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ABSTRACT: We report the 1.9 A resolution crystal structure of enteropathogenic
Escherichia coli GfcC, a periplasmic protein encoded by the gfc operon, which is essential GfcC Wza
for assembly of group 4 polysaccharide capsule (O-antigen capsule). Presumed gene
orthologs of gfcC are present in capsule-encoding regions of at least 29 genera of Gram- N ft
negative bacteria. GfcC, a member of the DUF1017 family, is comprised of tandem f3-grasp
(ubiquitin-like) domains (D2 and D3) and a carboxyl-terminal amphipathic helix, a domain Dth J
arrangement reminiscent of that of Wza that forms an exit pore for group 1 capsule export. 9

Unlike the membrane-spanning C-terminal helix from Wza, the GfcC C-terminal helix packs D2 é D2
¢
¢

against D3. Previously unobserved in a -grasp domain structure is a 48-residue helical

hairpin insert in D2 that binds to D3, constraining its position and sequestering the carboxyl-

terminal amphipathic helix. A centrally located and invariant Arg115 not only is essential for proper localization but also forms one of
two mostly conserved pockets. Finally, we draw analogies between a GfcC protein fused to an outer membrane f3-barrel pore in
some species and fusion proteins necessary for secreting biofilm-forming exopolysaccharides.

Many bacteria secrete and export high-molecular weight
polysaccharides that can associate with the outer mem-
brane as a capsule (CPS) or are secreted into the environment as
exopolysaccharide (EPS)." CPS and EPS are polymers com-
prised of repeating oligosaccharides, each comprised of a strain-
specific structure of one to seven sugar residues. Although lipids
anchor some capsules to the cell surface, the attachment mechan-
ism for most is unknown. Capsules function as virulence factors
to inhibit host cell phagocytosis and block killing by antimicro-
bial peptides or complement’ * and are often essential for
pathogenicity.>® Capsules and EPS may also mediate the attach-
ment of bacteria to host tissues or inorganic surfaces, such as
medical implants.

Progress is being made toward understanding the different
types of CPS and EPS, and the mechanisms of their synthesis and
translocation to the cell surface.”” For Gram-negative bacteria, the
best-characterized system is the group 1 capsule, typified by the
Escherichia coli K30 capsule and the colanic acid EPS. Here a capsule-
specific operon encodes the enzymes that assemble the lipid-linked
oligosaccharide repeat units in the cytoplasm. An inner membrane
oligosaccharide-specific glycosyl transferase, Wzy, adds units to the
growing polymer in the periplasm. A complex of the inner transmem-
brane protein, Wzc, an essential transmembrane tyrosine kinase,®’
and the outer membrane auxiliary (OMA) protein, Wza,'"" are
necessary for the export of the polymer through the outer membrane.
The crystal structure of a Wza octamer [Protein Data Bank (PDB)
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entry 2J58 (Figure 1A)] showed that each protomer is comprised of
three domains and a carboxyl-terminal amphipathic helix."> The
helices from each of the eight chains form a porelike channel (17 A
in diameter) thought to reside in the outer membrane, a fold
previously not observed in bacterial outer membrane proteins.
Three-dimensional reconstruction by electron microscopy of a
complex between the Wza octamer and a Wzc tetramer showed a
continuous conduit spanning the entire periplasm," yet questions
about how the polysaccharide enters this conduit and how the capsule
is anchored to the cell surface remain.

Enteropathogenic (EPEC) and enterohemorrhagic (EHEC)
strains of E. coli secrete a group 4 capsule (GFC) assembled from
the same O-antigen repeat units that comprise the much shorter
lipopolysaccharide (LPS).">~" The EHEC GFC facilitates
adhesion to host cells and is important for host colonization
in vivo."s Also, GFC contributes to virulence in Vibrio and
Salmonella strains.>>'®

In EPEC and EHEC strains, group 4 cag)sule expression requires
the seven-gene gfc operon (Figure 1B)."*" The essential gfc genes,
gfcE, etp, and etk; are paralogous to the cps genes encodmg %roup 1
capsule proteins Wza, Wzb, and Wazc, respectively."'*'”
gfcABCD genes encode proteins of unknown function but are also
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Figure 1. Wza and operons for capsule export. (A) Cartoon representa-
tion of E. coli Wza (PDB entry 2J58) as an octamer. It forms an octameric
pore in the outer membrane."”*® (B) E. coli operons essential for
polysaccharide secretion. The yjbEFGH operon regulates a yet unchar-
acterized polysaccharide.*

-Q-

essential for GFC expression."* Homologues of these genes are found
in at least 29 genera of Gram-negative bacteria. To date, characteriza-
tion of the homologous genes in three species points to a role in
polysaccharide secretion. The yjbEFGH operon, also on the E. coli
chromosome, encodes paralogous proteins that are 30—65% identical
to the gfcABCD proteins. Under control by the Rcs stress regulon,
they facilitate secretion of an unidentified exopolysaccharide during
osmotic stress.'**° Orthologs of gfcBCD in Vibrio anguillarum,
wbfDCB, also affected secretion of a group 4-like exopolysaccharide
important for virulence.” In Vibrio parahemolyticus O3:K6, genes
homologous to wza, wzb, and wzc are not necessary for expression of
K-antigen capsular polysaccharide, but genes VP0218—VP0215,
homologous to gfcABCD, were important for regulating the amount
and size of the expressed capsule.””

Little is known about the structure or function of the
gfcABCD-encoded proteins. GfcA is a short inner membrane
protein that is rich in Thr, Ala, and Gly residues. GfcB is an outer
membrane lipoprotein with a -barrel-like structure [PDB entry
2in5 (W. Zhao et al, 2006, unpublished observations)], and
GfcD is predicted to be an outer membrane 22-strand [3-barrel
lipoprotein.”>** Such outer membrane f-barrels also serve as
polysaccharide export pores in some exopolysaccharide sys-
tems.”>>” Because GfcD is encoded upstream of the Wza paralog
GfcE, the presumed export protein for GFC, we hypothesized
that the gfcABCD-encoded proteins are also involved in the

translocation of polysaccharide or an accessory molecule across
the outer membrane.

