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The lengths of bacterial polysaccharides can be critical for their
biological function. Unlike DNA or protein synthesis, where polymer
length is implicit in the nucleic acid template, the molecular mecha-
nisms for regulating polysaccharide length are poorly understood.
Two models are commonly cited: a “molecular clock” regulates
length by controlling the duration of the polymer extension process,
whereas a “molecular ruler” determines length by measurement
against a physical structure in the biosynthetic complex. Escherichia
coli O9a is a prototype for the biosynthesis of O polysaccharides by
ATP-binding cassette transporter-dependent processes. The length
of the O9a polysaccharide is determined by two proteins: an exten-
sion enzyme, WbdA, and a termination enzyme, WbdD. WbdD is
known to self-oligomerize and also to interact with WbdA.
Changing either enzyme’s concentration can alter the polysaccha-
ride length. We quantified the O9a polysaccharide length distribu-
tion and the enzyme concentration dependence in vivo, then made
mathematical models to predict the polymer length distributions
resulting from hypothetical length-regulation mechanisms. Our
data show qualitative features that cannot be explained by either
a molecular clock or a molecular ruler model. Therefore, we
propose a “variable geometry” model, in which a postulated
biosynthetic WbdA–WbdD complex assembles with variable stoi-
chiometry dependent on relative enzyme concentration. Each
stoichiometry produces polymers with a distinct, geometrically
determined, modal length. This model reproduces the enzyme con-
centration dependence and modality of the observed polysaccha-
ride length distributions. Our work highlights limitations of previous
models and provides new insight into the mechanisms of length
control in polysaccharide biosynthesis.

chain length | mathematical modeling | template-independent
polymerization

Whereas nucleic acids and proteins are synthesized from a
template of specified length, carbohydrates are constructed

template-free, implying that the mechanisms for length control
must lie in the biosynthetic machinery itself.
Lipopolysaccharide (LPS) is a glycolipid which constitutes the

major and characteristic component of the outer leaflet of the
outer membrane of most Gram negative bacterial cell envelopes
(reviewed in ref. 1). Most bacteria produce LPS molecules that
contain a conserved lipid A moiety linked to a short (core) oli-
gosaccharide. In many species, a proportion of LPS molecules
have an additional domain known as O polysaccharide (OPS), O
antigen or O chain. OPS is a carbohydrate polymer in which the
repeating unit (O unit) consists of a short oligosaccharide or
sometimes a single sugar. OPS is synthesized template-free by
glycosyltransferases and is found in lengths that vary from one
repeat unit to several hundred sugars.
The biological roles of OPS vary from species to species, but for

bacterial pathogens, it commonly confers resistance to the bacteri-
cidal effects of host complement. The mechanisms of resistance can
vary, so that for example, the OPS of Bordetella bronchiseptica pre-
vents activation of complement (2) whereas the OPS of Salmonella

enterica sv. Montevideo induces complement activation, but pre-
sumably at a safe distance from the bacterial membrane (3).
OPS is normally produced with a range of lengths that results in

a modal distribution, i.e., a large proportion of the OPS has a length
close to that of a modal value (Fig. 1A). The OPS length distribu-
tion can be critical for its biological function, for example it can
affect resistance to host complement (4, 5) or the rate of invasion of,
or uptake into, macrophages (5). In some species the modal OPS
length can vary in response to environmental signals (6).
Most OPSs are produced by one of two mechanisms (reviewed

in ref. 1). In the Wzy (polymerase)-dependent OPS biosynthesis
pathway, each O repeat unit is assembled on an undecaprenyl-
pyrophosphate lipid carrier at the cytoplasmic face of the inner
membrane. Individual units are transported across this membrane
and assembly of the OPS is catalyzed in the periplasm by the
polymerase (7). The O chain is subsequently ligated to lipid A-core
by the OPS ligase (8). In this pathway, chain-length modalities are
conferred by the action of the polysaccharide copolymerase pro-
tein, Wzz. Authentic chain-length modalities are established in
vitro from synthetic undecaprenyl-pyrophosphate-linked repeat
units and lipid-linked substrates, using purified Wzz and the
polymerase, Wzy (7), although direct biochemical evidence for
the in vivo interaction of these proteins is lacking.
The second major OPS biosynthesis mechanism is called the

