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1. ABSTRACT

The O antigen is the most surface-exposed
component of the lipopolysaccharide (LPS) molecule and
its biogenesis involves severa complex mechanisms not
completely well understood. All of these mechanisms
involve biochemical reactions that occur on the
cytoplasmic side of the plasma membrane as well as
severa different trandocation pathways that deliver the
nascent O antigens in a glycolipid form to the periplasmic
side of the plasma membrane. This article discusses our
current understanding of the mechanisms operating in the
biogenesis of the O-specific LPS.

2. INTRODUCTION

LPS, a major component of the outer leaflet of
outer membranes in Gram-negative bacteria (1), consists of
lipid A, core oligosaccharide (OS), and in some
microorganisms, O-specific polysaccharide (or O antigen)
that is made of repeating OS subunits (1, 2). Lipid A, the
most hydrophobic portion of LPS, is embedded in the lipid
bilayer of the outer membrane. Lipid A is made of a b-1,6-
linked glucosamine disaccharide, which becomes
phosphorylated and acylated with a variable number of
fatty and hydroxyfatty acid chains (3). The core OS can be
subdivided into inner and outer core domains. The outer
core usually consists of hexoses and hexosamines while the
inner core is, depending on the particular species,
composed of one to three residues of 3-deoxy-D-manno-
octulosonic acid, and two or three residues of L-glycero-D-
manno-heptose (4). LPS plays an important role in
maintaining the structural integrity of the bacterial outer
membrane by interacting with outer membrane proteins as
well as divalent cations (5, 6). Phosphate groups covalently
attached to heptose residues in the inner core participate in
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these ionic interactions, which provide a barrier preventing
the passage of hydrophobic substances such as detergents,
dyes, and antibiotics across the outer membrane (7, 8).

The biogenesis of LPS is a complex process
involving various steps that occur at the plasma membrane
followed by the trandocation of LPS molecules to the
bacterial cell surface. LPS biosynthesis involves a large
number of enzyme activities, governed by more than forty
genes (2-4, 9). The core OS is assembled on preformed
lipid A by sequential glycosyl transfer of monosaccharides,
while the O antigen is assembled on undecaprenol-
phosphate (Und-P), a polyisoprenoid lipid to which O
antigen is linked via a phosphodiester bond (2). These
pathways eventually converge by the liggtion of the O
antigen onto outer core domain of the lipid A-core OS
acceptor, with the concomitant release of Und-PP (2-4, 9,
10). Und-P is also required as a lipid intermediate for the
biosynthesis of other cell surface structures including
peptidoglycan and the enterobacterial common antigen (2,
10, 12).

The genes governing the synthesis of lipid A and
substrates for the assembly of the inner core components
(glycero-manno-heptose and ketodeoxyoctulosonic acid)
are scattered throughout the chromosome (2-4, 12-15). For
example, genes encoding enzymes involved in the ADP-
glycero-manno-heptose synthesis pathway such as gmhA
(12) and hldE (14) are located far apart from each other on
the chromosome. In marked contrast, the genes encoding
functions for the assembly of the outer core OS and the O-
specific polysaccharide are clustered (2, 4, 16). Mutations
in most core biosynthesis genes (waa, formerly rfa) (for a
discussion on the new LPS genes nomenclature see
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Figure 1. Mechanisms of biogenesis of O-specific LPS. The initiation reaction has conserved features in all mechanisms and
involves the formation of an Und-PP-linked sugar, usually an N-acetyl hexosamine like GIcNAc or a hexose like Gal (mediated
by proteins of the PNTP or PHTP families, respectively). This reaction takes place on the cytosolic face of the plasma membrane
where the nucleotide sugar precursors are available to the initiating enzyme. The phoshodiester bond linking the sugar with Und-
P is not shown in the figure. Note that number of transmembrane segments depicted in each protein is symbolic, only to indicate
their integral membrane nature. The three different intermediate steps in the export of O antigen are depicted. A, denotes the
steps involved in the Wzy/Wzx-dependent pathway, where the O repeating subunit is made on the cytosolic side of the plasma
membrane and then translocated across the membrane and polymerized at the periplasmic side of the membrane. The
glycosyltransferases that complete the formation of the O repeating subunit are depicted a peripheral membrane proteins that
mediate the glycosyltransfer of sugar residues using WecA or WhaP as a membrane scaffold. B, denotes the ABC transporter-
dependent pathway. In this case the formation and extension of the O-specific polysaccharide occurs in the cytosol and requires
the activity of WecA for initiation. The adaptor and chain terminator residues are indicated with different colors and shapes. The
polymer is translocated in an ATP-dependent manner by the Wzm/Wzt ABC-2 transporter. C, denotes the synthase-dependent
pathway that also requires the activity of WecA for initiation, as well as an adaptor molecule provided by the reaction catalyzed
by WbbE. The rest of the chain is extended by the synthase WhbbF, which has two domains, one of which is involved in the
vectorial secretion of the polymer to the periplasmic side of the plasma membrane. The ligation step is common to al three
elongation-trans ocation-polymerization pathways and involves the formation of a covalent glycosidic bond with a residue of the
outer core OS. This step is mediated by Waal. and results in the release of Und-PP. The lipid A-core OS acceptor molecule is
synthesized by and independent pathway and translocated to the periplasmic side of the plasma membrane by the MsbA
transporter. Transport requires ATP hydrolysis.
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Figure 2. Pardlels between O-specific LPS export in
bacteria and protein N-glycosylation in eukaryotes.
Schematic representation of the similarities between the
initial steps of protein glycosylation in eukaryotes and the
Wzy/Wzx-dependent export pathway for O-specific
polysaccharides in bacteria. In both cases the saccharide is
assembled at the cytosolic face of the plasma membrane
(bacteria) or the ER membrane (eukaryotes). Assembly
takes place onto Und-P (bacteria [green]) or Dol-P
(eukaryotes [blug]), both of which are polyisoprenol lipids.
In the case of bacteria the saccharide is the O repeating
subunit while in the case of eukaryotes the saccharide is
made of five mannose and two GIcNAcC residues. In
bacteria, translocation across the membrane involves the
Wzx protein (87, 90, 166), while in eukaryotes the
translocation of the Dol-PP-GIcNAcM ans unit requires the
Rft1 protein (103, 167). Subsequent reactions take place in
the bacterial periplasm that result in the polymerization of
O antigen subunits and the transfer of the incorporation of
the saccharide onto the lipid A-core OS. In eukaryotes, the
heptasaccharide moiety is further extended by progressive
addition of four other mannose residues and finally capped
with three glucose molecules to form Dol-PP-
GIcNAgMangGlcs. This 14-residue oligosaccharide is
transferred to appropriate asparagine residues of secretory
proteins by the oligosaccharide transferase complex (168,
169). The protein bound oligosaccharide moiety is further
modified in the ER and Golgi to yield a mature glycan (for
adetailed review see reference 170).

reference 17) lead to rough mutants with an hcomplete
core, which lacks the site for the attachment of O-
polysaccharides. Escherichia coli mutants lacking heptose
in the LPS display a more dramatic phenotype known as
"deep rough". This phenotype is characterized by
hypersensitivity to novobiocin, detergents, and bile salts
(18), as well as defects in F plasmid conjugation and
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generalized transduction by the bacteriophage P1 (19-21).
All of these defects result from reduced amounts of outer
membrane proteins, some of which serve as surface
receptors for conjugation and bacteriophage attachment
(21-26) or as channe components of efflux systems (27,
28). The impaired stability of the outer membrane in deep
rough mutants is associated at least in part with the absence
of phosphate groups, since mutations in genes encoding
LPS core kinases also show pleiotropic phenotypes similar
to those found in heptose-deficient mutants (29, 30).

