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ABSTRACT: Chain length determinant protein (Wzz) has been postulated to terminate the polymerization
and regulate the chain length of the O-polysaccharide (O-antigen), an important component for constructing
lipopolysaccharide (LPS) in the outer membrane of Gram-negative bacteria. The investigation to understand
the mechanism of Wzz has been largely slowed down due to lack of structural information. In this report,
we have applied small-angle X-ray scattering (SAXS) to study the conformational state and molecular
properties of Wzz and the Wzz‚O-antigen complex under near-physiological conditions. No concentration-
dependent aggregation or structural changes, but repulsive intermolecular interactions between Wzz
molecules, are suggested in the concentration series studies. The SAXS studies suggest that Wzz protein
appears to be elongated and exists as a tetramer in solution. The reconstructed model built from SAXS
data indicates that the middle regime of Wzz, most likely representing the periplasmic domain, contributes
to the Wzz oligomerization, which has been proposed to be correlated to the function of Wzz. The
immunoblotting analyses also demonstrate that the putative coiled-coil region in the periplasmic region
contributes to the oligomerization. Further, the SAXS data corresponding to Wzz and the Wzz‚O-antigen
complex indicate an apparent substrate (O-antigen)-induced conformational change, consistent with previous
circular dichroism studies. Our finding may shed light on the biological mechanism of Wzz as a chain
length determinant of O-antigen.

Lipopolysaccharide (LPS) constitutes the major component
of the outer leaflet of the outer membrane in Gram-negative
bacteria (1). It mainly contributes to the cell structural
integrity and pathogenicity. LPS consists of three structural
parts: (i) lipid A, glucosamine-based phospholipids, which
is the major component to elicit innate immune response;
(ii) core oligosaccharide; and (iii) O-polysaccharide (O-
antigen) that contains multiple copies of an oligosaccharide
unit (O-repeating unit). O-antigen plays an important role
in the bacterial resistance to serum-mediated killing, phago-
cytosis, and killing by cationic peptides (2, 3). The working
model for the biosynthesis of heteropolymeric O-antigens
is described as Wzy-dependent pathway (Figure 1) (1). This
pathway starts with the sequential assembly of O-repeating
unit at the cytoplasmic face of the inner membrane. These
intermediates are then translocated by O-antigen flippase
Wzx to the periplasm (4-6). In the periplasm, they serve as

substrates for polymerization process dependent on O-antigen
polymerase Wzy (7-9). Chain length determinant protein
Wzz is proposed to terminate the polymerization and regulate
the chain length of the polysaccharide. O-antigen is then
linked to the preformed lipid-A-core structure by WaaL
ligase. The final translocation of the entire LPS molecule
from the periplasm to the cell surface was recently proposed
to be mediated by an outer membrane protein complex Imp/
RlpB (10).
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FIGURE 1: Biosynthesis of lipopolysaccharides in Gram-negative
bacteria. In the Wzy-dependent pathway (see introduction), Wzz
is hypothesized to terminate the polymerization and to regulate the
chain length of the polysaccharide.
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Genetic study has shown that Wzz dictates the strain-
specific modal distribution of O-antigen chain length. The
wzz gene homologues are present in all Wzy-dependent
O-antigen biosynthetic systems. Several models have been
proposed to explain the control of Wzz over the modality of
the polysaccharides. Bastin et al. (11) suggested that Wzz
functions as a molecular timer that modulates the Wzy
activity between two states favoring either polymerization
or termination by transferring to the ligase WaaL. Morona
et al. (12) have suggested that Wzz serves as a molecular
chaperone to recruit a protein complex consisting of Wzy,
WaaL, and nascent polysaccharide chains. The specific
modality is conferred by different kinetics resulting from
different ratios of Wzy to WaaL. Currently there is no
definitive biochemical evidence for either model. Recently,
we developed an efficient expression system to obtain large
quantity of homogeneous Wzz (13). Using circular dichroism
(CD), we have shown that Wzz interacts with O-antigens,
and that different O-antigen substrates produce similar
binding affinity with the same Wzz. This finding provides
an additional piece of biochemical information for under-
standing Wzz function.

