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Bacterial capsules are surface layers made of long-chain polysacchar-
ides. They are anchored to the outer membrane of many Gram-
negative bacteria, including pathogens such as Escherichia coli, Neis-
seria meningitidis, Haemophilus influenzae, and Pasteurella multocida.
Capsules protect pathogens from host defenses including comple-
ment-mediated killing and phagocytosis and therefore represent
a major virulence factor. Capsular polysaccharides are synthesized by
enzymes located in the inner (cytoplasmic) membrane and are then
translocated to the cell surface. Whereas the enzymes that synthesize
the polysaccharides have been studied in detail, the structure and bio-
synthesis of the anchoring elements have not been definitively re-
solved. Here we determine the structure of the glycolipid attached
to the reducing terminus of the polysialic acid capsular polysaccharides
from E. coli K1 and N. meningitidis group B and the heparosan-like
capsular polysaccharide from E. coli K5. All possess the same unique
glycolipid terminus consisting of a lyso-phosphatidylglycerol moi-
ety with a p-linked poly-(3-deoxy-p-manno-oct-2-ulosonic acid)
(poly-Kdo) linker attached to the reducing terminus of the capsular
polysaccharide.

polysaccharide export | capsule assembly

Gram-negative bacteria exploit a variety of virulence factors
to colonize particular niches and evade host defenses. One
common virulence factor is the capsule, which consists of long-
chain capsular polysaccharides (CPSs) anchored in the outer
membrane. CPSs are often important for preventing phagocy-
tosis and complement-mediated killing and thus represent an
attractive therapeutic target (1, 2).

In Gram-negative bacteria, CPSs are synthesized and trans-
located to the cell surface by one of two mechanisms; both have
been well-studied in Escherichia coli (reviewed in refs. 3 and 4).
E. coli isolates causing urinary tract infections, septicemia, and
meningitis possess capsules that are assembled via the ATP-
binding cassette (ABC) transporter—dependent pathway, which is
the focus of this study. Similar assembly systems are found in
Neisseria meningitidis, Haemophilus influenzae, and a variety of
human and animal pathogens (3, 5). In a landmark paper, Silver
and colleagues reported the cloning of the genetic locus for as-
sembly of the E. coli serotype K1 capsule and expression of the
K1 antigen in a heterologous host (6). This was the first full
polysaccharide gene cluster cloned, and it opened up bio-
chemical and molecular genetic strategies to investigate these
and other bacterial glycans. Since then, the E. coli K1 and K5
systems have been influential prototypes for studying CPS as-
sembly via ABC transporter-dependent pathways (3, 4). E. coli
K1 CPS consists of polysialic acid (PSA), a homopolymer of
a-(2—8)-linked sialic acid (NeuAc), and K5 is composed of
a heparosan-like glycan containing glucuronic acid (GlcA) and
N-acetylglucosamine (GlcNAc) (7, 8). Identical CPS structures
can also be found in other bacteria. For example, a-(2—8)-linked
PSA is also produced by N. meningitidis serogroup B and Pas-
teurella haemolytica serogroup A2 (9, 10), whereas P. multocida
type D produces a nonsulfated heparosan CPS polymer (11).
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Biosynthesis of these CPSs occurs at the cytoplasmic (inner)
membrane, before its export to the periplasm by the system-
defining ABC transporter (comprising proteins KpsM and KpsT
in E. coli nomenclature) (3, 4). Translocation of CPS from the
periplasm to the cell surface requires the periplasmic and outer-
membrane proteins KpsE and KpsD. Together, KpsMTED are
predicted to form a transenvelope complex (3, 4, 12, 13).
KpsMTED functions are not confined to a given CPS repeat-unit
structure, and one possible explanation of their broad substrate
specificity is the presence of a conserved lipid terminus that may
be recognized by the ABC transporter (3, 5, 14, 15). This lipid
has been implicated in anchoring CPSs to the outer membrane
(16). Mass spectrometry analysis of acid-hydrolyzed PSA from
E. coli K1 and K92, as well as N. meningitidis group B, identified
dipalmitoylglycerol as a component (17-20). However, direct
covalent linkage between the CPS and this lipid has not been
established. As an added complication, experiments with E. coli
K5 CPS suggested that a 3-deoxy-D-manno-oct-2-ulosonic acid
(Kdo) residue may exist at the reducing end of the polymer (19,
21), but no definitive chemical structures have been reported. All
E. coli wild-type strains require cytidine-5’-monophosphate (CMP)-
Kdo as a precursor for the biosynthesis of lipopolysaccharide,
which is essential for viability (22), but the genetic loci encoding
ABC transporter-dependent CPS assembly pathways in E. coli
contain additional copies of genes encoding two of the four
enzymes in the CMP-Kdo biosynthesis pathway (3). Although the
correlation between the duplicated genes and the proposed ter-
minal Kdo residue has been noted, it does not represent a unifying
feature for all bacteria containing these CPS assembly systems
because other examples (e.g., N. meningitidis) lack the duplica-
tion. This has raised the possibility of subtle variations in reducing
terminal structures on different CPSs assembled through a com-
mon strategy.

