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A linear 0(1-3),P(1-6) glucan was detected in the periplasm of Azospirillum brasilense cells growing in a
medium of low osmotic strength. This glucan was produced in vitro by purified bacterial inner membranes with
UDP-glucose as the sugar donor in the presence of Mg2e. Growth in a high-osmotic-strength medium strongly
reduced the amount of this glucan accumulated in the periplasmic space, and the inhibition was associated
with a reduction in the enzymatic activity of the P(1-3),0(1-6) glucosyltransferase(s).

Bacteria of the genus Azospirillum have been studied exten-
sively because of their effect in promoting plant growth (21).
Under certain conditions, they show moderate host specificity,
as reflected by their isolation from a wide variety of, but not all,
plants. The ability of azospirilla to colonize the rhizosphere,
although not fully understood, is presumed to depend on
chemotaxis towards root exudates and several other properties
determined by bacterial cell surface polysaccharides (10, 21,
25).

In Rhizobium meliloti, the role of exopolysaccharides in
nodule development has been well established, and the genes
necessary for their production (exo genes) have been identified
and studied (2, 18, 20). Cyclic 1(1-2) glucans play a key role in
plant interaction in most species of the family Rhizobiaceae.
The chromosomal regions chvB and chvA in Agrobacterium
spp. and ndvB and ndvA in Rhizobium spp. are required for the
synthesis and secretion of cyclic 1B(1-2) glucan (9, 13, 30, 36).
Mutants of R. meliloti and Agrobacterium tumefaciens deficient
in the production of cyclic ,B(1-2) glucan form ineffective empty
nodules (12) or are avirulent (27, 36), respectively.

It has been shown that cellular cyclic P(1-2) glucan produc-
tion in some members of the family Rhizobiaceae is osmoregu-
lated (24, 34). In medium of low osmotic strength, R. meliloti
andA. tumefaciens mutants defective in the synthesis of ,B(1-2)
glucans are strongly impaired in their ability to grow, suggest-
ing that the glucan is important for survival under such
conditions (34). Growth is restored by raising the osmolarity of
the medium (34). On the other hand, in medium of high
osmotic strength, the synthesis of glucans is strongly repressed
in A. tumefaciens (34). In A. tumefaciens, the inhibition of the
formation of 1(1-2) glucan at high osmolarity has been shown
to be due to an in vivo inhibition of the activity of 1(1-2)
glucosyltransferase, since inner membranes prepared from
cells grown in medium of high or low osmolarity displayed the
same specific activity (34).
Bradyrhizobium japonicum, a soybean-nodulating bacterium,

does not produce 1(1-2) glucan (14). A cyclic ,B(1-3),,B(1-6)
glucan was isolated from this bacterium (23, 28), and the
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enzymatic synthesis of this compound was studied in vitro (5,
14).
We recently reported that Azospirillum brasilense does not

synthesize cyclic 13(1-2) glucan (1). In this work, we report that
A. brasilense synthesizes instead a periplasmic linear 13(1-
3),,B(1-6) glucan, the synthesis of which is regulated by the
osmotic strength of the growth medium.

MATERUILS AND METHODS

Bacterial strains and media. The A. brasilense CdRif ATCC
29710 strain was used in this study (1). Bacteria were grown in
LB broth supplemented with rifampin (100 jig/ml).
Medium YL was used to investigate the effect of different

osmolytes on the synthesis of glucan. The medium is identical
to the YM medium used by Miller (22), but lactate was used as
the carbon source instead of glucose. When required, the
medium was supplemented with 0.25 M NaCl or 0.5 M
mannitol. Medium M9 was used to grow cells for in vivo
["4C]succinic acid labeling experiments.

Extraction of cell-associated oligosaccharides. Cells from
100-ml cultures were harvested by centrifugation at 10,000 X g
for 10 min. Pellets were extracted with 1% trichloroacetic acid
(TCA) for 30 min at room temperature as described previously
(24). TCA extracts were neutralized with ammonium hydrox-
ide, concentrated, and subjected to gel filtration on Bio-Gel P4
columns as previously described (13). The sugar content was
determined by the anthrone-sulfuric acid method (7). The aver-
age partition coefficient (Kay) was calculated as (Ve_ VO)I(V_ VO),
where Ve is the elution volume, VO is the void volume, and V,
is the total volume.
NMR analysis. 13C nuclear magnetic resonance (NMR)

spectra were recorded at 25°C on an AM-500 spectrometer
(Bruker Instruments Inc., Billerica, Mass.) operating at 125.8
MHz. The samples were dissolved in D2O at concentrations of
approximately 20 mg/ml. Glucans were purified by Bio-Gel P4
chromatography and high-pressure liquid chromatography
(HPLC) with a C18 silica column as described before (28).

