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Abstract—Salmonella enteritidis is a food-borne enteric human pathogen that can form a complex protective extracellular matrix.
We describe here a component of this matrix which is distinct from other known salmonella extracellular polysaccharides such as
cellulose and colanic acid. We have used glycosyl composition and linkage analysis, as well as 1D and 2D NMR spectroscopy to
determine the structure of this polysaccharide. We propose that the primary saccharide in the S. enteritidis capsule has a branched
tetrasaccharide repeating unit having the following structure: —3)-o-D-Galp-(1—2)-[0-Tyvp-(1—3)]-a-D-Manp-(1—4)-a-L-Rhap-
(1—. This structure is partially substituted on both tyvelose and galactose with a glucose-containing side chain. It further bears con-
siderable similarity to the O antigen from this organism, a feature found in a number of other capsules from Gram-negative bacteria.
In addition, we have detected fatty acids at levels that indicate the presence of a lipid anchor.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Salmonella enteritidis, a persistent food-borne enteric
human pathogen, is capable of forming biofilms on
abiotic surfaces.! This has major economic and health
consequences.> Biofilm formation in Salmonella is
associated with the multicellular and aggregative behav-
ior variously described as rdar,* rugose,’ or lacy.® This
multicellular behavior is highly conserved amongst Sal-
monellae’ and is characterized by the elaboration of
thin, aggregative fimbriae (Tafi, curli;® cellulose;’ and

Abbreviations: SCPS, salmonella capsular polysaccharide; LPS, lipo-
polysaccharide; CPS, capsular polysaccharide; TX 100, Triton X100;
GC/EIMS, gas chromatography electron ionization mass spectro-
metry; PMAA, partially methylated alditol acetate; gCOSY, gradient
enhanced correlated spectroscopy; TOCSY, total correlation spectro-
scopy; gHSQC, gradient enhanced single quantum coherence; HMQC,
heteronuclear multiple quantum coherence.
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other uncharacterized exopolysaccharides).'® Together,
these components form the extracellular matrix that
confers resistance to acid and bleach and facilitates envi-
ronmental persistence.>! ! 13

Indeed, many bacteria are capable of shielding them-
selves from environmental stresses, host immune
responses and phagocytosis by the secretion of an
apparently amorphous matrix of secreted polysaccha-
rides.'* Such saccharides are often classified into three
categories: extracellular or ‘slime’ polysaccharides,
which are only loosely associated with the bacterium,
capsular polysaccharides, which are more tightly bound
to the surface of the bacterium, and lipopolysaccharides,
which form the basis of the outer leaflet of the Gram-
negative outer membrane and are always anchored to
the cell surface by lipid A.'>17

Capsular polysaccharides are a diverse group of mole-
cules. Escherichia coli are known to produce over 80
distinct capsular polysaccharides, and these are often
divided into two subgroups. Group 1 (as well as the
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chemically similar group 4) CPS molecules tend to be
high-MW polysaccharides with low charge density and
are sometimes linked to the cell surface via lipid A, while
group 2 (as well as the chemically similar group 3) CPS
molecules have lower MW, higher charge and can be
linked to the outer membrane via phosphatidic acid.'®!?
Group 4 capsules used to be considered as a part of
group 1,'° but because they comprise structurally identi-
cal O-units they are now their own group and are known
as the ‘O-Ag capsules’.!”

Note that covalent linkage to a lipid anchor does not
seem to be an absolute requirement for CPS. For exam-
ple, in group 2 capsular polysaccharides from E. coli,
only 20-50% of the isolated saccharides are substituted
with lipid,?® while disruption of key LPS oligosaccharide
core biosynthetic genes has no effect on the expression of
K30 CPS in E. coli.*' The repeating oligosaccharide sub-
units of some CPS molecules may actually resemble LPS
as has been seen in several unrelated strains of bacteria,
such as E. coli O111:B4 and Vibrio ordalii.**** In E. coli
O111 half the O-Ag is found as an LPS fraction, and the
remainder is in an LPS-unlinked capsular form.*>

While E. coli has a number of well-characterized cap-
sular polysaccharides, cases in which salmonella capsu-
lar polysaccharides have been described are rare.
Indeed, previous studies have failed to find CPS in
Salmonella minnesota and Salmonella typhimurium.*
Salmonella typhi, however, has a well-characterized
capsular polysaccharide, the Vi antigen, which consists
of a 2000 kDa homopolymer of (1—4)-2-acetamido-2-
deoxy-a-D-galacturonic acid variably acetylated at C-3
and with no known lipid anchor.*>?® Salmonella enterica

A

serovar typhimurium has a recently described CPS,
which contains glucose and mannose with lower levels
of galactose, but the size, charge and lipid anchor (if
any) of this CPS are as yet undefined.?’

