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Streptococcus pneumoniae serogroup 10 includes four cross-
reactive capsular polysaccharide (CPS) serotypes (10F, 10A,
10B, and 10C). In the present study, the structures of CPS10B
and CPS10C were determined by chemical and high resolution
NMR methods to define the features of each serotype. Both
CPS10C and CPS10F had f31-6-linked Galf branches formed
from the termini of linear repeating units by wzy-dependent
polymerization through the 4-OH of subterminal GalNAc. The
only difference between these polysaccharides was the wcrC-de-
pendent a1-2 or wcrF-dependent al—4 linkages between Gal
and ribitol-5-phosphate. The presence of one linkage or the
other also distinguished the repeating units of CPS10B and
CPS10A. However, whereas these polysaccharides both had
B1-3-linked Galfbranches linked to GalNAc, only CPS10A had
additional B1-6-linked Galp branches. These Galp branches
and the reaction of a CPS10A-specific monoclonal antibody
were eliminated by deletion of wcrG from the cps10A locus. In
contrast, deletion of this gene from the cpsI0B locus had no
effect on the structure of CPS10B, thereby identifying wcrG as a
pseudogene in this serotype. The B1-3-linked Galfbranches of
CPS10A and CPS10B were eliminated by deletion of wcrD from
each corresponding cps locus. Deletion of this gene also elimi-
nated wcrG-dependent f1-6-linked Galp branches from
CPS10A, thereby identifying WecrG as a branching enzyme that
acts on the product of WcrD. These findings provide a complete
view of the molecular, structural, and antigenic features of CPS
serogroup 10, as well as insight into the possible emergence of
new serotypes.

The capsular polysaccharides (CPS)? of Streptococcus pneu-
moniae are of interest both as virulence determinants in the
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pathogenesis pneumococcal infections and as protective anti-
gens for induction of serotype-specific immunity. Over 90 CPS
serotypes are currently recognized (1, 2), many of which com-
prise serogroups, the evolution of which is generally attributed
to immune selection. A comprehensive genetic framework for
the characterization of these polysaccharides recently became
available following identification of the chromosomal loci (cps)
for CPS biosynthesis from reference strains of all serotypes (3).
General functions were predicted for most of the nearly 2000
genes in these loci including the 342 encoded glycosyltrans-
ferases, comprising 92 homology groups (4). In addition, a
number of genes for transferases were tentatively assigned to
linkages in the corresponding CPS structures, including those
of CPS10A and CPS10F (4). These assignments provided start-
ing points for earlier studies of CPS serogroup 10 (5, 6), which in
turn set the stage for the present study to complete the struc-
tural and molecular characterization of this serogroup.

CPS serotypes 10F and 10A, the two most common members
of serogroup 10, were distinguished over 70 years ago by the
reactions of cross-absorbed rabbit antisera (7, 8). From subse-
quent surveys, serotype 10A was identified as the 20™ most
common S. pneumoniae serotype isolated from cases of inva-
sive disease, and on this basis, CPS10A was selected as the rep-
resentative of serogroup 10 in the 23-valent vaccine (9). More
recently, two other members of this serogroup, serotypes 10B
and 10C, were revealed by their reactions with available factor
antisera and distinguished from these serotypes and from each
other by cross-absorption studies (10). At the genetic level, high
shared synteny was found between the cps10A locus and cps10B
and the ¢psIOC locus and ¢psIOF (11). In fact as originally
described (3), the loci in each syntenous pair appeared to be
genetically identical.

The initial assignments of specific genes to linkages in
CPS10A and CPS10F (4) were based on the available structures
of these polysaccharides determined from chemical data (1).
Although the proposed structure of CPS10A was confirmed by
NMR (12), similar studies were not performed with CPS10F.
Our interest in the latter polysaccharide arose from the striking
similarity of the ¢ps10F locus to the locus of a Streptococcus
oralis coaggregation receptor polysaccharide designated
RPS4Gn (5), which, unlike CPS10F, functioned as a cell surface
receptor for interbacterial interactions between members of
the dental plaque biofilm community. Comparative molecular
studies of these closely related but functionally distinct polysac-
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Source or reference

TABLE 1
S. pneumoniae strains and plasmids
Strain or plasmid Description
Wild type strains
10061/38 CPS serotype 10A (SSISP 10A/1)*
423/82 CPS serotype 10B (SSISP 10B/2)“
Gro Norge CPS serotype 10C (SSISP 10C/2)”
34355 CPS serotype 10F (SSISP 10F/2)*

Statens Serum Institute
Statens Serum Institute
Statens Serum Institute
Statens Serum Institute

Mutant strains

JA1 Strain 10061/38 with ermAM in place of wejG This study
JA2 Strain 10061/38 with ermAM in place of werG This study
JA3 Strain 10061/38 with ermAM in place of werD This study
JB1 Strain 423/82 with ermAM in place of wejG This study
JB2 Strain 423/82 with ermAM in place of werG This study
JB3 Strain 423/82 with ermAM in place of werD This study
Plasmids

pJY Expression vector, Kan" Ref. 5

pJY-16 pJY expressing werG of strain 10061/38 This study
pJY-17 pJY expressing werG of strain 423/82 This study

