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In Rhizobium meliloti (Sinorhizobium meliloti) cultures, the endo-1,3-1,4-3-glycanases ExoK and ExsH depo-
lymerize nascent high-molecular-weight (HMW) succinoglycan to yield low-molecular-weight (LMW) succino-
glycan. We report here that the succinyl and acetyl modifications of succinoglycan influence the susceptibility
of succinoglycan to cleavage by these glycanases. It was previously shown that exoH mutants, which are blocked
in the succinylation of succinoglycan, exhibit a defect in the production of LMW succinoglycan. We have
determined that exoZ mutants, which are blocked in the acetylation of succinoglycan, exhibit an increase in
production of LMW succinoglycan. For both wild-type and exoZ mutant strains, production of LMW succino-
glycan is dependent on the exoK* and exsH™ genes, implying that the ExoK and ExsH glycanases cleave HMW
succinoglycan to yield LMW succinoglycan. By supplementing cultures of glycanase-deficient strains with
exogenously added ExoK or ExsH, we have demonstrated directly that the absence of the acetyl group increases
the susceptibility of succinoglycan to cleavage by ExoK and ExsH, that the absence of the succinyl group
decreases the susceptibility of succinoglycan to cleavage, and that the succinyl effect outweighs the acetyl effect
for succinoglycan lacking both modifications. Strikingly, nonsuccinylated succinoglycan actually can be cleaved
by ExoK and ExsH to yield LMW succinoglycan, but only when the glycanases are added to cultures at greater
than physiologically relevant concentrations. Thus, we conclude that the molecular weight distribution of
succinoglycan in R. meliloti cultures is determined by both the levels of ExoK and ExsH glycanase expression

and the susceptibility of succinoglycan to cleavage.

Bacterial polysaccharides are crucial for the establishment
of the nitrogen fixing symbiosis between the soil bacterium
Rhizobium meliloti (Sinorhizobium meliloti) and its host plant,
alfalfa (14, 29). R. meliloti has the capacity to produce two
exopolysaccharides (EPSs), succinoglycan and EPS II, as well
as a capsular polysaccharide, KPS (22, 37, 40). Each polysac-
charide can be produced in symbiotically active or inactive
forms, and the bacterium must produce at least one of these
polysaccharides in a symbiotically active form in order to in-
vade root nodules successfully (15, 18, 28, 29, 41). For example,
wild-type strain Rm1021, which fails to produce EPS II and
which produces KPS in a symbiotically inactive form, depends
on the production of succinoglycan in a symbiotically active
form for successful root nodule invasion. The symbiotically
active forms of these polysaccharides may function as signals to
facilitate the nodule invasion process (2, 18).

Succinoglycan is a polymer of an octasaccharide repeating
unit consisting of one galactose and seven glucose units; the
polymer has approximately one acetyl, one succinyl, and one
pyruvyl modification per repeating unit (1, 24, 37). Wild-type
R. meliloti produces succinoglycan in low-molecular-weight
(LMW) forms, consisting of short oligomers of the octasaccha-
ride repeating unit, and in high-molecular-weight (HMW)
forms, consisting of hundreds to thousands of repeating units
(2, 27). The molecular weight distribution of succinoglycan (as
well as that of EPS IT) seems to be relevant to symbiotic activity
(2, 18); specific LMW forms of succinoglycan, highly charged
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tetramers of the octasaccharide repeating unit, have been pro-
posed to be active in mediating nodule invasion (2).

The steps of octasaccharide synthesis and modification are
well defined genetically (3-5, 16, 17, 29, 32, 34). A series of
genes (termed exo) involved in succinoglycan biosynthesis have
been cloned and sequenced (3-5, 16, 17, 32, 34). Most of these
genes have been assigned functions in the synthesis and mod-
ification of the octasaccharide repeating unit, based on analy-
ses of radiolabeled lipid-linked intermediates of succinoglycan
biosynthesis that accumulate in various exo mutants and based
on nucleotide sequence data (16, 17, 39).

How R. meliloti accomplishes the production of two distinct
size classes of succinoglycan (LMW and HMW) from pools of
lipid-linked octasaccharide repeating units is less clear. Becker
et al. (7) have proposed that ExoP regulates the extent of suc-
cinoglycan polymerization (7, 8), and Gonzalez et al. (19) have
reported that ExoT and ExoQ are required for the direct syn-
thesis of LMW and HMW succinoglycan, respectively. Thus,
R. meliloti apparently can produce LMW and HMW succino-
glycan by conducting limited polymerization as well as exten-
sive polymerization of octasaccharide repeating units.

