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We examined the mechanism of synthesis in vitro of
(1—3),(1—4)B-p-glucan (B-glucan), a growth-specific cell wall
polysaccharide found in grasses and cereals. B-Glucan is com-
posed primarily of cellotriosyl and cellotetraosyl units linked by
single (1—3)B-linkages. The ratio of cellotriosyl and cellotetraosyl
units in the native polymer is strictly controlled at between 2 and
3 in all grasses, whereas the ratios of these units in B-glucan
formed in vitro vary from 1.5 with 5 um UDP-glucose (Glc) to over
11 with 30 mm substrate. These results support a model in which
three sites of glycosyl transfer occur within the synthase complex
to produce the cellobiosyl-(1—3)-D-glucosyl units. We propose
that failure to fill one of the sites results in the iterative addition of
one or more cellobiosyl units to produce the longer cellodextrin
units in the polymer. Variations in the UDP-Glc concentration in
excised maize (Zea mays) coleoptiles did not result in wide vari-
ations in the ratios of cellotriosyl and cellotetraosyl units in
B-glucan synthesized in vivo, indicating that other factors control
delivery of UDP-Glc to the synthase. In maize sucrose synthase is
enriched in Golgi membranes and plasma membranes and may be
involved in the control of substrate delivery to B-glucan synthase
and cellulose synthase.

The mixed-linked (1—3),(1—4)B-p-glucan (hereafter re-
ferred to as simply B-glucan) is a cell wall polysaccharide
found only in grasses and cereals (Carpita, 1996). The
B-glucan is not synthesized in dividing cells but accumu-
lates specifically during cell enlargement (Carpita and
Gibeaut, 1993). The B-glucan also accumulates in the walls
of the endosperm of the developing grains and their sur-
rounding maternal tissues (Fincher and Stone, 1986; Brown
et al., 1997).

The B-glucan structure was established by use of a
sequence-dependent Bacillus subtilis endoglucanase (li-
chenase) that cleaves (1—4)B-p-glucosyl units only if pre-
ceded by (1—3)B-units and yields primarily a diagnostic
trisaccharide, cellobiosyl-(1—3)-p-Glc, and a tetrasaccha-

! This work was supported by contract DE-FG02-88ER13903
from the U.S. Department of Energy, Energy Biosciences (to
N.C.C.) and a grant from Fundag¢do de Amparo a Pesquisa do
Estado de Sao Paulo (to M.S.B.). This is journal paper 16,002 of the
Purdue Agricultural Experiment Station.

* Corresponding author; e-mail carpita@btny.purdue.edu; fax
765-494-0363.

1105

ride, cellotriosyl-(1—3)-p-Glc (Anderson and Stone, 1975).
It is an unbranched glucan and over 90% of the polymer
consists of these cellotriosyl and cellotetraosyl units in
ratios ranging from 2 to 3 in grasses, each connected by a
single (1—3)B-linkage (Wood et al.,, 1991, 1994). The re-
mainder of the polymer consists of longer runs of the
cellodextrin interspersed within the polymer and con-
nected by single (1—3)B-linkages (Staudte et al., 1985;
Wood et al.,, 1994). The ratio of the odd cellodextrin oli-
gomers is generally about 2-fold greater in abundance than
the next-higher even-numbered oligomer in the series
(Wood et al., 1991, 1994). Although not found in any other
angiosperms, a similar mixed-linkage B-glucan is found
in the lichen Cetraria islandica (Wood et al., 1994). In the
lichen B-glucan, the cellotriosyl units comprise 86% of the
polysaccharide.

Synthesis of B-glucan with cellular membranes was
shown by digestion of the radioactive products with sev-
eral enzymes, including the B. subtilis enzyme, and subse-
quent gel-permeation chromatography, HPAE-HPLC, or
TLC of the hydrolysis products (Henry and Stone, 1982;
Gibeaut and Carpita, 1993; Becker et al., 1995). Synthesis
occurs strictly at the Golgi apparatus, uses UDP-Glc as
substrate, and requires Mg>* or Mn?' as a cofactor
(Gibeaut and Carpita, 1993). The proportions of (1—3)8-
and (1—4)B-p-glucosyl linkages in total glucan products
are altered substantially by reaction conditions in microso-
mal fractions from Lolium multiflorum (Meikle et al., 1991),
and significant amounts of B-glucan are made only at
UDP-Glc concentrations above 100 uMm. A combination of
gel permeation chromatography, linkage analysis, and en-
zymic digestion confirmed that entire tri- and tetrasaccha-
ride units were synthesized and that the macromolecular
B-glucan synthesized in vitro in the Golgi apparatus
was similar to the cell wall polysaccharide (Gibeaut and
Carpita, 1993).

Unlike the Golgi apparatus from nongramineous plants,
the maize (Zea mays) Golgi apparatus also synthesizes a
considerable proportion of callose in vitro (Gibeaut and
Carpita, 1994). The Golgi membrane-associated callose syn-
thase was not attributed to contamination with plasma

Abbreviations: HPAE-HPLC, high-pH anion-exchange HPLC;
SuSy, Suc synthase.
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membrane; this activity is inhibited slightly by Mg2+ and
Mn?* (Gibeaut and Carpita, 1993) and stimulated only
2-fold by CaCl, compared with 7-fold for the plasma
membrane-associated synthase (Gibeaut and Carpita,
1994). Compounds that disrupt membrane integrity, such
as detergents and ionophores, abolish B-glucan synthase
activity and increase the amount of callose synthesized. We
have proposed that, like cellulose synthase, B-glucan syn-
thase may revert to callose synthase when disrupted
(Gibeaut and Carpita, 1994).

The structure and ratio of the cellotriosyl and cellotetrao-
syl units of B-glucan and the iteration of this ratio in higher
order odd- and even-numbered oligomers are relatively
constant within a species (Wood et al., 1994). How this
consistency is maintained during synthesis is not known.
The catalysis of polymerization of cellulose, B-glucans, and
polymers containing (1—4)B-linked mannosyl and xylosyl
units must overcome a steric problem, because the (1—4) -
linkage requires that each of these sugar units be rotated
nearly 180° with respect to its neighbors. With a single site
of glycosyl addition, the nonreducing acceptor sugar of the
growing chain must be rotated with each addition, the
active site of the substrate relative to the chain terminus
must be rotated, or the sugar must be added in an activated
configuration strictly at the O-4 position but then rotate
into its proper 180° orientation as the chain extends.

As an alternative, we proposed that two sites of glucosyl
transfer generate disaccharide units (Carpita et al., 1996;
Carpita and Vergara, 1998). We proposed further that the
trisaccharide unit of B-glucan can be formed if an ancestral
cellulose synthase complex were modified to contain a
third glucosyl transferase activity in addition to the cel-
lobiose generating activity (Carpita et al., 1996). With an
odd number of glucosyl units added, the nonreducing
terminal sugar of the growing chain must always be ori-
ented to expose the O-3 hydroxyl for attachment instead
of the O-4 and, therefore, cellotriosyl units would always
be linked by single (1—3)B-linkages. The experiments
reported here were designed to resolve some of these
possibilities. Our results indicated that cellotriosyl units
are selectively enriched in abundance with respect to the
higher cellodextrin series at more saturating substrate
concentrations, and therefore support a three-site model
of glucosyl addition.

