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The extracellular polysaccharides elaborated by most or all bacterial species function in cell-to-cell and cell-sub-
stratum adhesion, cell signaling, and avoidance or inhibition of noxious agents in animal hosts or free-living environ-
ments. Recent advances in our understanding of exopolysaccharide synthesis have been facilitated by comparative
approaches in both plant and animal pathogens, as well as in microorganisms of industrial importance. One of the
best understood of these systems is the kps locus for polysialic acid synthesis in Escherichia coli K1. The genes
for sialic acid synthesis, activation, polymerization and translocation have been identified and assigned at least
tentative functions in the synthetic and export pathways. Initial studies of kps thermoregulation suggest that genetic
control mechanisms will be involved which are distinct from those already described for several other exopolysacch-
arides. Information about the common as well as unique features of polysialic acid biosynthesis will increase our
knowledge of microbial cell surfaces which in turn may suggest novel targets for therapeutic or industrial inter-

ventions.
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Introduction

The intensively investigated species Escherichia coli and
Salmonella enterica [34] are not usually studied by
researchers as other than planktonic microorganisms. How-
ever, from an ecological perspective, these microorganisms
may lead Jekyll-and-Hyde existences by alternating
between life in the wild (outside animal hosts) and life in
the gastrointestinal tracts of warm- or cold-blooded ani-
mals. Qur working hypothesis is that these two environ-
ments are, if not fundamentally distinct, then at least differ-
ent enough from each other to have required the evolution
of separate strategies ensuring bacterial growth in either
environment. The animal niche has probably not changed
substantially since at least the middle Jurassic some 200
million years ago [26]. This broad yet relatively constant
environment may have resulted in evolution of gastrointes-
tinal microorganisms such as E. coli that are exquisitely
adapted to environmental duality {26], quite unlike the poor
doctor of Rober Louis Stevenson’s novel who could only
survive by choosing to live in one environment. It is also
known that S. enterica and E. coli form biofilms on solid
medium after hyperflagellation and altered lipopolysacchar-
ide synthesis induced in response to environmental cues
(Jean Petter, USDA ARS, Athens, GA, personal communi-
cation; [21a]), and that the resulting swarming behavior
may be a virulence factor to assist spread of microorgan-
isms in their animal hosts [2]. Therefore, biofilm formation
may be a more common and useful phenotype in either
environment than was previously recognized [66], consist-
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ent with the advantages offered by a sessile community
over the vicissitudes of a planktonic existence [5,13].
Traditional views of microbial biofilms imply that extra-
cellular polysaccharides provide relatively nonspecific
glues which cement the community while simultaneously
functioning to repel noxious intruders [21]. While this may
be true of many polysaccharides, there is no ready expla-
nation for the diversity of exopolysaccharides (more than
75 different structures) produced by different serotypes of
E. coli [24]. Similar carbohydrate diversity in mammals is
now known to function as part of the molecular ‘zip codes’
directing cell migration. These cellular post offices operate
via recognition of carbohydrate ligands on one cell by lec-
tins (carbohydrate-binding proteins) on the apposing cell
[46]. Since recent results indicate that bacterial lectins may
not be primarily responsible for adhesion to animal cell
surfaces [42], we speculate that one of the functions of
some microbial lectin/polysaccharide pairs may be the for-
mation of microbial consortia in which carbohydrate diver-
sity provides specificity and thus opportunity for different
serotypes or species to interact through homo- and hetero-
contacts (Figure 1). Protein-carbohydrate (lectin-like) inter-
action of the types diagrammed in Figure 1 has been
observed and is designated coaggregation or coadherence
in oral streptococci [25]. In contrast, some bacterial poly-
saccharides clearly function as anti-recognition molecules
that inhibit or repulse the many elaborate host disease-
fighting mechanisms encountered during some infections
[43]. The K1 antigen or polysialic acid capsule virulence
factor of certain invasive E. coli strains is a homopolymer
of «2,8-linked sialic acid residues which both mimics host
antigens, thus contributing to immune tolerance, and
inhibits complement-fixation and phagocytosis [43]. The
high density of negative cell-surface charge undoubtedly
contributes to avoidance mechanisms conferred by poly-



