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Polysaccharides are ubiquitously distributed on the cell

surface of bacteria. These polymers are involved inmany

processes, including immune avoidance and bacteria–

host interactions, which are especially important for

pathogenic organisms. In many instances, the lengths

of these polysaccharides are not random, but rather

distribute around some mean value, termed the modal

length. A large family of proteins, called polysaccharide

co-polymerases (PCPs), found in both Gram-negative

and Gram-positive species regulate polysaccharide

modal length. Recent crystal structures of Wzz proteins

from Escherichia coli and Salmonella typhimurium pro-

vide the first atomic-resolution information for one

family of PCPs, the PCP1 group. These crystal structures

have important implications for the structures of other

PCP families.

Wzy-dependent polysaccharide biosynthesis

The cell surface polysaccharides produced by bacteria

affect the interactions with their environment and, in

pathogenic bacteria, contribute to immune avoidance

and host–pathogen interactions. The biosynthesis of many

lipopolysaccharide (LPS) O-antigens (Oags), enterobacter-

ial common antigen (ECA) and some capsule polysacchar-

ides (CPSs) in Gram-negative and Gram-positive bacteria

occurs by a mechanism known as the Wzy polymerase-

dependent pathway [1–4]. The process relies on a putative,

multifunctional protein complex involving homologues of

the inner membrane proteins Wzx, Wzy and Wzz [5].

Undecaprenol pyrophosphate-linked sugar repeat units

are synthesized in the cytoplasm and flipped to the peri-

plasmic (or external) side of the inner membrane by the

flippase Wzx. The repeat units are assembled in the peri-

plasm into long chains by a poorly understood mechanism

involving the polymerase Wzy. The polysaccharide chain

grows at the reducing end and, once complete, it can be

attached to an anchor, such as lipid A-core in the case of

LPS Oag biosynthesis, by the ligase WaaL. The synthes-

ized polysaccharides are not uniform in length but, rather,

their lengths show a distribution that is a characteristic of

the particular bacterial species. The polysaccharide is then

transported to the outer leaflet of the outer membrane in a

manner that is dependent on the type of polysaccharide

being made. The length distribution is associated with the

presence of a Wzz protein and shows a maximum of a

certain number of repeat units (modal distribution) as

determined by the specific Wzz protein. The mechanism

by which Wzz proteins impact the polymerization process

is unknown. In the absence of Wzz, polysaccharide chain

lengths show a stochastic distribution, decreasing in

quantity as the chain grows longer, characteristic of a

competition between elongation and transfer to an accep-

tor.

Regulation of surface polysaccharide length is an

important adaptation that leads to optimal survival and

virulence of pathogens [6–8]. During LPS Oag biosyn-

thesis, Wzz proteins control Oag modal length distribution

through two proposed mechanisms: as amolecular timer of

Oag polymerization [9] or in an organizational manner to

determine the crucial ratio of the polymerase Wzy to the

Oag ligase WaaL [10]. Much of the work aimed at un-

derstanding the mechanism behind Wzz-mediated chain

length regulation has come from mutagenesis and genetic

studies, which revealed that chainmodal length regulation

is a property of the entire protein [10–17]. In agreement

with secondary structure predictions, genetic and bio-

chemical analyses have shown thatWzz is largely a-helical

in structure and is likely to function as an oligomer

[9,12,18,19]. These approaches have been limited in giving

insight into the molecular mechanism involved in poly-

saccharide chain modal length control. The recent struc-

ture determination of several Wzz proteins has provided a

structural basis for the interpretation of these obser-

vations. In light of these exciting new data, the purpose

of this communication is to review the sequence-structure

relationships of PCP1 proteins in more detail and to draw

some comparisons with other members of the PCP family.

We also propose a model to explain how Wzz proteins

function in polysaccharide biosynthesis.

PCP proteins

A large number of proteins, in addition to Wzz, can influ-

ence the length and/or export of polysaccharides. These

have been named PCPs (for polysaccharide co-poly-

merases) and are further distinguished by their common

membrane topology: nearly all harbor transmembrane
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helices near the N (TM1) and the C (TM2) termini, a

periplasmic a-helical domain containing a predicted

coiled-coil region and limited conserved sequence motifs

including a Pro–Gly-rich segment overlapping TM2 [20].