Wzz primary sequences are very well conserved, as are
the predicted membrane topologies. Wzz proteins are grouped
in the “polysaccharide co-polymerases” (PCP) superfamily,
members of which are involved in the chain length regulation
of a variety of polysaccharides including O-antigens, capsular
polysaccharides, and exopolysaccharides. Wzz proteins have
a characteristic membrane topology: two transmembrane
helices are located near the amino- and carboxyl-terminals,
respectively. Until recently, no structural information was
available for the proteins in this family. Collins et al. (14,
15) reported the three-dimensional structure of Wzc, a
homologue of Wzz involved in chain length regulation of
group 1 capsular polysaccharides, but distinguished from
Wzz by possession of a C-terminal domain harboring ATP-
binding motif and tyrosine-rich residues. The structure was
derived from single-particle analysis of negatively stained
samples in cryo-electron microscope (cryo-EM) and resolved
at 14 Å. It forms a tetramer with C4 rotational symmetry.
Since Wzc and Wzz share similar membrane topology, it is
temping to speculate that they have similar structure and
function.

To date, there is still no structural information for Wzz,
which significantly slows down the interpretation of Wzz
mechanisms. In the absence of atomic resolution structures
acquired by X-ray crystallography or NMR spectroscopy,
small-angle X-ray scattering1 (SAXS) can provide global
low-resolution structural information for many macromol-
ecules and complexes under near-physiological conditions
(16), thereby the structural and functional studies can be
appropriately compared. In this paper, we report the SAXS
and biochemical studies of Wzz to provide structural insights
and molecular properties of Wzz and the Wzz‚O-antigen
complex, and the studies suggest that oligomerization of
Wzz, which is essential for determining the chain length of
polysaccharide, is mediated by the periplasmic domain with
the predicted coiled-coil region. The O-antigen-induced
conformational change is indicated by SAXS studies. Finally,

we discuss our studies with the current working hypotheses
of the mechanism of action of Wzz.

MATERIALS AND METHODS

Sample Preparation. n-Dodecyl-â-D-maltoside (DDM)
(MW, 510.6) was purchased from Sigma, anti-GST and anti-
Myc antibodies were from Invitrogen (Carlsbad, CA), and
Escherichia coliO86:H2 Wzz and O-antigen (10-18 O
units) were purified as described previously (13). All of the
Wzz described in this report are the DDM-bound Wzz
proteins. DDM-bound Wzz was prepared in 20 mM Tris-
HCl (pH 8.0), 0.01-0.05% (v/w) of DDM, and with or
without NaCl. The protein concentration was estimated by
Bradford protein assay.

Small-Angle X-ray Scattering (SAXS).SAXS was con-
ducted at BL 4-2 of the Stanford Synchrotron Radiation
Laboratory (SSRL), and at BioCAT 18-ID of the Advanced
Photon Sources (APS). At BL 4-2 data were collected at
8980 eV, corresponding to an X-ray wavelength (λ) of 1.38
Å. The scattering curves were measured at different sample-
to-detector distances and covered the momentum transfer
range 0.008 Å-1 < Q < 0.54 Å-1 (whereQ ) 4π sin θ/λ,
2θ is the scattering angle). The Lexan sample cells (15µL)
with thin mica windows were maintained at a constant
temperature of 20( 0.5 °C during the measurements. The
scattering patterns were collected in ten sequential 30 s
frames using a MarCCD 165 area detector (Mar, IL). The
images were processed with the program MarParse developed
by BL 4-2. At BioCAT 18-ID data were collected with an
160× 80 mm2 Aviex CCD detector (Aviex, IL). The X-ray
wavelength was 1.033 Å (12 keV). A sample-to-detector
distance of 1860 mm corresponded to 0.007 Å-1 to 0.507
Å-1 in Q. The scattering curves were collected as 10
exposures of 1 s with the full beam. The sample volume
was 120µL, and the temperature was kept at 20( 0.2 °C.
During exposures the samples were flowing unidirectionally
as a rate of 1.0µL/s through the cell to reduce radiation
damage. The radiation damage was tested by comparing
subsequent exposures of the same sample, and only the data
without the signs of radiation damage were analyzed.
Exposures from sample and buffer were alternated to
minimize the possible effects of drift in any experimental
parameter. The data processing and evaluation were per-
formed using the IgorPro package (WaveMetrics, Inc.)
enhanced with BioCAT-developed custom macros.