Figure1 Carbohydrate diversity in biofilms. Cells A, B and C may be
one, two or three species. Lectins (female bits) recognize specific carbo-
hydrate epitopes (male bits) on the complementary cell surface

sialic acid and a few other negatively charged capsular
polysaccharides [6]. The increasing incidence of antibiotic
resistance and the lack of truly effective vaccines for many
diseases warrants the identification of virulence factors and
the steps involved in biosynthesis of these factors which
may offer new targets for therapeutic interventions. We
suggest that the synthesis, export and genetic regulation of
capsular polysaccharides may be such targets. Better under-
standing of the basic mechanisms of polysaccharide
biosynthesis may also be useful in some industrial appli-
cations [30].

K1 and other acidic polysaccharides of E. coli are ther-
moregulated cell structures that are maximally expressed at
host body temperatures but not at environmental tempera-
tures below about 25° C [36]. Capsules, as highly hydrated
structures, could help bacteria resist desiccation in the wild,
consistent with the observed direction of capsule thermo-
regulation. Since most capsular polysaccharides of E. coli
are not associated with virulence [24], we assume that the
evolution of capsule diversity has been driven by the rigors
of life outside animal hosts. Furthermore, whatever the gen-
etic mechanisms of capsule diversification, occasionally
polysaccharides are produced which increase survival and
thus invasiveness in extraintestinal host compartments.
Thus, with the caveat that not all polysaccharides may
directly participate in biofilm formation, this review focuses
on the biosynthesis and expression of the K1 antigen in E.
coli as a model of bacterial capsular polysaccharide syn-
thesis in general. The ease of genetic manipulation with E.
coli and the wealth of physiological information indicate
that the choice of this species for investigating basic aspects
of polysaccharide synthesis, modification, export, and regu-
lation is valid.

Genetic organization of capsule loci

Taking advantage of the capacity of cosmid vectors for long
inserts, Silver and colleagues were the first to clone the kps
(kapsel polysaccharide synthesis) genes necessary for K1
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antigen synthesis [44]. Since then, a variety of capsule gene
clusters from both Gram-positive and Gram-negative ani-
mal and plant pathogens have been cloned and investigated
to varying degrees. These studies clearly support capsule
gene clustering as a common theme in polysaccharide
biosynthetic systems. Recognizing that the functional
analysis of the kps cluster would be facilitated by the avail-
ability of simple genetic techniques, we constructed E. coli
K-12/K1 hybrids that stably express the polysialic acid cap-
sule [58-60]. This system led to the initial isolation and
characterization of most of the kps genes. A central cassette
(region 2) of neu (N-acetylneuraminic acid) genes (Figure
2) encodes enzymes for sialic acid synthesis (neuB and C),
activation (neuA), polymerization (neuS), and less well-
defined functions for initiation or translocation of polysialic
acid (neuD and E). Flanking this region on one side is
region 3 [37,38,41,45], which codes for an ATP-binding
cassette-type (ABC-type) transporter [3], and region 1
genes with poorly defined functions located to the other
side of region 2 (kpsFEDUCS) [61]. In contrast to the cap-
sule loci in other species (Figure 2), regions 2 and 3 of
kps are transcribed in the opposite direction from region I,
suggesting that at least two distinct systems may be
required to regulate kps expression. Transcription of
regions 1 and 2 converges at an intergenic sequence located
between neuS and kpsS [57]. This sequence probably rep-
resents a recombinant junction, because different region 2
cassettes share essentially common region 1 genes [9], all
of which map at 64 minutes near serA [8,54]. Mechanisms
to account for such diversity at a single locus are not under-
stood, since kps clusters have never been detected on plas-
mids or phages which could account for the range of differ-
ent regions 2. A separate origin of K1 kps region 2 from
region 1 is, however, perhaps further indicated by the up
to 80% A + T content of region 2 DNA compared to the
more E. coli-like 50% content of region 1 [48].

