
A Bifunctional UDP-Sugar 4-Epimerase Supports Biosynthesis
of Multiple Cell Surface Polysaccharides in Sinorhizobium
meliloti

Simon Schäper,a,b* Heiko Wendt,a,b Jan Bamberger,a,c Volker Sieber,d Jochen Schmid,e Anke Beckera,b

aLOEWE Center for Synthetic Microbiology (SYNMIKRO), Philipps University Marburg, Marburg, Germany
bFaculty of Biology, Philipps University Marburg, Marburg, Germany
cFaculty of Chemistry, Philipps University Marburg, Marburg, Germany
dChemistry of Biogenic Resources, Campus Straubing for Biotechnology and Sustainability, Technical University of Munich, Straubing, Germany
eBioprocess Engineering, Campus Straubing for Biotechnology and Sustainability, Technical University of Munich, Straubing, Germany

ABSTRACT Sinorhizobium meliloti produces multiple extracellular glycans, including
among others, lipopolysaccharides (LPS), and the exopolysaccharides (EPS) succi-
noglycan (SG) and galactoglucan (GG). These polysaccharides serve cell protective
roles. Furthermore, SG and GG promote the interaction of S. meliloti with its host
Medicago sativa in root nodule symbiosis. ExoB has been suggested to be the sole
enzyme catalyzing synthesis of UDP-galactose in S. meliloti (A. M. Buendia, B. Enen-
kel, R. Köplin, K. Niehaus, et al. Mol Microbiol 5:1519 –1530, 1991, https://doi.org/10
.1111/j.1365-2958.1991.tb00799.x). Accordingly, exoB mutants were previously found to
be affected in the synthesis of the galactose-containing glycans LPS, SG, and GG and
consequently, in symbiosis. Here, we report that the S. meliloti Rm2011 uxs1-uxe-apsS-
apsH1-apsE-apsH2 (SMb20458-63) gene cluster directs biosynthesis of an arabinose-
containing polysaccharide (APS), which contributes to biofilm formation, and is solely
or mainly composed of arabinose. Uxe has previously been identified as UDP-xylose
4-epimerase. Collectively, our data from mutational and overexpression analyses of the
APS biosynthesis genes and in vitro enzymatic assays indicate that Uxe functions as
UDP-xylose 4- and UDP-glucose 4-epimerase catalyzing UDP-xylose/UDP-arabinose and
UDP-glucose/UDP-galactose interconversions, respectively. Overexpression of uxe sup-
pressed the phenotypes of an exoB mutant, evidencing that Uxe can functionally
replace ExoB. We suggest that under conditions stimulating expression of the APS
biosynthesis operon, Uxe contributes to the synthesis of multiple glycans and thereby
to cell protection, biofilm formation, and symbiosis. Furthermore, we show that the
C2H2 zinc finger transcriptional regulator MucR counteracts the previously reported
CuxR– c-di-GMP-mediated activation of the APS biosynthesis operon. This integrates
the c-di-GMP-dependent control of APS production into the opposing regulation of EPS
biosynthesis and swimming motility in S. meliloti.

IMPORTANCE Bacterial extracellular polysaccharides serve important cell protective,
structural, and signaling roles. They have particularly attracted attention as adhesives
and matrix components promoting biofilm formation, which significantly contributes
to resistance against antibiotics. In the root nodule symbiosis between rhizobia and
leguminous plants, extracellular polysaccharides have a signaling function. UDP-
sugar 4-epimerases are important enzymes in the synthesis of the activated sugar
substrates, which are frequently shared between multiple polysaccharide biosynthe-
sis pathways. Thus, these enzymes are potential targets to interfere with these path-
ways. Our finding of a bifunctional UDP-sugar 4-epimerase in Sinorhizobium meliloti
generally advances the knowledge of substrate promiscuity of such enzymes and
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specifically of the biosynthesis of extracellular polysaccharides involved in biofilm
formation and symbiosis in this alphaproteobacterium.

KEYWORDS ExoB, Sinorhizobium meliloti, bifunctional UDP-glucose/UDP-xylose
4-epimerase, biofilm formation, c-di-GMP, surface polysaccharide, symbiosis,
transcriptional regulation

Nucleotide sugars are the activated sugar substrates of glycosyltransferases in
glycosylation reactions, which add a monosaccharide to a glycosyl acceptor

through the formation of a glycosidic bond. Glycosidically linked monosaccharides
(glycans) serve a broad variety of structural, metabolic, and signaling roles in all
domains of life (1).

The diastereomers xylose and arabinose are important components of various
glycans. UDP-xylose is a sugar donor for the synthesis of a broad range of xylose-
containing glycans in animals (2), fungi (3), and plants (4), while UDP-arabinose is a
donor for the synthesis of pectic and hemicellulosic polysaccharides, proteoglycans,
and glycoproteins in plants (5, 6). Xylose- and arabinose-containing glycans have also
been reported in bacteria. For instance, arabinose is a component of the mycobacterial
cell wall (7), and in several alphaproteobacterial rhizobial species, lipopolysaccharides
(LPS) and exopolysaccharides (EPS) containing one or both of these sugars were
identified (8–10).

Previously, biochemical evidence for bacterial UDP-xylose synthase and UDP-xylose
4-epimerase activities was provided in Sinorhizobium meliloti (11), an alphaproteobac-
terial nitrogen-fixing symbiont of plants from the genera Medicago, Melilotus, and
Trigonella (12). This study identified the UDP-xylose synthase Uxs1 (SMb20458) and the
UDP-xylose 4-epimerase Uxe (SMb20459) of S. meliloti for the first time. Recently, we
reported that uxs1 and uxe are part of a six-gene operon (referred to as aps operon)
governing biosynthesis of a Congo red (CR)-binding extracellular polysaccharide (13).
Expression of this operon is induced by the c-di-GMP-responsive transcriptional acti-
vator CuxR, encoded by a gene located upstream and in reverse orientation to the
biosynthesis operon (13).