To fully understand the assembly pathway, it is critical to know
the precise nature of the lipid terminus and its linkage to the
CPS glycan. To that end, we have determined the structure of
the reducing terminus of CPSs from E. coli K1 and K5 and
N. meningitidis group B, to ask whether they possess an identical
lipid terminus. The analysis revealed a unique glycolipid termi-
nus conserved in all three bacteria.

Results

Identification of a Conserved Lipid Terminus. Structural character-
ization of a lipid terminus and its linkage region is not feasible
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with heterogeneous preparations containing high-molecular-mass
CPS glycans. As a result, prior studies have investigated material
released from CPS preparations treated with acid. Although acid
hydrolysates yield information on individual components, they
provide no insight into the linkage. Therefore, we developed
a strategy that generated highly purified CPS and then reduced
the contribution of the CPS with specific endo-acting CPS depo-
lymerases. These glycanases are tail-spike proteins from E. coli K1
and K5 CPS-specific bacteriophages (23, 24). They rapidly de-
polymerize purified CPS (Fig. S1), but leave the terminal lipid
(and any linker domain) intact and connected to the first few
residues of the CPS repeat unit. The hydrophobic products from
these enzyme digests were purified and analyzed by mass spec-
trometry (MS).

The liquid chromatography (LC)-MS spectrum of the E. coli
K1 terminus showed six major species and several minor ones
(Fig. 14). Lyso-phosphatidylglycerol (lyso-PG) was detected to-
gether with an unanticipated poly-Kdo linker. As expected, each
species contained one or more NeuAc residues from the CPS.
Ions A/B and C/D correspond to the calculated masses of lyso-
phosphatidylglycerol linked to seven Kdo sugars and either two
or one NeuAc residue(s), respectively. MS/MS was performed on
these ions to confirm the assignments (Fig. 1B and Fig. S2). The
spectrum for ion A revealed characteristic ions corresponding to
Kdo and NeuAc, in addition to a major ion at m/z 483, corre-
sponding to the mass of lyso-PG containing palmitate as the acyl
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chain. MS/MS/MS of the m/z 483 ion confirmed that it is indeed
palmitoyl-phosphatidylglycerol, based on the characteristic
fragment ions: glycerol,-PO, (m/z 227) and palmitate (m/z 255)
(Fig. S3). Also detected in the MS/MS spectrum of ion A were
ions corresponding to lyso-PG linked to multiple Kdo residues,
as well as multiple Kdo residues linked to NeuAc, identifying
a poly-Kdo linker between the PSA glycan and the lipid moiety.
The difference between ions A and B lies in the identity of the
acyl chain; ion A contains C16:0, whereas B contains C18:1 (Fig.
1B and Fig. S2). The same is true for ions C and D. In addition to
the molecular species containing seven Kdo residues, the spec-
trum also contained ions corresponding to lyso-PG-Kdos-Neu-
Ac, (labeled E, F, G, and H) and lyso-PG-Kdoo-NeuAc, (I and
J), where n is one or two NeuAc residues (Fig. 14). In terms of
both intensity and number of ions found, the predominant spe-
cies contained five and seven Kdo residues, whereas nine was less
abundant. Interestingly, there were no ions present corre-
sponding to two, four, six, or eight Kdo residues. These experi-
ments were repeated with two additional independent batches of
E. coli K1 CPS. The number of Kdo residues was consistent, but
one batch contained both lyso-PG and the diacyl-PG anticipated
from previous reports (18, 19) (Fig. S4).