Preparation of inner membranes. Azospirillum cells grown
in LB medium were harvested after 24 or 48 h. Inner mem-
branes were prepared by the method described previously (26)
with the modifications introduced for A. tumefaciens (36).

In vivo synthesis of glucan. Overnight cultures of A.
brasilense were diluted 1:100 in fresh M9 liquid medium with

4890



A. BRASILENSE 0(1-3),P(1-6) GLUCOSYLTRANSFERASES 4891

1% succinic acid as a carbon source. After 3 h at 30'C, cells
were collected from 1.5 ml of culture medium, and cell pellets
were washed twice in M9 medium without succinic acid. Pellets
were resuspended in 0.3 ml of M9 medium with 2 puCi of
[2,3-14C]succinic acid (56 mCi/mmol) and incubated at 30'C
for 3 h. Cells were harvested by centrifugation, washed twice
with 1 ml of M9 medium, and extracted with TCA as described
above.

In vitro synthesis of glucan. Inner membranes were incu-
bated with UDP-["4C]glucose (0.05 puCi; 285 mCi/mmol)-40
mM MgCl2-50 mM Tris-HCl buffer (pH 8.2) in a total volume
of 50 ,ul. The reaction was carried out at 300C and stopped,
depending on the experiment, by one of the following proce-
dures. In the first method, 300 ,ul of water was added, and the
mixture was then heated at 100'C for 1 min and centrifuged at
5,000 X g for 5 min. The supernatants were then subjected to
DEAE-Sephadex chromatography as described previously
(36). Pellets were resuspended in 10% TCA and filtered
through glass microfiber filters (GF/C Whatman) to determine
incorporation into insoluble products as described before (36).
When partial purification of in vitro-synthesized soluble glucan
was required for structural studies, DEAE-Sephadex perco-
lates were subjected to gel chromatography on a Bio-Gel P4
column, which was eluted with 0.15 M amonium acetate in 7%
(vol/vol) water-2-propanol. In the second method, 1.0 ml of
cold 10% TCA was added, and the mixture was then centri-
fuged at 5,000 x g for 10 min. The pellet was subjected to
polyacrylamide gel electrophoresis and fluorography as de-
scribed before (36). When required, the TCA-insoluble frac-
tion was filtered through glass microfiber filters as in the first
method.

Preparation of permeabilized cells and osmotic shocLk Cells
grown in LB medium were harvested after 24 h and permeabi-
lized by the procedure described previously (31). Osmotic
shock was carried out as described before (3) with the follow-
ing modification: washed pellets were resuspended in 30 mM
Tris-HCl buffer (pH 7.5) with 12% mannitol instead of 20%
sucrose. Malate dehydrogenase (EC 1.1.1.37) was assayed as
described before (6).
Acid hydrolysis, paper chromatography, and paper electro-

phoresis. Partial and total acid hydrolysis assays were carried
out as indicated previously (13). Hydrolysates were subjected
to descending paper chromatography on Whatman no. 1 paper
(Whatman Inc., Clifton, N.J.) with solvent A (butanol-pyri-
dine-water, 6:4:3) (15) or solvent B (isopropanol-acetic acid-
water, 27:4:9) (33). Sugars were detected by the alkaline silver
method (32). Paper electrophoresis was carried out with buffer
C (2% sodium molybdate [pH 5.0]) for 2 h at 15 V/cm (4) or
with buffer D (0.05 M sodium borate [pH 9.2]) (11) for 2 h at
15 V/cm.
Reduction with sodium borohydride. Oligosaccharides were

dissolved in 300 ,il of water, 5 mg of NaBH4 was added, and
the mixture was incubated overnight in the dark. To remove
Na+, an excess of Dowex 5OW-X8 resin (Bio-Rad Laborato-
ries) was added, and oligosaccharides were recovered by
washing the resin with water. Samples were dried several times
under an air stream. Methanol was added and evaporated in
order to remove boric acid as methyl borate. Reduced oligo-
saccharides were subjected to total acid hydrolysis with 1 N
HCl for 4 h at 100°C. HCl was eliminated by several evapora-
tions under an air stream, and the hydrolysate was subjected to
paper electrophoresis with buffer C. The paper strips were cut,
and radioactivity was counted with an Omnifluor-toluene
solution (New England Nuclear, Boston, Mass.) in a liquid
scintillator.

