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Abstract

Many bacteria secrete cellulose, which forms the structural basis for bacterial multicellular
aggregates, termed biofilms. The cellulose synthase complex of Sa/monella typhimurium consists
of the catalytic subunits BcsA and BesB and several auxiliary subunits that are encoded by two
divergently transcribed operons, bcsRQABZC and besEFG. Expression of the besEFG operon is
required for full-scale cellulose production but the functions of its products are not fully
understood. This work aimed to characterize the BcsG subunit of the cellulose synthase, which
consists of an N-terminal transmembrane fragment and a C-terminal domain in the periplasm.
Deletion of the bcsG gene substantially decreased the total amount of BesA and cellulose
production. BcsA levels were partially restored by the expression of the transmembrane segment,
whereas restoration of cellulose production required the presence of the C-terminal periplasmic
domain and its characteristic metal-binding residues. The high-resolution crystal structure of the
periplasmic domain characterized BcsG as a member of the alkaline phosphatase/sulfatase
superfamily of metalloenzymes, containing a conserved Zn2*-binding site. Sequence and structural
comparisons showed that BcsG belongs to a specific family within alkaline phosphatase-like
enzymes, which include bacterial Zn?*-dependent lipopolysaccharide phosphoethanolamine
transferases such as MCR-1 (colistin resistance protein), EptA, and EptC and the Mn%*-dependent
lipoteichoic acid synthase (phosphoglycerol transferase) LtaS. These enzymes use the
phospholipids phosphatidylethanolamine and phosphatidylglycerol, respectively, as substrates.
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These data are consistent with the recently discovered phosphoethanolamine modification of
cellulose by BcsG and show that its membrane-bound and periplasmic parts play distinct roles in
the assembly of the functional cellulose synthase and cellulose production.
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alkaline phosphatase superfamily; biofilm formation; cellulose biosynthesis; extracellular matrix;
virulence

Introduction

Bacterial cellulose, an exopolysaccharide with versatile biological roles, is produced by a
variety of phylogenetically diverse bacteria [1]. In many of them, cellulose is required for
biofilm formation that mediates environmental persistence, stress protection, and an anti-
virulence phenotype [2-5]. Cellulose production is also important for microbial cell-cell
interactions including bacterial-fungal interactions, adherence to surfaces, slowing-down of
cell motility, interaction with amyloid fibers and protection against disinfectants [6-10].
Cellulose is a seemingly simple biopolymer that consists of glucose monomers bound into
linear B-(1-4)-glucan chains and is resistant against hydrolysis by alkali and most strong
acids. Despite this simple structure, biosynthesis of cellulose in different bacteria is carried
out by at least three distinct operon classes, which are characterized by different auxiliary
and accessory genes [1; 11-14] to produce macromolecules of amazingly different
properties.

The core genes of all characterized cellulose biosynthesis operons code for the cellulose
synthase catalytic subunit BcsA, an inner membrane protein with a cytosolic domain
containing the active site, which together with BcsB, a periplasmic protein with a single
BcsA-interacting C-terminal transmembrane domain, forms the enzymatically active
cellulose synthase (Fig. S1; [15-17]). The active site of B¢sA is blocked by a gating loop
and requires second messenger cyclic diguanosine monophosphate (c-di-GMP) binding to
the C-terminal PilZ domain to allow substrate access. In addition, b¢sZ gene, encoding a
periplasmic endoglucanase, is typically located either within the cellulose biosynthesis
operon or in close vicinity [5]. Further on, bcsC, a gene predicted to encode an outer
membrane pore, is part of class | and 1l bcs operons [1]. The function of various accessory
genes, often specific to certain cellulose biosynthesis operons, is starting to become
unraveled. For example, in class 11 operons that are found in many beta- and gamma-
proteobacteria, the bcsEFG operon is adjacent to the besABZC operon. BesE was recently
shown to be a novel c-di-GMP receptor required for optimal cellulose biosynthesis in
Salmonella enterica serovar Typhimurium (hereafter S. typhimurium) and Escherichia coli
[18]. Bacterial two-hybrid assays have shown a strong interaction of the £. coli B¢csG with
the cellulose synthase subunit BcsA and the BesF protein [13; 19]. Mutating the bcsG gene
in E. coli and Salmonellaresulted in severely disturbed cellulose synthesis, indicating a role
of this protein in maintaining wild-type levels of cellulose [13; 18; 20]. More recently, BcsG
was shown to participate in a chemical modification of the growing cellulose molecules in £.
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coliand S. typhimurium that results in production of cellulose with a phosphoethanolamine
group added to every other glucosyl residue [19].

In this work, we further investigate the role(s) of the BesG protein in cellulose biosynthesis
and report the high-resolution crystal structure of its periplasmic domain. The crystal
structure confirms that this domain is a member of the alkaline phosphatase/sulfatase
enzyme superfamily, related to the membrane-anchored phosphoethanolamine and
phosphoglycerol transferases. Mutational analyses demonstrated that the Ser278 residue,
which is conserved in the BcsG family, is required for the catalytic activity of BesG in vitro
and optimal cellulose biosynthesis /n vivo. However, the protein scaffold is required for
production of wild-type levels of the cellulose synthase subunit BcsA. Thus, this work
shows that BcsG is a multifunctional protein that, in addition to transferring a
phosphoethanolamine headgroup from phospholipids to the nascent cellulose molecule, is
involved in formation of the functional cellulose synthase complex.

Functional characterization of BcsG

We reported recently that a polar besE mutant of Salmonella enterica serovar Typhimurium
(hereafter S. typhimurium) lacking the biofilm extracellular matrix component curli fimbriae
(AcsgBA mutant) displayed a smooth and nearly white (saw) colony morphotype when
grown in the presence of the Congo red dye [18]. Such a phenotype is consistent with a lack
of cellulose production [6; 18]. By contrast, a non-polar bcsE mutant in this AcsgBA
background displayed a clearly diminished, but still prominent padar (pink, dry and rough)
morphotype suggesting a reduced but still noticeable production of cellulose [6; 18]. To
dissect the contribution of genes downstream of b¢sE in the besEFG operon to cellulose
formation (Fig. 1A), we constructed bcsFand besG deletion mutants in S. typhimurium
strain UMR1, a single-colony derivative of S. typAimurium ATCC14028, which displays
highly regulated expression of curli and cellulose biofilm extracellular matrix components at
28 °C (Fig. 1B). In this wild-type strain background, the bcsG mutant grown on Congo red
plates displayed a badar, brown and rough, morphotype indicative of amyloid curli
production. However, colonies of the csG mutant did not bind Calcofluor whitestain
suggesting that the bcsG gene is required for cellulose biosynthesis (Fig. S2A). To avoid
interference with curli fimbriae, we constructed bcsG mutants of the S. fyphimurium strains
MAE14 and MAE97, cellulose positive/curli negative UMR1 derivatives. The MAE14 bcsG
derivative did not bind Calcofluor white and had white colonies on Congo red plates, which
was similar to the previously characterized cellulose- and curli-negative control strain
MAED50 [21], again suggesting that BesG is required for cellulose biosynthesis (Fig. S2A;
Fig. 1B). In the background of MAE97, an S. typhimurium strain that displays temperature-
independent upregulated cellulose production due to a point mutation in the csgD promoter
region which results in upregulation of the major biofilm regulator CsgD and the diguanylate
cyclase AdrA [22], the bcsG mutant (Table S1) showed highly reduced, but still noticeable
residual cellulose production. This suggested that while BcsG is required for optimal
cellulose production, it is dispensable when cells are grown on salt-free LB agar plates (Fig.
S2A,; Fig. 1B). Investigation of cellulose production in MAE97 and its bcsG mutant by laser
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scanning microscopy on the single cell level confirmed the role of BcsG in cellulose
production and cell-cell interactions leading to cell aggregation (Fig. 1C). In all strain
backgrounds, the bcsG mutant could be complemented by expressing 6¢sG from plasmid
pBAD30, although not entirely up to the wild-type level (Fig. 1B). Flagella-dependent
swimming and swarming motility were not affected by 6csG deletion or overexpression
(Fig. S2B and data not shown). As the phenotype of a 6¢sG mutant with respect to cellulose
production is most pronounced in the MAE97 background, this strain was used as the basis
for further studies.