To determine whether the terminal structure is conserved in
different genera, CPS was purified from N. meningitidis 992B and
the lipid terminus was analyzed by LC-MS (Table 1 and Fig.
S5A). The overall features of the terminus were the same, but

(C16:0)-PG-Kdo,;NeuAc,
(C18:1)-PG-Kdo;NeuAc,
(C16:0)-PG-Kdo;NeuAc;
(C18:1)-PG-Kdo;NeuAc,
(C16:0)-PG-KdosNeuAc,
(C18:1)-PG-KdosNeuAc,
(C16:0)-PG-KdosNeuAc;
(C18:1)-PG-KdosNeuAc;
(C16:0)-PG-KdogNeuAc,
(C18:1)-PG-KdogNeuAc,
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Fig. 1. Identification of the terminal glycolipid structure isolated from E. coli K1 CPS by mass spectrometry. (A) LC-MS data for E. coli K1 CPS terminus. All

indicated ions correspond to lyso-phosphatidylglycerol attached to a poly-Kdo linker and one or more NeuAc residues. The composition of the acyl chain is in

parentheses and the number of Kdo and NeuAc residues in each ion is indicated
data for the m/z 868.5 ion. Glycerol and phosphate are designated Gro and P,
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. The charge of the ion is shown next to the letter identifying it. (B) LC-MS/MS

respectively.
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Table 1. Identification of ions in the LC-MS spectra for the
terminal glycolipids from N. meningitidis group B, E. coli K5, and
E. coli K1 AkpsT CPSs

Linker Expected m/z Observed m/z Species

N. meningitidis serogroup B

Kdos 721.7% 721.4*  |-PG(C16:0)-Kdos-NeuAc,
1,083.0%~ 1,082.62~
730.3% 730.73~  |-PG(C18:1)-Kdos-NeuAc,
1,096.0%~ 1,096.42~
818.73 818.4%  |-PG(C16:0)-Kdos-NeuAcs
915.8%~ 915.43"  |-PG(C16:0)-Kdos-NeuAc,
Kdo, 868.4% 867.9°"  |-PG(C16:0)-Kdo;,-NeuAc,
E. coli K5
Kdog 853.8%~ 853.23"  |-PG(C16:0)-Kdos-(GIcNAC-GIcA),
862.43~ 862.1°  |-PG(C18:1)-Kdog-(GIcNACc-GIcA),
980.23 979.6>~  |-PG(C16:0)-Kdos-(GIcNAC-GlcA);
988.9%~ 988.9%"  |-PG(C18:1)-Kdog-(GIcNAC-GlcA);
829.5% 829.3%  |-PG(C16:0)-Kdog-(GIctNAC-GIcA),
1,106.6%~ 1,106.03~
1,115.3%~ 1,115.237  |I-PG(C18:1)-Kdog-(GIcNAC-GIcA),
Kdog  1,000.53~ 1,000.23~  |-PG(C16:0)-Kdog-(GIcNAC-GlcA),
1,127.03" 1,126.7°~  |-PG(C16:0)-Kdog-(GIcNAC-GlcA);
1,135.73~ 1,135.73~  1-PG(C18:1)-Kdog-(GIcNAC-GIcA)3
939.6% 939.6*  |-PG(C16:0)-Kdog-(GIcNAC-GlcA),
1,253.43 1,252.93~
E. coli K1 AkpsT
Kdos 937.4% 936.6>~  |-PG(C16:0)-Kdos-NeuAc,
950.4%~ 950.22~  |-PG(C18:1)-Kdos-NeuAc,
721.73 721.6>  |-PG(C16:0)-Kdos-NeuAc,
1,083.0%" 1,083.0%~
730.3% 730.73~  |-PG(C18:1)-Kdos-NeuAc,
1,096.0%~ 1,095.9%~
818.7% 818.9°"  |-PG(C16:0)-Kdos-NeuAcs
Kdo, 771.4% 77153 |-PG(C16:0)-Kdo,-NeuAc,
1,157.5%" 1,158.0%~
1,170.5%~ 1,171.1%~  I-PG(C18:1)-Kdo,-NeuAc,
868.4% 868.0°"  |-PG(C16:0)-Kdo;-NeuAc,
877.13 87733 |-PG(C18:1)-Kdo;-NeuAc,
Kdo,  1,015.23~ 1,015.33  I-PG(C16:0)-Kdos-NeuAc,

