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Cellulose is a linear extracellular polysaccharide. It is synthesized
by membrane-embedded glycosyltransferases that processively
polymerize UDP-activated glucose. Polymer synthesis is coupled to
membrane translocation through a channel formed by the cellulose synthase. Although eukaryotic cellulose synthases function in
macromolecular complexes containing several different enzyme
isoforms, prokaryotic synthases associate with additional subunits
to bridge the periplasm and the outer membrane. In bacteria,
cellulose synthesis and translocation is catalyzed by the inner
membrane-associated bacterial cellulose synthase (Bcs)A and BcsB
subunits. Similar to alginate and poly-β-1,6 N-acetylglucosamine,
bacterial cellulose is implicated in the formation of sessile bacterial
communities, termed bioﬁlms, and its synthesis is likewise stimulated by cyclic-di-GMP. Biochemical studies of exopolysaccharide
synthesis are hampered by difﬁculties in purifying and reconstituting functional enzymes. We demonstrate robust in vitro cellulose
synthesis reconstituted from puriﬁed BcsA and BcsB proteins from
Rhodobacter sphaeroides. Although BcsA is the catalytically active
subunit, the membrane-anchored BcsB subunit is essential for catalysis. The puriﬁed BcsA-B complex produces cellulose chains of
a degree of polymerization in the range 200–300. Catalytic activity
critically depends on the presence of the allosteric activator cyclicdi-GMP, but is independent of lipid-linked reactants. Our data reveal feedback inhibition of cellulose synthase by UDP but not by
the accumulating cellulose polymer and highlight the strict substrate speciﬁcity of cellulose synthase for UDP-glucose. A truncation analysis of BcsB localizes the region required for activity of
BcsA within its C-terminal membrane-associated domain. The reconstituted reaction provides a foundation for the synthesis of bioﬁlm
exopolysaccharides, as well as its activation by cyclic-di-GMP.
membrane transport