Although limited progress has been made in the interest-
ing area of capsule gene cluster diversity, we have detected
nonfunctional kps DNA in E. coli strain B by Southern
hybridization with K1 kps-specific probes [57]. This strain
has mno detectable sialic acid or polysialyltransferase
activity, suggesting that although region 2 DNA is probably
present, point mutations or small deletions may have
accumulated which functionally silenced the region. That
up to fifteen genes may be required for capsule expression
(Figure 2), and the increased A + T content of region 2,
are consistent with the relatively high spontaneous mutation
rate (107* to 107> per bacterium per generation) measured
for K1 E. coli [58]. Single mutations almost anywhere in
the 17-kbp kps locus would frequently result in an acapsular
phenotype, and if there was no subsequent selection against
these mutants, further changes would continue to accumu-
late at the same spontaneous mutation rate. We have desig-
nated this situation the derelict hypothesis and have sug-
gested how, together with the opportunity for intra- and
interspecies recombination, this hypothesis could explain
the evolution of E. coli K92, which synthesizes a rare poly-
sialic acid composed of alternating «2,8-2,9 linkages
[16,48,57]. Similar arguments have been advanced for the
rfb locus for O-antigen biosynthesis [32 and therein].
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Figure 2 Genetic organization of kps and comparison to ctr and viaB capsule loci. The top line (open boxes) shows the known or suspected kps genes
required for polysialic acid expression in Escherichia coli K1 (see Table 1 for references). Shown below kps are the Nesseria meningitidis ctr [18] and
Salmonella typhi viaB [22] loci required for expression of the group B and Vi antigens, respectively. Numbers below each gene give the sizes of
kilodaltons of the encoded polypeptides. Note that the size (18 kDa) of the synB gene product is likely to underestimate the true mass of the meningococcal
CMP-sialic acid synthetase [19]. Arrows indicate transcription direction of the various regions, which are indicated by the numbers or letters above each
locus. LOS refers to the group B meningococcal DNA involved in lipooligosaccharide synthesis, which interrupts ctr from lipA,B [18]

Capsule synthesis genes

Spontaneous or transposon-induced K1 capsule-negative
mutants were selected as survivors after infection with the
Iytic K1 capsule-specific phage KIF [40,61a]. Simple
assays for sialic acid activation or polymerization, and in
vivo complementation of capsule synthesis by exogenously
added sialic acid were used to identify the biosynthetic
region 2 genes neud, B, C, and § (Table 1). Homologs of

these genes were subsequently identified in group B menin-
gococci (Table 1) and renamed siaA, B, C, and D [15].
Since group B meningococcal biosynthetic homologs were
previously designated neu [19,49], following the precedent
in the literature [60], the proposal of sia would seem to be
without merit and should be discouraged in future publi-
cations to facilitate comparisons between similar loci. What
appears clear from the studies summarized in Table 1 is
that neuB codes for the enzyme that condenses N-acetyl-

Table 1 K1 kps genes and proteins: their functions and homologs in other systems

Gene Function Homolog(s)* Refs
neuA CMP-sialic acid synthetase SynB [17,60]
neuB sialic acid synthase ConB [4,17,60]
neuC ManNAc-6-phosphate phosphatase Orf1 [18,49]
neuD transacetylase (?) unknown [4,60]
neukE PSA translocase coupler unknown [48,57]
neuS polysialyltransferase SiaB [6,18,47,48]
kpsM traffic ATPase CtrC, VexB [17,22,37]
kpsT traffic ATPase CtrD, VexC [17,22,38]
kpsF regulatory (?) GutQ [12,57]
kpsE translocation CuB, VexD [12,17,22]
kpsD translocation unknown [64]

kpsC translocation LipA, LpsZ [6,18,41,60]
kpsU CMP-KDO synthetase KdsB [10]

orfX regulatory (?) unknown [57]

kpsS (1) translocation LipB [18,48,60]
omp (7) translocation (?) CtrA, VexA [18,22,57]