In our previous work, we have described a CPS from
S. enteritidis, which is tightly associated with the bacte-
rium.”® This CPS is distinct from both Vi CPS and S.
enterica CPS in that it consists of a repeating oligosac-
charide containing both deoxyhexose and dideoxyhex-
ose sugars. We also discovered a series of yih genes
responsible for the assembly and transport of the mole-
cule, which are distinct from the LPS biosynthetic oper-
on and are conserved amongst Salmonellae. Mutation of
these genes results in a phenotype that is sensitive to des-
iccation. We describe here the chemical structure of this
CPS.

2. Results
2.1. Purification of salmonella capsular polysaccharide

Our efforts at purification of salmonella capsular poly-
saccharide (SCPS) have been directed towards two
goals. First, we wished to purify the intact, lipidated
SCPS so that we could examine its lipid anchor. Second,
we desired to produce a pure, nonlipidated molecule,
which is highly soluble, for glycosyl linkage and NMR
studies. Both these goals were facilitated by the use of
a bacterial strain that does not make cellulose, leaving
only negatively charged components such as LPS as
contaminants.

| B i

|

Figure 1. Analysis of salmonella capsular polysaccharide purifications by SDOC PAGE. Initial preparations of size exclusion purified salmonella
capsular polysaccharide were repurified by anion-exchange chromatography and analyzed on 18% (gels A and B) or 4% polyacrylamide gels. Panel A
represents a silver stain of E. coli O55:B5 LPS (lane 1), salmonella capsular polysaccharide starting material (lane 2), purified salmonella capsular
polysaccharide after anion-exchange and polymyxin affinity chromatography (lane 3) and LPS from the anion-exchange 250-750 mM eluate (lane 4).
Panel B shows analysis of salmonella capsular polysaccharide purification after hydrazinolysis. Lane 1 is E. coli O55:B5 standard LPS. Lane 2 is
salmonella capsular polysaccharide starting material. Lane 3 is purified salmonella capsular polysaccharide. Panel C is a 4% acrylamide gel
comparing FITC dextran standard of MW 2 x 10° Da (lane 1) with salmonella capsular polysaccharide purified by hydrazinolysis (lane 2) LPS from
the anion-exchange of starting material from the same sample (lane 3) and similarly purified LPS from a commercial Salmonella enteritidis

preparation (lane 4).
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In the first method, we used anion-exchange chroma-
tography in the presence of the nonionic detergent, Tri-
ton X100 (TX100), for partial purification, followed by
removal of residual LPS using a polymyxin B affinity
column. SDOC PAGE shows this method to be largely
effective at purifying the SCPS (Fig. 1A). The resulting
material stained positive for carbohydrate by silver
staining and migrated, as expected, near the interface
of the separating and stacking gels. The ladder-like pat-
tern of bands noticed in the starting fraction (Fig. 1A,
lane 2) is characteristic of LPS. Though most of the
LPS elutes only at a high concentration of salt (250-
750 mM) during ion exchange, a small amount is present
in the purified SCPS, even after polymyxin treatment
(Fig. 1A, lane 3).

Our second method begins by treatment of SCPS with
anhydrous hydrazine. This removes both N- and O-
linked fatty acids,” but has no effect on the negatively
charged Kdo residues of the LPS inner core, so that
LPS saccharides will be small and charged, while deacyl-
ated SCPS will be large and uncharged. At this point,
either anion-exchange chromatography or ultrafiltration
can be used to purify the deacylated SCPS. Figure 1B
shows the results of anion-exchange chromatography
after hydrazinolysis of the SCPS. The ladder-like pat-
tern of bands observed in both the standard LPS
(Fig. 1B, lane 1) and starting material (Fig. 1B, lane 2)
is completely absent in the hydrazine-treated material
(Fig. 1B, lane 3). For this reason, we used only this
material for our glycosyl composition, linkage and
NMR studies.