“ Statens Serum Institute S. pneumoniae strain number is given in parentheses.

charides revealed four discrepancies in the apparent roles of
similar genes in S. pneumoniae and S. oralis, all of which were
resolved by high resolution NMR of CPS10F (6). One discrep-
ancy involved the linkage between Gal and ribitol-5-phosphate,
which had been reported as «1-2 in both CPS10A and CPS10F.
The finding from NMR that this linkage was a1-4 in CPS10F
indicated that the corresponding gene in the cpsIOF was not
werC as in serotype 10A but instead was an allele that is now
designated werF (6). Importantly, distribution of werC and werF
among the four CPS10 serotypes suggested that the presence of
one allele or the other distinguished ¢ps10A from closely related
cps10B and cps10C from closely related cpsIOF. This in turn
implied that the linkage between Gal and ribitol-5-phoshate
distinguished each pair of polysaccharide structures. To test
these predictions, we have now determined the structures of
CPS10B and CPS10C by high resolution NMR. The results
reveal the expected linkages between Gal and ribitol-5-pho-
shate. However, they also reveal an unexpected difference
between CPS10B and CPS10A that we now show depends on
the presence of a previously unrecognized pseudogene in the
¢ps10B locus. The findings, which complete the structural and
molecular characterization of CPS serogroup 10, provide an
unparalleled view of the features that define each serotype.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—Wild type and
mutant S. pneumoniae strains (Table 1) were cultured in brain-
heart infusion broth (OXOID Ltd., UK) or agar supplemented
with 5% heat-inactivated horse serum (Sigma) and 0.5 ug ml~*
erythromycin as needed for the maintenance of antibiotic-re-
sistant strains.

Antibodies and Immunochemical Methods—Factor 10b and
10d rabbit antisera were purchased from Statens Serum Insti-
tute (Copenhagen, Denmark). Prior to use in dot immunoblot-
ting, these antisera were absorbed with CPS-negative S. pneu-
moniae mutant strains JA1 and JB1 (Table 1) to remove
antibodies to non-CPS cellular antigens. Absorptions were per-
formed as previously described (5) by incubating pneumococci
harvested from 3 ml of overnight broth cultures of each mutant
strain with 5 ul of factor antiserum in 0.5 ml of PBS containing
4 mg/ml BSA. Dot immunoblotting was performed as previ-
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ously described (6) to detect binding of absorbed factor antisera
(1/1000 dilution) or previously described (13) mouse mAb
Hypl0AMS6 (1:5 dilution of hybridoma cell culture superna-
tant) to decreasing numbers of streptococci spotted on nitro-
cellulose membranes. Bound antibody was detected with
peroxidase-conjugated goat anti-mouse or anti-rabbit IgG
(Bio-Rad) and a metal-enhanced DAB substrate kit (Pierce).

Isolation of Polysaccharides—CPS was isolated from culture
supernatants of S. pneumoniae serotype 10B strain 423/82,
serotype 10C strain Gro Norge, and mutant strains JA2, JA3,
JB2, and JB3 (Table 1) following a previously described protocol
(6) that included DEAE Sephacel (GE Healthcare) anion
exchange column chromatography. CPS10A was purchased
from Statens Serum Institute (Copenhagen, Denmark).

Chemical Methods for Carbohydrate Composition and Link-
age Analysis—Glycosyl composition analysis was done by
GC-MS of monosaccharide TMS derivatives at the Complex
Carbohydrate Research Center (University of Georgia). After
methanolysis of the polysaccharide, the resulting monosaccha-
ride methylglycosides were derivatized and analyzed on a
Supelco EC-1 capillary column. Linkage analysis was done by
GC-MS of the partially methylated alditol acetates. The sam-
ples were dissolved in dimethyl sulfoxide and treated with dry
NaOH and methyl iodide. Following workup, the permethyl-
ated samples were hydrolyzed in 2 M trifluoroacetic acid at
121 °C in a sealed tube, reduced with NaBD,, and acetylated
using acetic anhydride. They were analyzed on a 30-m Supelco
2330 bonded phase capillary column by electron impact mass
spectrometry.

Pretreatment of some of the polysaccharide samples with
48% aqueous hydrofluoric acid (HF) at 4 °C for 2 days was used
to cleave phosphodiester linkages that were anticipated for
these polymers. This treatment also is known to cleave furano-
side linkages of sugars.