GfcC is a 248-residue periplasmic protein and member of the
DUF1017 (PF06251) family of proteins of unknown function
(Pfam database®). DUF1017 family members were annotated to
contain a 3-grasp-like domain. The -grasp fold is a four- or five-
strand mixed [-sheet with one helix. First identified in the
eukaryotic protein ubiquitin, the fold is present in a diverse
group of proteins, including numerous enzymes; iron—sulfur,
RNA, and cofactor binding proteins; and those involved with
post-translational modification.” Included in the superfamily of
f-grasp folds is the SLBB (soluble ligand-binding S-grasp)
domain, a Pfam sibling to DUF1017.*° The SLBB family includes
the two [3-grasp domains in Wza and other polysaccharide export
proteins,® as well as a variety of enzymes and ligand-binding
proteins. In Wza, the SLBB domains of each subunit pack against
those from adjacent subunits to form the cylindrical octamer.
Some Wza-like “outer membrane auxiliary proteins” also have a
DUF1017 fold at the C-terminus.”"

In this paper, we begin to explore the role of the gfc-encoded
proteins, by reporting the crystal structure of GfcC at 1.9 A
resolution. The structure reveals a domain architecture similar to
that of Wza, but in a compact, soluble protein.

B EXPERIMENTAL PROCEDURES

GfcC Sequence Alignment. To evaluate the location of residues
conserved in homologues of EPEC GfcC (GI|215486102), we
downloaded sequences from a precomputed Blast search of GfcC
(BLink at NCBI, June 2010) with Blast scores greater than 100.
Sequences that were >98% identical to any other sequence were
deleted to avoid bias. Similarly, proteins longer than 290 residues
were excluded. Thirty-five sequences were aligned with ClustalX**
and evaluated with Jalview.>> Sequence conservation was calculated
on this alignment with Scorecons. 3

Design of the GfcC Construct. The gfcC gene encoding
amino acid residues 22—248 (i, without the signal peptide) was
amplified by polymerase chain reaction (PCR) from genomic DNA
derived from E. coli O127:H6 strain E2348/69 with forward primer
§'-CGACCCATGGCGCAAGGAATGGTGACT-3' and reverse
primer  §-CGTCTCGAGCTCAGGAACACGTTGCGTTA-3.
After digestion with Ncol and Xhol, the purified oligonucleotide
was cloned into a similarly cut pETBlue2 vector (EMD Biosciences),
which encoded a C-terminal Leu-Glu-Hiss tag. Sequencing the
resultant plasmid DNA (University of Michigan DNA Sequencing
Facility) confirmed the predicted sequence.

Expression and Purification of GfcC. Tuner(DE3)pLacl cells
(Novagen/EMD Biosciences) were transformed with the pET-
Blue2-GfcC plasmid. Typically, 1 L of Terrific broth was inoculated
with 10 mL of an overnight culture and grown with shaking at 37 °C,
until Agyo reached ~0.8. After the sample had cooled to room
temperature, [IPTG was added to a final concentration of 0.2 mM and
protein expression proceeded for 18 h at room temperature. Follow-
ing centrifugation for 20 min at 5000 rpm in a Beckman JLA-10.1
rotor, cells were suspended in 40 mL of 300 mM NaCl, 20 mM Tris-
HCl buffer (pH 8.0) and one-half of an EDTA-free protease inhibitor
cocktail tablet (Sigma). Cells on ice were disrupted by sonication
(Branson) with the macro tip operating at 40% of the maximal power
amplitude for 5 min, cycling 30 s on and 15 s off. After the lysate
had been centrifuged at 48400g (20000 rpm in a JA-20 rotor) for
40 min, the supernatant was passed through a 0.22 ym syringe filter
(Millipore) and applied to an 8 mL column of Talon Superflow
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(Clontech) by the AKTAfplc system (GE Biosciences). After being
washed, bound protein was eluted with a linear gradient from 0 to
300 mM imidazole in lysis buffer. GfcC eluted at about 60 mM
imidazole. Fractions containing GfcC were dialyzed overnight in 4
L of lysis buffer, concentrated, and loaded onto a HiLoad 16/60
Superdex 75 (GE Healthcare) size exclusion column equilibrated
with the same buffer. Purified protein for crystallization trials was
concentrated to ~23 mg/mL (as determined by A,g) with a
10 kDa cutoff centrifugal filter (Amicon).

The selenomethionine derivative of GfcC (SeMet-GfcC) was
purified similarly. Before induction with IPTG, the cells were
centrifuged and resuspended in 1 L of minimal medium with
amino acids (Athena) and selenomethionine (0.8 ug/mL).
Buffers during the subsequent purification included 2 mM TCEP
(Soltec Ventures Inc.) to prevent selenomethionine oxidation.

Structure Determination. Protein drops were screened for
crystallization by sitting drop vapor diffusion with several com-
mercially available screens (Qiagen pHClear and PACT, Hamp-
ton Research Index). The best crystals for the native protein were
grown from drops containing 1 #L of GfcC (23 mg/mL) and
1 uL of 1.6 M ammonium sulfate, 0.1 M Tris-HCI (pH 8.0)
(pHClear E11), and 0.2 uL of 30% (w/v) 1,5-diaminopentane
dihydrochloride (Hampton Research), equilibrated against
50 uL of a reservoir solution. Drops were set up at 4 °C and
later heated to 22 °C to nucleate crystals. SeMet-GfcC crystal-
lized with 1.5 M ammonium sulfate, 0.1 M NaCl, and 0.1 M Bis-
Tris (pH 6.5) (Index C6) as the precipitant. Crystals were
harvested and frozen in the original reservoir solution containing
15% glycerol as a cryoprotectant.

Anomalous diffraction data at three wavelengths were collected
from the SeMet-containing crystals at the LS-CAT beamlines
(Advanced Photon Source, Argonne, IL) and processed with
HKL2000.*® Only the data at the Se absorption peak wavelength
(0.97930 A) were phased by the single-wavelength anomalous
diffraction method with the AutoSol scheme in Phenix.*® Eighty-
three percent of the residues were built in the initial maps. The
remainder of the structure was built manually and refined against
the peak anomalous Se data in the presence of NCS restraints
using Phenix and Coot.”” Final steps in the refinement included
adding the His, tag of chain A and TLS parameters. Complete
statistics are listed in Table 1. The final structure was deposited in
the Protein Data Bank (RCSB) as entry 3P42.

