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Wzz is a membrane protein that determines the chain length distribution of the O-antigen lipopolysaccha-
ride by an unknown mechanism. Wzz proteins consist of two transmembrane helices separated by a large
periplasmic loop. The periplasmic loop of Escherichia coli K-12 Wzz (244 amino acids from K65 to A308) was
purified and found to be a monomer with an extended conformation, as determined by gel filtration chroma-
tography and analytical ultracentrifugation. Circular dichroism showed that the loop has a 60% helical
content. The Wzz periplasmic loop also contains three regions with predicted coiled coils. To probe the function
of the predicted coiled coils, we constructed amino acid replacement mutants of the E. coli K-12 Wzz protein,
which were designed so that the coiled coils could be separate without compromising the helicity of the
individual molecules. Mutations in one of the regions, spanning amino acids 108 to 130 (region I), were
associated with a partial defect in O-antigen chain length distribution, while mutants with mutations in the
region spanning amino acids 209 to 223 (region III) did not have an apparent functional defect. In contrast,
mutations in the region spanning amino acids 153 to 173 (region II) eliminated the Wzz function. This
phenotype was associated with protein instability, most likely due to conformational changes caused by the
amino acid replacements, which was confirmed by limited trypsin proteolysis. Additional mutagenesis based on
a three-dimensional model of region I demonstrated that the amino acids implicated in function are all located
at the same face of a predicted a-helix, suggesting that a coiled coil actually does not exist in this region.
Together, our results suggest that the regions predicted to be coiled coils are important for Wzz function
because they maintain the native conformation of the protein, although the existence of coiled coils could not

be demonstrated experimentally.

Lipopolysaccharide (LPS), a major component of the outer
leaflet of the gram-negative bacterial outer membrane (33),
consists of lipid A, core oligosaccharide, and O-specific poly-
saccharide or O antigen (33, 46). LPS biosynthesis involves a
large number of enzymes, which are governed by more than 40
genes (for reviews, see references 34, 37, and 42). O antigens
are polymers of oligosaccharide repeating units. The chemical
compositions, structures, and antigenicities of O antigens vary
widely among gram-negative bacteria, giving rise to a large
number of O serotypes (19). Lipid A, the membrane-embed-
ded portion of LPS, forms the majority of the outer lipid leaflet
of the outer membrane. The core oligosaccharide, made up of
hexoses, glycero-manno-heptose, and keto-deoxyoctulosonic
acid (17), is assembled on preformed lipid A by sequential
transfer of sugar components. In a separate pathway, the O
antigen is assembled on undecaprenyl-phosphate (Und-P),
forming an Und-PP-linked saccharide. Both pathways con-
verge at the ligation of O antigen to the lipid A-core oligosac-
charide, with the concomitant release of Und-PP (17, 18, 34,
42). Und-PP is recycled into Und-P by a poorly characterized
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pathway, conserved in all cells (5, 15, 41, 42), which involves
the hydrolysis of the terminal phosphate.

O-antigen assembly occurs by mechanisms referred to as
Wzy (polymerase)-dependent and ATP-binding cassette
(ABC)-dependent pathways. In ABC-dependent pathways, the
polymeric O antigen is formed on the cytoplasmic side of
the plasma membrane (for reviews, see references 34 and 42).
The polymer is exported across the membrane by an ABC
transporter (4). A similar pathway exists for the synthesis of
certain polysaccharide capsules (45). In some systems, Wzm
and Wzt are the permease and ATPase components of the
ABC transporter, while in other systems a single protein
mediates the energy-dependent export (20, 34). In the Wzy-
dependent pathway, O repeating subunits are synthesized on
the cytosolic side of the plasma membrane. Each subunit is
subsequently translocated across the membrane by a process in
which there is no apparent direct involvement of ATP hydro-
lysis and which is mediated by the protein Wzx (21, 34, 35, 42).
On the periplasmic side of the plasma membrane, translocated
subunits polymerize to form a certain length, unique to each O
antigen, by the concerted functions of Wzy (O-antigen poly-
merase) and Wzz (O-antigen chain length regulator). Finally,
the polysaccharide is ligated “en bloc” to the lipid A-core
oligosaccharide (23, 28, 32). The Wzy-dependent pathway co-
ordinates the synthesis of many O antigens, especially those
with repeating units composed of different sugars (20).