Determination of the Molecular Mass of the DDM-Bound
Wzz by SAXS.Two reference proteins were used to evaluate
the molecular mass of DDM-bound Wzz protein: one is the
mammalian DNA polymeraseâ (Pol â), a 38.4 kDa
monomeric protein with 335 amino acid residues. Polâ was
chosen because it has similar molecular mass to the monomer
of Wzz, and is rather stable, frequently used in our SAXS
measurements, no concentration-dependent oligomerization
or aggregation, and exists as an elongated shape as the DDM-
bound Wzz (described in Results and Discussion). The other
is bovine serum albumin (BSA, a 66.4 kDa monomeric
protein), which is one of the most common standards (17)
for estimating the molecular mass of the studied protein. The
forward scattering intensity for the DDM-bound Wzz protein
can be expressed in eq 1 (18),

1 Abbreviations: DDM, dodecyl maltoside; SAXS, small-angle x-ray
scattering.
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where the molecular mass for Wzz protein and DDM isMWzz

andMDDM, respectively.NWzz (or NDDM) is number of Wzz
(or DDM) molecules in the DDM-bound Wzz complex, and
c is the concentration of DDM-bound Wzz protein. The
average electron density contrast for Wzz is∆FWzz, where
∆FWzz ) FWzz - Fbuffer, and for DDM-micelle is∆Fmicelle,
where ∆Fmicelle ) Fmicelle - Fbuffer. The average electron
density (Felectron, e/Å3) of protein, DDM, and solvent (buffer)
molecule is∼0.442 (19), 0.398 (20), and 0.334, respectively.
The proportionality constantK depends on experimental
parameters, which are held constant throughout the measure-
ments and can be determined by comparison with a molecular
weight standard.

By comparing the extrapolated forward scattering intensity
I(0) of DDM-bound Wzz with that of the standard protein
(Pol â and BSA) in SAXS measurements, the molecular
mass of the DDM-bound Wzz protein is estimated using the
eq 1 to be∼256 kDa, similar to the molecular mass
determined by size-exclusion chromatography,∼224 kDa
(13). The experimental molecular mass of the micelle-bound
Wzz is consistent with a tetrameric Wzz protein with 41 kDa
(363 residues, including a C-terminus His-tag as part of
pBAD/Myc-His vector (13)) per monomer. The molecular
mass of the DDM-bound micelle is∼80 kDa, similar to the
reported value (∼60-75 kDa) (21, 22), and ∼155-160
DDM molecules are bound to the tetrameric Wzz protein.

Data Analyses and Modeling.The forward scattering
intensity (I(0)), the longest length of the particle (Dmax), and
the particle distance distribution function (P(r)) were obtained
from the experimental SAXS data using the program GNOM
(23). The value of radius of gyration (Rg) was determined
using the Guinier approximation (24) with QmaxRg e 1.3 as
well as GNOM, which calculatesRg andI(0) from theP(r)
function. Data points forQ < 0.02 Å-1, which were affected
by intermolecular interactions, were excluded from the data
fit. The reported SAXS data were treated as monodisperse
systems unless otherwise mentioned.

After processing the scattering data with GNOM, the
modeling program GASBOR (25), which represents the
particle as a collection of dummy residues, was used to
determine the overall conformations of Wzz. The simulation
starts with randomly positioned residues and utilizes simu-
lated annealing to find a chain-compatible spatial distribution
of dummy residues inside the search volume. Protein
concentration series were measured for investigating the
influence of interparticle interaction effects. The final scat-
tering curve was obtained by merging the small angle data
(Q-range from 0.02 to 0.15 Å-1) of the low concentration
sample (0.5 mg/mL) with the data in the high angle region
(Q-range from 0.10 to 0.50 Å-1) of the high concentration
data (10 mg/mL) with PRIMUS (26), to eliminate interpar-
ticle interaction effects in the low angle region.

The model was first constructed without symmetrical
constraint being applied, and the common envelope exhibits
an approximately 4-fold symmetry but resolution is relatively
low. With the prior knowledge of DDM-bound Wzz protein
being a tetramer obtained from previous studies (13) and
this report, the P4-symmetry constraint was applied to
increase the resolution of reconstructed model. And the

model constructed without symmetry restriction is compa-
rable with P4-symmetry constrained models reported herein.
To evaluate the creditability and accuracy of the recon-
structed model, we employed the program DAMAVER (27),
which aligns all reconstructed models and removes outliers
below a given cutoff volume, for setting up the criterion of
the pairwise normalized spatial discrepancies (NSD). The
ab initio models exceeding〈NSD〉 (mean value of all pairs
NSD) + 2∆(NSD) (variation of NSD) were discarded, and
the models except the outliners are shown in Figure S1
(Supporting Information). Due to the flexible N- and
C-terminus of the reconstructed model, the total spread region
is large and〈NSD〉 ) ∼0.8. The most probable model of
DDM-bound Wzz protein after DAMAVER processing is
shown in Figure 5.

