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The cyclic 3-(1,2)-glucans of Rhizobium meliloti and Agrobacterium tumefaciens play an important role during
hypoosmotic adaptation, and the synthesis of these compounds is osmoregulated. Glucosyltransferase, the
enzyme responsible for cyclic -(1,2)-glucan biosynthesis, is present constitutively, suggesting that osmotic
regulation of the biosynthesis of these glucans occurs through modulation of enzyme activity. In this study, we
examined regulation of cyclic glucan biosynthesis in vitro with membrane preparations from R. meliloti. The
results show that ionic solutes inhibit glucan synthesis, even when they are present at low concentrations (e.g.,
10 mM). In contrast, neutral solutes (glucose, sucrose, and the compatible solutes glycine betaine and
trehalose) were found to stimulate glucan synthesis in vitro when they were present at high concentrations (e.g.,
1 M). Furthermore, high concentrations of these neutral solutes were shown to compensate for the inhibition
of glucosyltransferase activity by ionic solutes. Consistent with their ionic character, the compatible solute
potassium glutamate and the osmoprotectant choline chloride inhibited glucosyltransferase activity in vitro.
The results suggest that intracellular ion concentrations, intracellular osmolarity, and intracellular concen-
trations of nonionic compatible solutes all act as important determinants of glucosyltransferase activity in vivo.
Additional experiments were performed with an ndv4 mutant defective for transport of cyclic glucans and an
ndvB mutant that produces a C-terminal truncated glucosyltransferase. Cyclic 3-(1,2)-glucan biosynthesis,
although reduced, was found to be osmoregulated in both mutants. These results reveal that NdvA and the C

terminus of NdvB are not required for osmotic regulation of cyclic 3-(1,2)-glucan biosynthesis.

The cyclic B-(1,2)-glucans of Rhizobium meliloti and Agro-
bacterium tumefaciens are generally believed to play an impor-
tant role during hypoosmotic adaptation. Consistent with this
role, the synthesis of these molecules is osmoregulated, and the
highest levels are produced during growth under low-osmolar-
ity conditions (5, 17, 31, 42). These molecules are localized to
the periplasm (5, 31, 41), where they appear to be predominant
osmotic solutes, and it is within the periplasmic compartment
that they become highly modified with phosphoglycerol and/or
succinyl substituents (4, 6). Anionic glucans are thought to be
the most effective periplasmic solutes because their associated
counterions also contribute to periplasmic osmolarity.

Two chromosomal loci, ndvA and ndvB in R. meliloti and
chvA and chvB in A. tumefaciens, are involved in cyclic B-(1,2)-
glucan biosynthesis and transport (5, 12, 25, 38, 43). The chvA
and chvB genes are functional and structural homologs of the
ndvA and ndvB genes, respectively (12, 18). Studies with ndy
and chv mutants have provided the most direct evidence that
periplasmic cyclic B-(1,2)-glucans do indeed function during
hypoosmotic adaptation. While wild-type R. meliloti grows over
a broad osmolarity range (0 to 650 mM NaCl) (8, 28), ndv
mutants are specifically impaired for growth in hypoosmotic
media, although their growth is restored to wild-type levels
when solutes (e.g., 100 mM NacCl) are added to the growth
medium (13, 17, 42).

The ndvB and chvB genes have each been shown to encode
a high-molecular-weight cytoplasmic membrane protein (mo-
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lecular weight, approximately 319,000) that is involved in the
biosynthesis of the cyclic B-(1,2)-glucans from UDP-glucose
(20, 25, 43, 45). A number of studies (5, 10, 40, 44-46) have
revealed that this protein becomes covalently linked to the
glucan backbone during biosynthesis. Formation of this pro-
tein-oligosaccharide intermediate has been demonstrated in
A. tumefaciens (45), R. meliloti (25, 45, 46), Rhizobium fredii
(2), Rhizobium loti (27), and Rhizobium leguminosarum (15).
As expected, this intermediate cannot be detected in mem-
brane preparations obtained from ndvB or chvB mutants that
produce severely truncated glucosyltransferases, and cyclic
B-(1,2)-glucan biosynthesis cannot be detected with membrane
preparations derived from these mutants (20, 25, 43).

A recent study by Castro et al. (14) provided strong evidence
that the ndvB- and chvB-encoded glucosyltransferase is re-
sponsible for all stages of neutral cyclic B-(1,2)-glucan back-
bone biosynthesis. In this study, it was demonstrated that
solubilized A. tumefaciens inner membrane protein, separated
on native protein gels, was able to form the 319-kDa protein-
linked oligosaccharide intermediate in situ. Cyclic 8-(1,2)-glu-
can was also formed when the gel portion containing the
319-kDa protein intermediate was incubated with UDP-
[**C]glucose, demonstrating that all three enzymatic activities
required for neutral cyclic B-(1,2)-glucan backbone synthesis
(initiation, elongation, and cyclization) are associated with this
protein.