Although not essential for the synthesis and polymerization
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of O antigen, Wzz regulates the chain length distribution (or
modality) of the O-antigen chain (3) by an unknown mecha-
nism. Two models explaining the control of Wzz have been
proposed. In one model, Wzz functions as a molecular timer
modulating the Wzy polymerase activity by favoring either
polymerization or termination through the transfer of the O
polysaccharide to the WaaL ligase (2). The other model sug-
gests that Wzz is a molecular chaperone that recruits a protein
complex consisting of Wzy, the WaaLL O-antigen ligase, and the
nascent polysaccharide chain (10, 31). However, WaaL is not
directly required for chain length determination, as the modal-
ity of the O-polysaccharide chain can be observed in the ab-
sence of WaaL (14), and modality appears to be determined
before the ligation step (9). Also, there is very strong genetic
evidence that the Wzx protein in Escherichia coli forms a pu-
tative complex together with Wzz and Wzy (25). More re-
cently, we have shown that the predicted periplasmic loop of
the Salmonella enterica WbaP protein, which is involved in the
initiation step of O-antigen subunit synthesis, also affects chain
length distribution by possibly interacting with Wzz (36). Evi-
dence from in vivo cross-linking and immunoprecipitation
demonstrating that the O antigen may physically interact with
a putative protein complex (9) and recent observations of pu-
rified Wzz interacting with O-antigen polysaccharide in vitro
(16, 40) suggest that there are complex interactions between
multiple proteins and the nascent O-antigen chain. Still, the
molecular mechanism of the Wzz function remains elusive.
Wzz is a membrane protein with two transmembrane helices
and a large periplasmic domain that comprises more than 85%
of the protein. This protein is a member of a larger family of
membrane proteins with similar predicted topology, known as
the polysaccharide copolymerases, which are involved in chain
length regulation of O antigens and capsular polysaccharides
in gram-negative and gram-positive bacteria (30). Low-resolu-
tion structural information obtained by cryoelectron micros-
copy is available for Wzc, a homologue of Wzz involved in
chain length determination in group 1 capsular polysaccharides
(7, 8). This information suggests that Wzc forms a tetramer.
More recently, small-angle X-ray scattering data for purified
Wzz from E. coli O86 also suggested that this protein forms a
tetramer (40). By using a combination of analytical ultracen-
trifugation and gel filtration chromatography, we demon-
strated in this study that the purified large periplasmic loop of
Wzz is a monomer that adopts an extended conformation.
Circular dichroism (CD) spectroscopy demonstrated that the
periplasmic loop of Wzz is 60% a-helical, which is in good
agreement with models constructed for Wzc and Wzz by other
workers (7, 8, 40). The hallmarks of the Wzz periplasmic loop
are three regions predicted to form coiled coils (30), which are
expected to promote protein-protein interactions and might
explain the oligomerization of Wzz in vivo. Alternatively, these
regions may have functional importance, but their involvement
in Wzz function has not been systematically examined. In an
attempt to better understand the function of Wzz, we exam-
ined whether the predicted coiled coils have a functional role
in this protein. A coiled coil is a bundle of a-helices wound into
a superhelix (22). Coiled coils consist of repeating patterns of
seven residues (heptads), which are labeled a through g (6, 29,
38). There is usually a consensus of hydrophobic residues at
the a and d positions, forming an apolar “stripe” on each helix
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(44). To test our hypothesis, we generated proteins with double
amino acid replacements at the a and d positions of each of the
three predicted Wzz coiled coils, regions I, II, and III, by
introducing pairs of phenylalanine (Phe) residues. Phe is an
amino acid that is not preferred at the @ and d positions of a
coiled coil. Although it would not be expected to affect the
helicity of an individual helix, Phe could potentially disrupt
helix-helix interactions due to its bulky nature (38). Using this
strategy, we demonstrated in this study that perturbation of
each of the three predicted coiled-coil regions in the E. coli
K-12 Wzz protein has different functional implications. We
concluded that perturbation of region I results in a partial
functional defect in O-antigen chain length distribution attrib-
utable to residues located on the same face of a helix, but the
helix is likely not involved in coiled-coil interactions. In con-
trast, perturbation of region II causes dramatic conformational
changes in the native structure, resulting in a nonfunctional
protein, while perturbation of region III results in a negligible
functional defect.

MATERIALS AND METHODS

i

Bacterial strains, pl and reagents. Strains and plasmids used in this
study are described in Table 1. Bacteria were cultured in Luria broth (LB)
supplemented with antibiotics at the following final concentrations: 100 pg/ml
ampicillin, 30 pg/ml chloramphenicol, 40 wg/ml kanamycin, and 80 pg/ml spec-
tinomycin. Chemicals and antibiotics were purchased from Sigma Aldrich and
Roche Diagnostics. Oligonucleotide primers were purchased from Invitrogen,
and they are available from us upon request. Plasmids were introduced into
electrocompetent cells by electroporation (12).

Construction of strains and plasmids. EVV33 was generated by excising the
kanamycin gene from EVV16 (W3110 Awzz::Km) with the FLP recombinase
encoded by the thermosensitive plasmid pCP20 (11). pCP20 was introduced by
electroporation into EVV16 and cured at 42°C (11). The resulting strain,
EVV33, was sensitive to kanamycin due to excision of the antibiotic resistance
gene in Awzz::Km and was also sensitive to ampicillin due to loss of pCP20.
Plasmid pEHI, encoding the Flag epitope fused to the C terminus of Wzz
(Wzzgy,,), was constructed by PCR amplification of a 1-kb fragment containing
wzz from plasmid pEV6 with primers containing restriction sites (underlined) for
Ncol (5'-GACTCCATGGCACGGACTTGGAAATTTCCG-3') and Sall (5'-G
ACTGTCGACTTCGCGTTGTAATTGCGT-3"). The PCR product was ligated
(Rapid ligation kit; Roche Diagnostics) to pBADFlag also digested with Ndel
and Sall, and the ligation mixture was introduced by electroporation into DH5«
competent cells. Plasmid pEH3, encoding the Wzz periplasmic loop (WzzPL)
fused to one six-His tag at each terminus of the protein (WzzPL, 4. pis), Was
constructed by amplification of a 732-bp fragment encoding 244 amino acids
from Lys65 to Ala308 of the parental Wzz protein from E. coli K-12 using pEV6
as the DNA template and primers with Sful (5'-CAGTTTCGAAAAGGAGA
AATGGACGTCAAC-3") and Xhol (5'-GACTCTCGAGTGCCTTTTTCGGG
CTATCACG-3') restriction sites (underlined). The PCR product and plasmid
pET30a were digested with Sful and Xhol and ligated with T4 DNA ligase, and
the ligation mixture was introduced into E. coli DH5a competent cells by trans-
formation. Plasmid pCM244, encoding WzzPL with only an N-terminal six-His
tag (WzzPLg.y;), was constructed by introducing a termination codon in pEH3
using site-directed mutagenesis (QuickChange site-directed mutagenesis Kit;
Stratagene) as indicated by the supplier. Further amino acid replacements in
Wzzp,, (PEH1) were also obtained by site-directed mutagenesis.