Smith degradation. Oligosaccharides were oxidized for 3

days with 0.04 M sodium periodate at 40C in the dark (final
reaction volume, 200 Al). The excess of periodate was de-
stroyed with 10 Al of ethylene glycol, and 8 mg of sodium
borohydride was added after 2 h. Samples were kept in the
dark for 16 h. Acetic acid (10%) was added to eliminate the
NaBH4 excess, and the samples were chromatographed
through a Bio-Gel P2 column to remove salts. Desalted
samples were lyophilyzed and subjected to mild acid hydrolysis
(0.1 N HCl) at room temperature overnight. HCI was removed
by evaporation under an air stream, the hydrolysates were
subjected to descending paper chromatography on Whatman
no. 1 paper with solvent B, and radioactivity was detected with
a radioscanner. For further identification, radioactive products
were eluted from the paper strip with water and subjected to
different treatments as described in Results.

RESULTS

Cellular polysaccharides accumulated in vivo by A.
brasilense. Cells were treated with 1% TCA, and the TCA
extracts were subjected to gel chromatography on Bio-Gel P4
columns. Sugars were detected by the anthrone-sulfuric acid
method as described in Materials and Methods. As shown in
Fig. 1A, TCA extracts yielded three main sugar-containing
compounds. One compound eluted with the VO of the column.
Total acid hydrolysis and paper chromatography with solvent
A indicated that it is a polysaccharide formed by the monosac-
charides glucose, rhamnose, galactose, and fucose, indicating
that it might be part of the already described A. brasilense
exopolysaccharide (data not shown). A second compound
eluted from the column with a Ka, of 0.4. The elution profile of
this fraction is heterogeneous, suggesting the presence of a
mixture of polysaccharides with different degrees of polymer-
ization. Total acid hydrolysis yielded only glucose, and partial
acid hydrolysis followed by paper chromatography of the
hydrolysates with solvent B yielded glucose, gentiobiose [glu-
cose 13(1-6) glucose], laminaribiose [glucose 13(1-3) glucose],
and a series of oligosaccharides with increasing degrees of
polymerization (data not shown). The third compound that
eluted from the column near the total volume (Kay of 0.8) was
not analyzed. These results suggested that the polysaccharides
eluting at a Ka, of 0.4 are glucans formed mainly by P(1-
3),1(1-6) linkages. To further characterize these glucans, cells
were incubated with [2,3-14C succinic acid as the radioactive
precursor in order to obtain "4C-labeled glucan. As shown in
Fig. 1B, TCA extracts obtained from 14C-labeled cells con-
tained three main radioactive compounds that eluted from the
Bio-Gel P4 column at V0, Ka, 0.4, and Ka, 0.8 as the products
obtained from unlabeled cells (Fig. 1A).

Total acid hydrolysis of the Ka, 0.4 glucans labeled in vivo
yielded glucose as the only monosaccharide. Partial acid
hydrolysis yielded products that, on paper chromatography
with solvent B. were identified as glucose, laminaribiose,
gentiobiose, and a series of oligosaccharides with increasing
degrees of polymerization (Fig. 2A). Further fractionation of
the oligosaccharides recovered from the Bio-Gel P4 column,
by HPLC with a C18 silica column, resolved three main
components, all of which yielded the same partial acid hydro-
lysis pattern (data not shown). Compounds migrating as gen-
tiobiose and laminaribiose (G and L in Fig. 2A) were eluted
with water from the paper strip and further characterized as
follows. (i) They were reduced with sodium borohydride and
subjected to paper electrophoresis with buffer C. Under these
conditions, only (1,3)-linked glucose disaccharides remain at
the origin, while all other glucose disaccharides behave as
anions. Reduced compound G comigrated with a gentiobiosi-
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FIG. 1. Bio-Gel P4 chromatography of cellular polysaccharides

formed by A. brasilense. (A) Polysaccharides accumulated in vivo.
Extraction of cellular glucans with TCA, gel chromatography, and
assay of carbohydrates were carried out as described in Materials and
Methods. (B) Polysaccharides synthesized in vivo. Cells ofA. brasilense
were labeled with [2,3-14C]succinic acid as described in Materials and
Methods. TCA extracts were made and gel chromatography was
performed as described in the text. (C) Polysaccharides formed by A.
brasilense inner membranes. Inner membranes were incubated with
UDP-[14C]glucose as described in Materials and Methods. Columns
were eluted with 0.15 M amonium acetate with 7% (vol/vol) aqueous
2-propanol, and fractions (0.45 ml) were collected. V0, void volume; V,,
total volume. Radioactivity is expressed in counts per minute. OD,
optical density.