subtle differences were seen. For example, the acyl chain was
more homogeneous (mostly C16:0), and the Kdos species was
predominant in the spectrum. In addition, endosialidase di-
gestion was not as effective in comparison with K1 CPS (i.e., all
ions contained at least two NeuAc residues). E. coli KS CPS was
investigated to test whether the linker was specific to PSA CPS or
a more general feature of CPSs synthesized via the ABC trans-
porter-dependent pathway (Table 1 and Fig. S5B). LC-MS
revealed the terminal structure was also conserved in this strain
but the predominant ions corresponded to a Kdog species, with
minor ions corresponding to a Kdog species. No ions corre-
sponding to an odd number of Kdo residues were found.

Structural Analysis of the K1 and K5 Glycolipid Termini. Composition
analysis of trimethylsilyated (TMS)-derivatized hydrophobic moie-
ties in the E. coli K1 sample confirmed the presence of C16:0 fatty
acids, glycerol, Kdo, and NeuAc. To identify the linkage of the Kdo
residues, methylation analysis of the K1 hydrophobic moiety was
performed using the Ciucanu and Kerek method with modifications
to preserve the linkages of NeuAc and Kdo (25-27). Roughly equal
amounts of 1,2,4,6-tetra-O-acetyl-3-deoxy-5,7,8-tri-O-methyl-octitol
and 1,2,6,7-tetra-O-acetyl-3-deoxy-4,5,8-tri-O-methyl-octitol were
observed (ratio of 1:1.38), suggestive of an alternating polymer of
2,4- and 2,7-linked Kdo (Fig. S6). A small amount of terminal Kdo
was also detected, indicative of some hydrolysis in the sample. The
presence of characteristic fragment ions in electron-impact MS
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confirmed the assignment of 4-, 7-, and terminal Kdo species, and
chemical-ionization MS confirmed that all molecular ions were
consistent with monolinked Kdo.

To determine the anomeric configuration of the Kdo residues,
the K1 and K5 termini were further analyzed by NMR spec-
troscopy. In the E. coli K1 CPS spectrum, the NeuAc signals are
distinct from the Kdo, with the H3 protons from NeuAc at 1.72
(H3 axial) and 2.76 ppm (H3 equatorial) (28). Based on the
region of the 'H-"H gradient correlation spectroscopy (gCOSY)
and gradient total correlation spectroscopy (gTOCSY) spectra
from 1.81 to 1.92 ppm, there are two species in solution that
contain signals consistent with Kdo methylene protons (Table 2
and Fig. S7). Both have a difference of >0.5 ppm between the
axial and equatorial H3 protons, consistent with f-linkages (29).
Unfortunately, the ratio between the major and minor signals
could not be determined, due to spectral overlap inherent in the
heterogeneous samples. This also prevented assignment of
linkages via NMR. Analysis of the E. coli K5 glycolipid indicated
that there are at least five species in solution that contain signals
consistent with Kdo methylene protons, and these are also
consistent with p-linkages (Fig. S8).

Examination of the Glycolipid Terminus in CPS from Mutants with
Defects in the Biosynthesis and Export Pathways. To provide in-
sight into the structure of the glycolipid terminus pre-export, we
examined intracellular CPS accumulated in an E. coli K1 AkpsT
mutant. KpsT is the polypeptide containing the nucleotide-
binding domain for the ABC transporter, and AkpsT mutants
produce CPS which remains trapped inside the cell (30). The
glycolipid terminus of CPS from the AkpsT mutant is also mono-
acylated (Table 1).