Purification and characterization of WzzPL. Soluble WzzPL was purified from
BL21(DE3) cells carrying pCM244. Cultures were grown in LB at 28°C until the
optical density at 600 nm was 0.3, at which point isopropyl-B-p-thiogalactopy-
ranoside (IPTG) was added to a final concentration of 0.75 mM. Cultures were
incubated for additional 3 h, and cells were harvested and suspended in 50 mM
Na,PO, (pH 7) with protease inhibitors (Complete EDTA-free tablets from
Roche Diagnostics). The bacterial cell suspension was lysed by two passages with
a French press. The lysate was mixed with Sepharose beads (chelating Sepharose
Fast Flow; GE Healthcare) previously charged with 0.2 M Ni,SO, and washed
once with binding buffer (50 mM Na,PO, [pH 7], 300 mM NaCl, 10 mM
imidazole). The mixture was incubated with rotation for 2 h at room temperature
and loaded on a Poly-Prep chromatography column (Bio-Rad). The loaded




2130 MAROLDA ET AL.

J. BACTERIOL.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant properties”

Source or reference

Strains
BL21(DE3) F~ dem ompT hsdS(rg~ my™) gal N(DE3) Laboratory stock
DHS5a F~ $80lacZAMI1S endA recA hsdR(ry my ) supE thi gyrA relA? A(lacZYA-argF)U169
EVV16 W3110 Awzz::Km 43
EVV33 W3110 Awzz This study
W3110 rph-1 IN(rrmD-rmE)1 Laboratory stock
Plasmids
pBADFlag pBAD24 for C-terminal Flag fusions, inducible by arabinose, Ap" This study
pCM244 WzzPLg py;, (residues K65 to A308) cloned into pET30a This study
pCP20 FLP* \ cI857" Rep(Ts) Ap* Cm" \ pg 11
pEH1 wzzB cloned into pBADFlag, Ap* This study
pEHI1-F115A Wzzg 54 in pEH1, Ap® This study
pEH1-F115P Wzzg,sp in pEHI1, Ap" This study
pEHI1-L118F Wzz, ,1sr in pEHI1, Ap" This study
pEH1-A119F Wzz,,0r in pEHI1, Ap" This study
pEHI1-L122A Wzz, 15,4 in pEHI1, Ap” This study
pEH1-L122F Wzz, 1, in pEHI1, Ap" This study
pEHI1-A156L Wzz 4,56 in pEHI1, Ap* This study
pEH1-A156F Wzz,,56r in pEHI1, Ap" This study
pEH1-L160F Wzz, ,60r in pEHI1, Ap" This study
pEH3 WzzPL, .15 (K65 to A308) cloned into pET30a This study
pEH4 W2z, 565, L160r in pPEHI, Ap” This study
pEHS5 Wzz1515k 1216F in pPEH1, Ap* This study
pEH6 Wzz; 1155 1120k in pPEHI, Ap” This study
pET30a Cloning vector, Km" Novagen
pEV6 wzzB cloned into pBAD24, Ap" 43
pMF19 wbbL g 016 cloned into pEXT21, Sp* 13

“ Ap, ampicillin; Sp, spectinomycin; Km, kanamycin.

column was washed with 10 column volumes of wash buffer (50 mM Na,PO, [pH
7], 300 mM NacCl, 20 mM imidazole), and the protein was eluted with 1 column
volume of elution buffer (50 mM Na,PO, [pH 7], 300 mM NaCl) containing 300
and 1,000 mM imidazole. Samples were collected at each step and separated by
14% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The purified protein was dialyzed against 50 mM Na,PO, (pH 7), 100 mM NaCl
and concentrated using a Vivaspin 20-ml concentrator (Sartorius AG) with a
molecular mass cutoff of 5,000 Da. The N-terminal six-His tag was removed by
overnight digestion at room temperature with 3 U of thrombin (Novagen) per mg
of protein. Thrombin-treated samples were repurified with Ni?*-charged beads,
but this time the flowthrough contained purified WzzPL. To assess the extent of
thrombin digestion, the column was washed, and the undigested WzzPL-His, was
eluted as described above. Three milligrams of purified protein was applied to a
Superdex 200 10/300 GL (GE Healthcare) column equilibrated with buffer con-
taining 50 mM Na,PO, (pH 7) and 100 mM NaCl. The column was connected to
an AKTA fast protein liquid chromatography apparatus (Amersham Biosciences
Corp.) and eluted with the same buffer. The column was calibrated using 12- to
200-kDa gel filtration molecular mass markers (MWGF200; Sigma). Purified
WzzPL was used for biophysical analyses and also to raise rabbit polyclonal
antiserum that was affinity purified for immunoblot analyses (see below).

Analytical ultracentrifugation. The molecular mass of purified WzzPL was
determined by sedimentation equilibrium ultracentrifugation using a Beckman
Optima XL-I analytical ultracentrifuge and a 60 Ti analytical rotor with six-
channel centerpieces (Biomolecular Interactions and Conformations Facility,
University of Western Ontario). The purified protein was dialyzed in 50 mM
Na,PO, (pH 7), 100 mM NaCl. Protein concentrations were determined by
measuring the absorbance at 280 nm, and samples containing increasing con-
centrations (0.127, 0.369, and 0.624 absorbance unit) were used. Centrifugation
was performed at 20°C using rotor speeds of 10,000, 15,000, 20,000, 25,000, and
30,000 rpm, and the preparations were equilibrated for a minimum of 18 h before
data were collected. For each speed absorbance at 280 or 230 nm was determined
in 0.002-cm radial steps, and the values for 10 observations were averaged.
Equilibrium was ascertained by comparing scans taken at 1-h intervals. Curve
fitting and analysis were performed using software supplied by Beckman (Origin
6.0). Partial specific volumes and densities of solvents were calculated using the
program SEDNTERP (http://www.jphilo.mailway.com).

CD spectroscopy. CD studies were performed with a Jasco J-810 spectropo-
larimeter equipped with a Peltier temperature control system (Biomolecular
Interactions and Conformations Facility, University of Western Ontario). A cell
with a path length of 0.1 mm was used. Protein samples were dialyzed into buffer
containing 10 mM potassium (pH 7.5) and 50 mM NaCl. CD spectra were
collected at 5 and 20°C in 0.5- or 1-nm steps at scan speeds of 5 to 20 nm/min for
a range of 185 to 215 nm, using a protein concentration of 1.94 mg/ml. CD values
were converted to mean residue ellipticity in units of degree cm?/dmol by using
standard procedures based on the intensity of the mean residue ellipticity signals
at the maxima and minima at ~195, 208, and 222 nm.