Structures were superimposed with LSQMAN, first with a 6 A
cutoff and then with a 3.5 A cutoff. All figures in this paper
(except Figure 2) were prepared with MacPyMOL.*®

B RESULTS

GfcC Homologues Form a Subgroup of DUF1017 Proteins.
Proteins representing 29 genera of proteobacteria, homologous
in sequence to residues 76—248 of GfcC and consisting of fewer
than 290 residues, form a subgroup of the Pfam DUF1017 family.
The alignment of 35 homologues (available as Supporting
Information) gives identities from 19 to 89%, with the majority
being between 20 and 40%, and all have signal sequences
consistent with secretion to the periplasm. Most are encoded
in operons between gfcB and gfcD gene homologues. Figure 2
shows the alignment of eight representative sequences high-
lighting the identical residues. The region defined by DUF1017
begins at residue 76 of GfcC where homology is most prevalent.
In addition to the GfcC homologues, the DUF1017 family also
includes longer proteins with domains homologous to GfcC.

Table 1. Diffraction Data and Structure Refinement
Summary”

SeMet-GfcC(22—248)-Hisq

beamline 21 ID-D, LS-CAT, APS
wavelength (A) 0.97930
space group P2,

a=6883A b=9998 A,
c=69.02 A, 8=91.74°
no. of molecules 4

unit cell dimensions

per asymmetric unit
resolution (A)
total no. of reflections

34.5-1.91 (1.98—1.91)
71575 (8700)

redundancy 74 (5.3)
Rierge’ 0.091 (0.469)
I/o; 30.88 (2.98)
Refinement

no. of working reflections 133527 (12580)
completeness (%) 98.5 (96)
Ryon 0.17 (0.26)
Reed” 0.22 (0.31)
no. of atoms (non-hydrogen) 7860

protein 7143

water 702

sulfate 15
mean By, (A~ L non-hydrogen) 37.1

protein 36.8

solvent 39.4
rmsd for bonds (A) 0.008
rmsd for angles (deg) 1.110
Molprobity score 1.06°
Ramachandran favored (%) 98.68
Ramachandran outliers (%) 0.22
Molprobity clash 0.98 (39)

score (no. of clashes)
“Values in parentheses are for highest-resolution shell. b Rinerge = [Z Z|
I(hkl) - I(hkl)”/[EZI(hkl)] ¢ work = (Z”Fobil - |Fcalc||)/(z|
Fops|) calculated over all reflections used in reﬁnement 9 Rpee is s1m11ar
to Ryork but calculated from the 5% of the total number of reflections

omitted from the refinement. ¢ Calculated with hydrogen atoms posi-
tioned explicitly by Phenix.

Determination of the GfcC Structure. For structural studies,
the mature form of GfcC (residues 22—248) was expressed and
purified with a carboxyl-terminal hexahistidine (Hiss) tag. The
236-residue (predicted M, = 26051) soluble protein migrated at
about 26 kDa by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and at 28 kDa by gel filtration. Mass spectro-
metry of the purified native protein showed a major peak at
25919 Da that corresponded exactly to a monomer of GfcC
without the mass of the N-terminal Met residue. The seleno-
methionine-containing protein (SeMet-GfcC) mass spectrum
showed the primary species at 26060 Da, which is identical to
native GfcC with three selenomethionine residues.

GfcC-Hisg crystallized in two different forms. The SeMet-GfcC
crystal was in space group P2; with four molecules in the
asymmetric unit. Diffraction data from this crystal were phased
to 1.9 A by single-wavelength anomalous diffraction (SAD), and
the refined structure had an R, of 0.173 and an Rg.. of 0.217
(see Table 1). The three predicted SeMet residues (but not the
N-terminal SeMet) were resolved in each chain. The mean rmsd
between noncrystallographic symmetry (NCS)-related chains is
0.66 A (Cy), ranging from 0.58 between chains A and B to 0.73 A
between chains A and D. The structure of native GfcC crystals, in
tetragonal space group P432,2 with two molecules per asymmetric
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D2> D2H—>
p s S2 H1 S3 H2
G ) G
E. coli 0127 GfcC L MNKLQSYF IASVLYVMTPHAFQGMVT I YLPGEQQTLS VGPVENVAQLVTQPQLRDR- - - - - = - - - - - - LWIPGALLTDSAAKAK 73
E. coli 0127 YjbG Toemmm e e MIKQTI-- VALLLSAGASSVFIAGTVKVFSNGSSEAKTLTGAEHL IDLVGQPRLAN- - - - - - - - - - - - - SWIPGAV ISEELATAA 70
Salmonella enterica L MMKRMI - - SALALAF IASSVFISGTVTVF TQGNSEPKTLTDAERLLDLVGQPRLAT- - - - - - = - - - - - - SWYPAMNVIGEEQATVT 70
Pectobacterium atrosepticum 1 = - - ===+~ MLALNR- - IATLLLL ISGVAMSAQLTVKSPQET IAVVKLDDGTRLEKFYEQVSWPQN- - - - - - - -« - - - INJQTIF ISDFATTQK 71
Shewanella baltica L MRYY IAPLALVLSSALTATVHE T[I STS TTQDAQVQLNYPTAVR I EQ1VQDGLQQLPAYNKTTNKEVVP I YJLGIALLD IQNKAA 88
Photobacterium profundum 1TMTLLLSLFRFLLHSQSRGLLTLALFTFCSVTYAQMANVTPSSQRERQLQLSYSTPVRMKQVLSDSLTHFPAFLANDVKTDSRIY{ITGMALFHAFPHPQ 121
Vibrio fischeri L MHFLSSFVFSLLLSASTVTYSSAVSVTLPNQNLVLNYSQPVRLEQV ILDAN- - -~ -------- AQVNFYSLGMALSDNQLQKD 74
Vibrio cholerae 0139 15 KICRSP I KKRAWSF I TSRGWLTLAAA I SGHS LC VA PIVAHNNQA IHS TRLSFSEPMRLDSAVMQTLEQAG- - - - - - - LNTQQVETPSHGLFDLSHAFL 113
H2 H3 Dzsz)‘ S5 | D3? .
E. coli 0127 GfcC 74 ALKDYQHVMA SWEA- - - - - - EADDDVAATIKSVRQQLLNLN I TGRL P vKMIPSIF VEVDE - NSPPLVGDY TMYTVQRPVT ITLLEAVSG- - - - - - 158
E. coli 0127 YjbG 71 ALRQQQALLTR[BAELAA- - - - - - DSSADDAAA INALRQQIQALKVTG PPLQGNYTBWVGTPPSTVTLF[EL ISR- - - - - - 155
Salmonella enterica 71 ARQQQQELLGRMAALGA- - - - - - EEDGDAAAA INTLRRQIQAVKVTG PPLQGHY TBWVGPQP TQVTLFEL 1SQ- - - - - - 155
Pectobacterium atrosepticum 72 VRVQGDVLLQKMAELETR- - WRNSGDGDLA | SAWLLRKA INP INVAG RPLVGEYAMYVAPHDDKLAL I€L VNTSADVGE 166
Shewanella baltica 89 LETKRQQVLS KMGQV- - - - KDD- SAY IAKLAKLAQL I RSLQLGQ SLIDGRFL[MVLPPRPSTVTVLEAVE- - - - - - - 173
Photobacterium profundum 122 QH- VVVAQLNQMATHWQS - - - - EQQQ- - - - AVLN- LSQQLAQLMTGE TLITQNLTMILPPRPERILVLEALE- - - - - -- 201
Vibrio fischeri 75 IDNLRNNS | EQSSLSRETSLFSANN- EFKRSATQI I SQLEHHTF VG P I LNADYQMF VHPRPTSVSFFEA IDS- - - - - - 164
Vibrio cholerae 0139 114 FKRDVLLKLADQQSSAPP- - - - - - - - - TQQALWASL | AQLRQAEFAK| PRLNGSWLETLNSKS TQVS VYEAVNQ- - - - - - 195
>
s2 H4 s3 s4 s5 D4 H5
___ — ——————
E. coli 0127 GfcC 159 - - - AGQLPWLAGRS VTDLZNQDHP RMAGADKNNVMV I T[HEEE TVVAP VLI KRHVE P P[IESQLWLGF SAH- - - - VLPEKYADMIDQI VSV - 248
E. coli 0127 YjbG 156 - - - PGKQS FTPGRDVAS @RS DQS L[S GADREYAWVV Y[ID[ER TQKA P VYK RHVE PMES 1 1 YVGLADS - - - - vWSETPDAMVAD/I LQT| - 245
Salmonella enterica 156 - - - PGSQPFVPGRDVAS\ANEGQRL[AS GIADREYAWVV Y[ID[ER S QKA P VEYY\IIK RH | EPMIXES | | FVGFADS- - - - LWRGTPKA INADILHT - 245
Pectobacterium atrosepticum 167 LETSGNVVLRAGWS VEN)ARVGRRLMAGADNEYG YL 1GGNEQWRK VP LIALMTNIRQH 1 EPAAEETIF IGENPS- - - - vLPQDMS S[MYEQLADY 260
Shewanella baltica 174 - - QSRDLAWQGQK TS KDAARKQAG L{EDNE TEF vw I 1 Q[EDEKA 1 KQP 1 IWY\INHQTKD 1 A[XEATLYVEFS- - - - - - SLFDDYTKMYEN I VEL - 261
Photobacterium profundum 202 - - KPVWTKWQTRLDAEANRKQS K P[Hs NN KEDAWV | QEDETVEQHP TIAY[INIRDHHD 1 A[XEA | VYLGES- - - - - - SLPDGFET[MYED | INL - - 289
Vibrio fischeri 165 - ESS ISVPF IEHAS IDDAAEDS LPLSSTADTET 1 YV IQEDEVVQTTEFS VJQNKPAYLA[XEAS VY I PLG- - - - - - GLPSDFSS[MYTSIVQLMRNKAL - - 253
Vibrio cholerae 0139 196 - - - PGDV IWHNRL SAKDMAHAAG- M1DEQ I1HE 1 vV 1 Q[3DE 1 AQKHA VEIVITNQD FNEVA[XEA 1 VY VPLPLKRAFFDPTVTDADMYNQLV | ELMRNELPL- 288