The ndvA gene encodes a 67-kDa protein with homology to
a number of bacterial ATP-binding transport proteins belong-
ing to the ABC transport superfamily (38). The NdvA protein
is thought to be responsible for transport of cyclic glucans,
since ndvA mutants do not produce extracellular cyclic 8-(1,2)-
glucans and have less than 15% of the wild-type levels of



VoL. 64, 1998

neutral periplasmic cyclic glucans, even though the 319-kDa-
protein-linked oligosaccharide intermediate is readily detected
(38).

As stated above, the highest levels of cyclic B-(1,2)-glucan
are synthesized when cells are grown in low-osmolarity media.
Thus, it has been of interest to determine the basis for this
osmoregulated biosynthesis. It has been shown that membrane
preparations from cells grown under hyperosmotic conditions
catalyze in vitro synthesis of neutral cyclic 3-(1,2)-glucans from
UDP-glucose at rates similar to the rates obtained with mem-
brane preparations from cells grown under hypoosmotic con-
ditions (42). In addition, NdvB (ChvB) levels are similar within
cells grown under high- and low-osmotic-strength conditions
(42), and the expression of ndvB (chvB) does not appear to be
induced further when cells are grown under low-osmolarity
conditions (17, 42). These results suggest that osmotic regula-
tion of cyclic B-(1,2)-glucan synthesis does not occur at the
level of transcription or translation. Instead, cyclic B-(1,2)-
glucan synthesis may be regulated through modulation of en-
zyme activity. Zorreguieta et al. (42) proposed that elevated
cytoplasmic ionic strength leads to inhibition of cyclic B-(1,2)-
glucan biosynthesis. This was suggested by their results which
showed that cyclic 8-(1,2)-glucan synthesis in vitro is inhibited
by the presence of high concentrations (0.1 to 0.4 M) of ionic
solutes.

The purpose of the present study was to further explore the
regulation of cyclic 3-(1,2)-glucan biosynthesis in vitro. We
examined the effects of a number of solutes on glucosyltrans-
ferase activity and found that ionic solutes inhibit glucan syn-
thesis, even when they are present at low concentrations (e.g.,
10 mM). Conversely, we found that high concentrations (e.g.,
1 M) of neutral solutes are not inhibitory and instead stimulate
glucan synthesis in vitro. Furthermore, we found that the pres-
ence of high concentrations of neutral solutes can compensate
for the inhibition of glucosyltransferase activity caused by ionic
solutes. Finally, we found that neither NdvA nor the C-termi-
nal portion of NdvB is required for osmotic regulation of cyclic
B-(1,2)-glucan biosynthesis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. R. meliloti 102F34 (17) was the
wild-type strain used for all experiments. LI1 (18) is an ndvA::Tn5 mutant of
102F34, and TY24 (25) is an ndvB::Tn5 mutant of 102F34 that produces a
truncated glucosyltransferase. The site of the Tn5 insertion in TY24 was deter-
mined by sequencing a PCR product containing the ndvB-Tn5 juncture. This
region of the TY24 genome was amplified with a primer specific to the Tn5
inverted repeat and a primer corresponding to nucleotides 4146 to 4165 of the
ndvB gene. The site of the Tn5 insertion was determined to be nucleotide 5421
of the ndvB gene. This insertion results in a truncated glucosyltransferase lacking
the C-terminal 1,140 amino acids of NdvB, which represents 40% of the protein
(data not shown).

Cultures used for membrane preparation were grown in YM medium (30) or
GMS medium (8) at 30°C with aeration. Cultures used for isolation of cyclic
B-(1,2)-glucans were grown in GMS medium. In order to examine the effects of
growth in high-osmotic-strength medium, 0.4 M NaCl was added to basal GMS
medium. In some experiments, the compatible solute glycine betaine was added
to a final concentration of 10 mM. For growth of mutants, neomycin sulfate was
added to a final concentration of 10 wg/ml. Growth of all cultures was monitored
at 650 nm.

Preparation of the membrane fraction. Cultures were harvested during the
mid- to late logarithmic growth phase (A5, 0.5 to 0.7) by centrifugation at
10,000 X g for 10 min at 4°C. Cells were washed twice with YM salts (30), once
with ice-cold buffer A [6 mM MgSO,, 5 mM 2-mercaptoethanol, 50 mM 3-(N-
morpholino)propanesulfonic acid (pH 7.2), 1 mM dithiothreitol], and resus-
pended in buffer A to 1/150th of the original culture volume. The cell suspension
was passaged twice through a French pressure cell at 6,000 to 8,000 Ib/in?. The
cell extract was centrifuged at 12,000 X g for 15 min to pellet the unbroken cells.
The supernatant was then centrifuged at 100,000 X g for 90 min at 4°C to pellet
the membrane fraction. The supernatant (nonmembrane fraction) was decanted,
and the membrane pellet was resuspended in buffer A by homogenization in
1/1,500th of the original culture volume. Aliquots of the membrane fraction were
stored at —20°C for up to 1 month. Each aliquot was thawed only once, just prior
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to use. The protein concentration of the membrane fraction was determined by
a modification of the method of Lowry et al. (24).