Treatments designed to reduce UDP-Glc concentration in
excised coleoptile sections did not result in marked
changes in cellodextrin oligomeric ratios or in molecular
size of the newly synthesized B-glucan. These data indicate
that UDP-Glc supply to the p-glucan synthase is regulated
by factors independent of cytosolic nucleotide sugar con-
centration. We immunodetected SuSy associated with
Golgi membranes of maize but not those of soybean (Gly-
cine max), whereas this UDP-Glc generating enzyme was
found associated with the plasma membrane of both spe-
cies. Amor et al. (1995) proposed such a role for SuSy in
cellulose synthesis, and our data suggest that SuSy regu-
lates delivery of UDP-Glc to the maize B-glucan synthase at
the Golgi apparatus by a similar mechanism.
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MATERIALS AND METHODS
Plant Material

Maize (Zea mays L.) caryopses were soaked overnight in
deionized water bubbled with air at 30°C, sown in trays of
moist, medium-grade vermiculite, and incubated in dark-
ness at 30°C for 2 d. Soybean (Glycine max L. cv Williams
82) seeds were sown directly in trays of moist vermiculite
and incubated in darkness at 25°C for 5 d. For preparation
of Golgi and other membranes and for in vitro synthase
reactions the upper two-thirds of the coleoptiles and 1-cm
sections of soybean hypocotyls comprising the hook and
elongation zone were collected in a chilled beaker. For
pulse-labeling studies in vivo, the sections were floated at
ambient temperature on an incubation buffer consisting of
5 mM potassium phosphate, pH 5.5, containing 5 mm KCl,
2X 107° M IAA, and 0.01% (w/v) tetracycline.

Synthesis of B-Glucan in Vivo under Conditions of
Depleted UDP-Glc

For determinations of the incorporation of Glc into the
cellotriosyl and cellotetraosyl units of B-glucan in vivo, the
upper 11-mm sections of freshly isolated coleoptiles (ap-
proximately 30/sample), excluding 1 to 2 mm of the tip,
were incubated immediately after harvest in 3 mL of incu-
bation buffer with 66 um p-Glc containing 50 uCi of p-[U-
14C]Glc (252 mCi/mmol; Amersham) for 1.5 h at 30°C, and
then frozen in liquid nitrogen. Additional coleoptile sec-
tions were floated on incubation buffer alone or on incu-
bation buffer supplemented with 10 mm p-Gal or 100 mm
D-Glc for 3 and 8 h at 30°C, rinsed in incubation buffer
alone, and then incubated in incubation buffer with 66 um
D-Glc containing 50 wCi of the labeled Glc as before. For
determination of Suc and nucleotide sugar content, coleop-
tile sections were incubated similarly but without the la-
beled Gle.

For determinations of nucleotide sugars, frozen coleop-
tile sections were homogenized in ice-cold 10% (w/v) TCA,
centrifuged at 10,000¢ for 10 min, and the supernatant was
collected. The TCA was removed by two partitionings
against trioctylamine in 1,1,2-trichlorotrifluoroethane, as
described previously (Kanabus et al., 1986). Nucleotides
and nucleotide sugars in the neutralized aqueous fraction
were separated by HPAE-HPLC and detected by UV A,
essentially as described by Liljebjelke et al. (1995). UDP-Glc
was also assayed enzymically with UDP-Glc dehydroge-
nase (Keppler and Decker, 1981). The UDP-sugar fraction
from HPLC was collected, and the sugars were hydrolyzed
by 2 wm trifluoroacetic acid. The trifluoroacetic acid was
then evaporated in a stream of air and the sugars were
separated by HPAE-HPLC and detected by pulsed amper-
ometry (Gorshkova et al., 1997), or alditol acetate deriva-
tives were prepared and separated by GLC (Gibeaut and
Carpita, 1991). In parallel experiments, Suc and other small
molecules were extracted from the frozen coleoptile sec-
tions with 80% (v/v) ethanol at 45°C for 30 min with gentle
agitation, and the extract was collected by pipette and
dried under a stream of nitrogen at 35°C. Suc and Glc were
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quantified in samples with and without invertase with a
coupled hexokinase/Glc-6-P dehydrogenase assay (Carpita
and Kanabus, 1987).

The cell walls pelleted in ice-cold TCA were resuspended
in 50 mm sodium acetate, 50 mM NaCl, and 30 mm ascor-
bate, pH 5.5, filtered on nylon mesh, and washed sequen-
tially with 100 mm NaCl, water, acetone, 100 mm NaCl, and
water. A portion of the wall preparation was saved for
further analysis, and the remainder (11-15 mg) was ex-
tracted sequentially with 20 mL each of 0.5% (w/v) ammo-
nium oxalate, pH 7.0 (90°C with occasional stirring), and
0.08 n NaOH, 0.8 n NaOH, and 4 ~ NaOH (ambient
temperature with continuous stirring). Each alkali solution
was supplemented with 3 mg mL~' NaBH, to prevent
reducing-end elimination, and extractions were made at
atmospheric N,. All extractions were for 1 h except the 4 N
NaOH fractionation, which was for 15 h. After each extrac-
tion the unextracted wall was pelleted by centrifugation
and the supernatant liquid was filtered through glass-fiber
mats to remove small amounts of suspended wall material.
Alkali-soluble fractions were chilled to ice temperature and
acidified with glacial acetic acid to about pH 5.0. All frac-
tions were dialyzed extensively against running deionized
water and freeze-dried. The a-cellulose remaining was
acidified to pH 5.0 with glacial acetic acid and then washed
several times with deionized water. Radioactivity in these
fractions was determined by liquid scintillation spectros-
copy. The freeze-dried materials were suspended in 2.5 mL
of water, and 0.5 mL was assayed for radioactivity by
liquid scintillation spectroscopy.

A Bacillus subtilis endoglucanase preparation was added
to portions of wall and fractionation material in water to
digest material into cellodextraoyl-(1—3)-p-Glc oligosac-
charides. These oligosaccharides were separated by HPAE-
HPLC in a NaOH/sodium acetate gradient designed to
optimize separation of oligosaccharides to DP 10 (Gibeaut
and Carpita, 1993). One-half-milliliter fractions were col-
lected in 1.0 mL of 2 N acetic acid, and radiolabeled
oligosaccharides were determined by liquid scintillation
spectroscopy. The remainder of the neutralized alkali ex-
tracts were dialyzed and freeze-dried for gel permeation
chromatography.

Preparation of Membranes

Freshly isolated 2-d-old maize coleoptiles and 5-d-old
soybean hypocotyl sections (20 g fresh mass) were col-
lected in a chilled beaker and overlaid with an equal vol-
ume of ice-cold homogenization buffer consisting of 84%
(w/v) Suc in 20 mm HEPES[KOH], pH 7.2, containing 20
mM KCl, 5 mm EDTA, 5 mm EGTA, 10 mMm DTT, and 0.2
mwM PMSE. In addition, 2 g of activated charcoal was sprin-
kled on coleoptiles before addition of homogenization
buffer to absorb inhibitory phenolics released by the maize
coleoptiles during mashing (Gibeaut and Carpita, 1993).
The material from maize and soybean was gently stirred in
homogenization buffer to coat each coleoptile with the Suc
for about 5 min before gentle mashing in a chilled mortar
and pestle (Gibeaut and Carpita, 1994). The homogenates,

which were about 45% (w/v) Suc, were squeezed through
a nylon mesh (47-um? pores).