KpsC and KpsS are highly conserved proteins in ABC trans-
porter-dependent CPS assembly systems. They have been impli-
cated in lipidation of CPS in E. coli, but their exact function is
unknown (21, 31). To determine whether they were required for
synthesizing the glycolipid terminus, AkpsC and AkpsS mutants
were constructed in E. coli K1. As observed previously (32), the
mutants are resistant to K1-specific bacteriophage due to a CPS
export defect, and each mutant could be complemented in trans,
to restore surface CPS (and bacteriophage sensitivity), indicating
that the deletions are nonpolar (Fig. S9). CPS from these mutants
was first analyzed by immunoblotting with whole-cell extracts and
probing with a PSA-specific monoclonal antibody. Initial analyses
with immunoblots on polyvinylidine difluoride (PVDF) mem-
branes yielded a strong signal for the parent CPS but no signal for
either mutant (Fig. 24), differing from the established phenotype
(33). In contrast, signal was obtained for all samples when trans-
ferred to a positively charged nylon membrane, although the

Table 2. 'H chemical shifts (ppm) of the two Kdo species in the
terminal glycolipid from E. coli K1 CPS

H3 axial H3 equatorial H4 H5

E. coli K1

1.83* 2.44% 3.75* 3.99%

1.88 2.46 3.71 N.D.
E. coli K5

1.81 2.43 3.74

1.85* 2.46* 3.71*

1.89 2.46 3.71

1.89 2.55 3.82

1.92 2.55 3.81

1.78" 2417 3.70" 3.96"

N.D., not determined.
*Major species.
"From ref. 29.
Willis et al.
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Fig. 2. Determination of the lipidation state of E. coli K1 CPS in AkpsC and
AkpsS mutants. (A) Immunoblots of whole-cell lysates on PVDF or positively
charged nylon membranes. These were probed with the monoclonal a-PSA
mAb 2-2B. Whereas CPS from the parent (K1) binds to both membranes, CPSs
from the mutants (AC and AS) do not bind to PVDF. (B) PLA treatment of
purified K1 CPS is sufficient to eliminate binding to PVDF.

apparent molecular masses of the CPSs from the AkpsC and
AkpsS mutants were significantly higher than that of the parent
(Fig. 24). The higher apparent molecular masses are consistent
with previous reports for the corresponding mutants (lipA and
lipB) in N. meningitidis (31). Similar effects have also been seen in
E. coli strains with mutations affecting later stages of CPS export
(kpsE) (32). The reason for this is unknown, but it could reflect
unregulated chain extension when synthesis and export are
uncoupled. When purified CPS from the AkpsC mutant was
processed, no lipid moiety was isolated, suggesting the difference
in behavior on PVDF immunoblots reflected a change in physical
properties (i.e., a decrease in hydrophobicity of CPS in the
mutants). The same behavior was obtained when parental K1 CPS
was pretreated with commercial phospholipase A (PLA), the
enzyme that catalyzes the removal of acyl chains from phospho-
lipids (Fig. 2B). Removal of the acyl chain is apparently sufficient
to abrogate binding to PVDF, consistent with the conclusion that
PSA from AkpsC and AkpsS mutants lacks the lipid terminus.

Discussion

We have demonstrated that the E. coli K1 and K5 and N. menin-
gitidis group B CPSs are attached to a (predominantly) lyso-phos-
phatidylglycerol moiety via a unique poly-Kdo linker. Central to this
discovery is the development of a technical approach to isolate the
intact glycolipid without resorting to treatment with extreme pH or
complicated chemical derivatization. The lipid moiety was identical
in all three bacteria, but considerable variation was observed in the
number of Kdo residues both within and between species.

PG is the second-most common glycerophospholipid in E. coli,
accounting for ~25% and 10% of the inner- and outer-membrane
phospholipids, respectively (34). The biosynthesis of E. coli glyc-
erophospholipids proceeds through cytidine-5’-diphosphate
(CDP)-diacylglycerol, and lyso-phospholipids, which are com-
paratively rare, are made from the diacylated species through the
action of PLA (35). E. coli possesses two PLA activities. The
known outer-membrane PLA enzyme (35) was ruled out by the
identification of lyso-PG in the terminal glycolipid of CPS isolated
from the corresponding pld4 mutant (Fig. S10). Detection of lyso-
PG at the terminus of intracellular CPS in the kpsT mutant sug-
gests removal of an acyl chain before export, implicating a cur-
rently unidentified cytoplasmic PLA. Earlier studies predicted
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that the terminus of PSA CPS was diacylated, but the parent ion
for the intact PG structure was not detected (17). A subsequent
report clearly shows a diacylated phospholipid in N. meningitidis
group B CPS (18). The varying results could be explained by the
use of different isolates with variation in PLA activities in these
studies. Collectively, the data suggest that lyso-PG predom-
inates, but CPS export can apparently occur with either lyso- or
diacyl-PG at the terminus.