LPS and protein analysis. LPS was prepared as previously described from cells
grown on LB plates without or with 0.2% (wt/vol) arabinose, and samples were
separated by 12.5% (wt/vol) Tris-glycine SDS-PAGE. Gels were stained with
silver nitrate as described previously (24, 27). A densitometry analysis of silver-
stained gels was performed using the program ImageJ (1). Total membranes
were prepared from cells grown using the conditions described above. Bacterial
cells were suspended in 20 mM Na,PO, (pH 7.4) with protease inhibitors (Com-
plete tablets; Roche Diagnostics), and they were lysed by sonic disruption using
two 15-s pulses (Branson). Total membrane fractions were obtained by centrif-
ugation of the lysates for 40 min at 40,000 X g, and the pellet was resuspended
in the same buffer. The protein concentration was determined by the Bradford
assay (Bio-Rad protein assay). Twenty to 40 pg of total membrane proteins was
incubated for 30 min at 45°C, separated on a 14% SDS-PAGE gel, and trans-
ferred to nitrocellulose membranes that were reacted with either anti-WzzPL
affinity-purified polyclonal rabbit antibodies or anti-Flag monoclonal antibodies
(Sigma). The reacting bands were detected by fluorescence with an Odyssey
infrared imaging system (Li-cor Biosciences) using IRDye800CW affinity-puri-
fied anti-rabbit immunoglobulin G (IgG) antibodies (Rockland, Pennsylvania)
and Alexa Fluor 680 anti-mouse IgG antibodies (Molecular Probes). Densitom-
etry analysis was performed using the Odyssey software and digital images of the
gel membranes, which were incubated simultaneously with both anti-WzzPL and
anti-Flag antibodies. This resulted in proteins with two fluorescence colors, and
since the anti-Flag antibody cross-reacted with an unknown constitutively ex-
pressed membrane protein, we used the density of pixels of this protein band as
an internal loading standard.
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Limited proteolysis with trypsin. Forty micrograms of total membrane extract
prepared as described above was treated with 30 wg/ml trypsin (Roche Diagnos-
tics) in the presence of 1 mM CaCl, for 2 h or overnight at 35°C. The digestion
was stopped by incubation for 10 min at room temperature with 0.1 mM soybean
trypsin inhibitor (Roche Diagnostics). Samples were separated on an 18% SDS-
PAGE gel, and proteins were transferred onto a nitrocellulose membrane that
was incubated with anti-WzzPL antibodies as described above.

RESULTS AND DISCUSSION

Analysis of purified WzzPL suggests that it is a monomer
with an extended conformation. The periplasmic loop of Wzz
accounts for more than 85% of the protein and is absolutely
required for its function (10). Therefore, we attempted to
purify this loop as a prior step to obtain structural information.
Soluble WzzPL was purified from BL21(DE3) cells carrying
pCM244 (encoding WzzPLg, 1y;) by Ni** affinity chromatog-
raphy and elution with 1 M imidazole (Fig. 1A). The purified
WzzPLg. 1y Was treated with thrombin to remove the N-ter-
minal six-His tag and was repurified as described in Materials
and Methods. Figure 1B (lanes U and T) shows that the un-
treated (WzzPLg.,y;) and thrombin-treated (WzzPL)
polypeptides had apparent masses of 35 and 32 kDa. To assess
the efficiency of the thrombin digestion and the degree of
purification, the column was washed and the undigested
WzzPLg, ;s Was eluted (Fig. 1B, lanes F, W, and E). To
further characterize WzzPL, the purified protein was concen-
trated and analyzed by gel filtration chromatography using a
size exclusion column. The results showed that there was a
single peak with a broad base eluting at 13.08 ml, which cor-
responded to a molecular mass of approximately 100 kDa, as
calculated by extrapolation from a calibration curve obtained
by plotting the elution peaks of molecular mass standards run
under the same buffer conditions (Fig. 1C). We interpreted
these results as an indication that WzzPL could be aggregated
or, alternatively, is a monomer with an extended conformation.
The latter possibility was also supported by the presence of a
broad elution peak (Fig. 1C). To investigate both possibilities,
we analyzed WzzPL by sedimentation equilibrium using an
analytical ultracentrifuge (Fig. 2A). Ranges of protein concen-
trations and rotor speeds were used, and data analysis was
carried out by assuming a model with a single ideal species. At
initial concentrations between 0.21 and 1.04 mg/ml and rotor
speeds between 10,000 and 30,000 rpm, WzzPL gave good fits
for a single species with a molecular mass of 38,902 = 3,590 Da
(average = standard deviation of the mean) (Table 2). A fit of
the data collected at 30,000 rpm to the single-species model
revealed essentially randomly distributed residuals (Fig. 2A).
The results of the analytical centrifugation experiments, com-
bined with the behavior of WzzPL in gel filtration chromatog-
raphy, strongly suggest that this protein is a monomer that
folds into a molecule with an extended configuration. CD spec-
troscopy was used to analyze the secondary structure of puri-
fied WzzPL in solution. The CD spectrum (Fig. 2B) had prom-
inent minima at 222 and 208 nm, with a signal intensity at 222
nm of —20,911° cm?/dmol, indicating the presence of a sub-
stantial helical structure. Analysis of the spectra using SEL-
CON 3 (39) indicated that the helical content was 60% and the
B-sheet content was 5%. The CD spectrum of WzzPL is prac-
tically identical to the spectrum reported for the complete Wzz
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FIG. 1. Purification of WzzPLg, ;.. (A) BL21(DE3)/pCM244 cells
were induced with 0.75 mM IPTG, WzzPL, y;, was purified using
Ni?"-Sepharose beads, and the protein was eluted from the column
with imidazole. Aliquots were removed at each step of the purification
procedure and separated on a 14% SDS-PAGE gel stained with Page-
Blue (Fermentas). Lane M, broad-range prestained SDS-PAGE stan-
dard (Bio-Rad); lane A, cells boiled after induction; lane B, lysate
obtained by French press treatment; lane P,, pellet after the first
centrifugation at low speed; lane P,, pellet after the second centrifu-
gation at high speed; lane L, supernatant after centrifugation; lane F,
flowthrough; lanes W, washes with 50 mM Na,PO, (pH 7), 300 mM
NaCl, 20 mM imidazole; lane 300, elution with 50 mM Na,PO, (pH 7),
300 mM NaCl, 300 mM imidazole; lane 1000, elution with 50 mM
Na,PO, (pH 7), 300 mM NacCl, 1,000 mM imidazole. (B) Removal of
six-His tag from purified WzzPL ;. Purified WzzPL y;, was incu-
bated overnight with 3 U thrombin per mg of protein. Aliquots were
removed at each step of the purification procedure and separated on a
14% SDS-PAGE gel, and the gels were stained with PageBlue (Fer-
mentas). Lane M, broad-range prestained SDS-PAGE standard (Bio-
Rad); lane U, untreated; lane T, treated with thrombin; lane F,
flowthrough; lane W, washes with 50 mM Na,PO, (pH 7), 300 mM
NaCl, 20 mM imidazole; lane E, elution with 50 mM Na,PO, (pH 7),
300 mM NacCl, 1,000 mM imidazole. (C) Size exclusion chromatogra-
phy profile. Three milligrams of purified WzzPL protein was applied to
a Superdex 200 10/300 GL column equilibrated with 50 mM Na,PO,
(pH 7), 100 mM NaCl. The column was calibrated with the following
MWGF-200 (Sigma) molecular mass markers: cytochrome ¢ (12.4
kDa; 17.29 ml), carbonic anhydrase (29 kDa; 16.05 ml), albumin (66
kDa; 14.02 ml), alcohol dehydrogenase (150 kDa; 12.47 ml), and
B-amylase (200 kDa; 12.5 ml). The height of the peak depended on the
relative concentration of the sample loaded into the column. The
elution peak (13.08 ml) corresponds to a molecular mass of approxi-
mately 100 kDa. The y axis indicates the absorption at 280 mm (in
milliabsorbance units [mAU]) as determined with the detector. The x
axis indicates the volume (in milliliters) passed over the column.