SDOC PAGE on a 4% acrylamide gel was used to
both determine the MW of the hydrazine treated SCPS
and examine LPS (either purified from the same prepa-
ration of material as the SCPS, or from commercial
sources) for ultrahigh-MW bands. Hydrazine treated
SCPS (Fig. 1C, lane 2) co-migrates with the FITC dex-
tran standard of MW =2 x 10° Da (Fig. 1C, lane 1),
whereas virtually all S. enteritidis LPS, either from our
preparations or from commercial sources, migrates near
the solvent front (Fig. 1C, lanes 3 and 4).

2.2. Glycosyl composition analysis

Glycosyl composition analysis of the hydrazine-treated
salmonella capsular polysaccharide is shown in Table
1. Note that rhamnose, mannose, and galactose are
found in roughly the same proportions, while glucose
is considerably less prevalent. In addition, several peaks
eluting early in the chromatogram are noted, which did
not match any of our monosaccharide standards, but
matched both the retention time and mass spectrum of
peaks detected in LPS from S. enteritidis, which contains
the dideoxyhexose, tyvelose (Fig. 2). Therefore, it was
concluded that the SCPS contains rhamnose, mannose,
glucose, galactose, and tyvelose.

Table 1. Glycosyl composition of salmonella capsular polysaccharide

Glycosyl residue Mole %
Tyvelose 18
Rhamnose 22
Mannose 24
Galactose 28
Glucose 9.1
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Figure 2. Identification of a dideoxyhexose in salmonella capsular
polysaccharide. GC-MS analysis of ME,Si-treated methyl glycosides
from salmonella capsular polysaccharide (panel A) and Salmonella
enteritidis LPS (panel B). Peaks at 12.3 and 12.6 min are rhamnose.
The LPS from Salmonella enteritidis is known to contain the
dideoxyhexose tyvelose in its O antigen and peaks at 8.6 and
10.1 min in panel B match the expected mass spectrum of this
compound.

2.3. Fatty acid analysis

Our previous study suggests that SCPS is difficult to dis-
sociate from the bacterial cell surface and that it may be
capsular.”® Further, solutions of purified, nonhydrazi-
nolyzed SCPS are turbid, as would be expected for a lip-
idated molecule. In order to examine the possibility that
the molecule may be lipid-anchored, we analyzed the
fatty-acid composition of anion-exchange/polymyxin
purified SCPS. Results of this analysis are shown in
Table 2. Dodecanoic, tetradecanoic, and hexadecanoic
fatty acids were detected, as well as 3-hydroxytetradeca-
noic acid. These could be accounted for as residual con-
tamination by LPS. In addition, we see octadecanoic
acid and unsaturated fatty acids such as hexadecenoic
acid and octadecadienoic acid, which are not normally
seen in the LPS of enteric bacteria. The observed levels
of fatty acid are consistent with what we would expect
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Table 2. Comparison of fatty acid constituents of salmonella LPS and
CPS

Fatty acid Mole %

LPS CPS
Dodecanoic acid 22 10
Tetradecanoic acid 14 12
Hexadecanoic acid 32 30
3-Hydroxytetradecanoic acid 32 26
Octadecanoic acid Trace 13
Hexadecenoic acid n.d.® 7.0
Octadecadienoic acid n.d. 1.0

#n.d. = not detected.

for the lipid anchor of a glycolipid that is significantly
larger than LPS.

2.4. Glycosyl linkage analysis

The glycosyl linkage analysis of purified deacylated
SCPS is shown in Table 3. This analysis indicates that
mannose is present primarily as a 2,3-linked residue,
while galactose is largely 3-linked and rhamnose mostly
4-linked. A 3.4-linked galactopyranose was also ob-
served corresponding to approximately 30% of the area
of 3-linked galactopyranose. Two peaks of approxi-
mately equal area are observed early in the chromato-
gram, as would be expected for a dideoxyhexose such
as tyvelose.