Residues within this latter segment have been shown to be

essential for function. These proteins have been subdivided

into three groups (PCP1, PCP2 and PCP3) based on the

chemical nature of the polysaccharide, their association

with a Wzy-dependent or ATP-binding cassette (ABC)

transporter-dependent pathway and, finally, by the pre-

sence or absence of an additional cytoplasmic domain. The

PCP1 and PCP2 proteins participate in the Wzy-depend-

ent pathway of polysaccharide biosynthesis, whereas the

PCP3 proteins are involved in CPS biosynthesis via an

ABC-2 type transporter pathway (for a review, see Ref. [4]).

Additionally, the PCP1 group is divided into PCP1a and

PCP1b, distinguishing the WzzB proteins (PCP1a) that

operate on Oag from the WzzE proteins (PCP1b) that

regulate the length of ECA [1]. The most striking effects

on polysaccharide length have been visualized for the

PCP1a proteins in Oag biosynthesis because Oag ladders

can be resolved by sodium dodecyl sulfate–polyacrylamide

gel electrophoresis (SDS–PAGE) such that the number of

individual sugar repeat units can be counted, thus,

enabling subtle differences in the degree of polymerization

to be distinguished [7]. By contrast, the PCP2 and PCP3

proteins influence large molecular weight capsular poly-

saccharides and exopolysaccharides that currently cannot

be resolved to the same level of clarity. PCP2 proteins are

further divided into the PCP2a subgroup of proteins from

Gram-negative bacteria and the PCP2b subgroup of

proteins from Gram-positive bacteria [20].

Despite many efforts, limited structural data have been

available for PCPs, slowing our efforts to rationalize the

genetic data and to define a precise role for these proteins

in polysaccharide biosynthesis. Wzc, a PCP2 protein

required for high molecular weight capsule production in

Escherichia coli, was the first PCP protein to be structu-

rally characterized, with a 14 Å resolution reconstruction

obtained by electron microscopy [21]. This result consti-

tuted a major advance in the field and, although the

assignment of sequence to specific parts of the structure

was not possible at this resolution, the image reconstruc-

tion showed the overall shape of the molecule and con-

firmed that it forms oligomers. Additionally, the recently

published structure of Wzc in complex with the outer

membrane proteinWza determined by electronmicroscopy

shows, for the first time, the participation of a PCP protein

in a periplasmic-spanning bridge [22].

In an exciting breakthrough, the first crystal structures

of multiple PCP1 family members have been reported [23].

The presence of TM regions has been a major hindrance in

obtaining high-resolution structural data for PCP proteins

and has necessitated the use of detergents to solubilize

these proteins from the inner membrane during purifi-

cation, and for their crystallization. Although the periplas-

mic domains are expected to be the dominant functional

regions of PCPs, a functional activity for the C-terminal

cytoplasmic region of a PCP2b protein has been demon-

strated [24] and, therefore, these segments might also be

important for the activity of other PCPs. The periplasmic

domains of several PCP1s crystallized readily, resulting in

structures for the periplasmic regions of FepE (E. coli

O157:H7), WzzBST (S. typhimurium) and WzzE (E. coli

O157:H7) and a low-resolution crystal structure for

WzzBEC (E. coli). In addition, electron microscopy of nega-

tively stained, purified, full-length WzzE showed that the

dimensions of the reconstructed molecule correlated extre-

mely well with the oligomers observed in the crystal struc-

ture of the soluble periplasmic domain alone, confirming

that these oligomers represent an accurate picture of the

full-length protein. These PCP1 proteins regulate either

Oag chain length (FepE and WzzBST) or ECA chain length

(WzzE).

Crystal structures of PCP1 proteins

The structures of the periplasmic domains of the three

different PCP1 protomers reveal that, despite their limited

sequence identity (21–27%), they all adopt a similar fold

that can be divided structurally into two domains, an a-b

base domain and a protruding a helical hairpin domain

[23] (Figure 1a). The a-b base domain comprises the N-

terminal part of the periplasmic region and is located at the

bottom of the protomer close to the membrane. A single b-

strand at the C terminus, just before the second TM helix,

contributes to the b-sheet within the base domain. A group

of conserved, hydrophobic residues interact to stabilize this

region with contacts between a6 and a2 [23]. In the FepE

and WzzE oligomers, helices a4 and a5 in the base domain

are surface-exposed and protrude outwards, creating what

looks like the rim of a bell (Figure 1a,b). The exposed loop

between helices a4 and a5 is highly charged in FepE (seven

residues) and is less charged, yet still polar in nature, in

WzzE. The beginning of a6 is also partially surface-acces-

sible at the base of the oligomer (Figure 1b). WzzBST shows

a more compact base domain relative to FepE and WzzE,

having a shorter, less protruding connection between helix

a2 and strand b2. This occurs because WzzBST lacks

helices a4 and a5 and possesses a single helix in place

of a2 and a3 [23] (Figure 1a). However, this shortened

connection in WzzBST is also highly charged, similarly to

that in FepE (Figure 1a).