In addition, we have obtained genetic and biochemical evi-
dence that R. meliloti can produce LMW succinoglycan by a
second mechanism, depolymerization of HMW succinoglycan
(44, 45). The R. meliloti exoK and exsH genes encode endo-1,3-
1,4-B-glycanases (3, 17, 44) that can depolymerize succinogly-
can to yield monomers or multimers of the octasaccharide
repeating unit (45). ExoK and ExsH have been implicated in
the production of LMW succinoglycan in cultures, based on
our observations that exoK exsH double mutants exhibit a dra-
matic defect in the production of LMW succinoglycan (44) and
that the exogenous addition of ExoK or ExsH to cultures of the
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exoK exsH strain restores the production of LMW succinogly-
can (45). Curiously though, we observed that neither ExoK nor
ExsH can efficiently cleave HMW succinoglycan in vitro (45).
We resolved this apparent contradiction by determining that
ExoK and ExsH specifically depolymerize nascent succinogly-
can, but not succinoglycan that has accumulated in culture
supernatants, to yield LMW succinoglycan (45). Apparently
succinoglycan undergoes a transition from a glycanase-suscep-
tible form to a glycanase-refractory form in cultures. This tran-
sition may correspond to a change in the physical structure of
succinoglycan molecules, such as a change from random coils
to helices or from individual molecules to aggregates (11), for
example.

We were interested in determining whether the succinyl and
acetyl modifications of succinoglycan might affect the molecu-
lar weight distribution of succinoglycan by influencing the sus-
ceptibility of succinoglycan to cleavage by ExoK and ExsH. The
fact that exoH mutants, which synthesize nonsuccinylated suc-
cinoglycan (28), and exoK exsH mutants, which fail to express
the ExoK and ExsH glycanases (44), produce almost exclu-
sively HMW succinoglycan had suggested that the absence of
the succinyl modification from succinoglycan inhibits glycan-
ase-mediated cleavage of the polysaccharide. The molecular
weight distribution of the succinoglycan produced by exoZ mu-
tants, which synthesize nonacetylated succinoglycan (38), had
not been examined. However, it had been shown previously
that deacetylation of certain other bacterial polysaccharides,
including alginate produced by Pseudomonas aeruginosa and
Azotobacter vinelandii, gellan produced by Sphingomonas strains,
and surface polysaccharides produced by Rhizobium legumino-
sarum bv. trifolii, increases the susceptibility of these polysac-
charides to cleavage by specific polysaccharide lyases (23, 26,
43).

Here we report that the acetyl and succinyl modifications of
succinoglycan do indeed influence the susceptibility of succi-
noglycan to cleavage by the ExoK and ExsH glycanases. By
integrating the analyses of mutants blocked in the modification
of succinoglycan and/or the expression of glycanases with the
reconstitution of glycanase activity in cultures, we have deter-
mined that nonacetylated succinoglycan has a high degree of
susceptibility to cleavage by ExoK and ExsH, that normally
modified succinoglycan has an intermediate degree of suscep-
tibility to cleavage, and that nonsuccinylated succinoglycan has
a low degree of susceptibility to cleavage. We have also deter-
mined that, like normally modified succinoglycan, nonacety-
lated and nonsuccinylated forms of succinoglycan undergo
transitions from glycanase-susceptible to glycanase-refractory
forms as they accumulate in cultures. Our results indicate that
the molecular weight distribution of each of the variously mod-
ified forms of succinoglycan can be manipulated with a high
degree of control simply by culturing the various R. meliloti
strains in the presence of various amounts of exogenously
added glycanase. Furthermore, the cleavage of succinoglycan
by glycanases may have important implications for biological
phenomena, such as the establishment of nitrogen fixing sym-
biosis and biofilm formation by R. meliloti.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and Calcofluor halo assay. Strains used
in this study are listed in Table 1. The following growth media were used:
Luria-Bertani medium (33), MGS medium (potassium phosphate [100 mM, pH
7.3], mannitol [55 mM], monosodium glutamate [5 mM], sodium chloride [8
mM)]), and GMS medium (containing mannitol at a final concentration of 27.5
mM) (46). MGS and GMS media were also supplemented with a mixture of
magnesium sulfate (1 mM), calcium chloride (0.25 mM), biotin (100 wg/liter),
and thiamine (100 pg/liter for GMS medium) after autoclaving the media.
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TABLE 1. Bacterial strains

i Source or
Strain Genotype reference
Rm1021  RmSU47 streptomycin resistant; wild type F. Ausubel
Rm7210 exoY210::Tn5 J. Leigh
Rm7225  exoH225::Tn5-233 28
Rm8341  exoZ341:Tn5 32
Rm8445  exoK445::Tn5 32
Rm8800  exoY210::Tn5-Tp 44
Rm8801  exoK445::Tn5-233 44
Rm8822  exsHI13::Tn5 44
Rm8823  exsH13::Tn5-132 44
Rm8826  exoK445::Tn5-233 exsH13::Tn5 44
Rm8829  exoH225::Tn5-233 exoK445::Tn5 44
Rm8830  exoH225::Tn5-233 exsH13::Tn5 44
Rm8831  exoH225::Tn5-233 exoK445::Tn5 exsH13::Tn5-132 44
Rm8834  exoY210::Tn5-Tp exoK445::Tn5-233 exsH13::Tn5 44
Rm8835  ex0Z341:Tn5-Tp This work
Rm8836  exoZ341::Tn5-Tp exoK445::Tn5-233 This work
Rm8837  ex0Z341::Tn5-Tp exsH13::Tn5 This work
Rm8838  ex0Z341:Tn5-Tp exoK445::Tn5-233 exsHI13::Tn5  This work
Rm8839  exoH225::Tn5-233 exoZ341::Tn5 L. Reuber
Rm8840  exoH225::Tn5-233 exoZ341::Tn5-Tp exoK445::Tn5  This work
Rm8841  exoH225::Tn5-233 exoZ341::Tn5 exsH13::Tn5-132  This work
Rm8842  exoH225::'Tn5-233 exoZ341::Tn5-Tp exoK445::Tn5  This work
exsH13:Tn5-132
Rm8843  exoY210::Tn5-Tp exoH225::Tn5-233 This work
Rm8847  exoY210::Tn5-Tp exoZ341::Tn5 This work
Rm8851  ex0Y210::Tn5-Tp exoH225::Tn5-233 exoZ341::Tn5  This work