Interactions of Coiled-Coil Region with the Full-Length
Wzz Protein.The middle part (residues 153-213) in the
periplasmic domain ofE. coli O86:H2 Wzz was predicted
to have a moderate potential (18-38% probability) in
forming coiled coils (13) using the program COILS (http://
www.ch.embnet.org/software/COILS_form.html). The coiled-
coil segment was cloned into pET-41 (Novagen, Madison,
WI), and the coiled-coil segment was expressed as glu-
tathione S-transferase (GST) fusion protein inE. coli BL21
(DE3). The recombinant protein was purified by GSH
Sepharose affinity column. A GST-pulldown assay was
carried out to study the interaction of the coiled-coil region
with the full-length Wzz protein. The purified GST-coiled
coil and the full-length Wzz protein were incubated with
glutathione-Sepharose beads at room temperature for 2 h.
In a similar fashion, the purified GST was incubated with
the full-length Wzz protein and the glutathione-Sepharose
beads as the negative control. The beads were washed 10
times with phosphate buffer saline (PBS). Bound proteins
were eluted by 100 mM glutathione in PBS buffer and
subjected to SDS-PAGE and immunoblotting. Anti-GST
and anti-Myc antibodies were used to detect the coiled-coil-
GST and the full-length Wzz protein.

RESULTS AND DISCUSSION

The Feasibility of Studying DDM-Bound Wzz by Small-
Angle X-ray Scattering (SAXS).We first explore the pos-
sibility of applying SAXS to measure the association and
conformation of transmembrane proteins in detergent micelle
solutions. SAXS is widely applied to characterize the size
and shape of water-soluble proteins and nucleic acids (28),
but remains to be rather challenging to be applied in the
studies of micelle-bound proteins and their complexes. The
presence of detergent or micelle is required to make Wzz
and other transmembrane proteins soluble by encapsulating
the hydrophobic regions of the proteins while exposing their
hydrophilic ends. But the presence of scattering intensity of
detergents/micelles could represent a problem in some SAXS
studies (described below). Further, the micelle-bound mem-
brane proteins are not uncommon to be in unfolded confor-
mations or/and aggregation forms, particularly in the high
protein concentration so the reaction conditions need to be
optimized for SAXS and other structural studies.

In SAXS measurements of the membrane-bound proteins,
the scattering intensity is generated from the micelle-bound
protein and unbound detergent micelles. The scattering

I(0) ) Kc(NWzz∆FWzzMWzz + NDDM∆FDDMMDDM)2 (1)
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intensity of various detergents/micelles was investigated by
SAXS (19, 29, 30). It was found that DDM, which is
optimized for the stability and function of Wzz (13), has
stronger scattering compared to most of the detergents (20).
The high scattering intensity of DDM could complicate
SAXS data analyses especially if high concentration of DDM
is required for some membrane-bound proteins. To acquire
the scattering intensity exclusively from the micelle-bound
protein complex and not to overestimate the scattering of
DDM-bound Wzz protein, dialysis against a buffer with
known micelle concentration was performed in this report
to ensure the fixed unbound micelle concentration. Our
previous studies (13) indicated that Wzz is properly folded
in 0.01-0.05% (w/v) (or 0.2-1.0 mM) DDM. Lower
concentration of DDM required for Wzz can reduce the
impact of stronger scattering intensity of DDM on the overall
SAXS scattering. The actual effect of DDM micelles was
investigated by SAXS, and the experimental data are shown
in Figure 2. As predicted, similar values ofRg (the radius of
gyration) andDmax (the longest length of the particle) were
obtained with or without DDM in the buffer being subtracted
in the scattering (Table 1). Additionally, although certain
micelle-bound membrane proteins were shown to be larger
in solution compared to the crystal form, due to the protein

molecule being surrounded by the detergent molecules (30),
no differences were observed in the reconstructed models
of DDM-bound Wzz protein with or without consideration
of micelles. Lack of the detergent effect in DDM-bound Wzz
protein can be explained as follows. First, less detergent
(DDM) is required to form the DDM-bound Wzz complex
compared to the amount of detergents applied in the reports
of many membrane-bound proteins. Second, DDM-bound
Wzz protein is fairly elongated in solution (described below),
rather than densely compact as revealed in some proteins
like the peripheral light harvesting LH2 complex (30), and
could make the existence of the surrounding monolayer
detergent molecules less visible.