The base domain is expected to participate in inter-

actions with other Oag or ECA biosynthesis proteins

located in the membrane, including Wzy and Wzx [23].

Currently, genetic evidence but no direct physical evidence

supports the existence of such interactions [5]. It is possible

that these exposed regions in the base domain have a role

in putative interactions with these other proteins. The role

of the charged, polar region between a4–a5 in FepE and

WzzE or just before b2 inWzzBST is unknown, but could be

important in mediating such interactions. Alternatively,

the close proximity of charged residues to the inner mem-

brane enables these residues to interact with lipid head

groups, anchoring the oligomer at the membrane surface

[23]. Interestingly, the conserved Pro residue located at the

end of b4 was observed in a cis configuration, which might

be important for properly orienting the periplasmic

domain with respect to the membrane.

The second structural domain consists of the long a-

helical hairpin that protrudes into the periplasm. The a-

helical hairpin comprises a �19 turn helix, a6, which
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extends �100 Å away from the membrane and is com-

pleted by two additional helices, a7 and a8, which fold

back down towards the membrane (Figure 1a). These a-

helices together adopt a slight right-handed twist

(Figure 1b). A group of conserved, hydrophobic residues

at either end of the membrane distal loop connecting the a-

helical regions interact to stabilize the hairpin in an anti-

parallel coiled-coil structure involving a6 and a7 [23]. The

distal loop and the following helix are disordered in the

structures of WzzE and WzzBST but, in FepE, the majority

of the distal loop was structurally resolved and shown to lie

within the top of the bell in the oligomer, resembling an

internal plug. Interestingly, the well-ordered part of the

distal loop lies flush with the top of the bell except for two

lysine sidechains in FepE, Lys253 and Lys254, which

protrude upwards creating a ring of positive charge at

the top of the bell (Figure 1b). This feature of protruding

charged residues at the top of the oligomermight also occur

in WzzBEC and WzzE, which have either a lysine (Lys214)

or an arginine (Arg242), respectively, in the same position

as the second lysine in FepE. WzzBST has a polar, con-

served glutamine (Gln214) in this position; however, a

lysine residue (Lys211) is found nearby. The structure of

the C-terminal region of the periplasmic domain is highly

conserved between all three crystal structures and each

shows a propensity to reach at least 90 Å into the peri-

plasm [23]. We speculate that the top of the oligomer has a

functional role andmight participate in interactions with a

partner in the outer membrane, much like the periplasmic

contacts between Wzc and Wza [22].

The N-terminal end of the periplasmic segment has a

well-conserved central three-stranded b-sheet, whereas

the a-helices vary in number and length. These differ-

ences are in the periphery of the domain and do not

impact the overall fold, because the FepE, WzzE and

WzzBST protomers exhibit a high degree of similarity

in their a-b base domain [23]. However, differences in

the a-b domains impact on oligomerization because it has

been observed that the N-terminal a-b domain has an

important role in the inter-subunit interactions observed

in the crystal structure, especially for WzzBST, where

there are almost no interactions between the tops of

the protomers [23].

Structural predictions for other PCP subfamilies

To explore wider structural similarities within the PCP

family [20], we have used secondary structure predictions

(Figure 2) to analyze representatives of each subfamily and

compare them with the atomic resolution structures of

PCP1 proteins (Figure 1). E. coli K-12 Wzc and Sinorhi-

zobiummelilotiExoPwere chosen as representatives of the

PCP2a subfamily.We have also analyzed CpsC fromStrep-

tococcus pneumoniae as a member of the PCP2b subfamily

and KpsE from E. coli as the representative of the PCP3

subfamily.

Independent secondary structure predictions for FepE,

WzzE and WzzBST closely match the actual crystal struc-

tures (data not shown). Likewise, the predicted secondary

structures of several other PCP1 proteins, including

WzzpHS2 [17,25] (62% identity to FepE) and WzzBSF (S.

flexneri wzz [10]; 72% identity to WzzBST), correlate well

with the FepE and WzzBST crystal structures (Figure 2).