Cultivation of R. meliloti strains and analyses of extracellular proteins. To
measure and compare production of extracellular carbohydrate or expression of
glycanases by various R. meliloti strains, we incubated Luria-Bertani cultures to
saturation, determined the optical densities at 600 nm of the cultures, washed the
cells in sterile 0.85% saline, inoculated 50 ml of GMS or MGS cultures in 250-ml
flasks with equal titers of cells, and incubated the cultures at 30°C with aeration
until a given time point or until cultures reached a given level of extracellular
carbohydrate.

For experiments involving analyses of extracellular proteins, cells were re-
moved from aliquots of culture supernatants by centrifugation (20,800 X g, 5
min). The proteins in 5-ul aliquots of cell-free supernatants were separated by
discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%
polyacrylamide separating gels) and analyzed by use of a Tropix Western Light
protein detection kit (Bedford, Massachusetts). Polyclonal antibodies that rec-
ognize ExoK and ExsH have been described previously (45).

Analyses of extracellular carbohydrate in culture supernatants. Strains were
cultivated in GMS medium as described above. Cells were removed from culture
supernatants by centrifugation (27,000 X g, 20 min); samples that appeared
viscous were diluted in 5 volumes of distilled water and were subjected to further
centrifugation (20,000 X g, 20 min). We used previously described approaches
for Biogel A-5 chromatographic analyses (27). For A-5 column chromatography,
samples consisting of up to 2 mg of carbohydrate from lyophilized culture
supernatants dissolved in a final volume of 20 ml of column buffer (sodium
phosphate [S0 mM, pH 7.0], sodium chloride [100 mM]) were applied to the
column. Succinoglycan consistently elutes in distinct HMW (excluded-volume)
and LMW (included-volume) fractions.

Carbohydrate concentrations and relative reducing end concentrations were
determined by the anthrone-sulfuric acid method (31) and the Lever method
(30), respectively. It is important to note that the Lever assay overestimates the
actual concentration of reducing ends for a given polysaccharide sample, pre-
sumably due to alkaline hydrolysis of polysaccharide chains during the course of
the assay (21). We use the Lever assay here not to measure the precise degree of
polymerization of polysaccharides but to provide a relative measure of the
degree of polymerization between samples.

Depolymerization of succinoglycan by ExoK and ExsH added exogenously to
culture supernatants. Expression and purification of ExoK and ExsH, by use of
the pET5a vector (Promega, Madison, Wis.) in Escherichia coli, has been de-
scribed previously (45). For experiments involving the supplementation of cul-
tures with exogenously added ExoK or ExsH, 2-ml aliquots of R. meliloti cultures
were transferred from 50-ml cultures (in 250-ml flasks) to test tubes at the time
of the addition of enzyme (or the addition of water as a control) and these
cultures were further incubated with aeration. For experiments in which gly-
canases were added to growth medium at the same time that the growth medium
itself was inoculated with bacteria, 2-ml aliquots of culture were incubated in test
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TABLE 2. Percentage of total extracellular carbohydrate in
culture supernatants that is in LMW forms”

% Total extracellular carbohydrate in LMW form for

Glycanase indicated succinylation/acetylation genotype
genotype
Wild type exoZ exoH exoH exoZ
Wild type 48 86° 5 7
exoK 34 80 n.d.c n.d.
exsH 9 334 n.d. n.d.
exoK exsH 3 9 3 4

“ Under the incubation conditions used here, approximately 97% of total
extracellular carbohydrate is succinoglycan. Data represent averages of two cul-
tures. The standard deviation (SD) is =3.5% except where indicated.

®SD = 6%.

“n.d., not determined.

48D = 12.5%.

tubes with aeration for the entire cultivation period. For experiments in which
glycanases were added to cultures at physiologically relevant levels (200 ng/ml for
ExsH) over the time course of culture incubation, glycanases were added to
cultures at the following time points to the cumulative final concentrations that
are listed: 18 h, to 40 ng/ml; 42 h, to 160 ng/ml; and 66 h, to 200 ng/ml. For
experiments in which much higher levels of glycanases (10-wg/ml final concen-
tration) were added over the time course of culture incubation, glycanases were
added to cultures in eight equal aliquots at approximately 12-h intervals, begin-
ning at the time of inoculation of the cultures with bacteria. Otherwise, gly-
canases were added to cultures at the time points and to the final concentrations
indicated in the Results section. As a control we had previously determined that
the addition of purified ExoK and ExsH to R. meliloti cultures does not cause the
bacteria to produce any extracellular carbohydrate in addition to the succino-
glycan that is normally produced (45).