protein of E. coli O86 (16), suggesting that WzzPL has the
same conformation as the native protein.

The demonstration that purified WzzPL is a monomer does
not preclude the possibility that Wzz forms multimers in vivo,
as has been shown previously by cross-linking experiments (9,
10) involving the complete Wzz protein. Daniels and Morona
(10) also demonstrated that the transmembrane helices of Wzz
play a role in the ability of this protein to oligomerize.
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FIG. 2. (A) Sedimentation equilibrium analysis of the soluble
WzzPL. Sedimentation equilibrium data were collected at 280 nm for
a sample with an initial concentration of 0.62 mg/ml at a rotor speed of
30,000 rpm. The data set was fitted to a single ideal species model.
Residuals, which are randomly distributed, are shown in the upper
graph. (B) CD spectrum of WzzPL at a concentration of 1.94 mg/ml
collected at 20°C as described in Materials and Methods. Similar
results were obtained at 5°C.

Functional analysis of three putative coil-coiled regions in
the Wzz periplasmic loop. The periplasmic loop of all Wzz
proteins has three regions predicted to be coiled coils (30).
Coiled coils consist of heptad repeats with residues labeled a

TABLE 2. Molecular weight of the Wzz loop as determined by
sedimentation equilibrium*

Rotor speed Calculated
(rpm) mol wt

¢ Sedimentation equilibrium analytical ultracentrifugation was carried out as
described in Materials and Methods. The initial protein concentration of WzzPL
was 0.62 mg/ml. The molecular weight that provided the best fit of the data to a
single ideal species model is shown.
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Position in
Region Sequence heptad repeat  Mutation
* L118F
| 108-IGRFSSAFSALAETLDWQEEREK
* L122F
abcdefgabcdefg
] 153—AEG;-\GMKLAQYIQQADDKVNQ d A156F
* L160F
abcdefg abcdefg
* d 1212F
209-IRQIQEALQYANQA
1]] QIQ *Q QAQ a L216F

abcdefgabcdefg

FIG. 3. Amino acid sequences of the predicted coiled-coil regions
of E. coli K-12 Wzz. The amino acid positions (positions a through g)
of the heptad repeats are indicated below the amino acid sequences.
Asterisks indicate the mutated amino acids that correspond to the a
and d positions in each predicted seven-amino-acid heptad coil.