reaction, and the membrane-embedded part forms a TM pore in
close juxtaposition with the catalytic site, thereby allowing translocation of the nascent polysaccharide (2).
Although most eukaryotic CesAs are believed to form supramolecular complexes that organize the secreted glucans into
cable-like structures, i.e., the cellulose microﬁbrils (9), many Gramnegative bacteria synthesize cellulose as a bioﬁlm component (10,
11). Bioﬁlm formation is stimulated by the bacterial messenger
cyclic-di-GMP (c-di-GMP) (12), which affects a diverse group of
enzymes via interaction with either covalently or noncovalently attached c-di-GMP-binding domains, such as PilZ (13–15).
Bacterial cellulose synthase (Bcs) is a multicomponent protein
complex encoded in an operon containing at least three genes,
bcsA, B, and C (16, 17). BcsA is the catalytic subunit that synthesizes cellulose and forms the TM pore across the inner
membrane and BcsB is a large periplasmic protein that is anchored to the inner membrane via a single C-terminal TM helix.
BcsB may guide the polymer across the periplasm toward the
outer membrane via two carbohydrate-binding domains (CBDs)
(2). BcsA and BcsB are fused into a single polypeptide chain in
some species (18). BcsC is predicted to form a β-barrel in the
outer membrane, preceded by a large periplasmic domain containing tetratricopeptide repeats likely involved in complex assembly (16). Most cellulose synthase operons also code for
Signiﬁcance
Cellulose is the most abundant biopolymer on Earth, primarily
formed by vascular plants, but also by some bacteria. Bacterial
extracellular polysaccharides, such as cellulose and alginate,
are an important component of bioﬁlms, which are multicellular, usually sessile, aggregates of bacteria. Bioﬁlms exhibit
a greater resistance to antimicrobial treatments compared with
isolated bacteria and thus are a particular concern to human
health. Cellulose synthases synthesize cellulose by polymerizing UDP-activated glucose and transport the growing polymer
across the cell membrane during its synthesis. Despite numerous attempts, reconstituting cellulose synthesis in vitro from
puriﬁed components has been unsuccessful. Here we present
the complete reconstitution of bacterial cellulose synthesis from
components from Rhodobacter sphaeroides, thereby establishing an experimental basis for cellulose and bioﬁlm research.
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olysaccharides are essential biopolymers performing diverse
biological functions, ranging from energy storage to osmoregulation and cell wall formation. Extracellular polysaccharides,
including cellulose, chitin, and alginate, are synthesized inside
the cell from nucleotide-activated sugars and are transported
across the cell membrane during their synthesis. This remarkable
task is performed by membrane-integrated glycosyltransferases
(GTs) that couple polymer elongation with translocation (1, 2).
Cellulose is a linear polymer of glucose molecules linked via
β-1,4 glycosidic linkages (3, 4) and is primarily formed by vascular plants, but also by some algae, protists, and bacteria (4–6).
Cellulose is synthesized by cellulose synthase (CesA), a family 2
member of GTs (7) that processively polymerizes UDP-activated
glucose via an evolutionarily conserved mechanism (2). CesAs
contain eight predicted transmembrane (TM) segments and at
least one extended intracellular domain adopting a GT-A fold
(2, 8). The intracellular GT-A domain is responsible for donor
and acceptor sugar binding, as well as for catalyzing the GT
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BcsB’s C-terminal, membrane-associated domain that packs against
the TM region of BcsA.
Results
BcsB Is Required for Catalytic Activity of BcsA. Gram-negative bac-
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a periplasmic cellulase, BcsZ, whose biological function is unknown, yet it appears to enhance cellulose production in vivo
(19, 20). Although most bioﬁlm-forming bacteria likely produce
amorphous cellulose that is embedded in a 3D matrix of polysaccharides, proteinaceous ﬁbers, and nucleic acids (21), some
bacteria produce cellulose microﬁbrils resembling those synthesized by eukaryotic cells (22). In such bacteria, CesA complexes
are linearly arranged along the cell axis, and the CesA operons
encode at least one additional subunit, BcsD, that might facilitate the linear organization of the synthases (18).
Despite the numerous studies available on a large number of
pro- and eukaryotic model systems, revealing the mechanism
of cellulose synthesis and translocation has been hampered by
difﬁculties in reconstituting functional CesAs in a puriﬁed system, either from eukaryotic or prokaryotic enzymes (23–26). To
date, cellulose biosynthetic activities have only been recovered
from detergent extracts of native membranes (24–26).
To overcome these challenges, we reconstituted an active
cellulose synthetic system in vitro from a puriﬁed Rhodobacter
sphaeroides BcsA-B complex (27). The puriﬁed complex efﬁciently synthesizes amorphous, high-molecular-weight (HMW)
cellulose on incubation with UDP-glucose (UDP-Glc) and c-diGMP, both in a detergent-solubilized state and after reconstitution
into proteoliposomes (PLs). We show that cellulose elongation
occurs directly from UDP-Glc without lipid-linked intermediates,
reveal that c-di-GMP activates the synthase, and demonstrate the
strict substrate speciﬁcity of BcsA for UDP-Glc. Furthermore, we
demonstrate that BcsB is crucial for the catalytic activity of BcsA
and localize the region required for cellulose synthesis within
Omadjela et al.

Puriﬁed BcsA-B Synthesizes HMW Cellulose. The R. sphaeroides
BcsA-B complex was puriﬁed to homogeneity in the detergent
LysoFosCholine Ether 14 (LFCE14) via metal afﬁnity and gel
ﬁltration chromatography and was reconstituted into PLs formed
from the E. coli total lipid extract. In PLs, the cellulose synthase
activity displays a similar dependence on activation by c-di-GMP
as in IMVs, suggesting that the complex retained its native-like
activity during puriﬁcation (Fig. 2). To further conﬁrm that the
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Fig. 1. BcsA and BcsB are necessary for cellulose synthesis. (A) IMVs containing either BcsA, BcsB, or both subunits were incubated for 60 min at 37 °C
in the presence and absence of c-di-GMP and 0.25 μCi UDP-[3H]-Glc. The
synthesized polymer was puriﬁed by descending paper chromatography and
quantiﬁed by scintillation counting. The amount of product obtained is
shown relative to the product formed from IMVs containing BcsA and BcsB.
Control reactions were performed with IMVs derived from cells containing
an empty pET28a vector or in the absence of c-di-GMP or the presence of 20
mM EDTA. Results are shown in light and dark gray for components from
E. coli and R. sphaeroides, respectively. (B) Nonreducing immuno-blotting
of IMVs containing C-terminally poly-His and FLAG-tagged BcsA and
BcsB, respectively. The full-length proteins are indicated by arrowheads. (C)
Western analysis of oxidized and reduced BcsB. IMVs containing R. sphaeroides BcsB were solubilized in 2% (wt/vol) SDS and incubated with 20 mM
DTT before SDS/PAGE.