*Homologs refer to gene products encoded by the capsule loci for group B Neisseria meningi-
tidis and Salmonella typhi Vi diagrammed in Figure 2



mannosamine (ManNAc) and phosphoenolpyruvate to yield
sialic acid and inorganic phosphate, and that neuA activates
sialic acid by the addition of CMP from CTP to form the
nucleotide sugar CMP-sialic acid, which is then poly-
merized by the polysialyltransferase encoded by neusS.
These steps are shown diagrammatically in Figure 3.
Indirect results suggest neuC codes for ManNAc-6-phos-
phate phosphatase [49] or, possibly, N-acetylglucosamine
— ManNAc¢ epimerase [15]. The biosynthesis of ManNAc
is not understood in E. coli and is an area that should be
investigated, since it could offer a new target for thera-
peutic intervention. Homologs of neuD and E have not been
detected in the meningococcal system. The biochemical
functions of neuD and E gene products is thus of great
interest because their presence in K1 kps suggests that poly-
sialic acid synthesis in group B meningococci could involve
a diffferent mechanism despite the occurrence of several
functionally and structurally homologous gene products
[15].

Polysialic acid biosynthesis
E Vimr et af

A potential applied aspect of this work is the overpro-
duction of CMP-sialic acid in mutants with defects in neuS
[47]. Since E. coli appears to lack CMP-sialic acid hydro-
lase [59], the only metabolic fate of the nucleotide sugar
is polymerization by NeuS and recycling of CMP. In the
absence of NeuS, bacteria accumulate 0.02-0.05 M concen-
trations of CMP-sialic acid, which could be used for the
industrial scale production of this important sialoconjugate
precurser by simple fermentation techniques.

Acapsular K1 mutants with defects in neuD do not syn-
thesize polysialic acid [4,45], suggesting some as yet unde-
fined role in polymer initiation or elongation in vivo. In
contrast, nexE mutants synthesize polysialic acid but do not
export it to the outer membrane [57]. This indicates that
polysialic acid synthesized in the absence of neuE* does
not productively engage the polysaccharide transport appar-
atus, suggesting NeuE may couple capsule synthesis to
translocation. The presence of a potential polyprenyl bind-
ing site [1] in the predicted membrane anchor of NeuE
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Figure 3 Working model of polysialic acid biosynthesis in Escherichia coli K1. Cytoplasmic N-acetylglucosamine (GlcNAc) is converted by an
unknown enzyme or enzymes to N-acetylmannosamine-6-phosphate (ManNAc-6-P), which is then dephosphorylated by NeuC. ManNAc plus phosphoen-
olpyruvate (PEP) is condensed to yield N-acetylneuraminic (sialic) acid (NeuSAc) by sialic acid synthase (NeuB). Sialic acid is activated to CMP-
NeuSAc by CMP-sialic acid synthetase (NeuA) and then polymerized by NeuS to yield poly-c2,8-linked sialic acid (PSA). CMP-KDO (keto-deoxy
octonate) is synthesized by KpsU, although this step may not be important for PSA synthesis or export. The possible functions of NeuE, KpsC, D, E,
and F are described in the text and Table 1. The Neu E membrane anchor is indicated by the zig zag. Undecaprenyl phosphate is indicated by the bold,
wavy line shown embedded in the cytoplasmic membrane (narrow, wavy lines). The orientation of the phosphate head-group of undecaprenal shown in
the periplasm is purely hypothetical. KpsM and T are shown as heterodimers interacting in 1 : 1 stoichiometry with the inner membrane. Curved arrows
indicate the translocation of PSA across the inner membrane and periplasm to an extracellular location, where capsular polymers (helices) may be
anchored via esterification to phosphatidic acid (bold lines) in the external leaflet of the outer membrane. Capsule sloughing [50] is shown by hydrolysis