S. meliloti produces various surface polysaccharides, such as LPS, and the EPS
succinoglycan (SG) and galactoglucan (GG), which are important for the symbiotic
interaction with the host plant and serve cell protective roles in the free-living state
(14). SG and GG promote infection of Medicago sativa nodules by S. meliloti. Thus,
mutants lacking both these EPS induce noninfected nodules on these host plants (15).
Biosynthesis of S. meliloti LPS, SG, and GG requires UDP-galactose. UDP-glucose
4-epimerase ExoB has been suggested as the only enzyme catalyzing the biosynthesis
of UDP-galactose in this bacterium, since UDP-glucose 4-epimerase activity was not
detected in cell extracts of exoB mutants (16). Correspondingly, these mutants were
found to be affected in the biosynthesis of multiple galactose-containing glycans,
including SG, GG, and LPS, and consequently to be deficient in infecting the host plants
(16–19).

MucR, a transcriptional regulator with a C2H2 zinc finger DNA binding domain,
stimulates SG and represses GG production as well as swimming motility (20–24).
Strains harboring a functional mucR gene have been reported to produce GG under
low-phosphate or quorum sensing conditions, the latter requiring a functional expR
gene encoding a LuxR-type regulator (15, 25, 26).

In this study, we explored transcriptional regulation, the nature of the polysaccha-
ride product, and biological role of the aps operon in S. meliloti Rm2011. We show that
this operon directs biosynthesis of an arabinose-containing polysaccharide (APS) and is
oppositely regulated by MucR and CuxR, integrating c-di-GMP-dependent control of
APS production into the opposing regulation of EPS biosynthesis and swimming
motility. Furthermore, we report evidence that Uxe is a bifunctional enzyme with
UDP-xylose 4- and UDP-glucose 4-epimerase activities, which can functionally replace
ExoB.
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RESULTS
The uxs1-apsH2 gene cluster directs biosynthesis of an arabinose-containing

polysaccharide. The CR-binding extracellular polysaccharide synthesized by the gene
products of the uxs1-uxe-apsS (SMb20460)-apsH1 (SMb20461)-apsE (SMb20462)-apsH2
(SMb20463) gene cluster was isolated for biochemical characterization. The polysaccha-
ride was purified by precipitation with ethanol from the supernatant of cultures of S.
meliloti Rm2011 deficient in SG and GG biosynthesis and producing enhanced levels of
the CR-binding polysaccharide due to induced overexpression of the aps operon
(ΔexoP-Z wgeB/pWBT-pleD-cuxR) (see Fig. S1 in the supplemental material). This was
achieved by ectopically induced overexpression of cuxR, encoding a c-di-GMP-
responsive transcriptional activator of the aps operon, and pleD, encoding a diguany-
late cyclase, whose overproduction results in high intracellular c-di-GMP levels (13, 27).
Nevertheless, the amount of sugar of approximately 5 mg · liter�1 · OD600

�1 in the
culture supernatant, probably attributed to the CR-binding polysaccharide, was rather
low (Fig. S1).

As determined by carbohydrate fingerprinting using the high-throughput–1-phenyl-
3-methyl-5-pyrazolone (HT-PMP) method (28), polysaccharide precipitated from the
supernatant of the S. meliloti ΔexoP-Z wgeB/pWBT-pleD-cuxR strain contained xylose
and/or arabinose in addition to glucose and galactose (Table 1). No monomeric sugars
were detected in nonhydrolyzed samples of the supernatant. Mainly galactose, but
neither xylose/arabinose nor glucose, was lost after dialysis with a 7,000-Da molecular
weight cutoff membrane, indicating that galactose probably is not a component of the
CR-binding polysaccharide (Table 1). Polysaccharide obtained from the supernatants of
the ΔexoP-Z wgeB/pWBT and ΔexoP-Z wgeB Δuxs1-apsH2/pWBT-pleD-cuxR control
strains did not contain xylose/arabinose, and lack of the uxs1-apsH2 gene cluster did
not result in a decrease in the glucose content (Table 1). This suggests that the
CR-binding polysaccharide is mainly or exclusively composed of xylose/arabinose and
that glucose was most likely derived from another surface polysaccharide.

Since the employed carbohydrate fingerprinting method is not able to distinguish
xylose and arabinose, an additional analytical method was applied to identify C5 sugars
of the dialyzed and hydrolyzed polysaccharide from the supernatant of the ΔexoP-Z
wgeB/pWBT-pleD-cuxR strain. For this, high-pressure liquid chromatography (HPLC)
analysis was performed using a Rezex ROA-H� column and a photodiode array (PDA)
detector after total hydrolysis by use of H2SO4. This analysis detected only arabinose
and glucose but no xylose (see Fig. S2). Hence, we conclude that the polysaccharide
synthesized by the uxs1-apsH2 gene products is mainly composed of arabinose and
unlikely to contain xylose. We therefore named this polysaccharide APS (arabinose-
containing polysaccharide) and the uxs1-apsH2 genes the aps operon.

Stimulated APS production promotes S. meliloti biofilm formation. We tested
the effect of APS production on biofilm formation of S. meliloti Rm2011 derivative
strains on a polystyrene surface. Ectopically induced overexpression of pleD-cuxR
resulted in a strong increase in biofilm formation and enlarged, wrinkled red-colored

TABLE 1 Carbohydrate fingerprints of S. melilotia

Genetic background pleD�� cuxR��b

Mean (range) content (mg/liter) forc:

Glucose Galactose Xylose/arabinose Cellobiose Gentiobiose

ΔexoP-Z wgeB � 124 (7) 0 (0) 0 (0) 0 (0) 0 (0)
ΔexoP-Z wgeB � 143 (18) 9 (5) 54 (1) 0 (0) 0 (0)
ΔexoP-Z wgeB � 317 (195)d 0 (0)d 145 (14)d 0 (0)d 0 (0)d

ΔexoP-Z wgeB Δuxs1-apsH2 � 317 (17) 11 (0) 0 (0) 0 (0) 0 (0)
ΔexoB � 402 (13) 54 (10) 34 (2) 15 (2) 8 (2)
aS. meliloti Rm2011 mutants lacking the succinoglycan biosynthesis gene cluster (ΔexoP-Z), carrying a plasmid insertion inside the wgeB gene of the galactoglucan
biosynthesis gene cluster (wgeB), containing a deletion of the exoB gene, and/or lacking the APS biosynthesis gene cluster (Δuxs1-apsH2) were used to determine
carbohydrate fingerprints of culture supernatants.

bStrains harbored either empty vector pWBT (�) or pWBT-pleD-cuxR (�) and were grown in liquid MM supplemented with 0.5 mM IPTG.
cValues are from two independent biological replicates.
dSample dialysis with a 7,000-Da molecular weight cutoff membrane after ethanol precipitation.
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macrocolonies on CR-containing minimal medium (MM) agar (Fig. 1A). Previously, we
showed that uppE (SMc01792) contributes to c-di-GMP-stimulated biofilm formation
(27). This gene is part of the SMc01790-SMc01796 gene cluster, potentially directing
biosynthesis of a unipolar polysaccharide (UPP) (27). An analysis of strains inactivated
in the biosynthesis of APS and/or UPP indicated that when APS is produced at
enhanced levels, this polysaccharide and UPP cumulatively contribute to c-di-GMP-
stimulated biofilm formation (Fig. 1A).