ATP binding cassette (ABC) transporter-dependent pathway. In
these systems, the OPS chain is completely assembled on the
cytoplasmic face of the inner membrane on a single undecap-
renyl-pyrophosphate lipid carrier. Polymerization involves the

Significance

Lipopolysaccharides (LPSs) are unique glycolipids that are
characteristic components of outer membranes in Gram nega-
tive bacteria and play important roles in pathogenesis. Many
LPSs contain a long-chain polysaccharide (known as the O an-
tigen) whose length can be an important factor in bacterial
resistance to complement-mediated killing. While components
involved in chain-length determination are known in many
systems, the underlying regulatory mechanism is not. Here we
apply a mathematical modeling approach that integrates the
existing structural and biochemical data to develop a new
model, variable geometry, for chain-length regulation using the
prototype for O antigens whose synthesis involves the wide-
spread ATP-binding cassette transporter-dependent pathway.

Author contributions: J.D.K., S.B., B.R.C., R.J.M., and C.W. designed research; J.D.K., S.B.,
B.R.C., and R.J.M. performed research; J.D.K., S.B., B.R.C., R.J.M., and C.W. contributed
new reagents/analytic tools; J.D.K., S.B., B.R.C., R.J.M., and C.W. analyzed data; and J.D.K.,
S.B., R.J.M., and C.W. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1J.D.K. and S.B. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: cwhitfie@uoguelph.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1400814111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1400814111 PNAS Early Edition | 1 of 6

M
IC
RO

BI
O
LO

G
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1400814111&domain=pdf&date_stamp=2014-04-12
mailto:cwhitfie@uoguelph.ca
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400814111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400814111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1400814111


stepwise addition of single sugars, which is catalyzed by one or
more glycosyltransferases (1). Then the OPS chain is transported
to the periplasmic face of the inner membrane by an ABC
transporter, where it is ligated to lipid A-core (9). In this pathway,
there is no equivalent of the Wzz protein to control the polymer
chain length, yet modality is still established.
The prototype for the ABC transporter-dependent pathway is

the OPS from Escherichia coli O9a. This OPS has a four-sugar
repeat unit containing α1→ 2, and α1→ 3-linked D-mannose
(Fig. 1C) (10) with a unimodal chain-length distribution (Fig.
1B). Biosynthesis of the repeating domain of this OPS is cata-
lyzed by WbdA, a chain extension enzyme containing two gly-
cosyltransferase domains (11). The nonreducing terminus of
the OPS is modified by addition of a methyl phosphate (12),
which is catalyzed by the bifunctional kinase–methyl transferase,
WbdD (13, 14). The methyl transfer reaction is dependent on
prior phosphorylation, and addition of the phosphate prevents
further extension of the chain (15). After termination of the
chain, the polysaccharide becomes a substrate for the OPS-export
ABC transporter, which translocates the OPS to the periplasmic
face of the inner membrane, where it is ligated to lipid A-core.
The nucleotide binding component (Wzt) of this ABC trans-
porter possesses a carbohydrate-binding module as an acces-
sory cytoplasmic domain, which specifically binds OPS chains
with the methyl-phosphate modification (16). Without these
modifications the OPS is not exported (15).
A region in the C-terminal domain of WbdD localizes the

protein to the membrane, and also interacts with WbdA. With-
out this interaction, WbdA is not correctly localized and OPS is
not synthesized (17). The WbdD C-terminal domain contains
coiled-coil motifs (15), and based on soluble, truncated forms of
the protein, these sequences mediate the formation of WbdD
trimers in protein crystals and in solution (14). Thus, WbdA and
WbdD form a complex that catalyzes chain extension and chain
termination, the chain length presumably being controlled by
coordination of these activities. For example, overexpression of
WbdD (15) or reduction in WbdA expression (18) both reduce
the modal chain length. This report describes our investigations
into the mechanism by which these enzymes’ activities are co-
ordinated to synthesize OPS with a highly reproducible and
characteristic length distribution.
Theoretical work has shown that modal chain-length distribu-