About 15 mL of the homogenate was pipetted into a
38.5-mL centrifuge tube (Ultraclear, Beckman) onto a cush-
ion of 50% (w/v) Suc in a gradient buffer containing 20 mm
HEPES|[Bis-Tris-propane], pH 7.6, and overlaid with 8 mL
each of 34% and 25% (w/v) Suc, 7 mL of 18% (w/v) Suc in
gradient buffer, and the remaining volume was made up
with 9.5% (w/v) Suc in the same buffer. After Suc gradient
centrifugation at 140,000¢ in a rotor (model SW28, Beck-
man) for 45 min, the interfaces containing the enriched
Golgi apparatus were collected with a Pasteur pipette or by
a displacement fractionator. These membranes were used
directly for B-glucan synthase reactions at low substrate
concentration or were diluted with 1.08 M Suc in gradient
buffer and pelleted by centrifugation at 140,000g for 30 min
in the rotor. The membrane pellet was gently resuspended
with a camel-hair paintbrush into 2 mL of 1.08 M Suc in
gradient buffer for B-glucan synthase reactions at high
substrate concentration.

Samples of the other layers were also taken for protein
determination and enzyme marker assays. For immunolo-
calization of SuSy, portions of the mitochondrial- (47%/
34% interface), Golgi- (34%/25% interface), and ER/
tonoplast-enriched membranes (25%/9.5% interface) were
diluted with 1.08 M Suc in gradient buffer, pelleted at
140,000, and the pellets were dissolved by heating in a
PAGE sample buffer containing 10% (w/v) SDS and 100
mwM DTT. For preparation of enriched plasma membrane,
coleoptile and soybean tissues were gently mashed with a
mortar and pestle in homogenization buffer containing
9.5% (w/v) Suc, the homogenate was cleared of cell debris
by centrifugation at 3,000g for 10 min, and the total mem-
branes were then pelleted at 140,000g in the rotor.

A portion of the supernatant was saved for immunolo-
calization of soluble SuSy, and the membrane pellets were
gently resuspended in 2 mL of a two-phase buffer consist-
ing of 6.5% (w/v) PEG 3350 and 6.5% (w/v) dextran 500T
in 5 mM potassium phosphate, pH 7.2, 3 mm KCl, 10 mm
DTT, and 0.2 mm PMSF. The suspension was frozen,
thawed, and gently sheared by six strokes in a smooth glass
tube with a Teflon piston. Additional two-phase buffer was
added, and the plasma membrane was prepared by two
rounds of partitioning (100 inversions followed by centrif-
ugation at 400g for 5 min at 4°C). The membranes were
washed twice in 20 mm HEPES[KOH], pH 7.2, containing
1.08 m Suc and 10 mMm KCl, and pelleted by centrifugation
at 140,000g. Marker assays were performed after resuspen-
sion in the dilution buffer. Soluble and membrane proteins
were dissolved by heating in a PAGE sample buffer con-
taining 10% (w/v) SDS and 100 mm DTT.

Protein was determined by bicinchoninic acid assay
(Pierce), and assays for IDPase (Golgi), NADH oxidase
(mitochondria), vanadate-sensitive ATPase (plasma mem-
brane), NADP reductase (ER), and NO, -sensitive ATPase
(vacuole) were performed as optimized for maize from
published methods described in Gibeaut and Carpita
(1994).
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Immunolocalization of SuSy

The polypeptides extracted in a high SDS-DTT sample
buffer were concentrated by precipitation in 80% (v/v)
ethanol chilled to —80°C. The pelleted proteins were dried
in vacuo and redissolved in 6 X SDS-gel sample buffer at a
concentration of 10 pg L™ '. The polypeptides (10 ug/
lane) were separated by SDS-PAGE (10% [w/v] gel) and
electroblotted onto cellulose nitrate membranes by semidry
blotting. The blots were probed with polyclonal antisera
directed against maize SuSy, which was provided by Drs.
P. Chourey and Karen Koch (University of Florida, Gaines-
ville). Owing to differences in the apparent avidity of the
antibody to soybean and maize SuSy, the blotted maize
proteins were probed at a 1:500 dilution, whereas the soy-
bean proteins were probed at a 1:200 dilution. Alkaline
phosphatase-conjugated goat anti-rabbit IgG (1:3,000;
Bio-Rad) was used as secondary antibody, and color was
developed with 100 mm Tris-HCI, pH 9.5, 100 mm NaCl,
5 mm MgCl,, 1% of 5-bromo-4-chloro-3-indolyl phos-
phate p-toluidine salt in dimethylformamide, and 1% of
p-nitroblue tetrazolium chloride in 100 mm Tris [HCI], pH
9.5, containing 75% (v/v) dimethylformamide. After color
development the cellulose nitrate membranes were washed
with water several times before scanning.

The developed blots were scanned (QuickScan, Epson,
Torrance, CA) at 254 grayscale units and 600 dpi, and the
band intensities were quantified with an image analysis
program (Scanalytics, Vienna, VA). SuSy was also detected
in a standard series of 0.1 to 10 ug of total soluble protein
to determine the linearity of signal with protein content.

Glucan Synthase Reactions

Reactions were performed with freshly isolated mem-
branes at 30°C for up to 2 h. Reactions at low substrate
concentrations were performed in 4-mL borosilicate glass
vials and contained, at the final substrate concentrations
indicated, 0.5 to 2.0 uCi of UDP-p-[U-"*C]Glc (250 mCi/
mmol; ICN Radiochemicals), 20 mm KCl, 1.08 m Suc, 10 mm
MgCl,, 10 mm HEPES|[Bis-Tris-propane], pH 7.6. One-half
milliliter each of reaction buffer and the membrane fraction
(50-100 pg of protein) were mixed in vials and placed at
30°C. Reactions without radioactivity at high substrate con-
centrations were performed with concentrated membranes
(200 pg of protein), and MgCl, concentrations were 1.5
times that of the UDP-Glc concentration. Reactions were
stopped with 3 mL of ethanol, capped, and placed in an
oven at 105°C for 5 min. The reaction mixtures were cooled
to room temperature, and then centrifuged for 5 min at
10,000g. The pellet was washed extensively with hot 80%
(w/v) ethanol after heating and recentrifuged.

Digestion with B. subtilis Endoglucanase as a Specific
Assay for (1—3),(1—4)B-p-Glucan

The washed and dried products of the glucan synthase
reactions, and cell walls from excised coleoptiles labeled in
vivo, were suspended in 200 uL of water and 200 ug of
barley B-glucan (Sigma) was added as carrier. Ten to 50 nL
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of a preparation of B. subtilis endo-B-p-glucanase (Gibeaut
and Carpita, 1993) in 20 mM sodium acetate, 20 mm NaCl,
pH 5.5, was added, and the samples were incubated for 3 h
at 37°C. The products released from digestion of purified
B-glucan were mostly cellobiosyl- and cellotriosyl-(1—3)8-
D-Glc, with decreasingly smaller amounts of cellotetraosyl-
and cellopentaosyl-(1—3)B-p-Glc. The reactions were ter-
minated by heating for 2 min in a boiling water bath,
cooled to ambient temperature, and centrifuged at 10,000
for 5 min. Radioactivity in B-glucan was estimated as the
difference in disintegrations per minute in the supernatants
between digested and undigested samples. The remaining
insoluble radioactivity from in vitro synthase reactions,
which is greater than 90% (1—3)-linked glucosyl units was
attributed to callose (Gibeaut and Carpita, 1993).