Structural Characterization of Polysaccharides by NMR
Spectroscopy—NMR spectra of purified polysaccharides were
recorded as in previous studies (6, 14) with a Bruker DRX 500
with a cryoprobe and a DRX700 using standard acquisition
software. Generally, a 1-5-mg sample of polysaccharide was
exchanged twice with 3 ml of 99.96% D,O, lyophilized, and
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dissolved in 0.6 ml of 99.99% D, O for a 5-mm sample tube or a
lesser volume for use in a Shigemi tube. Chemical shifts were
recorded relative to internal acetone ('H, 2.225 ppm; '*C, 31.07
ppm). All of the data were processed using NMRPipe,
NMRDraw, NMRView, and Sparky software. Double quantum
filtered homonuclear COSY and total correlation spectroscopy
(TOCSY) along with gradient triple quantum filtered COSY
spectra were carried out to assign the scalar coupled protons of
each monosaccharide residue. '>C chemical shifts were
assigned by heteronuclear single quantum coherence spectros-
copy (HSQC) and combination HSQC-TOCSY. Inter-residual
linkages were determined by NOESY and combined HSQC-
NOESY with mixing times of 300 ms. Long range coherence-
based linkage determination was done by C-H heteronuclear
multiple bond correlation spectroscopy (HMBC) and by its sin-
gle-quantum analog, phase-sensitive gradient heteronuclear
single quantum multiple bond correlation (HSQMBC) (15). All
of the chemical shifts were measured from natural abundance
13C-'H HSQC spectra to avoid chemical shift and line shape
distortion by the 'H strong coupling that is common in carbo-
hydrates. A number of single quantum heteronuclear spectra
were acquired at relatively high resolution (5 Hz) in the indirect
(**C) dimension by means of folding and acquisition of 2048
free induction decays, which was performed to increase the
information content of the spectra. This was possible because
the natural line width for these polysaccharides is relatively
narrow.

Competence-stimulating Peptides (CSP)—Amino acid se-
quences of CSP of S. pneumoniae strains 10061/38 (i.e.
MKNTVKLEQFVALKEKDLQKIKGGEMRISRIILDFLFL-
RKK) and 423/82 (i.e. MKNTVKLEQFVALKEKDLQKIK-
GGEMRLSKFERDFILQRKK) were predicted from comC gene
sequences as described previously (5). The sequence of mature
CSP of strain 10061/38, which is underlined above, was the
same as CSP-2 from S. pneumoniae A66 (16) and was gener-
ously provided by Don Morrison (University of Illinois at Chi-
cago). The mature CSP of strain 423/82, which is also under-
lined, was synthesized using automated 9-fluorenylmethoxy
carbonyl chemistry and purified by high performance liquid
chromatography (CEBR Research Central, National Institutes
of Health).

Molecular Methods—Mutant S. pneumoniae strains (Table
1) were prepared by transformation of wild type strains
10061/38 or 423/82 with appropriately designed PCR con-
structs containing the nonpolar ermAM cassette flanked by
~1.0-kb gene-targeting sequences for homologous recombina-
tion with identical chromosomal sequences located upstream
and downstream of the gene of interest. Transforming DNA
was prepared by overlap extension PCR performed as previ-
ously described (5) with the primers listed in supplemental
Table S1. Transformation of strains 10061/38 and 423/82 was
performed as previously described (16, 17) with minor modifi-
cations. Briefly, overnight brain-heart infusion broth cultures
with 5% heat-inactivated horse serum were diluted 1:100 in
fresh medium and incubated 1 or 2 h at 37 °C until A4y 1,
reached values from 0.02 to 0.03. Transformation reactions
were set up from such cultures by adding BSA (0.16%), CaCl,
(0.01%), CSP-2 (400 ng ml™"), or CSP of strain 423/82 (250 ng
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ml ') and transforming DNA (1 pug ml™") to the final concen-
trations that are indicated in parentheses. Following incubation
for 150 min at 37 °C, reaction mixtures were plated on brain-
heart infusion agar supplemented with 5% heat-inactivated
horse serum and erythromycin (0.5 g ml™) to select for trans-
formants. The location of ermAM cassette in each mutant
strain was verified by PCR.

The plasmids listed in Table 1 were prepared by PCR ampli-
fication and cloning of wcrG from S. pneumoniae 10061/38 or
423/82 into plasmid pJY (5) using the primers listed in supple-
mental Table S2. The integrity of each cloned gene was verified
by sequencing. Transformation of pneumococci with recombi-
nant plasmids and selection for transformants was performed
as described above using brain-heart infusion plates that con-
tained kanamycin (750 ug ml™").

RESULTS

Chemical Studies of CPS10B and CPS10C—Carbohydrate
composition analysis of CPS10B and CPS10C revealed ~9%
ribitol, 70% galactose, and 20% galactosamine for each polysac-
charide. Linkage analysis identified three times more terminal
Galffrom intact CPS10B than from the HF-treated polysaccha-
ride sample, which suggested the presence of Galf branches.
3-Linked Galp was detected from intact CPS10B, whereas ter-
minal Galp was detected for the HF-treated sample, which sug-
gested a phosphodiester or furanoside linkage to the 3-OH of
Galp. 3,4-Linked GalNAc was detected from the intact polysac-
charide, and 4-linked GalNAc was detected from the
HF-treated sample, which suggested a phosphodiester or
furanoside linkage to the 3-OH of GalNAc. Linkage results for
ribitol from the intact sample were not interpretable because of
interference of the phosphate linkage with both methylation
and acid hydrolysis. However, results from the HF-treated sam-
ple suggested either 2- or 4-linked ribitol, which are indistin-
guishable because of the symmetry of ribitol. Linkage analysis
of CPS10C gave results similar to those described for CPS10B,
with the exception that 4,6-substituted GalNAc was detected
from intact CPS10C versus 4-linked GalNAc from the
HF-treated sample, which suggested a phosphodiester or
furanoside linkage to the 6-OH of GalNAc. The results from
chemical studies of CPS10B and CPS10C were all compatible
with the structures of these polysaccharides determined from
NMR spectroscopic analysis.