tions cannot be generated by simple enzyme kinetic models
without chain-length dependence in elongation or termination
rates (19, 20). There are two main hypotheses for how such length
dependence arises: by a “molecular clock,” which allows poly-
merization to continue for a defined amount of time before ter-
mination and export (21); or by a “molecular ruler,” which
terminates chains once they reach a certain length (22). These
models were established for systems involving Wzz and Wzy but
the general principles apply to other polymerization mechanisms.

For the E. coli O9a system, the molecular clock has been for-
mulated in terms of a conformational switching of the complex
from OPS elongation to termination in response to a stochastic
binding event, i.e., a timed event, whereas the molecular ruler has
been hypothesized to act by spatial arrangement of the different
catalytic sites such that the OPS is measured out by the physical
dimensions of the biosynthetic complex (14).
In this study we show that E. coli O9a OPS length distribution

can be quantitatively modulated by titrating the expression of
either of the biosynthetic enzymes, WbdD and WbdA. This
finding has strong implications for the underlying mechanism of
length control and we show that previously proposed mecha-
nisms of length control cannot generate the distributions we
observe. However, by extending the molecular-ruler-type model
to allow biosynthetic complexes with variable stoichiometry, we
demonstrate that a variable geometry model can quantitatively
explain all of our experimental data.

Results
OPS Chain Lengths Increase with WbdA Concentration. It was pre-
viously observed that the OPS modal chain length decreased
when WbdA was expressed at low levels (18). To analyze this
phenomenon in more detail, we sought to quantitatively control
WbdA protein levels over a broad range and examine the effect
on the OPS distribution. To this end, we deleted the chromo-
somal copy of wbdA and supplied a plasmid-encoded version of
this gene cloned behind a tetracycline-inducible promoter. Tet-
racycline and presumably its analog, anhydrotetracycline (AhTc),
diffuse passively across bacterial membranes (23) and thus this ex-
pression system is not subject to the all-or-nothing autocatalytic
induction which may beset other systems (24, 25). We verified by
Western blot that WbdA protein concentrations responded in
a linear fashion to levels of AhTc in the growth medium, up to at
least 5 ng·mL−1 (Fig. S1A).
In agreement with previous results (18), we found that the

OPS modal chain length increased with increasing concentration
of WbdA (Fig. 2A). With careful measurements of band in-
tensity, we were also able to observe changes to the shape of the
modal distributions as the concentration of WbdA was modu-
lated. At intermediate expression levels, chain lengths exhibited
the greatest variance (Fig. 2D), and at high expression levels, the
distribution closely resembled that of wild-type E. coli O9a (Fig.
2C). Despite being able to decrease the modal chain length from
the wild-type distribution by changing WbdA concentration, we
found that we were unable to increase the chain length further
beyond the wild-type modal length. This is not due to saturation
of the inducible expression system because WbdA expression
responded linearly to inducer concentration at 2.5 ng·mL−1,
whereas the modal chain length did not increase when inducer
concentration was further quadrupled to 10 ng·mL−1. That is,
there appears to be a maximum modal chain length generated by
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Fig. 1. Size and structure of E. coli O9a O polysaccharide. (A) Silver-stained tricine SDS/PAGE analysis of E. coli O9a LPS. The lower band is unsubstituted lipid
A-core, whereas the upper cluster of bands shows LPS with different lengths of OPS. (B) The O9a OPS chain length distribution is unimodal with nearly half the
chains having 13 or 14 repeat units. This distribution was measured from an autoradiogram of radiolabeled LPS (SI Text). (C) The repeat domain of O9a OPS is
linked to lipid A-core via a three-sugar adapter. The terminal O repeat is modified by the addition of a methylphosphate moiety at the nonreducing terminus.
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wild-type E. coli O9a that cannot be further increased by over-
expression of WbdA.