HPAE-HPLC

The oligomers from digestion of the in vitro reaction
products were separated on an anion-exchange column
(Carbo-Pac PA1, Dionex) equilibrated in 0.5 N NaOH and
eluted in a linear gradient of sodium acetate in 0.5 N NaOH
as described previously (Gibeaut and Carpita, 1993). Using
the reaction products from low concentrations of UDP-Glc,
the radioactivity in 0.5-mL fractions collected in 1.0 mL of
2 N acetic acid was determined by liquid scintillation spec-
troscopy, whereas the B-glucan products of high UDP-Glc
concentrations and native B-glucans from alkali extracts
were determined by pulsed amperometric detection.

Gel Permeation Chromatography

The alkali extracts, the p-glucan products from high-
UDP-Glc concentration reactions, and radioactive polysac-
charides from the low-UDP-Glc reactions (spiked with 200
wng of barley B-glucan) were applied to a 2.5- X 40-cm
column of Sepharose 4B (Sigma) equilibrated in Mcll-
vaine’s buffer (50 mwm citric acid and 100 mm Na,HPO,),
pH 5.5. Fractions (4 mL) were collected, 1.0 mL was as-
sayed for total radioactivity by liquid scintillation spectros-
copy, and 200 pL was assayed for sugar by the phenol-
sulfuric acid method (Dubois et al., 1956). The remaining
B-glucans were combined in four fractions, dialyzed
against running deionized water, and lyophilized. The dry
materials were dissolved in 200 uL of water and digested
with the B. subtilis endoglucanase as described earlier. In
separate column runs, either dextran standards ranging
from 17.5 to 500 kD (Sigma) or 5 mL of a 0.5% (w/v)
solution of barley B-glucan were run under conditions
identical to those for the labeled products.

RESULTS
B-Glucan Synthesis in Vitro

A gentle mashing of the maize coleoptiles in an equal
portion of buffer containing 84% (w/v) Suc yielded a ho-
mogenate with a final concentration equivalent to about
45% (w/v) Suc. Separation of the membranes and or-
ganelles by flotation centrifugation gave an enriched Golgi
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membrane fraction in about 1 h after harvest of the tissue.
In preliminary experiments, the g-glucan formed at subop-
timal UDP-Glc concentrations of 5 to 255 uM was deter-
mined. The incorporation of radiolabel into the cellodextrin-
(1—3)B-p-glucan oligomers digested by the B. subtilis
endoglucanase and their separation by HPAE-HPLC pro-
vided the specificity needed for these determinations (Fig.
1). Based on the specific activity of the UDP-Glc provided,
the incorporation of Glc into polymer increased from 0.021
pmol pg ! protein h~! when provided with 5 um UDP-Glc
to 0.82 pmol pg ™' protein h™' with 255 puMm substrate (Fig.
2A). In subsequent experiments the concentrations of UDP-
Glc ranged from 5 to 30 mMm, and the Glc incorporated
could be determined by pulsed amperometry rather than
by incorporation of radioactivity (Fig. 1B). While the incor-
poration of Glc into B-glucan appeared to saturate between
5 and 10 mm UDP-Glc, the amount of product formed
increased markedly above 20 mm UDP-Glc. Total incorpo-
ration of Glc into B-glucan increased proportionally with
substrate concentrations, from 55 pmol pug ™' protein h™' at
5 mm UDP-GIc to 300 pmol pg ' protein h™ ! with 30 mm
substrate (Fig. 2A).

The values for total incorporation per microgram of mem-
brane protein were proportional to the ratios of both cellot-
riose to cellotetraose and cellopentaose to cellotetraose. The
relative amounts of cellotriose formed increased with in-
creasing concentrations of UDP-Glc provided, but exhibited
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Figure 1. HPAE-HPLC separation of labeled cellodextrin-(1—3)-D-
Glc oligosaccharides from B-glucan synthesized in vitro. A, Separa-
tion of the B-glucan cellodextrin products synthesized at low sub-
strate concentrations. Radioactivity from 0.5-mL fractions was
determined by liquid scintillation spectroscopy after acidification of
the NaOH with acetic acid. Upper trace, Pulsed amperometric de-
tection of cellodextrin-(1—3)-p-Glc oligosaccharides from B-glucan.
B, Separation of the B-glucan cellodextrin products synthesized at
high substrate concentrations. The cellodextrin-(1—3)-D-Glc oligo-
saccharides from B-glucan made in vitro were quantified by pulsed
amperometric detection (PAD).
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Figure 2. A, Rates of B-glucan synthase activity dependent on UDP-
Glc concentration. Product made was determined from total radio-
activity and specific activity of substrate or from calibration of the
pulsed amperometric signal. Values in the range of 5 to 255 um
represent the averages of three experiments, whereas those in the
range of 5 to 30 mm are from two experiments. B, Molar ratios of
cellotriose to cellotetraose and cellopentaose to cellotetraose are
dependent on the UDP-Glc concentration. The molar ratios based on
incorporation of radioactivity were corrected based on the number of
glucosyl units per oligosaccharide, whereas the mass detected by
pulsed amperometry was calibrated by direct assay of eluted sugars.

an apparent saturation at concentrations of UDP-Glc below
5 mwm (Fig. 2B). At 5 uM substrate, the ratio of the cellotriose
and cellotetraose units was only 1.5 but increased to 3.7 at
255 puMm UDP-Glc. The ratio of cellotriose to the less-
abundant cellopentaose also rose with increasing substrate
concentration, from about 8.0 to 26, and the cellopentaose to
cellotetraose ratio was nearly constant at 0.15 (Fig. 2B). The
cellopentaose to cellohexaose rose only slightly, from 2.5 to
4.0, over the same concentration range. However, at sub-
strate concentrations between 5 and 30 mwm, the ratio of
cellotriose to cellotetraose units increased markedly again,
from about 5.0 with 15 to 20 mm UDP-Glc to over 11 with 30
mmM UDP-Glc (Fig. 2B). The ratio of cellotriose to cellopen-
taose units was about 15 with 10 mm UDP-GlIc, but then fell
to only about 5.0 with 30 mMm substrate. Concomitant with
the marked increase in cellotriose units between 15 and 30
mmM UDP-Glc, the ratio of cellopentaose to cellotetraose units
increased even more strongly, from about 0.5 at 5 mm UDP-
Glc to 2.0 at 30 mM. The cellopentaose units are a small
fraction of the total at suboptimal UDP-Glc but become
twice as abundant as cellotetraose units at high substrate
concentrations.