Assay for glucosyltransferase activity. The standard reaction mixture used for
the glucosyltransferase activity assay contained 50 mM 3-(N-morpholino)pro-
panesulfonic acid (pH 7.2), 10 mM MgSO,, 5 mM 2-mercaptoethanol, 0.8 mM
UDP-[1-*H]glucose (2,400 cpm/nmol), and membrane fraction (40 p.g of pro-
tein) in a total volume of 100 pl. After incubation at 37°C for 30 min (a period
during which glucosyltransferase activity was linear), 0.6 ml of 40% (vol/vol)
ethanol was added to stop the reaction. The mixture was vortexed and centri-
fuged at 12,500 X g for 5 min at room temperature. A 0.5-ml portion of the
supernatant was applied to a 1-ml DEAE-cellulose column (type DE52; What-
man Inc., Clifton, N.J.) that previously had been equilibrated with 10 mM
Tris-HCI (pH 7.4) containing 7% (vol/vol) 1-propanol. The column was washed
with 1.5 ml of 25% (vol/vol) ethanol, and the flowthrough and wash volumes were
combined as the neutral fraction (under the conditions used UDP-glucose was
adsorbed onto the column). Since in vitro synthesis of anionic cyclic glucans has
never been detected, only neutral products were examined. A 0.5-ml aliquot of
the neutral fraction was counted in 5 ml of Ecoscint H scintillation solution
(National Diagnostics, Atlanta, Ga.) with a model LS1701 liquid scintillation
counter (Beckman Instruments, Fullerton, Calif.). In some cases, the remainder
of the neutral product was passed over a Sephadex G-50 gel filtration column as
described below to confirm that it eluted at the same position as the cyclic
B-(1,2)-glucan standard. In each experiment assays were performed in duplicate.
Activities were calculated as nanomoles of UDP-glucose converted to neutral
product. The basal activity was the level of activity in the standard assay mixture
described above with no additional salts or solutes.

Large-scale isolation of cell-associated cyclic $-(1,2)-glucans. Cultures grown
in 1 liter of GMS medium (both low and high osmolarity) to the mid-logarithmic
phase (4450, 0.5 to 0.7) were harvested by centrifugation at 4°C for 10 min at
10,000 X g. The cell pellets were extracted with 30 ml of 70% (vol/vol) ethanol
at 70°C for 30 min. After centrifugation, the supernatant was removed and
concentrated under a vacuum. The concentrated supernatant was applied to a
Sephadex G-50 gel filtration column (1 by 56 cm). The column was eluted at
room temperature with 0.15 M ammonium acetate (pH 7.0) containing 7%
1-propanol at a flow rate of 15 ml/h. Fractions were assayed for total carbohy-
drate content by the phenol-sulfuric acid method (24).

Chemicals. Most chemicals were purchased from Sigma Chemical Company
(St. Louis, Mo.) or Fisher Scientific (Pittsburgh, Pa.). UDP-[1-3H]glucose was
purchased from New England Nuclear (Boston, Mass.).

RESULTS

Glucosyltransferase activity is optimally stimulated by mag-
nesium sulfate. Although it has previously been shown that
magnesium or manganese ions are required for glucosyltrans-
ferase activity during biosynthesis of cyclic B-(1,2)-glucans (44,
46), this requirement has not been carefully examined. Ini-
tially, we confirmed this requirement by demonstrating that in
vitro glucosyltransferase activity was essentially undetectable
(the level of activity was less than 10% of basal level of activity)
when either magnesium was omitted from the assay mixture or
EDTA (10 mM) was added to the assay mixture (data not
shown). This requirement was further investigated by compar-
ing the abilities of several magnesium and manganese salts to
stimulate enzyme activity when they were present at a concen-
tration of 10 mM in the reaction mixture. For these experi-
ments, membranes were pelleted and washed before use to
remove the magnesium sulfate present in the buffer used for
membrane preparation and resuspension. While both magne-
sium and manganese were capable of stimulating activity, the
level of glucosyltransferase activity was dependent on the salt
used. Manganese salts were less effective than their magnesium
counterparts at stimulating glucosyltransferase activity. Mag-
nesium sulfate had the greatest stimulatory effect (1.31 nmol of
UDP-glucose was incorporated into neutral product), while
magnesium chloride, a compound used in other studies (44,
46), was the least effective magnesium salt for stimulating ac-
tivity (0.80 nmol of UDP-glucose was incorporated into neutral
product). Magnesium acetate had an intermediate effect (1.05
nmol of UDP-glucose was incorporated into neutral product).
Additional experiments showed that a magnesium sulfate con-
centration between 10 and 20 mM was optimal (data not
shown); therefore, 10 mM magnesium sulfate was used in all
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TABLE 1. Effect of growth under different osmotic conditions
on in vivo and in vitro cyclic glucan synthesis

Growth medium Cell-_associatead GlucosylFr:?\nsferase
cyclic glucan activity”
GMS 30.8 1.38
GMS + 0.4 M NaCl 9.7 1.42
GMS + 0.4 M NaCl + 15.8 1.31

10 mM betaine

¢ Cell-associated cyclic glucans were extracted from cell pellets with 70%
ethanol, as described in the text. Glucan levels were determined by the phenol-
sulfuric acid method after fractionation of the ethanolic extracts by Sephadex
G-50 column chromatography. Results are expressed as micrograms of glucose
equivalents per milligram of total cell protein.