Mutations in any of the wb* (formerly rfb) genes
involved in the synthesis of the O polysaccharide give rise
to rough mutants which have a complete core structure (2).
In some cases, wb* genes may be plasmid-encoded (31,
32), while in other cases plasmid-mediated functions are
required, in addition to chromosoma genes, for the
biosynthesis of the O-polysaccharide (33, 34). Typicaly,
wb* gene clusters encode nucleotide sugar synthetases (for
biosynthesis of the nucleotide sugar precursors specific to
O antigens), and glycosyltransferases (for the sequential
and specific addition of sugars that make the O-repeating
unit). Additional genes encoding functions involved in the
assembly of the O polysaccharide are also present in these
clusters, such as wzy (O antigen polymerase) and wzx
(putative O antigen flippase; see below) in some systems,
and wzm (membrane component of ABC transporter) and
wzt (ATP-binding component of ABC transporter) in
others (16). In sysems containing wzx and wzy, the
average size distribution of the O polysaccharide chain is
modulated by the product of wzz (35-37), a gene usually
located in the proximity of wb* clusters. An O-ligase
activity encoded by a gene located within the core OS
cluster, waal (4), is required for the transfer of the O-
polysaccharide onto lipid A-core OS.

This article will review the current mechanisms
operating in the biogenesis of the O-specific LPS. More
comprehensive information on the biosynthesis and
assembly of other LPS components and capsular
polysaccharides can be found in additional recent reviews
(4, 16, 38, 39, 40).

3. BIOGENESIS
POLYSACCHARIDES

OF O-SPECIFIC

From a mechanistic standpoint, the biogenesis of
O-specific polysaccharides can be subdivided in the
following stages (Figure 1): (i) the initiation reaction, (ii)
the elongation/trans ocation/polymerization of O repeating
subunits, (iii) the ligation reaction to the lipid A-core OS,
and (iv) the recycling of the Und-PP polyisoprenoid carrier

3.1. Initiation reaction

The initiation reaction for the biosynthesis of the
O antigen subunit occurs at the interface of the plasma
membrane where the nucleotide sugar precursors are
available from the cytosol. The reaction involves the
formation of a phosphodiester bond between a membrane-
associated polyprenol phosphate and a cytosolic UDP-sugar
with the release of UMP. Depending on the specific
microorganism, this reaction is catalyzed by two different
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families of proteins. One of these families corresponds to
the  polyisoprenyl-phosphate  N-acetylhexosamine-1-
phosphate transferases (PNPT family; 41, 42, 43),
comprising proteins that are present both in prokaryotes
and in ekaryotes. The other family corresponds to the
polyisoprenyl-phosphate hexose-1-phosphate transferases
(PHPT family), and its prototype member is WhaP from
Salmonella enterica. This family of proteins has no known
homologuesin eukaryotic cells.

3.1.1. Polyisoprenyl-phosphate N-acetylhexosamine-1-
phosphate transfer ases

The eukaryotic PNPTs are localized in the
membrane of the endoplasmic reticulum (ER). They are all
UDP- N-acetylglucosamine (GIcNAc): dolichol-phosphate
GlcNAc-1-phosphate transferases that catalyze thefirst step
in N-linked glycoprotein biosynthesis (Figure 2; 43). In
contrast, bacterial PNPTs such as WecA, MraY, WhbpL,
and WhcO utilize different N-acetylhexosamine substrates
and they differ in their susceptibility to selective inhibitors
(41). Severa regions of conserved amino acid sequence can
be found in bacterial and eukaryotic members of the PNPT
family. It is plausible that all the members of this family
utilize a common enzymatic mechanism for the formation
of the phosphodiester bond but at the same time they differ
in terms of substrate specificity for the nucleotide sugar and
the polyisaprenol phosphate.

WecA is a tunicamycin-sensitive UDP-GIcNAc:
Und-P  GIcNAc-1-phosphate  transferase (44, 45).
Tunicamycin, a nucleoside antibiotic that is thought to
resemble the UDP-GIcNAc-polyisoprenoid lipid reaction
intermediate (46, 47), has the ability to inhibit the function
of WecA, MraY, and the eukaryotic PNPTs (47, 48). The
wecA gene is located within the enterobacterial antigen
common antigen gene cluster and serves to initiate both O
and enterobacterial common antigen synthesis (11, 44, 49).

Enterobacterial common antigen is a surface
glycolipid found on the outer membrane of most enteric
bacteria (11). WecA is usually required for the initiation of
the biosynthesis of O-specific polysaccharide that have
GIcNAc or N-acetylgalactosamine (GalNAc) in the O
subunit (45, 50-54) and that are translocated across the
plasma membrane via the Wzx/Wzy-dependent pathway
(see 3.2. below). WecA is also necessary for the initiation
of the biosynthesis of O polysaccharides transported by
Wzy/Wzx-independent pathways (see 3.2.2. and 3.2.3),
such asE. coli O8 and O9 (44), Klebsiella pneumoniae O1
(55), Serratia marcescens O16 (56) and S enterica serovar
Borreze O:54 (57). Pseudomonas aeruginosa, produces two
forms of LPS, designated A-band and B-band LPS. WhbpL,
is a PNPT member with a seemingly dua substrate
trandocation reaction, while D156 and D159 form part of
the enzyme's catalytic site. Although initiad studies
predicted that D156 and D159 are required for ionic
interactions with metal divalent cations (especially M¢* or
Mn?) that are essential for phosphoryl transfer reactions
(65), a more detailed examination suggests that they are
probably interacting directly with the nucleotide UDP or
the sugar GIcNAc (K. Vigeant and M. A. Valvano,
unpublished data). In addition, WecA has a higher affinity
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recognition, since it appears to be required for the initiation
of B-band LPS synthesis with a FUcNAc residue, and A-
band synthesis with either a GIcNAc or GalINAc residue
(58). The deduced amino acid sequence of WhpL shows
high identity to WbcO from Yersinia enterocolitica that
initiates O antigen synthesis by adding FucNAc to the lipid
carier Und-P (59). The MraY protein catalyzes the
formation of Und-P-P-N-acetylmuramyl-pentapeptide, the
first step in the lipid cycle reactions in biosynthesis of
bacterial cell wall peptidoglycan (60). The topology of the
E. coli as well as the Saphylococcus aureus MraY
transferase was established experimentally (61) and has
served as a template to model the topology of WecA (62).
The predicted topology of MraYy is also similar to
eukaryotic PNPTs (43).