RESULTS

The exoH mutation decreases production of LMW succino-
glycan, and the exoZ mutation increases production of LMW
succinoglycan. To establish whether the succinyl and acetyl
modifications of succinoglycan may influence the susceptibility
of succinoglycan to cleavage by glycanases, we determined the
ratio of LMW succinoglycan to HMW succinoglycan produced
by strains defective in the expression of glycanases and/or de-
fective in the modification of succinoglycan. Specifically, we
tested R. meliloti strains representing each combination of the
wild-type and mutant alleles for the glycanase genes exoK and
exsH, the succinyl transferase gene exoH, and the acetyltrans-
ferase gene exoZ. For these experiments, we cultivated strains
for 5 days in GMS minimal medium, in which succinoglycan
constitutes approximately 97% of the extracellular carbohy-
drate produced by R. meliloti (27, 44), and then separated the
succinoglycan into HMW and LMW fractions by Biogel A-5
gel filtration chromatography.

Leigh and Lee (27) had previously determined that the wild-
type strain, when grown under these conditions, produces ap-
proximately half of its succinoglycan in HMW forms and half
in LMW forms (Table 2). We subsequently demonstrated that
this production of wild-type LMW succinoglycan is almost
entirely dependent on the expression of the glycanases ExoK
and ExsH (44). Thus, exoK mutants exhibit a slight defect in
the production of LMW succinoglycan, exsH mutants exhibit a
more dramatic defect, and exoK exsH mutants exhibit the most
severe defect, producing approximately 3% of their total ex-
tracellular carbohydrate in LMW forms (Table 2) (44). The
phenotypes of these mutants reflect a decrease in the conver-
sion of HMW succinoglycan to LMW succinoglycan by gly-
canases (44).

As reported by Leigh and Lee (27), exoH mutants, which are
defective in the succinylation of succinoglycan, exhibit a severe
defect in the production of LMW succinoglycan (Table 2). The
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defect of exoH mutants is of approximately the same magni-
tude as that of exoK exsH mutants, and is only minimally af-
fected by the additional mutation of both the exoK and exsH
genes (Table 2), suggesting that under these cultivation con-
ditions nonsuccinylated succinoglycan is a poor substrate for
cleavage by ExoK and ExsH.

Strikingly, we determined that exoZ mutants, which are de-
fective in the acetylation of succinoglycan, exhibit a phenotype
opposite to those of exoH and exoK exsH mutants in terms of
the molecular weight distribution of succinoglycan (Table 2).
The exoZ mutant exhibits an increase in the proportion of its
succinoglycan that is present in LMW forms. To determine
which mutations would be epistatic in multiply mutant strains,
we tested exoZ exoK, exoZ exsH, and exoZ exoK exsH mutants
and determined that production of LMW succinoglycan by
exoZ mutants is almost entirely dependent on the exoK" and
exsH" genes. This result implies that in cultures of exoZ mu-
tants, as in the wild-type strain, ExoK and ExsH cleave HMW
succinoglycan to yield LMW succinoglycan (Table 2) and sug-
gests that nonacetylated succinoglycan is a better substrate for
cleavage than is normally modified succinoglycan. Analyses of
exoH exoZ mutants indicate that the production of LMW suc-
cinoglycan by exoZ mutants is also dependent on the exoH"
gene, suggesting that the negative effect on the production of
LMW succinoglycan associated with the absence of the succi-
nyl modification almost entirely outweighs the positive effect
associated with the absence of the acetyl modification.

Changes in levels of succinoglycan production or glycanase
expression are not sufficient to account for the effects of the
exoH and exoZ mutations on the molecular weight distribution
of succinoglycan. Perhaps the simplest hypothesis to explain
our data is that the acetyl and succinyl modifications of succi-
noglycan influence the susceptibility of succinoglycan to cleav-
age by ExoK and ExsH. However, a plausible alternative hy-
pothesis is that the exoH and/or exoZ mutations cause changes
in levels of glycanase expression or succinoglycan production,
resulting in shifts in the ratio of glycanase to succinoglycan that
cause shifts in the molecular weight distribution of succinogly-
can. For example, Becker et al. (4) have reported that
exoH::'Tn5 mutations exhibit a highly polar effect on the tran-
scription of the downstream exoK gene, raising the possibility
that exoH mutants are defective in the production of LMW
succinoglycan due to decreased glycanase expression. Further-
more, Buendia et al. (10) have reported that when colonies are
cultivated on growth medium containing the succinoglycan-
binding dye Calcofluor and are visualized under UV light, exoZ
mutant colonies exhibit a delay in the onset of fluorescence
relative to colonies of the wild-type strain. This suggests the
possibility that exoZ mutants exhibit a decreased rate of pro-
duction of succinoglycan.

To test whether exoH and exoZ mutations affect glycanase
expression, we cultivated exoY, exoY exoH, exoY exoZ, and exoY
exoH exoZ strains in minimal media, removed cells from cul-
tures by centrifugation, and measured levels of extracellular
ExoK and ExsH by use of polyclonal antibodies that recognize
ExoK and ExsH (45) (Fig. 1). We tested exoY strains, rather
than the corresponding exoY™" strains, in order to improve the
efficiency of removal of cells from cultures by centrifugation;
exoY mutants are blocked in the production of succinoglycan
(39) and therefore yield cultures with relatively low viscosities.