This finding is further supported by the biofilm formation of strains expressing a
plasmid-borne copy of the uxs1-apsH2 gene cluster from a heterologous inducible
promoter. Induced APS production resulted in red-colored macrocolonies on CR-
containing MM agar and an increase in biofilm formation in the Rm2011 wild type but
also in strains either disabled for UPP (uppE) or SG and GG (ΔexoP-Z wgeB) biosynthesis
(Fig. 1B). This suggests that APS contributes to biofilm formation independent of high
c-di-GMP levels, UPP, SG, and GG.

uxs1, uxe, and apsS are important for production of APS in S. meliloti. The
biosynthesis gene cluster directing APS biosynthesis comprises uxs1 and uxe, involved
in the synthesis of nucleotide-sugar precursors (11), apsS, coding for a putative family
2 glycosyltransferase with eight predicted transmembrane �-helices, and apsH1, apsE,
and apsH2, encoding proteins with N-terminal signal peptides predicted to localize to
the periplasmic space without a membrane-anchoring �-helix (Fig. 2A). ApsE was
annotated as a member of glycosylhydrolase family 26 involved in the endohydrolysis
of glucosidic linkages. ApsH1 and ApsH2 both contain a domain of unknown function
(DUF995) and share 38% amino acid sequence identity with each other.

A phylogenetic analysis suggests that other species of the Rhizobiaceae are also able
to produce APS. The complete uxs1-apsH2 gene cluster is conserved in Sinorhizobium

FIG 1 APS biosynthesis governed by the uxs1-apsH2 gene cluster facilitates biofilm formation of S.
meliloti. Biofilm formation of S. meliloti strains, harboring empty vector pWBT and pWBT-pleD-cuxR (A) or
empty vector pSRKGm and pSRKGm-uxs1-SMb20463 (B), assessed by crystal violet staining of cell material
attached to polystyrene surface. Gene overexpression was induced by adding 0.5 mM IPTG to the
medium. Biofilm formation is shown relative to that of the wild type carrying the respective empty
vector. Error bars represent the standard deviations from four biological replicates. Congo red (CR)-
stained macrocolonies of indicated strains are also shown.
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medicae and Phyllobacterium sp. strain Tri-48, while in Sinorhizobium fredii, Sinorhizo-
bium americanum, and Rhizobium leguminosarum, the corresponding gene clusters lack
homologs of apsH1, apsH2, or both genes (see Fig. S3). Notably, two paralogous gene
clusters were found in R. leguminosarum (11). However, one of these clusters does not
include an endoglucanase-encoding gene and lacks a cuxR homolog upstream of the
operon.

We determined the individual contributions of the uxs1-apsH2 cluster genes to APS
biosynthesis in S. meliloti Rm2011 wild-type and uppE mutant backgrounds. To monitor
APS-mediated phenotypes, the promoter of the aps operon was activated by induced
overexpression of plasmid-borne copies of cuxR and pleD. This resulted in enlarged,
wrinkled red-colored macrocolonies of the wild type grown on CR-containing MM agar
and enhanced biofilm formation on a polystyrene surface by the uppE mutant (Fig. 2B
and C). Individual deletions of uxs1, uxe, and apsS caused phenotypes similar to those
of strains harboring the empty vector control or lacking the complete uxs1-apsH2 gene
cluster (Fig. 2B and C). Macrocolony and CR-staining phenotypes of the uxs1 and uxe
mutants were at least partially restored by individual ectopic expression of uxs1 and
uxe, respectively (see Fig. S4). Partial complementation of mutant strains could be
explained by low gene expression levels or undesired polar effects of gene deletions.
The apsE mutant was not notably affected, and the apsH1 and apsH2 mutants only

FIG 2 uxs1, uxe, and apsS are important for APS-facilitated biofilm formation of S. meliloti. (A) Schematic
representation of the APS biosynthesis gene cluster uxs1-apsH2 with annotated gene products. (B) Macrocolonies
of Rm2011 and deletion strains, harboring either empty vector pWBT or pWBT-pleD-cuxR, grown on MM agar
supplemented with CR and 0.5 mM IPTG. (C) Biofilm formation on polystyrene surface of Rm2011 and uppE mutant
with indicated APS biosynthesis gene deletions, each harboring either empty vector pWBT or pWBT-pleD-cuxR.
Gene overexpression was induced by adding 0.5 mM IPTG to the medium. Biofilm formation is shown relative to
that of the wild type carrying the empty vector. Error bars represent the standard deviations from four biological
replicates.
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moderately affected, in macrocolony morphology and CR-staining. However, the apsH1
apsH2 double deletion mutant formed macrocolonies that were not expanded in size,
lacked wrinkles, and were only moderately stained by CR (Fig. 2B). This mutant was
partially complemented by ectopic expression of apsH1 (Fig. S4). While biofilm forma-
tion of the uppE apsH1 mutant was not affected, the uppE apsE, uppE apsH2, and uppE
apsH1 apsH2 mutants showed reduced biofilm formation compared to that of the uppE
mutant (Fig. 2C). Based on these results, we conclude that Uxs1, Uxe, and ApsS are very
important for APS production, whereas ApsH1, ApsE, and ApsH2 likely have accessory
functions. Furthermore, ApsH1 and ApsH2 are probably able to functionally replace
each other.