NMR Spectroscopic Analysis of CPSI0A—We anticipated
that the structure of CPS10B from strain 423/82 would be
closely related to that of CPS10A from S. pneumoniae 10061/38
based on similarities between the chromosomal loci of these
polysaccharides (11). However, the structure of CPS10A was
determined by modern high resolution NMR spectroscopy (12)
of the polysaccharide included in the 23-valent vaccine (Pneu-
movax 23; Merck & Co., Inc.). Thus, to confirm identity, we
recorded and compared the 'H-"*C HSQC spectrum of strain
10061/38 CPS10A (Statens Serum Institute) with that of the
Merck polysaccharide. The anomeric region of strain 10061/38
CPS10A (Fig. 1A) contained six resonances, as expected, that
corresponded to the sugar residues previously identified (12) in
the CPS10A repeating subunit. The "*C and 'H resonances
in the remainder of the spectrum (data not shown) were also in
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FIGURE 1. Multiplicity edited "H-">C HSQC spectra recorded at 25 °C; ano-
meric regions of CPS10A and CPS10B (A) and central regions of CPS10B
(B) and CPS10C (C) spectra. Negative contours (red) indicate methylene
groups.

satisfactory agreement with the data reported by Jones (12),
indicating that the structures of CPS10A from the two strains
examined are identical. The notation of residue letters used in
Figs. 1 and 2 and Table 2 were chosen to parallel that used in
previous studies of S. oralis receptor polysaccharide and S.
pneumoniae CPS10F (6).

Structure of CPS10B from S. pneumoniae 423/82—Whereas
six resonances were noted in the anomeric region of the "H-'*C
HSQC spectrum of CPS10A, only five were present in this
region of the CPS10B spectrum (Fig. 1A). The resonance absent
from the CPS10B spectrum was the one labeled G1 in the
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FIGURE 2. HMBC (red) and NOE (blue) inter-residue connectivities of CPS
isolated from S. pneumoniae wild type and mutant strains.

CPS10A spectrum, which corresponds to the B-Galp side chain
of CPS10A (Table 2). We began our analysis of the CPS10B
spectrum by assigning the resonances for residue A. The down-
field >C chemical shift of A-C1 (109.86) suggested a furano-
side. COSY from A-H1 identified A-H2 at 4.210 ppm, and
TOCSY indicated similar chemical shifts for H2, H3, and H4 of
residue A. Although similar, these resonances were readily
assigned by HSQC-TOCSY and HSQMBC because the '>C
chemical shifts were distinct. Following the pattern commonly
observed with B-galactofuranosides (14), A-H1 showed a
strong HSQC-TOCSY cross-peak to A-C2 and a weaker cross-
peak to A-C3, whereas long range 'H-">C correlation spectra
showed a very strong cross-peak to A-C4, a weaker cross-peak
to A-C3, and a very weak cross-peak to A-C2. Further assign-
ments in this spin system were made from HSQC-TOCSY
cross-peaks from A-C3 and A-C4 to A-H5 at 4.342 ppm accom-
panied by a strong cross-peak from A-H5 to A-C6, which was
shown to be a methylene group in edited HSQC. This assign-
ment was confirmed by triple quantum filtered COSY of A-H5,
A-H6,6'.

Residue B is a (-galactopyraoside with B1 at 4.758 and
104.22 ppm (Table 2). COSY identified B-H2 at 3.70 ppm but
TOCSY from B-H1 indicated that B-H2 might overlap with
B-H3, a speculation supported by HSQC peaks at 71.22 and
81.34 ppm in this '"H column. HSQC-TOCSY from B-H1
showed strong cross-peaks at both '>C frequencies. Although
B-H2 and B-H3 occurred at the same chemical shift, assign-
ment of the corresponding '*C atoms was possible by HSQC-
TOCSY from B-H1 at short mixing time, which showed a
stronger cross-peak for B-H2 than from B-H3 or by HSQC-
NOESY from B-H1 because a cross-peak was expected only for
B-H3 and not for B-H2. TOCSY from B-H1 showed a weak
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TABLE 2

Characterization of S. pneumoniae CPS Serogroup 10

Residue by residue comparison of HSQC "H and "3C chemical shifts for S. pneumoniae serogroup 10 wild type and mutant strains

Chemical shifts from NMR spectra were recorded at 60 °C for Merck CPS10A (12), 45 °C for CPS of strains 34355 (6) and JA2, and 25 °C for CPS of strains 423/82, Gro

Norge, JA3, and JB3.