Our results indicate that the effects of exoH and exoZ mu-
tations on the molecular weight distribution of succinoglycan
are not due to effects of these mutations on glycanase expres-
sion. We have previously determined that in cultures of the
exoY strain cultivated in GMS medium, ExsH accumulates
extracellularly to approximately 200 ng/ml, whereas ExoK fails
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FIG. 1. Western blots measuring the effect of the exoZ and exoH mutations
on the extracellular accumulation of ExsH (by use of anti-ExsH polyclonal
antibodies) (A) and ExoK (by use of anti-ExoK polyclonal antibodies) (B and C).
The exoY, exoY exoZ, exoY exoH, and exoY exoH exoZ strains were cultivated in
GMS medium (A, B) or in MGS medium (C) for a total of 5 days. Each lane
contains a 5-pl aliquot of cell-free culture supernatant from day 1, day 3, or day
5 cultures. For blots A and C, the control lane corresponds to the negative
control exoY exoK exsH strain. For blot B, the control lane corresponds to the
exoY strain cultivated in MGS medium, which serves as a positive control for
detection of extracellular ExoK. Each control sample corresponds to cell-free
supernatants of a day 5 culture. Arrows indicate expected positions of ExsH and
ExoK. Lines indicate positions of molecular weight markers (in kilodaltons).

to accumulate extracellularly to a detectable extent (<6 ng/ml)
(45). Our results here indicate that for strains cultivated in
GMS medium, neither the exoH nor the exoZ mutation has any
apparent effect on levels of extracellular ExsH (Fig. 1A) or
extracellular ExoK (Fig. 1B).

Interestingly, the exoH mutation does have a detectable,
negative effect on levels of extracellular ExoK in MGS me-
dium. MGS medium is similar to GMS medium, except that
MGS medium contains higher concentrations of phosphate
and mannitol than does GMS medium and lacks certain salts
that are added in trace amounts to GMS medium. We had pre-
viously determined that in cultures of the exoY mutant culti-
vated in MGS medium ExsH and ExoK both accumulate to
approximately 200 ng/ml (45). We determined here that in
cultures of exoH mutant strains cultivated in MGS medium
ExoK fails to accumulate extracellularly to a detectable extent
(<6 ng/ml) (Fig. 1C). This result is consistent with the previ-
ously mentioned polar effect of the exoH::Tn5 mutation on
transcription of the downstream exoK gene (4).

Given that ExoK accumulates in GMS cultures to levels
below the limit of detection for the detection method that we
utilized here, our results do not rule out the possibility that the
exoH mutation also affects levels of extracellular ExoK in GMS
cultures. Yet, given that ExsH makes a far greater contribution
than does ExoK in terms of the production of LMW succino-
glycan by R. meliloti strains grown in GMS medium (44) and
given that the exoH mutation has no effect on levels of extra-
cellular ExsH (Fig. 1A), our results clearly indicate that the
severe defect in the production of LMW succinoglycan asso-
ciated with the exoH strain cultivated in GMS medium is not
simply due to a negative effect of the exoH mutation on the
expression of glycanases. In addition, our results indicate that
the exoZ mutation does not cause an increase in the produc-
tion of extracellular ExoK or ExsH (Fig. 1), which rules out the
possibility that the increased production of LMW succinogly-
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can associated with the exoZ mutant strain is due to an increase
in the expression of glycanases.

To test the possibility that the exoH and exoZ mutations
cause changes in levels of total succinoglycan production, we
cultivated wild-type strains and exoH and exoZ mutants in
parallel and compared levels of succinoglycan production over
an incubation period of 5 days. The exoH mutant exhibited no
change in levels of succinoglycan production in comparison to
the wild-type strain (data not shown). The exoZ mutant exhib-
ited an approximately 25% decrease in succinoglycan produc-
tion relative to the wild-type strain, consistent with the delay in
the appearance of Calcofluor fluorescence associated with col-
onies of this strain. However, we have determined directly that
this difference is too subtle to account for differences in the
molecular weight distribution of succinoglycan in wild-type
versus exoZ cultures (see below).

The absence of the acetyl modification of succinoglycan in-
creases the susceptibility of succinoglycan to cleavage by ExoK
and ExsH. To directly test whether the acetyl and succinyl
modifications of succinoglycan influence cleavage of the poly-
saccharide by glycanases, we proceeded to reconstitute normal
levels of extracellular glycanase in cultures of exoK exsH gly-
canase-deficient strains, to see whether this would restore the
production of LMW succinoglycan to levels typical of those of
the corresponding exoK™* exsH" glycanase-producing strains.
Given that ExsH makes a greater contribution to the produc-
tion of LMW succinoglycan than does ExoK (for glycanase-
producing strains cultivated in GMS medium), we focused first
on ExsH. To cultures of the glycanase-deficient exoK exsH,
exoZ exoK exsH, exoH exoK exsH, and exoH exoZ exoK exsH
strains we added physiologically relevant amounts of ExsH
(45) gradually to a cumulative final concentration of 200 ng/ml,
over a time course of 4 days. We then separated the succino-
glycan present in cultures into HMW and LMW fractions by
Biogel A-5 column chromatography. As expected, we observed
a close match between levels of LMW succinoglycan in cul-
tures of the various glycanase-deficient strains to which ExsH
had been added exogenously (Table 3), in comparison to those
in cultures of the corresponding glycanase-producing strains to
which no exogenous glycanase had been added (Table 2).
Clearly, nonsuccinylated succinoglycan is cleaved to little or no
extent, normally modified succinoglycan is cleaved to a mod-
erate extent, and nonacetylated succinoglycan is cleaved to a
large extent.