teria transport cellulose across the inner and outer bacterial
membranes. Most likely this is achieved by associating the catalytic BcsA-B complex in the inner membrane with the poreforming outer membrane BcsC subunit. To identify the complex
components required for cellulose synthesis and translocation
across the inner bacterial membrane, we expressed BcsA and
BcsB from Escherichia coli K12 and Rhodobacter sphaeroides in
E. coli C43 (28), prepared inverted membrane vesicles (IMVs),
and analyzed them for cellulose synthesis activity. To this end,
the membrane vesicles were incubated at 37 °C with the substrate
UDP-Glc, the activator c-di-GMP, as well as 3H-labeled UDPGlc as a radiotracer. The reaction was terminated by addition of
2% (wt/vol) SDS, and the water-insoluble, HMW polymer was
sedimented by centrifugation. Subsequently, the obtained product was further puriﬁed by descending paper chromatography (1)
and quantiﬁed by scintillation counting. Fig. 1 shows that only
IMVs containing BcsA and BcsB produce a HMW polymer.
IMVs containing only BcsA or BcsB are catalytically inactive.
Combining IMVs containing BcsA or BcsB does not restore
catalytic activity, suggesting that both subunits have to be in the
same membrane to form a functional complex (Fig. 1 A and B).
Polymer synthesis strictly depends on the presence of c-di-GMP
as well as Mg2+, as expected for bacterial cellulose synthesis.
BcsB carries an N-terminal secretion signal sequence and,
depending on the species, has a predicted molecular weight of
75–83 kDa after signal peptide cleavage. Under nonreducing
conditions, BcsB migrates at ∼100 kDa on an SDS/PAGE. Upon
reduction, however, BcsB’s electrophoretic mobility signiﬁcantly
increases, suggesting that the protein forms an intramolecular
disulﬁde bond (Fig. 1C). Indeed, most BcsBs contain only two
invariant Cys residues (Fig. S1), one in each CBD, which are in
close proximity to one another at the CBD interface and are thus
likely to form a disulﬁde bond (2).

Fig. 2. In vitro cellulose synthesis from puriﬁed and reconstituted BcsA-B.
PLs containing 1 μM of puriﬁed R. sphaeroides BcsA-B complex were incubated at 37 °C for the indicated time, and the synthesized polymer was
quantiﬁed as described in Fig. 1. The polymer is degraded by endo-β-1,4- but
not by endo-β-1,3 glucanase (β-1,4, β-1,3). (Right) Coomassie-stained SDS/
PAGE of reconstituted BcsA-B. DPM, disintegrations per minute.
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synthesized polymer represents a β-1,4-linked glucan, we tested
whether a β-1,4 or β-1,3 speciﬁc endo glucanase degrades the
water-insoluble polymer. As expected for cellulose, β-1,3 glucanase does not degrade the synthesized polymer, whereas β-1,4
glucanase does (Fig. 2). In addition, permethylation glycosyl
linkage analysis of the glucan obtained from a 60-min synthesis
reaction reveals that the in vitro synthesized polymer consists
exclusively of 1,4-linked glucosyl residues (Fig. S2). The alditolacetates corresponding to the residues at the nonreducing ends
of the chains represent no more than 0.3–0.5% of the total
derivatives obtained from the in vitro product (Fig. S2). Altogether, these data conﬁrm the cellulosic nature of the polysaccharide formed by the BcsA-B complex and indicate that the
chains formed in vitro exhibit a degree of polymerization of at
least 200, most likely within the range 200–300.
Most inverting GT require an essential divalent cation for
catalysis. The cation is coordinated by a conserved Asp-X-Asp
motif at the active site to stabilize the nucleoside diphosphate
leaving group during glycosyl transfer (2, 29). To determine
cation preference, cellulose synthesis reactions were performed
in the presence of Ba2+, Mn2+, Mg2+, and Ca2+. Only Mn2+ and
Mg2+ enabled approximately equal activity levels (Fig. S3A), consistent with earlier observations on other processive GT (30, 31).
To facilitate glycosyl transfer, the acceptor 4′ hydroxyl group
of the growing polysaccharide becomes deprotonated during the
SN2 nucleophilic substitution reaction (32). Based on the crystal
structure of R. sphaeroides BcsA-B, the general base catalyzing
deprotonation (Asp343) is part of an invariant Thr-Glu-Asp
motif within hydrogen bond distance to the nonreducing end of
the polymer (2). Asp343 lies at the back of a deep substratebinding groove between the donor and acceptor coordination
sites. Cellulose synthesis assays performed in a pH range from
4.5 to 9.5 show that BcsA-B exhibits optimal activity at neutral
pH (Fig. S3B), yet signiﬁcant activity remains even at an alkaline
pH of 9.5. This pH proﬁle is consistent with a buried carboxylate
as a catalytic base (33).
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Kinetic Characterization and Activation of Cellulose Synthesis by c-diGMP. The GT reaction catalyzed by BcsA transfers the donor

