-34

Read SM, Delmer DP (1987) Inhibition of mung bean UDP-
glucose:(1-3)-B-glucan synthase by UDP-pyridoxal. Plant
Physiol 85: 1008-1015

Ross P, Weinhouse H, Aloni Y, Michaeli D, Weinberger-Ohana
P, Mayer R, Braun S, de Vroom E, van der Marel GA, van
Boom JH, and others (1987) Regulation of cellulose synthesis
in Acetobacter xylinum by cyclic diguanylic acid. Nature 325:
279-281

Saxena IM, Brown RM Jr (1995) Identification of a second cellu-
lose synthase gene (acsAIl) in Acetobacter xylinum. ] Bacteriol 177:
5276-5283

Saxena IM, Brown RM Jr (1997) Identification of cellulose
synthase(s) in higher plants: sequence analysis of processive
B-glycosyltransferases with the common motif ‘D,D,D35Q(R,Q)-
XRW’. Cellulose 4: 1-17

Saxena IM, Lin FC, Brown RM Jr (1990) Cloning and sequencing
of the cellulose synthase catalytic subunit gene of Acefobacter
xylinum. Plant Mol Biol 15: 673-683

Saxena IM, Lin FC, Brown RM Jr (1991) Identification of a new
gene in an operon for cellulose biosynthesis in Acetobacter xyli-
num. Plant Mol Biol 16: 947-954

Slay RM, Watada AE, Frost DJ, Wasserman BP (1992) Character-

ization of the UDP-glucose:(1,3)-B-glucan (callose) synthase
from plasma membrane of celery, polypeptide profiles and pho-

Plant Physiol. Vol. 115, 1997

tolabeling of enriched fractions suggest callose synthase com-
plexes from various sources share a common structure. Plant Sci
86: 125-136

Smith MM, Stone BA (1973) B-Glucan synthesis by cell-free ex-
tracts from Lolium multiflorum endosperm. Biochim Biophys
Acta 313: 72-94

Stone BA, Clarke AE (1992) Chemistry and biology of (1-3)-8-
glucans. La Trobe University Press, Victoria, Australia

Stone BA, Evans NA, Bonig I, Clarke AE (1984) The application
of Sirofluor, a chemically defined fluorochrome from aniline
blue for the histochemical detection of callose. Protoplasma
122: 191-195

Thelen MP, Delmer DP (1986) Gel-electrophoresis separation,
detection, and characterization of plant and bacterial UDP-
glucose glucosyltransferases. Plant Physiol 81: 913-918

Voughn KC, Hoffman JC, Hahn MG, Staehelin LA (1996) The
herbicide dichlobenil disrupts cell plate formation: immunogold
characterization. Protoplasma 194: 117-132

Wasserman BP, Wu A, Harriman RW (1992) Probing the molec-
ular architecture of (1,3)-B-glucan (callose) synthase: polypep-
tide depletion studies. Biochem Soc Trans 20: 18-22

Wessel D, Flugger UI (1984) A method for the quantitative recov-
ery of protein in dilute solution in the presence of detergents
and lipids. Anal Biochem 138: 141-143

Wong HC, Fear AL, Calhoon RD, Eichinger GH, Mayer R, Ami-
kam D (1990) Genetic organization of the cellulose synthase
operon in Acetobacter xylinum. Proc Natl Acad Sci USA 87:
8130-8134

Wu A, Harriman RW, Frost DJ, Read SM, Wasserman BP (1991)
Rapid enrichment of CHAPS-solubilized UDP-glucose:(1,3)-8-
glucan (callose) synthase from Beta vulgaris L. by product en-
trapment. Entrapment mechanism and polypeptide character-
ization. Plant Physiol 97: 684-692