We proceeded to test directly whether subtle differences in
total succinoglycan production might account for the large

TABLE 3. LMW extracellular carbohydrate (expressed as
percentage of total extracellular carbohydrate) generated
by the addition of glycanase (final concentration
of 200 ng/ml) to cultures®

% Extracellular carbohydrate in LMW form
when indicated enzyme was added:

Throughout the
course of culture

Entirely upon

Strain genotype . .
genotyp inoculation of

incubation cultures
ExsH ExoK ExsH ExoK
exoK exsH 54 9 87 41
exoK exsH exoZ 90 35 100 83
exoK exsH exoH 2 7 3 5
exoK exsH exoH exoZ 13 7 7 13

“Under the incubation conditions used here, approximately 97% of total
extracellular carbohydrate is succinoglycan.
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FIG. 2. Graph of LMW carbohydrate (expressed as percentage of total ex-
tracellular carbohydrate in culture) generated by the addition of ExsH to cultures
of glycanase-deficient strains versus the total amount of extracellular carbohy-
drate that had accumulated in cultures of these strains after 4 days of incubation.
Note that approximately 97% of the total extracellular carbohydrate is succino-
glycan. exoK exsH strain, open squares; exoZ exoK exsH strain, solid squares.
ExsH was added to cultures gradually over the course of 4 days to the final,
physiologically relevant concentration of 200 ng/ml.

differences in the production of LMW succinoglycan by exoK
exsH versus exoZ exoK exsH cultures. We inoculated a series of
cultures with either of the two strains, varying the titers of
inocula over a wide range; added identical, physiologically rel-
evant levels of ExsH to each culture; and then compared the
ratio of HMW to LMW succinoglycan present in cultures of
the two strains in which various total amounts of succinoglycan
had been produced over the course of culture incubation. The
difference in the production of LMW succinoglycan in exoK
exsH versus exoZ exoK exsH cultures is apparent across a wide
range of levels of total succinoglycan production (Fig. 2). Ap-
parently, the absence of the acetyl group from the succinogly-
can produced by exoZ mutants greatly increases the suscepti-
bility of this succinoglycan to cleavage by ExsH.

We extended these analyses by adding ExsH to a final con-
centration of 200 ng/ml entirely at the time of inoculation of
cultures, to test whether the timing of the addition of ExsH
would affect the yield of LMW succinoglycan. Although there
was no effect on exoH exoK exsH and exoH exoZ exoK exsH
cultures, exoK exsH and exoZ exoK exsH cultures both exhibited
a dramatic increase in the conversion of HMW succinoglycan
to LMW succinoglycan (Table 3). Thus, it is not the case that
some fixed proportions of wild-type and exoZ mutant succino-
glycans are produced in glycanase-refractory forms. Instead,
the timing of glycanase addition as well as glycanase concen-
tration determines how much HMW succinoglycan is con-
verted to LMW succinoglycan.

We extended these analyses further by testing ExoK (at a
final concentration of 200 ng/ml), added either throughout the
course of culture incubations or at the time of inoculation of
cultures. Interestingly, although ExoK is less effective than
ExsH in producing LMW succinoglycan under these condi-
tions, the addition of ExoK at the onset of culture inoculations
did result in a detectable increase in the production of LMW
succinoglycan (Table 3). Apparently, under these conditions
ExoK has a substrate preference similar to that of ExsH but is
less active than ExsH.

The absence of the succinyl modification from succinoglycan
dramatically decreases but does not absolutely block cleavage
of succinoglycan by ExoK and ExsH. At this point we wanted
to determine whether the nonsuccinylated succinoglycan pro-
duced by exoH mutants is absolutely refractory to cleavage by
the glycanases ExoK and ExsH or whether it can be cleaved but
at a much lower efficiency than normally modified succinogly-
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can. To distinguish between these two possibilities, we tested
the effect of supplementing cultures of glycanase-deficient
strains with glycanases at levels that are greatly in excess of
those found physiologically. We added either ExoK or ExsH to
cultures to a final concentration of 10 wg/ml, which is approx-
imately 50-fold higher than the physiological level of ExsH in
GMS cultures of the wild-type strain. When the enzymes are
added gradually throughout the period of culture incubation,
ExsH and, to a lesser extent, ExoK partially convert the non-
succinylated HMW succinoglycan normally produced by exoH
exoK exsH and exoH exoZ exoK exsH strains to LMW succino-
glycan (Table 4). Thus, nonsuccinylated succinoglycan has a
low degree of susceptibility to cleavage by ExoK and ExsH, but
it can be cleaved extensively when these enzymes are added to
cultures at sufficiently high concentrations. In addition, virtu-
ally all of the normally modified and nonacetylated succinogly-
can produced by exoK exsH and exoZ exoK exsH strains is
converted to LMW succinoglycan under these conditions (Ta-
ble 4), consistent with our results involving lower concentra-
tions of glycanase.