Furthermore, we tested pleD-cuxR overexpression-induced APS-mediated phe-
notypes in strains deficient in the biosynthesis of other c-di-GMP-regulated poly-
saccharides. Macrocolony morphology and CR staining, indicating APS production,
were not notably affected in strains unable to produce UPP (uppE) (27), mixed-
linkage �-glucan (bgsA) (29), and SG and GG (ΔexoP-Z wgeB or ΔexoB) (see Fig. S5).

uxe overexpression suppresses the pleiotropic phenotype of a S. meliloti exoB
mutant. An S. meliloti strain lacking the UDP-glucose 4-epimerase-encoding exoB gene
is affected in the biosynthesis of multiple galactose-containing glycans, including SG,
GG, and LPS, and unable to infect host plants (16). Intriguingly, in the exoB mutant but
not in an exoB uxe double mutant, overexpression of pleD-cuxR restored SG production
as indicated by calcofluor (CF) staining of macrocolonies (Fig. S5). This finding is further
supported by the carbohydrate fingerprint of the culture supernatant of the ΔexoB/
pWBT-pleD-cuxR strain grown under phosphate-sufficient conditions not promoting GG
production. SG is a polymer of octasaccharide repeating units composed of seven
glucose molecules and one galactose molecule joined by �-1,4, �-1,3, and �-1,6
glycosidic linkages (30). This is consistent with the detected glucose-to-galactose ratio
as well as with the presence of cellobiose and gentiobiose in the supernatant of this
strain (Table 1). We therefore hypothesized that expression of the uxs1-apsH2 gene
cluster suppressed SG deficiency in an exoB mutant.

The best candidate for functional replacement of ExoB is the UDP-xylose 4-epimerase
Uxe. Constitutive expression of a plasmid-borne copy of uxe restored CF brightness and
mucoid phenotype of macrocolonies (Fig. 3A), a wild type-like LPS profile as deter-
mined by SDS-PAGE (see Fig. S6A), and root nodule symbiosis of the exoB mutant (Fig.
3B; Fig. S6B). On M. sativa roots, the ΔexoB strain induced white noninfected nodules,
whereas this strain constitutively overexpressing uxe established red nitrogen-fixing
nodules (Fig. 3B). Thus, ectopic expression of uxe suppressed all tested phenotypes of
an exoB mutant. APS overproduction, caused by constitutive expression of the heter-
ologous diguanylate cyclase dgcA from Caulobacter crescentus and cuxR, did not rescue
the SG-deficient ΔexoP-Z strain for an efficient symbiosis with M. sativa (see Fig. S7). This
indicates that APS itself cannot functionally replace the symbiotically active EPS.

We also tested if ExoB can functionally replace Uxe in the APS biosynthesis pathway.
Since the Δuxe strain did not show detectable pleD-cuxR overexpression-induced APS
production, native levels of exoB expression were not sufficient for the production of
detectable amounts of APS (Fig. 2B). However, induced overexpression of a plasmid-
borne exoB copy partially restored pleD-cuxR overexpression-induced APS production
of a Δuxe strain (Fig. S4), suggesting that ExoB has UDP-xylose 4-epimerase side activity.

Uxe has UDP-glucose 4-epimerase activity in vitro. We hypothesized that Uxe is
a bifunctional enzyme with UDP-xylose 4- (11) and UDP-glucose 4-epimerase activities.
To test this hypothesis, His6-Uxe and His6-ExoB proteins were produced in Escherichia
coli and purified (see Fig. S8). UDP-glucose 4-epimerase assays were performed in vitro
(reaction conditions: 10 �M protein, 90 min, 30°C). These assays demonstrated that
His6-Uxe and His6-ExoB both were able to interconvert UDP-glucose and UDP-galactose
in vitro (Fig. 4). In line with the study of Gu et al. (11), the addition of NAD�, an
enzyme-bound cofactor of short-chain dehydrogenase/reductase (SDR) proteins, to the
reaction mixtures had no major effect on the enzyme activities of His6-Uxe (see Fig.
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S9A). In contrast, Gu et al. (11) did not detect UDP-glucose 4-epimerase activity for Uxe
(reaction conditions: 0.5 �M protein, 15 min, 37°C). Consistently, using the same reac-
tion conditions, we detected conversion of UDP-glucose to UDP-galactose by His6-ExoB
but not by His6-Uxe nor by preboiled His6-ExoB (Fig. S9B). We did not follow up on the
differences in reaction conditions responsible for the detection of His6-Uxe UDP-
glucose 4-epimerase activity in our study but not in that by Gu et al. (11), but we
speculate that the extension of reaction time and increase in enzyme concentration
were probably instrumental.

MucR counteracts CuxR– c-di-GMP-mediated transcriptional activation of the
uxs1 promoter. Our findings imply a role of uxs1-apsH2-directed APS biosynthesis in
biofilm formation and a contribution of uxe to the biosynthesis of multiple polysac-
charides. To obtain hints to the conditions allowing for maximal expression of this gene
cluster, we dissected its transcriptional regulation. In our previous study, we showed
that pleD overexpression results in a stronger CR phenotype of a S. meliloti mucR
mutant than the wild-type strain (13).

Here, we found that uxs1 and cuxR promoter activities were negatively affected by
the presence of the mucR gene, as determined by egfp fusions to Puxs1 and PcuxR (Fig.
5A). Increased Puxs1 activity resulting from deletion of mucR was largely dependent on
functional cuxR and the ability to synthesize c-di-GMP (Fig. 5A). In contrast, PcuxR
activity was independent of cuxR and c-di-GMP in the mucR mutant (Fig. 5A). We
uncoupled cuxR expression from MucR-dependent regulation of PcuxR by constitutive
expression of a plasmid-borne copy of cuxR. Overexpression of cuxR induced activity of
a Puxs1-egfp promoter fusion in a c-di-GMP-dependent manner, while under these

FIG 3 uxe complements pleiotropic S. meliloti exoB mutant phenotype. (A) Rm2011 wild-type and exoB
deletion strains, harboring either empty vector pSRK or pSRK-uxe, grown on LB agar supplemented with
calcofluor (CF) or on phosphate-limiting MM agar to evaluate mucoid phenotypes (M). (B) Plant shoots
and roots of M. sativa inoculated with indicated S. meliloti strains. NI, not inoculated. Bars, 1 cm.
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conditions, the mucR mutant showed approximately 3.5-fold higher Puxs1 activity than
the wild type (Fig. 5B). These levels of activation were unaffected by deletion of the
genomic cuxR locus (Fig. 5B).

His6-MucR was produced in E. coli and purified (Fig. S8). Direct interaction between
His6-MucR and the cuxR-uxs1 intergenic region was confirmed by electrophoretic
mobility shift assay (EMSA) (Fig. 5C). A putative MucR binding motif was identified
between the transcriptional start sites of the divergently oriented aps operon and cuxR
by in silico comparisons (see Fig. S10).