Separation of the radiolabeled B-glucan synthesized in
vitro by gel permeation chromatography revealed that
polymers less than 50 kD were formed at substrate concen-
trations of 15 um and less. The product made at 80 um was
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Figure 3. Gel-permeation chromatography showing the molecular
mass distribution of native maize B-glucan compared with B-glucan
synthesized in vitro at various low substrate concentrations. The
native B-glucan and the products of the in vitro reactions were
dissolved in Mcllvaine’s buffer, pH 5.5, and loaded onto a 2.5- X
40-cm column of Sepharose 4B equilibrated in the same buffer.
Four-milliliter fractions were collected, and a portion was digested
with the B. subtilis endoglucanase enzyme for HPAE-HPLC. The
B-glucan was detected either by total sugar (Dubois et al., 1956) or
by radioactivity as assayed by liquid scintillation spectroscopy. The
distribution of native B-glucan observed here was essentially identi-
cal for B-glucans extracted from excised coleoptile sections incu-
bated with labeled Glc as described in Tables Il and IIl. Two exper-
iments were run with essentially identical results. Fractions from in
vivo labeling experiments were pooled (designated I, II, Ill, and Incl.
lincluded]), dialyzed against deionized water, and assayed for cel-
lodextrin distribution in B-glucan as described in Table Ill. Peak
fractions of dextran standards for molecular mass (in kD) are marked.

about 100 kD, and that formed at 255 um was about 250 kD,
which is about the size of native maize B-glucan (Fig. 3).

Synthesis of B-Glucans in Vivo

To determine if the ratios of the cellodextrin units could
be altered in vivo, coleoptile sections were incubated under
conditions designed to lower endogenous UDP-Glc con-
centrations. The length of the coleoptile sections increased
almost 50% in 9.5 h when incubated in a buffer containing
IAA in the presence or absence of pD-Glc (Table I). However,
incubation in 10 mM D-Gal inhibited the auxin-induced
growth by about one-half. The cytosolic sugar and UDP-
sugar concentrations cannot be estimated accurately be-
cause of the inherent uncertainty of relative compartmen-
tation between cytosol and vacuole. The amounts of Glc
and Suc were 2 to 3 orders of magnitude greater than the
UDP-Glc per gram fresh mass (Table I).

After incubation for 9.5 h without sugar, the levels of all
metabolites were diluted, but the UDP-Glc concentrations
were substantially lowered in sections incubated without
sugar or in the presence of growth-inhibiting Gal. UDP-Glc
was the major UDP-sugar in the presence or absence of Glc,
representing 85% of the fraction, whereas incubation with
Gal resulted in UDP-Gal concentrations representing 60%
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Table I. Changes in Glc, Suc, and UDP-Glc content and relative
concentration during growth of excised coleoptile sections

Sections exactly 11 mm long were sliced with a razor blade 1 to 2
mm below the tip of 3-d-old coleoptiles about 2 to 2.5 cm long. Sections
were floated on a medium containing 5 mm potassium phosphate, pH
5.5, 5 mm KCl, 0.01% tetracycline, and 2 X 107> M IAA, and, in some
instances, supplemented with 100 mm Glc or 10 mm Gal. The sections
were transferred either immediately or after 4.5 or 9.5 h of incubation at
30°C. Matching sets of samples were transferred either immediately or
after 3 or 8 h of incubation at 30°C to the same respective media
containing radiolabeled Glc and incubated an additional 1.5 h at 30°C.
After incubations the sections were rinsed with water and frozen in
liquid nitrogen. Length measurements are from 20 coleoptile sections.
Values are typical of three independent experiments.

Sample Final Length Glc Suc UDP-Glc

mm nmol mg™' pmol mg™!

fresh mass fresh mass
Fresh sections 11.0 329 5.7 36.7
4.5 h, no sugar 14.7 £ 0.4 23.2 1.9 11.9
9.5 h, no sugar 15.9 0.3 19.9 1.7 7.9
9.5 h, 100 mm Glc 16.4 £0.3 40.6 3.9 13.8
9.5 h, 10 mm Gal 145+ 0.3 23.3 1.8 4.7

of the total UDP-sugar (Fig. 4). Relative Glc and Suc con-
centrations also decreased during incubations without
sugar or in the presence of Gal but to a lesser extent than
the marked decreases in nucleotide sugar. The relative
concentrations of Glc and Suc could be maintained to a
certain extent by incubation of the coleoptile sections with

UDP-Glc

Fresh sections

UDP-Glc

UDP-Gal

9.5 h, 100 mM Gle

Absorbance, 254 nm

UDP-Gle

8.5h, 10 MM Gal

! )
0 10 20 30

Elution time, min

Figure 4. Separation of nucleotide sugars by HPLC. Nucleotide sugars
were extracted with ice-cold 10% (w/v) TCA, and the TCA was parti-
tioned into a mixture of trioctylamine in 1,1,2-trichlorofluoroethane.
The neutralized aqueous extract was passed through a 0.22-um mem-
brane filter and injected onto a column equilibrated in 20 mm ammo-
nium formate, pH 6.0. The nucleotides and nucleotide sugars eluted in
a nonlinear gradient to T M ammonium formate, pH 6.0, and were
detected and quantified from UV absorbance based on standards. Pro-
files are typical of three experiments.
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Figure 5. Relative amounts of B-glucan in the alkali extracts of
depectinated maize coleoptile walls determined by HPAE-HPLC of
the cellodextrin-(1—3)-D-Glc oligosaccharides. The B-glucan oli-
gomers were separated and quantified as described in Figure 1B.
PAD, Pulsed amperometric detection.

100 mmM Glc, but UDP-Glc levels fell to about one-third that
of the freshly isolated coleoptiles.

After incubation in radiolabeled sugars, the coleoptile
walls were separated into pectic and several alkali-soluble
fractions. Most of the label was incorporated into polysac-
charides of the alkali-soluble fractions, and the B-glucans
were found primarily in the 0.8 and 4 N NaOH fractions
(Fig. 5). The ratios of the cellotriosyl to cellotetraosyl units
in these two fractions were similar in the individual sam-
ples depending on the incubation conditions (Table II).
When the 4 N NaOH fractions were separated by gel per-
meation chromatography, the molecular mass of B-glucan
and the distribution of radioactivity in the newly synthe-
sized glucan were each centered at about 250 kD regardless
of the incubation conditions (as in Fig. 3). The ratio of
newly synthesized cellotriosyl to cellotetraosyl units in
each of three fractions, representing the larger third to the
smaller third of the included polymers and the total in-
cluded volume, were similar to that expected in the total
B-glucan digested from the fraction, although slightly
lower ratios were obtained with the smallest of polysac-
charides (Table III). Based on pulsed amperometric detec-
tion, the molar ratios of cellotriosyl to cellotetraosyl units
in B-glucan mass digested from the coleoptile was about
2.9 in most fractions from gel permeation chromatography.

Immunolocalization of SuSy in Maize Coleoptiles versus
Soybean Hypocotyls

The upper phases from two-phase aqueous partitioning
of both soybean and maize membranes were enriched in

Table I1. Ratio of cellodextrin oligomeric products synthesized in
maize coleoptile cell wall B-glucans synthesized in vivo from
["*CIGlc

B-Glucan was digested with the B. subtilis enzyme, and the oli-
gomeric products were separated by HPAE-HPLC and quantified by
liquid scintillation spectroscopy. Treatment of coleoptile sections
was as described in Table I. Ratios of treated samples are based on
radioactivity incorporated after adjustment for molar ratio; ratio for
maize B-glucan is made by pulsed amperometry, with empirical
calibration of the signal from sugar determinations (Dubois et al.,
1956).