PNPT proteins are all polytopic membrane
proteins (41, 43, 61, 63). Limited information is currently
available on the structural motifs or criticall amino acid
residues in these enzymes that may be impotant for
substrate recognition and/or catalysis. It is plausible that
regions of the protein extending into the aqueous
environment of the cytosolic face of the plasma membrane
(or the ER membrane) are involved in the recognition and
interaction with the nucleotide sugar substrates. This model
is supported by the finding that bacterial and eukaryotic
WecA homologues share discrete regions of conserved
amino acid sequence |located in segments of the protein that
are exposed to the cytosolic face of the plasma membrane
or the membrane of the endoplasmic reticulum (41, 42, 64).
Bacterial homologues aso carry a large cytosolic loop
containing some conserved residues that may be important
for the recognition of the nucleotide sugar substrates (41,
64). In the case of WecA, eleven transmembrane (TM)
domains, five external and five interna loops have been
predicted using several robust agorithms (Figure 3) (41,
63). While the first three N-terminal TM helices could be
deleted without affecting membrane localization of WecA,
deletion of the last predicted TM helix of WecA affected
protein stability (64). It is possible that TM-XI specifically
interacts with another internal TM region to stabilize the
protein in the membrane, as the replacement of this region
with a similar TM helix from the MaB protein did not
correct the stability phenotype (64). Recent studies on
WecA characterized conserved aspartic acid residues in the
predicted cytoplasmic loops Il (D90 and D91) and IlI
(D156 and D 159). WecA derivatives with amino acid
replacement at these sites were assayed by in vivo
complementation of O antigen biosynthesis, as well as by
in vitro transfer and UDP-GIcNAc binding abilities (62).
From these analyses, it was proposed that D90 and D91 are
important in forwarding the Und-PP-linked O subunit to the
next step in the assembly of the polysaccharide, namely the
for Mr?* that M¢f*, with K, values of 0.6 mM and 3 mM,
respectively. These values are in the same range of
physiological concentrations of Mr** and M@ in the
bacterial cells; thus, it is likely that Mn?* is the preferred
ion for enzyme activity. Furthermore, aconserved short
sequence motif, His-lle-His-His (HIHH), and a conserved
arginine were identified in WecA at positions 279-282 and
265, respectively (64). This region is located within the
cytosolic loop V (Figure 3) that is present in all bacterial
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Figure 3. Topological model and functional regions of the WecA protein. Topological model of E. coli WecA as predicted with
TMHMM (171). The non-transmembrane segments that are exposed to the cytosol are indicated with roman numerals. Amino
acids within circles denote those residues that are highly conserved within the WecA family (D90-D91 in cytoloop |1, D156 and
D159 in cytoloop 111, R265 and HIHH279-282 in cytoloop V (64). Amino acids 186-G87-A88-L89 and F152-N153-M 154-V 155,
which together with D90 and D156, respectively, are characteristic of Walker B motifs, are also indicated (yellow). Additional
aspartic acids in cytosolic segments, D35, D94, and D276, are indicated within a square, and they are not required for enzymatic
activity (62, 64). N-terminal transmembrane segments in grey can be deleted without compromising insertion of WecA in the
membrane, although the protein is not functional (63). The last transmembrane domain (dark background) is absolutely required
for protein function, possibly by ensuring protein stability in the membrane (64). The C-terminal 29 amino acids (in red) are not

required for protein stability or function (64).

homologues of WecA. Both HIHH279-282 and the Arg265
are reminiscent of the His-lle-Gly-His (HIGH) motif and a
nearby upstream lysine, which contribute to the three-
dimensional architecture of the nucleotide-binding site
among various enzymes displaying nucleotidyltransferase
activity (66). Alternatively, the H279 and Arg265 could be
required for coordination with Mré* ions, and could play a
role in maintaining the structure of the catalytic site of the
enzyme (K. Vigeant and M. A. Valvano, unpublished data).
Thus, it was hypothesized that these residues may play a
role in the interaction of WecA with UDP-GIcNACc (64).
The functional importance of these residues is underscored
by the high level of conservation of H279 and Arg265
among bacterial WecA homologues that utilize several
different UDP-N-acetylhexosamine substrates.

Despite that there is very strong evidence
suggesting that WecA is the enzyme catalyzing the
formation of the phosphodiester bond between GIcNAc and
undecaprenol, this enzymatic activity has never been
directly confirmed since WecA is not available in a pure
form. A more detailed characterization of this protein
awaits purification of WecA followed by the determination
of itstri-dimensional structure.

3.1.2. Polyisoprenyl-phosphate
transferases

WhaP (a member of another family didinct from
WecA and its homologues) is responsible for the trandfer of

hexose-1-phosphate
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gdactosyl-1-phosphate from UDP-gdactose to Und-P in a
reversible reection, which isthefirst step of O antigen synthesisin
S. enterica (67). The WhaP protein is alarge hydrophobic protein,
which has a number of potentid membrane-gpanning domains
(67). However, the predicted WhaP topology suggests a different

modd from tha of WecA (M. S Sddias, C. L. Mardlda, |.
Contreras, and M. A. Vavano, unpublished data). The protein can
be roughly separated into three mgjor sructurd domains: an N-

Termind region containing adugter of 4 tranamembrane hdlices, a
large centrd periplasmic loop of gproximatey 150 amino acids,
and a large C-termind cytosolic tal (Figure 4). The periplasmic
region is dispensable since, a leadt in the Sanondla WhaP, it can
be dd eted without compromising the function of the protein (M. S.
HHdias, C. L. Maolda, |. Contreras, and M. A. Vavano,
unpublished datd). No homologues to WhaP are found in

eukaryotic systems. In contrast, WhaP shows high-level sequence
smilarity throughout their entire lengths with proteinsinvolved in
the synthess of exopolysaocharides, such as = GumD

(Xanthomonas campestris), AmsG (Erwinia amylovora), Orf14
(Klebsdla pneumoniag), and Wcal (Escherichia coli K-12),

which are dl demongrated or predicted UDP-glucoseUnd-P
glucose-1-phophosphate or  UDP-gdactoseUnd-P - gdlactose-1-

phosphate transferases (68-71). These proteins dl have smilar
predicted topology to that of WhbaP. The levd of smilarity
suggests that the N-termind portions have similar functionsin all
of them. The C-termind half of WhaP shows high-level sequence
smilarity to ExoY of Rhizobium mdlilati (72) as well as with
sved tranderases involved in the formation of group |1 capsules
inGram positivebecteria
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Figure 4. Topologica model and functional regions of portion of the protein. The other function is manifested at a later

WhaP. A topological model of S enterica serovar Typhi
WhbaP was constructed with DAS and TMHMM programs
(171, 172). Predicted transmembrane domains are indicated
in beige. A large periplasmic loop (green) can be deleted
without compromising the function of the protein (M. S.
Sdldias, C. L. Marolda, |. Contreras, and M. A. Vavano,
unpublished data). Amino acids on a blue background
denote conserved residues with a large family of
glycosyltransferases from Gram-positive and Glam-
negative bacteria. The C-terminal portion of the WhaP that
is presumably located facing the cytosol, and has the
highest level of conservation with the PHPT family carries
the galactosyl transferase activity (73).