Each of the variously modified forms of succinoglycan be-
comes refractory to cleavage as it accumulates in cultures. We
previously determined that normally modified succinoglycan
becomes refractory to cleavage as it accumulates in cultures.
We proceeded to test whether the other variously modified
forms of succinoglycan exhibit the same property. We deter-
mined that the addition of glycanase to cultures at a point
about halfway through the period of culture incubations re-
sulted in a decrease in the yield of LMW succinoglycan (Table
4), relative to that in cases for which glycanase was added
throughout the period of culture incubation. This is consistent
with our previously reported observation that succinoglycan
becomes refractory to cleavage by glycanases as it accumulates
in cultures (45). We then determined that the addition of the
entire glycanase sample at the end of the period of culture
incubation (after removal of cells by centrifugation), followed
by a 24-h period of incubation, resulted in little or no produc-
tion of LMW succinoglycan for any of the strains (Table 4).
These results demonstrate that all of the variously modified
forms of succinoglycan share the common property that, as
they accumulate in culture supernatants, they become refrac-
tory to cleavage by the ExoK and ExsH glycanases.

Increasing conversion of HMW succinoglycan to LMW suc-
cinoglycan by glycanases correlates with a decreasing degree
of polymerization of the remaining HMW succinoglycan in
cultures. The observation that ExoK and ExsH cleave HMW

TABLE 4. LMW extracellular carbohydrate (expressed as
percentage of total extracellular carbohydrate) generated
by the addition of glycanase (final concentration
of 10 pg/ml) to cultures®

% Extracellular carbohydrate in LMW form when
indicated enzyme was added:

Strain senotyne Throughout Halfway After removal
genotyp culture incu-  through culture  of cells from
bation incubation culture

ExsH ExoK ExsH ExoK ExsH ExoK

exoK exsH 100 93 43 54 0 0
exoK exsH exoZ 100 100 46 51 4 5
exoK exsH exoH 59 21 9 6 0 0
exoK exsH exoH exoZ 61 39 9 6 0 0

“Under the incubation conditions used here, approximately 97% of total
extracellular carbohydrate is succinoglycan.
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TABLE 5. Degree of polymerization of HMW succinoglycan
samples, expressed relative to degree of polymerization
of wild-type HMW succinoglycan®

Relative degree of polymerization for indicated

Glycanase succinylation/acetylation genotype
genotype
Wild type exoZ exoH exoH exoZ
Wild type 1.0° 0.52 20 20
exoK 220 0.57 n.d. n.d.
exsH 9.6" 2.0° n.d. n.d.
exoK exsH 29 28 27 29

“ Data represent averages for succinoglycan from two cultures. The standard
deviation (SD) is <20% of the average degree of polymerization for a given
sample, except as indicated.

?SD = 30% of the average degree of polymerization for a given sample.

“n.d. not determined.

succinoglycan in cultures to yield LMW succinoglycan suggests
that increasing production of LMW succinoglycan across a
series of strains would likely correlate with a decreasing degree
of polymerization of the remaining HMW succinoglycan in
cultures of these strains, particularly if depolymerization is
neither an extremely rapid nor strictly processive process. To
test this idea, we measured the relative degree of polymeriza-
tion (concentration of carbohydrate per concentration of re-
ducing ends) of HMW succinoglycan recovered from cultures
of the wild-type strain and from cultures of various strains
defective in expression of glycanases and/or acetylation and
succinylation of succinoglycan (Table 5) and we observed the
expected correlation (Fig. 3). Our results indicate that glycan-
ase activity influences the molecular weight distribution of
succinoglycan, not just in terms of generating LMW succino-
glycan, but also in terms of controlling the average degree of
polymerization of the remaining pool of HMW succinoglycan.
Importantly, the average degree of polymerization of HMW
succinoglycan produced by exoH mutants is similar to that
produced by exoK exsH mutants, again implying that the non-
succinylated succinoglycan produced by the exoH strain is a
poor substrate for cleavage by physiologically relevant levels of
ExoK and ExsH.

DISCUSSION

Our results indicate that the acetyl and succinyl modifica-
tions of succinoglycan dramatically affect the molecular weight
distribution of succinoglycan in R. meliloti cultures, apparently
by influencing the susceptibility of the polysaccharide to cleav-
age by the ExoK and ExsH glycanases. In particular, the non-
acetylated succinoglycan produced by exoZ mutants has a high
degree of susceptibility to cleavage, the normally modified
succinoglycan produced by the wild-type strain has an inter-
mediate degree of susceptibility to cleavage, and the nonsuc-
cinylated succinoglycan produced by exoH mutants has a low
degree of susceptibility to cleavage. These characteristics per-
tain specifically to succinoglycan as it is actively being pro-
duced by R. meliloti strains; each of the variously modified
forms of succinoglycan undergoes a transition from a glycan-
ase-susceptible to a glycanase-refractory form as it accumu-
lates in cultures. Thus, the actual molecular weight distribution
of succinoglycan in a given R. meliloti culture is determined by
both the susceptibility of the polysaccharide to cleavage and
the timing and levels of endogenous expression or exogenous
addition of glycanase to the cultures.