Collectively, these data indicate that MucR represses both Puxs1 and PcuxR, while
CuxR– c-di-GMP activates Puxs1 but not PcuxR.

DISCUSSION

In bacteria, the ubiquitous second messenger c-di-GMP is a key player in controlling
the switch between planktonic motile and surface-associated sedentary lifestyles (31).
Recently, we reported the activation of the otherwise silent putative extracellular
polysaccharide biosynthesis SMb20458-63 (aps) operon by a c-di-GMP-responsive AraC-
like transcription factor in S. meliloti (13). Here, we unraveled the monosaccharide
composition and biological function of the corresponding polysaccharide product and
gained further insights into its biosynthesis pathway and regulation.

APS is a novel component of the sinorhizobial extracellular matrix contributing
to biofilm formation. Our carbohydrate compositional analysis of polysaccharide
purified from the supernatant of aps operon-overexpressing S. meliloti cells indicates a
polysaccharide mainly composed of arabinose. Bacterial polysaccharides are frequently
found in both soluble and cell-associated forms (32). Strong CR binding and wrinkled
morphology of macrocolonies formed by these cells imply the production of consid-
erable amounts of APS. However, only small amounts of APS were present in the culture
supernatant, suggesting that most APS is not released from the cell but rather is bound
to the cell surface.

Only few examples of arabinose-containing polysaccharides have been reported in
the bacterial kingdom, including the mycobacterial cell wall, Bradyrhizobium japonicum
and Burkholderia cenocepacia LPS, and Azorhizobium caulinodans Nod factors (7, 9, 33,

FIG 4 Uxe interconverts UDP-glucose and UDP-galactose in vitro. HPLC profiles of UDP-sugars after
incubation of 10 �M indicated purified proteins with 0.5 mM either UDP-glucose or UDP-galactose at
30°C for indicated time periods. UDP-glucose and UDP-galactose standards were used at 0.1 mM.
His6-ExoB served as the positive control.
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34). APS is a novel component of the sinorhizobial extracellular matrix, broadening the
spectrum of arabinose-containing glycans in bacteria.

Bacterial extracellular polysaccharides contribute to cell protection against various
environmental stresses, such as extreme pH, antibiotics, or desiccation, and serve as
adhesives promoting surface attachment. Furthermore, these polysaccharides play
essential roles in host-pathogen interactions and as components of the biofilm matrix
(35, 36). Consistent with these functional roles of extracellular polysaccharides, APS-
producing S. meliloti cells showed enhanced biofilm formation.

APS biosynthesis employs a synthase-dependent pathway. The biosynthesis of

most microbial homopolymeric polysaccharides is directed by the so-called synthase-
dependent pathway (37). Synthase-dependent systems of Gram-negative bacteria em-
ploy a transenvelope multiprotein complex typically consisting of a glycosyltransferase
and a translocation pore in the cytoplasmic membrane (A), periplasmic polysaccharide-
modifying enzymes (B), �-barrel porins in the outer membrane (C), tetratricopeptide
repeat (TPR)-containing periplasmic scaffold proteins (D), and a c-di-GMP regulatory
component (E) (32). The proteins required for polymerization, modification, and export
are often encoded by a single operon, whereas the genes required for the synthesis of
the nucleotide-sugar precursor molecules (F) more typically are encoded elsewhere on

FIG 5 MucR counteracts c-di-GMP- and CuxR-mediated activation of the uxs1 promoter. (A) cuxR and
uxs1 promoter activities in different S. meliloti genetic backgrounds measured using promoter-egfp
fusions on medium-copy-number plasmid pSRKGm-egfp. (B) uxs1 promoter activity in different S. meliloti
genetic backgrounds with (pABC-Psyn-cuxR) or without (empty vector pABC-Psyn) constitutively expressed
cuxR. (A and B) c-di-GMP0, Rm2011 ΔXVI unable to produce detectable levels of c-di-GMP (27), was used
as a background strain. Error bars represent the standard deviations from four biological replicates. (C)
Interaction of His6-MucR with DNA containing the cuxR-uxs1 intergenic region (cuxR-uxs1IR) or a 196-bp
region upstream of uxs1 (Puxs1) assayed with EMSA. DNA containing either the upstream region of rpsB
or that of mucR served as negative or positive control, respectively.
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the chromosome (32). Polysaccharides produced by the synthase-dependent pathway
include alginate (e.g., Pseudomonas aeruginosa) and cellulose (e.g., E. coli) (32).

The architecture of the APS biosynthesis operon and the upstream neighboring
regulatory gene cuxR is mostly conserved in several rhizobial species. The aps operon
encodes the putative components A, B, C, and F, consistent with a synthase-dependent
APS biosynthesis pathway (Fig. 6). The cytoplasmic nucleotide-sugar precursor synthe-
sis proteins Uxs1 and Uxe (F) catalyze synthesis of UDP-xylose and epimerization of this
nucleotide sugar to UDP-arabinose, respectively (11). The membrane-bound family 2
glycosyltransferase ApsS (A) probably directs polysaccharide synthesis and its translo-
cation across the inner membrane, similarly to cellulose synthase BcsA in E. coli and
Rhodobacter sphaeroides (38, 39). ApsS is most likely specific for the substrate UDP-
arabinose, as suggested by the monosaccharide composition of APS and the require-
ment of the UDP-xylose 4-epimerase Uxe for APS production. The aps operon further
encodes the putative periplasmic polysaccharide hydrolase ApsE (B), which may regu-
late polymer length and export, similarly to AlgL in P. aeruginosa (40) and BcsZ in E. coli
(41). At least one of the secreted proteins ApsH1 and ApsH2 (C) is required for APS
production. ApsH1 and ApsH2 both contain eight predicted short sequential �-strands.
These proteins may facilitate polysaccharide transport across the outer membrane,
facilitate protein-protein interactions, or introduce postsynthetic modifications to the
glycan, as reported for AlgE (42), AlgF (32), or AlgX (43) in P. aeruginosa, respectively.
The aps operon does not encode a TPR domain protein (D), suggesting that this
component is encoded elsewhere in the S. meliloti genome.