OPS Chain Lengths Decrease with WbdD Concentration. To de-
termine how WbdD concentration affects the final exported OPS
distribution, we induced expression of WbdD in an E. coli O9a
wbdD::aacC1 strain. As previously described (17), this mutant
expresses a C-terminal fragment of WbdD that contains domains
necessary for recruitment of WbdA to the membrane but lacks
kinase and methyltransferase activities. The effect of this muta-
tion is that OPS can be expressed in this strain without expres-
sion of full-length WbdD, but is not terminated or exported. We
verified that WbdD protein concentration responded to the in-
ducer in a linear fashion up to 15 ng·mL−1 (Fig. S1B).
Increasing the expression of WbdD reduced the modal chain

length as reported (15) (Fig. 2B). Like the WbdA-induction ex-
periment, we observed that the OPS distribution again respon-
ded quantitatively to the level of WbdD supplied, but in contrast
with the results with WbdA, the variance of the OPS length
distributions became greater with increasing modal chain length
(Fig. 2D). At low WbdD concentrations, the modal length could
be made to match that of the wild-type but the chain-length
distribution was more disperse than wild-type.
These experiments suggest that the relative concentration of

WbdA and WbdD is critical in determining both the modal chain
length and the shape of the distribution. We next examined

the implications of these data on proposed models of chain-
length control.

A Molecular Clock Model Predicts Chain-Length Distributions with
Large Variance. A potential mechanism for chain-length de-
termination is a molecular clock. In a molecular clock mecha-
nism, the biosynthetic machinery can exist in two states, one that
facilitates chain elongation and one that facilitates chain termi-
nation. The protein complex enters the elongation state as po-
lymerization starts and shifts to the termination state after
a predetermined time (21). The length of terminated polymers
depends both on the elongation rate and the time for which
elongation is allowed to proceed.
We have shown that increasing WbdA (or decreasing WbdD)

generates longer chains. For a molecular clock model to fit these
data, increasing the ratio of WbdA to WbdD must either increase
the average elongation rate or increase the time spent in the
elongation state. However, an enzymatic complex that elongates
polymers at a rate independent of their length, for a certain du-
ration, generates product lengths that follow a Poisson distribu-
tion (SI Text) (26). The OPS distributions observed in E. coli O9a
are much less disperse than Poisson distributions (Fig. S2). Fur-
thermore, unless all complexes within a cell are synchronized, the
molecular clock model requires that each nascent polymer is
elongated exclusively by a particular elongation–termination
complex. That is, the polymer cannot dissociate from the bio-
synthetic complex during elongation. However, based on in vitro
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Fig. 2. Experimentally determined chain-length distributions (circles) for E. coli O9a expressing variable concentrations of (A) WbdA or (B) WbdD. Error bars
representing SDs arising from the OPS measurement procedure were typically smaller than the data points and were therefore omitted for clarity. Results of
mathematical model of OPS biosynthesis (lines) show the correct enzyme concentration dependence and quantitative agreement with the experimental data.
Numbers in gray boxes indicate the concentration of AhTc used to induce protein expression. (C) Mathematical model trained on WbdA and WbdD titration
data predicts the wild-type O9a OPS distribution. (D) Variance as a function of mean OPS length for each of the OPS length distributions shown in A and B.
Solid lines are second-order polynomial trendlines for each titration series.
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behavior, WbdA catalyzes chain elongation with a mechanism
that is distributive rather than processive (11), indicating that the
nascent polymer can in fact dissociate and rebind the biosynthesis
complex, at least in an in vitro scenario with a synthetic acceptor.
Based on the non-Poissonian distribution and distributive nature
of the polymerization process, we conclude that a pure molecular
clock cannot produce the modal OPS distributions measured here
for E. coli O9a.