Figure 2. Alignment of selected sequences homologous to E. coli GfcC. Thirty-five sequences were selected from the precomputed Blast results of
EPEC GfcC (NCBI, February 2010). All had alignment scores of >100, consisted of fewer than 290 residues, and did not have more than 98% identity
with any other sequence in the group. Eight sequences from this alignment are shown here (complete alignment available as Supporting Information).
Residues are shaded if >60% of the sequences in the alignment of 35 sequences are identical. Dark backgrounds with white letters represent residues
identical in >80% of the sequences. The red arrow indicates the predicted signal peptidase 1 cleavage site in E. coli GfcC.

Figure 3. Structure of GfcC and comparison to Wza. (A) Cartoon representation of GfcC oriented with the two 3-grasp domains in front. Coloring
highlights the structural domains, as defined in the text: blue for D2, bluish-gray for D2H, yellow for D3, and magenta for D4. Most secondary structures
are labeled in black. Note that names of the secondary structure elements in D2 and D3 correspond to a generic 3-grasp domain.** (B) Comparison of
GfcC and the Wza monomer (in the conformation found in the octamer, PDB entry 2J58'%). Corresponding domains are colored similarly. GfcC does
not have an equivalent of the D1 domain, while Wza lacks D2H. GfcC is rotated 90° in the vertical direction from panel A. (C) GfcC domains (green)
superimposed on the corresponding domains of Wza (magenta). The top structure is D2 of GfcC on domain 2 (residues 169—252) of Wza. The bottom
structure is D3 of GfcC superimposed on domain 3 (residues 254—344) of Wza. Structures were superposed with LSQMAN.>"

unit, was determined by molecular replacement using chain A of
the SeMet-GfcC structure as a search model (results not shown),
but the final structure was of poorer quality than the SeMet-GfcC
structure and will not be discussed further. The GfcC polypeptides

in the asymmetric unit of both space groups pack as apparent
dimers.

GfcC Contains Two f-Grasp Domains. For the sake of
simplicity, we divide GfcC into three domains denoted here as D2
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Figure 4. GfcC D4 helix packed between the D3 domain and D2H
helices. (A) GfcC is rotated approximately 180° in the vertical
direction from the view in Figure 1A. Domain colors are the same
as those in Figure 1A. The long arrow designates the N to C
polypeptide direction of D4, shown with a solvent contact surface.
The short arrow points to C-terminal residue Glu248. (B) Close-up
of the C-terminal residues of GfcC (245—248, magenta) passes
through a tunnel formed by the other domains. The view is in the
direction of the short arrow in panel A. The polar interactions with
the other domains are mostly water-mediated hydrogen bonds. Note
that the highly conserved Arg24S side chain does not form hydrogen
bonds with the protein and is solvent accessible, suggesting that its
role may be more than structural.