tol standard, and reduced compound L did not migrate (data
not shown). (ii) They were electrophoresed with buffer D
under conditions that resolve a and anomer glucose disac-
charides (i.e., gentiobiose from isomaltose and laminaribiose
from nigerose). Under these conditions, compound G comi-
grated with the gentiobiose standard and compound L comi-
grated with the laminaribiose standard (data not shown).
These results confirmed that this glucan contains ,B1-3 and
,B1-6 linkages and that both linkages are present in the same
glucan, as revealed by the partial acid hydrolysis pattern

cm from origin
FIG. 2. Paper chromatography of products obtained after partial

acid hydrolysis. Neutral soluble glucans eluted from the Bio-Gel P4
column with a Ka, of 0.4 were subjected to partial acid hydrolysis, and
the products were subjected to paper chromatography with solvent B
as described in Materials and Methods. Radioactivity was detected
with a radioscanner. Internal unlabeled standards: G, gentiobiose; L,
laminaribiose; Glc, glucose; Man, mannose; Gal, galactose; N, ni-
gerose; S, sophorose; I, isomaltose; M3, maltotriose. (A through C)
Neutral soluble glucans eluted from the Bio-Gel P4 column with a Kay
of 0.4, formed in vivo byA. brasilense (A), in vitro byA. brasilense inner
membranes (B), and in vitro by A. brasilense permeabilized cells (C).
(D) Neutral soluble glucans eluted from the Bio-Gel P4 column with
a Kav of 0.37, formed in vitro by inner membranes of B. japonicum.

obtained from HPLC-fractionated glucans. Sephadex DEAE-
A25 chromatography of this 3(1-3),3(1-6) glucan revealed that
it has no charge.

Cellular localization. In order to establish the subcellular
localization of the Kay 0.4 cell-associated Azospirillum glucan,
cell pellets were subjected to osmotic shock as described in
Materials and Methods. As shown in Fig. 3A, the glucan was
recovered from the periplasmic space fluid. The pellet remain-
ing after osmotic treatment did not contain detectable glucan
(Fig. 3B). No malate dehydrogenase activity was released into
the periplasmic extract, indicating that no cytoplasmic fluid
contaminated the periplasmic space fluid. These results indi-
cate that the Ka, 0.4 glucan accumulated in the periplasmic
space.
NMR spectroscopy. The cell-associated glucan recovered

from A. brasilense was purified on a Bio-Gel P4 column as
shown in Fig. 1A. This glucan was further purified on a C18
silica column with 20% methanol as described before (28) and
subjected to NMR spectroscopy at room temperature with a
Bruker AM-500 spectrometer in D20. The 500.1-MHz 1H
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FIG. 3. Cellular localization of A. brasilense glucan. Cell pellets
were subjected to osmotic shock as described in Materials and
Methods. Extracts were applied to a Bio-Gel P4 column and eluted
with 0.1 M pyridine-acetate buffer (pH 5.5). Fractions of 1.0 ml were
collected. Sugars were determined as described in the legend to Fig. 1.
(A) Periplasmic fluid. (B) TCA (10%) extract obtained from the pellet
after osmotic shock. Data are 102 nmol of glucose per g (wet weight).

NMR spectrum shows a pattern in the sugar region (3.2 to 5.0
ppm) similar to that of a 3(1-3),3(1-6) glucan reported by
Rolin et al. (28), with resonances observed at 8 4.86 and 4.48
V12= 7.2 Hz) (Fig. 4A).
The 125.8-MHz natural-abundance 13C proton-decoupled

spectrum of cell-associated glucans purified by HPLC (Fig. 4B)
was similar to that of the B. japonicum extracellular 3(1-
3),,(1-6) glucan reported by Dudman and Jones (8) and to
that of the B. japonicum cell-associated glucan described by
Miller et al. (23). The spectrum also shows some additional
signals at higher (15.1 and 35.3 ppm) and lower (183 ppm)
fields. The following carbon signals (in parts per million),
corresponding to 1,3 and 1,6 linkages, were assigned according
to reference 28: 1,3 linkage glucose: C1, 104.05, 103.8; C2, 74.2;
C3, 85.4, 85.31; C4, 70.6; CS, 76.6; C6, 61.9; 1,6 linkage glucose:
C1, 104.0; C2, 74.10; C3, 76.2; C4, 70.6; C5, 76.7; C6, 61.9, 69.5,
69.9.
However, a difference from the B. japonicum cellular glu-

cans is that no choline residues seem to be present in this
fraction, since the choline resonance at 55.2 ppm cannot be
seen in the spectrum (see Fig. 4B). Although the resonances at
92 to 96 ppm, corresponding to the C1-reducing glucose, are
absent, a carbonyl resonance at 183 ppm is present (data not
shown). These results confirm the presence in A. brasilense of
a 13(1-3),3(1-6) cell-associated glucan similar to the cell-
associated glucan described for B. japonicum.