Dimensions of Protein Complex Suggest a Geometric Model. A
crystal structure of a 63-kDa fragment of WbdD, comprising
residues 1–556 (of a total 708) revealed that the protein tri-
merizes around a three-helix bundle. This bundle contains the
coiled-coil motifs from the WbdD C-terminal domain (14). This
region also mediates interaction with WbdA (17). The WbdD-
trimer is a triangular-based pyramid with sides of ∼10 nm. When
bound by one or more WbdA proteins (91 kDa), the size of the
complex may be comparable to the length of the OPS chain:
12–21nm corresponds to 8–14 O repeats. [Based on estimates of
carbohydrate length made using the GLYCAM carbohydrate
builder: Woods Group (2005–2013) GLYCAM Web. Complex
Carbohydrate Research Center, University of Georgia, Athens,
GA, www.glycam.com.]
It is therefore feasible that the length of the polysaccharide is

determined by measurement against a physical dimension of the
biosynthetic complex.

Formulation of a Variable Geometry Model. To summarize our ex-
perimental results, the average length of molecules increases with
the concentration of WbdA and decreases with the concentration
of WbdD. This enzyme-concentration dependence suggests that
the mechanism of length determination involves protein complexes
in dynamic equilibrium. However, earlier theoretical work has
shown that enzyme kinetic models that do not have chain-length
dependence in either elongation or termination rates cannot
generate modal chain-length distributions (19). The measurement
of OPS chains against a physical dimension of a WbdA–WbdD
complex could provide a mechanism to generate modality, but in
this case the modal length cannot vary with enzyme concentration
unless the geometry of the complex also changes with enzyme
concentration. To reconcile both enzyme concentration depen-
dence and modality, we propose a mechanism by which alter-
ations in protein expression levels result in incomplete formation
of the WbdA–WbdD multienzyme complex. This then changes
the physical dimensions against which the OPS chain is mea-
sured. We refer to this as a variable geometry model.
We hypothesize that WbdD forms trimers in vivo. The nor-

mal WbdD:WbdA stoichiometry is unknown, but we assume for
simplicity that a single molecule of WbdA interacts with each
WbdD monomer (3:3). When protein expression levels are al-
tered, then A3D3 (i.e., WbdA3–WbdD3), A2D3, AD3, and D3
complexes exist in equilibrium with each other (Fig. 3A). The
A3D3, A2D3, and AD3 complexes each have different prefer-
ences for OPS substrate length. The fewer WbdA molecules
bound in the complex, the greater the propensity to terminate
shorter OPS chains.
To determine if the above model could quantitatively explain

our data we turned again to mathematical modeling. We first
constructed a kinetic model of the OPS polymerization process
(Fig. S3). This allowed us to calculate the OPS length distribu-
tion from the chain-length preference of a biosynthetic complex,
described in terms of termination probabilities for nascent polymers
of different lengths. We then modeled WbdA–WbdD complex
formation based on the idea that WbdA binds to preformed WbdD
trimers, and allowed each WbdA–WbdD complex to terminate
chains according to a geometric “length-measurement” model.
Protein complexes with different stoichiometries each have an in-
dependent chain-length preference. This allowed us to calculate
a predicted OPS distribution as a function of the concentrations of

WbdA and WbdD. Finally, we optimized the model parameters to
fit the experimental data to explore how well a variable stoichi-
ometry model could quantitatively reproduce the experimental
data. Full details are provided in SI Text.
The model of OPS polymerization is based on the following

assumptions: (i) OPS size distribution is independent of time. (ii)
OPS termination is irreversible and precedes export. (iii) Elon-
gation and termination rates are independent of time but depend
on nascent polymer length, and (iv) Export and degradation of
polymers are independent of polymer length and time. There is
currently no evidence for actual degradation of OPS molecules;
however, the degradation terms in our model also incorporate
dilution of OPS on the outer membrane due to cell growth.
Under these assumptions, it can be shown (SI Text) that the
distribution of terminated OPS lengths is given by