through g (6, 29, 38) and consensus specific hydrophobic resi-
dues at the a and d positions, which are critical for the coiled-
coil interactions (44). In the E. coli K-12 Wzz sequence these
predicted regions are at positions 108 to 130 (region I), 153 to
173 (region II), and 209 to 223 (region III) (Fig. 3). To inves-
tigate whether the predicted coiled coils are essential for Wzz
function, we generated mutants with double Phe replacements
in the amino acids at the predicted a and d positions in each of
the three putative coiled-coil regions of Wzz (Fig. 3). We
anticipated that Phe residues at these positions would retain
the hydrophobicity of the coil but would disrupt helix-helix
interactions due to their “bulkiness” (38). The following Wzz
proteins with double amino acid replacements were con-
structed as C-terminal Flag epitope fusions and expressed un-
der control of the arabinose-inducible Py, promoter: Wzz-I
(Wzzy 118511228, encoded by pEH6), Wzz-I1 (Wzz4 56511608
encoded by pEH4), and Wzz-III (Wzz,,5p/1 5165, €ncoded by
pEHS). Strain EVV33 (W3110 Awzz) containing plasmid
pMF19 was transformed with each of the plasmids expressing
the Wzz derivatives and pEH1 expressing the parental Wzz,,,
protein. Plasmid pMF19 encodes the rhamnosyltransferase
WbbL, which allows reconstitution of O16 antigen synthesis in
strains belonging to the W3110 lineage (13, 25, 26). Although
the Py, promoter is sufficiently leaky to express high enough
levels of proteins without added arabinose to allow comple-
mentation (see below), cultures were grown with and without
0.2% (wt/vol) arabinose to ensure full expression of the recom-
binant Wzz proteins. Figure 4A shows that deletion of wzz
resulted in loss of the characteristic pattern of O-antigen po-
lymerization (Fig. 4, lane 1), resulting in uniform accumulation
of O-antigen polymers with lower molecular masses (lane 2).
This phenotype could be complemented by plasmid pEHI1
expressing wild-type Wzz (lanes 3 and 4). In contrast, expres-
sion of Wzz-I produced an O-antigen banding pattern inter-
mediate between that of the parental strain W3110 and that of
the wzz mutant (lanes 5 and 6). Expression of Wzz-1I did not
complement the O-antigen banding pattern of the Awzz mu-
tant even when cells were grown with 0.2% arabinose (lanes 7
and 8), suggesting that the Phe replacements in this protein
compromised the Wzz function. Expression of Wzz-III under
arabinose induction conditions restored the wild-type O-anti-
gen banding pattern (lane 10), while no induction still resulted
in low-molecular-weight molecules (lane 9), suggesting that the
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FIG. 4. (A) LPS production in E. coli K-12 strain W3110 (WT) and isogenic mutant EVV33 (Awzz) complemented with plasmids expressing
wild-type Wzz (Wzz) and forms with mutations in each of the coiled-coil regions (Wzz-I, Wzz-II, and Wzz-III). LPS was prepared from cultures
not induced and induced with 0.2% (wt/vol) arabinose (ara). Samples were separated on a 12.5% Tris-glycine SDS-PAGE gel, and the gel was
stained with silver. Lane 1, W3110(pMF19); lane 2, EVV33(pMF19); lanes 3 and 4, EVV33(pMF19/pEH1); lanes 5 and 6, EVV33(pMF19/pEH6);
lanes 7 and 8, EVV33(pMF19/pEH4); lanes 9 and 10, EVV33(pMF19/pEHS). (B) Densitometric analysis of samples shown in panel A. The
analysis was performed with the program ImagelJ as described in Materials and Methods. The vertical line in all graphs indicates the mean chain
length of wild-type strain W3110(pMF19). The numbers on the right correspond to the lane numbers in panel A. (C) Wzz expression in cells
cultured under the conditions used for the LPS extracts (see Materials and Methods). Total membranes were separated on a 14% SDS-PAGE gel.
Proteins were transferred to a nitrocellulose membrane, and the blot was reacted with affinity-purified rabbit polyclonal anti-WzzPL and anti-Flag
antisera. WzzPL-specific bands were detected by fluorescence using IRDye800CW anti-rabbit IgG antibodies, and Flag-specific bands were
detected with Alexa Fluor 680 anti-mouse IgG antibodies. Lane M, broad-range prestained SDS-PAGE standard (Bio-Rad); lane 1,
W3110(pMF19/pBADFlag); lanes 2 and 3, EVV33(pMF19/pEH1); lanes 4 and 5, EVV33(pMF19/pEH6); lanes 6 and 7, EVV33(pMF19/pEH4);
lanes 8 and 9, EVV33 (pMF19/pEHS). The arrows indicate the migration positions of plasmid-encoded Wzz,,, and chromosomally encoded Wzz.

The asterisk indicates the migration position of a Wzz dimer.

amino acid replacements in region III have a minor effect on
Wzz function. The various O-antigen banding patterns de-
tected by silver staining (Fig. 4A) were quantified and con-
firmed by densitometry (Fig. 4B), taking into account the
height of the peaks corresponding to each band on the y axis
(quantity) and the number of subunits in the polysaccharide
chains on the x axis (chain length distribution). Furthermore,
increased numbers of longer O-antigen molecules were ob-
served in cells expressing Wzz and Wzz-1II (Fig. 4A, lanes 3, 4,
9, and 10) compared to strain W3110 containing the cloning
vector and expressing chromosomal levels of Wzz (Fig. 4A,
lane 1). This result indicates that overexpression of a fully
functioning Wzz protein leads to longer O-antigen polymers.

To determine whether the defective O-antigen LPS profiles
were due to differences in protein expression, total membranes
were examined by Western blotting with WzzPL- and Flag-
specific antibodies. It should be noted that the chromosomally
encoded Wzz protein has a lower apparent molecular mass
than the recombinant Wzz proteins with the mutations in re-
gions I, I, and III, as the latter proteins are fused to the Flag
epitope (Fig. 4C). This experiment showed that EVV33 (Awzz)