Effect of osmolytes on glucan accumulation. It has been
reported that osmolytes affect the formation of other cellular
glucans (16, 34). Accordingly, the effect of different osmolytes
on glucan synthesis by A. brasilense was studied. As shown in
Fig. 5, 500 mM mannitol or 250 mM NaCl strongly inhibited
the accumulation of this periplasmic glucan.
The amount of cellular glucan accumulated by A. brasilense

cells grown in medium of 151 mOsM was 6.3 pumol of glucose
equivalent per g (wet weight) (Fig. SA). The addition of 500
mM mannitol (Fig. SB) or 250 mM NaCl (Fig. 5C) reduced the
amount to 1.9 and 1.5 limol of glucose per g (wet weight),
respectively. These results show that the synthesis of A.
brasilense glucan is osmoregulated, as was reported for E. coli
membrane-derived oligosaccharides (16) and A. tumefaciens
1(1-2) glucan (34).

In vitro synthesis. The biosynthesis of A. brasilense 1(1-
3),3(1-6) glucan was studied in vitro by using different enzyme
preparations and labeled UDP-glucose as the sugar donor.
Inner membranes incorporated 10-fold more label than outer
membranes; the amounts of glucan synthesized by the enzyme
from permeabilized cells, total membranes, inner membranes,
and outer membranes were 0.060, 0.193, 0.994, and 0.065 nmol
of glucose per mg of protein per h, respectively. The low
incorporation by outer membranes is probably due to contam-
ination of this fraction with inner membranes, as determined
by protein polyacrylamide gel electrophoresis (data not
shown).

In addition to the incorporation of radioactivity into a
soluble glucan (Fig. 6A), a small amount of radioactivity was
incorporated into TCA-insoluble compounds (Fig. 6B).

In order to establish the presence of possible TCA-insoluble
intermediates during the synthesis of this glucan, a pulse-chase
experiment was carried out. As shown in Fig. 6B, TCA-
insoluble products did not behave as intermediates, since the
radioactivity incorporated in this fraction did not decrease
after a 50-min chase. Polyacrylamide gel electrophoresis and
fluorography of the gel showed no accumulation of 14C-labeled
proteins during the reaction (Fig. 7).
The formation of a soluble glucan required the presence of

divalent cations, since the addition of 10 mM EDTA totally
abolished the formation of these products. Activity was re-
stored by addition of MgCl2, MnCl2, or CaCl2. However, the
highest activity was obtained with 40 mM MgCl2. UDP-
[14C]glucose was the only sugar donor. The addition of ADP-
['4C]glucose did not result in the formation of the 13(1-
3),1(1-6) glucan. However, the formation of glycogen was
observed with this sugar nucleotide (data not shown).
The effect of the addition of disaccharides was also studied.

Gentiobiose (20 mM) stimulated the incorporation of radio-
activity into the soluble fraction by 40%, the same concentra-
tion of laminaribiose stimulated it by 27%, and sophorose
stimulated it by 18%; no effect was observed with nigerose. The
formation of a soluble glucan and TCA-insoluble products was
strongly dependent on the incubation temperature, the opti-
mum one for both reactions being 30°C (data not shown).

Characterization of in vitro-synthesized soluble glucans.
The soluble product obtained after incubation of inner mem-
branes or permeabilized cells with UDP-[14C]glucose was
subjected to Bio-Gel P4 and Bio-Gel P2 chromatography. As
shown in Fig. 1C, the main product formed in vitro eluted from
the Bio-Gel P4 column with a Kav of 0.40. When this product
was subjected to Bio-Gel P2 chromatography, it eluted from
the column with a slightly higher elution volume than the
glucan formed in vivo (Fig. 8A), suggesting that it had a lower
degree of polymerization. Total acid hydrolysis and paper
chromatography with solvent A yielded glucose as the only
monosaccharide present. Partial acid hydrolysis and paper
chromatography with solvent A yielded products that migrated
as glucose, laminaribiose, gentiobiose, and a series of oligosac-
charides with increasing degrees of polymerization (Fig. 2B).
Compounds with the mobility of laminaribiose and gentiobiose
were subjected to further characterization by paper electro-
phoresis as described above for the glucans labeled in vivo, and
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FIG. 4. NMR spectra ofA. brasdense glucan in D20. (A) 1H NMR spectrum in the region from 32 to 50 ppm. The 4.86- and 4.48-ppm signals
are visible. (B) "3C NMR spectrum. Inlet expansion of the anomeric carbon atom (C-1) showing the signal 1-->6, 104.0 ppm, and 1->3, 103.8 ppm.

their identities as laminaribiose and gentiobiose were con-
firmed.
The same products were obtained by using permeabilized

cells as the enzyme source (Fig. 2C). It can be seen that the
profile was similar to that obtained after partial hydrolysis of
the "'C-labeled P(1-3),3(1-6) glucan obtained in vitro from
inner membranes of B. japonicum (Fig. 2D), although a higher
proportion of laminaribiose seems to be present in B. japoni-
cum glucan. A comparison of the partial acid hydrolysis
profiles of glucan formed in vitro and in vivo revealed that the
in vitro-synthesized glucan is enriched in (p1-3) linkages (Fig.
2A and B).