of PSA at low pH
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further suggests that undecaprenyl phosphate may be
involved in polymer translocation or the assembly of a
functional polymerization-translocation apparatus [48,50-
53,57]. Although there is no direct evidence that this motif
binds undecaprenyl phosphate, every protein known or sus-
pected of interacting with polyisoprenoids contains the
motif consensus sequence [63]. We have recently suc-
ceeded in overproducing NeuE as a fusion to maltose bind-
ing protein and shown that the putative polyprenyl binding
motif functions, as expected, as a membrane anchor
(Steenbergen and Vimr, unpublished results). It will now be
possible to determine the role of NeuE in polymer export.

Capsule modification and export

During or shortly after polymerization, capsular polysacch-
arides are exported to the external surface of the cell. In
Gram-negative bacteria, polysaccharides must traverse two
membranes and the periplasmic space to reach their exter-
nal destination, indicating that components of the export
apparatus may be needed in all three extracytoplasmic com-
partments. Since a range of structurally distinct E. coli cap-
sule loci, defined by different regions 2, share region ! and
3 genes [9], at least a subset of the common genes is likely
to function in capsule export. Other functions could include
post-polymerization modifications, such as acetylation or
lipidation, and genetic regulation of region 1 or 3
expression [43,60]. Comparison of K1 regions 1 and 3 to
other capsule loci (Figure 2) reveal three or four shared
components (Table 1). By analogy to ABC-type trans-
porters, the finding that different capsule loci include this
cassette, plus one additional inner and one outer membrane
polypeptide, has led to the hypothesis shown in Figure 4.
Hydrolysis of ATP by KpsT may drive polysialic acid
export through an inner membrane pore formed by dimers
of KpsM [37]. Translocation to the outer membrane would
then be coupled in the periplasm via KpsE to an outer mem-
brane porin (Omp)-type protein, such as CtrA or VexA in
meningococcal and S. typhi, respectively (Table 1). How-
ever, unlike the ctr or vex systems (Figure 2), kps does not
code for any bona fide outer membrane component. Omp’s
are (3 sheet-rich proteins that facilitate solute diffusion by
forming pores with relatively small atomic radii [33]. It is
thus hard to envision how the known E. coli Omp’s could
function in the export of highly hydrated, negatively
charged polysaccharide chains through size-selective pores
(Figure 4). The possibility that protein K, an Omp associ-
ated with capsulated E. coli, functions as the specific outer
membrane component for polysialic acid export is unlikely
because E. coli K-12-K1 hybrids do not express this porin,
yet clearly produce an effulgent capsule [60]. Although the
model shown in Figure 4 is pleasing in its essential mimicry
of a range of other export systems [28], and because diverse
capsule systems share homologs of KpsM, T, and E, there
is a tendency to assume that the ABC system must function
as the inner membrane transporter. However, in the absence
of an in vifro system which reconstitutes polysialic acid
export, or genetic complementation of region 3 with an
unrelated ABC system, only correlative evidence supports
this model. Although E coli K-12/K1 inverted vesicles pre-
pared from a mutant defective in CMP-sialic acid synthet-