These results increased our confidence that the predictions

for other PCP members would enable us to infer mean-

ingful comparisons of their secondary structural features

to members of the PCP1 subfamily and, in particular, to

Figure 1. Different views of the atomic structures of two PCP1 proteins. The 3D

structure determination has revealed that the periplasmic regions of the PCP1

proteins FepE and WzzBST exist as nonameric and pentameric rings, respectively.

The TM1 and TM2 regions at the N and C termini that anchor these PCPs into the

bacterial cytoplasmic membrane are absent from the structures. (a) Protomers of

FepE and WzzBST side by side illustrating structural differences within the a-b

domain. The FepE protomer is colored red (a helices), yellow (b strands) and green

(loops), whereas the WzzB protomer is colored cyan (a helices), magenta (b

strands) and orange (loops). The structure of the charged loop in FepE is not

resolved and is indicated by a dashed line. (b) Structure of the FepE a-b oligomer

with one protomer shown in color [as in part (a)] and the remaining ones in gray.

The lysine ring at the top of the protein is shown in magenta.
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discover regions that are structurally conserved across the

entire PCP family.

The structure of the related PCP2a protein, Wzc fromE.

coliK30, has been determined at low resolution (�14 Å) by

cryo- electron microscopy (CEM) [21], enabling us to make

some comparisons with theWzz structures.Wzc is an inner

membrane protein that is required in E. coli for the bio-

synthesis of high molecular weight group 1 polysacchar-

ides in a process coupled to export via contacts with the

OMPWza [4]. Single particle averaging ofWzc, phosphory-

lated on the cytoplasmic domain, from CEM images

indicate that it forms a tetramer, with contacts between

the periplasmic domains forming a nearly sealed chamber

above the inner membrane [4]. Unlike Wzz proteins, Wzc

has a cytoplasmic C-terminal domain with tyrosine kinase

activity and an ATP-binding motif [26,27]. A structurally

important difference betweenWzc andWzz proteins is that

Wzz protrudes �100 Å into the periplasm [23], whereas

Wzc seems to protrude, at most, 45 Å into the periplasm

[21,22] despite its longer periplasmic domain of 376 resi-

dues, compared with the 277 residues of the FepE peri-

plasmic domain. The size of the Wzc periplasmic domain is

sufficient, however, to form a periplasm-spanning complex

with Wza, a protein that reaches down into the periplasm

�100 Å from the outermembrane [22,28]. Secondary struc-

ture predictions for the Wzc periplasmic domain indicate

the presence of b-strands at similar topological locations as

in Wzz proteins: b1 at the N-terminal end of the periplas-

mic region distal to TM1, a b2–b3 hairpin followed by four

long helices and, finally, b4 at theC terminus of this region,

proximal to TM2. However, between b2 and b3, several

additional b-strands are predicted (albeit with low cer-

tainty). It is, therefore, possible that Wzc has a more

extended b-sheet within the core of the base domain.

The long helices that correspond topologically to the

extended helical domain in Wzz proteins are predicted

to be <60 residues long in Wzc, in comparison with the

�70 residue-long helix a6 in FepE. Despite very low

sequence identity between the Wzc and Wzz proteins, it

seems thatWzc folds in a somewhat similarmanner to that

of Wzz, with an elongated a-helical domain and a compact

base domain, possibly having a more extended b-sheet

within its core. If this is the case, we would expect that

the a-helices in the Wzc periplasmic domain are highly

inclined towards the membrane because the length of the

longest helix, �75 Å, is much greater than the 45 Å dis-

tance that Wzc projects into the periplasm, based on CEM

analyses [21,22].

ExoP, which is involved in the production of high mol-

ecular weight exopolysaccharides, is classified as a PCP2a

protein [29,30]. This protein contains a C-terminal domain

with tyrosine kinase activity, showing clear sequence sim-

ilarity to the analogous domain in Wzc. In both cases,

secondary structure predictions indicate the presence of

at least four b-strands interspersed with a-helices. The

first and last b-strands are near the N and C termini of the

periplasmic segment, with the overall topology indicating a

fold similar to the base domain of PCP1 proteins. After

strand b3, there are four long helices, with the last one

being �90 residues long. The helical domain might, there-

fore, differ somewhat from that found in PCP1 proteins.

The four helices could form an up-and-down four helix

bundle, with the longest helix measuring �125 Å. Another

difference with the PCP1 group is the very short predicted

connections between these helices compared with the long,

flexible loops in PCP1 proteins.