Gas chromatography/chemical ionization mass spec-
trometry of the partially methylated alditol acetate prep-
aration of SCPS shows the expected masses for the three
major peaks (see Fig. 3). The peak at 8.5 min has a sig-
nal at m/z 339, consistent with the mass expected for the
ammonium ion of a 4-linked rhamnose. Likewise, the
peaks at 10.3 and 11.2 min have masses at m/z 369
and 397, respectively, consistent with a 3-linked galacto-
pyranose and 2,3-linked mannopyranose. The peak at
6.8 min (A) has a signal at m/z = 281, which is consis-
tent with a dimethylated diacetylated dideoxyhexose.
This derivative is expected for terminal dideoxyhexoses.
Likewise, the peak at 7.5 min (B) shows a signal at m/z

Table 3. Glycosyl-linkage analysis of salmonella CPS

Glycosyl residue Area® (%)
Terminal tyvelose 39
1,4-Linked tyvelose 4.2
4-Linked rhamnopyranose 17
Terminal glucopyranose 1.1
3,4-Linked rhamnopyranose 34
3-Linked mannopyranose 1.4
3-Linked galactopyranose 22
4-Linked glucopyranose 4.2
2,3-Linked mannopyranose 29
3,4-Linked galactopyranose 7.1
3,4-Linked glucopyranose 2.0

#For clarity, peaks under 1% of total are not shown.
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Figure 3. GC-CIMS of partially methylated alditol acetates. (A)
Analysis of salmonella capsular polysaccharide partially methylated
alditol acetates shows two peaks associated with tyvelose, one at
6.8 min (labeled B) and one at 7.5 min (C). The CIMS of peak A is
shown in panel B with the maximum mass at m/z 281 indicative of a
dimethylated diacetylated (terminal) dideoxyhexose. Panel C shows
CIMS of peak B with mass at m/z 309 indicative of a monomethylated
triacetylated (linked) dideoxyhexose.

309, consistent with the ammonium ion of a monome-
thylated, triacetylated dideoxyhexose. This is the deriva-
tive we would expect from either the 2- or 4-linked
dideoxyhexose residue. The corresponding peak in the
GC/EIMS has peaks at m/z 118 and 173 as would be ex-
pected for the 4-linked (but not the 2-linked) residue.
The absence of signals at m/z 145 and 146, which should
be seen in the electron-impact ionization mass spectrum
of the 2-linked residue (the only other linkage possible
here), leads us to support the conclusion that tyvelose
is 1,4-linked.
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2.5. NMR spectroscopy

NMR spectroscopy was used to determine the monosac-
charide sequence and anomeric configuration of the
polysaccharide. The 1D proton NMR spectrum
displayed four major anomeric signals, a complex ring
region, two signals at 2.06 and 1.82 ppm, respectively,
and two singlets corresponding to H-6 of 6-deoxysugars.
Inspection of the COSY and TOCSY spectra revealed
that the two signals at 2.06 and 1.82 ppm were the two
protons at position 3 of a 3,6-dideoxyhexopyranose,
which was identified as 3,6-dideoxy-D-arabino-hexopyr-
anose by glycosyl composition analysis in comparison
with S. enteritidis LPS (vide supra).

The interpretation of the 2D NMR spectra was ham-
pered by significant signal overlap, but the combination
of gCOSY, TOCSY, and gHSQC spectra allowed the
partial assignment of the signals belonging to the four
major monosaccharide residues (Table 4). The charac-
teristic downfield shift of the glycosylated carbon peaks
helped in the assignment of the NMR signals and con-
firmed the results obtained from linkage analysis. Thus,
mannose is 2,3-linked; galactose, 3-linked; rhamnose, 4-
linked; and tyvelose is consistent with being at least par-
tially terminal. The four anomeric signals were all sing-
lets indicating small J; ; coupling constants (Fig. 4).

Unfortunately, the small coupling shows only the
o-anomeric configuration of the galactosyl residue,
whereas proton—proton coupling constants do not allow
determination of the anomeric configuration of the
mannosyl, rhamnosyl, and tyvelosyl residues. However,
proton chemical shifts indicate a-configuration for each
of these residues. In order to confirm the anomeric con-
figuration of the carbohydrate residues in the SCPS
repeating unit, we determined the one-bond C-H cou-
pling constants by application of a 1D HMQC experi-
ment without carbon decoupling during acquisition.
The C-H coupling constants of all four anomeric C-H
pairs were around 170 Hz (Table 4), confirming that
they are all in the a-configuration.

The 2D NOESY spectrum showed cross peaks
between H-1 of tyvelose and H-3 of mannose, between
H-1 of rhamnose and H-3 of galactose, between H-1
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Figure 4. "H NMR spectrum of salmonella capsular polysaccharide.

of galactose and H-2 of mannose, and between H-1
of mannose and H-4 of rhamnose. These correlations
allowed unambiguous determination of the monosac-
charide sequence of SCPS (Fig. 5).