PSA

Omp Outer
Membrane

KpsE Periplasm

Cytoplasmic
Membrane

ADP+Pi PSA ATP

Figure 4 Hypothetical model of the polysialic acid translocase complex.
KpsM and T define an ATP-binding cassette-type transporter in the inner
membrane. Polysialic acid transport is coupled to hydrolysis of ATP and
extrusion of the polymer to the surface through a transmembrane pore
formed by KpsM, E and an undefined outer membrane porin (Omp). The
diagram was adapted from the models and ideas about traffic ATPases
given in Ref 28

ase (neuA) were capable of de novo polysialic acid syn-
thesis upon addition of the nucleotide sugar precursor, there
was little apparent translocation of the polymer [57]. Even
if an in vitro system can be developed, the results must be
shown to be relevant to the in vivo process. Toward this
goal, we have developed an in vivo system that permits
studies of polysialic acid synthesis and transport by adding
exogenous sialic acid to double mutants (neuB nanA) defec-
tive in sialic acid synthesis and degradation [55].
Assuming that KpsM and T are the transporter, Frosch
and Miiller [17] suggested that the common signal recog-
nized by the pore, which in E. coli would have to transport
the many structurally distinct polymers synthesized by any
given serotype, is phosphatidic acid esterified to the reduc-
ing end of polysaccharides [20]. Others have speculated
that keto-deoxy octonate (KDO), phospholipid, or both
KDO and phospholipid provides the common export signal
[9,10,39]. Indirect evidence for the signaling role of lipid-
ation was cited as altered electrophoretic or chromato-
graphic mobility of polysialic acid isolated from /ipA or
lipB group B meningococcal mutants [17], As shown in
Table 1, we have detected primary structure similarity
between LipA and KpsC, and LipB and KpsS. In unpub-
lished experiments directly assessing lipidation in
kpsT,S,C,E, and F mutants, we found that each strain syn-
thesized a pool of phospholipase-sensitive, low electrophor-
etic mobility polysialic acids, strongly suggesting that none
of the mutations confers an absolute defect on lipidation of
polysialic acid. We suggest that the previous negative
results [17] do not provide adequate evidence to exclude



this particular modification, especially in mutants that may
synthesize less than wild type levels of polysialic acid.

If KpsS and C are not directly involved with lipidation,
what might be their function(s) in polysialic acid export?
By analogy with kpsD mutants that accumulate periplasmic
polysialic acid [64], it is possible that KpsS and C bind
polysaccharide in the cytoplasm as a way of ‘chaperoning’
chains to the translocation apparatus. These polypeptides
would presumably recognize some common secondary
structural feature of acidic polysaccharides. Alternatively,
the similarity of KpsC to LpsZ (Table 1) would be consist-
ent with a possible polysaccharide-modification function
[39]. LpsZ has been shown to modify Rhizobium meliloti
LPS, a phenotype that corrects the nitrogen-fixing-negative
(Fix™) phenotype in alfalfa nodules induced by exoA
mutants, which have defects in acidic exopolysaccharide
production [62]. LpsZ is thought to modify LPS by adding
additional sugar residues so that the altered molecule func-
tions as an inducer of the Fix* phenotype normally signaled
by the acidic exopolysaccharide. Structural similarity of
KpsS to LipB (Table 1) suggests that these proteins perform
similar roles in K1 E. coli and group B meningococci,
although as noted above, we do not think this role is lipid-
ation. In this case, it may be significant that no KpsC
(LipA) or KpsS (LipB) homologs have been detected in
the viaB locus (Figure 1). Therefore, either genes mapping
outside of viaB perform the same function as kpsC and S,
or the Vi antigen does not require the products of these
genes for its export or assembly.

Polysialic acid in E. coli K1 strains is known to go
through form variation in which carbon-9 is acetylated on
a variable number of sialic acid residues after polysialic
acid has been synthesized [23,35]. This modification affects
immunogenicity and glycosidase (neuraminidase) sensi-
tivity, both of which could be important depending on
whether the bacieria are in the intestinal tract or the blood-
stream of an infected host [35]. The enzyme(s) required for
acetylation have not been identified, but since unacetylated
chains are exported, this modification presumably plays no
role in K1 synthesis or translocation. Jann and Jann and
their colleagues suggested that KDO addition is important
for export of the K5 capsule [9,39], but this modification
has not been reported in polysialic acid. In addition to phos-
phatidic acid, it has been suggested that oligosialic acid
chains may be linked to undecaprenyl phosphate [29,50-
53], which could play a role in synthesis or export of poly-
sialic acid. Unfortunately, direct evidence that any of these
modifications have an effect on polysialic acid capsule
expression is lacking, nor have any K1 kps or other gene
products been unambiguously linked with catalyzing a
particular modification. In contrast, CMP-KDO synthetase
is clearly encoded by kpsU (Table 1) but it may be a non-
essential region 2-like gene ‘hitchhiking’ in region 3, since
KpsU is apparently not required for K1 expression nor have
we been able to detect its synthesis in maxicell experiments
(Steenbergen and Vimr, unpublished results). The role of
polysaccharide modification in capsule expression and
function clearly requires more detailed analysis.