® Activity is expressed as nanomoles of UDP-glucose converted to neutral pro-
duct in a standard in vitro reaction mixture containing 40 pg of membrane protein.

assays, and the level of activity observed with this standard
reaction mixture was defined as the basal activity level.

Effects of growth medium osmolarity on both in vivo and in
vitro cyclic glucan synthesis. Zorreguieta et al. (42) have
shown that while the in vivo accumulation of cell-associated
cyclic glucan by A. tumefaciens is reduced by 85 to 95% when
cells are grown under high-osmolarity conditions, the level of
glucosyltransferase activity within membrane preparations de-
rived from these cells is reduced by only 20 to 50% (compared
to levels found in membrane preparations derived from cells
grown under low-osmolarity conditions). Similar experiments
were conducted in the present study to determine if the in vitro
glucosyltransferase activity in R. meliloti membrane prepara-
tions is similarly affected by the osmolarity of the growth me-
dium. R. meliloti cells were grown in GMS medium, a low-
osmolarity defined medium, or GMS medium containing 0.4 M
NaCl. In some experiments, 10 mM glycine betaine was added
to the high-osmotic-strength medium because it has been
shown to be a compatible solute for R. meliloti and is accumu-
lated intracellularly when cells are grown under high-osmolar-
ity conditions (29, 32, 34). One-half of each culture was used
for isolation of cell-associated cyclic B-(1,2)-glucans, and the
other half was used to isolate membranes for in vitro assays of
glucosyltransferase activity.

The amount of cell-associated cyclic glucan isolated from
each culture, as well as the level of in vitro glucosyltransferase
activity of membrane preparations from each culture, are
shown in Table 1. The results show that cyclic glucan accumu-
lation was repressed almost 70% in cells grown under high-
osmolarity conditions compared to cells grown under low-os-
molarity conditions. However, addition of 10 mM glycine
betaine to the high-osmolarity growth medium partially re-
stored the level of cyclic glucan accumulated to 50% of the
level seen in cells grown under low-osmolarity conditions. In
contrast to the previous study of Zorreguieta et al. (42) per-
formed with A. tumefaciens, there was no difference in gluco-
syltransferase activity in membrane preparations from R. me-
liloti cells grown under the different osmotic conditions. These
results suggest that the level of NdvB protein present is not
affected by the growth medium osmolarity and that osmotic
regulation of cyclic B-(1,2)-glucan biosynthesis must occur at
the level of enzyme activity. This possibility was further inves-
tigated by examining the effects of a variety of solutes (both
ionic and nonionic) on in vitro glucosyltransferase activity in
R. meliloti membrane preparations.

Inhibition of in vitro glucosyltransferase activity by ionic
solutes. The effects of potassium chloride and sodium chloride
on glucosyltransferase activity in membrane preparations are
shown in Fig. 1. The presence of either salt inhibited activity,
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FIG. 1. Inhibition of glucosyltransferase activity by potassium chloride and
sodium chloride. Assays were performed in the presence of potassium chloride
(®) or sodium chloride (O) at the concentrations indicated. The basal level of
activity was 1.02 nmol of UDP-glucose converted to neutral product under
standard reaction conditions.

even at concentrations as low as 10 mM. At a concentration of
50 mM, approximately 60% inhibition of enzyme activity was
observed with both salts.

Because both sodium chloride and potassium chloride had
almost identical effects on enzyme activity, the effects of lith-
ium chloride and ammonium chloride were also examined to
determine whether inhibition was due to the type of anion or
cation present. The results revealed that lithium chloride and
ammonium chloride were both as effective as potassium chlo-
ride and sodium chloride in inhibiting glucosyltransferase ac-
tivity in membrane preparations (data not shown). There are
several possible explanations for these results: (i) anion con-
centration (Cl™ in this case) is an important determinant in
enzyme inhibition; (ii) various monovalent cations all have
similar effects on enzyme activity; or (iii) overall ionic strength
in general is an important determinant of enzyme activity.

To distinguish among the possibilities listed above, the ef-
fects of several potassium and sodium salts were examined at a
concentration of 50 mM. As shown in Table 2, the level of
inhibition varied and was dependent on the anion present in
the assay. Phosphate and chloride salts were most effective at
inhibiting enzyme activity, while acetate and sulfate salts were
least effective. The degree of inhibition was similar whether the
potassium or sodium salt was used.