The non-polar besFdeletion mutant displayed only a minor reduction in cellulose
biosynthesis (Fig. S3). The polar AbcsF mutant showed a more severe reduction in cellulose
production, which could not be restored by the cloned bcsFgene. However, cellulose
production in the polar AbcsF mutant could be restored by overexpressing the besG gene
(Fig. S3). These data showed that the effect of the polar AbcsF mutation was primarily due
to the decreased expression of b¢sG, and that BesG plays a much more significant role in
cellulose biosynthesis than BesF. Thus, we decided to focus on the bcsG gene product.

Next, we investigated the molecular basis of cellulose production stimulation by BcsG.
Cellulose production on salt-free agar plates is stimulated by c-di-GMP that is produced by
AdrA whose expression is triggered by the transcriptional activator CsgD [21; 22]. BcsG
was not required for the production of CsgD (Fig. S4A). In order to assess whether BcsG is
required for transcription, production, steady-state levels or degradation of the cellulose
synthase core, we evaluated the effects of bcsG mutations on the expression of the catalytic
subunit BesA. Transcription of bcsA was not affected by the bcsG mutation as measured by
a previously constructed MudJ transcriptional fusion in 6¢sA (Fig. S3B; [6; 23]). On the
other hand, Western blot analysis showed that not only was the amount of BcsA-3XFLAG
severely reduced in the bcsG mutant, in agreement with the downregulation of the paar
morphotype, but a number of proteolytic degradation products were observed (Fig. 2).
However, the rate of BcsA degradation did not seem to be affected, as the half-life of
BcsA-3xFLAG construct in the bcsG mutant was similar to that in the MAE9S7 wild-type
background (Fig. 2B). Thus, as a working hypothesis, we conclude that BcsG aids the
integration of BcsA into the cytoplasmic membrane.

We then assessed whether additional gene products of the besABZC operon were affected
when bcsG was deleted. Western blot analysis showed that expression of the cellulase BesZ
was inversely regulated compared to BcsA upon deletion of bcsG. BesZ levels were
upregulated upon deletion of bcsG and downregulated upon BesG overexpression from the
pBAD30 plasmid (Fig. 3A). The level of the putative outer membrane pore BcsC, on the
other hand, was not affected by the expression of BcsG and/or its variants, neither in the
wild type nor the AbesG deletion mutant background (Fig. 3B). We conclude that BesG
specifically modulates the protein levels of BcsA and, potentially indirectly, BesZ.

The presence of BesG is characteristic for class 11 cellulose biosynthesis operons [1]. The
besG gene from S. typhimurium encodes a polypeptide chain of 559 amino acid residues.
Sequence analysis suggests that the protein consists of two domains, an N-terminal part
containing four or five transmembrane (TM) helices, which anchors the protein in the inner
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membrane (Fig. S5), and a periplasmic C-terminal domain, which belongs to the alkaline
phosphatase/sulfatase (AlkP) superfamily [1] (Fig. 4A). The two domains are connected by a
flexible linker region.

In order to investigate which part of BcsG is required for the formation of steady-state levels
of membrane-bound BcsA and biosynthesis of cellulose, we created several different BcsG
constructs. To this end, we engineered a BcsG version, BcsG1_1g5, with only the
transmembrane domain; BcsG1_»10, a version with the transmembrane domain and the
flexible linker, and BcsGgp7ga, a full length BesG construct with a mutation in Ser278, the
predicted active-site nucleophile of the AIkP superfamily. Assessment of the BcsA protein
levels upon expression of these constructs from plasmid pBAD30 revealed that the
transmembrane domain was required for elevated BcsA protein levels. BesA levels rose
further with the addition of the linker in the BcsG1_p1g construct and reached wild-type
levels in the BcsGgorga Variant (Fig. 2A). The truncated versions of BesG, transmembrane-
only (BcsG1_1g5) and transmembrane-only with a linker (BcsG1_210), were not detectable
with anti-His-tag antibodies though (data not shown), despite an obvious effect on BcsA
production. Pdar colony morphology, which is indicative of cellulose production, did not
seem to correlate with BcsA protein levels in the truncated and point mutation versions.
Upon overexpression of the BcsGgp7ga Variant, wild-type levels of BcsA were produced.
However, the morphotype presented as smooth and pink colonies, indicative of only minor
residual cellulose production. In summary, these experiments showed that BcsG affects
BcsA levels and cellulose production and that Ser278, the potential catalytic nucleophile of
the extra-membrane domain of BcsG is required for full-scale cellulose production (Fig. 1 &
2).

Given the apparent requirement of the catalytic residue Ser278 of the BcsG periplasmic
domain for effective cellulose production, despite essentially the same levels of the BcsA
subunit, we constructed additional mutants with replacements in the active site residues of
the AIKP superfamily (see below for details on the BcsG active site). Expression of these
constructs in the bcsG deletion mutant at similar levels as the wild type protein (data not
shown) showed that BcsG point mutants did not affect the level of the cellulose synthase
BcsA, but showed only residual low-level cellulose production (Fig. 2A, C). This result
showed that the periplasmic domain of BcsG is likely to have an enzymatic activity that is
critical for full-scale cellulose production.

These data indicate that BcsG fulfills at least two different functions with respect to
cellulose biosynthesis. First, the transmembrane domain of BcsG helps to maintain integrity
of BcsA, presumably by aiding its integration into the cytoplasmic membrane. The presence
of proteolytically degraded fragments of BcsA in the bcsG mutant (Fig. 2B) suggests that
BcsG might also help in stabilizing BesA in the membrane. Second, the catalytic activity of
the periplasmic domain is required for optimal cellulose production. These observations
prompted us to take a closer look at the periplasmic domain of BcsG. Given that AlkP
superfamily enzymes are typically either phosphatases or phosphotransferases [24-27], we
assumed that this domain could participate either in a modification of the BcsA subunit,
anchoring BcsA in the membrane or to other cellulose synthase subunits, and/or in a
modification of cellulose itself.
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Structural characterization of BcsG

Topology of the BcsG N-terminal membrane domain—The UniProt entry Q7CPI7
describes BcsG from S. typhimurium (BCSG_SALTY) as having four TM segments. Use of
several different software tools produced inconsistent results with 4 or 5 predicted TM
helices and the location of the N-terminus either inside or outside the cytoplasm. Most of the
tools, however, agreed on the coordinates of three C-terminal TM helices and the
periplasmic location of the C-terminal domain (Fig. S5). An alignment of the N-terminal
regions of BcsG proteins from diverse bacteria identified a likely cause of this discrepancy:
the conserved lysine residue (Lys31 in BCSG_SALTY) whose presence in the hydrophobic
core of the membrane seemed very unlikely. However, in BcsG, the positive charge of this
lysine residue is likely to be balanced by the negative charge of membrane-embedded
Asp82, which is also well conserved among BcsG homologs (Fig. S5A). Therefore, in
accordance with the predictions of MEMSAT 3.0, OCTOPUS, TOPCONS and several other
software tools, the N-terminal domain of BcsG was concluded to consist of five TM helices,
accounting for the periplasmic location of its C-terminal domain. The predicted membrane
topology and secondary structure of the N-terminal domain of BcsG was compatible with
the recently solved structure of the membrane domain of Neisseria meningitidrs lipid A
phosphoethanolamine transferase NmEptA (previous designation LptA, UniProt: Q7DD94,
Protein DataBank [PDB] entry 5fgn) [28]. Despite the lack of statistically significant
sequence similarity (only ~12% of identical residues) between the respective membrane
fragments, secondary structure prediction for BcsG included two short periplasmic helices
between the third and fourth transmembrane segments and an ‘aromatic belt’ near the water-
lipid interface, as seen in the NmEptA structure [28].