Table 2. Comparison of f-Grasp Domains”

PDB
GfcC D2 GfcC D3 Wza D2 entry lvjk
GfcC D2 2.2 (49)
0.245
6%
Wza D2 2.11 (53) 1.65 (71)
0211 0.152
13% 18%
Wza D3 1.83 (42) 1.46 (61) 1.19 (71)
0219 0.140 0.110
10% 12% 20%
PDB entry 2jx5" 1.83 (34) 1.71 (42) 1.62 (60)

0.224 0.210 0.167

not determined not determined not determined

PDB entry 1vjk 1.72 (40) 1.37 (47)

0.203 0.160

not determined not determined
“ For each comparison, the first row is the root-mean-square deviation
(rmsd) for n o-carbon atoms (n in parentheses), the second row is a
relative rmsd as calculated by LSQMAN, and the third row is the percent
identity of the matched residues. * Ubiquitin domain adjacent to the
S27a ribosomal subunit of Giardia lamblia.  Putative molybdopterin
converting factor, subunit 1 from Pyrococcus furiosus.

(residues 22—147), D3 (residues 148—226), and D4 (residues
227—248) (see Figure 3A,B). D2 and D3 are f3-grasp domains that
typically have a central four- or five-strand mixed [3-sheet with an o-
helix on one face.** D3 has five 3-strands, but the sheet in D2 has only
four (S1—S3 and SS). Residues 116—121 (s4) form an extended
strand, topologically equivalent to S4 in a typical 3-grasp domain.* Tt
is angled ~#45° from the rest of the D2 -sheet and forms only one
main chain hydrogen bond with adjacent strand S3.

In D2, the loop between strands S3 and S4 of the canonical -
grasp domain is replaced with a helical hairpin (H2 and H3,
residues 68—115, bluish-gray in Figure 3A,B), here termed
domain D2H. The hairpin is more than 40 A long and consists
of a seven-turn helix followed by a reverse turn, a shorter 4.5-turn
helix, and a five-residue extended chain. The hairpin forms an
~1100 A contact with the D4 helix and the edge of the D3 sheet
near the S1—S2 loop. Most of the contacts are nonpolar, but
D2H also forms eight hydrogen bonds with D3 and D4 (Table S1
of the Supporting Information).

Carboxyl-terminal t-helix D4 (magenta in Figure 3A,B) is
amphipathic and folds onto the -sheet of D3 (centered over SS)
adjacent to the O-helical hairpin (D2H) on its other side
(Figure 4A). The carboxyl terminus of the D4 helix passes
through a large hole between the other domains to the opposite
side of the protein and appears to be trapped between D3 and
D2H (Figure 4B). This suggests that the D4 helix might fold
onto D3 before D2H can pack next to it.

The structural similarity of D2 and D3 (rmsd = 2.2 A for 49
residues) parallels that of either domain with 3-grasp domains from
other proteins (Table 2). The most noteworthy difference is the fact
that the loop following S4 in D2 (residues 121—132) is wider and
four residues longer than that in D3 (residues 202—209) and much
longer than that in another [3-grasp domain from a putative moly-
bdopterin converting factor (PDB entry 1vjk). This loop in D2
contains several conserved residues that may be functionally
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Figure 5. Interdomain interactions. (A) The interface between D2 and D3 is small and comprised of mostly van der Waals contacts and only two
hydrogen bonds. Residues in the D2—D3 interface that are within 4 A of the other domain are depicted as sticks. Also shown in sticks are the C-terminal
residues of D4. Domain colors are light blue for D2, yellow for D3, and magenta for D4. (B) Conservation of the D2—D3 interface (same view as panel
A). The surface representation is progressively colored by the degree of residue conservation from green (not conserved) to white (somewhat
conserved) to magenta (highly conserved). (C) D2H interacts with a conserved surface on D3 and D4. Surface colored according to the degree of
conservation as in panel B. On the left is the solvent contact surface of GfcC without D2H. The region buried in the presence of D2H, including residues
153—159,180—182, and 192—195 from D3 and residues 219—245 from D4, is outlined. On the right is the D2H helical hairpin domain rotated 180° to
show the surface that interacts with D3 and D4. (D) The interaction of D2H with GfcC is primarily nonpolar. Same views as in panel C. The electrostatic
field at the solvent accessible surface is colored from blue (—$ kT/e) to white to red (5 kT/e). Electrostatics calculated with APBS®> as implemented in

MacPyMOL.*®

significant, either as part of pocket P1 or in an observed dimer
interface (see below).

Domain Interactions. The interface between the two f3-grasp
domains (excluding D2H) is small, comprising a surface of 420 A>
with only a couple of hydrogen bonds (Figure SA and Table S1 of the
Supporting Information). The D2 residues in the interface are
residues 59, 61, and 62 from a 3;¢-helix before S3, and Lys119 of
S4, none of which are conserved in the alignment of homologues.
The interacting surface of D3 is formed by two loops (S3 and $4)
and the loop preceding SS, all relatively conserved in GfcC homo-
logues. Figure SB shows the interface colored by degree of conserva-
tion. Argl1S (at the end of D2H) also stabilizes the position of the
two domains by interacting with both D2 and D3 (see below).
Despite relatively few interactions between D2 and D3, residues in
the D2—D3 linker (residues 146—148) and the interface have
relatively low B factors, suggesting little movement between the two
domains.

Helical hairpin D2H packs against a surface formed by portions
of D3 and D4 (Figure SC,D). The mostly nonpolar interface is
approximately 1100 A” but also includes 11 hydrogen bonds (Table
S1 of the Supporting Information). While the contacting residues

from D2H are not very conserved among GfcC homologues, the
residues from D3 and D4 in the interface are highly conserved
(Figure SC). The interactions of hairpin D2H with D3 are likely
responsible for fixing the position of D3 with respect to D2, and not
the D2—D3 interface described above.

More than 1200 A> (58%) of the solvent accessible surface of
the carboxyl-terminal helix D4 is buried between D3 and D2H
(Figure 4A), with more than 50% of this surface contributed by
highly conserved residues. Most of the interactions are nonpolar,
van der Waals contacts, but there are also five hydrogen bonds
and two salt bridges (not shown).