It was found (see above) that different magnesium salts did
not stimulate glucosyltransferase activity equally. The results
suggested that while the presence of magnesium stimulated

TABLE 2. Inhibition of glucosyltransferase activity
by potassium and sodium salts

% Inhibition of

Salt added enzyme activity”

Potassium aCetate.......ccceveereereceeeeierieieterieeeeere e saeeeeens 412 +3.1
Potassium chloride..... .56.6 = 4.4
Potassium phosphate .702*+ 1.8
Potassium SUIfate......coeeerieeeerenieeererieeeeeeete e eees e 477 +25
SOAIUM ACETALE c.vuveurrereeeiereeeerteeee ettt ese et aesaeesens 425 +22

Sodium chloride ..... .59.6 £5.5
Sodium phosphate.. . 693 +22
SOdIUM SUIFALE ...veeveeeeeiieieecieteceee e 448 =29

“ Potassium and sodium salts were added at a final concentration of 50 mM to
an otherwise standard assay mixture.
 Data are the averages from five experiments * standard errors.
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FIG. 2. Stimulation of glucosyltransferase activity by sucrose or glucose. As-
says were performed in the absence (O) or presence (@) of 50 mM potassium
chloride. (A) Sucrose. The basal level of activity was 1.02 nmol of UDP-glucose
converted to neutral product under standard reaction conditions. (B) Glucose.
The basal level of activity was 0.85 nmol of UDP-glucose converted to neutral
product under standard reaction conditions.

activity, the presence of acetate, chloride, and sulfate ions
inhibited activity to various degrees, with chloride ions appear-
ing to have the most inhibitory effect. This is consistent with
the results shown in Table 2 and suggests that both the anion
and the overall ion concentrations in the reaction mixture are
important in regulating enzyme activity.

Effects of increasing concentrations of neutral solutes on in
vitro glucosyltransferase activity. During adaptation to high-
osmotic-strength environments, the osmolarity of the cyto-
plasm must increase. Thus, in addition to cytoplasmic ionic
strength, cytoplasmic osmolarity may also influence glucosyl-
transferase activity. The effect of increased osmolarity on glu-
cosyltransferase activity was initially examined by using sucrose
and glucose as the solutes. These solutes were chosen because
they are nonionic and can be used at high concentrations (up
to a final concentration of 1 M in reaction mixtures). The
results of these experiments are shown in Fig. 2. As the osmo-
larity of the reaction mixture was increased with neutral sol-
utes, enzyme activity also increased. Sucrose was more effec-
tive than glucose at stimulating enzyme activity. As the sucrose
concentration was increased to 1 M, the level of activity in-
creased to 270% of the basal level (Fig. 2A), while the pres-
ence of 1 M glucose increased the level of activity to 170% of
the basal level (Fig. 2B). The neutral products formed in the
presence of 1 M sucrose and 1 M glucose were chromato-
graphed on a Sephadex G-50 gel filtration column, and both
were found to elute at the same volume as the cyclic 3-(1,2)-
glucan standard (data not shown).
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The effects of high concentrations of neutral solutes in the
presence of potassium chloride were also examined to deter-
mine whether the stimulatory effects of high concentrations of
glucose or sucrose could compensate for the inhibitory effects
of moderate concentrations of ionic solutes. Figure 2 shows the
effects of increasing glucose and sucrose concentrations in the
presence of 50 mM potassium chloride. The results reveal that
in the presence of potassium chloride alone, enzyme activity
was reduced to 30 to 45% of the basal level of activity, but as
increasing concentrations of sucrose (Fig. 2A) or glucose (Fig.
2B) were added, enzyme activity increased. Indeed, the pres-
ence of 1 M glucose restored activity to 80% of the basal level,
while the presence of 1 M sucrose restored enzyme activity to
100% of the basal level.

Effects of compatible solutes and osmoprotectants on glu-
cosyltransferase activity. The effects of the compatible solutes
glycine betaine, trehalose, and potassium glutamate and the
osmoprotectant choline chloride were examined. All three
compatible solutes have been shown to accumulate in R. me-
liloti when cells are grown in high-osmotic-strength media (32,
37). Furthermore, R. meliloti also has the ability to convert
choline to glycine betaine during growth under high-osmolarity
conditions (32, 36). Based on previous analyses of R. meliloti
cells grown in high-osmolarity media, it can be estimated that
compatible solutes are accumulated intracellularly at concen-
trations as high as several hundred millimolar (1, 9, 22, 37).
Thus, the effects of compatible solutes on in vitro glucosyl-
transferase activity were examined over a concentration range
of 0 to 1 M.

Glucosyltransferase activity increased linearly as the concen-
trations of glycine betaine and trehalose were increased, as
shown in Fig. 3A and B, respectively. Trehalose was more
effective at stimulating enzyme activity than glycine betaine.
The presence of 1 M glycine betaine increased the level of
activity to 180% of the basal level (Fig. 3A), while the presence
of 0.9 M trehalose increased the level of activity to approxi-
mately 300% of the basal level (Fig. 3B). The neutral products
formed in the presence of 1 M glycine betaine or 0.9 M tre-
halose were found to elute from a Sephadex G-50 gel filtration
column at the same volume as the cyclic B-(1,2)-glucan stan-
dard (data not shown).