Overall structure of the BcsG C-terminal periplasmic domain—The crystal
structure of the periplasmic domain of BcsG was determined using the expression construct
that comprised residues Alal85-GIn559 of the UniProt entry Q7CPI17 (Fig. 4A) and
included an N-terminal linker from the vector containing a factor Xa cleavage site and
maltose binding protein. This construct expressed well and resulted in a soluble protein.
After cleavage with factor Xa, the protein used for further studies consisted of 375 residues
of BcsG, with eight additional amino acid residues from the N-terminal vector derived
linker. Hereafter, amino acid residues of BcsG are listed under their numbers in the full-
length protein (positions 185-559), whereas the linker residues are listed under their
numbers in the cleaved construct. The integrity of the protein was verified by mass-
spectrometry, giving a major peak corresponding to a mass of 42,081 Da, which compares
well with the value calculated from the expected amino acid composition, 42,088 Da (Fig.
S6). Analytical gel filtration resulted in a single peak with a mass of 54.7 kDa, indicating
that the protein most likely is a monomer in solution (Fig. S7).

Initially the structure of BcsG was determined by molecular replacement (MR), using the
predicted model obtained from Rosetta [29] as search template. The final model of BcsG,
refined to a resolution of 1.55 A with Rfree/R values of 0.166/0.198 (Table 1) comprises
residues Alal85-Gly186-Asp187 and Gly192 — GIn559 of the BcsG sequence and Ile-Ser-
Glu-Phe-Ser-Ser-Arg from the linker. Lack of electron density, probably due to disorder of
the polypeptide chain prevented modelling of residues 188-191 of BcsG. BcsG proteins
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contain conserved cysteine residues in positions 243, 290, and 306. A mixed population with
an oxidized and reduced disulfide bridge was observed between Cys290 and Cys306, with
the oxidized species modeled at 0.4 occupancy. The side chain of Cys306 showed two
different conformations, one engaged in the S-S-bridge formation and another with a weak
hydrogen bond (3.3 A) to the carbonyl oxygen of Asn303. Weakly defined electron density
was also found at one loop region at the surface of the protein comprising residues 376-384.
The model further contains one Zn2* ion, two citrate and 316 water molecules (Fig. 4B).

During the structure determination of BcsG by MR it became clear that the domain contains
a metal ion, which was subsequently identified by X-ray fluorescence and a low-resolution
SAD data set as a zinc ion. A high-resolution data set from crystals obtained in the presence
of additional ZnCl, was collected at beam line P14, equipped with Compound Refractive
Lenses, at the EMBL outstation at the absorption edge of Zn2* (Table 1) to 1.45 A
resolution. These data allowed a straightforward structure determination using experimental
phases. Refinement of the initial experimental model derived from SAD phasing (one ZnZ*
ion per 382 residues) resulted in a structure with the same features as the model derived
from phasing by MR. During the refinement of the model obtained from experimental
phasing no use of the MR-derived structure was made to avoid bias. Superposition of the
two models resulted in a r.m.s.d. of 0.1 A, based on 368 equivalent Ca. atoms.

The soluble periplasmic domain of BcsG forms a globular fold typical of the AIkP
superfamily, with overall dimensions of 56x55x40 A. The core of the domain contains a
central seven-stranded mixed B-sheet sandwiched between several a-helices. A second,
four-stranded anti-parallel B-sheet is formed by the C-terminal part of the chain and packs
against one layer of a-helices and several of the loop regions connecting the secondary
structural elements of the central core (Fig. 4B). The N-terminal linker region extends away
from the globular core by 24 A and forms important packing interactions with a neighboring
molecule in the crystal lattice (see below). The metal binding site is located at the carboxyl
end of the central p-sheet, facing an open, solvent accessible cavity, which presumably
forms the substrate binding site. The N-terminus of the protein domain is located opposite to
the metal binding site and is part of a predominantly hydrophobic surface of the protein. The
proposed overall organization of the cellulose synthase complex interacting with BcsG is as
shown in ref. [30].

Quaternary structure—The asymmetric unit of the trigonal crystals contains one BcsG
molecule, giving a Matthew’s coefficient of 2.21 A3/Da. An analysis of the crystal packing
using PISA [31] does not reveal large interaction areas (>1000 A2) between the molecules in
the lattice and suggests a monomeric structure in the crystal. This agrees with the results
from the gel filtration experiments that indicated monomeric structure in solution (Fig. S7).

An important packing interaction is made by the linker peptide derived from the expression
plasmid. This part of the polypeptide chain extends about 24 A from the core of the domain
and forms tight interactions with another BcsG molecule in the crystal lattice (Fig. S8).

The atomic coordinates of the BcsG soluble domain were submitted to the DALI server [32]
to search for homologous structures. The closest relatives were other members of the AIkP
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superfamily, with amino acid sequence identities of at best 14% and r.m.s.d. values in the
range of 3.6 A after superposition. The top homologs were an uncharacterized protein
VVP1736 from Vibrio parahaemolyticus (PDB accession code 31xq, Z-score 24.3, sequence
identity 11%), the periplasmic domain of the putative cardiolipin transporter PbgA from S.
typhimurium (accession code 5i5f, Z-score 22.4, sequence identity 13%) [33], lipoteichoic
acid synthase LtaS from Listeria monocytogenes (accession code 4uop, Z-score 22.1,
sequence identity 13%) [34], the putative sulfatase SpAS2 from Silicibacter pomeroyi
(accession code 4upl, Z-score 21.6, sequence identity 12%) and the lipooligosaccharide
phosphoethanolamine transferase NmEptA (LptA) from Neisseria meningitidis (accession
code 4kay, Z-score 20.3, sequence identity 11%) [28; 35]. Despite the low sequence identity,
BcsG shares the overall a/p fold typical of this enzyme superfamily, with major structural
differences found in loop regions.

The periplasmic domain of BcsG contains a single Zn2* ion, already present in crystals
obtained without the addition of Zn?* salts during purification and crystallization. The
identity of this metal ion was confirmed by an X-ray fluorescent scan and the structure
analysis using data collected at the absorption edge of Zn2*(Fig. S9). The metal binding site
is located at the C-terminal end of the central p-sheet at the same position as observed in
other members of the AIkP superfamily (Fig. 4B). The metal ion is coordinated by the side
chains of Cys243, Ser278, Glu442, His443 and a water molecule in a distorted trigonal bi-
pyramidal ligand geometry (Fig. 4C). A search of the PDB did not reveal any metal site with
this composition of ligands, neither in the AIkP superfamily (Table 2) nor in any other
protein.