The RepulsiVe Interactions Possibly Occur among Wzz
Molecules. To investigate whether concentration-dependent
aggregation and the type of the intermolecular interactions
take place among Wzz molecules, concentration-series
studies by SAXS were performed. Further, as lower con-
centrations of samples are used in previous biochemical
studies of Wzz (<0.2 mg/mL), it is necessary to investigate
whether the protein remains to be a tetramer in SAXS and
other structural studies, where higher concentrations of
samples are often required. Thus the structural and biochemi-
cal studies can be properly compared. The concentration
series studies (Figure 3) demonstrate that the SAXS patterns
with different concentrations of DDM-bound Wzz protein
are superimposable after scaling by concentration, except that
the deviation is observed in very lowQ-range (Q < 0.02
Å-1, shown in Figure 3B), and the value ofRg decreases as
concentration increases (Table 1). This result suggests that
no concentration-dependent aggregations but most likely
repulsive intermolecular interactions occur between Wzz
molecules as the protein concentration increases. It is also
possible that concentration-dependent conformational changes
also correlate to the deviation of SAXS patterns in the very
low Q-range and smallerRg, even though several SAXS
studies (16, 28) indicate that the global conformational
changes generally lead to deviation of the SAXS pattern in
as well as beyond very lowQ-range.

The molecular mechanisms that led to the proposed
repulsion interaction, whether it results from the interactions
of micelle or/and protein moiety of the DDM-bound Wzz
proteins, remains to be investigated. The observation,
nevertheless, provides one of the possible explanations for
the lack of success in obtaining good crystals, since situations
where intermolecular potentials are repulsive or strongly
attractive do not generally lead to good crystal formation
(31). As more and more membrane proteins are expected to

FIGURE 2: Experimental SAXS data for Wzz and DDM (solid line),
and buffer with (dotted line) and without DDM (dashed line)
included (A); and the SAXS patterns of DDM-bound Wzz with
(solid line) or without (dashed line) DDM being subtracted (B).
The sample preparation of SAXS measurements is described in
Materials and Methods.

Table 1: SAXS Data for Concentration-Series Studies of
DDM-Bound Wzz Protein Obtained from Guinier Analyses and
GNOM Fit

Rg
[DDM-bound Wzz]

(mg/mL) Guiniera Guinierb GNOMb

0.5 76.2( 0.2 75.8( 0.3 75.4( 0.2
1 75.2( 0.2 76.6( 0.4 75.2( 0.2
2 73.9( 0.2 73.6( 0.3 73.2( 0.3
4 70.1( 0.3 71.9( 0.2 69.4( 0.4

10 66.1( 0.1 65.4+ 0.1 65.1( 0.1
a Only buffer scattering was subtracted from the scattering intensity

of DDM-bound Wzz protein.b Buffer and DDM signals were subtracted
from the scattering intensity of DDM-bound Wzz.
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be investigated by small-angle X-ray/neutron scattering and
other structural/biophysical methods, it is interesting to see
whether the intermolecular interactions, particular repulsion
interactions, may be detected in other transmembrane-
associated proteins, and whether the intermolecular interac-
tions may be functionally relevant.

Ionic Strength Effect InVestigation.In addition to inves-
tigating the intermolecular interactions, we also examined
the ionic strength effect for Wzz by SAXS. For many
proteins with attractive intermolecular interactions, high salt
concentration can minimize the aggregation and nonspecific
interactions. No aggregation but rather intermolecular repul-
sion interactions are observed for Wzz in the absence of salt,
whereas including 0.1 N NaCl in the solution leads to
formation of oligomers larger than a tetramer. The value of
Rg for Wzz protein increases from∼76 Å (in the absence of
NaCl) to 100 Å or larger (in the presence of 0.1 N NaCl),
and the forward scattering intensity (I(0)), which is largely
determined by the molecular mass of the macromolecules,
increases more than 2-fold for Wzz in 0.1 N NaCl. The sign
of aggregation is reduced as NaCl concentration decreases.
In another study, the Wzc oligomer complexes, larger than
a tetrameric species, were detected over a wide range of
protein concentrations (0.05-0.6 mg/mL) in 0.1 N NaCl (15),
and similar results were also acquired in our SAXS studies
of Wzz, where the aggregation in 0.1 N NaCl was observed
in 0.25-16 mg/mL Wzz. While it remains to be further

investigated whether the aggregation of Wzz is related to
the presence of NaCl, we are currently investigating the
possible physiological roles of NaCl on Wzz.