glucose from the donor substrate UDP-Glc to the nonreducing
end of the acceptor glucan as also observed for plant and other
bacterial CesAs (25, 26, 34). Thus, the second product of the
cellulose synthesis reaction is UDP. To conﬁrm that BcsA indeed
forms UDP as a reaction product (and not, for example, UMP
plus inorganic phosphate) and to obtain kinetic insights into the
reaction, we coupled cellulose synthesis to the activities of pyruvate kinase (PK) and lactate dehydrogenase (LDH), thus
monitoring polymer formation in real time by following the oxidation of reduced NADH spectrophotometrically (1, 35). Because PK recognizes UDP but not UMP as substrate (36), the
successful coupling of cellulose synthesis with its activity implies
the formation of UDP. To ensure that all BcsA-B complexes are
accessible to the substrates and can contribute to the observed
reaction, the complex was reconstituted into lipid nanodiscs
(NDs) (Fig. S4), which are edge-stabilized, planar lipid bilayer
discs ∼10 nm in diameter (37). At this size, each ND most likely
contains a single BcsA-B complex (38).
As in PLs, the activity of BcsA-B in NDs strongly depends on
activation by c-di-GMP, and the polymer is readily degraded by
β-1,4 glucanase, suggesting that NDs provide a native-like environment (Fig. S5). As shown in Fig. 3A, the c-di-GMP–activated
BcsA-B complex generates UDP at a constant rate for up to
45 min, indicating that the enzyme is not inhibited by the accumulating or aggregating cellulose. No UDP is formed in the
absence of c-di-GMP, UDP-Glc, or BcsA-B.
The robust activity of BcsA-B in ND allows analyzing its activity at either varying UDP-Glc or varying c-di-GMP concentrations (Fig. 3 B and C). Under both conditions, the enzyme
17858 | www.pnas.org/cgi/doi/10.1073/pnas.1314063110

Fig. 3. Kinetic analysis of cellulose synthesis and stimulation by cyclic-diGMP. (A) Cellulose synthesis reactions were performed in the presence of 1 U
PK and LDH, 0.5 mM NADH, and 1 mM phosphoenolpyruvate (PEP). The
LDH-catalyzed oxidation of NADH to NAD+ was monitored spectrophotometrically at 340 nm. Control reactions in the absence of UDP-Glc, c-di-GMP,
PEP, or BcsA-B do not lead to oxidation of NADH. Addition of 1 mM UDP
to the reaction rapidly depletes NADH by circumventing cellulose synthesis.
(B and C) Titration of UDP-Glc and c-di-GMP. Apparent reaction rates at
a constant c-di-GMP concentration of 30 μM and increasing UDP-Glc concentrations (B) or increasing concentrations of c-di-GMP at a constant UDPGlc concentration of 5 mM (C). The data were ﬁt to monophasic MichaelisMenten kinetics. Km and KA are the apparent afﬁnities for the substrate
UDP-Glc and the activator c-di-GMP, respectively. (D) Titration of UDP-Glc
from 0 to 7.5 mM at the indicated c-di-GMP concentrations. All reactions
were performed at room temperature with 0.5 μM ND-reconstituted BcsA-B
in a total volume of 20 μL.