Uxe is a bacterial UDP-sugar 4-epimerase with activity on both UDP-xylose and
UDP-glucose. In S. meliloti, the UDP-glucose 4-epimerase ExoB, providing the major
activity for UDP-glucose/UDP-galactose interconversion, is important for SG and GG
biosynthesis, LPS composition, and root nodule infection (16–19). We showed that the
S. meliloti Uxe protein has UDP-xylose 4- and UDP-glucose 4-epimerase activities, thus
catalyzing UDP-xylose/UDP-arabinose and UDP-glucose/UDP-galactose interconver-
sions, respectively. Accordingly, uxe overexpression suppressed the pleiotropic pheno-
types of an S. meliloti exoB mutant. Reversely, exoB partially complemented the uxe
mutant, suggesting that ExoB is also able to catalyze UDP-xylose/UDP-arabinose epi-
merization. Thus, ExoB and Uxe can contribute to the production of multiple surface
polysaccharides and thereby to biofilm formation and symbiosis in S. meliloti (Fig. 6).

FIG 6 Model of Uxe function in biosynthesis of cell surface polysaccharides in S. meliloti. The combined
activities of UDP-xylose synthase Uxs1 and UDP-xylose 4-epimerase Uxe result in the formation of
UDP-arabinose, a nucleotide-sugar precursor in the biosynthesis of an arabinose-containing polysaccharide
(APS) that promotes biofilm formation. Similar to ExoB and in addition to its UDP-xylose 4-epimerase
activity, Uxe catalyzes epimerization between UDP-glucose and UDP-galactose, thereby supporting bio-
synthesis of the symbiotically relevant polysaccharides succinoglycan (SG), galactoglucan (GG), and lipo-
polysaccharide (LPS). Opposite transcriptional regulation of the aps operon by CuxR– c-di-GMP and MucR
integrates the APS biosynthesis pathway into the global regulatory network of exopolysaccharide biosyn-
thesis and swimming motility. UDP-GlcA, UDP-glucuronate; UDP-Xyl, UDP-xylose; UDP-Ara, UDP-arabinose;
UDP-Glu, UDP-glucose; UDP-Gal, UDP-galactose.
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A variety of UDP-sugar 4-epimerases with different substrate specificities and
promiscuities have been reported. Among these are epimerases active on UDP-
glucose/UDP-galactose (44), their acetylated and uronic acid forms (45, 46), the
corresponding pentoses UDP-arabinose/UDP-xylose (11), or multiples of these sub-
strates (47, 48). Among the biochemically characterized bifunctional UDP-glucose/
UDP-xylose 4-epimerases are PsUGE1 from Pisum sativum L. (47), AtUGE1/3 from
Arabidopsis thaliana (47), and OcUGE1/2 from Ornithogalum caudatum (49).

Studies on the substrate promiscuity of UDP-sugar 4-epimerases have mainly fo-
cused on the determinants that cause the epimerases to discriminate between
N-acetylated and nonacetylated UDP-glucose and UDP-galactose. A “gatekeeper” res-
idue determines substrate specificity for N-acetylated and nonacetylated substrates
(50). However, current models lack an explanation for substrate specificity on UDP-
pentoses and uronic acid forms of UDP-sugars (51). Members of the SDR superfamily
share some characteristic features, including the two signature sequences YXXXK and
GXXGXXG (51). The former plays a key role in the activation of the cofactor, while the
repetitive glycine motif participates in NAD� binding. Both motifs are conserved in Uxe
and ExoB from S. meliloti.

The active site of UDP-sugar 4-epimerases is located between an N-terminal nucle-
otide binding domain and a smaller C-terminal domain responsible for the correct
positioning of the UDP-sugar substrate (44). The number of N-terminal enzymatic
residues that form hydrogen bonding contacts to the adenosyl group determines the
strength of NAD� binding (52, 53). In agreement with the study by Gu et al. (11), the
addition of NAD� had no effect on the activity of purified Uxe from S. meliloti,
suggesting that NAD� is tightly bound to the protein and therefore was not lost during
protein purification.

Control of APS production is integrated into the global regulatory network of
EPS biosynthesis and swimming motility. In contrast to synthase-dependent path-

ways, posttranscriptionally regulated through a c-di-GMP-responsive component, such
as the biosynthesis of a mixed linkage �-glucan in S. meliloti (29), c-di-GMP-dependent
regulation of APS synthesis is controlled by the c-di-GMP-responsive transcriptional
regulator CuxR (13). However, additional regulation of APS biosynthesis by c-di-GMP at
the posttranslational level cannot be ruled out, e.g., by binding of c-di-GMP to the
cytoplasmic portion of ApsS. Unlike ApsS, the alginate and cellulose synthase com-
plexes contain PilZ domains dedicated to allosteric control of glycosyltransferase
activity through c-di-GMP (32).

Full activation of aps operon expression requires the presence of CuxR– c-di-GMP
and absence of the zinc-finger transcriptional regulator MucR. While in S. meliloti, MucR
regulates EPS biosynthesis and swimming motility (23), transcriptional regulation by
MucR orthologs in C. crescentus and S. fredii furthermore involves cell cycle-related
genes (54). It was suggested that MucR primarily supports the S¡G1 phase transcrip-
tional switch and integrates regulation of symbiosis- or virulence-related genes with
the cell cycle in several alphaproteobacteria (54). The experimentally verified binding
site of CuxR– c-di-GMP (13) is just 27 bp from the in silico-deduced binding site of MucR
within the cuxR-uxs1 intergenic region. The positions of these binding sites and our
results from promoter activity studies are consistent with a model of PcuxR and Puxs1
regulation in which MucR bound to the cuxR-uxs1 intergenic region represses PcuxR
and prevents CuxR– c-di-GMP-mediated activation of aps operon transcription. In
agreement with this model, transcriptome profiling of S. meliloti lacking MucR revealed
a 7.13- and 2.08-fold accumulation of uxs1 and cuxR transcripts, respectively (24).