Γi = ~qi∏
i−1

j=1

�
1− ~qj

�
; [1]

where ~qi is the probability of terminating a nascent polymer of
length i, given that such a nascent polymer exists.
We assume that the OPS is anchored in such a way that there

is a negligible probability of terminating an OPS before the na-
scent chain has grown long enough to reach the termination site,
and that once it is long enough it can be terminated. In terms of
termination probability as a function of chain length, the sim-
plest formulation of this would be as a step function that changes
from zero to 1 at the cutoff length. We expect, however, that the
enzyme complex will be less precise than this due to stochastic
polymer bending, semiprocessive interactions with the poly-
merase, or possible shape changes of the protein complex itself.
Consequently, we model the termination probability using a sig-
moidal function (Fig. S4),

~qi =
λ

1+ e−θði−lÞ
: [2]

The chain length preference is determined here by three pa-
rameters: l, the “length;” θ, the “precision;” and λ, the maximal
probability of termination. We model the termination probability
functions for the different complexes A3D3, A2D3, and AD3
using sigmoidal functions with different characteristic length
parameters lAD3 , lA2D3 , and lA3D3 .
Using mass-action kinetics, we also formulate a model of

WbdA–WbdD complex formation to allow determination of the
concentrations of each molecular species given initial total pro-
tein concentrations of WbdA and WbdD (SI Text, Fig. S5).
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k32
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B
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Partly obstructed
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Direct access
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Fig. 3. (A) Model for assembly of the WbdA–WbdD complex. Up to three
WbdA molecules (green) bind sequentially to a preformed WbdD trimer
(orange circles). (B) Hypothetical protein complex arrangement in which
binding of successive WbdA monomers progressively obstructs access to the
chain termination active site on WbdD.
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For this implementation, we assume that the stoichiometry of
WbdA:WbdD is 1:1 and that WbdD forms stable trimers in vivo.
More complex stoichiometries could be accommodated in this
model but without additional data there is no compelling reason
to do so. The essential element in this type of model is that
complexes with more molecules of WbdA bound tend to produce
longer OPS chains.
The overall termination probability for the combined pop-

ulation of WbdA–WbdD complexes is modeled as an arithmetic
combination of the three sigmoidal curves weighted in pro-
portion to the concentrations of each complex type. The result-
ing OPS distribution is then determined from the ensemble
termination probability using Eq. 1.

Parameter Optimization. We fit unconstrained model parameters
to the entire WbdA- and WbdD-titration data (details in SI Text
and Table S1). Unlike the molecular clock or simple geometric
model, our variable stoichiometry model captures both the con-
centration dependence and the modality of the OPS distribu-
tions. The fitted model is shown in Fig. 2 A–C.
As previously noted, the variance of the OPS length distribution

was much larger for the WbdD- than the WbdA-induction series
for long mean chain lengths (Fig. 2D). However, for a given set of
parameters, the model predicts a single chain-length distribution
for a given concentration of WbdA and WbdD. Therefore, we
found that the set of parameters described above was insufficient
to simultaneously fit the data from both experiments. A good fit
to these data was attained by introducing an extra parameter θ′,
which changes the precision of chain-length dependence in ter-
mination probabilities for A2D3 and A3D3 complexes in the
WbdD expression experiments. This parameter enables the model
to reproduce the variances observed in this set of data. Therefore,
with the exception of θ′, all other parameters were unchanged
between the two datasets.

Discussion
We have presented a model for chain-length regulation that is
able to accurately reproduce our experimentally measured OPS
length distributions. We now consider features of this successful
model to see if they can be interpreted in biologically meaningful
ways. One of the advantages of using mathematical modeling is
that assumptions are made explicit and can therefore be criti-
cally evaluated. Although our model contains the assumption
that WbdA- and WbdD-catalyzed reaction rates are indepen-
dent of time, we also examined the case in which reaction rates
do depend on time (i.e., the molecular clock) and found that
such a model cannot account for the OPS length distributions
we observe.
We also made the assumption that reaction probabilities de-