Figure 2. Secondary structure of PCP proteins in comparison to known PCP1 structures. Schematic comparison of the predicted secondary structures of selected PCP

proteins with the actual secondary structures of the PCP1 proteins FepE, WzzE and WzzBST. Complete ORFs (open reading frames) were submitted to the Predict Protein

server (http://www.predictprotein.org/) and the output from PHDhtm (Predict transmembrane) and PROF (Predict secondary structure) used to predict TM regions and

secondary structure features, respectively. Manual adjustment was used where needed to align secondary structure features that were predicted with <80% probability. The

structures of WzzE, FepE and WzzBST (boxed) are known; the depicted secondary structures are based on these crystal structures [23]. Secondary structure color code:

length of protein, black line; TM, black rectangle; TM-associated region in KpsE, grey rectangle; b strands, blue; a helices, red; regions not resolved in crystal structures,

green. All proteins are shown in their entirety except for ExoP and Wzc, where only the N-terminal periplasmic domain is shown and the C-terminal tyrosine kinase domain

is indicated by a dashed line. National Centre for Biotechnology Information (NCBI) accession numbers and lengths of each protein are as follows: Wzc, P76387, 450 aa (N-

terminal periplasmic domain only); ExoP AAA160042, 489 aa (N-terminal periplasmic domain only); CpsC AF094575, 231 aa; WzzE, P0AG01 349 aa; WzzBST QO4866, 327 aa;

FepE, NP_286314, 377 aa; WzzBSF P37792, 325 aa; WzzpHS2, EU220028, 369 aa; KpsE, P62586, 382 aa.
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CpsC, a member of the PCP2b subgroup, is associated

with CPS biosynthesis in Streptococcus pneumoniae

[31,32]. In contrast to Wzc, the CpsC domain located

between the two TMs is much shorter, a feature that

can be attributed to its lack of a predicted, extended a-

helical domain at the C-terminal end of the molecule

(Figure 2). Predictions for CpsC clearly reveal four b-

strands, with several short helices between strands b1

and b2. Instead of several long a-helices forming a hairpin

after strand b3, CpsC contains one short a-helix followed

by strand b4. Therefore, the arrangement of secondary

structure elements indicates that CpsC has a fold similar

to the base domain of PCP1 proteins, with a rather short a-

helical hairpin instead of the long a-helical domain of

PCP1s. CpsC is found in Gram-positive organisms that

do not face the challenge of exporting polysaccharides

across a second membrane, perhaps accounting for its lack

of a domain protruding far from the membrane, as pre-

viously noted [20,33].

PCP2a and PCP2b proteins either harbor or enhance

tyrosine kinase activity, respectively. Because PCP2-

mediated phosphorylation is known to be involved in other

cellular functions, including polymyxin resistance and

phosphorylation of phage integrase single-stranded

DNA-binding (SSB) proteins and sigma factors (i.e. func-

tions different from polysaccharide synthesis), the tyrosine

kinases of the two classes of PCPs have been classified

within the bacterial protein tyrosine (BY)-kinase family

[34].

Recently, structural information has become available

for two BY-kinases, the cytoplasmic domain of the Wzc

homologue Etk, from E. coli [35] and Staphylococcus aur-

eus CapA–CapB [36]. CapA, homologous to CpsC, belongs

to the PCP2b family and is associated, rather than fused,

with the BY-kinase CapB (homologous to S. pneumoniae

CpsD). CapA shares 33% sequence identity with the

kinase domain of E. coli Wzc across its entire cytoplasmic

domain (residues 452–721) and 27% sequence identity to

the Wzc middle region (residues 340–470) that includes

the second TM helix. In determining the 3D structure of

CapB, the 29 C-terminal residues of CapA were fused to

the CapB N terminus, generating a construct that corre-

sponds to the entire cytoplasmic domain of E. coli Wzc

(residues 452–721). In the crystal, the Etk kinase domains

pack as linear chains; however, the unphosphorylated

formof theCapAB fusion protein assembles into octameric

rings with a large, 50 Å hole in the center, with the kinase

active site located on the external side of the ring [36]. The

C-terminal segment from CapA is part of the substrate-

binding site and so complex formation between CapA and

CapB is required for CapB enzymatic activity. The sig-

nificant sequence identity between CapB and the Wzc

cytoplasmic domain indicates that the octameric form of

unphosphorylated CapB and the tetrameric form of phos-

phorylated Wzc [21,22] might represent two different

functional states of PCP2 molecules. Like CapB, the

Wzc periplasmic domain could also initially associate into

octamers, which would correspond well to the octameric

structure of Wza [37] and, upon auto-phosphorylation,

partially dissociate to the tetrameric form [21,22].