Wang and Reeves have proposed that the S. enterica
serovar Typhimurium WhaP has two functions (73). One function
is the actud UDP-gdactoseUnd-P gdactose-1-phosphate
trandferase reaction thet isinvolved in the first step of O antigen
synthess This function is primaily attri butable to the C-termina
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step (but prior to the flippase reaction) and involves the release of
Und-PP-gdactose from WhaP, which is mediated by the N-
teemind region rich in transmembrane domains. Thee
concdusions are basad on the andysis of whaP(T) mutations, which

occur within thefirst half of the wbaP gene (73). wbaP(T) mutants
retain UDP-gdactoseUnd-P  gdactose-1-phosphete trandferase
activity but they cannot complete the formation of O-specific
palysaccharide. This scenario is very Smilar to that observed with
the WecA mutants in resdues D90 and D91, which aso retan

trandferase activity in vitro but cannot mediate O antigen synthess

invivo (62). Altogether, these observations suggest that membrane
bound PNPT and PHPT proteins, dbeit different in terms of
seguence Smilarity and predicted topology, may provide a
membrane scaffold for the additiond reactions mediated by

loosdly membrane-associated glycosyltransferases that complete
the formation of the O-gpecific subunits. In this proposed modd,

the growing Und-PP-linked subunit would remain associated to
PNPT (or PHPT) proteins, prior to further processng involving its

trand ocation acrossthe plasmamembrane.
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3.2. Elongation/translocation/polymerization

After the initiation reaction is complete,
additional sugars must be added to complete the O subunit.
These reactions are catalyzed by  specific

glycosy Itransferases, which are either soluble enzymes or
associated to the plasma membrane by ionic interactions.
Bacteria glycosyltransferases involved in the synthesis of
exopolysaccharides have an abundance of positively
charged amino acids which result in predicted high pl's
and account, at least in part, for the ionic interactions of
these proteins with the plasma membrane.
Glycosyltransferases are classified in different families
(http://afmb.cnrs-mrs.fr/CAZY ; for areview see reference
74). The fact that these enzymes are bcalized in the
cytoplasmic compartment is consistent with the notion
that the assembly of Und-PP-linked O subunits occurs at
the cytosolic face of the plasma membrane. However, the
ligation of Und-PP-linked O polysaccharides to lipid A-
core OS occurs at the periplasmic face of the plasma
membrane (75, 76). As a result, the biogenesis of O
polysaccharides requires a process of assembly that
includes a mechanism whereby  Und-PP-linked
saccharides are translocated across the plasma membrane.

At least three different mechanisms for the
assambly and translocation of O-specific polysaccharides
have been described (Figure 1). One of them involves the
synthesis of O repeating subunits by the sequential addition
of monosaccharides at the non-reducing end of the
molecule, a process that takes place on the cytosolic side of
the plasma membrane (10). These subunits are translocated
across the plasma membrane, and they subsequently
become polymerized by a mechanism involving the
successive addition of the reducing end of the growing
polymer to the non-reducing end of Und-P-P-linked
subunits that is mediated by the Wzy protein. The Und-P-
linked polymer is then ligated “en bloc” to the lipid A-core
OS by reactions occurring on the periplasmic face of the
membrane (75-77). This pathway, also referred to as the
wzy (polymerase)-dependent pathway, occurs in the
synthesis of the majority of O antigens, especially in those
made of repeating units of different sugars
(heteropolymeric O antigens) (16). The pathway aso
involves another protein, Wzx, which is a putative flippase,
and it is always present in the gene clusters containing the
wzy gene. Therefore, it would be more appropriate to refer
to this pathway as the Wzy/Wzx-dependent pathway .

A second mechanism for O antigen biosynthesis
involves the formation of a polymeric O antigen by
reactions taking place on the cytosolic face of the plasma
membrane, which are mediated by the sequential action of
glycosyltransferases elongating the polysaccharide at the
non-reducing end (39). The nascent polysaccharide is
transported across the plasma membrane by a two-
component ATP-binding cassette transporter (16, 78), and
subsequently ligated to lipid A-core OS. This pathway has
been observed especialy in O antigens made of repeating
units of the same sugar (homopolymeric O antigens) such
as those from E. coli O8 and 09 (10) and Klebsiella
pneumoniae O1 (79), aswell asin E. coli group 2 and 3
exopolysaccharide capsules (39). Finaly, a third
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mechanism involves a synthase and has only been
described to date in S. enterica serovar Borreze (34, 57).

A unique aspect in the biogenesis of complex
carbohydrate structures in al types of cells is the
participation of polyisoprenol lipids. Polyisoprenol-linked
sugars are involved in the biosynthesis of eukaryotic
glycoproteins, bacterial cell walls, and surface
polysaccharides (80, 81). Once assanbled, polyisoprenol-
linked sugars must cross the lipid bilayer for further
processing. In the case of protein glycosylation, a
topological model has been proposed involving the
transmembrane movement of dolichol-linked sugars across
the endoplasmic reticulum membrane (82). A similar model
involving transmembrane “flipping” of polyisoprenol-
linked sugars has been proposed for the synthesis of
bacterial cell wall peptidoglycan, teichoic acids, and
enterobacterial common antigen in bacteria as well as N-
protein glycosylation in eukaryotes (Figure 2). However,
how lipid-linked carbohydrates are translocated from one
leaflet of the lipid bilayer to the other remains unclear. It
has been shown that the unassisted transbilayer movement
of polyisoprenol-linked sugars in liposomes is extremely
slow (83, 84), suggesting the need for protein-assisted
translocation (85, 86).

3.2.1. Wzy/Wzx-dependent pathway

At least three proteins (Wzx, Wzy, and Wzz) are
involved in this export pathway but currently, there is no
information concerning the manner in which these proteins
interact with one another to facilitate the formation of
predicted functional complexes. Once the individual Und-
PP-linked O subunits are formed, they must be exported to
the site of polymerization at the periplasmic face of the
plasma membrane (Figure 1). All wzx/wzy-dependent O
antigen clusters studied to date contain a gene that encodes
a plasma membrane protein designated Wzx that has been
postulated as a candidate for the O unit flippase or
translocase (87). Based on comparison of predicted
hydrophobicity, Wzx proteins were classified within a
family of integra membrane proteins with 12 predicted
transmembrane helices (88). Wzx proteins share very little
amino acid sequence similarity, and their genes have very
poor nucleotide sequence homology, to the point that they
can be used as genetic markers for distinguishing among
specific O antigens (54, 89). In contrast to the Wzy/Wzx-
independent O antigens, no obvious ABC transporters have
been identified in wzy-dependent systems. The
involvement of Wzx proteins in the translocation of Und-
PP-linked O subunits was based on experiments using a
heterologous O antigen expressing system in S. enterica. In
vivo radiolabeling of O antigen precursors in the presence
of awzx mutation suggested the accumulation of Und-PP-
linked O subunits with an apparent location on the
cytoplasmic face of the plasma membrane (87). However,
the small amount of material involved makes definitive
localization difficult, since the wzx block only resulted in
approximately fifty percent of the idiolabelled materia
being accumulated on the cytoplasmic face of the plasma
membrane. It is possible that Wzx facilitates the transit of
Und-PP-linked O-subunits to the periplasmic face of the
plasma membrane in a similar manner as a permease, and
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with the help of proton motive force as a source of energy.
This could explain the absence of typical amino acid motifs
in the primary sequence of Wzx that are indicative of ATP
or GTP binding sites. However, fractionation experiments
using a wzx mutant in E. coli O7 and immunoblot analysis
of the cell fractions with O7-specific antibodies, revealed
an overall reduction of O7-specific precursors at the plasma
membrane instead of an accumulation of precursors as
would be predicted for atransporter (C. L. Marolda and M.
A. Vavano, unpublished observations). The lack of a
definitive biochemica assay to determine whether
"flipping" of the Und-PP-linked O-subunits really occurs
complicates the conclusively determination of the function
of Wzx.