The Molecular Shape of DDM-Bound Wzz.The SAXS data
analyses suggest that DDM-bound Wzz protein has an
elongated particle shape based on the following evidence:
(1) the curve shape of theP(r) (the particle distance
distribution function) plot (Figure 4); (2) the ratio ofDmax/
Rg: the ratio is∼3.8 for DDM-bound Wzz, in which the
values ofRg and Dmax are 76( 0.1 Å, and 275( 3 Å,
respectively (Table 2), whereas theDmax/Rg ratio is e2.7-
2.8 for a globular shape protein (16); and (3) the low
resolution reconstructed model (Figure 5). The methods for
acquiringRg, Dmax, P(r) plot, and the reconstructed model
are described in Materials and Methods.

FIGURE 3: The concentration series measurements for DDM-bound
Wzz (A); the data after scaling by concentration (B). The lowQ
data in (B) are shown in (B inset). The DDM-bound Wzz
concentrations are 1 (b), 2 (O), 4 (9), and 10 (0) mg/mL, and the
scattering intensity of buffer and DDM is subtracted.

FIGURE 4: Characterization of DDM-bound Wzz by SAXS with
0.5 mg/mL Wzz in 20 mM Tris-HCl buffer at pH 8.0 and 0.05%
DDM. The SAXS data are plotted in logI(Q) vs Q (A) and in log
I(Q) vs logQ (A inset). TheP(r) and Guinier plots for SAXS data
in (A) are shown in (B) and (B inset), respectively.

Table 2: SAXS Data for Wzz and the Wzz‚O-Antigen Complex
Obtained from Guinier Analyses and GNOM Fit

Rg

samplea Guinier GNOM
Dmax

(GNOM)

Wzz 76.2( 0.2 75.2( 0.2 275( 5
Wzz + 0.12 mg/mL O-antigen 75.2( 0.2 74.0( 0.4 270( 5
Wzz+ 1.2 mg/mL O-antigen 70.1( 0.2 70.2( 0.3 255( 4
Wzz + 12 mg/mL O-antigen 66.0( 0.3 67.4( 0.4 233( 2

a 2 mg/mL of DDM-bound Wzz and 10-18 O units of O-antigen
were used.
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Low Resolution Structures of Wzz.To provide further
structural insights for Wzz, we employed the modeling
program GASBOR to acquire low resolution models from
SAXS data. Fifteen independent reconstruction runs were
taken for every model shown in this report. The program
DAMAVER (27), which aligns all probable reconstructed
models and removes outlier models below a given cutoff
volume, was used to generate the averaged model and the
most possible model in Figure 5. Top and side views for the
model are shown in Figures 5A and 5B, respectively. Other
reconstructed models we generated are shown in Figure S1.
To evaluate the quality of theab initio model, we generate
the predicted SAXS curves calculated from the reconstructed
model by the program CRYSOL (32), and the predicted
SAXS pattern fits very well with the experimental SAXS
data (Figure 5C).

The reconstructed model can be compared to the proposed
topology of Wzz (Figure 6). The reconstructed model
suggests that the Wzz monomer interacts with other mono-
mers at the middle region (Figure 5), likely representing the
periplasmic domain in the proposed topology of Wzz (Figure
6). Similar results were also suggested by the cryo-EM
studies of Wzc (15). Further, the biochemicalin ViVo studies
in Wang’s laboratory demonstrated that a predicted coiled-

coil region (13) in the periplasmic domain can interact with
the whole length of Wzz protein (see the later section). The
oligomerization has been linked to the function of Wzz by
mutagenesis studies (33). It needs to be noted that our low
resolution model does not rule out possible interactions from
other regions of Wzz, for example, TM1 and TM2 domains
(Figure 6), that may also contribute to the tetramer formation.