cells grown with no arabinose expressed Wzzg,,,, Wzz-1, and
Wzz-1II at about the same levels as W3110 cells expressing
chromosomal levels of Wzz (Fig. 4C, lanes 1, 2, 4, and 8).
Densitometry of the protein bands compared to the chromo-
somal Wzz band (1 relative unit), performed as described in
Materials and Methods, resulted in 1.3 relative units for
Wzzp,,, and Wzz-l and 1.1 relative units for Wzz-IIl. In
EVV33 cultures grown with 0.2% (wt/vol) arabinose, the levels
of expression of Wzz, Wzz-1, and Wzz-1II relative to the level
of expression of chromosomally expressed Wzz increased ap-
proximately 40-fold (44, 49, and 38 relative densitometric units,
respectively). Therefore, we concluded that the O-chain length
phenotypes observed with the Wzz-I and Wzz-III proteins
were not due to differences in protein expression. In contrast,
the level of Wzz-1II was drastically reduced; Wzz-1I was unde-
tectable without arabinose, and the level increased only three-
fold relative to the level of chromosomally expressed Wzz with
arabinose induction (Fig. 4C, lanes 6 and 7). No additional
Wzz-11 protein was found in total lysates, ruling out the pos-
sibility of a defect in membrane incorporation that could lead
to protein accumulation in the cytosol (data not shown). We
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FIG. 5. LPS profiles and protein expression for Wzz mutants with single amino acids replacements. LPS was prepared from cultures with 0.2%
(wt/vol) arabinose. Samples were analyzed as described in the legend to Fig. 3. All the plasmids were introduced into EVV33(pMF19) by
transformation. (A) Lane 1, pBADFlag; lane 2, pEH1 (Wzz); lane 3, pEH6 (Wzz-I); lane 4, pEH1-L118F; lane 5, pEH1-L122F; lane 6,
pEH1-L122A; lane 7, pEH1-F115A; lane 8, pEH1-F115F; lane 9, pEH1-A116F. (B) Lane 1, pBADFlag; lane 2, pEH1 (Wzz); lane 3, pEH4
(Wzz-11); lane 4, pEH1-A156F; lane 5, pEH1-A156L; lane 6, pEH1-L160F. (C) Twenty micrograms of total membranes was separated on a 14%
SDS-PAGE gel and transferred to a nitrocellulose membrane, and the blot was incubated with anti-Flag monoclonal antibodies. The specific bands
were detected by fluorescence using Alexa Fluor 680 anti-mouse IgG antibodies. Lane M, broad-range prestained SDS-PAGE standard (Bio-Rad);
lane 1, pBADFlag; lane 2, pEH1 (Wzz); lane 3, pEH6 (Wzz-1); lane 4, pEH1-L118F; lane 5, pEH1-L122F; lane 6, pEH1-L122A; lane 7,
pEHI1-F115A; lane 8, pEH1-F115F; lane 9, pEH1-A116F; lane 10, pEH4 (Wzz-1I); lane 11, pEH1-A156F; lane 12, pEH1-A156L; lane 13,

pEH1-L160F.

concluded from these results that the double amino acid re-
placements in Wzz-11 had a drastic effect on protein stability.
However, protein instability alone cannot explain the loss of
function of this mutant protein, as its induced level of expres-
sion was equal to or slightly higher than the level of expression
of the chromosomally expressed Wzz (Fig. 4C, compare lanes
1 with 7), yet this protein could not complement the phenotype
of the Awzz strain (Fig. 4A, lanes 7 and 8).

To assess whether the changes in the LPS profile observed
with the double Phe substitutions were due to the combined
effects of the double mutations, mutants with single replace-
ments at each position were generated, and the LPS patterns
determined by plasmids expressing the corresponding mutant
Wzz proteins were analyzed. Of the mutations in region I, only
L122F (Fig. SA, lane 5) was responsible for the LPS phenotype
observed for the corresponding double mutant (Fig. SA, lane
3). In contrast, the LPS profile of cells expressing L118F (Fig.
5A, lane 4) resulted in an O-antigen pattern similar to that
mediated by the wild-type Wzz (Fig. 5A, lane 2). We also
replaced L122 with alanine (Ala) to see if introduction of a
smaller hydrophobic amino acid at this position would affect
the O-antigen profile. The O-antigen profile mediated by
Wzz, 1, Was partially restored to the wild-type phenotype
(Fig. 5A, lane 6). These results suggest that L122, but not L118,
in Wzz-1 is important for the proper function of Wzz. Of the
mutations in region II, only A156F altered the Wzz function
(Fig. 5B, lanes 1 and 4), while L160F mediated an O-antigen
profile identical to that of wild-type Wzz (Fig. 5B, lanes 2 and
6). Replacement by leucine (a larger hydrophobic amino acid)
at position 156 (A156L) did not restore the function (Fig. 5B,
lane 5). The immunoblot analysis showed that although both
substitutions at Alal56 rendered the mutant protein nonfunc-

tional, only the Wzz, s, mutant had the same degradation
profile as the Wzz, s6p1160r double Phe mutant (Fig. 5C,
lanes 10 and 11), while the Wzz,,5,, mutant resembled the
Wzz, 40 mutant (Fig. 5C, lanes 12 and 13). This observation
further supports the notion that A156 is important for both the
stability and function of Wzz.

Computer modeling of the Wzz proteins was carried out
with a combination of HHPRED and MODELLER using the
online Bioinformatics Toolkit of the Max Planck Institute for
Developmental Biology (http://toolkit.tuebingen.mpg.de/sections
ftertstruct). The model predicted that region I spans an a-helix
(Fig. 6). The model also predicted that F115, A119, and L122 are
located on the same face of the a-helix, while L118 is on the
opposite face (Fig. 6). To analyze whether all the residues pre-
dicted to be on the same face of the helix were involved in altering
the LPS pattern, we replaced F115 with Ala and proline (Pro) and
Alal19 with Phe. The Wzzp,,5, derivative did not mediate any
changes in the O-antigen profile compared to the wild type (Fig.
SA, lanes 2 and 7). Moreover, Wzzy,,sp resulted in a loss of
function, conferring an O-antigen profile similar to that of mutant
strain EVV33 (Fig. 5A, lanes 1 and 8). The F115P substitution
also had a dramatic effect on protein expression (Fig. 5C, lane 8),
as revealed by the anomalous gel migration of Wzz,,sp and its
higher level of degradation, which was similar to that seen with
Wzz substitutions in region II (Fig. 5C, lanes 10 and 11). These
results indicate that the F115P substitution causes a significant
structural change in Wzz that renders the mutant protein more
prone to degradation. Also, the profound effect of the Pro sub-
stitution supports the notion that region I is a-helical, since it is
well known that proline residues can completely destroy the he-
licity of a helix. The A119F substitution resulted in only partial
restoration of the wild-type phenotype, similar to the LPS pattern
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FIG. 6. Region I model prediction. The amino acids indicated are
all on the same face of the helix and were targeted for mutagenesis.
(wt) indicates that the amino acid substitution did not alter the O-
antigen chain length distribution; (+/—) indicates that the amino acid
substitution resulted in a partially defective O-antigen chain length
distribution; (—) indicates that the amino acid substitution eliminated
Wzz function.