Given that the translocation of Und-PP-linked O-
subunits must be a conserved process, the absence of any
obvious conserved motifs in the primary amino acid
sequences of Wzx proteins is intriguing. One possible
explanation for the abundant differences among Wzx
proteins could be the requirement for the recognition of
specific O subunits, which are highly variable in terms of
structure and sugar composition. Recent investigations
demonstrated that a complete Und-PP-linked O subunit is
not required for "flipping" since a single sugar, GIcNAc,
can be incorporated into the lipid A-core OS of Escherichia
coli K-12 by a process requiring wecA and wzx (90).
Remarkably, Wzx proteins encoded by different O antigen
gene clusters that only share a common initiation reaction
with the formation of Und-PP-GIcNAc or Und-PP-GalNAc
can efficiently complement an E. coli K-12(016) wzx
mutant (C. L. Marolda and M. A. Vavano, unpublished
data, and reference 90). Moreover, poor complementation
was observed with the Wzx protein from S enterica
serovar Typhimurium, which possess an O antigen subunit
whose biosynthesis is initiated with Und-PP-Gal. These
studies indicate that the Wzx function is independent of the
chemical structure of the saccharide moiety of the O
antigen subunit but it requires the recognition of the first
Und-PP-linked sugar (C. L. Marolda and M. A. Valvano,
unpublished data, and reference 90). Also, Wzx
homologues involved in synthesis of exopolysaccharides
could not participate in O antigen assembly (90). The
reason for this observation is not clear but it is conceivable
that Wzx interacts with its cognate export/assembly
machinery which may be distinct in the case of
exopolysaccharides. These data suggest a model for
Wzy/Wzx-dependent O antigen synthesis involving the
recognition of Und-P-P-linked sugars by a putative
complex made of Wzx transocase and the initiating
enzymes WecA or WhaP (C. L. Marolda and M. A.
Valvano, unpublished data).

The second component of the Wzy/Wzx pathway
isthe Wzy protein. This protein is proposed to be involved
in the polymerization of Und-PP-linked O subunits at the
periplasmic face of the cytoplasmic membrane (Fig 1). The
polymerization reaction involves transfer of nascent
polymer from its Und-PP carrier to the reducing end of the
new Und-PP-linked O subunit (91, 92). Mutants with
defects in the wzy gene produce LPS consisting of lipid A-
core bound to a single O unit (93). The released Und-PP is
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recycled to the active monophosphoryl form by
dephosphorylation (see section 3.4. below), a reaction
inhibited by the antibictic bacitracin (94). Wzy proteins
appear to be integral membrane proteins with 11-13
predicted transmembrane domains, and they exhibit little
primary sequence similarity (95, 96). In contrast to Wzx,
Wzy proteins from different O types are not
interchangeable and display specificity for the cognate O
subunit or for structures containing the same linkage
between O antigen subunits (2, 10). Several Wzy proteins
examined with robust computer programs that predict
topology appear to possess a relatively large periplasmic
loop that may be mportant in the recognition of the O
antigen subunit. This topology has been experimentally
demonstrated in at least one Wzy protein (96). However,
the enzymatic mechanism of Wzy has not been resolved, in
part because of the absence of distinguishing features in
Wzy proteins, but also due to difficulties in expressing
sufficient amounts for in vitro studies, which complicates
the identification of catalytic and binding residuesin Wzy.

The third component of the Wzy/Wzx-dependent
pathway is the Wzz protein. Wzz generates the strain-
specific modal distribution of O-polysaccharide chain
lengths as reflected in chaacteristic clusters of bands
following gel electrophoresis of LPS samples (97). Severa
models have been proposed to explain the modality in the
polymerization process. Wzz was hypothesized to act as a
timing clock, interacting with the Wzy polymerase and
modulating its activity between two states that favor either
chain elongation or chain termination caused by transfer of
the O polymer to the ligase (98). An alternative model
implicates Wzz as a molecular chaperone to &semble a
complex consisting of Wzy, the Waal ligase, and Und-PP-
linked O-specific polysaccharide (37). The gspecific
modality would then be determined by different kinetics
resulting from a Wzz-dependent ratio of Wzy relative to
Waal.. More than one wzz gene has been observed in some
microorganisms like P. aeruginosa (99) and S flexneri
(100). It is not clear if the presence of additiona Wzz
activities would have an additive effect in the overall length
of the O-polysaccharides or alternatively, they would be
differentially required under varying physiologica
conditions. Wzz proteins are located in the plasma
membrane, and &l have two transmembrane helices
flanking a periplasmic loop with a predicted coiled-coil
structure (101). The coiled-coil domains may be important
for interactions of Wzz with Wzy, Waal, or both.
However, only Wzz oligomers have been identified by
chemical cross-linking experiments (36) while a definitive
evidence of cross-linking of Wzz to either Wzy or Waal is
lacking. The function of Wzz proteins appears not to be
specific for a given O-repeat subunit structure but the
regions of the protein required for Wzz modality are not
well defined (36, 102).

The N-linked protein glycosylation pathway in
eukaryotes has remarkable parallels with the biogenesis of
Wzx/Wzy-dependent  O-specific polysaccharides (Figure
2). As in bacteria, the process can be divided into similar
steps involving the assembly of a lipid linked
oligosaccharide (analogous to the O subunit) on the
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cytosolic side of the endoplasmic reticulum (ER), the
trandocation of this molecule across the ER membrane
(analogous the flipping reaction mediated by Wzx), and the
transfer of the oligosaccharide from its lipid anchor to
selected asparagine residues of nascent glycoproteins
(analogous to the ligation the reaction of the O-specific
polymer with the corelipid A molecules; 81). The
initiation reaction that resultsin the biosynthesis of Dol-PP-
GlcNAc is followed by subsequent reactions on the
cytosolic side of the ER membrane that involves the
addition of another GICNAc and three mannose residues.
These  reactions ae  mediated by  specific
glycosyltransferases and result in the formation of a
heptasaccharide-lipid linked intermediate, MansGICNAG,-
PP-Doal. These reactions are analogous to those taking place
on the cytosolic side of the bacterial plasma membrane,
which result in the formation of the O antigen subunits as
well as other precursor molecules for peptidoglycan and
cell surface polysaccharides in general. The translocation of
the lipid-linked heptasaccharide intermediate across the ER
membrane in S cereviseae is carried out by the recently
identified Rft1 protein (103). A mutation in the rftl gene is
lethal in yeast and its phenotypeis associated with a protein
glycosylation defect (104).Rftl is an integra membrane
protein with predicted 12 transmembrane domains, which
in contrast to other lipid flippases (105), lacks any motifs
indicative of ABC-type transporters, and its gene is highly
conserved in eukaryotic genomes. Interestingly, an rftl
gene homologue is absent in Plasmodium falciparum, an
organism that apparently lacks N-linked protein
glycosylation (106). The function of Rftl is analogous to
that of bacterial Wzx. Both proteins share similarities in
size and hydrophobicity plots, and both also lack
identifiable motifs. However, the two families do not share
any obvious similarities in their primary amino acid
sequences. Whether these two protein families share a
similar trandocation mechanism or their structura
differences reflect the nature of the different substrates it is
presently undetermined.