obeys monophasic Michaelis-Menten kinetics with apparent afﬁnities of 0.5 mM and 1.8 μM for UDP-Glc and c-di-GMP,
respectively, consistent with the estimated physiological concentrations of 1–2 mM for UDP-Glc and 1–10 μM for c-di-GMP (39,
40). Although the concentration of active BcsA-B in NDs is
unknown, assuming that 100% of the enzyme is responsible for
the observed activity suggests a minimal polymerization rate
generating ∼90 UDP molecules/s per BcsA-B complex. This rate
is about 10-fold higher than what has been observed in other
model systems, perhaps due to the lack of higher-order organization of the synthesized glucan chains (25, 41, 42).
c-di-GMP strongly activates cellulose synthesis by an unknown
mechanism (43). The tight association of BcsA’s PilZ and GT
domains suggests that c-di-GMP controls the accessibility of the
GT active site (2). Titrating UDP-Glc at different c-di-GMP concentrations shows that the maximum catalytic activity achieved
depends on the overall c-di-GMP concentration, whereas the
apparent afﬁnity for UDP-Glc remains within 0.1–1.0 mM, comparable with the Km of 0.5 mM for UDP-Glc determined in the
presence of 30 μM c-di-GMP (Fig. 3B and D).
Feedback Inhibition of BcsA-B. The reconstituted cellulose biosynthetic activity solely requires the presence of UDP-Glc and
the activator c-di-GMP. The cellulose synthesis rate of microﬁbril-forming, oligomeric CesAs is inﬂuenced by the interaction of
the individual glucans outside the cell, suggesting that cellulose
microﬁbril formation is rate limiting (42, 44, 45). Thus, we further
investigated whether the catalytic rate of BcsA-B is also inﬂuenced
by the accumulating products, either HMW cellulose or UDP.
BcsZ is a periplasmic cellulase encoded in most bacterial
cellulose synthase operons characterized to date (4). Although
BcsZ exhibits low activity toward crystalline cellulose microﬁbrils (20), it efﬁciently degrades in vitro-synthesized cellulose
in situ. Performing cellulose synthesis assays with ND-reconstituted
Omadjela et al.

BcsA-B in the presence of 0.1 mg/mL E. coli BcsZ prevents the
accumulation of HMW cellulose (Fig. 4A), suggesting that BcsZ
efﬁciently degrades the glucan as it emerges from the complex.
Kinetically, however, BcsA-B’s apparent reaction rate does not
change in the presence of BcsZ, indicating that its activity is not
affected by the accumulating polymer (Fig. 4A), perhaps because
the emerging glucans lack higher-order organization. This observation is consistent with the higher apparent polymerization
rate of BcsA-B compared with CesAs that form cellulose microﬁbrils (Fig. 3B) (25, 41, 42). The same results were obtained with
PLs-reconstituted BcsA-B, arguing that the lack of product inhibition is not due to a different oligomeric state of the synthase
in ND.
The glycosyl transfer reaction converts UDP-Glc to UDP,
thereby releasing an important nucleotide whose physiological
concentration is maintained in the low micromolar range (39).
To analyze whether BcsA-B undergoes feedback inhibition by
UDP, we ﬁrst tested BcsA-B’s activity in the presence of a constant 0.5 mM UDP-Glc concentration and increasing concentrations of UDP by the cellulose sedimentation assay. BcsA-B’s
activity is signiﬁcantly inhibited by UDP, with only 50% of
product formed in the presence of 0.7 mM UDP (Fig. 4B). In
contrast, guanosine and adenosine diphosphates do not inhibit
cellulose synthesis. However, inhibition by UDP is competitive as
the enzyme reaches normal activity levels with increasing UDPGlc to UDP ratios (Fig. 4C), suggesting a model by which UDP,
at a high concentration, competitively competes with UDP-Glc
for binding to BcsA’s active site. Under physiological conditions,
however, it is unlikely that this inhibitory effect becomes rate
limiting as the concentration of UDP-Glc exceeds that of UDP
by about an order of magnitude (39).