The relative absolute configurations of the mannosyl,
galactosyl, and rhamnosyl residues were determined by
comparing the observed '*C NMR glycosylation shifts
with those compiled by Lipkind et al.*® Thus, glycosyl-
ation by rhamnose caused a large positive a-effect on
C-3 of galactose (+8.04 ppm) and a small negative B-effect
on its C-2 (—0.14 ppm). This pattern, and also the large
positive a-effect on the anomeric carbon of rhamnose
(+7.94 ppm) indicate different absolute configurations
of galactose and rhamnose. Likewise, the relatively large
negative B-effect on C-3 (—0.64 ppm) and the large po-
sitive a-effect on C-4 (+9.44 ppm) of rhamnose, caused
by its glycosylation at position 4 with mannose, revealed
a different absolute configuration of rhamnose and man-
nose. The carbon chemical shifts and their assignments
are in close agreement with the published NMR data
of two tetrasaccharides, o-pD-Galp-(1—2)-[a-Tyvp-
(1—3)}o-p-Manp-(1—4)-a-L-Rhap-1-(CH,)sCO,Me and
a-Tyvp-(1—3)-a-pD-Manp-(1—4)-a-L-Rhap-(1—3)-a-D-
Galp-1-p-NO,CgH,, corresponding to two representa-

Table 4. 'H and '*C chemical shifts, anomeric 'Jey coupling constants, and interresidue NOEs of SCPS

Chemical shift (6 ppm)

Glycosyl residue H-1 H-2 H-3 H-4 H-5 H-6 H-1 Inter-NOEs
o-Tyvp-(1— 'H 4.90 4.07 2.06/1.82 3.64 3.78 1.29 3.97 (Man H-3)
3¢ 102.7 (170 Hz) 70.7 34.7 68.3 71.9 18.3
—4)-0-L-Rhap-(1— 'H 5.08 4.07 3.97 3.57 3.92 1.34 3.95 (Gal H-3)
B¢ 103.1 (172 Hz) 71.9 70.7 82.9 69.5 18.5
—3)-a-p-Galp-(1— 'H 5.24 3.95 3.95 4.05 4.05 3.75/3.71 4.03 (Man H-2)
B¢ 102.3 (167 Hz) 69.5 78.4 n.d. n.d. 62.2 4.06 (Man H-4)
—2)-0-D-Manp-(1—
3 'H 5.28 4.03 3.97 4.06 3.97 3.86/3.81 3.57 (Rha H-4)
0 Bc 101.1 (171 Hz) 80.0 75.2 68.7 n.d. 61.8
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Figure 5. Part of a NOESY spectrum of salmonella capsular poly-
saccharide.

tions of the S. enteritidis LPS repeating unit.*! This close
agreement and the relative absolute configurations of
the backbone sugar residues we have determined indi-
cate that the SCPS is either identical to the LPS in its
absolute configuration or all its residues have the inverse
configuration. Given that the inverse configuration has
never been observed in nature, we favor the former
interpretation, and conclude that the SCPS contains
tyvelose, D-mannose, L-rhamnose, and D-galactose,
rather than ascarylose, L-mannose, D-rhamnose, and
L-galactose.

3. Discussion

At first glance, Group 1 capsular polysaccharides would
appear to be better classified as lipopolysaccharides.
They sometimes have the same lipid A and core oligo-
saccharide anchor as LPS and in some cases even have
a similar repeating oligosaccharide.”*** The main differ-

A R OH
0]
A HO OH
00 O
HO H,C
O—
HO @
CH
0 OR
B OH _n
R =HorGlc

ence between the molecules is that CPS is of higher
molecular weight (allowing the molecule to form a cap-
sule), not dependent on LPS core biosynthesis for
expression at the cell surface, and reliant on a separate
biosynthetic and transport apparatus.

The structure for the CPS shown in Figure 6 is very
similar to that of the O antigen of this organism,>**?
but this is hardly unusual. For example, the CPS of
E. coli 09:K38 is identical to E. coli O antigen 0178,**
while V. ordalii capsular and O-chain polysaccharides
share exactly the same structure.®* Vibrio cholerae
0139 has a CPS which, like ours, migrates more slowly
in its electrophoresis than its LPS and is serologically
identical to the O antigen.’> Identical structures for
LPS O antigen and CPS have also been noted in Aero-
monas salmonicida,>® Acetobacter methanolicus,”’ and
Vibrio anguillarum.®