Members of the AlkP superfamily use from one to three different metal sites as part of their
catalytic machinery, typically with two Zn2* sites and in some cases a third Mg2* binding
site [36; 37]. In the lipid A phosphoethanolamine transferase N/mEpPtA, the second Zn2*-
binding site is formed by His383 and His465 and is only occupied upon soaking the crystals
in ZnSOy4 [28; 35], while in the closely related phosphoethanolamine transferases MCR-1
and MCR-2, which are responsible for colistin resistance in £. cofi, the structurally
corresponding residues are His395 and His478, respectively (in both MCR-1 and MCR-2)
[38; 39]. In NmEptA, the ligand sphere is completed by two oxygen atoms from the
phosphoryl group covalently bound to the active site nucleophile Thr280 [35], which
corresponds to Ser278 in BcsG. In MCR-1 and MCR-2, one or two water molecules are
bound in equivalent positions. One of these metal ligands, His383 is structurally equivalent
to His396 in BcsG. However, in BesG, the second conserved histidine metal ligand of site 2,
His465 in NmEptA, is substituted by Arg458 (Fig. 4D). We did not find any signs of a
second Zn2* jon in the electron density maps. This could be due to the presence of the high
amounts of citrate, preventing binding of Zn?* to the second site. However, the His to Arg
replacement of the site 2 metal ligand in BcsG suggests that this site may not be occupied by
a metal ion. A similar loss of a metal binding to the Zn?* site 1 has been observed in the
crystal structure of the structurally related periplasmic domain of the putative cardiolipin
transporter PbgA due to replacement of the metal ligand His443 by arginine [33].
Replacement of Arg458 by alanine or methionine resulted in mutants that were severely
impaired in cellulose biosynthesis, while the Arg458His mutant showed some remaining
cellulose formation (Fig. 4E). These findings suggest that Arg458 participates in substrate
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binding and/or catalysis, and that the positive charge of the guanidinium group is required,
as replacement by the ionizable His residue retains some functionality.

Amino acid replacements of the Zn2*-binding residues Glu442 and His443 by alanine and of
Cys243 by serine resulted in BcsG protein variants with perturbed cellulose biosynthesis as
indicated by the colony morphology assay (Fig. 2C), suggesting that an intact Zn2* site is
important for functionality /7 vivo. Most pronounced effects were seen for the active-site
mutant Ser278Ala and the second sphere ligand His396Ala variants, located at the protein
surface. Replacements of these residues by alanine result in the expression of protein
variants with a pdar morphotype similar to the truncated BcsG1_»10. Although not a direct
ligand of the site 1 metal ion, His396 is in close vicinity to this metal center and the putative
substrate binding site and could therefore potentially play an important role in substrate
binding and/or catalysis.

The periplasmic domain of BesG is very similar to the lipoteichoic acid synthase LtaS, a
phospholipid head group transferase, which transfers the phosphoglycerol group to
synthesize lipoteichoic acid, a cell wall polymer of Gram-positive bacteria [34; 40; 41]. We
therefore set up an enzymatic assay to assess whether BcsG can carry out phospholipid
headgroup hydrolysis using fluorescent phospholipids as described previously [42]. To this
end, we purified the periplasmic domain of BcsG as a MBP-pBcsG (periplasmic BesG)
fusion protein. Using fluorescent NBD-phosphatidylethanolamine (NBD-PE), a mimic of
the most abundant phospholipid in bacterial membranes, and a thin layer chromatography
plate assay, we could show that purified BesG hydrolyzed this substrate, although with low
activity, while the NBD derivative of the related phospholipid phosphatidylglycerol was not
hydrolyzed (Fig. 5). MnZ* also stimulated NBD-PE hydrolase activity, as well or even better
than Zn2* (Fig. 5A and data not shown).

If BesG is a phospho headgroup transferase with a similar mechanism as LtaS and NmEptA,
the function of the conserved Ser278 residue might also be conserved. In both LtaS and
NmEptA, a threonine in this position acts as a nucleophile in the transferase reaction and
forms a covalently linked phosphorylated intermediate during catalysis. Therefore, we
constructed a Ser278Ala mutant of the periplasmic domain of BcsG as an MBP-BcsGgo7ga
fusion protein. This mutant did not show any activity with the fluorescent phospholipid
substrate NBD-PE (Fig. 5).

Discussion

Production of bacterial cellulose in the fruit-degrading organism Komagataeibacter
(formerly Acetobacter, Gluconacetobacter) xylinus has traditionally been investigated as an
experimentally tractable model for the biosynthesis of cellulose in plants [43—-45]. Today we
know that cellulose is produced by numerous bacteria from different branches of the
phylogenetic tree, including members of the family Enterobacteriaceae [6; 46]. All bacterial
cellulose biosynthesis operons code for a functional cellulose synthase of two subunits,
BcsA and BcesB, as core components of the cellulose biosynthesis pathway. The cellulose
synthase complex BcsA/BcsB is localized at the cytoplasmic membrane and combines
addition of new glucosyl residues to the nascent cellulose molecule with its export into the
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periplasmic (and eventually extracellular) space guided by BcsB [17]. The discrepancy
between the /in vitroand in vivo catalytic activity of the cellulose synthase led to the
discovery of cyclic di-GMP as an activator of this enzyme [43]. Subsequently, cyclic di-
GMP was identified as a nearly universal bacterial second messenger involved in a variety of
bacterial signal transduction mechanisms including the lifestyle switch between motility and
sessility and between chronic and acute infection [43; 47].

The functions of accessory genes of cellulose biosynthesis operons, are, however, still poorly
understood [1]. For example, the bcsQ gene, which is found in class 11 and some class | bcs
operons, encodes a putative MinD/ParA-like ATPase whose role in cellulose production is
currently unknown but may involve proper positioning of the enzyme complex [48]. In
Pseudomonas fluorescens, three or more auxiliary bcs genes (wssG, wssH, and wss/) are
involved in cellulose acetylation [12]. In £. coliand Salmonella, the bcsEFG operon is
required for cellulose production [7; 18; 49]. One of its products, BcsE, binds c-di-GMP
with a higher affinity than the BcsA subunit [18] and interacts with BesF and BesG [13; 19].
It might participate in transmission of the signal to BcsA, although we did not notice any
major effect of the besE and besF mutations on agar plate-produced cellulose in S.
typhimurium. By contrast, inactivation of bcsG led to a significant decrease in cellulose
production [18-20]..

In this work we show that the requirement of BcsG for full-scale production of cellulose also
holds in S. typhimurium (Fig. 1). BcsG was apparently not required for the transcription of
the bcsA gene and did not affect the stability of the membrane-associated BcsA subunit (Fig.
2). However, bcsG mutants had severely diminished levels of BesA suggesting a role of
BcsG in membrane insertion of BesA (Fig. 2). These data correlate with the recent evidence
of a direct interaction of BcsA and BesG subunits, obtained by bacterial two-hybrid tests of
protein-protein interactions [13; 19].

Further, diminished levels of BcsA were seen upon complementation of the 46¢sG strain
with plasmids carrying bcsG mutants lacking the soluble C-terminal domain of B¢sG but not
with constructs having point mutations in this C-terminal domain (Fig. 2). Thus, BcsA and
BcsG likely interact through their membrane domains for membrane insertion, while a
second interaction could occur via the periplasmic domain for cellulose modification.
Besides its effects on BcsA, this study indicates that BcsG could also affect, directly or
indirectly, the levels of the cellulase BesZ IFig. 3A). Whether BesG also affects the levels of
the cellulose synthase subunit BcsB, which is required for the enzyme activity /n vitro [15],
remains to be tested in future experiments.

Sequence analysis of the N-terminal fragment of BcsG using a variety of software tools
predicted the presence of either four or five TM helices. Sequence conservation suggested
five TM helices, with the cytoplasmic location of the BcsG N-terminus and the periplasmic
location of its C-terminal domain. This prediction is underpinned by the recent analysis of
the translational fusions of BcsG [19]. Our data showed that the periplasmic domain of
BcsG was dispensable for wild type steady state levels of the BcsA subunit, but its
enzymatic activity was required for efficient cellulose biosynthesis on agar plates (Fig. 2C).
As a member of the AIkP superfamily, this domain could possibly participate in modifying
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either the BcsA subunit, the synthesized cellulose itself, another periplasmic protein(s),
peptidoglycan or osmoregulated periplasmic glucan [1]. While there is limited sequence
similarity between BcsG and other members of the AIkP superfamily and no clustering with
a specific activity or substrate preference, the experiments using fluorescently labelled
phospholipids NBD-phosphatidylethanolamine and NBD-phosphatidylglycerol indicated
BcsG to possess a phosphotransferase, rather than a phosphatase, activity. This is supported
by the observation that BcsG does not hydrolyze p-nitrophenylphosphate, a non-specific
substrate of acid and alkaline phosphatases (unpublished data). Recently, it was shown that
BcsG acts as a phosphoethanolamine transferase, modifying cellulose in £. cofiand S.
typhimurium [19]. Our results are fully consistent with that conclusion, but also suggest an
additional function of BcsG during the posttranscriptional assembly of the cellulose synthase
complex, most likely by aiding the insertion of BcsA into the membrane (Fig. 2). Although
mechanistically different, coupling of exopolysaccharide modification with polymerization
has also been observed for alginate biosynthesis [50].