UDP-Xyl as strongest inhibitor. At 5 mM concentration, UDPNAG reduces the apparent reaction rate by only 20%, whereas
UDP-Xyl reduces the activity by about 60%, suggesting a UDPand sugar-speciﬁc effect on inhibition (Figs. 4 B and C and 5B).
Interestingly, the reactions proceed for at least 90 min at a constant rate, indicating that the alternative sugars are either not at
all incorporated or limited incorporation does not have a cumulative adverse effect on the overall reaction rate (Fig. 5C).
Several capsular exopolysaccharides are assembled from lipidbound intermediates (46). Based on radiotracer labeling, a similar mechanism has been proposed for cellulose synthesis in
Agrobacterium tumefaciens, by which cellulose would be assembled from short, lipid-linked oligosaccharides (47). To investigate
whether BcsA-B’s activity requires any components provided by
the E. coli total lipid extract used for reconstitution, we performed cellulose synthesis reactions in a detergent-solubilized
state, in the absence of any additional phospholipids. BcsA-B
puriﬁed in the detergent lauryl N,N-dimethylamine oxide (LDAO)
or LFCE14 robustly synthesizes cellulose in a c-di-GMP–dependent
manner, which is degraded by cellulase, consistent with the synthesis of an authentic β-1,4 glucan (Fig. 5D). We note that, in a
detergent-solubilized state, the enzyme displays ∼10–20% residual activity in the absence of c-di-GMP, perhaps due to an
increased conformational ﬂexibility of the “gating loop” controlling access to BcsA’s active site (2). Although the presence of
lipids arising from the E. coli expression system cannot be fully
ruled out, these results strongly suggest that the involvement of
lipid-linked oligosaccharides in the elongation reaction is unlikely. This conclusion is further supported by the large distance
between the active site and the putative lipid–water interface
(∼25Å) (2).

Substrate Speciﬁcity of BcsA-B. It is unknown how CesAs select
their substrate UDP-Glc. Several UDP-activated sugars are common precursors for many physiological processes in pro- and
eukaryotes, and substrate promiscuity is predicted to change the
physico-chemical properties of the polymer formed or even terminate polymerization. To probe the substrate speciﬁcity of
BcsA-B, we performed enzyme-coupled cellulose synthesis
reactions in the presence of 5 mM UDP-galactose (Gal), -glucuronic acid (GA), -N-acetylglucosamine (NAG), -arabinose
(Ara), or -xylose (Xyl) as the only carbohydrate source. As
shown in Fig. 5A, none of the alternative substrates enables
a reaction rate similar to UDP-Glc, giving rise to about 20%
residual activity compared with the nonstimulated state in the
absence of c-di-GMP, perhaps due to slow incorporation or
hydrolysis of the alternative UDP-sugars.
Cellulose syntheses in the presence of 1 mM UDP-Glc and
increasing concentrations of UDP-Gal, -NAG, or -Xyl reveal a
concentration-dependent inhibition of polymer synthesis, with

The Membrane-Associated Domain of BcsB Is Essential for Cellulose
Synthesis. Based on the architecture of the BcsA-B complex, the
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strict dependence of BcsA’s catalytic activity on BcsB is surprising. Although BcsB shares a large interface with BcsA, none
of its domains are in close proximity to the active site (2).
Likewise, BcsB only interacts with the translocating glucan on
the periplasmic side of the membrane, thus it is unlikely that it
participates in the translocation reaction. BcsB is a multidomain
protein containing a repeat of a CBD linked to a ﬂavodoxin-like
domain (FD) (2). The N-terminal CBD-1, which forms the
membrane distal part, is located at the tip of the dome-shaped
molecule, followed by FD-1. This organization is repeated with
CBD-2 and FD-2 before BcsB forms a short amphipathic helix
followed by its C-terminal TM anchor. The TM anchor packs
into a deep groove formed by BcsA’s TM helices 1, 2, and 3.
To identify the core region of BcsB required for catalytic activity of BcsA, we systematically truncated BcsB N-terminally
starting either at Gly190 (after CBD-1), at Thr309 (after FD-1),