In S. meliloti, flagellum-based motility and biosynthesis of SG, GG, and APS are
regulated by MucR and c-di-GMP-dependent signaling pathways (13, 23, 27). Moreover,
we showed that transcriptional activation of the aps operon not only results in APS
production but also affects the production of SG, GG, and LPS, thereby promoting
biofilm formation and symbiosis with leguminous host plants. The high complexity and
connectivity in the regulation of extracellular matrix components probably allows for
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the integration of multiple environmental stimuli and adaptability of S. meliloti under
changing environmental conditions.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are

shown in Table S1 in the supplemental material. S. meliloti was grown at 30°C in tryptone-yeast extract
(TY) medium (55), LB medium (56), modified morpholinepropanesulfonic acid (MOPS)-buffered minimal
medium (MM) (25), and nutrient-depleted 30% MM (nitrogen, carbon, and phosphate sources reduced
to 30%). The medium compositions are provided in the supplemental material. E. coli was grown in LB
medium at 37°C. For S. meliloti, antibiotics were used at the following concentrations (mg/liter; respec-
tively liquid and solid media): kanamycin, 100 and 200; gentamicin, 20 and 40; tetracycline, 5 and 10;
spectinomycin 200 and 200; and streptomycin, 600 and 600. For E. coli, the following concentrations were
used: kanamycin, 50 and 50; gentamicin, 5 and 8; tetracycline, 5 and 10; spectinomycin, 100 and 100; and
ampicillin, 100 and 100. Isopropyl-�-D-1-thiogalactopyranoside (IPTG) was added at 0.5 mM.

Construction of strains and plasmids. The constructs used in this work were generated using
standard cloning techniques. The primers used are listed in Table S2. All constructs were verified by
sequencing. Plasmids were transferred to S. meliloti by E. coli S17-1-mediated conjugation (57) as
previously described (58). Correct plasmid integrations were verified by PCR.

For the construction of gene deletion mutants, gene-flanking regions of circa 700 to 900 bp were
cloned into suicide plasmid pK18mobsacB. The resulting constructs were integrated into the S. meliloti
genome, and transconjugants were subjected to sucrose selection as previously described (59). Gene
deletions were verified by PCR and following agarose gel DNA fragment size analysis. The DNA sequence
of the aps gene cluster was confirmed in all strains containing single or double deletions of aps genes.

The promoter-egfp fusions were generated by inserting a 368-bp fragment including the cuxR-uxs1
intergenic region (or a 509-bp fragment including the mucR upstream region) and the three first codons
of the gene of interest into the replicative medium-copy-number plasmid pSRKGm-egfp (or the low-
copy-number plasmid pPHU231-egfp). This generated an in-frame fusion of these first codons of the gene
of interest to egfp.

Gene overexpression constructs were generated by inserting the full-length coding sequence into
the replicative medium-copy-number vectors pWBT and pSRK, the low-copy-number vector pR-egfp, the
single-copy vector pABC-Psyn, and the integrative vector pSM10. Constructs for production of
N-terminally His6-tagged Uxe and ExoB from S. meliloti were generated by inserting the respective coding
sequence excluding the start codon into expression vector pWH844.

Isolation of APS and total sugar determination. For the analysis of APS polysaccharide, TY
precultures of the S. meliloti ΔexoP-Z wgeB, ΔexoP-Z wgeB Δuxs1-apsH2, and ΔexoB strains, harboring
either empty vector pWBT or pWBT-pleD-cuxR, were diluted 1:60 in 300 ml MM supplemented with IPTG
in duplicates and incubated for 3 days at 30°C under shaking conditions. Cells were harvested by
centrifugation (30 min, 4,000 � g, 4°C), and the supernatants were collected, mixed with four volumes of
ethanol, and incubated at 4°C overnight. Precipitate was collected and either dried at 30°C or dialyzed
with distilled water using SnakeSkin dialysis tubing with a molecular weight cutoff (MWCO) of 7,000 Da
(Thermo Fisher). Dialyzed samples were precipitated a second time with four volumes of ethanol prior
to drying. Dried samples were stored at 4°C.

Total sugar determination was carried out for S. meliloti culture supernatants from 5-ml cultures, in
triplicates, prepared as described above. One milliliter of culture supernatant was mixed with 200 �l
reagent solution (0.7 mg/ml L-cysteine hydrochloride [Sigma-Aldrich] dissolved in 86% [vol/vol] H2SO4)
and incubated for 4 min at 100°C. After cooling the samples, the optical density (OD) at 415 nm was
measured using an Infinite 200 Pro multimode reader (Tecan). Absolute sugar contents were calculated
based on a standard curve generated with D-glucose (Roth).

Carbohydrate fingerprint. Simultaneous high-resolution detection of carbohydrates which can be
derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP) was performed via HT-PMP as previously de-
scribed (28). Briefly, 1-g/liter solutions containing APS were hydrolyzed in 2 M trifluoroacetic acid (TFA)
for 90 min at 121°C and subsequently neutralized with 3.2% (vol/vol) ammonium hydroxide. Thereafter,
25 �l neutralized sample was mixed with 75 �l derivatization reagent (0.1 M methanolic-PMP and 0.4%
[vol/vol] ammonium hydroxide solutions mixed at a 2:1 ratio) and incubated for 100 min at 70°C. Finally,
130 �l of 19.23 mM acetic acid was added to 20 �l cooled sample, and HPLC separation was performed
on a reverse-phase column (Gravity C18, 100-mm length, 2-mm inside diamter [i.d.], 1.8-�m particle size;
Macherey-Nagel) tempered to 50°C. For gradient elution, mobile phase A (5 mM ammonium acetate
buffer [pH 5.6] with 15% acetonitrile) and mobile phase B (pure acetonitrile) were pumped at a flow rate
of 0.6 ml/min. The HPLC system (Ultimate 3000RS; Dionex) was composed of a degasser (SRD 3400), a
pump module (HPG 3400RS), auto sampler (WPS 3000TRS), a column compartment (TCC 3000RS), a diode
array detector (DAD 3000RS), and an electrospray ionization (ESI)-ion-trap unit (HCT; Bruker). Standards
for each sugar (2, 3, 4, 5, 10, 20, 30, 40, 50, and 200 mg/liter) were processed as the samples, starting with
the derivatization step. Data were collected and analyzed with BrukerHystar, QuantAnalysis, and Dionex
Chromelion software. Since this method is not able to distinguish xylose and arabinose, an additional
measurement by the use of a Rezex ROA-H� column (Phenomenex, Torrance, CA), a refractive index
detector (RI 101; Shodex, Tokyo, Japan) and a PDA detector (210/278 nm; Dionex, Sunnyvale, CA) was
performed after total hydrolysis at 120°C for 1 h with 72% (vol/vol) H2SO4 and following neutralization
with BaCO3.