Structural analysis of the periplasmic domain of BcsG confirmed its membership in the
AIKP superfamily. More specifically, BcsG proved to be a member of a family of enzymes
that combine a periplasmic AlkP-like domain with an N-terminal membrane-bound domain
that consists of 5 TM helices. Members of this family, besides BcsG, include previously
characterized bacterial Zn?*-dependent phosphatidylethanolamine:lipopolysaccharide
phosphoethanolamine transferases MCR-1, MCR-2, NmEptA, and EptC [28; 35; 38; 39; 51—
54]. This family also includes Mn2*-dependent phosphatidylglycerol:lipoteichoic acid
phosphoglycerol transferases LtaS/LtaP of Gram-positive bacteria [34; 40; 55]. Further,
sequence comparisons also assigned to this family the £. coli OpgB (previously MdoB) and
OpgE, which transfer phosphoglycerol and phosphoethanolamine residues to osmoregulated
periplasmic glucans, previously named membrane-derived oligosaccharides [56-58], and
Neisseria gonorrhoeae PptA protein, which modifies serine residues in type 1V pilin PilE
with phosphoethanolamine and, possibly, phosphocholine groups [59; 60]. Amino acid
sequence and structural similarities among these proteins (Fig. S8) in combination with the
identified substrates also indicate that the substrate range of these membrane-standing
enzymes with periplasmic catalytic activity, including BcsG, may be broader than currently
anticipated. Like BcsG, most of these enzymes contain a single ZnZ* ion in their active sites
(Table 2) and utilize serine/threonine residues as the nucleophile during catalysis.

The genome of S. typhimurium, besides BcsG, encodes six other members of the
phosphoethanolamine transferase family, all of which participate in modification of the outer
membrane, osmoregulated periplasmic glucan and the exopolysaccharide cellulose (Table
S3). At least three of them, EptA, EptB and CptA have been shown to function as
phosphatidylethanolamine:lipopolysaccharide phosphoethanolamine transferases [61-63],
with PmrC and EptB serving to mediate polymyxin resistance. OpgB functions as a
phosphoglycerol transferase, while one more member of this family, PbgA (formerly YejM)
participates in cardiolipin transfer from the inner to the outer membrane [33; 64]. PbgA has
amino acid replacements in several metal-binding residues and its crystal structure does not
contain any bound metal atoms. Accordingly, PbgA reportedly has lost the enzymatic
activity, is unable to bind sn-glycerol-2-phosphate, and binds cardiolipin with its
hydrophaobic core and two Arg residues in the interdomain linker region [33; 64]. It should
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be noted that Lnt, another membrane-anchored periplasmic protein that catalyzes a
somewhat similar reaction (also using phosphatidylethanolamine as a substrate but
transferring its sr-1-acyl chain to the N-terminal cysteine residue of apolipoproteins), has a
totally different structure and belongs to the CN hydrolase (nitrilase) family [65; 66].

In addition to chromosome-encoded phosphoethanolamine transferases, a rapidly increasing
number of recent isolates of £. coli, Salmonella, Klebsiella, and other enterobacteria,
including S. typhimurium, carry plasmid-borne mcr (mobile colistin resistance) genes [67;
68]. Their products MCR-1 and MCR-2, like BcsG, combine a 5TM N-terminal fragment
with a periplasmic phosphoethanolamine transferase domain, whose structures (PDB entries
5Irn and 5grr, respectively) are very similar to that of BcsG (see Fig. S10). While
phylogenetic analysis (Fig. S11) does not imply that BesG is any closer to MCR-1 than to
other phosphoethanolamine transferases, it highlights the diversity of such genes in
Salmonellaand E. coli (Table S3, Fig. S11) and illustrates ample possibilities for further
divergence of the mcrgenes [68-70].

In this work, we have shown that the two domains of the BcsG subunit of cellulose synthase
perform at least two distinct functions in cellulose production in S. typhimurium. 1ts
membrane domain is required for the positioning of the catalytic BcsA subunit (Fig. 2),
which is consistent with the observations on the direct protein-protein interactions between
BcsA and BesG [13; 19]. The periplasmic domain of BesG is an enzyme of the AIkP
superfamily (Fig. 4), which uses phosphatidylethanolamine as substrate (Fig. 5) and, as
recently demonstrated by Thongsomboon and colleagues, transfers the
phosphoethanolamine group onto the growing cellulose molecule [19]. This enzymatic
activity is required for the full-scale cellulose production and point mutations in Zn2*-
binding residues decreases the amount of produced cellulose (Fig. 2). These data
complement recent work on the functions of BcsG and the overall organization of the
cellulose synthase complex of S. typhimuriumand E. coli[13; 19]. Further work will be
needed to evaluate the importance of the protein-protein interactions in the cellulose
synthase holoenzyme and clarify the precise roles of other subunits, such as BcsE and BesF.

Materials and Methods

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study are listed in Table S1. Escherichia coli
and S. typhimurium was routinely grown on Luria-Bertani (LB) agar plates or in LB liquid
culture supplemented with appropriate antibiotics at 37 °C overnight. The antibiotics used
were ampicillin (100 pg mI~1), kanamycin (30 ug mi~1) and chloramphenicol (20 pg mi~1).
For the expression of genes, 0.1 % arabinose was used.

Construction of mutants

The deletion mutant of bcsG was constructed by one-step gene inactivation as described
[71]. Briefly, the primers with 40 bp of homology to the 5 end and 3’ end of bcsG were
used to amplify the chloramphenicol antibiotic resistance cassette from plasmid pKD3. The
linear PCR fragment was purified and electroporated into UMR1 harboring plasmid pKD46.
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The mutants were selected on LB plates with chloramphenicol at 37°C. For the creation of
3XFLAG-tagged bcsG, 3XFLAG-Km was amplified from plasmid pSUB11 [72]. The bcsG
mutant was transferred in a novel background with phage P22 HT105/1 /int-201 transduction
[73]. Site-directed mutagenesis was performed using QuikChange Site-Directed
Mutagenesis Kit (Agilent).

Plasmid construction

Expression constructs used for complementation studies were based on the pBAD30 vector
[74]. The coding sequence of bcsG was amplified using primers bcsG-comF and besG-
comR (Table S2) from template S. typhimurium UMR1 (Table S1) genomic DNA adding a
8xHis tag. The PCR product was digested with Himdlll and Xbal, and ligated into pBAD30.
The ligation product was transformed into £. co/i DH5a.. Plasmids were verified by
sequencing.

The construct used for recombinant protein expression was based on the predicted extra-
membrane region of BcsG (UniProt code: Q7CPI7), comprising residues 185-559. This
fragment encoding the soluble part of BcsG was amplified from UMR1 genomic DNA with
primers bcsGpMAL2F and bcsGpMALZ2R. The PCR product was digested with Xbal and
Himd1ll, and ligated into vector pMAL-c2x (NEB) yielding pMAL::BcsG1. The resulting
fusion construct includes an N-terminal maltose binding protein (MBP) tag and Factor-Xa
cleavage site. Proteolytic removal of the MBP tag from recombinant protein leaves an N-
terminal extension consisting of the amino acids ISEFGSSR from the linker region. All
expression constructs were confirmed by DNA sequencing.