The relative orientation of the GfcC domains within one
molecule varies slightly in all four molecules in the asymmetric
unit, with the largest difference existing between chains A and
C. When the D2 domains of chains A and C are superimposed,
D2H of chain C is rotated almost 6° compared to D2H of
domain A, resulting in a maximal difference of 3.1 A at
the distal Asp93 (Figure S1 of the Supporting Information).
The axis of the D2H rotation passes between D2 and D3. This
hints at inherent flexibility in the molecule that may play a role in
its function.
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Figure 6. Conserved residues of GfcC and invariant residue Argl1S. (A) Overall view of GfcC with domains colored as in previous figures. The
orientation is the same as in Figure 1B. (B) Solvent contact surface colored by degree of conservation as in Figure SB. The orientation is the same as in
panel A. P1 and P2 point to pockets discussed in the text. W205 is totally exposed and highly conserved. (C) Same as panel B but with the molecule
rotated 180° around the vertical axis. (D) The invariant Arg11S, from the end of D2H, forms hydrogen bonds to waters and to main chain atoms of each
of the other domains. The Arg115 side chain also forms part of the surface of pocket P1. (E) Argl1S mutants are poorly expressed or degraded in the
periplasm as shown by Western blots of the supernatant (left) and cell pellet (right) after osmotic shock. The primary antibody is the mouse anti-His
antibody: lane 1, EM4462 (EPEC gfcC::kan); lane 2, EM4462/pAP1720 expressing full-length GfcC-Hisg; lane 3, EM4462/pAP1720-R115K; lane 4,
EM4462/pAP1720-R115A. GfcC migrates at ~25 kDa. The presence of significant protein in the cell pellet likely represents intact cells with periplasmic
GfcC. A similar experiment with sonicated whole cells showed no GfcC in the insoluble fraction (not shown). Methods for this experiment are given in

the Supporting Information.

GfcC Domain Structures Are Similar to That of Wza. The
domain structure of GfcC bears a striking resemblance to that
of Wza, the octameric protein that forms the conduit for the
export of group 1 polysaccharide through the outer membrane
(Figure 3B)."* Like GfcC, both the D2 and D3 domains of Wza
have f3-grasp folds. The respective domains were superimposed
with LSQMAN, and the results are listed in Table 2 and shown in
Figure 3C. From the structural alignment, the sequence identity
is less than 12% between the two proteins. While the f-grasp
domains of the two proteins have similar topologies, there are
differences in the twist of the 3-sheets and the number of ot-helices
crossing the 3-sheet. D3 of Wza has a sixth 5-strand contributed by
the lipid-anchored N-terminal region (not shown in Figure 3C).

Search of known structures with the Dali server® showed that
D3 of GfcC is significantly more similar to the Wza [-grasp
domain (Z = 9.1—9.5) than it is to any other non-Wza f3-grasp
domain [Z = 6 for the next best fit (Figure 3C)]. On the basis of
structural alignments summarized in Table 2, GfcC D3 was 18
and 12% identical in sequence to Wza D2 and D3, respectively.

The differences between the D4 domains in GfcC and Wza are
striking and likely reflect the different functions of the two
proteins (Figure 3B). In Wza, the carboxyl-terminal amphipathic
helix (nine turns, 38 residues) extends away from D3 and has a
slight kink. It oligomerizes with the D4 helices from seven other
Wza protomers to form an ~17 A inner diameter pore that
crosses the bacterial outer membrane (Figure 1A).'" In the
octamer, most of the nonpolar side chains from Wza D4 are

exposed to lipid acyl chains. The Wza D4 domain does not
interact with any of the other domains of Wza. Helix HS of GfcC
D4 is also an amphipathic helix, but only 13 residues long. The
nonpolar face interacts with both D3 and the helical hairpin
domain, D2H. While Wza has aromatic residues characteristic of
transmembrane proteins at either end of the helix, the GfcC HS
helix begins with only a Tyr residue. Both D4 domains begin and
end with Arg or Lys residues, which likely interact with phos-
pholipid headgroups on either side of the membrane in the case
of Wza.

Conserved Residues and Pockets. When we scored the
conserved residues with SCORECONS** and colored a molec-
ular contact surface (Figure 6B,C), we found that there were
relatively few patches of highly conserved residues exposed on
the surface. One prominent region was the loop following S4 in
D3, where an exposed and invariant Trp205 (Figure 6B) clusters
with conserved residues Asn206, Ala203, and Pro201. This may
be a region that interacts with another protein or membrane. On
the bottom surface of D2 (as viewed in Figure 6A but not shown)
is another patch of exposed conserved residues, including Asn132,
Argl28, Asp123, and Aspl2l. These residues form interactions
across the dimer interface (see below).

All GfcC homologues contain the invariant Argl 15 at the end
of the D2H helical hairpin (Figure 6D), which forms hydrogen
bond interactions with main chain atoms from D2 (Ala63), D3
(Pro193), and D4 (Thr243), but no salt bridges. To address the
structural role of this conserved Arg, we expressed full-length
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Figure 7. Cavities and pockets in GfcC. (A) A water-filled tunnel lies
between D2H and D4 in molecules A and C of the asymmetric unit. The
box in the left image shows the location of the image on the right. The
mesh represents the solvent contact surface. The stick model is colored by
domain. Depicted is the tunnel from molecule A in the asymmetric unit. In
molecules B and D, the tunnel is not present because residues 111 and 112
(from D2H) move closer to D4 and displace the waters (not shown). (B)
Pocket P1 is surrounded by mostly conserved residues, including Argl15,
and main chain atoms. The left panel shows the pocket viewed from the
outside. Carbon atoms are colored on the basis of the degree of
conservation (from green to white to magenta). The right panel shows
aview rotated by 90° from that on the left. Sticks are colored similarly. The
surface is the solvent contact surface within the pocket and is colored by
electrostatic potential (red for negative, white for neutral, and blue for
positive) as calculated by APBS. (C) The left panel shows pocket P2
colored by degree of conservation. The right panel shows the solvent
accessible surface colored by electrostatic potential.

wild-type GfcC or two mutants, Argl15—Lys and Arg115—Ala,
from pAP1720 in EPEC gfcC::kan without IPTG induction (see
the Supporting Information). Periplasmic proteins were released
by osmotic shock. Supernatant and remaining whole cells were
separated by sodium dodecyl sulfate gel electrophoresis and
immunoblotted with anti-His antibody (Figure 6E). The amount
of the Argl1S — Lys mutant was <30% of that of the wild type,
while the Arg115 — Ala mutant was barely detected. Whole cell
lysates showed bands smaller than GfcC in the mutants, but not
in the wild type. These results suggest that replacing Arg115 with
Lys or Ala and the concomitant loss of the polar interactions with
the other domains produce a destabilized form of GfcC that is
susceptible to degradation. Its importance for structural integrity
does not preclude other functions for Argl15.