The effects of increasing concentrations of glycine betaine
and trehalose in the presence of 50 mM potassium chloride
were also examined. These experiments revealed that high
concentrations of glycine betaine (Fig. 3A) and trehalose (Fig.
3B) compensated for inhibition by potassium chloride and
restored activity to 95 and 120%, respectively, of the basal level
under standard assay conditions. These results are similar to
those obtained with sucrose and glucose.

The results observed when increasing levels of potassium
glutamate or choline chloride were added to glucosyltrans-
ferase assay mixtures were very different from the results ob-
served in the presence of high concentrations of glycine be-
taine or trehalose. When potassium glutamate was added to
the reaction mixtures at concentrations up to 0.6 M, enzyme
activity was inhibited 50 to 60% (Fig. 4A). However, at higher
concentrations, the amount of neutral product formed ap-
peared to increase. A similar result was obtained when choline
chloride was added to the reaction mixtures in increasing con-
centrations (Fig. 4B). At a concentration of 0.5 M, choline
chloride inhibited enzyme activity by approximately 75%.
However, at concentrations above 0.5 M, the amount of neu-
tral product formed again appeared to increase. At a choline
chloride concentration of 1.5 M the amount of neutral product
formed was more than 10 times the basal amount (data not
shown).
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FIG. 3. Stimulation of glucosyltransferase activity by the compatible solutes
glycine betaine and trehalose. Assays were performed in the absence (O) or
presence (@) of 50 mM potassium chloride. (A) Glycine betaine. The basal level
of activity was 0.81 nmol of UDP-glucose converted to neutral product under
standard reaction conditions. (B) Trehalose. The basal level of activity was 0.88
nmol of UDP-glucose converted to neutral product under standard reaction
conditions.

The neutral products formed in reaction mixtures containing
1 M potassium glutamate or 1.5 M choline chloride were chro-
matographed on a Sephadex G-50 gel filtration column to
determine if their elution profiles were similar to the elution
profile of the cyclic B-(1,2)-glucan standard. The majority of
the neutral product formed in both of the reactions eluted in a
distinct peak later than the cyclic glucan peak (data not
shown). Less than 10% of the neutral product formed in the
presence of 1 M potassium glutamate and less than 4% of the
neutral product formed in the presence of 1.5 M choline chlo-
ride eluted as expected for cyclic B-(1,2)-glucan. These levels
represent 18 and 28%, respectively, of the level of neutral
product observed in the cyclic glucan peak obtained with stan-
dard reaction mixtures in the absence of additional solutes.
These results reveal that the presence of high concentra-
tions of potassium glutamate and choline chloride inhibit
glucosyltransferase activity and suggest that the neutral prod-
uct formed in the presence of high concentrations of these
solutes results from stimulation of another, as-yet-unidentified
enzyme present in the membrane preparations.

Cyclic glucan biosynthesis is osmotically regulated in an
ndvA mutant and in a truncated ndvB mutant. It has previously
been shown that the ndvA::Tn5 mutant LI1 (which is defective
for transport of cyclic glucans) and the ndvB::'Tn5 mutant
TY24 (which produces a truncated NdvB glucosyltransferase
lacking the C-terminal 1,140 amino acids) synthesize cyclic
B-(1,2)-glucans, although at reduced levels compared to the

ApPL. ENVIRON. MICROBIOL.

wild type (7, 25). It had not been determined previously, how-
ever, whether cyclic glucan biosynthesis is subject to osmotic
regulation in these mutants. To address this issue, we isolated
cyclic glucans from the wild type and each mutant after growth
in GMS medium (low osmolarity) and GMS medium contain-
ing 0.4 M NaCl (high osmolarity). The results revealed that
although overall cyclic glucan levels were reduced in the mu-
tants compared to the wild type, biosynthesis of cyclic glucans
was still subject to osmotic regulation. When TY24 cells were
grown in GMS medium, the level of cyclic glucan produced was
21 pg of glucose equivalents/mg of total cell protein. When
TY24 cells were grown in GMS medium containing 0.4 M
NaCl, the amount of cyclic glucan was reduced nearly 50%, to
12.2 ng of glucose equivalents/mg of total cell protein. This
osmotic effect was more severe in LI1, which exhibited a nearly
70% reduction in cyclic glucan levels when cells were grown
under high-osmolarity conditions. When LI1 cells were grown
in GMS medium, the amount of cyclic glucan produced was
10.3 pg of glucose equivalents/mg of total cell protein, com-
pared to 3.3 pg of glucose equivalents/mg of total cell protein
produced by LI1 cells grown in GMS medium containing 0.4 M
NaCl.