An alternative explanation for the function of some
region 1 and 3 gene products is that they play a role in
assembling a functional polymerization apparatus. Our
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original observation that defects in region 1 or 3 genes exert
epistatic effects on polymerization [48,59,60] has been con-
firmed in the K5 E. coli system [39]. Direct feed-back inhi-
bition of unexported polysialic acid on the expression of
neus is unlikely because the exogenous activity of the poly-
merase with colominic acid acceptors remains intact [60],
showing that neusS is not down-regulated. Competitive inhi-
bition is also unlikely because endogenous polysialic acid
synthesis is unaffected by the presence of exogenous
acceptors [27]. Furthermore, unlike the membrane-associ-
ated polymerases for cellulose [11] or hyaluronic acid [14]
biosynthesis, which efficiently synthesize polysaccharides
in vitro, polysialic acid synthesis decays rapidly with time
and displays nonlinear kinetics [27]. It is therefore possible
that region 1 and 3 gene products provide the molecular
context for coupling polysialic acid synthesis to export, and
that this coupling is partially disrupted by cell fraction-
ation. The observation that azido-ATP inhibits polysialic
acid synthesis in vitro is very interesting [51], since one
or more kps gene products might energize polymerization
instead of translocation of polysialic acid. Since polymeriz-
ation per se should not require energy beyond that provided
by the activated sugar nucleotide precursors, an energy
requirement for polymerization could imply a coupling
between synthesis and export. That NeuS appears to be a
processive sialyltransferase is consistent with this notion
[47,60], and with the idea that energy might be required
for extrusion of the polysaccharide [51]. The isolation of
mutants with conditional defects in translocation would
seem to offer an experimental system for investigating the
dynamics of polysialic acid synthesis and export. The extra-
cytoplasmic synthesis of teichoic acid may be an important
variation in some polysaccharide biosynthetic systems
which would obviate the requirement for a separate translo-
cation system. In this case the polymerase might shuttle
between the cytoplasm, where it picks up sugar nucleotide
precursors, and the external site of polymerization [7].
Although a sugar nucleotide transporter has never been
identified in bacteria, there remains the formal possibility
that at least some polysaccharides may be assembled extra-
cytoplasmically from transported nucleotide precursors. It
is also possible that some polymerases span the membrane,
in which case polymerization and export could occur within
the same protein channel. There is no evidence, however,
that NeuS is a membrane-spanning enyme.

Regulation of capsule expression

The only environmental condition known to influence K1
capsule expression dramatically is temperature. Using E.
coli K-12-K1 hybrid strains, Merker and Troy [31] showed
that sialic acid synthase was probably synthesized at low
temperature, but that the enzyme was catalytically inactive
and could be reactivated by shifting cells to the capsule-
permissive temperature of 37° C. Both sialic acid and the
synthase activity were detected when cells were shifted to
the permissive temperature in the presence of chloramphen-
icol or actinomycin, suggesting that neither transcription
nor translation was required for reactivation. These results
indicate that region 2 is transcribed at low temperature but
that the supply of precursor sialic acid is regulated by a
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post translational mechanism that probably involves the
synthase. Troy and his colleagues [50] had previously
shown that NeuS was also present in cells grown at low
temperature and that the absence of endogenous polymerase
activity was caused by the failure to assemble or synthesize
other components of a sialyltransferase complex required
for de novo polysialic acid synthesis. Since mutants with
defects in some region 1 or 3 genes synthesize less polysac-
charide than wild type and have decreased polymerase
activity [60], it is reasonable to conclude that these regions
are thermoregulated.