Linear structure. The presence of a reducing terminal
glucose was determined by subjecting 60,000 cpm of the Kay
0.40 glucan obtained in vivo or in vitro to NaBH4 reduction.
Total acid hydrolysis and identification of the resulting prod-
ucts by paper electrophoresis with buffer C showed that the
glucan formed in vivo yielded between 4 and 6% D-sorbitol.
The product obtained in vitro yielded 9 to 11% D-sorbitol
under conditions in which A. tumefaciens and B. japonicum

cyclic glucans yielded no detectable D-sorbitol, suggesting the
presence of a free reducing terminus (Fig. 9).

Degree of polymerization. In order to determine the degree
of polymerization of the glucan formed in vitro, it was sub-
jected to partial acid hydrolysis and chromatography on a
Bio-Gel P2 column. As shown in Fig. 8, a series of oligosac-
charides with increasing degrees of polymerization were re-
solved (Fig. 8B). A plot of the degree of polymerization versus
the log of the elution volume (fraction number) showed a
linear function (Fig. 8C). The glucan formed in vitro eluted
from the column with an elution volume that corresponded to
an apparent degree of polymerization of approximately 9
glucose units (compound II in Fig. 8C). The glucan formed in
vivo (Fig. 8A and compound I in Fig. 8B and C) eluted with a
volume that corresponds to 10 glucose residues.

Smith degradation. Periodate oxidation and NaBH4 reduc-
tion were carried out on the Kav 0.4 glucan formed in vivo. The
treatment released approximately 10% of the radioactivity as a
compound recovered from the Bio-Gel P2 column close to the
total volume. Most of the radioactivity was recovered as a

J. BA=rRIOL.
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FIG. 6. Glucan synthesis by inner membranes of A. brasilense.
Inner membranes were incubated with UDP-[4Cjglucose as described
in Materials and Methods. Incorporation of ["C]glucose into the
soluble fraction (A) and the insoluble fraction (10% TCA precipitate)
(B). - - -, incorporation of [14C]glucose after addition of 2 mM
nonradioactive UDP-glucose; arrows indicate the time of addition of
nonradioactive UDP-glucose.

Kay
FIG. 5. Osmoregulation ofA. brasilense periplasmic glucan synthe-

sis. TCA extracts obtained fromA. brasilense grown on LB medium (A)
or LB medium supplemented with 0.5 M mannitol (B) or 0.25 M NaCl
(C) were chromatographed on a Bio-Gel P4 column and eluted with
0.1 M pyridine-acetate buffer (pH 5.5). Fractions of 1.0 ml were
collected. Sugars were detected as described in the legend to Fig. 1.
Data are 102 nmol of glucose per g (wet weight).

product that eluted from the column with the same elution
volume as the untreated control. This product was recovered
from the column and subjected to mild acid hydrolysis and
paper chromatography with solvent B as described in Materials
and Methods. Glycerol and two other compounds were recov-
ered (Fig. hlA).
Compound a in Fig. 11A was eluted from the paper strip

with water and subjected to gel chromatography in order to
determine the degree of polymerization. As shown in Fig. liC,
the compound eluted from the Bio-Gel P2 column with a lower
elution volume than the tetrasaccharide stachiose, in a position
between the tetrasaccharide and the pentasaccharide of the
calibration plot shown in Fig. 8C.
The compound was subjected to partial acid hydrolysis and

paper chromatography with solvent B. As shown in Fig. liB,
glycerol, glucose, laminaribiose, and gentiobiose were recov-
ered. Thus, the compound is a glycerol-substituted tetrasac-
charide formed by 131-3 and 131-6 linkages, demonstrating that
both linkages are part of the same molecule of glucan.

Compound b was eluted from the paper strip with water and
subjected to total acid hydrolysis and paper chromatography
with solvent B. Glucose and glycerol were recovered (data not
shown). Compound b is therefore glucose substituted with
glycerol.

Regulation by osmolytes. To characterize the inhibition of
periplasmic glucan synthesis by osmolytes (Fig. 5), we deter-
mined the glucosyltransferase activities in total membranes
obtained from cells growing in medium of low or high osmo-
larity. Inner membranes prepared from cells grown on LB in
the presence of 250 mM NaCl showed an 85% reduction in
UDPglucose-13(1-3),3(1-6)-glucosyltransferase activities com-
pared with the activities of inner membranes prepared from
cells grown on LB medium (Fig. 10).