Glucosyltransferase activity in TY24 and LI1 membrane
preparations is subject to ionic inhibition. The effect of
increasing concentrations of potassium chloride on glucosyl-
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FIG. 4. Effect of potassium glutamate or choline chloride on the production
of neutral products from UDP-glucose. Assays were performed in the presence
of potassium glutamate (A) or choline chloride (B) at the concentrations indi-
cated. The basal levels of activity were 0.82 and 1.05 nmol of UDP-glucose
converted to neutral product under standard reaction conditions for the assays
performed with potassium glutamate and choline chloride, respectively. Seph-
adex G-50 column chromatography revealed that the primary neutral product
formed in the presence of high potassium glutamate and choline chloride con-
centrations eluted later than cyclic $-(1,2)-glucan, suggesting that a membrane-
associated enzyme distinct from glucosyltransferase was being stimulated.
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FIG. 5. Inhibition of glucosyltransferase activity in wild-type, TY24, and LI1
membrane preparations by potassium chloride. Assays with membrane prepara-
tions from the wild-type (@), TY24 (#), and LI1 (O) strains were performed in
the presence of potassium chloride at the concentrations indicated. The basal
levels of activity for wild-type, TY24, and LI1 membrane preparations were 1.24,
0.29, and 1.32 nmol of UDP-glucose converted to neutral product under standard
reaction conditions, respectively.

transferase activity in TY24 and LI1 membrane preparations
was also examined. As shown in Fig. 5, in vitro glucosyltrans-
ferase activity was inhibited in LI1 membrane preparations to
the same extent that it was inhibited in membrane preparations
from the wild-type parent strain. Although glucosyltransferase
activity in TY24 membrane preparations was also found to be
subject to ionic inhibition, the degree of inhibition was less
than the degree of inhibition observed with membrane prepa-
rations from wild-type and LI1 cells. At a potassium chloride
concentration of 50 mM, membrane preparations from the
wild type and LI1 showed 65 to 70% inhibition of glucosyl-
transferase activity, while only 40% inhibition was observed
with TY24 membrane preparations.

Overall, the glucosyltransferase activity in TY24 membrane
preparations was much lower than the glucosyltransferase ac-
tivity in membrane preparations from wild-type and LI1 cells.
The basal level of activity in TY24 membrane preparations was
only 23% of the wild-type basal level of activity. This does not
correlate with the in vivo results, which showed that the level of
cyclic glucan produced by TY24 cells grown under low-osmo-
larity conditions was 75% of the level produced by wild-type
cells under the same growth conditions. One possible explana-
tion for this discrepancy between the in vivo and in vitro results
is that the protein-glucan intermediate formed by the trun-
cated glucosyltransferase of TY24 may be unstable under the
conditions used for the in vitro assays. This explanation was
suggested by the study of Ielpi and coworkers in which a UDP-
[**C]glucose-labeled protein-glucan intermediate could not be
detected when TY24 membrane preparations were used (25).
Instability of the protein-glucan intermediate formed by the
truncated glucosyltransferase may also explain why glucosyl-
transferase activity in TY24 membrane preparations appears
to be less sensitive to ionic inhibition than glucosyltransferase
activity in wild-type or LI1 membrane preparations.

DISCUSSION

It has been suggested by Zorreguieta et al. (42) that cyclic
B-(1,2)-glucan biosynthesis in vivo may be regulated at the
posttranslational level by cytoplasmic levels of K", since K*
ions (in the form of potassium glutamate) have been shown to
accumulate in a variety of bacteria (including R. meliloti) dur-
ing growth under high-osmotic-strength conditions (16, 32, 37).
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These researchers showed that relatively high concentrations
(0.1 to 0.4 M) of potassium chloride and sodium chloride
strongly inhibited in vitro glucosyltransferase activity in A. fu-
mefaciens membrane preparations, as well as the formation of
the protein-glucan intermediate. They also showed that the in
vitro enzyme activity in membranes prepared from A. tumefa-
ciens cells grown under high-osmotic-strength conditions was
20 to 50% lower than the in vitro enzyme activity in mem-
branes prepared from cells grown under low-osmolarity con-
ditions. However, this moderate difference in activity was not
enough to account for the high degree of inhibition (85 to
95%) of cyclic B-(1,2)-glucan production in vivo in cells grown
under high-osmolarity conditions (42).

The results of the present study obtained with R. meliloti are
consistent with the previous findings of Zorreguieta and co-
workers (42) and provide clear evidence that the NdvB gluco-
syltransferase of R. meliloti is constitutively expressed regard-
less of growth medium osmolarity. In fact, the results of the
present study are more striking than those reported previously
because we found no difference in glucosyltransferase activity
in membranes prepared from R. meliloti cells grown under
high- and low-osmotic-strength conditions. We also found that in
vitro glucosyltransferase activity is extremely sensitive to ionic
strength conditions and is inhibited by a variety of salts at
concentrations as low as 10 mM. Chloride and phosphate salts
were found to be most inhibitory, suggesting that the level of
inhibition depends not only on ion concentration but also on
the identity of the anion.

In studies performed with A. tumefaciens membrane prepa-
rations, Zorreguieta et al. (42) found that high concentrations
(0.1 to 0.4 M) of nonionic solutes had no effect on in vitro
glucosyltransferase activity. In contrast to these previous stud-
ies, our results show that in vitro enzyme activity is stimulated
by high concentrations of nonionic solutes, including the com-
patible solutes glycine betaine and trehalose. Furthermore,
high concentrations of these nonionic solutes are able to com-
pensate, in part, for the inhibition of glucosyltransferase activ-
ity caused by ionic solutes. It should be noted that potassium
glutamate and choline chloride were found to inhibit glucosyl-
transferase activity, although they act as a compatible solute
and an osmoprotectant, respectively, for R. meliloti (3, 23, 32,
36). However, it may be concluded that this inhibition is due to
the ionic nature of these compounds.