To determine the mechanism of region | thermoregul-
ation, we isolated a chromosomal lacZ operon fusion to
kpsE [12]. B-Galactosidase activity in cells grown at 19° C
was 10-20 times less than cells grown at 37° C, showing
that kpsE and, perhaps, all of region 1 expression was ther-
moregulated. Sequence analysis and primer extension stud-
ies have so far failed to identify a kpsE promoter within
100 base pairs of the predicted translational start site [12,
and unpublished results]. However, these studies led to the
identification of a new open reading frame, designated
kpsF, that was shown to code for a 35-kilodalton polypep-
tide with homology to GutQ [12]. GutQ is a putative ATP-
binding protein of unknown function encoded by gutQ of
the glucitol utilization operon in E. coli K-12 [65]. The
homology (49% primary structure identity) between KpsF
and GutQ implies these proteins play similar, perhaps regu-
latory roles in controlling the expression of their respective
operons. An aphT cassette coding for kanamycin resistance
was cloned into kpsF and recombined by allelic exchange
into the chromosomal kps locus [12]. The resulting acapsu-
lar kpsF::aphT mutants accumulated polysialic acid in the
cytoplasm, indicating that kpsF might be the first gene of
the region 1 operon and that the cassette exerts polarity on
downstream region 1 expression. Alternatively, KpsF may
be required to activate other kps genes. Experiments are in
progress to determine whether the kpsF promoter is thermo-
regulated. Unlike the regulation of viaB [22] or alg [30], for
example, which involves regulatory loci mapping outside of
the respective capsule gene clusters, no loci unlinked to kps
have yet been unambiguously shown to affect polysialic
acid synthesis or export, or kps gene expression, although
such loci are likely to exist. Isolation and characterization
of reporter fusions in region 1, such as kpsE::lacZ, should
allow us to determine the mechanism of capsule thermo-
regulation.

Conclusions

Microorganisms have gone to extraordinary lengths in
expressing sialoglycoconjugates at thewr cell surfaces,
where these macromolecules function in avoidance or sub-
version of host immune mechanisms [56]. In addition to E.
coli K1 and K92, several serotypes of N. meningitidis have
evolved or acquired by horizontal genetic exchange an equ-
ally elaborate biosynthetic pathway for the synthesis, acti-
vation, polymerization, modification, translocation and
regulation of sialic and polysialic acid. Significant progress
has been made in identification of the genes and enzymes
for precursor synthesis and polymerization of sialic acid,
suggesting that specific inhibitors might be useful for

prophylaxis as well as for treatment of acute illness caused
by these invasive pathogens. By focusing on the unique
biochemistry involved in the assembly of specific viralence
factors, it may be possible to avoid the inherent problems
of standard antibiotic drug therapy and the ineffectiveness
or potentially dangerous side effects of many vaccines.
Another potential therapeutic target is the shared export
mechanism used by different microorganisms for the trans-
location of capsular polysaccharides. Although the translo-
cators in Gram-negative bacteria appear to include an inner
membrane ABC-type system, it is unclear whether polysac-
charides enter the transporter during or after polymeriz-
ation. We also have little idea how polymerizaton is
initiated and terminated or whether the biosynthetic
enzymes interact physically with other components of the
system. A final area that is being investigated is the thermo-
regulation of capsule expression. Unlike other capsule sys-
tems, kps does not appear to be regulated by any of the
global control systems that have been commonly investi-
gated. The physiological explanation for this apparent dif-
ference can only be obtained by determining the actual
mechanisms of K-antigen thermoregulation.
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