Strain (cps) Residue H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
(A)
Merck -5GalfB1- 5.225 4.215 4.189 4.210 4.378 3.784, 3.862
(cps10A) 110.17 82.73 77.30 82.67 75.77 62.82
423/82 5.210 4.210 4.158 4.216 4.342 3.768, 3.844
(cps10B) 109.86 82.29 76.84 82.03 75.18 62.08
Gro Norge 5.214 4.205 4.170 4.222 4.353 3.772, 3.858
(eps10C) 109.86 82.37 76.89 82.13 75.35 62.09
34355 5.222 4.210 4.166 4.214 4.355 3.792, 3.857
(cps10F) 109.97 82.54 77.18 82.52 75.61 62.46
JA2 5.218 4.213 4.181 4.213 4.359 3.772, 3.855
(cps10AAwcerG) 109.81 82.28 76.80 82.24 75.32 62.24
JA3 5.218 4.205 4.158 4.222 4.343 3.781, 3.855
(cpleAchrD) 109.88 82.35 76.96 82.17 75.31 62.04
B3 5.213 4.205 4.165 4.219 4.348 3.773, 3.858
(cpleBchrD) ®) 109.84 82.33 76.87 82.17 75.33 62.06
B
Merck -3Galpp1- 4.760 3.692 3.692 4.085 3.656 3.762
(cpsI0A) 104.41 71.73 81.8 69.84 76.06 62.24
423/82 4.758 3.700 3.702 4.077 3.684 3.740, 3.764
(cps10B) 104.22 71.22 81.34 69.42 75.74 61.82
Gro Norge 4.646 3.726 3.722 4.091 3.687 3.758, 3.796
(cps10C) 104.85 71.47 81.48 69.39 75.84 61.80
34355 4.637 3.743 3.728 4.094 3.689 3.775, 3.806
(cpsIOF) 105.05 71.68 81.59 69.56 75.99 62.00
JA2 4.764 3.705 3.702 4.079 3.684 3.762
(cps10AAwerG) 104.27 71.21 81.37 69.38 75.72 61.85
A3 4.656 3.740 3.740 4.089 3.713 3.766, 3.789
(cps10AAwerD) 105.03 71.39 81.35 69.36 75.87 61.81
JB3 4.656 3.741 3.739 4.090 3.712 3.763, 3.786
(cps10BAwcrD) © 105.10 71.37 81.44 69.36 75.87 61.84
Merck Galfpl- 5.073 4.078 4.055 4.068 3.841 3.684
(cps10A) 110.52 82.53 77.92 84.68 72.02 63.93
423/82 5.056 4.072 4.052 4.071 3.830 3.678
(cps10B) 109.96 82.01 77.21 83.68 71.36 63.32
Gro Norge 5.066 4.064 4.077 3.963 3.830 3.662, 3.698
(cpleC) 108.94 81.87 77.42 83.73 71.62 63.55
34355 5.057 4.077 4.072 3.971 3.841 3.673,3.720
(cps10F) 109.14 82.00 77.72 84.03 71.92 63.81
JA2 5.070 4.078 4.057 4.072 3.838 3.687
(cps10AAwcrG) ) 110.06 82.07 77.37 84.02 71.49 63.42
D
Merck -6,-3,-4GalNAcp1- 4.788 4.145 3.928 4.269 3.938 3.979, 4.099
(cps10A) 103.76 53.54 79.29 76.51 74.84 71.22
423/82 -3,-4GalNAcp1- 4.737 4.144 3.891 4.274 3.726 3.772,3.833
(cps10B) 103.64 53.10 7891 75.84 74.95 61.32
Gro Norge -6,-4GalNAcB1- 4.687 4.029 3.852 4.199 3.891 3.896, 3.973
(cps10C) 103.95 53.98 72.15 77.77 7442 69.27
34355 -6,-4GalNAcB1- 4.679 4.027 3.845 4.186 3.877 3.888,3.970
(cps10F) 103.99 54.20 72.38 77.95 74.53 69.39
JA2 -3,-4GalNAcp1- 4.774 4.140 3.914 4.272 3.744 3.776, 3.84
(cps10AAwerG) 103.54 53.13 78.95 75.85 74.99 61.38
A3 -4GalNAcp1- 4.679 4.024 3.855 4.212 3.712 3.802, 3.857
(cps10AAwcrD) 104.02 54.04 72.15 77.48 74.95 61.36
JB3 -4GalNAcpB1- 4.695 4.025 3.856 4.212 3.712 3.798, 3.856
(cps10BAwcrD) © 104.02 54.07 7217 77.52 74.98 61.38
E
Merck -3Galpal- 5.203 3.938 4.006 4.272 4.057 3.762
(cpsI0A) 100.36 68.88 80.70 70.29 72.25 62.24
423/82 5.073 3.906 3.994 4.222 4.243 3.711, 3.757
(cpsI10B) 98.87 68.11 80.33 69.82 71.40 61.96
Gro Norge 5.199 3915 3.981 4.227 4.055 3.738
(eps10C) 100.07 68.44 80.37 70.06 71.86 61.92
34355 5.080 3.926 3.970 4.235 4.246 3.740
(cpsIOF) 99.18 68.31 80.84 70.07 71.58 62.21
JA2 5.201 3.925 3.988 4.217 4.057 3.736
(cpsZOAchrG) 99.89 68.42 80.22 69.92 71.83 61.81
A3 5.070 3.895 3.984 4.221 4.262 3.729
(cpleAchrD) 98.81 68.19 80.36 69.83 71.38 61.95
5.194 3.902 3.986 4.212 4.056 3.731, 3.756
(CpleBchrD) ) 100.02 68.52 80.13 69.98 71.85 61.83
F
Merck -2Ribitol5- 3.856, 3.931 4.017 3.879 3.998 4.022, 4.145
(cps10A) 61.36 80.81 7191 73.18 68.33
423/82 -4Ribitol5- 3.659, 3.819 3.805 3.900 4.084 4.113,4.199
(cps10B) 63.73 72.09 71.17 78.78 65.52
Gro Norge -2Ribitol5- 3.828, 3.919 4.025 4.013 3.855 4.018, 4.123
(eps10C) 60.73 80.28 72.41 71.29 67.88
34355 -4Ribitol5- 3.677, 3.826 3.814 3.902 4.086 4.120, 4.203
(cps10F) 63.95 72.39 71.56 79.14 65.79
A2 -2Ribitol5- 3.834, 3.921 4.019 3.996 3.866 4.01,4.132
(cps10AAwerG) 60.80 80.30 72.55 71.38 67.87
JA3 -2Ribitol5- 3.66, 3.822 3.791 3.891 4.097 4.11, 4.205
(cps10AAwcrD) 63.66 72.08 71.22 78.70 65.45
JB3 -4Ribitol5- 3.833,3.917 4.022 4.011 3.860 4.014, 4.125
(cps10BAwcrD) @ 60.71 80.29 72.37 71.29 67.85
G
Merck Galp1- 4.435 3.532 3.627 3.943 3.676 3.762
(cpsI0A) 104.84 72.09 74.23 69.94 76.30 62.24
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Characterization of S. pneumoniae CPS Serogroup 10