Inner membranes were prepared from A. brasilense SAl, a
recombinant strain that expresses the osmolyte-insensitive
1(1-2) glucosyltransferase of A. tumefaciens (1, 34). In cells
grown on LB medium supplemented or not with 250 mM
NaCl, no difference in the activity of 1(1-2) glucosyltransferase
was detected (data not shown). These results indicate that
high-osmolarity repression of the activity of the wild-type A.
brasilense 13(1-3),3(1-6) glucosyltransferase(s) is not a nonspe-
cific effect that inhibits all membrane glucosyltransferases.

DISCUSSION

R. meliloti, A. tumefaciens, and B. japonicum accumulate
cyclic glucans in the periplasmic space (23, 24, 27). A key role
in the bacterium-plant interaction was assigned to R. meliloti
and A. tumefaciens cyclic 1(1-2) glucans. A cyclic (3(1-3),4(1-6)
glucan from B. japonicum was recently described, although its
role in relation to plant interaction is still unknown (14, 23).
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FIG. 7. Polyacrylamide gel electrophoresis of inner membranes of
A. brasilense. Inner membranes (0.2 mg of protein) were incubated
with UDP-["4C]glucose, the reaction was stopped at different times by
the addition of 10% TCA, and precipitates were subjected to gel
electrophoresis as described in Materials and Methods. Proteins were
stained with Coomassie blue (A), and radioactivity was detected by
fluorography (B). Lanes 1, 2, 3, and 5, 0, 10, 20, and 60 min of
incubation, respectively. Lanes 4 and 6, chase experiment in which,
after 10 min of incubation with UDP-["4C]glucose, 2 mM nonradioac-
tive UDP-glucose was added, and incubation was continued for 10 and
50 min, respectively. Lanes a and b, size standards; sizes are shown at
the left (in kilodaltons).

Fraction Numbw

It has been reported that soil bacteria of the genus Azospi-
rillum colonize nonleguminous roots (8, 25). However, as far as

we know, none of the gene products involved in this interaction
have been described.
We report here that A. brasilense produces a 13(1-3),4(1-6)

glucan similar to that found in B. japonicum. However, the
Azospirillum glucan is not cyclic, since after '4C-labeled glucan
synthesized in vivo or in vitro was subjected to sodium boro-
hydride reduction, ['4C]sorbitol was recovered. The amount of
labeled sorbitol recovered from the in vivo-labeled glucan was
lower than expected from its degree of polymerization (4 to
6% instead of 10%). It is possible that during the 3 h of
labeling with [14C]succinic acid, label was not incorporated
into the glucan uniformly, and thus some glucan molecules
might have no [14C]glucose at the reducing end. On the other
hand, the in vitro-synthesized glucan obtained after incubation
of inner membranes with UDP-[14C]glucose has the expected
10% [14C]sorbitol. It is worth noting that, under in vitro
conditions that led to the formation of cyclic glucans by inner
membranes of A. tumefaciens (35), R meliloti (12), Rhizobium
loti (19), and B. japonicum (14),A. brasilense inner membranes
formed open linear structures. Moreover, it was not possible to
detect any intermediate ['4Cjglucose-labeled protein, which
has been observed in all the other systems that form cyclic
glucans (12, 14, 19, 35).

13C NMR spectra revealed no signals at 92 to 96 ppm,
suggesting the absence of a free reducing glucose; however, a

carbonyl signal is visible at 183 ppm, suggesting that the laking
of the signal at 92 to 96 ppm might be due to the presence of
a substituted reducing terminal glucose.
From the available data, we postulate that the A. brasilense

cell-associated P(1-3),4(1-6) glucan is linear.
Another difference from the B. japonicum ,B(1-3),,(1-6)
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FIG. 8. Bio-Gel P2 chromatography. Neutral soluble glucan was

subjected to Bio-Gel P2 chromatography before and after partial acid
hydrolysis as described in Materials and Methods. (A) Elution profile
before partial acid hydrolysis. Open circles, glucan recovered from
cells by extraction with 10% TCA; solid circles, glucan formed in vitro
with inner membranes incubated with UDP-["4C]glucose. (B) Elution
profile of products after partial acid hydrolysis. (C) Plot of degree of
polymerization (D.P.) versus log of fraction number. I, elution position
of cellular glucans recovered in vivo; II, elution position of glucan
formed in vitro; III, elution position of the cyclic P(1-3),4(1-6) glucan
formed in vitro by inner membranes of B. japonicum USDA 110.
Products were filtered on a Bio-Gel P2 column (116 by 1 cm) eluted
with 0.1 M pyridine-acetate buffer (pH 5.5). Fractions of 1 ml were

collected, and radioactivity was determined by counting in a liquid
scintillator. Internal standards of unlabeled sugars: Glc, glucose; Sac,
sucrose; Raf, raffinose; Sta, stachiose.

glucan is the absence in the NMR spectrum of the 55.2-ppm
signal assigned to choline (28), a nonglycosidic substituent
present in B. japonicum cellular glucan.