3.2.2. ABC trangporter-dependent pathway

In this pathway, the O-specific polysaccharide is
completed at the inner face of the cytoplasmic membrane
and the export of the polymer to the outer face for ligation
requires an ABC (ATP-binding cassette) transporter. One
other salient feature of the O polysaccharides formed by
this pathway is the participation of a primer Und-PP-
GlcNAc intermediate followed by the addition of a sugar
adaptor molecule (Figure 1). Although these O
polysaccharides are all initiated by the activity of WecA,
they differ from Wzy/Wzx O polysaccharides in that the
GlcNAcC residue transferred to lipid A-core during ligation
occurs only once per chain, and thus it is not found within
the repeat unit structure itself (44, 107). Next, an O-
polysaccharide-specific glycosyltransferase adds an adaptor
sugar residue between the und-PP-GIcNAc primer and the
repeat subunit domain, and this reaction also occurs only
once per chain. Different enzymes are involved in adding
the adaptor. In E. coli O9, adaptor formation involves the
addition of a single mannose residue by WbdC (108). In the
other cases, like in some serotypes of K. pneumoniae LPS
(107), the adaptor is added by the bifunctional
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galactosyltransferase, WbbO, which also participates in
subsequent chain extension reactions (55, 109). The O
polysaccharide is assembled in the chain extension phase,
by the processive transfer of residues to the nonreducing
terminus of the Und-PP-linked acceptor (108-110), which
may be mediated by either monofunctiona or
multifunctional transferases (108, 111, 112).

Following polymerization, the nascent Und-PP-
linked O polysaccharide is exported across the plasma
membrane by an ABC-2 subfamily of ATP-hinding
cassette transporters (113). ABC-2 transporters consist of
an integral membrane protein, Wzm, with an average of six
transmembrane domains, and a hydrophilic protein
containing an ATP-binding motif, Wzt. Genes encoding
these two components are present within the O-
polysaccharide biosynthesis clusters. As with other ABC-
transporters involved in transmembrane export, Wzm
homol ogues for O-polysaccharide biosynthesis display very
little primary sequence identity, but Wzt homologues are
much more highly conserved, especialy in the nucleotide-
binding region. No structural data are available on the ABC
transporters for O polysaccharides and little is known about
their organization and exact mode of action. Presumably,
these transporters operate in a similar manner as those used
for the synthesis of group 2 capsules in E. coli and other
bacteria (113). The export process, driven by ATP
hydrolysis, may involve an ATP-binding-induced
conformational change of the Wzt protein, resulting in its
insertion into the membrane via an interaction with the
Wzm, introducing polymer into the channel. As with other
systems, a series of insertion-deinsertion events would then
drive the O-specific polymer through the membrane, but
this has not been experimentally determined. Although no
direct proof is currently available, the substrate of the ABC
transporter machinery is presumably the Und-PP-O
polysaccharide. This assumption would be consistent with
the observation that E. coli K-12 can ligate to its lipid A-
core polymers assembled and exported by any of the
known pathways, al of which result in Und-PP-linked
saccharides that are presented to the ligase (see section 3.3.
below).

Due to the processive nature of the
polymerization, an intriguing aspect of the polymers
assembled by the ABC transport dependent pathway
resides in their mode of termination. In the case of the
Wzy/Wzx-exported O polysaccharides, this process results
from the interactions that involve the Wzy and Wzz
proteins. Despite that the ABC-transport dependent
pathway does not involve a Wzz protein the O-specific
polysaccharides formed by this pathway display strain-
specific modal distributions (35). A current model favors a
competition between "termination-export" and "chain-
extension" activities (78). The presence in severa O
polysaccharides from ABC-transporter-dependent
pathways of novel nonreducing terminal residues on the
glycan chains, suggest that these residues may play arole
as termination signals. For instance, in the polymannan O8
glycans of E. coli (and the K. pneumoniae O3 and O5
counterparts), the chains end in a 3-O-methylmannose
residue (C. Whitfield, persona communication and
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references 107, 114, 115, 116). In the ABC-transporter-
dependent O polysaccharide of B. bronchiseptica a unique
2,3,4-triamino-2,3,4-trideoxy-a -galacturonamide derivative
is found at the chain terminus (117, 118). Thus, terminal
modifications appear to be a common occurrence in the
ABC-transporter dependent systems, and they probably
play a functiona role by promoting chain termination of
the O polysaccharide, perhaps by providing a biochemical
signal to initiate the export process.

3.2.3. Synthase-dependent pathway

The plasmid-encoded O:54 antigen of S enterica
serovar Borreze is the only known example of a synthase-
dependent O polysaccharide (34, 57, 119). The O:54-
specific polysaccharide is a homopolymer made of N-
acetylmannosamine (MaNAc). In a similar fashion to the
ABC transport-dependent pathway, the synthesis of the
0:54 subunit is initiated by WecA (57) and the first
ManNAc residue is transferred to the Und-PP-GIcNAc
primer by the nonprocessive ManNAc transferase WbbE
(120). The second transferase, WbbF, bdongs to the HasA
(hyaluronan synthase) family of glycosaminoglycan
glycosyltransferases (121), and it is proposed that this
enzyme performs the chain-extension steps (Figure 1).
Synthases are integral membrane proteins (121, 122),
which appear to catalyze a vectorial polymerization
reaction by a processive mechanism resulting in the
extension of the polysaccharide chain with the
simultaneous extrusion of the nascent polymer across the
plasma membrane (122). Although the exported the
polymer is presumably Und-PP-linked, there is very little
information on the exact mechanism of export mediated by
WbbF as well as in the process leading to chain
termination. The synthase family has other members
including the enzymes involved in biosynthesis of cellulose
and chitin, hyaluronic acid capsules (121, 122), and the
type 3 capsules of S pneumoniae (123, 124). These
enzymes are characterized by two conserved domains, one
likely involved in the glyocosyl transfer reaction and the
other implicated in the trandocation of the nascent
polymer.