cross-peak with a narrow line shape at 4.077 ppm, which was
assigned as B-H4, an equatorial proton. HSQC-TOCSY from
B-H1 showed a weak peak at 69.42 ppm that was assigned as
B-C4. NOE cross-peaks were observed from B-H4 to B-H3 and
to a peak at 3.68 ppm that was assigned to B-H5. HSQC pro-
vided assignment of B-C5 at 75.74 ppm, from which HSQC-
TOCSY cross-peaks were observed to methylene protons at
3.74-and 3.76 ppm belonging to B-H6,6'.

The chemical shifts of residue C, with C1 at 5.056 and 109.96
(Table 2), indicated a second furanoside residue. COSY identi-
fied C-H2 at 4.072, but as was the case with residue A, TOCSY
from C-H1 indicated overlap with C-H3. Long range H-C cor-
relation by HSQMBC showed a very strong cross-peak from
C-H1 to 83.68 ppm, which is expected for C-C4 in a 3-galacto-
furanoside. This peak was correlated by HSQC to a 4.071-ppm
resonance that was assigned as C-H4. HSQC-TOCSY from
C-H1 showed a strong cross-peak with C-C2 at 82.01 ppm and
a weaker peak at 77.21 ppm that was assigned as C-C3. Further
assignments of the spin system of residue C were provided by
HSQC-TOCSY from C-C4 to the overlapping signals of C-H2
and C-H3 as well as peaks at 3.68 and 3.83. The peak at 3.68
ppm corresponded in multiplicity-edited HSQC to a methylene
group with the '3C at 63.32 ppm. That '>C resonance was
assigned as C-C6 because it showed HSQC-TOCSY to C-H4, as
well as to the 3.83 ppm resonance that was assigned as C-H5.

For residue D, COSY showed correlation of D-H1 to D-H2 at
4.144 ppm. This resonance was correlated by HSQC to D-C2 at
53.10 ppm, a chemical shift indicative of an amino sugar, pre-
sumably the GalNAc residue identified by chemical analysis.
HSQC-TOCSY from D-H1 gave cross-peaks to D-C2, as well as
to D-C3 at 78.91 and a weaker peak to D-C4 at 75.84 ppm.
TOCSY from D-H1 gave a cross-peak to D-H2, another strong
cross-peak to D-H3 at 3.89 ppm, and a narrow peak at 4.274
that was characteristic of the equatorial H4 expected for 3-
GalNAc. HSQC-NOESY was observed from D-H1 to D-C3 at
78.91 ppm and to D-C5 at 74.95 ppm, consistent with the
B-anomeric configuration. HSQC-TOCSY from D-C5 to
methylene protons at 3.77 and 3.83 ppm was used to assign
D-H6,6" and the corresponding D-C6 at 61.32 ppm.