The lipid terminus has been implicated in mediating attach-
ment of CPS to the cell surface to form the capsule (16, 19), but
the reported acid lability of the linkage between the lipid and the
CPS (19) may lead to release of material into the culture during
growth under laboratory conditions, making it difficult to de-
termine the proportion of CPS covalently linked to the cell sur-
face in vivo. The presence of a terminal lipid does not preclude
other factors from participating in surface association of CPSs.
For example, one report has suggested that E. coli K1 CPS
associates by ionic interactions with the lipopolysaccharide (LPS)
core region (36). Sequential truncations of the LPS core structure
were used to define the minimal requirement for CPS binding.
However, the effect of these truncations on outer-membrane in-
tegrity was not examined, so it is currently not possible to rule out
a potentially indirect influence on CPS association.

Several reports have suggested that Kdo biosynthesis plays
a role in formation of CPS synthesized in the ABC transporter-
dependent pathway, but the molecular basis has not been
established (21, 33, 37). Establishing the requirement in E. coli is
complicated by CMP-Kdo being essential for LPS biosynthesis
and viability in wild-type bacteria (38), and by the duplication of
genes encoding enzymes involved in CMP-Kdo biosynthesis in
the kps locus. This limitation does not exist in N. meningitidis
(37), where defects in the CMP-Kdo biosynthesis pathway lead
to significant reductions in the amount of PSA CPS (37). How-
ever, it was not determined whether the residual CPS was lipi-
dated, nor whether it was translocated to the cell surface.

Unraveling the initial steps in biosynthesis of E. coli CPSs in
ABC transporter-dependent pathways has been complicated by
conflicting reports concerning the involvement of undecaprenol-
linked intermediates. Undecaprenyl monophospho-NeuAc has
been proposed as the acceptor for the glycosyltransferases that
synthesize the CPS glycan in the K1 system (39), invoking an
elaborate two-step process involving transfer of such inter-
mediates to a phospholipid (21, 37). Presumably such a process
would require a dedicated “ligase” enzyme, and there is no ob-
vious candidate for this. Furthermore, studies in the E. coli K5
system could identify no involvement of undecaprenol-linked
intermediates (21). It has therefore been proposed that these
CPSs are polymerized on a phospholipid-based acceptor (40),
akin to the Streptococcus pneumoniae type 3 CPS (41). This hy-
pothesis is now complicated by the existence of the poly-Kdo
linker. kpsC and kpsS mutants accumulate large aggregates
of intracellular CPS (20, 29), but there have been conflicting
reports in the past as to whether the CPS is lipidated (18, 31,
33); here we provide evidence that these CPSs are not lipidated
in E. coli. Notably, the intracellular aggregates from these
mutants lack the characteristic membrane association seen in
the aggregates of lipidated CPSs produced by export-deficient
mutants (e.g., kpsT) (33). Experiments to reconstruct capsule
synthesis in an E. coli background that lacks any capsule bio-
synthesis genes have shown that kpsC and kpsS are essential for
de novo synthesis of CPS in an in vitro (membrane preparation)
system (40). The difference in the in vivo and in vitro outcomes
is surprising. One explanation is that lyso-PG-Kdo, represents
the natural acceptor on which these CPSs are polymerized and,
in its absence, aberrant initiation may occur in vivo using an
unknown acceptor, which may not be membrane-associated. If
such a scenario occurs, then KpsC and KpsS could provide
a scaffold to allow proper assembly of lyso-PG-Kdo, by other
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(unknown) components. Both proteins have been reported to
interact with proteins involved in biosynthesis and export of the
final product (12, 42). Alternatively, KpsC and KpsS could be
CMP-Kdo—-dependent glycosyltransferases.