The self-association of the CapAB fusion protein into a

large ring structure corroborates well with the observed

ring-like structures of PCP1 proteins [23].

The third group within the PCP family, the PCP3

proteins, is represented here by KpsE. The PCP3 family

is associated with capsule biosynthesis using the ABC-2

type transporter biosynthesis pathway. KpsE is part of a

protein complex responsible for group 2 capsule biosyn-

thesis inE. coli [4,38]. Two TMhelices are predicted within

this 382 residue-long protein that contains a�310 residue-

long periplasmic region. The second predicted TM contains

a lysine residue in its C-terminal half and was shown to be

associated with the periplasmic face of the inner mem-

brane rather than traversing the membrane [39]. Second-

ary structure predictions for KpsE reveal that it also shows

similarities to the crystal structures of the PCP1 group,

having four b-strands with similar topology to the PCP1

base domain. Four long a-helices follow strand b3, prob-

ably forming a domain similar to the a-helical hairpin of

PCP1 proteins.

Overall, the striking conservation of secondary struc-

ture topology of the PCP proteins indicates that, despite

their different lengths, all PCPs adopt similar protomer

folds, supporting our previous hypothesis that the struc-

tures of FepE, WzzE and WzzB are representative of other

PCPs [23]. In particular, the four (or more)-stranded b-

sheet forming the central feature of the base domain is

predicted in all of these proteins. With the exception of

CpsC, all other sequences show the presence of an

extended region containing long a-helical hairpins in the

C-terminal half of the periplasmic segment that, like in

PCP1s, are located between strands b3 and b4. In the

PCP1 crystal structures, the b-strands from each end of the

periplasmic domain have a key role in defining the tertiary

structure by contributing to a single b-sheet, bringing the

N and C termini and, presumably, the TM segments in

close proximity to each other.

Current model for Wzy-dependent Oag biosynthesis

The recent structural data obtained for Wzz proteins have

prompted the proposal of a new model for Wzy-dependent

Oag biosynthesis [23]. In this model, aWzz oligomer serves

as a scaffold for Wzy molecules to facilitate Oag polymer-

ization by a mechanism involving the transfer of the

growing chain from one Wzy molecule to the next

(Figure 3). Different modal lengths would result from

the different Wzz protein oligomer sizes, which in turn

would determine the number of neighboring Wzy mol-

ecules available for continuing polymerization. One of

the many unanswered questions pertinent to the model

is whether Wzz interacts directly with Oag to regulate

chain length. In vitro studies have shown an interaction

between Oag with Wzz, as determined by changes in Wzz

circular dichroism spectra interpreted as conformational

changes in Wzz in the presence of Oag [17]. The structure,

however, does not provide an obvious oligosaccharide-bind-

ing site for this interaction to occur and, furthermore,

PCP1a proteins lack specificity for Oag structure [11,40],

thereby making the existence of specific binding inter-

actions uncertain. The long length of the periplasmic a-

helical hairpin makes it tempting to speculate that, in

addition to its putative role in coordinatingWzymolecules,
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Wzz couples Oag polymerization to export via contact with

an outer membrane protein, as is the case for Wzc–Wza

[22].

Concluding remarks and future perspectives

The Wzz proteins provide a striking example of how a

common structural template can control the synthesis or

length of different polymers, while at the same time

promote differences in protein quaternary structure. These

PCP1 structures shed a broad light on the entire PCP

family, revealing, to a large extent, a similar structural

framework in other PCPs. The nature of oligomerization in

other PCP families and the functional importance of oli-

gomer formation are key questions that will require

further work (Box 1). The crystallization ofWzz constitutes

a major advance towards our goal of understanding Wzy-

dependent polysaccharide biosynthesis; indeed, it opens

the doorway for functional analyses and structure deter-

mination of rationally designed mutants. Further progress

in our understanding of the mode of action of PCPs will

require assignment of functional roles to different parts of

the PCP protomer structure. The biosynthesis of cell sur-

face polysaccharides that involves proteins from the PCP2

group awaits the structure determination of at least one

representative member. The relationship between the

phosphorylation state of the cytoplasmic tyrosine kinase

domain, oligomer conformation and, in the case of PCP2a

proteins, the interaction of their periplasm regions with

outer membrane proteins (e.g. Wza) also need to be

explored using structure determination. In addition, the

spatial relationship between PCPs, polysaccharide poly-

merases, lipid A ligases, flippases and other biosynthesis

proteins awaits resolution.
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