pend on the OPS chain length, which has previously been shown
to be essential for generating modal chain-length distributions
(19). We modeled this dependence using sigmoidal curves for
termination probability as a function of chain length, to mimic
a simple geometric termination mechanism. For a protein com-
plex to produce these curves, either or both of the reactions
(extension or termination) may depend on chain length. The
sharpness of transition from low to high termination probabilities
exhibited by each type of biosynthetic complex can be plausibly
explained if we hypothesize that the nonreducing terminus (i.e.,
the growing end) of the nascent OPS chain is constrained close
to the chain extension active site but further from the site of
chain termination. This may be accomplished by binding of the
nonreducing terminus at a specific binding site on the complex.
Alternatively, the undecaprenyl lipid anchor upon which the
OPS is assembled may be constrained within two dimensions by
association with the inner membrane.
To explain the enzyme-concentration dependence of the

chain-length distribution, WbdA–WbdD complexes that contain
fewer WbdA molecules must result in termination preferences

for shorter OPS chains. It is possible to conceive an arrangement
of the multienzyme complex such that binding of the second and
then third WbdA molecules progressively obstructs the shortest
through-space path to the OPS chain termination active site (Fig.
3B). Complexes with more molecules of WbdA bound would
have a higher probability of termination through a maximally or
partly obstructed path and would therefore tend to make longer
chains. Conversely, complexes with fewer molecules of WbdA
bound would allow direct access of the nascent polymer to the
chain termination active site on WbdD and therefore tend to
make shorter chains. It may be possible to verify or disprove
these hypotheses by obtaining 3D structural data on the WbdD–

WbdA multienzyme complex. As previously noted, the maximum
modal length in the WbdA-induction experiments did not in-
crease beyond the wild-type modal length, despite substantial
increases in WbdA concentration. In the context of our model,
this suggests that in the wild-type O9a, WbdD trimers are satu-
rated with WbdA and consequently terminate O polysaccharides
via a maximally obstructed path. In this scenario, further in-
creases in WbdA concentration in our experiments simply in-
crease the amount of WbdA in the cytoplasm and have very little
effect on the relative concentrations of WbdA–WbdD complexes
(Fig. S6), and the OPS modal length is determined by the ge-
ometry of the WbdA-saturated complex.
It was necessary to introduce an additional parameter to

quantitatively reproduce the chain-length distributions in the
WbdD titration series. After fitting this extra parameter, the
termination probabilities curves for the A3D3, and A2D3, com-
plexes were flatter than the equivalent complexes in the WbdA
induction series. What might this extra parameter represent,
biologically? One feature of the mutant strain in which these
particular measurements were made is that the chromosome
encodes a catalytically inactive fragment of WbdD (WbdD*),
which is sufficient for membrane localization of WbdA (17). It
seems plausible that when low levels of full-length WbdD were
expressed from the plasmid, a number of the biosynthetic WbdA–
WbdD complexes contained one or more WbdD* molecules. Such
complexes therefore contain a subunit that is not capable of chain
termination, which would result in generation of longer chains on
average. This idea fits well with the flatter termination probability
curves for A3D3, and A2D3 complexes that were required for
model fitting.
In summary, we have formulated a model to explain the mo-

lecular mechanism of chain-length control in OPS biosynthesis in
E. coli O9a. We have shown that a molecular clock cannot ac-
count for observed chain-length distributions and that a pure
geometric molecular ruler model cannot account for OPS length
distributions that depend on enzyme concentration. Instead, our
variable geometry model suggests that OPS chain length is de-
termined by the spatial separation between the undecaprenyl
lipid anchor binding point and the chain termination active site.
The model suggests that incomplete formation of the multien-
zyme complex allows alternative (shorter) pathways for the na-
scent OPS chains to wrap around the complex and reach the
termination site. This allows the generation of modal OPS dis-
tributions that depend on enzyme concentration.
The wbdD and wbdA coding sequences are adjacent on the