Treatment

3-mer:4-mer 3-mer:5-mer 5-mer:4-mer

Freshly excised

0.8 N NaOH 3.0 19.2 0.16

4 N NaOH 29 22.7 0.13
9.5 h, no sugar

0.8 N NaOH 3.0 18.5 0.16

4 N NaOH 29 19.8 0.15
9.5 h, 100 mm Glc

0.8 N NaOH 2.8 18.2 0.15

4 N NaOH 2.8 19.0 0.15
9.5 h, 10 mm Gal

0.8 N NaOH 2.6 17.2 0.15

4 N NaOH 2.7 21.0 0.13
Maize B-glucan 2901  19.0 = 1.1 0.14 = 0.003

plasma membrane, as judged by vanadate-sensitive AT-
Pase (Table IV). The Golgi-enriched fractions from both
soybean and maize had IDPase activities nearly an order of
magnitude greater than the plasma membrane fraction.
Although the Golgi fraction contained considerable
vanadate-sensitive ATPase activity, the activity repre-
sented about 70% of the total phosphatase activity of the
plasma membrane-enriched fractions but only 20% to 40%
of the Golgi-enriched fractions (Table IV). SuSy was immu-
nodetected in soluble and membrane fractions, and when
quantified by densitometry, the maize Golgi contained
more than the plasma membrane fraction, whereas that
quantified in soybean membranes was proportional to the
amount of contaminating vanadate-sensitive ATPase (Fig.
6; Table 1V).

Table I1l. Molar ratio of the cellotriosyl and cellotetraosyl units
based on incorporation of radioactivity from ['*C]Glc into several
size fractions of B-glucans synthesized by excised coleoptile
sections

Treatments are as described in Table I. Ratios of treated samples
are based on radioactivity incorporated after adjustment for molar
ratio. Peak fraction designations and incubation treatments are de-
scribed in Figure 3 and Table I, respectively.

Peak Treatment
Fraction 0 Time 9.5 h, Control 9.5 h, Glc 9.5 h, Gal
3-mer:4-mer
| 3.3 2.9 3.2 3.0
1 3.1 2.9 2.9 2.7
1 3.1 2.6 2.8 2.8
Included 2.9 2.4 2.5 2.5
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Table IV. Comparison of marker assays of membrane purity with
quantitation of intensity of the immunogel blot signal with SuSy
antisera

The soluble protein of the homogenate and the Golgi membranes
were prepared from flotation centrifugation as adapted from Gibeaut
and Carpita (1994), whereas the plasma membrane was obtained by
two-phase aqueous partitioning of total membranes. The vanadate-
sensitive ATPase for soybean membranes represented 70% and 23%
of the total phosphatase activity of the plasma membranes and Golgi
membranes, respectively. This activity for maize membranes repre-
sented 66% and 41% of the total phosphatase activity of the plasma
membranes and Golgi membranes, respectively. The blot intensities
of the SuSy bands revealed by Western analysis (Fig. 6) were digitally
scanned and quantified after subtraction of background. Values are
typical of four independent experiments.

Vanadate-Sensitive

Membrane Source ATPase IDPase SuSy Intensity
nmol Pi min~" pg~' arbitrary units

Soybean

Plasma membrane 126.7 181.5 17.2

Golgi membranes 37.7 1763.1 4.6

Soluble protein ND* ND 15.5
Maize

Plasma membrane 96.9 114.4 29.7

Golgi membranes 37.8 1091.9 38.4

Soluble protein ND ND 67.1

2 ND, Not determined.

DISCUSSION
The Synthesis of B-Glucans in Vitro

Two distinct rates of B-glucan synthesis are observed in
vitro with Golgi membranes: one that appears to saturate at
about 10 mm UDP-Glc, and a second that increases mark-
edly above 20 mM substrate (Fig. 2A). The increases in the
ratios of the cellotriosyl and cellopentaosyl units to cellote-
traosyl units parallel these two activities (Fig. 2B). Subop-
timal UDP-Glc concentrations favor the synthesis of the
longer cellodextrin units in B-glucan, particularly the cel-
lotetraosyl unit, whereas the proportion of cellotriose in-
creases specificially as the UDP-Glc concentration is raised.

At the highest UDP-Glc concentrations tested, the cellot-
riose comprised nearly 80% of the total polymer synthe-
sized. The increase in the proportion of cellotriose occurs
relative to all other cellodextrins at low substrate concen-
trations, but the proportion of cellopentaosyl units also
increases concomitantly at high substrate concentrations.
While the cellotetraosyl units exceed the cellopentosyl
units by about 7:1 at concentrations of UDP-Glc below 1
mM, the cellopentaosyl units exceed the cellotetraose units
by 2:1 when the substrate concentration is 30 mm (Fig. 2B).
The distribution of cellodextrin units in B-glucan synthe-
sized in vitro at 30 mm UDP-Glc becomes similar to that of
the B-glucan from the lichen Cetraria islandica, in which the
cellotriose unit is 86% of the polysaccharide, and the cel-
lopentaose is second in abundance—twice that of cellote-
traose (Wood et al., 1994).

These data indicate that the mechanism of synthesis
occurs in such a way as to favor the formation of cellotrio-
syl and odd-numbered cellodextrin units at saturating sub-

Plant Physiol. Vol. 120, 1999

strate concentrations. Thus, the synthesis of B-glucan re-
sembles that of cellulose synthesis, but cellotriosyl units are
linked by single (1—3)B-linkages instead of two cellobiosyl
units linked by a (1—4)B-linkage. Regardless of the UDP-
Glc-dependent variation in the ratio of cellodextrins, the
single (1—3)B-linkages between them is a constant, and a
biochemical mechanism of synthesis to explain our data
must also account for these two features.

The orientation of the two Glc units in a (1-3)8- or
(1—4)B-linkage are so different that it may seem difficult to
imagine how both can be made interchangeably in a single
synthase. However, Glc units in a linear (1—4)B-linked
chain are slightly angled such that the O-4 or O-3 hydroxyl
of the nonreducing terminal sugar will fill an acceptor
position merely by inverting the chain (Fig. 7A). If the
positioning of the terminal sugar is controlled at the chain-
holding portion of the synthase, then the introduction of
(1—>4)B- or (1—>3)B-linkages can be strictly regulated. For
cellulose synthase, we and others have proposed that cel-
lobiosyl units are added to the nonreducing end of a grow-
ing chain in which the O-4 hydroxyl is in the acceptor
position (Carpita et al., 1996; Koyama et al., 1997; Carpita
and Vergara, 1998). When cellobiose units are added, the
chain is never reoriented but instead glides through the
chain-holding portion of the synthase until the new non-
reducing terminal O-4 hydroxyl is positioned for the next
round of synthesis. This model of synthesis also provides a
simple explanation for how a callose synthesis can “de-
fault” by damage to the cellobiose generating synthase. If
the second glucosyl transferase fails to function, then only
a single glucosyl unit will glide into the nonreducing end
and the O-3 hydroxyl will be positioned in the acceptor
position of the synthase (Carpita et al., 1996). Because the
(1—3)B-linkage does not invert one sugar with respect to
its neighboring sugars, every nonreducing sugar afterward
will have its O-3 hydroxyl in the acceptor position and
callose will be the only product.