Our results suggest that intracellular ion concentrations, in-
tracellular osmolarity, and intracellular concentrations of non-
ionic compatible solutes all act as important determinants of
glucosyltransferase activity in vivo. During growth under high-
osmolarity conditions, R. meliloti has been shown to accumu-
late K" ions in the form of potassium glutamate (3, 32). The
nature of the nonionic compatible solutes accumulated by
R. meliloti and their intracellular concentrations depend on
their availability in the environment, as well as the degree
of osmotic stress. Thus, the relative levels of ionic compatible
solutes (e.g., potassium glutamate) and nonionic compatible
solutes (e.g., glycine betaine or trehalose) within the cell may
vary greatly.

The findings described above are fully consistent with our
analyses of cell-associated cyclic B-(1,2)-glucan levels within
cells grown in low- and high-osmolarity media. For example, as
shown in Table 1, R. meliloti cultures grown under high-osmo-
larity conditions accumulated only 31% as much cyclic glucan
as cultures grown under low-osmolarity conditions. However,
when 10 mM glycine betaine was added to high-osmolarity
cultures, the level of cyclic glucan accumulation increased to
approximately 50% of the level found in cultures grown under
low-osmolarity conditions. A similar effect has been reported
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for the peanut rhizobia (21). These results suggest that high
intracellular concentrations of glycine betaine stimulate gluco-
syltransferase activity within cells that are also likely to have
elevated levels of intracellular potassium glutamate. It should
be noted that there were no differences in glucosyltransferase
activity in membrane preparations from these cultures. Thus,
the presence of glycine betaine does not result in higher levels
of the NdvB protein within R. meliloti membranes.

The results presented here offer an explanation for the find-
ing of Breedveld and Miller that cyclic 8-(1,2)-glucans can be
detected within mature alfalfa nodules infected with R. meliloti
(5). Although nodules are thought to provide a relatively high-
osmolarity environment for bacteroids (3), synthesis of cyclic
glucans still occurs. In view of the results presented here, this
is not surprising. Medicago sativa, the host of R. meliloti, has
been shown to accumulate glycine betaine (35), and R. meliloti
bacteroids have also been shown to accumulate glycine betaine
during osmotic stress (19). In addition, trehalose is found in
nodules (39), where it is synthesized by the bacteroids (33, 39).
Thus, the presence of these nonionic compatible solutes should
explain the ability of R. meliloti bacteroids to produce cyclic
glucans in the osmotic environment of the root nodule.

While cyclic B-(1,2)-glucan biosynthesis is osmotically regu-
lated in members of the family Rhizobiaceae, a recent study by
Briones and coworkers (11) suggests that this is not the case for
members of the genus Brucella, which have been shown to
synthesize cyclic glucans with structures essentially identical to
the structures of the cyclic glucans synthesized by members of
the genera Rhizobium and Agrobacterium. Interestingly, cyclic
glucan biosynthesis by Brucella spp. proceeds via formation of
a protein-glucan intermediate (11), and a Brucella abortus gene
which complements an R. meliloti ndvB mutant has been
cloned (26). It should be noted that although cyclic glucan
biosynthesis in Brucella spp. appears not to be osmotically
regulated, the growth conditions examined by Briones and
coworkers (11) were limited, and cells were grown in complex
media. Thus, the accumulation of nonionic compatible solutes
from the growth medium should have occurred and may have
stimulated cyclic glucan biosynthesis, as shown in the present
study for R. meliloti.

Finally, our studies with the ndvA4 mutant LI1 revealed that
osmotic regulation of cyclic glucan biosynthesis does not re-
quire that cyclic glucans be transported to the periplasm or the
extracellular medium. Indeed, cyclic glucan biosynthesis in LI1
was osmotically regulated in a manner similar to that found in
the wild-type parent strain. It is interesting that cyclic glucan
biosynthesis is also osmotically regulated in mutant TY24. This
mutant synthesizes a truncated NdvB glucosyltransferase which
lacks the C-terminal 1,140 amino acids, corresponding to 40%
of the protein. Breedveld and coworkers (7) have previously
shown that the structure of the cyclic glucan produced by TY24
is indistinguishable from the structure of the cyclic glucan
produced by the wild-type parent strain. This leads to specu-
lation concerning the role of the C terminus of NdvB. The C
terminus is apparently not required for synthesis of the cyclic
glucan backbone but is perhaps involved in stabilization of the
protein-glucan intermediate, as suggested by Ielpi et al. (25).
Instability of the protein-glucan intermediate could explain the
reduced levels of cyclic glucan produced by this mutant. More
studies are needed to clarify the role of the C terminus of NdvB.
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