The LPS of S. enteritidis belongs to serogroup D1 and
was first described by Hellerqvist et al.>> This first report
did not identify the anomeric configuration of the
mannosyl residue. Subsequently, the same group®”
established the mannosyl residue in D1 polysaccharides
to be in the a-configuration by subjecting the peracetyl-
ated polysaccharides to chromic acid, which readily oxi-
dizes B-glycosides, but to which a-glycosides are stable.
Fukada et al.** independently revisited the issue of the
mannosyl configuration. They partially hydrolyzed the
D1 O antigen and found that the resulting Man-Rha
disaccharides are stable to B-mannosidase, but are
cleaved by o-mannosidase. Thus, the mannose is o-
linked in LPS, and the CPS is identical to the LPS with
respect to the anomeric configuration of its mannosyl
residue.

However, the CPS is chemically distinct from LPS in
several ways. First, we are unable to detect sugar resi-
dues associated with the LPS core region in the purified
material. Second, salmonella capsular polysaccharide
can be separated from LPS saccharides by ion-exchange
chromatography, suggesting that it has a lower net cha-
rge than LPS. Third, according to the linkage analysis

o-Tyv-4 ¢-1-[Glc], [Glcl,
1 1
l v

3 4
— 2—a-D-Man-1-4-a-L-Rha-1— 3-a-D-Gal-1—

a-Tyv [a-D-Glc],
i 1
N v

3 4
—> 2-q-D-Man-1->4-o-L-Rha-1— 3-0-D-Gal-1—

Figure 6. The salmonella capsular polysaccharide repeating unit polysaccharide structure. (A) Configuration and (B) linear drawing of the repeating

oligosaccharide unit. (C) The linear structure of the O-Ag repeating unit from Salmonella enteritidis.

33
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data, the CPS is partially substituted with a glucose-
containing side chain on tyvelose, while LPS has this
modification only on galactose.** We did not detect glu-
cose in the NMR spectrum, but this is not surprising
given the much lower sensitivity of this technique
compared to GC-MS. Further, we notice several non-
terminal glucose species in the glycosyl-linkage analysis,
which would be consistent with substitution by a chain
of glucose residues. This altered substitution pattern
may account for the large difference in immunoreactivity
observed between the CPS and LPS.?® Lastly, the size of
this molecule is considerably larger than what one would
expect for an enteric O antigen, migrating well above the
LPS high molecular weight species in SDOC PAGE and
close FITC dextran standard of MW 2 x 10° Da. Even if
we assume that the CPS has a lipid A and core region
that we are unable to detect, it would account for only
about 5000 Da. This would leave a saccharide of over
3000 repeating units in size. A typical enteric high
molecular weight O antigen consists of approximately
70 repeating units.>® This size difference may be ade-
quate to confer immunological distinction to the O-Ag
capsule due to conformationally dependent epitopes
on the O-Ag capsule. This is the case for other HMW
polysaccharides that have been shown to have conform-
ationally dependent epitopes due to extended helices
formed by large polysaccharides and their modifica-
tions.*! Thus, although the LPS O antigen and CPS of
this organism share a similar repeating unit, the CPS dif-
fers in size, charge, substitution patterns and immuno-
reactivity from the O-chain saccharide.?®

The nature of the lipid anchor in the SCPS can be dif-
ficult to identify due to the large size of the saccharide
relative to the putative lipid anchor. Though we have de-
tected fatty acids consistent with a lipid A anchor, we
also note low levels of LPS in the nonhydrazinolyzed
sample we use for this analysis. We have also observed
longer chain, unsaturated fatty acids that are not associ-
ated with LPS from this organism. Enteric bacteria are
known to add long-chain unsaturated fatty acids to their
membrane phospholipids.*? This makes it tempting to
speculate that the lipid anchor for SCPS is a phospho-
lipid(s), although we cannot rule out a lipid A of altered
structure at this point.