In B. japonicum, a 90-kDa inner membrane protein was
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FIG. 9. Paper electrophoresis of total acid hydrolysis products after
reduction with sodium borohydride. Approximately 60,000 cpm of
glucan formed in vitro by inner membranes of A. brasilense was
subjected to reduction with NaBH4 followed by total acid hydrolysis as
described in Materials and Methods. Products were subjected to paper
electrophoresis with buffer C, and radioactivity was detected with a
radioscanner. (A) Total acid hydrolysis ofA. brasilense glucan without
reduction with NaBH4. (B) Total acid hydrolysis ofA. brasilense glucan
after reduction with NaBH4. (C) Total acid hydrolysis of A. tumefa-
ciens glucan after reduction with NaBH4. Standards: Glc, glucose; Sor,
sorbitol.

described as being an intermediate in the synthesis of the
3(1-3),4(1-6) glucan (14); this protein may play the equivalent

role of intermediate assigned to the 235-kDa protein involved
in A. tumefaciens, R meliloti, and R. loti cyclic 1(1-2) glucan
synthesis (12, 19, 36). Our results indicated that no intermedi-
ate protein participates in the synthesis of the linear 13(1-
3),,3(1-6) glucan in A. brasilense, suggesting that the participa-
tion of an intermediate protein is restricted to the synthesis of
cyclic glucans.
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FIG. 10. Glucosyltransferase activity of A. brasilense grown in me-

dium of low or high osmolarity. Membranes prepared from cells grown
on LB (a) or LB with 0.25 M NaCl (A) were incubated with
UDP-[14Clglucose. Formation of soluble glucan was determined as
described in Materials and Methods.
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FIG. 11. Periodate oxidation of 1(1-3),P(1-6) glucan formed in vivo
by A. brasilense. "4C-labeled glucan formed in vivo by A. brasilense was
purified by Bio-Gel P4 chromatography and subjected to periodate
oxidation as described in Materials and Methods. (A) Paper chroma-
tography with solvent B of products recovered after mild acid hydro-
lysis (see Materials and Methods). (B) Paper chromatography with
solvent B of product a from panel A after partial acid hydrolysis. (C)
Bio-Gel P2 chromatography of compound a. Standards: M3, maltotri-
ose; G, gentiobiose; L, laminaribiose; Glc, glucose; Sor, sorbitol; Gly,
glycerol; Sac, sucrose; Raf, raffinose; Sta, stachiose.

The Azospirillum P(1-3),13(1-6) glucosyltransferase(s) is an
inner-membrane-bound protein(s), requiring Mg2' and UDP-
glucose as a sugar donor, with an optimum temperature of
30'C. Although no protein intermediate was found to be
formed during the in vitro synthesis of the Azospirillum glucan,
the accumulation of glucose-containing organic soluble prod-
ucts was observed (data not shown). Further work will be
required to establish the participation of lipid intermediates in
the synthesis of this Azospirillum glucan.
Our results also show that the A. brasilense glucan is

localized in the periplasmic space, like the membrane-derived
oligosaccharides of E. coli (16), the cyclic 13(1-2) glucans ofA.
tumefaciens (24), and the cyclic 13(1-3),4(1-6) glucan of B.
japonicum (23).

High osmolarity inhibited the in vivo accumulation of the
3(1-3),3(1-6) glucan of A. brasilense. This conserved response

suggests that there might be close parallels between the
mechanisms that these organisms employ to regulate the
response to osmotic stress. It has been reported that the
glucosyltransferase responsible for the synthesis of 13(1-2)
glucan was not repressed by high osmolarity in R meliloti and
A. tumefaciens (34). Rumley et al. (29) showed that glucosyl-
transferase activity in E. coli membrane-derived oligosaccha-
rides is also not repressed by the osmolarity of the medium in
which the cells have been grown; in this way, the E. coli
transferase resembles the A. tumefaciens transferase. However,
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the Azospinillum UDPglucose-((1-3),3(1-6)-glucosyltransferase
activity of membranes from cells grown in medium of high
osmolarity was about 85% lower than that of membranes pre-
pared from cells grown in regular medium. Thus, this is the first
report of the activity of a glucosyltransferase being reduced in
membranes of cells grown in medium of high osmolarity.
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