B-galactosidase assay

The B-galactosidase assay was performed as described previously [75] using bacterial cells
grown on a salt-free LB plate with appropriate antibiotics and inducer. After 24 h incubation
at 28 °C, cells were resuspended in cold working buffer (0.06 M NayHPOy4, 0.04 M
NaH,POy4, 0.01 M KCI, 0.001 M MgSOy, 0.05 M B-mercaptoethanol) and all samples were
adjusted to ODgpp=0.1. B-galactosidase activity was calculated using the formula: units
=1000 x {[ODgpg - (1.75 x ODsgs50)]/(t x V x ODggp)} With t=reaction time in min;
V=volume of cell suspension in assay in ml; OD45q and ODsg( of reaction solution; ODggg
of original cell suspension. Mean values are from at least two independent cultures in three
technical replicates with error bars indicating the standard deviation.

Rdar morphotype and Calcofluor white binding assay

5 ul of an overnight culture suspended in PBS (ODgq of 5) were spotted onto salt-free LB
agar plates supplemented with Congo red (40 pg mi~1) and Coomassie Brilliant Blue (20 ug
ml~1) or Calcofluor white (fluorescence brightener 28) at 50 ug ml~! and incubated at 28 °C
for up to 48 h. While Congo red binds to amyloid structures such as curli fimbriae and the -
(1-4)-glucan cellulose, Calcofluor white only binds to cellulose. The development of the
colony morphology and dye binding was analyzed over time. Upon visual inspection of
Congo red binding, the cells were assigned to either of radar (cellulose*/curli*), pdar
(cellulose*/curli~), bdar (brown, dry and rough; cellulose™/curli*) or saw (cellulose~/curli™)
morphotypes. Fluorescence of Calcofluor white bound to bacterial colonies was observed
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using a UV light source emitting at 366 nm. The colony morphotype and dye binding were
only compared for the cells grown on the same plate.

Confocal microscopy

Cells grown on salt-free LB agar plates at 28 °C for 48 h were gently resuspended in water
containing 0.001% Calcofluor white to maintain cell aggregation. Fluorescence imaging was
carried out with an Olympus FVV1000 confocal microscope. Digital image processing was
executed using ImageJ software.

Western blot analysis

Cells (5 mg of wet weight) were harvested after 16 h-20 h growth on salt-free LB agar with
0.1 % arabinose and appropriate antibiotics at 28 °C. For detection of the membrane proteins
BcsA and BesC, 200 pl of urea buffer (8 M urea, 2% SDS, 11% glycerol, 62.5 mM Tris-
HCI, pH 6.8) was added and sonicated four times (10 s, 3.5 pm amplitude) on ice as
described previously [76; 77]. The sonicated extracts were examined with SDS-PAGE gels
stained with Coomassie Blue to ensure loading of equal amounts of all sample proteins for
the Western blots (with the exception of samples in Fig. 2B, where 10 times higher amounts
of the cell extract from the bcsG mutant had to be loaded owing to the approx. 10-fold lower
BcsA expression in the mutant cells). For Western blots, cell extracts were separated on
SDS-PAGE gel and transferred onto a PVDF membrane (Millipore). BcsA-3xFLAG,
BcsC-3XFLAG, and BesG-3xFLAG were detected by using anti-FLAG-tag antibody (1:2000
for BesA, 1:1000 for BesC, and 1:2000 for BesG; Sigma) and peroxidase-conjugated
AffiniPure Goat Anti-Mouse IgG (1:3000, Jackson ImmuniResearch). Visualization of bands
was performed using FUJI LAS1000-plus chemiluminescence imaging system (Fuji,
Stamford, CT, USA).

Protein stability assay

MAE1264 (MAE97 bcsA-3XFLAG) and its AbesG mutant without a Cm resistance cassette
were grown in M9 medium at 28 °C for 10 h with 200 rpm shaking. Protein synthesis was
stopped by adding 200 pg/ml chloramphenicol (time point 0) and aliquots were taken after
30, 90 and 120 min.

Protein production and purification

Recombinant MBP-BcsG was expressed in £. co/i DH5a in RMG media consisting of
tryptone (1 g/L), yeast extract (5 g/L), NaCl (5 g/L) and glucose (2 g/L, filter sterilized and
added after autoclaving) supplemented with 100 pg/mL ampicillin. 1.5 L cultures were
grown at 37°C until ODggq reached approx 0.6-0.8 and recombinant protein expression was
induced by adding isopropyl-B-D-1-thiogalactopyranoside to 0.3 mM concentration. The
incubation of these cultures proceeded at 27°C for 16 hours. The cells were pelleted by
centrifugation (6000 g x 30 min), re-suspended in 20 mM Tris-HCI, 0.2 M NaCl pH 7.4 and
treated with lysozyme (0.1 mg/mL), protease cocktail inhibitor (Roche, mini EDTA-free)
and DNAsel (0.01 mg/mL) in the presence of 1 mM MgClI,. Sonication was then used to
lyse the cells. Cell debris was sedimented by high-speed centrifugation (40905 g, 25 min)
and the resulting crude lysate was filtered using a 0.2 um syringe filter (Pall Corp.). The
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lysate was exposed to amylose-resin (New England Biolabs) pre-equilibrated for 20 minutes
at 4 °C with 20 mM Tris-HCI, 0.2 M NaCl pH 7.4 in batch mode to allow efficient binding.
The affinity matrix was collected in a plastic column and washed by three column volumes
of buffer (20 mM Tris-HCI, 0.2 M NaCl pH 7.4). The MBP-BcsG protein was then eluted
with buffer containing maltose (10 mM maltose, 20 mM Tris-HCI, 0.5 M NaCl pH 7.4).
Maltose was removed by buffer exchange diafiltration (20 mM Tris-HCI, 0.2 M NaCl pH
7.4, Sartorius Vivaspin 20, 10 000 MWCO).

The MBP tag was removed prior to the crystallization by adding Factor-Xa protease in the
presence of 5 mM CaCl,. Approximately 1 g protease (Factor Xa, New England Biolabs)
was added per 100 pg target protein and the solution was incubated for 16 hours at 25°C.
The resulting cleavage mixture was exposed to the amylose resin in a gravity flow column
(pre-equilibrated with 20 mM Tris-HCI, 0.2 M NaCl pH 7.4) to capture the unprocessed
fusion protein and the MBP tag. The efficiency of the tag removal and the purity at this step
were assessed by SDS-PAGE analysis. Factor Xa was removed using a HiTrap Benzamidine
FF column (high sub, GE Healthcare #17-5144-01) pre-equilibrated and washed with 50
mM Tris-HCI, 0.5 M NaCl pH 7.4. A higher salt concentration was necessary during this
stage to prevent binding of BcsG to the benzamidine column. The buffer was then changed
into 20 mM Tris-HCI, 0.2 M NaCl pH 7.4 (Sartorius Vivaspin 20, 10 000 MWCO) and
purified BcsG was concentrated to 23 mg/mL before flash freezing in liquid N5 and long-
term storage at —80 °C.

Analytical gel filtration

200 pL of BcsG, diluted to 1 mg/mL, was loaded onto a S75 10/300 Superdex gel filtration
column (GE Healthcare) equilibrated with 20 mM Tris-HCI, 0.2 M NaCl, pH 7.4.
Calibration of the column was performed using ribonuclease-A (13.7 kDa),
chymotrypsinogen-A (25 kDa), ovalbumin (43 kDa), albumin (67 kDa), catalase (232 kDa),
ferritin (440 kDa) and Blue dextran (2 MDa).