We were struck by the numerous cavities and pockets in GfcC
identified by the CASTp server.** The largest solvent accessible
cavity was a tunnel of ~400 A® that passes between the helical
hairpin domain and the D4 carboxyl-terminal helix in molecules

A and C of the asymmetric unit (Figure 7A). The tunnel is
exposed at each end to bulk solvent and contains seven water
molecules that form hydrogen bonds to each other. Most
interactions of water are to protein main chain atoms and three
polar side chains (Figure 7A), highlighting the fact that a portion
of the D2H hairpin is not closely packed with the other domains.
Surprisingly, the tunnel is not present in chain B or D, where at
least four of the bound waters are absent (not shown). In chains
B and D, residues 111 and 112 move closer to the D4 helix
compared to chain A. In chain B, the end of the D4 helix (residues
244 and 245) also adapts a different conformation. This reflects
the plasticity of the structure in the context of crystal packing
constraints. It also raises the possibility that GfcC can assume
other conformations besides those observed in the crystal.

The largest pocket is located in D2 near the interface with D3
(Figure 7B, P1 in Figure 6B). Glul94 from the D3 [-grasp
domain, Argl15 from the end of the D2H insertion, and residues
116—121 from the s4 strand surround the opening to the pocket.
Residues 60—65 from a 3;(-helix and S3 form the back of the
pocket. All residues with side chains exposed to the pocket are
conserved except for Val118 and Lys119. The interior surface of
the pocket is >60% polar, with 10 main chain amides or carbonyls
available for hydrogen bonding to a potential ligand. The pocket
in chain D is occupied by six water molecules and is exposed to
bulk solvent in two places. The side chains of Argl15, Lys119,
and Asp121 are also accessible in the pocket for interacting with a
potential ligand. The pocket appears to be approximately the size
of a sugar molecule, but such a molecule clashed with the protein
when docked with Vina (results not shown).*!

Another significant pocket is located between D4 and the (3
sheet of D3 (Figure 7C, P2 in Figure 6B). It is surrounded by
Asp236, Asn235, Phe222 (main chain), Asp184, Asn187, Val188
(main chain), and Met189. Trp219, including the ring imide, the
main chain of residue 220, Gly221, and Val239 form the bottom
surface of the pocket. Of these residues, Asp184 and Asn23S are
mostly conserved. Six ordered water molecules are resolved in
the pocket. In ubiquitin, which also has a S-grasp fold, the region
homologous to this pocket is hydrophobic and binds interacting
molecules.*

GfcC Apparent Dimer Interactions and a Resolved Hisg
Tag. The four SeMet-GfcC molecules in the monoclinic asymmetric
unit are arranged as two apparent dimers (A—B and C—D) stacked
on top of each other. The protomers in each dimer are related by a
noncrystallographic 2-fold axis (Figure 8A), while the dimers are
related by an approximate 4,-screw axis parallel to the ¢ direction.
The buried interface area within the dimer is 1215 A?, as calculated
with PISA.** The mostly polar interface includes ~17 hydrogen
bonds and 14 salt bridges, with several water-mediated hydrogen
bonds (Figure 8B). Each “half” interface consists primarily of resi-
dues from D2 interacting with D3 of the other protomer. Residues
122—129 of D2 adopt an extended f-conformation to pair with
a similarly structured S4—SS loop of D3 in the other protomer.
Although there are several conserved residues in the interface
[Asp123, Argl26, Asnl32, Glu2ll, and Pro214 (Figure 8C)],
analysis of the dimer interface with PISA suggests that the interface
may not have enough buried nonpolar surface to stabilize the dimer
in solution. To further characterize the oligomeric structure of GfcC,
we measured its hydrodynamic properties by sedimentation velocity
at several concentrations (Figure S2 and Table S2 of the Supporting
Information) and showed that the protein is a monomer with an M,
of 25277 and a frictional coefficient (f/f,) of 1.33.
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Figure 8. GfcC forms apparent dimers in the crystal. (A) Cartoon representation of two of the four chains of the asymmetric unit related by a
noncrystallographic 2-fold axis. The interface regions are colored green and are formed by D2 and D3 of each chain. Also see Figure 9B. (B) Close-up of
the hydrogen bonds at the interface showing antiparallel -type hydrogen bonding between the two chains. Atoms represented as distinct spheres take
part in the interaction. Yellow carbon atoms are from D2 of chain C and green atoms from D3 of chain D. (C) Same as panel B but with interface atoms
colored by degree of conservation with magenta representing the most conserved residues.

Following refinement of the structure, we noticed difference
electron density near the noncrystallographic 2-fold axis at the
apparent dimer interface of molecules (chains) C and D
(Figure 9). After noting that the density was consistent with a
His residue and that the current C-terminal residue 249 of
molecule A was ~15 A distant, we suspected that the density
might be a residue of the C-terminal His, tag of molecule A. We
placed water molecules with zero occupancy in nearby solvent
regions. After refinement, the entire His tag was resolved when
the electron density was contoured at 0.7 standard deviation
above the mean density. Figure 9B shows that the C-terminus
(spheres) of A is positioned over the C—D interface. The final
four residues take on a [3-turn-like conformation to interact with
molecules C and D (Figure 9C). His254, the residue found in the
original difference density, forms hydrogen bonds with Asp121
(molecule D) and water 147, which in turn forms hydrogen
bonds with Asp121 and Glu194 of molecule C. Besides hydrogen
bonding interactions, Phe124 of molecule C adopts a conforma-
tion different from molecule D to make a 77— stacking inter-
action with His243. Of the other molecules, only C-terminal
residue 248 of molecule C is near the interface of molecules A
and B, but the tag has no electron density. The C-termini of
molecules B and D are not near another chain, but His251 of
chain D is resolved in the electron density map.

H DISCUSSION

The high-resolution structure of GfcC represents the first
structure determined of the DUF1017 fold family. Although not
recognized by Pfam, GfcC actually has two f-grasp domains
rather than the one predicted by the DUF1017 classification.
This is likely due to the presence of inserted helical hairpin D2H
within the unrecognized f3-grasp domain (D2), a feature that has
not been described for other 3-grasp domains, to the best of our
knowledge. The GfcC D2H domain binds to a conserved surface

formed by the D3 and D4 domains, implying that the C-terminal
portion of the molecule may fold first. In the absence of D2H, the
small contact interface between D2 and D3 may be insufficient to
maintain the relative orientations of the two domains. We
speculate that this would allow the connecting strand between
the D2 and D3 domains to be more flexible and allow D2 and D3
to become separated as they appear in Wza. Such a state would
also allow D2H to interact with other molecules.