Soybean
PM Golgi

Maize
Sol PM Golgi Sol

Figure 6. Immunodetection of SuSy in soluble (Sol), and plasma
membrane (PM)- and Golgi membrane-enriched fractions of elongat-
ing maize coleoptiles and soybean hypocotyls. The Golgi mem-
branes and soluble fraction were obtained after flotation centrifuga-
tion as described by Gibeaut and Carpita (1994), whereas the plasma
membrane was obtained by two-phase aqueous partitioning. Ten
micrograms of protein per lane was separated by SDS-PAGE in 10%
(w/v) gels, and electroblotted onto cellulose nitrate by semidry blot-
ting. SuSy was detected with polyclonal antisera at a 1:500 dilution
for maize proteins and a 1:200 dilution for soybean proteins. Values
are typical of four determinations.
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Figure 7. A, Two possible positions of the nonreducing terminal
acceptor glucosyl unit of a growing chain can be made by rotating
the chain over or by processively adding a single glucosyl unit from
a fixed UDP-Glc site. Both (1—4)B- and (1—3)B-linkages are possi-
ble, so positioning of the nonreducing terminal sugar to expose either
the O-3 or O-4 must be tightly controlled in glucans with a defined
linkage structure. B, A single fixed site of glucosyl transfer requires
the growing chain to be “read” by the enzyme to determine when the
chain is rotated to direct linkage structure at the O-3 or O-4 position,
as defined in A. C, Three glucosyl transferases working processively
would always link a cellotriosyl unit to the O-3 of the nonreducing
acceptor sugar. The third site is of lower affinity than the cellobiosyl
generating glucosyl transferases, and failure to fill it produces the
longer cellodextrins. Formation of cellotriosyl units should form
almost exclusively at saturating UDP-Glc concentrations. D, Five
glucosyl transferases work processively to form mostly cellotriosyl
units, but occasionally cellotetraosyl and cellopentaosyl units, be-
cause the fourth and fifth sites are of lower affinity for substrate
binding. Longer cellodextrins would be favored at saturating UDP-
Glc concentrations. In B through D, the arrows indicate the reducing
end and continuation of the synthesized polymer.

How does the mechanism of synthesis of B-glucan par-
allel that of cellulose synthesis? We formulated three pos-
sible mechanisms of B-glucan synthesis. In all models, the
synthase is considered to have two domains: one or more
active sites for substrate binding and a single chain-holding
domain that positions the nonreducing terminal sugar to
form the proper glycosidic linkage. To synthesize (1—4)8-
D-glucosyl linkages with a single UDP-Glc site, either the
substrate-binding domain or the chain-holding domain
must rotate or toggle with respect to each other with each
round of glycosyl transfer. Alternatively, the glucosyl unit
is guided into the proper orientation by a steric mechanism
within the chain-holding domain (Fig. 7B). However, to
synthesize a mixed-linkage B-glucan, the chain-holding do-
main must also direct the proper ratio of cellotriosyl and
cellotetraosyl units and the placement of the (1—3)-B-p-
glucosyl units. Thus, the chain-holding domain functions
as a “chain-reading” domain.

Such a model of synthesis must be independent of UDP-
Glc concentration because the information needed to direct
the synthesis of the proper ratios of cellodextrin units and
their proper spacing by (1—3)B-linkages must come from
polymer already synthesized (Fig. 7B). Although our data
seem to rule out this model, variations of the single-site
model excluding the chain-reading function are possible.
Because there is considerable freedom of rotation of the
nonreducing terminal glucosyl unit around the glycosidic
bond, one could argue that there is a statistical probability
of forming a (1—3)B-linkage that is dependent on substrate
concentration. However, the strict unit structure, the lack
of cellobiosyl units, and the lack of contiguously linked
(1—3)B-units strongly argue against any model of random
introduction of (1—4)B- and (1—3)B-linkages.

In our second model of synthesis, several glucosyl trans-
ferase activities are associated with the synthase; the chain-
holding domain positions the nonreducing end of the poly-
mer but exhibits no chain-reading activity. Three UDP-Glc
transferase activities would result in cellotriose units and
positioning of the nonreducing end of the chain in a con-
formation that always places the O-3 hydroxyl in the ac-
ceptor position (Fig. 7C). In such a model, the higher cel-
lodextrins would be made by occasional failure to fill the
third site of substrate binding, resulting in the formation of
a cellobiose unit instead of cellotriose. In some instances,
the cellobiosyl unit slides through the chain-holding do-
main and a subsequent complete cellotriosyl unit forma-
tion in the next round would result instead in the forma-
tion of a cellopentaosyl unit. However, the formation of
one cellobiosyl unit must greatly favor the formation of a
second cellobiosyl unit to form the more abundant cellote-
traosyl unit (Fig. 7C). As the third site is occasionally
unfilled, its affinity for UDP-Glc must be lower than that of
the cellobiosyl generating sites. In contrast to the single-site
model, the ratio of cellodextrin units is dependent on the
substrate concentration and not on chain reading. Subop-
timal UDP-Glc should result in decreased proportions of
cellotriose because of more frequent failure to fill the third
site. Our data support this three-site model of glycosyl
transfer.
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A third model for B-glucan synthesis places additional
substrate binding sites and transferases to account for the
longer cellodextraoyl units (Fig. 7D). These sites would
possess affinities for UDP-Glc much lower than the first
three sites to account for the smaller proportions of the
higher cellodextrin units. In contrast to the three-site
model, suboptimal UDP-Glc should result in increased pro-
portions of cellotriose because of more frequent failure to
fill the fourth and fifth sites. Our results show that the
opposite occurs.

A three-site model of substrate attachment is attractive
because a B-glucan can be made in vitro almost exclusively
with cellotriose units, which are the most abundant units in
cereal B-glucans (Fig. 1B and 2B). The Poales are the only
taxonomic order among angiosperms to make these mixed-
linkage B-glucans (Smith and Harris, 1999), but the lichen
Cetraria islandica also synthesizes a B-glucan that is almost
exclusively cellotriose units (Wood et al., 1994). Like the
maize B-glucan made in vitro at very high substrate con-
centrations, the lichen B-glucan contains cellopentaosyl
units in greater abundance than the cellotetraosyl units.

The mechanism also includes an apparently absolute
requirement for the spacing of the units with a single
(1-3)B-linkage. p-Glucans with alternating (1—3)3- and
(1—4)B-linked glucosyl units are not observed under any
conditions. Both of these features demand a cellodextrin
unit spacing mechanism, which is provided by the three-
site model. This model also predicts that the cellopentaosyl
units will also be favored over cellotetraosyl units at near-
saturating UDP-Glc concentrations, and this is exactly
what we observed (Figs. 1B and 2B).

The three-site model also requires that the formation of
the (1—3)B-linkage be restricted to the attachment of the
cellodextrin unit to the nonreducing end of the growing
chain. If the (1—3)B-linkage were specified at the outer site,
then failure to fill the sites would result in a minimum of a
cellopentaosyl unit and no possibility to form a cellotetrao-
syl unit. If the (1—3)B-linkage were specified at the middle
site, then failure to fill the outer site would result in a
cellobiosyl unit, and these units are never observed under
any conditions. In all multiple-site models of synthesis for
cellulose and B-glucan, loss of all but one of the glycosyl
transferase activities would result in the nonreducing end
of the chain always being oriented with the O-3 in the
acceptor position, which would form callose (Carpita et al.,
1996).