Crystallization

Crystallization screening sitting drops were set up using Phoenix and Mosquito liquid
handling robots in Corning 96-well 3550 trays. Generally, 0.1, 0.15 or 0.2 uL of protein was
mixed with 0.2, 0.15 or 0.1 pL of the crystallization solution, respectively. Drops were
equilibrated against 50 uL of crystallization solution in the reservoir, with incubation at

4 °C. BesG (23 mg/mL), cleaved of the MBP tag, crystallized in Index HT condition B9
(Hampton Research, 1.8 M Tri-Ammonium citrate tribasic, pH 7.0). Phase separation was
observed to occur within 7 days and rod-shaped crystals began to grow from the phase
separated droplets within 12 days.

Crystallization in ZnCl, supplemented conditions was achieved using hanging drops in
Falcon 353047 24-well tissue culture plates. Generally, 1, 1.5, or 2 pL of the protein solution
(23 mg/mL), supplemented with 6 mM ZnCl,, were mixed with 2, 1.5, or 1 pL of the
crystallization solution (1.8 M Tri-Ammonium citrate tribasic, pH 7.0), respectively. Drops
were equilibrated against 1 mL of crystallization solution in the reservoir at 4 °C.
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Structure determination and refinement

An X-ray fluorescence scan data of crystals carried out on the EMBL beamline P14, on the
PETRA Il1I storage ring (DESY, Hamburg, Germany) showed the characteristic absorption
edge feature expected for Zn2* ions. X-ray diffraction data sets to 1.5 A resolution were
collected at EMBL beam lines P13 and P14 on PETRA Il using crystals obtained with and
without the addition of ZnCl, (PDB codes 50LT and 50JH, respectively). The data set for
the crystals obtained in the Zn-supplemented condition was collected at a wavelength of
1.2782 A to optimize the anomalous contribution of Zn2* to the diffraction data. X-ray
images were processed using XDS [78] and scaled with AIMLESS from the CCP4 program
suite [79]. Crystals of BcsG belong to space group P3421. Cell dimensions for the citrate
condition were a=b= 80.4 A and ¢=97.5 A and for the zinc-supplemented condition a=b=
80.7 A and c=97.6 A. Statistics for the data processing are given in Table 1.

Initially, the structure of BcsG was determined by molecular replacement with the program
PHASER [80] with a search model based on a model of the soluble C-terminal domain
obtained from Robetta at the Rosetta server [29] spanning residues 207-559. The Robetta
model was trimmed down to the core of the predicted a/p domain, residues 234-475 and all
loops between secondary structure elements were removed. However, no structure solution
was obtained. The search model was then further truncated to the central p-sheet, in total 69
residues, which gave a very weak possible solution, but the phasing power was insufficient
to further extend this model. A second run of PHASER based on this solution and with an
additional 18 residue helix as search model improved statistics and the space-group could be
unambiguously assigned as P3121. The complete structure of the BcsG domain was
bootstrapped from the Phaser model by alternating refinement with REFMACS [81], density
improvement with Parrot [82] and model building in COOT [83]. The refined model
comprises the whole construct including the linker region from the Factor Xa cleavage site
except residues 188-191 that lack electron density. Towards the end of the refinement runs,
water molecules and additional ligands were added to the model. Finally, anisotropic B-
factor refinement resulted in Rfree/R values of 0.198/0.166 with expected model geometry
(Table 1).

The crystal structure of BcsG was also independently determined using a Zn-SAD data set
collected at beam line P14, equipped with Compound Refractive Lenses. SAD phasing at the
Zn edge was carried out in SHELXC/D/E [84]. The correct substructure with one Zn2* jon
(CCy4y27.6 and CCypqx 26.2) was determined in under 100 trials by SHELXD and the
electron density was further improved by density modification in SHELXE. An initial model
was generated using the phased data by automatic model building in ARP/WARP [85],
resulting in a model in which 96% of the sequence was docked. The ARP/wARP model was
refined with REFMACS, interspersed with model building using COOT. As the final steps,
anisotropic B-factor refinement resulted in a model with Rfree/R values of 0.158/0.128 and
good model parameters (Table 1).

In both crystal forms, obtained with and without addition of ZnCl, during crystallization, the
metal site was not completely occupied and occupancies were set at 0.75 during refinement.
The absence of Zn?* jons from this site might be due to the high concentration of the metal-
chelating citrate under the crystallization condition. In fact, a citrate ion was found at the
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surface of the protein as a second sphere ligand of the Zn2* jon. Another citrate molecule is
located at the crystal packing interface between two BcsG molecules related by
crystallographic symmetry. This citrate molecule is bound at the protein surface and
interacts via hydrogen bonds with the side chains of His451 and Asn518. Citrate is located
on a crystallographic two-fold axis and also interacts with corresponding residues from a
neighboring BcsG molecule related by two-fold symmetry, thus contributing to crystal
packing.

Enzyme activity assay

To assess the enzymatic activity of BcsG, phosphatidylethanolamine and
phosphatidylglycerol derivatives labeled with a fluorophore (16:0-06:0 NBD-PE (1-
palmitoyl-2-{6-[(7-nitro-2—1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphoethanolamine; Avanti 810153) and 16:0-06:0 NBD-PG (1-palmitoyl-2-{6-[(7-
nitro-2—1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sm-glycero-3-[phospho-rac-(1-glycerol)]
(ammonium salt); Avanti 810163), respectively) were purified and used as potential
substrates as previously reported [42]. Briefly, 100 ug NBD-PE or NBD-PG were spotted
onto 250 pm-thick 60-A silica TLC plates (Macherey-Nagel) and developed in a 60:20:2.7
CHCI3—MeOH-water solvent system for 15 min. The silica gel containing the major yellow
fluorescent spot was scraped from TLC plates and added to 8 ml of a 1:1 methanol-
chloroform mixture with vortexing to extract the lipids. The chloroform phases containing
the purified NBD- lipids were dried for use.

For each reaction, 300 pl of 10 mM sodium succinate (pH 6.5, ionic strength 50 mM
adjusted with NaCl) with approximately 4.2 ng purified NBD lipid was sonicated for
solubilization. The reactions were initiated by the addition of 400 pg MBP fusion protein
and incubated at 37 °C for 3 h. As a positive control, 2.5 units of phospholipase C (PLC)
from Bacillus cereus (Sigma) was used. Visualization of fluorescent bands was performed
using FUJI LAS1000-plus chemiluminescence imaging system (Fuji, Stamford, CT, USA).

Accession numbers

Crystallographic data for the two models were deposited with the Protein Data Bank under
accession numbers 50JH (MR derived structure) and 50OLT (Zn-SAD structure).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cellulose biosynthesis operon structure and colony morphotypes of the bcsG deletion
mutants in different backgrounds of Salmonella typhimurium ATCC14028-1s.

A. Organization of the besRQABZC and besEFG operons in both £. coliand S.
typhimurium. Red arrows indicate addition of 3xFLAG-tags to the open reading frames of S.
typhimurium used in this work.

B. Congo Red-stained colony morphotypes of S. typhimurium strains and their AbcsG
derivatives. Strains used were UMR1 (wild type, A); MAE14 (cellulose positive/curli
negative, B); MAE97 (semi-constitutive cellulose positive/curli negative, C), and MAE50
(UMR1 AcsgD, D), see Table S2 for the complete genotypes. WT indicates the wild type
with respect to the bcsG gene, pBcesG indicates complementation with pBAD30 carrying the
besG gene under the control of arabimose-dependent promoter. Cells were grown on salt-
free LB agar plates for 24 h at 28 °C.