Despite many similarities between DDM-bound Wzz and
Wzc proteins being described in previous and current studies,
the sequences of these two proteins are rather distinct. One
of the intrinsic differences between these two proteins is that
Wzc contains an extra C-terminal cytoplasmic domain (276
amino acid residues) harboring an ATP-binding motif and a
tyrosine-rich motif, whereas only 10 amino acid residues are
presented in the cytosolic C-terminus of Wzz (see Figure 6)
and no studies on either N- or C-terminus of Wzz have yet
been reported. Additionally, the phosphorylation of the
tyrosine motif is essential for high level polymerization of
Wzc protein (15). Together, the extended C-terminus of Wzc
protein may partially explain the closed conformation of Wzc
in cryo-EM studies, while the shorter C-terminus leads to
more elongated shape of Wzz. Further, as illustrated in the
studies described further below, Wzz appears to exist in an
open conformation in the apo-form, and becomes more
closed when the substrate (O-antigen) binds. Thus, it could
be of functional importance for apo-Wzz being in the open
and more flexible conformation. Although one may always
consider that the differences in sample preparations and
experimental conditions between cryo-EM and SAXS can
possibly contribute to the conformational differences between
these two proteins, several recent studies (34-37) demon-
strated that similar structural information can be acquired
by cryo-EM and solution SAXS studies. Together, the
previous studies and this report suggest that Wzc and Wzz
share similar functions with somewhat different sequences
and structures/conformations.

Formation of Larger Wzz Oligomers.In our hands, the
formation of Wzz oligomers larger than the identified
tetramer has been frequently observed during SAXS mea-
surements when the salt concentration or other reaction
condition is varied. It is consistent within ViVo chemical
cross-linking studies (13, 33), where oligomeric complexes
larger than a hexamer are detected in Wzz fromShigella
fexneri(33) and fromE. coli O86:H2 strain (13). Similarly,
high molecular weight oligomers, larger than a tetramer, are
also detected in Wzc protein (15). The formation of larger
oligomers, however, could potentially play a role inregulating
the length of polysaccharide. The discussion for this is
presented in the next paragraph.

The Coiled-Coil Region Mediates Wzz Oligomerization.
Wzz involved in LPS O-polysaccharide biosynthesis is

FIGURE 5: The low resolution reconstructed model constructed for
DDM-bound Wzz. The top (A) and side (B) views of the
representedab initio model. The predicted SAXS pattern (red curve)
calculated from the reconstructed model is fitted to the experimental
SAXS data (b) (C).

FIGURE 6: The possible topology of Wzz protein.

SAXS Studies ofE. coli O86:H2 Wzz Biochemistry, Vol. 46, No. 42, 200711749



generally grouped into a “polysaccharide co-polymerase
(PCP)” family (38). Most PCP proteins have a large
periplasmic domain flanked by two transmembrane segments
at N- and C-termini, respectively. It was previously reported
that when the COILS program was used to analyze the
periplasmic domain of the PCP proteins, many of them are
likely to form coiled-coil motif (39). Further, the probability
of coiled-coil formation, location and number of the coiled-
coil motifs correlate with the degree of polymerization of
the polysaccharide. Thus the coiled-coil motif has been
proposed to play an important role in LPS modality deter-
mination and possibly the mediation of Wzz oligomerization.
Here, we use pulldown assays to investigate whether the
predicted coiled-coil region (residues 153-213) of Wzz is
responsible for the oligomerization. Shown in Figure 7 is
that the eluted protein sample has both anti-myc and anti-
GST staining, suggesting the interaction between GST/coiled-
coil and full-length Wzz. As a control, if only GST was
expressed, no interaction was detected between Wzz and
GST, indicating that the interaction between coiled-coil
region and full-length Wzz is specific. Further, our prelimi-
nary CD and NMR studies suggested that the truncated Wzz
protein (residues 153-213, without GST-fusion protein
attached) may not be appropriately folded, and that the full
length Wzz may function as a molecular chaperone that
assists the truncated Wzz in folding. Together, our studies
conclusively illustrate that the predicted coiled-coil region
is at least partially responsible for the Wzz oligomerization.
As oligomerization is important for the function of Wzz, we
speculate that the oligomerization state of Wzz may correlate
with the degree of polymerization carried out by Wzy (O-
antigen polymerase).