observed with L122F, indicating that this residue is also involved
in the proper Wzz function (Fig. 5A, lanes 5 and 9). The L118F
substitution did not affect either the LPS profile or protein ex-
pression, suggesting that this residue lies on the opposite side of
the o-helix and might not contribute to Wzz function. Together,
our results support the notion that of the three residues on the
same face of the predicted a-helix in region I, only A119 and L122
are important for function. Replacement of F115 by a smaller
hydrophobic residue (Ala) did not affect the function. Further-
more, L118, which is predicted to occupy the d position of the
predicted region I coiled coil, is not involved in Wzz function.
This result argues strongly against the existence of a coiled-coil
structure in this region. A similar conclusion can be drawn for the
predicted coiled coil of region II, since L160 occupying the a
position also does not have a functional role.

Limited proteolysis suggests conformational changes in Wzz
mutants. The results obtained with the single and double
amino acid replacements suggested that the different LPS pro-
files observed might have been due to changes in folding of the
mutant proteins, especially in the periplasmic loop region. To
address this hypothesis, we exposed total membrane proteins
extracted from cells expressing Wzz or each of the Wzz-I,
Wzz-1I, and Wzz-III double-substitution mutants to 30 pg/ml
trypsin at 35°C for either 2 or 16 h. As a negative control,
untreated membranes were also incubated without trypsin for
the same amount of time. Samples were examined by Western
blotting using anti-WzzPL antibodies. Some degree of back-
ground proteolysis was observed in the untreated control sam-
ples (Fig. 7, lanes 3, 6, 9, and 12), which probably resulted from
the activity endogenous proteases on the Wzz polypeptide un-
der our experimental conditions. In contrast, a characteristic
profile determined by five distinct degradation products was
observed in Wzz samples even after 16 h of digestion (Fig. 7,
lanes 1 and 2). Analysis of the wild-type Wzz primary sequence
revealed 34 predicted trypsin cleavage sites (data not shown).
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FIG. 7. Limited trypsin proteolysis of membranes containing Wzz
proteins and the double-replacement mutants with mutations in re-
gions I, II, and III. Forty micrograms of total membranes was incu-
bated at 35°C with 30 pg/ml trypsin for 2 or 16 h. Untreated samples
were also incubated for 16 h. Lane M contained the broad-range
prestained SDS-PAGE standard (Bio-Rad). Asterisks indicate Wzz
products, and the arrow indicates undigested Wzz. Samples were sep-
arated on an 18% SDS-PAGE gel. Proteins were transferred to a
nitrocellulose membrane, and the blot was reacted with affinity-puri-
fied rabbit polyclonal anti-WzzPL and developed by fluorescence using
IRDye800CW anti-rabbit IgG antibodies.

Therefore, we concluded that most of the trypsin cleavage sites
in Wzz are not accessible to the protease, as they are likely
masked by the secondary and tertiary conformations of the
native protein. This also explains the limited but stable pro-
teolytic profile even after long incubations with trypsin. In the
preparation containing the Wzz-I double-substitution protein,
we detected only three of the five wild-type Wzz degradation
products (Fig. 7, lanes 4 and 5), while the remaining two
products appeared faintly only when the blot was scanned at a
higher density (data not shown). We reasoned that some of the
trypsin cleavage sites that were exposed in the wild-type Wzz
were not accessible in Wzz-1, possibly reflecting a change in the
secondary structure. In contrast, the digestion pattern of the
Wzz-1II mutant protein was similar to that of the parental Wzz
protein, except that the smaller digestion product was present
after 2 h of incubation with trypsin (Fig. 7, lanes 10 and 11).
This result suggests that the double substitution causes a minor
defect in conformation, but as shown previously, this defect
cannot alter the function of the protein in a dramatic way. The
Wzz-1I mutant protein blot was scanned at a higher density to
facilitate detection of the trypsin digestion pattern for this
protein, since the untreated sample exhibited substantial pro-
teolysis (Fig. 7, lane 9). This result strongly suggests that the
amino acid replacements in region II caused dramatic second-
ary structure changes that compromised protein stability. To-
gether, the results of these experiments support the hypothesis
that substitution of critical amino acids in Wzz-I and Wzz-II
compromises, to some extent, the proper folding of native
Wzz, while only a minor defect occurs in Wzz-111. These ob-
servations agree with the functional analysis data based on
complementation of O-antigen chain length regulation, as de-
scribed above. Furthermore, immunoblot analysis showed that
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none of the mutations in region I compromised the expression
or stability of the Wzz protein (Fig. 5C, lanes 2 and 7).

Conclusions. Here we describe a functional analysis of pre-
dicted coiled-coil regions in the E. coli K-12 Wzz protein. The
results obtained with amino acid substitutions, complementa-
tion of O-antigen expression profiles, and expression of the
mutated proteins themselves strongly argue that the predicted
coiled coils in regions I and II probably do not exist as such.
However, these regions contain residues that have a functional
role and are required to maintain protein conformation. Thus,
our results support the conclusion that there are no functional
coiled coils in Wzz, as predicted by bioinformatic analysis, just
a-helical structures. Attempts were made to purify WzzPL
forms in which mutations in regions I and II were recreated,
but the proteins could not be purified in their native forms
since they were in inclusion bodies (data not shown). These
results also support the hypothesis that these regions are crit-
ical for proper folding.

Amino acid replacements in region I provided the most
interesting results, since the mutated protein was expressed at
the same level as the parental Wzz protein, did not have gross
defects in conformation as determined by limited trypsin pro-
teolysis, and showed an intermediate defect in O-antigen chain
length determination. In contrast, the mutations in region II
eliminated the function, and they were clearly associated with
gross defects in secondary structure and protein stability. Fur-
ther confirmation of our results awaits elucidation of the Wzz
structure by high-resolution methods.
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