Residue E with E1 at 5.073 and 98.87 ppm (Table 2) was
identified as an a-sugar by 'J;; = 173.5 Hz and by the small
homonuclear coupling to E-H2 in COSY spectra. E-C2 and
E-C3 were assigned by a combination of HSQC and HSQC-
TOCSY. TOCSY from E-H1 also gave a narrow peak expected
for the H4 of an a-galactopyranoside at 4.222 ppm. HMBC
from E-H1 gave cross-peaks to E-C3 and E-C5 as expected for
this a-sugar, which provided the assignment of E5 at 4.243 and
71.40 ppm. HSQC-TOCSY from this isolated 'H peak gave a
cross-peak to 61.96 ppm, a methylene group assigned as E6.

Assignment of the resonances expected for the five sugar
residues in the repeat unit left the remaining signals to be
assigned to the ribitol (residue F). This assignment was initiated
with the methylene resonances of F-H5,5’, which were assigned
as 4.113 and 4.199 ppm by correlation with *'P HSQC as
described below. HSQC-TOCSY from F-C5 at 65.52 ppm iden-
tified F-H4 at 4.084 ppm; HSQC placed F-C4 at 78.78 ppm.
HSQC-TOCSY at short mixing time (10 ms) from F-C4 gave
cross-peaks to F-H5 and F-H5' as well as to F-H3 at 3.90 ppm,
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which was associated with a '>C resonance at 71.17 ppm.
HSQC-TOCSY at longer mixing times also identified a reso-
nance at 3.805 ppm as part of this spin system, and this was
assigned as F-H2. HSQC-TOCSY from the associated '*C res-
onance at 72.09 ppm identified the methylene resonance of
F-H1,1’ at 3.659 and 3.819 ppm, which was correlated with the
F-C1 at 63.73 ppm. This assignment accounts for all the NMR
signals seen in the HSQC spectrum in Fig. 1B.

Given the complete 'H and 'C spectral assignments for the
CPS10B and identification of the sugar residues, the complete
chemical structure was readily determined from the connec-
tivities indicated in NOE and three-bond C-H correlation spec-
tra. Both HMBC and HSQMBC spectra showed cross-peaks
between A-H1 and B-C3, proving the Galf31-3Galp linkage.
HMBC and HSQMBC cross-peaks between B-C1 and D-H4 as
well as NOE cross-peaks between B-H1 and D-H4 were used to
prove the GalpB1-4GalNAc linkage. The HMBC cross-peak
between C-H1 and D-C3 was obscure because of overlap with
the cross-peak between E-H1 and F-C4. However, the higher
resolution in '*C chemical shift provided by the HSQMBC
experiment clearly distinguished these two important cross-
peaks, establishing the Galf81-3GalNAc linkage. HMBC
between D-H1 and E-C3 established the GaINAcB1-3Gal link-
age. The correlation of E-H1 to F-C4 was resolved by the
HSQMBC spectrum, proving the Galal-4ribitol linkage. The
phosphodiester linkage between F5 and A5 was evident from
the 3'P HSQC spectrum, which showed cross-peaks between
the phosphate and A-H5 (4.342 ppm) and F-H5,5" at 4.113 and
4.199 ppm, completing the structure (Fig. 24).

Structure of CPSI10C from S. pneumoniae Gro Norge—As
expected from the carbohydrate composition analysis, the
HSQC spectrum of CPS10C contained a peak in the methyl
group region (results not shown) at 2.039 ppm ('H) and 23.14
ppm (*>C) that was characteristic of the amide group in
GalNAc. Also observed was a substoichiometric peak (~30%)
at 2.140 ppm (*H) and 21.27 ppm (**C), which indicated partial
O-acetylation of CPS10C. Although not previously noted (6), a
similar peak was present in the HSQC spectrum of CPS10F but
not in presently recorded spectra of CPS10A or CPS10B. The
exact position(s) of O-acetyl groups in CPS10C (and CPS10F)
could not be determined because of the weak signal from the
carbonyl of this partial substituent in HMBC.