SAXS Studies on Wzz‚O-Antigen Complex.Wzz is func-
tioning as an O-antigen chain length determinant protein (1),
and can recognize different O-antigen chain length by
changing specific amino acid substitutions in Wzz (40). It
is of great interest to understand how Wzz can achieve this
important biological function. Previous CD studies (13)
indicated significant changes in the secondary structure of
the intermediate form of Wzz upon the substrate (O-antigen)
binding, raising the possibility that the CD spectral changes
could reflect the possible substrate-induced conformational
changes of Wzz. Herein, we report the SAXS measurements
to test this hypothesis, as it is beyond the scope of the
previous cryo-EM studies of Wzc (15). In the reaction of
2.0 mg/mL Wzz and O-antigen, as O-antigen concentration
increases, the values ofRg andDmax decrease from 76 to 65

Å and from 275 to 233 Å, respectively (Figure 8 and Table
2), indicating that the Wzz‚O-antigen complex is more
compact than Wzz protein. The overall shapes of Wzz and
the Wzz‚O-antigen complex likely remain to be similar, as
the ratio ofDmax/Rg is unchanged for Wzz (3.6) and the Wzz‚
O-antigen complex (3.5). Also, theI(0) slightly increases
for the Wzz‚O-antigen complex, which is expected as the
mass is much larger for DDM-bound Wzz (∼224 kDa (13)
or ∼256 kDa estimated herein) than for O-antigen (13-24
kDa). Together, the SAXS studies indicate possible substrate-
induced conformational changes, consistent with the second-
ary structure changes indicated by previous CD data (13).

How Wzz Regulates the Chain Length of O-Antigen.The
possible conformational change described above may not

FIGURE 7: The interactions of coiled-coil truncated form and full-
length Wzz investigated by Western immunoblotting analyses. The
results indicate that the coiled-coil region interacts with the whole
Wzz protein and could be the binding motif for the oligomerization
of Wzz.

FIGURE 8: The reaction of Wzz and O-antigen investigated by
SAXS. O-antigen titration to DDM-bound Wzz protein (2 mg/mL,
12 µM) is shown in (A), where the data are plotted in logI(Q) vs
log Q and shifted along they-axis for comparison. The scattering
signal of unbound O-antigen is subtracted from the SAXS pattern.
The SAXS pattern of Wzz (represents DDM-bound Wzz) (s), Wzz
+ 0.12 mg/mL O-antigen (- - -), Wzz+ 1.2 mg/mL O-antigen
(- - -), and Wzz+ 12 mg/mL O-antigen (b) are shown from
bottom to top. The Guinier plots for Wzz (b), Wzz+ 0.12 mg/mL
O-antigen (2), Wzz + 1.2 mg/mL O-antigen (1), and Wzz+ 12
mg/mL O-antigen (9) are shown in (B). The data are shifted along
they-axis for comparison. TheP(r) plot for Wzz (dashed line) and
the Wzz‚O-antigen complex (Wzz+ 12 mg/mL O-antigen) (solid
line) is shown in (C).
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only lead to stronger interactions between Wzz and O-antigen
but also correlate to the biological function of Wzz, in which
a more compact Wzz-O-antigen complex could be required
to terminate the polymerization and regulate the length of
O-antigen. As described in the introduction, two models have
been proposed for the Wzz biological function: either Wzz
behaves like a timing clock that interacts with Wzy and
regulate Wzy activity (11) or it works as a molecular
chaperone that interacts with Wzy, WaaL, and nascent
polysaccharide chains (12), yet not enough evidence is
available for either model. Together with the Wzz-Wzy
interactions suggested by the work in Wang’s laboratory
(data not shown), our present studies, in which (the full-
length) Wzz directly interacts with O-antigen and may assist
the truncated (residues 153-213) Wzz protein in folding,
do not support the molecular timer (timing clock) model.
Rather, our data are consistent with the molecular chaperone
model (12), and provide the biochemical and structural
evidence for the proposed interactions between polysaccha-
ride and Wzz in the model.

Conclusions/Remarks.Wzz and Wzc, the other membrane-
associated protein, have similar physiological functions
despite low homology (10.7% identity and 19.3% similarity).
The low resolution structure of Wzc was characterized as a
tetramer by cryo-EM (15), and our present studies also
indicate that Wzz appears to be a tetramer and the oligo-
merization site is also in the middle region of Wzz, which
is likely to be located in the periplasmic domain. Moreover,
our studies show that O-antigen interacts directly with Wzz
and induces possible substrate-induced conformational changes
of Wzz, suggesting a possible molecular mechanism for Wzz
to regulate the O-antigen chain length in the Wzy-dependent
pathway.
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