3.3. Ligation reaction

The ligation reaction resulting in the completion
of the LPS molecule involves the addition of O
poly saccharide to the nascent lipid A-core OS (Figure 1).
This reaction occurs at the periplasmic face of the
cytoplasmic membrane (75), but its mechanism is currently
unknown. The waal gene product is currently the only
protein presumed to be required for ligation. This gene
maps within the waa gene cluster that also encodes the
other enzymes involved in the biosynthesis and assembly of
core OS (4). The WaaL homologues do not have any
obvious distinguishing features. Although these proteins
are presumably capable of forming glycosidic linkages,
they share no similarity with any of the families of
glycosyltransferases that utilize sugar nucleotide donors.
Collectively, Waal. homologues exhibit low levels of
similarity in their amino acid sequences, and they are all
predicted to be integral membrane proteins with 8 or more
membrane-spanning domains. The membrane location of
the E. coli K-12 Waal carrying a C-terminal FLAG-His-6x
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epitope has recently been confirmed by sucrose gradient
fractionation studies followed by immunoblotting with anti-
FLAG monoclona antibodies (C. L. Marolda and M. A.
Valvano, unpublished data). In vitro assays with well-
defined donor and acceptor substrates have not been
reported, but the availability of partiadly purified
Waal r achisex (C. L. Marolda and M. A. Valvano,
unpublished data) will make it possible to devise an
appropriate ligation assay. Waal presumably functions as
part of a complex that involves highly specific interactions
with the lipid-linked O-polysaccharide intermediates and
lipid A-core acceptor. In the case of E. coli K-12, WaalL
can link to its lipid A-core O polysaccharides with diverse
structures, arising from any of the known biosynthesis
pathways. The substrates for thus reaction may be Und-PP-
linked oligosaccharides, polysaccharides, and even a single
Und-PP-GIcNAc (C. L. Marolda and M. A. Vavano,
unpublished data, and reference 90). Thus, the lack of
discrimination for donor structures suggests that Waal. may
recognize the undecaprenol pyrophosphate carrier rather
than the saccharide attached to it. The variations in ligase
sequences may then reflect specificity for the structure of
the lipid A-core OS acceptor. This is supported by genetic
and structural evidence demonstrating acceptor specificity
that not only involves just the core residue providing the
attachment site, but also other proximal residues in the core
OS (9, 125).

The acceptor component of the ligation reaction
is the lipid A-core oligosaccharide, which is synthesized
and assembled by enzymes that are cytoplasmic or
associated with the plasma membrane (3, 4, 38). The
mechanism by which newly synthesized lipid A-core OS is
transported across the plasma membrane has recently been
elucidated in E. coli and requires the MsbA protein (Figure
1; 38). MsbA is an integral membrane protein required for
the export of lipid A and glycerophospholipids (126, 127).
MsbA belongs to the ABC superfamily and it is closely
related to mammalian multidrug-resistance proteins.
Structural analysis of the E coli MsbA reveaed that the
protein is organized as a homodimer with each subunit
containing six transmembrane a-helices and a nucleotide-
binding domain (128). All the transmembrane helices are
tilted approximately 30° to 40° relative to the plane of the
membrane, forming a cone shaped structure with two
substantial openings on either side facing the lipid bilayer.
This cone shaped structure creates a large chamber facing
the cytoplasmic side of the membrane that could easily
accommodate a large molecule like lipid A (128).
Biochemical studies have demonstrated that depletion of
cellular MsbA result in the gradual accumulation of lipid A
and glycerophospholipids in the inner membrane (126).
Using temperature sensitive E. coli point mutant of MsbA,
Doerrler et al. (127) have shown that loss of MsbA
function results in rapid cessation of cell growth, which is
associated with the accumulation of lipid A and
phospholipids in the inner membrane and the formation of
plasma membrane invaginations. The mutant MsbA
contains asingle amino acid substitution located in its fifth
transmembrane span near the opening of the cone that is
proximal to the periplasmic side of the plasma membrane.
Recent work has also demonstrated in vitro that MsbA
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Figure 5. Recycling of Und-PP. Hypothetical model to
indicate the recycling of Und-PP after the ligation reaction
(or the transfer of the Dol-PP-linked oligosaccharide to the
nascent glycoprotein in eukaryotes) (See also Figure 2).
| sopentenyl-phosphate units (IPP) are transformed in Und-
PP by the activity of the isopentenyl-phosphate synthase
UppS. Und-PP is dephosphorylated by an unknown
pyrophosphatase and it becomes a substrate for the
initiation reaction mediated by PNTP or PHTP proteins.
Following processing and translocaion of the saccharide
moiety, the transfer reaction results in free Und-PP on the
periplasmic side of the plasma membrane (or free Dol-PP
on the lumina side of the ER membrane). The Cwh8
protein is a membrane bound acid phosphatase from S
cerevisiae that has its active site facing the ER lumen and
has been shown to be essential for the dephosphorylation of
Dol-PP into Dol-P (143). Homologues of these proteins are
found in nearly al Gram-negative and Gram-positive
bacteria from which genomic sequences are available (M.
A. Valvano, unpublished), suggesting that these protein
may play a similar role in the dephosphorylation of Und-
PP. This biochemical step is inhibited by the antibiotic
peptide bacitracin, but direct evidence associated bacitracin
with the Cwh8 protein homologues is lacking. Likewise,
there is no information on how periplasmic Und-P (or ER
luminal Dol-P) are recycled back to the cytosolic face of
the membrane.

functions as a lipid activated ATPase and that hexaacylated
lipid A isan especially potent activator (129). These results
strongly suggest that lipid A is a substrate for the MsbA
transporter. Although there is no direct evidence that MsbA
can transport lipid A-core OS, the available genetic and
biochemical evidence together with the large dimensions of
the chamber formed by the MsbA homodimer that could
accommodate a large molecules, strongly suggests that this
isthe case.

3.4. Therecycling of Und-PP

The availability of Und-P is a limiting factor in
the biosynthesis of O polysaccharides, since this isoprenoid
lipid carrier is made in very small amounts, and it is also
required for the biosynthesis of cell wall peptidoglycan,
teichoic acids, and other carbohydrate polymers.
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Isopentenyl diphosphate and its isomer dimethylallyl
diphosphate are, together, the universal precursors of al
isoprenoids (130), and they are synthesized de novo by the
mevalonate and the 1-deoxy-D-xylulose 5-phosphate
pathways (131). Und-PP is a precursor for Und-P, and is
synthesized by the UppS synthetase from isopentenyl
pyrophosphate units (132, 133). To participate in polymer
biosynthesis as lipid carrier, newly synthesized Und-PP is
dephosphorylated by a membrane bound pyrophosphatase
to Und-P (134). Since the UppS protein lacks features
indicative on an integra membrane protein these
biosynthetic steps probable occur at the cytosolic interface
with the plasma membrane. Following initiation and the
subsequent processing and translocation reactions, the Und-
PP-linked polymers are transferred to the appropriate
acceptor on the periplasmic side of the plasma membrane.
This process results in the dease of Und-PP, which is
recycled back to Und-P by a pyrophosphatase (Figure 5).
Bacitracin is peptide antibiotic produced by some strains of
Bacillus licheniformis and Bacillus subtilis which, by
binding to Und-PP in the presence of divalent cations,
prevents the Und-PP dephosphorylation and thus interrupts
the recycling of Und-PP to Und-P (135, 136); thus it
functions as an inhibitor of cell wall and O antigen
biosynthesis. Similarly, colicin M has also an inhibitory
effect on O antigen and peptidoglycan biosynthesis by
preventing the recycling of Und-PP (137, 138). The
biosynthesis of O polysaccharides that utilize the
Wzy/Wzz-dependent pathway is severely affected by
bacitracin. This may be reflected on the fact that this
pathway involves one molecule of Und-PP per O repeating
subunit. In contrast, the biosynthesis of ABC transport- and
synthase-dependent O antigens requires the participation of
only one Und-P molecule per polymer chain.
Conseguently, Und-PP recycling is not a limiting factor in
these cases and the process is more resistant to bacitracin
(94). In some Gram-negative bacteria, mutations that block
the synthesis of exopoly saccharides also lead to bacitracin
resistance, presumably by increasing intracellular levels of
a lipid kinase, the product of the bacA gene (139, 140).
This kinase presumably increases the level of Und-P by
phosphorylating isoprenyl acohol (140), but its precise
function has not been conclusively established. The bacA
gene was first identified in Escherichia coli (139) and
homologues of the BacA protein are common in Gram-
negative and Gram-positive bacteria (141). The enzyme or
enzymes targeted by bacitracin, which carry out the Und-
PP dephosphorylation reaction, have not been identified.
Conceivably, these enzymes must be located in the plasma
membrane and they may aso have an active site facing the
periplasmic space (figure 5).