C. Cellulose production by agar-grown colonies of S. typhimurium strain MAE97 (bcsG*)
and its AbcsG derivative as assessed by Calcofluor white staining and observed by confocal
laser scanning microscopy. Cells grown on agar as in panel B were gently submerged in
0.001% Calcofluor white to preserve colony structure and aggregation patterns. The wild
type MAEQ7 and the AbcsG mutant complemented with wild-type bcsG gene show major
cell aggregation and cellulose production (displayed as false color image). The AbcsG
mutant with pBAD30 alone (vector control, VC) or pBAD30 carrying either truncated
(pBcsG1_p10) or mutated (pBcsGgsorga) H¢sG gene dispersed into single cells with residual
or no cellulose production. Top panel, fluorescence microscopy; middle panel, phase
contrast; bottom panel, overlay of the two. 63x (oil) magnification. pBcsG, pBcsG1_210, and
pBcsGgorga are wild-type besG and its variants cloned in pBAD30 with a C-terminal 8xHis
tag. AbcsA strain was used as negative control.
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Fig. 2. Effects of bcsG variants on the expression of the cellulose synthase subunit BesA and
cellulose production.

A. Expression of BcsA-3XFLAG in S. typhimurium strain MAE1264 (besG* [5]) and its
AbesG mutant upon overexpression of b¢sG and its variants. VC, pBcsG, pBcsG1_p1g, and
pBcsGsa7ga are as in Fig. 1. pBesGeaazs, PBCSGeagza, PBCSGea43seag2a, PBCSGsa78A,
pBcsGr3sgsa, PBCSGHaa3a, and pBcsGsagsa are besG variants with mutations in predicted
active site residues of the AIkP superfamily cloned in pPBAD30 with a C-terminal 8x-His tag.
Strain UMR1 with plasmid pBAD30 (UMRZ1-VC) without the 3XFLAG tag was used as a
negative control. All samples contained equal amounts of cell extracts as judged by
Coomassie staining.

B. Stability of chromosomally encoded BcsA in the presence (MAE1264) and the absence
of besG. After translation was inhibited with chloramphenicol, the amount of the 3xFLAG-
tagged BcsA subunit was quantified using anti-FLAG antibodies at indicated time points.
Strain UMR1 without the 3xFLAG tag was the negative control. Owing to the lower
expression of BesA in the AbesG mutant, 10-fold higher amounts of its cell extract than
those for MAE1264 were applied on the gel.

C. Pdar colony morphotype (cellulose biosynthesis) of strains listed in panel A. Despite
similar levels of the BcsA subunit (panel A), the wild-type (VC) level of cellulose
production could only be observed upon overexpression of the wild-type BcsG or the
BcsGgagza mutant. Cells were grown on CR salt-free LB agar plates for 24 h at 28 °C.
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Fig. 3. Effects of bcsG variants on the expression of the cellulose synthase auxiliary subunits
BcsZ and BesC.

A. Production of the cellulase BcsZ in the AbcsG mutants of the cellulose synthase-positive
strain MAE97. MAEQ7 bcsZ deletion strains with pBAD30 vector control (AbcsZ-VC) and
with overexpressed BesZ (AbcsZ-pBcesZ) were used as negative and positive controls,
respectively. Detection of BcsZ production was by Western blot using a rabbit anti-BcsZ
antibody.

B. Production of the putative outer membrane pore BcsC in S. typhimurium wild type and
besG derivatives. Wild-type S. typhimurium UMR1 with BesC-3XFLAG and its AbcsG
mutant were complemented by the same plasmids as in panel A with the addition of the
second truncated variant, pBcsG_165. Detection of the 132.7 kDa BesC-3xFLAG was by
Western blot using a mouse anti-FLAG-tag antibody. UMR1 BcsC-3xFLAG with pBAD30
(vector control, left lane) and UMR1 without the FLAG tag (right lane) were used as
positive and negative controls, respectively.

Cells were grown on salt-free LB agar plates for 24 h at either 28 °C (A, top lane) or 37 °C
(A, bottom lane), or for 16 h at 28 °C (panel B).
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Fig. 4. Structure of BcsG.
A. Domain structure of BcsG. The N-terminal transmembrane domain (residues 1-165) is

linked to the C-terminal alkaline phosphatase-like domain (residues 185-559) via flexible
inter-domain linker (residues 166—210). The fragment from aa 185 to 559 was used in the
construct designed for crystallization. B. Schematic cartoon of the C-terminal alkaline
phosphatase-type domain of BcsG. The zinc ion is shown as a green sphere and the citrate
molecule bound close to the metal binding site as a stick-model. C. Metal binding site in
BcsG. Distances between the Zn2* and the coordinating atoms are indicated in A. The water
molecule is shown as a red sphere. D. View of the second Zn?*-binding site in the alkaline
phosphatase family illustrated after superimposition of the phosphoethanolamine transferase
MCR-2 (PDB code 5MX9) (orange carbon atoms) with BcsG (grey carbon atoms). While
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NmMEptA contains a fully functional second Zn?* site [35], one of the metal ligands, His478
in NmEptA, is replaced by Arg458 in BesG, making binding of Zn2* to this site less likely.
E. Cellulose production in S. typhimurium strain MAE97 and its AbcsG mutants
complemented with wild-type BcsG, the mutant lacking the alkaline phosphatase-type
domain, and the mutants affecting the residues Ser278 and Arg458, shown in panels C and
D. Other labels are as in Fig. 2. Cells were grown on salt-free LB agar plates for 24 h at
37°C.
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Fig. 5. Enzymatic activity of BcsG.
Hydrolysis of NBD-phosphatidylethanolamine (PE) by BcsG, but not the BesGsp7ga

variant. B. NBD-phosphatidylglycerol (PG) is not hydrolyzed by BcsG. The reaction was
carried out in 300 pl of 10 mM sodium succinate pH 6.5/50 mM NaCl, 20 mM MnCl, with
4.2 ng of purified NBD-PE or NBD-PG lipid and 400 ug MBP-BcsG fusion protein (or 2.5
units of phospholipase C from Bacillus cereus used as positive control) at 37 °C for 3 h.
Substrates NBD-PE and NBD-PG are shown below the TLC plates. Each experiment was
performed twice.
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Table 1.
Data collection and refinement statistics
Data Collection BcsG BcsG Zn-SAD
PDB accession code 50JH 50LT

ab,c(A) apy ()

90.0, 90.0, 120.0

Beamline P13, EMBL c/o DESY P14, EMBL, c/o DESY
Space group P3;21 P3,21
Cell dimensions

80.4,80.4,97.5 80.7,80.7,97.7

90.0, 90.0, 120.0

Wavelength (A)

0.9763

1.278

Resolution (A)?

69.7 - 1.55 (1.59-1.55)

40.0 - 1.45 (1.53-1.45)

Reym 0.116 (0.790) 0.068 (0.538)

R meas 0.128 (0.830) 0.072 (0.586)
Ryim 0.056 (0.260) 0.023 (0.206)
Total number of observations 534385 (26343) 1107780 (113316)
Total number unique 53454 (2609) 123431 (17487)b
1o(l) 15.3 (3.3) 21.3(5.0)
Completeness (%) 100 (99.9) 97.3(85.1)
Redundancy 10.0 (10.0) 9.0 (6.5)
Anomalous Correlation (%) - 39 (7)

SigAno - 1.135 (0.748)
Wilson B-factor (A2) 14.0 9.8

Refinement

Resolution (A)

69.7— 1.55 (1.59-1.55)

40.0-1.45 (1.49-1.45)

Number of reflections 50696 60090
Ruork /Riree %) 16.6/19.8 (19.4/27.6) 12.8/15.8 (18.1/21.2)
Number of atoms

Protein 3095 3215

Water molecules/Zn2*/citrate | 318/1/26 322/1/26
B-factor (A2)

Protein 135 17.0

Water molecules/Zn?*/citrate | 22.8/12.5/15.4 27.2/12.4/25.1
r.m.s deviations

Bond lengths (A) 0.016 0.013

Bond angles (°) 1.747 1.565
Ramachandran plot
Favored/allowed/outliers (%) 97.7/1.8/0.5 97.4/2.3/0.3

a - Lo
Outer shell statistics are given in parentheses.
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b. . . . .
For the SAD data set, Friedel pairs are treated as different reflections.
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