Phenotypic assays. Congo red (CR) staining was assayed on TY or MM agar containing 120 mg/liter
CR. Calcofluor (CF) brightness was analyzed on LB agar containing 200 mg/liter CF. Fresh precultures
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grown on TY agar were resuspended in 0.9% (wt/vol) NaCl to an optical density at 600 nm (OD600) of 0.1,
and 50 �l was dropped onto the agar medium. Plates were incubated at 30°C and documented after 2
to 3 days. Biofilm formation was determined in flat-bottom polystyrene 96-well plates (Greiner) in 30%
MM, in triplicates, as previously described (27, 60). Briefly, a preculture grown in liquid TY medium was
diluted circa 10-fold in 30% MM (final volume of 100 �l) and grown without shaking for 48 h at 30°C.
Growth was recorded by determining the OD600. The culture medium and nonattached cells were
removed. Plate wells were washed with water, stained with 200 �l of 0.1% (wt/vol) crystal violet
(Sigma-Aldrich) for 30 min with gentle agitation, and washed twice with water. Stained attached cell
material was dissolved in 200 �l of detaching solution (80% ethanol, 20% acetone) for 20 min upon
shaking. Biofilm formation was calculated as the ratio of crystal violet-bound attached cell material at
A570 to the OD600 of the culture. The ability of strains to form symbiosis with the host Medicago sativa
cv. Eugenia was assessed as previously described (27). The nodulation frequency of a single bacterial
strain was determined by counting the nodules on 48 plant roots in a 2-week time period after
inoculation.

Rapid preparation of LPS samples. LPS was extracted from S. meliloti cells according to a published
protocol (61) omitting the polymyxin B purification step. Briefly, S. meliloti Rm2011 wild-type and exoB
deletion strains, harboring pSRK or pSRK-uxe, were grown in liquid TY medium overnight. One milliliter
of each culture was centrifuged (2 min, 10,000 � g) at room temperature (RT), and cell pellets were
resuspended in 50 �l of 100 mM EDTA titrated with triethylamine (TEA) to pH 7.0. Cell suspensions were
mixed with gentle agitation and incubated at 20°C for 15 min. Cells were centrifuged (2 min, 10,000 � g,
RT), and 50 �l of the supernatants was incubated with 10 �l of 2.5 �g/�l proteinase K in EDTA-TEA
solution for 1 h at 60°C. LPS extracts were boiled in Laemmli sample buffer and fractionated by SDS-PAGE
with 16% acrylamide gels, followed by visualization with silver nitrate staining.

Fluorescence measurements. For promoter-egfp assays, TY precultures were diluted 1:500 in 100 �l
30% MM and grown to exponential growth phase in 96-well plates at 30°C with shaking. Enhanced green
fluorescent protein (EGFP) fluorescence (excitation wavelength [�ex] of 488 � 9 nm; emission wavelength
[�em] of 522 � 20 nm; gain, 82) and growth (OD600) were recorded using an Infinite 200 Pro multimode
reader (Tecan). Strains carrying the empty vector pSRKGm-egfp were used for measuring background
fluorescence. Relative fluorescence units (RFU), calculated as EGFP signals, were normalized to the OD600

(n � 4).
Protein purification. Purified His6-Uxe and His6-ExoB proteins were obtained according to a de-

scribed protocol (27) while using a modified lysis buffer (20 mM HEPES [pH 7.5], 250 mM NaCl, 40 mM
imidazole, 20 mM MgCl2, 20 mM KCl). For His6-MucR purification, the pellet obtained from 2 liters of
culture was resuspended in 30 ml lysis buffer (50 mM MOPS [pH 7.5], 500 mM NaCl, 40 mM imidazole),
and the lysate was filtered (0.2-�m pore size) and applied to a 1-ml HisTrap HP column (GE Healthcare)
at a flow rate of 0.025 ml/s. The column was washed and His6-MucR was eluted with lysis buffer
containing 100 mM and 500 mM imidazole, while samples were collected in 1-ml fractions. After
SDS-PAGE analysis, fractions containing purified His6-MucR were pooled, concentrated using centrifugal
filters (Amicon) with a MWCO of 10,000 Da, frozen in liquid nitrogen, and stored at �80°C. Absolute
protein concentrations were determined using Bradford reagent (Bio-Rad) and bovine serum albumin
(BSA; Sigma-Aldrich) as the standard.

Electrophoretic mobility shift assay. An EMSA reaction mixture contained 50 mM KCl, 1.7 �g
sonicated salmon sperm DNA (Invitrogen), 100 �g BSA (Sigma-Aldrich), and 15 ng Cy3-labeled DNA in a
final volume of 10 �l. Cy3-labeled DNA fragments were obtained by PCR with primer Cy3-egfp-28-rev
and a promoter-specific primer (Table S2) using pSRKGm-egfp- and pPHU231-egfp-based constructs as
the templates. Two microliters of 0.6-mg/ml His6-MucR was added to the reaction mixture. The reaction
mixtures were incubated at RT for 30 min; 1.5 �l of 90% glycerol was added and the reaction was loaded
onto a 1.5% agarose gel in Tris-acetate-EDTA (TAE) buffer. After electrophoresis at 90 V for 1 h, gel images
were scanned using a Typhoon 8600 variable-mode imager (Amersham Bioscience).

UDP-glucose 4-epimerase activity assay. Standard reaction mixtures (50 �l final volume) contained
reaction buffer (20 mM HEPES [pH 7.5], 250 mM NaCl, 20 mM MgCl2, 20 mM KCl), 0.5 mM UDP-glucose
(Sigma-Aldrich) or UDP-galactose (Sigma-Aldrich), and 10 �M His6-Uxe or His6-ExoB. Unless otherwise
specified, reaction mixtures were incubated for 90 min at 30°C. To remove proteins from the reaction
mixtures prior to HPLC analysis, samples were mixed with 50 �l chloroform and centrifuged (5 min,
21,000 � g, RT), and the aqueous phase was collected and stored at �20°C.

Separation of UDP-glucose and UDP-galactose was achieved according to a method described by
Behmüller et al. (62) using an Agilent 1100 quaternary HPLC system equipped with a HYPERCARB
150-mm by 1-mm column (Thermo Scientific) at a temperature of 60°C, a flow rate of 0.1 ml/min with a
gradient of A (water), B (water-0.3% formic acid [pH adjusted to 9 using NH3; aqueous]), C (acetonitrile),
and D (79.95% acetonitrile-19.95% water-0.1% TFA). The gradient is shown in Table S3. Analytes were
detected at a UV wavelength of 254 nm.
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