E. coli O9a chromosome, and are probably expressed from the
same upstream promoter on a single transcript. Furthermore, to
the extent that it has been tested, the OPS length in wild-type
E. coli O9a is unaffected by growth phase, medium composition,
temperature, or any other environmental conditions. There is
therefore no reason to suppose that differential control of WbdD
or WbdA protein expression levels is a mechanism that these
bacteria use to modulate OPS length. Rather, it seems that the
enzyme concentration dependence is an artifact of genetic ma-
nipulation. Nevertheless, these phenomena must be explained by
any successful model of the system. Our model incorporates all
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current data on this system and suggests several hypotheses
which will be testable using structural biology.
The ABC transporter-dependent polysaccharide biosynthesis

pathway is widely distributed in prokaryotes. It is not known what
proportion of these pathways features a nonreducing terminal
modification as in E. coliO9a. Whereas some definitely lack such
terminal modifications, e.g., K. pneumoniae O2a (27), a number
of different terminal modifications have been described among
O polysaccharides and S-layer glycans of various bacterial spe-
cies (reviewed in ref. 28). Because terminal modifications are
often missed in polysaccharide structural studies, which tend to
focus on the repeating units, this class of polymer is potentially
more common than the current databases would suggest.
Therefore, our model for OPS chain-length regulation in E. coli
O9a has implications beyond this species and may describe the
mechanisms for chain-length regulation in many biologically
important polysaccharides. More generally we have introduced
a new concept to the field of length control in template-
independent polymerization, to explain how the length of carbo-
hydrate polymers can be tightly controlled by a geometric mea-
surement mechanism while remaining sensitive to the concentration
of the biosynthetic enzymes involved through the formation of
multisubunit complexes with variable stoichiometry.
The variable geometry model is not necessarily applicable to

other types of polysaccharide biosynthesis system, for example,
polymerase (Wzy)-dependent O polysaccharide biosynthesis,
which lacks an analogous chain-termination reaction. However,
in the process of modeling the E. coli O9a system we drew two
conclusions about the contexts in which the molecular ruler and
molecular clock mechanisms can be invoked that will be useful in
considering length regulation in general. First, a molecular ruler
mechanism cannot regulate length in a manner that depends on
biosynthetic enzyme concentrations. Second, a molecular clock

mechanism cannot give rise to polymer length distributions that
are less diffuse than a Poisson distribution. These conclusions
are generally applicable, regardless of the polymer or bio-
synthetic machinery, and to our knowledge have not been
clearly stated before.

Materials and Methods
Strains, Plasmids and Culture Conditions. C-terminally His10-tagged WbdA
(WbdA-His10) and N-terminally His6-tagged WbdD (His6-WbdD) were ex-
pressed from tetracycline-inducible promoters using 0.1–100 ng·mL−1 of the
tetracycline analog AhTc. Further details are given in SI Text and Table S2.

Measurement of OPS Length Distributions. The measurement procedure is
described fully in SI Text and Fig. S7. Briefly, whole bacterial cells were
radiolabeled by growth in 5 mL of low-phosphate medium containing H3
32PO4 (Perkin-Elmer). After incubation at 37 °C with shaking for 6–8 h, cells
were harvested. LPS was prepared using a modification of the method of Yi
and Hackett (29), in which all other phosphate-containing macromolecules
are removed or destroyed by extraction with TRIzol reagent (Invitrogen) and
chloroform, followed by nuclease and proteinase digestions. LPS was ana-
lyzed by tricine SDS/PAGE analysis in 80-mm-long resolving gels. Gels were
dried and analyzed with a phosphorimager (Bio-Rad Personal Molecular
Imager FX). Because the number of phosphates in each LPS molecule is in-
dependent of OPS chain length, the intensity of LPS bands bears a linear
relationship with the number of molecules of that size. Despite extensive
SDS/PAGE optimization, not all LPS bands could be perfectly resolved.
Therefore, densitometry was aided by use of the Multipeak fitting 2 package
in Igor Pro-6.21 (WaveMetrics).

Mathematical Modeling. Mathematical Modeling is described in SI Text.
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