Our results are consistent with a simple model, whereby
R. meliloti strains cultivated in GMS medium synthesize almost
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all of their succinoglycan in long-chain, HMW forms. Then, in
proportion to the extent that a given strain expresses the ExoK
and ExsH glycanases and to the extent that the succinoglycan
produced by this given strain is susceptible to cleavage, the
HMW succinoglycan is cleaved by these glycanases to yield LMW
succinoglycan and residual, shorter-chain forms of HMW suc-
cinoglycan.

How do the acetyl and succinyl modifications of succinogly-
can affect the susceptibility of succinoglycan to cleavage by
glycanases? One possibility is that the modifications influence
the conformation of succinoglycan prior to its transition from
glycanase-susceptible to glycanase-refractory forms. For exam-
ple, Gravanis et al. (20) have proposed that the precise con-
formation of individual, nonsuccinylated succinoglycan chains
may differ from that of normally modified succinoglycan chains.
Thus, the different susceptibilities to cleavage associated with
the variously modified forms of succinoglycan may reflect a dif-
ferent fit for each substrate in the active sites of ExoK and
ExsH.

A second possibility is that the acetyl and succinyl modifi-
cations of succinoglycan affect the rate of transition of succino-
glycan from glycanase-susceptible to glycanase-refractory forms.
Although we have determined that all of the variously modified
forms of succinoglycan undergo a transition to glycanase-re-
fractory forms in culture, the nature of the transition itself is
not known. Previous analyses of the physical properties of suc-
cinoglycan imply that purified succinoglycan samples can un-
dergo disorder-order conformational transitions in solution,
consisting of random-coil-to-helix transitions and aggregation
(11). Either or both might account for the transition of succino-
glycan from glycanase-susceptible to glycanase-refractory forms.
Interestingly, analyses of nonsuccinylated succinoglycan, as re-
covered from exoH mutant cultures or as generated by chem-
ical desuccinylation of wild-type succinoglycan, indicate that
the absence of the succinyl group results in an increase in the
order-disorder transition temperature of the polysaccharide
(13, 42). Thus, the absence of the succinyl modification seems
to increase the stability of ordered forms of succinoglycan.
Also, increasing salt concentrations in succinoglycan solutions
promote the disorder-order transition (11), and increasing salt
concentrations in R. meliloti cultures promote a shift toward
accumulation of more HMW succinoglycan and less LMW
succinoglycan (8, 9). Whether the latter effect is due to de-
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FIG. 3. Degree of polymerization of HMW succinoglycan samples, expressed
relative to degree of polymerization of wild-type HMW succinoglycan (data from
Table 5), plotted versus the percentage of total extracellular carbohydrate in
cultures that is in HMW forms (data from Table 2). Note that approximately
97% of total extracellular carbohydrate in cultures is succinoglycan.
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creased depolymerization of succinoglycan or whether it is a
function of regulation of the extent of polymerization of suc-
cinoglycan remains to be determined.

The dramatic differences in generation of LMW succinogly-
can associated with adding glycanase to cultures early versus
late in the course of cultivation suggest that shifts in the timing
and levels of glycanase expression, relative to the timing and
levels of succinoglycan production, could have dramatic effects
on the molecular weight distribution of the succinoglycan pro-
duced by R. meliloti strains. Several mutants that exhibit in-
creased succinoglycan production (exoR95, ex0S596, exoX363,
and exsB mutants), decreased succinoglycan production (mucR
and exoX319 mutants), or decreased expression of the exoK
gene (a mucR mutant) have been described previously (6, 12,
25, 36). Components of growth media can also affect levels of
succinoglycan production (12) and the extracellular accumu-
lation of ExoK (45). The identification and characterization
of additional genetic and environmental factors that cause
changes in glycanase expression or succinoglycan production
should enable further refinement of the evolving model for
how R. meliloti controls the molecular weight distribution of
succinoglycan.

Our findings may have implications beyond understanding
succinoglycan production by cultures of R. meliloti. Glycanases
may prove useful as tools in characterizing the differences in
the physical structures of normally modified versus nonsucci-
nylated succinoglycan, which in turn may provide new insights
into why exoH mutants, but not exoK exsH mutants, exhibit a
defect in invasion of alfalfa root nodules during the establish-
ment of symbiosis (28, 44). Fluctuations in the rates of transi-
tion of succinoglycan to glycanase-refractory forms and in the
levels of active, extracellular glycanases may cause spatial and
temporal heterogeneity of succinoglycan, in terms of the mo-
lecular weight distribution of the polysaccharide as it is being
produced by R. meliloti in cultures or in natural habitats. In
general such heterogeneity might have important conse-
quences for the development of bacterial-polysaccharide bio-
films (35). Finally, our results may serve to bridge research on
polysaccharide physical properties and polysaccharide molec-
ular weight control, such that results from both fields can pro-
vide context and relevance for each other. Increased under-
standing of polysaccharide physical properties should help to
further elucidate how glycanases control polysaccharide mo-
lecular weight, and the ability to engineer polysaccharides with-
in particular molecular weight ranges should enable the testing
of assumptions about how physical properties of polysaccha-
rides are influenced by polysaccharide molecular weight.
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