Although a “three-site” mechanism of glucosyl transfer
is indicated by our data, we certainly have not defined how
the active site and the transferase activities are organized.
The discovery of a higher plant cellulose synthase gene
(CelA) by Pear et al. (1996) has made it possible to compare
the deduced amino acid structure of the active site with
rational models of catalysis. First, the CelA gene family is
extensive and consists of several subclasses (Cutler and
Somerville, 1997). A “true” CelA gene encodes a large
polypeptide with the presumed active site comprising a
large cytosolic domain with four highly conserved do-
mains. Each of the first three contain an essential aspartyl
residue and the fourth possesses a QxxRW motif. In addi-
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tion, there are two plant-specific sequences, one of which
exhibits extensive amino acid variability (Pear et al., 1996).

This entirely cytosolic domain is sandwiched between
two membrane-spanning domains on the N-terminal side,
and four to six membrane-spanning domains on the
C-terminal side, which may fold together to form a channel
to facilitate extrusion of the glycan chain. The four U motifs
of the CelA gene, i.e. the three aspartyl residues and the
QxxRW motif, are iterated in the genes encoding several
processive glycosyl transferases in which repeating
B-glycosyl unit structures are synthesized (Saxena et al.,
1995). For example, the U motifs are found in hyaluronan
synthases (DeAngelis et al., 1993), chitin synthases (Bulawa
et al., 1986), and the NodC synthase (Geremia et al., 1994),
all of which make consecutive B-glycosidic linkages in
which one sugar is oriented nearly 180° with respect to
each neighboring sugar. Hyaluronan is a repeating disac-
charide unit of B-p-GlcUA and GIcNAc, whereas chitin and
the Nod factor are composed of (1—4)B-D-GlcNAc units.
Hyaluronate synthase is a bifunctional transferase, with
both glycosyl transferase activities contained within the
single polypeptide (Spicer et al., 1997); it remains to be
demonstrated if the active site consists of two distinct
glycosyl transferases or if a single transferase toggles be-
tween two conformation states to produce the two distinct
kinds of glycosyl units. By analogy, the B-glucan synthase
could have a single glucosyl transferase that toggles be-
tween three conformational modes to produce the cellot-
riosyl units at saturating substrate levels.

Other nonprocessive glycosyl transferases contain the
first two U motifs but lack the QxxRW motif. One example
of this kind of enzyme is the Escherichia coli K5 glycosyl
transferase, which makes the polysaccharide N-acetyl-
heparosan with the repeating disaccharide unit (1—4)a-D-
GlcA-(1—4)B-p-GlcNAc. Using site-directed mutagenesis,
Griffiths et al. (1998) showed that the aspartyl residues of
the first two U motifs were essential for the B-glycosyl
transfer but independent from the UDP-GIcNAc a-
transferase activity. Experiments with truncated polypep-
tides showed that the a-transferase activity is within the first
300 residues of the N terminus and upstream from the U-1
motif.

This raises the possibility that processive B-glycosyl
transferases with the D, D, D, and QxxRW motifs may
accommodate as many as three glycosyl transferase activ-
ities, as was predicted by our kinetic data for the B-glucan
synthase. However, one important exception is the
Agrobacterium tumefaciens (1—3)B-glucan synthase gene.
This synthase contains the four U motifs, even though the
Glc units are not inverted during synthesis (Stasinopoulos
et al., 1999). Such a gene may have derived from an ances-
tral cellulose synthase, but the encoded synthase may have
lost the function of one of the two glycosyl transfer activ-
ities. The hypothesis that cellulose synthase and callose
synthase are one and the same enzyme (Delmer, 1977) and
our hypothesis explaining mechanistically how callose can
be formed when one of the two glycosyl transferase activ-
ities is lost (Carpita et al., 1996) are both consistent with the
finding that cellulose and callose synthases are from re-
lated genes.
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The diversity of polysaccharide structures encoded by
the four U motif structures and the size of the CelA gene
family suggest that in plants some members of the CelA
gene family synthesize polysaccharides other than cellu-
lose. Virtually all cross-linking glycans of plants possess
linear chain structures of B-glycosyl units with one sugar
inverted almost 180° with respect to each neighbor. These
include xyloglucans, glucomannans, arabinoxylans, and
the mixed-linked B-glucan. The enormity of the CelA gene
family suggests that some of the members are involved in
synthesis of these noncellulose B-glycans, but identification
of mutants lacking these genes or experiments to define the
biochemical functions of individual CelA genes are just
now being undertaken.

The Synthesis of B-Glucans in Vivo

While B-glucan synthase can produce a wide range of
distributions of cellodextrin units in vitro, the distribution
of the units in vivo is tightly regulated within a specific
grass species. Treatments that induce a large decrease in
UDP-Glc concentration result in small alterations in the
ratio of cellotriose units to cellotetraose units. This finding
indicates that the pool of UDP-Glc directed to B-glucan
synthase is distinct from that of the bulk cytosolic pool. In
affinity labeling experiments with [**P]JUDP-Glc, an 84-kD
polypeptide was found to be associated with the plasma
membrane containing the highest activity of callose syn-
thase (Delmer et al., 1991). This polypeptide turned out to
be SuSy.

Subsequent confirmation of membrane association was
made immunocytochemically (Amor et al., 1995). Delmer
and Amor (1995) proposed that the association of SuSy
represented a UDP-Glc delivery mechanism to cellulose
synthase. B-Glucan microfibrils were synthesized from Suc
and UDP on immobilized tobacco plasma membrane sheets
(Hirai et al., 1998). These results strengthen the idea of an
association of SuSy directly with plasma membrane syn-
thases. Furthermore, the products were callose, not cellu-
lose, additional evidence that callose synthase is a default
activity from cellulose synthesis.

Conditions that greatly lowered UDP-Glc concentration
in maize coleoptiles lowered Suc and Glc concentrations to
a much lesser extent (Table I). Regardless, concentrations of
these sugars were 3 orders of magnitude higher than that of
UDP-Glc. In maize, SuSy was detected immunocytochem-
ically in both plasma membrane-enriched and Golgi
membrane-enriched fractions, whereas in soybean, the de-
tection at the Golgi membranes was more equivocal (Fig. 6;
Table IV). Xyloglucan synthase, the major synthase in di-
cots such as soybean, does not require SuSy for substrate
delivery because the active site of the synthase is fully
contained within the lumen of the Golgi apparatus and is
dependent on a UDP-Glc translocator for its nucleotide-
sugar substrates (Mufioz et al., 1996).

Our results are consistent with the hypothesis that
B-glucan synthase is derived from an ancestral cellulose
synthase and therefore shares features of the mechanism of
synthesis. Part of this mechanism may include the associ-
ation of SuSy to control the supply of UDP-Glc to the active

site(s) of glucan synthase. Although we could detect SuSy
at the Golgi membranes, it appears not to function in vitro
because B-glucan synthesis was absolutely dependent on
UDP-Glc. In preliminary experiments, we were unable to
observe incorporation of label from [U-"*C]Suc into
B-glucan in vitro in the presence or absence of UDP. We
need to explore ways to preserve the SuSy:B-glucan syn-
thase interaction in vitro before we can begin to under-
stand how the substrate delivery controls precise ratio
determination of the cellodextrin oligomer units in the
native B-glucan structure.
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