Fig. 4. Product inhibition of cellulose synthase. (A) Enzyme-coupled cellulose synthesis assays were performed as described in Fig. 3 in the absence or
presence of 0.1 mg/mL E. coli BcsZ. (Inset) Radioactive sedimentation assay performed with ND-reconstituted BcsA-B synthesizing cellulose in the absence or
presence of BcsZ. (B) Inhibition of cellulose synthesis by UDP. Cellulose synthesis sedimentation assays were performed with 1 μM PL-reconstituted BcsA-B in
the presence of increasing concentrations of the indicated nucleotides and 0.5 mM UDP-Glc for 60 min at 37 °C. The obtained product is quantiﬁed relative to
the polymer formed in the absence of any nucleoside diphosphate. (C) UDP is a competitive inhibitor of cellulose synthase. Cellulose synthesis sedimentation
assays performed (as in B) in the presence of 0.7 mM UDP and increasing concentrations of UDP-Glc. The products are quantiﬁed relative to the polymer
formed in the absence of UDP and the presence of 5 mM UDP-Glc.

Omadjela et al.
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Fig. 5. Substrate speciﬁcity of BcsA-B. (A) Enzyme-coupled cellulose synthase assays performed with 0.5 μM PLs-reconstituted BcsA-B in the presence of 5 mM of the indicated substrates. The apparent activities are
expressed relative to the activity in the presence of UDP-Glc. (B) Inhibition
of cellulose synthesis by alternative substrates. Activity assays were performed for 90 min at 37 °C in the presence of 1 mM UDP-Glc and increasing
concentrations of UDP-Xyl, -Gal, or -NAG. The apparent rates are shown
relative to the activity in the presence of 1 mM UDP-Glc only. (C ) As in B but
shown are the linear decreases in absorbance at 340 nm for samples incubated with 1 mM UDP-Glc and the indicated concentrations of UDP-Xyl.
(D) BcsA-B is catalytically active in a detergent-solubilized state. Cellulose
synthesis is activated by c-di-GMP and the HMW product is degraded by endo
β-1,4 glucanase (β-1,4).
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at Met456 (after CBD-2), or at Ser684 (after FD-2) (Fig. 6A).
The constructs were coexpressed with BcsA, and the cellulose
biosynthetic activity of the truncated complexes was analyzed in
IMVs. While IMVs containing only BcsA fail to produce any
HMW polymer, essentially all BcsB truncations supported a
comparable catalytic activity of BcsA, demonstrating that only
the C-terminal membrane-associated region of BcsB is required
for function (Fig. 6B).
To further conﬁrm that the catalytic activity of the BcsA-BS684 complex is indeed due to the interaction of BcsA with the
BcsB fragment, we puriﬁed the truncated complex by Ni-afﬁnity
and gel ﬁltration chromatography via the C-terminal poly-histidine
tag on BcsA. As shown in Fig. 6 B and C, the FLAG-tagged BcsBS684 fragment copuriﬁes with BcsA, and the puriﬁed complex is
catalytically active after reconstitution into PLs, demonstrating that
residues 684–725 of BcsB sufﬁce to mediate the interaction with
and maintain the catalytic activity of BcsA.
Discussion
The puriﬁed R. sphaeroides BcsA-B complex allows, for the ﬁrst
time, characterizing cellulose synthesis in a puriﬁed state. In
vitro, BcsA-B synthesizes HMW cellulose in the presence of
UDP-Glc and the allosteric activator c-di-GMP, thus providing
a model system for not only cellulose synthesis but also for c-diGMP–induced exopolysaccharide secretion, implicated in bioﬁlm
formation.
On activation by c-di-GMP, BcsA-B processively elongates the
cellulose polymer, achieving a degree of polymerization in vitro
in the range 200–300. This reaction proceeds at a similar rate in
detergent-solubilized and membrane-reconstituted states, highly
favoring a model by which BcsA catalyzes the stepwise transfer
of UDP-activated glucose to the growing acceptor without the
involvement of any lipid-linked reaction intermediates. Because
glucan elongation is tightly coupled to its translocation through
BcsA’s TM pore (2) and robust cellulose synthesis occurs in vitro
17860 | www.pnas.org/cgi/doi/10.1073/pnas.1314063110