The recycling of pyrophosphory! polyisoprenols
is not only confined to bacteria. In eukaryotes and also in
Archaea, dolichol phosphate (Dol-P) serves as a lipid
anchor for the assembly of glycan moieties that are further
added to proteins (Figure 2; 80, 81). Following the transfer
of the glycan to the glycosylation site of the protein, Dol-
PP is released and recycled by dephosphorylation to Dol-P
(142, 143). Mutations in the cwh8 gene, which encodes an
ER transmembrane protein with a phosphate binding
pocket in Saccharomyces cerevisiae, result in a deficiency
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in Dol-P-P-linked oligosaccharide intermediate synthesis

and protein N-glycosylation (144). Overexpression of the
Cwh8 protein in a yeast double mutant strain, unable to
express the phosphatases Lppl and Dppl, resulted in a
dramatic increase in Dol-PP phosphatase activity in

microsomal fractions (143). Topological studies using
different approaches indicate that Cwh8 is a
transmembrane protein with aluminally oriented active site
(143). Thus, the specificity, subcellular location, and

topological orientation of this novel enzyme are consistent

with arole in the re-utilization of the glycosyl carrier lipid

for additional rounds of lipid intermediate biosynthesis

after its release during protein N-glycosylation reactions.

Although a similar enzyme has not been directly

characterized in bacteria, homologues of Cwh8 are widely

conserved in prokaryotes, suggesting they may have a
similar function in the recycling of Und-PP. In addition, it

is not known how the recycled Und-P from released Und-

PP traverses the plasma membrane from its periplasmic
face (or from the ER luminal face in the case of Dol-P) to
its cytosolic face where it can serve as a substrate for the
initiation enzymes.

4. CELL SURFACE LOCALIZATION OF LPS

Virtually no information is available on the
mechanism(s) for LPS cell surface localization and
remarkably, this has remained as an open question for more
than forty years. It has been reported in Salmonella that
newly synthesized LPS molecules appear on the cell
surface at a limited number of sites (145, 146). These
observations implicated the participation of structures
known as zones of adhesion (or Bayer junctions), which
were first described in electron micrographs of E. coli (147)
and interpreted as regions where the plasma and outer
membranes come into apposition. The existence of these
structures has been controversial (148, 149), especialy
given the fact that their appearance depends on the
microscopic  technique used. However, biochemical
fractionation studies isolated differentisted membrane
domains from Escherichia coli and Salmonella
typhimurium, including a fraction containing components
from both plasma and outer membranes (150), which
presumably corresponded to the attachment sites. Pulse-
chase experiments revealed that this intermediate fraction
contained newly synthesized precursors for LPS, murein
and outer membrane proteins (150). Using a similar
fractionation method, we have been able to detect WecA in
the intermediate fractions containing components from both
membranes (L. Tatar and M. A. Valvano, unpublished
observations). Therefore, it is possible that the adhesion
zones represent areas whereby the translocation machinery
for these molecules effectively spans the plasma membrane
and creates continuity between a biosynthesis complex and
the outer membrane. This continuity has been proposed for
the translocation of bacteriophages, vitamins, colicins and
ferrisiderophore molecules, which bind to the surface of
specific outer membrane protein receptors and are
ultimately translocated across the outer membrane with the
participation of TonB and TolA proteins (for recent reviews
see 151, 152). Also, current models for the assembly and
trandocation of capsular polysaccharides invoke
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multiprotein complexes across the periplasm comprising
proteins involved in the trandocation process (reviewed in
39, 153).

We recently discovered that the TolA protein
plays a critical role in the surface expression of O7 LPS by
an as yet uncharacterized involvement in the processing of
O antigen (154). Indeed, a defect in the expression of TolA
was associated with reduced surface expression of O7 LPS,
abnormal accumulation of radiolabelled O7 LPS precursors
in the plasma membrane, and dramatic effects in growth
rate and cell morphology (154). The Tol import system
comprises a multi-protein  complex involved in the
trandocation of group A colicins and filamentous
bacteriophages (155, 156). The Tol proteins are encoded by
acluster of 7 genes, orfl-tol QRAB-pal-orf2, organized into
two transcription units (orfl-tolQRA, and tolB-pal-
orf2)(156-158). Extensive studies have resulted in the
identification and localization of Tol proteins. TolA, TolQ,
and TolR are associated with the plasma membrane (159,
160). TolA has a large periplasmic domain (160, 161), and
biochemical studies have shown specific interactions
between the central part of TolA and outer membrane
porins (162). The recent report of an interaction between
TolA and the peptidoglycan-associated lipoprotein Pal,
which is anchored to the periplasmic side of the outer
membrane (157, 163) demonstrates for the first time a
connection between inner membrane and outer membrane
Tol components (164). Thus, it is possible that the Tol
protein complex, especialy TolA-Pal, plays an important
role in the biogenesis of the outer membrane, by serving as
a conduit for the proper assembly of newly synthesized
outer membrane components (including LPS) on the
bacterial cell surface. Using a system to reconstitute in E.
coli K-12(016) the synthesis of its own O antigen (90,
165), we recently constructed non polar deletions in various
tol-pal genes and assessed their role in O16-specific LPS
biosynthesis. The results indicate that deletion of pal has
the same effect as the deletion of tolA. More importantly,
the tol-pal block is only manifested in the biogenesis of the
Wzy/Wzx-dependent O16 LPS but not in the synthesis of
the ABC transporter-dependent K. pneumoniae O1 LPS (E.
Vines and M. A. Valvano, unpublished data). Therefore,
these findings suggest that the tolA-pal system is only
required for surface expression of Wzx/Wzy-dependent O
antigens. Since both Wzx/Wzy- and ABC transporter-
dependent O antigens are ligated by Waal,, it is likely that
the tolA and pal mutations are affecting the function of
Wzx or the polymerization of the O antigen subunits at the
periplasmic face of the plasma membrane.

5. AREAS FOR FUTURE RESEARCH

One of the major challenges for further research
is the experimental demonstration and characterization of
protein complexes involving the various components that
participate in the biogenesis of O polysaccharides. Isolation
of these complexes has been difficult in part because
expressing membrane proteins like for instance Wzy, Wzx,
and Waal is not trivial. The use of epitope tags has worked
in some cases but failed in others (C. L. Marolda, E. Vines,
and M. A. Vavano, unpublished observations). The precise
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function of Wzx requires devising an assay for the
determination of transmembrane flipping. The use of Und-
PP-GIcNAC as a single substrate may simplify this assay.
Findly, the structural characterization of these proteins at
the atomic level would greatly help understanding their
function. But in practise this is a long-term approach that
will require to successfully enhancing the expression of
these proteins for purification. The precise role of
polyisoprenoid lipids, their transmembrane movement, and
in particular the recycling pathway of Und-PP would also
add considerably to our current understanding of the
biogenesis of O-specific polysaccharides.
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