Kdo is a component of the conserved region of LPS molecules,
which are essential for outer-membrane integrity and cell viability
in Gram-negative bacteria. There is some variability across bac-
terial species in the number and linkages of Kdo residues in this
part of LPS, but all involve a-linked residues (22). Kdo can also be
part of the O antigen repeat unit in some species of bacteria, such
as Providencia alcalifaciens O36, and in several CPS antigens,
where it can be either o- or f-linked (43-45). Sinorhizobium
meliloti strain 1021 rkpZ mutants even produce a “low-molecu-
lar-mass” CPS composed of 8-15 p-(2—7)-linked Kdo residues
(29), but the glycosyltransferases responsible for synthesizing
these structures have not been determined. All Kdo transferases
characterized to date are involved in formation of the LPS inner
core (Carbohydrate-Active EnZymes database families GT30
and GT73) from CMP-B-Kdo and, as such, are inverting enzymes
(46). It is not surprising then that KpsC and KpsS proteins have no
significant homology to any known Kdo transferase, because the
poly-Kdo linker for these CPSs contains p-linkages.

In summary, we have shown that the reducing termini of
representative CPSs from E. coli and N. meningitidis contain lyso-
phosphatidylglycerol-poly-Kdo, and that KpsC and KpsS are
required for its synthesis/addition. These findings begin to ex-
plain various contradictory genetic and biochemical information
and address some open questions for arguably the most in-
fluential CPS assembly system in microbial glycobiology. We
predict that this structure represents a unifying feature of all
capsules assembled in an ABC transporter-dependent process.

Materials and Methods

Bacterial Strains. E. coli EV36 (serotype K1) and N. meningitidis 992B
(serogroup B) NRCC4726 were gifts from E. Vimr (University of lllinois at
Champaign-Urbana, Urbana, IL) and W. Wakarchuk (Ryerson University,
Toronto), respectively. E. coli Bi8337/41 (010:K5:H4) was obtained from the
Statens Serum Institut. E. coli isolates were grown in 1 L LB at 37 °C for 5 h
before harvesting. N. meningitidis was grown on GC plates supplemented
with 1% glucose at 37 °Cin 5% (vol/vol) CO, for 18 h. E. coli K1AkpsC, AkpsS,
and ApldA mutants were made using the A-red recombinase procedure
(47, 48). The complete coding sequences of both kpsC and kpsS were re-
placed with the Kan cassette, whereas only the internal 54-821 bp of
pldA was replaced (SI Materials and Methods). Mutants were confirmed by
sequencing.

Biochemical Experiments. Bacteriophage K1F-sensitivity assays and immuno-
blotting were performed as previously described (28). The PSA-specific
monoclonal antibody 2-2B used in immunoblotting was a gift from M. Apicella
(University of lowa, lowa City, IA) and is available through EMD Millipore.
Phospholipase A reactions were performed in 25 mM Tris-HCl (pH 8) con-
taining 0.4 mg/mL bovine phospholipase A2 (Sigma-Aldrich) at 37 °C for
16 h. The expression and purification of maltose binding protein (MalE)-K1
endoneuraminidase has been described previously (23). The gene encoding
Hisg-K5 lyase was ordered from GeneArt (Invitrogen Canada) and cloned
into pCW ori* (49), and the enzyme was expressed and purified as described
elsewhere (24).

Isolation of the Glycolipid Terminus. CPS was purified using a modified
Cetavlon-based method (18), followed by gel filtration (see S/ Materials and
Methods for additional details). Purified CPS was digested in 4 mM NH4OAc
at 37 °C for 3-5 h and hydrophobic material was isolated from enzyme
digests using a SepPak C8 cartridge (Waters); the bound glycolipid was
eluted with 70% acetonitrile and dried.

Mass Spectrometry. The dried glycolipid was resuspended in 50% ethanol and
analyzed by LC-MS/MS using an UltiMate 3000 HPLC system (Thermo
Scientific) linked to a 4000 QTRAP mass spectrometer (AB SCIEX). Chromato-

1. Corbett D, Hudson T, Roberts IS (2010) Prokaryotic Cell Wall Compounds, eds Konig H,
Claus H, Varma A (Springer, Heidelberg), pp 111-132.
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graphic separation was performed on a Kappa BioBasic C18 column (Thermo
Scientific) with dimensions of 150 x 0.32 mm. Mobile phase A consisted of
10 mM ammonium acetate in water. Mobile phase B consisted of 10 mM
ammonium acetate in methanol. Gradient elution was performed at a flow
rate of 8 uL/min. The initial composition of the gradient was 50% B for 3 min
before a gradient raised the composition to 95% B over 1 min. The gradient
was held at 95% B for 26 min. At 30 min, the gradient was returned to 50%
B to reequilibrate the column for 10 min.