One unresolved question is why this bacterium would
use a similar repeating oligosaccharide in its CPS and its
LPS. It may be more appropriate to ask the reverse
question: Why would bacteria go to the additional bio-
synthetic effort of creating a completely different saccha-
ride? In many cases, there are quite good reasons to do
this. In some cases, the capsule is capable of masking
LPS from antigenic responses of the host, making it ben-
eficial to have a different, less immunogenic structure.** 4
In other cases, the capsule may prevent nonspecific host
factors such as complement or factor H from reaching
the cell surface.*’ This, too, requires specialized struc-

tures such as neuraminic acids*® or other negatively
charged saccharides.*° Additionally, in the human
adapted Salmonella enterica serotype Typhi, Vi CPS
has recently been noted to reduce expression of the neu-
trophil chemoattractant IL 8 in macrophages and epi-
thelial cells,”! and can mediate its effects through
direct interaction with cell-surface receptors on the
host.>® Alternatively, the bacterium may obtain the
genes for capsule biosynthesis from an unrelated strain
of bacterium.'® Our prior work suggests that none of
these seem to be the case with S. enteritidis CPS. The
genes involved are conserved throughout Salmonellae
and the primary function of the capsule appears to be
to protect the bacterium from desiccation,” ensuring
the environmental persistence that is used to perpetuate
the cyclic lifestyle for Salmonella. This being the case,
only minor alterations to the O antigen may be
necessary. It is possible that the addition of glucose-
containing side chains onto tyvelose may assist in form-
ing a protective film around the bacterium during
desiccation.

4. Experimental
4.1. Initial CPS isolation

Cells scraped off agar surfaces were resuspended in 1%
phenol, mixed vigorously by vortexing and incubated
at room temperature for 30 min. Cellular debris was pel-
leted by centrifugation (16,000g, 4 °C, 5 h). The aqueous
phase of the supernatant was removed, and 4 vol of ice-
cold acetone was added on ice while constantly stirring
with a glass rod for at least 10 min. The precipitated
material was spooled, washed with acetone and air-dried
at room temperature overnight. The material was solu-
bilized in dH,O with heat and gentle agitation, dialyzed
(MWCO 6-8000 Da; Spectrum®) overnight in dH,O
and lyophilized. Approximately one plate of cells
(d = 140 mm; Fischer) yielded 4 mg of crudely purified
SCPS. The SCPS (10 mg/1 mL) was separated on a
Superose 6 column (Pharmacia) that had been equili-
brated in phosphate-buffered saline, pH 7.4 (PBS). The
column was washed with PBS at a flow rate of
0.4 mL/min and 50 1-mL fractions were collected. Frac-
tions with a high A,,, were collected and analyzed by
immunoblotting, as well as by silver and protein
staining.

4.2. Hydrazinolysis

SCPS was subjected to hydrazinolysis to remove both
N- and O-linked fatty acids using the method of Patel
et al.>® Briefly, the sample was incubated in anhyd
hydrazine at 95 °C for 4 h and then dried under a gentle
stream of air.
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4.3. Anion-exchange chromatography

Hydrazine-treated material was resuspended in water
and loaded on acetate-equilibrated Accel® QMA ion-
exchange resin. The material was eluted with 3 mL of
dH>0, then 4 mL of 0.2 M NaOAc. The eluate was pre-
cipitated with 5-10vol of ice-cold acetone and
centrifuged.

Nonhydrazine-treated material was suspended in
15mM NaOAc, pH 5.5, containing 1% Triton X 100
(TX100) and loaded onto acetate-equilibrated Accel®
QMA ion-exchange resin. The material was eluted with
a stepwise gradient of NaOAc starting at 100 mM,
followed by 250, 750, and 1500 mM NaOAc, in the
presence of 1% TX100. TX100 was removed by overnight
incubation with MeOH washed Bio-Rad SM2 Bio-
Beads®. NaOAc was removed by dialysis against three
changes of dH,O followed by lyophilization.

4.4. Polymyxin B chromatography

The material isolated by anion-exchange chromatogra-
phy was loaded onto a 12.5cm X 2.5cm polymyxin
affinity column in 50 mM NH4HCO;, then eluted with
50 mL of the same solvent, lyophilized and resuspended
in approximately 1 mL of dH,O. The sample was then
dialyzed 3x in dH,O.

4.5. SDOC PAGE

Electrophoresis was performed on 8 x10cm 18% T
2.7% C mini-gels using a Tris/glycine (1:4.8 w/w)
0.25% sodium deoxycholate running buffer at 30 mA
current and 400 V potential (or 7.5 mA current 100 V
potential for the 4% gel). Alcian blue silver staining
was used to stain for total carbohydrates, and silver
staining without alcian blue was used for LPS specific
staining. For alcian blue silver staining, the gels were
fixed in 40% EtOH, 5% HOAc, and 0.005% alcian blue
for 30 min and then reincubated in the same solution
overnight. Gels were then rinsed in water and oxidized
in 0.7% NalOy4 for 10 min. After this, they were rinsed
5x in water and incubated 10 min in 10% Bio-Rad silver
reagent concentrate, rerinsed in water, and developed in
3.2% Bio-Rad developer until satisfactory staining was
observed. Staining was stopped with 5% HOAc.