in the absence of electrochemical gradients, the GT reaction
must sufﬁce to energize cellulose translocation.
In accordance with other bioﬁlm polysaccharides (11), BcsA-B
most likely produces amorphous cellulose, consisting of randomly
oriented glucan chains. No cellulose microﬁbrils were observed
by electron microscopy analyses, and the sensitivity of the synthesized cellulose toward cellulase digestion further indicates the
loose organization of the individual glucan chains.
Cyclic-di-GMP activates cellulose synthesis allosterically and
binds BcsA-B with high afﬁnity. It is a potent inducer of bioﬁlm
formation, thus the mechanism by which it activates exopolysaccharide synthases is of particular importance. In contrast to
other bioﬁlm polysaccharide synthases, such as alginate- and
poly-β-1,6 N-acetylglucosamine (Pga) synthase, the c-di-GMPbinding PilZ domain of cellulose synthase is a part of the catalytic
BcsA subunit (Fig. S6). In alginate synthase, Alg44, resembling
BcsB in its TM topology, contains an intracellular c-di-GMP–
binding PilZ domain and associates with the catalytic Alg8 subunit
(17). Pga synthases do not contain PilZ domains, but bind c-diGMP at the interface between the catalytic PgaC and the associated PgaD subunits (Fig. S6) (48).
Titration of UDP-Glc at increasing c-di-GMP concentrations
shows that c-di-GMP does not alter BcsA’s apparent afﬁnity for
UDP-Glc, yet it increases BcsA’s apparent catalytic rate in vitro
at least 10-fold. These observations are consistent with a model
by which c-di-GMP binding exposes BcsA’s active site, perhaps
by removing a “lid” covering the opening of the GT domain (2),
thereby directly allowing substrate binding to and product release from the active site. In the absence of c-di-GMP or under
conditions where the concentration of c-di-GMP is rate limiting,
only a fraction of the catalytic sites might be accessible, thus
reducing the overall reaction rate.
With the exception of this study, no cellulose synthase activity has been recovered from puriﬁed components, neither
from pro- nor eukaryotic sources (24, 25). Although BcsA
requires BcsB for catalytic activity, only its C-terminal TM
anchor together with a preceding amphipathic helix is necessary
for activity. Its interaction with BcsA likely stabilizes the TM
region of BcsA, such that the synthase is catalytically active. A

Fig. 6. The membrane-associated domain of BcsB is required for cellulose
synthesis. (A) N-terminal deletion mutants progressively truncating BcsB. The
TM and cytosolic domains of BcsA are shown as a surface in dark and light
gray, respectively, and the translocating glucan is shown as red spheres. (B)
Cellulose synthase activity of the truncated BcsA-B complexes. IMVs containing WT BcsA and the indicated BcsB constructs were tested for cellulose
synthase activity by quantifying the accumulation of radioactively labeled
cellulose. IMVs were incubated for 60 min at 37 °C. The puriﬁed BcsA-B-S684
complex retains activity after reconstitution into PLs (S684-r). (C) Western
analysis of IMVs and PLs. BcsA and BcsB carry a C-terminal poly-His and FLAGtag, respectively. Red arrowheads highlight the positions of the BcsB constructs.
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The R. sphaeroides BcsA and BcsB cellulose synthase subunits were expressed
in E. coli C43 and puriﬁed as described (2). The puriﬁed complex was
reconstituted into proteoliposomes after incubation with detergent-solubilized E. coli total lipid extract and detergent removal by stepwise addition of
SM-2 BioBeads. Cellulose synthesis was initiated by addition of UDP-Glc and
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c-di-GMP in the presence of MgCl2 and incubation at 37 °C. The synthesized
cellulose was quantiﬁed after incorporation of 3H-labeled glucose as radiotracer by scintillation counting. Enzyme-coupled cellulose synthesis assays
were performed spectrophotometrically by coupling cellulose synthesis to
the reactions of pyruvate kinase and lactate dehydrogenase. Full experimental details are provided in SI Materials and Methods.
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destabilized TM region of BcsA would not only affect the
glucan channel, but would also alter the localization of the
signature pentapeptide (Gln-X-X-Arg-Trp) (49) that stabilizes
the acceptor glucan at the active site (2). Thus, it is conceivable
that eukaryotic cellulose synthases also require additional components for activity, which might dissociate during puriﬁcation,
leading to preparations with drastically reduced cellulose synthase
rates. The described biochemical analysis of bacterial cellulose
synthesis offers an alternative route to identify potential CesA
interaction partners similar to BcsB.