Composition Analysis. The glycosyl composition of the two samples was de-
termined at the Complex Carbohydrate Research Center (CCRC), University of
Georgia, by preparing the TMS-methyl glycosides with GC-MS (electron-impact)
analysis. Samples were dissolved in 1 M methanolic HCl using brief sonication. The
sample was hydrolyzed for 16 h at 80 °C, and then subjected to N-acetylation and
trimethylsilylation (Tri-Sil Reagent; Pierce). The resulting TMS-methyl glycosides
were analyzed by GC-MS using a 30-m DB-1 capillary column equipped with
a mass selective detector. For separation of the TMS-methyl glycoside derivatives,
the DB-1 column was programmed from 80 °C to 260 °C over 50 min.

Methylation Analysis. Linkage (methylation analysis) was also performed at the
CCRC. Dried glycolipid was solubilized in dry DMSO with sonication/vortexing
before methylation. Methylation reactions were performed using the sodium
hydroxide-methyl iodide procedure (25) with modifications (26, 27). As used
here, these modifications consist of adding the sodium hydroxide slurry in
DMSO to the lyophilized LPS samples and reacting for a brief period (6-7 min)
before the addition of excess methyl iodide. Following a 1-h exposure
to methyl iodide, the samples were then worked up using modifications
designed to preserve the labile Kdo- and NeuAc-ketosidic linkages in the
following sequence of steps: (i) Reduction of the Kdo and NeuNAc carboxy-
methyl groups was performed with lithium triethylborodeuteride (Super-
Deuteride; Sigma-Aldrich) in THF (2 h at room temperature); (ii) mild hy-
drolysis (0.1 M trifluoroacetic acid, 100 °C, 30 min) was used to cleave the Kdo/
NeuAc-ketosidic linkages; (iii) reduction of Kdo/NeuAc residues at the C-2
carbonyl group was performed using NaBD, in water/ethanol; (iv) normal
hydrolysis conditions (2 M trifluoroacetic acid, 105 °C, 1 h) were used to cleave
the remaining uronosyl and neutral sugar linkages (in the case of sample K5);
(v) the newly formed aldehydo-sugars were reduced with NaBD, in 50 mM
NH;OH; and (vi) acetylation of the resulting partially methylated alditols was
performed in acetonitrile-pyridine-acetic anhydride containing 4-N,N’-dime-
thylaminopyridine as catalyst for 3 h at room temperature as described (27).
The resulting permethylated alditol acetate derivatives were analyzed by GC-
MS (electron-impact) using a 30-m SP-2330 capillary column (Supelco) pro-
grammed from 80 to 250 °C. Chemical ionization GC-MS was performed on
a 30-m DB-1 capillary column, and samples were also run on an equivalent
DB-1 column in the electron-impact mode for comparison.

NMR Spectroscopy. Spectra were acquired in D,O at 27 °C on an Agilent
VNMRS 700-MHz spectrometer equipped with a cryoprobe. The spectra were
referenced to an external standard of acetone (2.22 ppm for 'H, 31.07 for
13C). 1D-"H and "H-"H gCOSY spectra were obtained for both samples, and
a "H-"H gTOCSY spectrum was acquired for the K1 sample. For the 1D,
gCoOSY, and gTOCSY spectra, the intensity of the residual deuterated water
peak was decreased using a presaturation pulse sequence, irradiating at 4.76
ppm. The spectral window for the 1D spectra was 8,446 Hz (from 10.8 to -1.3
ppm), and a Gaussian function was applied interactively to improve the
signal-to-noise ratio. Sine-bell functions were applied interactively to all of
the 2D spectra to improve signal to noise. The spectral windows for the
gCOSY and gTOCSY of the K1glycolipid were 4,562 Hz (from 6.5 to 0 ppm) in
both dimensions, and the spectra were acquired with 600 increments in F1
and 16 transients in F2. The spectral window for the gCOSY of the K5 capsule
anchor was 5,952 Hz (from 8.0 to 0.5 ppm) in both dimensions, and the
spectrum was acquired with 634 increments in F1 and 32 transients in F2.
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