4.6. Glycosyl composition

Methyl glycosides were first prepared by methanolysis in
1M HCI in MeOH at 80°C (16 h), followed by N-
reacetylation with pyridine and (MeCO),O in MeOH
in a 1:1:2 vol/vol ratio for 20 min at 25 °C. The samples
were then per-O-trimethylsilylated by treatment with
Tri-Sil (Pierce) at 80 °C (0.5 h). These procedures were
carried out as previously described.”* GC-MS analysis

of the MesSi-derivatized methyl glycosides was per-
formed on an HP 5890 GC interfaced to a 5970 MSD,
using a All Tech EC-1 fused silica capillary column
30m x0.25mm ID). Chemical-ionization GC-MS
was performed on an Agilent 6890N GC interfaced to
a 5973 MSD using an Agilent DB-1 0.25 mm X 30 m
capillary column. In both cases, a temperature program
starting with a 2 min hold at 80 °C, followed by a 20 °C/
min gradient to 160 °C, 2 min hold, 2 °C/min gradient to
200 °C, 10 °C/min gradient to 250 °C and 11 min hold
was used.

4.7. Glycosyl linkage

The sample was permethylated, depolymerized, reduced,
and acetylated, and the resultant partially methylated
alditol acetates (PMAAs) were analyzed by GC-MS as
described by York et al.”® Initially, an aliquot of sample
was permethylated by the method of Ciukanu and Ker-
ek,’® which involves treatment with sodium hydroxide
and iodomethane in dry Me,SO. Briefly, 0.7 mL of a
suspension of approximately 1.0 M NaOH in Me,SO
was added to a sample predissolved in Me,SO and
allowed to incubate for 10 min prior to the addition of
0.1 mL of Mel, which was also allowed to incubate for
10 min. The permethylation was repeated twice (with
the last methylation using 0.2 mL of Mel for 40 min)
in order to aid complete methylation of the polymer.
Following extraction into the organic phase of a 1:1
CH,Cl,-H,O extraction, the permethylated material
was hydrolyzed using 2 M CF3;CO,H (2h in a sealed
tube at 121 °C), reduced with NaBD, (10 mg/mL of
NaBDy in 1 M NH4OH overnight, followed by neutrali-
zation with HOAc and drydown in MeOH), and acety-
lated using 0.23 mL concd CF;CO,H and 0.25 mL
(MeCO),0 at 50 °C for 10 min. After extraction into
the organic phase of a CH,Cl,—Na,CO; extraction, the
resulting PMAASs were analyzed on a Hewlett—Packard
5890 GC interfaced to a 5970 MSD (mass-selective
detector, electron-impact ionization mode) using a
30-m Supelco 2330 bonded-phase fused silica capillary
column. Chemical-ionization GC-MS was performed
on an Agilent 6890N GC interfaced to a 5973 MSD
using an Agilent DB-1 0.25mm x30m capillary
column. The temperature program started at 80 °C with
2-min hold, followed by a 30 °C/min gradient to 170 °C,
4 °C/min gradient to 235 °C and finished with a 20 min
hold at 235 °C.

4.8. NMR spectroscopy

NMR experiments were carried out on a Varian Inova-
600 MHz spectrometer using a 5-mm triple resonance
probe, which was kept at a temperature of 60 °C.
Standard pulse sequences from Varian were used to
acquire 1D Proton, 2D gradient-enhanced COSY,



2396

D. S. Snyder et al. | Carbohydrate Research 341 (2006) 2388-2397

gradient-enhanced HSQC, TOCSY, and NOESY spectra.
The TOCSY spin-lock time was 80 ms, and the NOESY
mixing time was 200 ms. Chemical shifts are reported
in ppm downfield from internal DSS, but were actually
measured relative to internal acetone (dy 2.225 ppm,

dc

31.07 ppm) or free acetate (oy 1.908 ppm, oc

24.99 ppm at pH 6-8). One-bond C-H coupling con-
stants were measured on a Varian Inova-800 MHz spec-
trometer at 35 °C by application of a 1D HMQC pulse
sequence without carbon decoupling during acquisition.
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