ArgllS is invariant in all GfcC homologues and highly
conserved in other DUF1017 proteins. This residue would be
a key contact residue should some molecule bind in the P1
pocket (Figure 6B). Alternatively, its interactions with D2—D4
may stabilize the overall tertiary fold, a hypothesis that was
supported by our observation that less GfcC was released upon
osmotic shock when the R115K or R115A mutant (Figure 6E)
was expressed in place of the wild-type full-length protein.

The physiological relevance of the apparent dimer (Figure 8A)
observed in the crystal structure of GfcC cannot be resolved at
this time. Apparent oligomers in crystal structures often occur
because of crystal growth in the presence of high concentrations
of protein. In GfcC, the intermolecular interactions are mostly
polar, occurring between loops of each 3-grasp domain, and do
not involve the exposed surface of the domain’s [3-sheet as
observed in the Wza oligomer. PISA server analysis calculates a
AG® (solvation energy gain upon formation of the complex)
of —2.3 kcal/M, comparable to the energy gain if the interface
were comprised of random surface atoms with the same surface
area.™ The analytical ultracentrifugation (Figure S2 of the
Supporting Information) and gel filtration results are consistent
with a monomer in solution, but because there are a number of
conserved residues at the observed interface (Figure 8C) and -
grasps often function as protein interaction domains,™ we
cannot exclude the possibility that GfcC may form complexes
with itself or another protein in the periplasm.
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Figure 9. Hisg tag of GfcC resolved in one of the molecules (chains) in
the asymmetric unit. In all panels, carbon atoms and ribbons are colored
by chain: yellow for chain A, magenta for chain B, pink for chain C, and
blue for chain D. (A) Simulated annealing, difference electron density
map contoured at 30 (green) before including the Hisy tag in refine-
ment. The initial model of a tripeptide (yellow carbon atoms) is
modeled near the 2-fold axis of the dimer formed by chains C and D.
The modeled His is equivalent to His254 in panel C. (B) Overall view of
the four monomers in the asymmetric unit. The Hisq tag (residues
251—256) of chain A (spheres) extends downward to bind near the
2-fold axis of the C—D dimer. (C) Three of the chain A His residues
(253—255) form most of the interactions, including stacking of the C
chain Phe124 ring with His253. Note that the dimer 2-fold noncrystallo-
graphic symmetry is broken near the binding site (compare Phel24
positions between the two chains).

Ongoing research in our laboratories with EPEC deletion
mutants suggests that GfcC (and GfcD) is affecting some aspect
of capsule expression on the cell surface, but a more precise
function is not known. Although GfcC has domains that
resemble Wza, it is not likely to be the export channel for the
group 4 capsule because GfcE, the Wza paralog, probably fulfills
that role. Also, GfcC lacks the polysaccharide export sequence
domain common to outer membrane auxiliary proteins.>’
Although the GfcC C-terminal helix is amphipathic, it is
significantly shorter than the one in Wza and may not be able
to span the outer membrane.

These explanations do not preclude the possibility that other
proteins containing a DUF1017 fold might function like Wza.
Interestingly, several of the outer membrane auxiliary proteins
have SLBB domains but are terminated by a DUF1017 domain.>"
An example is the 911-residue WbfF (formerly OtnA) protein
that is essential for capsule secretion in Vibrio cholera 0139* and
in Vibrio parahemolyticus 03:K6.** Secondary structure predic-
tion and sequence alignments suggest that the DUF1017 domain
in WbfF has structural features similar to those of GfcC. It
contains a D2H-like helical region (residues 715—771), an
Arg774 that is equivalent to the invariant ArgllS of GfcC, a

D3 domain, and a 22-residue C-terminal amphipathic helix (M.
A. Saper, unpublished observations). Because the C-terminal
amphipathic helix of WbfF is predicted to be similar in length to
Wza, it might oligomerize if exposed and span the outer
membrane. One could speculate that the DUF1017 domain acts
as a temporary chaperone, allowing the C-terminal helix to pack
between D3 and D2H as in GfcC, eftectively hiding its nonpolar
surfaces. Thus, it would be protected from premature oligomer-
ization during transport of WbfF to the outer membrane. Of
course, upon interactionn with the outer membrane, a major
conformational change would be required to release the helix so
it could oligomerize and form a pore. The D2 and D3 domains,
like the Wza 3-grasp domains, could then interact with neighbor-
ing subunits to maintain the channel architecture necessary for
capsule translocation.

Another DUF1017 family member also provides clues about a
possible function of GfcC. OtnG is a 995-residue protein
encoded by Burkholderia sp. and several other gammaproteo-
bacteria. Sequence annotation of OtnG, supported by sequence
alignment with GfcC, shows that it is a fusion of GfcC (~15%
identical) and GfcD (~40% identical) homologues. In fact, in
E. coli, the gfcC and gfcD reading frames actually overlap by one
base. As with gfcC in E. coli, the OtnG protein is encoded
downstream of a gene homologous to gfcB and in a chromosomal
region attributed to capsule and exopolysaccharide synthesis and
export.*® Often two adjacent genes on the same operon encode
proteins that physically interact.*’ The fusion of adjacent genes
into one polypeptide further supports the probability that the
individual proteins directly interact.*® Therefore, we propose
that GfcC interacts with GfcD, a predicted f-barrel outer
membrane lipoprotein, perhaps by binding its amino-terminal
region or one of the GfcD periplasmic loops.

An analogous situation also occurs in the export system of the
exopolysaccharide alginate from Pseudomonas aeruginosa. AlgK is
a helical outer membrane-associated lipoprotein with a likely
polypeptide binding site,”> while AlgE, encoded immediately
downstream of algK, is a [3-barrel outer membrane lipoprotein
and alginate export pore 2264 AlgK is proposed to interact with
AlgE. Like OtnG described above, the exopolysaccharide systems
for poly-3-1,6-N-acetyl-D-glucosamine and cellulose express
proteins in which orthologs of A1§K and AIgE proteins are fused
as one protein (BcsC or PgaA).2

We envision that GfcC will function at one of these steps in
capsule expression: polymerization, polymer modification or
termination, export from the periplasm, or attachment to the
bacterial surface. Ongoing experiments aimed at identifying this
step and identifying binding partners for GfcC and GfcD will
contribute to understanding GfcC’s structure and function.
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