The appearance of the anomeric region of the HSQC spec-
trum of the CPS10C was similar to those for CPS10B (Fig. 14)
and CPS10F (6) showing five sugar residues in the repeating
unit. The only difference involved the chemical shifts assigned
to a-Gal (E1), which were near 5.2 and 100.3 ppm for CPS10C
as had been noted for CPS10A versus ~5.07 and 99 ppm for
CPS10B and CPS10F (Table 2). These similarities suggested
that the linkage to ribitol in CPS10C might be al-2 as in
CPS10A rather than the al1-4 as in CPS10B and CPS10F. To
evaluate this speculation, we carried out a full assignment of the
NMR spectra and linkage assignment based on C-H coupling
and NOE data to provide a rigorous proof of structure. The
evidence for the structure of CPS10C is quite analogous to that
provided for CPS10B. Thus, what follows is only a brief sum-
mary of the data used for the signal assignments (Table 2), along
with solutions to specific problems that are most obvious from
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examination of the data. For the assignment of signals in resi-
due A (Galf), the problem resulting from the similar chemical
shifts of H2, H3, and H4 was solved using the well resolved
chemical shifts of the attached '*C atoms, which were assigned
by long range C-H correlation and HSQC-TOCSY. The meth-
ylene group of A6 was correlated to A-C3 and A-C4 by HSQC-
TOCSY. Another problem was that B-H2 and B-H3 of CPS10C
displayed the same chemical shift. As described above for
CPS10B, the corresponding '>C atoms of CPS10C were
assigned by HSQC-TOCSY at short mixing time. TOCSY from
H1 identified the sharp resonance of equatorial B-H4 and
B-H5, which was identified in NOESY from the resolved peak
of B-H4. HSQC-TOCSY from B-C5 identified the methylene
group of B6. The resonances of side chain residue C (B-Galf)
were assigned by essentially the same strategy as that used for
residue A (B-Galf). Residue D was identified as B-GalNAc by
the distinctive chemical shift of D-C2. The assignment of the
remaining resonances for D followed the same approach as that
used for residue B, which also has the 8-galacto configuration.
For residue E (a-Gal), the 2 and 3 positions were assigned by a
combination of TOCSY and HSQC-TOCSY, whereas E-H4
was identified by the narrow cross-peak with E-H1. HMBC
from E-H1 gave cross-peaks to E-C3 and E-C5 as expected for
this sugar, but with the complication that E-C3 (80.37 ppm) was
very close to another signal at 80.27 ppm that was assigned as
F-C2. A correct assignment was possible using HSQC-TOCSY
and phase-sensitive gradient HSQMBC folded to give '>C res-
olution of 5 Hz. HSQC-TOCSY from E-C5 showed a cross-
peak with methylene protons at 3.73 ppm that were correlated
with E-C6 at 61.92 ppm.

All of the remaining peaks were assigned to residue F (ribitol)
beginning from the methylene resonance of F-H5,5’, which was
assigned as 4.018 and 4.123 by correlation with *'P HSQC as
described below. HSQC-TOCSY from F-C5 identified F-H4 at
3.855 ppm, and HSQC placed F-C4 at 71.29 ppm. Assignment
of F3 and F2 was complicated by overlap of the 'H resonances
of F-H2, F-H3, and F-H5, all of which were in the 4.01-4.02-
ppm region. We tentatively assign F-H2 as a cross-peak at 4.02
ppm in HSQC-TOCSY, connecting this peak with the **C sig-
nal of the one remaining unassigned methylene group at 60.73
ppm (F-C1). This assignment of F-H2 was supported by triple
quantum filtered COSY from F-H1,1" at 3.83 and 3.92 ppm.
There were unassigned '>C signals at 80.28 and 72.41 ppm in
the HSQC spectrum near 4.02 ppm that were assigned to F-C2
and F-C3, respectively, by specialized HSQC-TOCSY spectra.
In HSQC-TOCSY with no decoupling during acquisition, we
observed on the row at 80.28 ppm (F-C2) cross-peaks to F-H3
at 4.012 ppm and to F-H1 at 3.828 ppm, whereas on the row at
72.41 ppm (F-C3), we observed a cross-peak to F-H4 at 3.855
ppm and to F-H5' at 4.123 ppm. In a separate experiment done
with short mixing time (10 ms), we observed on the F-C2 row
the cross-peak to F-H1 and on the F-C3 row the cross-peak to
F-H4.

The linkages for the CPS10C were all assigned by long range
C-H correlation (HMBC and HSQMBC) augmented by HSQC-
NOESY (Fig. 2B). The only difficulty was presented by the
assignment of the HMBC cross-peak between D-H1 and E-C3,
which was ambiguous because of the small difference in the
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chemical shifts of E-C3 and F-C2. These frequencies were,
however, resolved in the single-quantum spectra at 80.37 and
80.27 ppm, respectively. Thus, the linkage of a-Gal (residue E)
was unambiguous in the HSQMBC spectrum, which showed
resolved cross-peaks between E-H1 and both E-C3 and F-C2.
The former intra-ring cross-peak is expected for this a-sugar,
and the latter (i.e. E-H1 to F-C2) showed the Galal-2ribitol
linkage. The NOE cross-peak between D-H1 and E-H3 sup-
ported the assignment of the GalNAcf1-3Gal linkage. The
phosphodiester linkage between F5 and A5 was evident from
the 'P HSQC spectrum, which showed cross-peaks between
the phosphate and A-H5 (4.3523 ppm) and F-H5,5’ (4.018 and
4.123 ppm), completing the structure of CPS10C (Fig. 2B).

Molecular Basis of Branching in CPS10A and CPS10B—Syn-
thesis of the B1-6-linked Galp branches in CPS10A was previ-
ously suggested to depend on wcrG (4), which occurs in both
the cps10A and c¢ps10Bloci (3). To examine the role of this gene,
we replaced it in strains 10061/38 (serotype 10A) and 423/82
(serotype 10B) with a nonpolar ermAM cassette and isolated
CPS from the resulting mutant strains (i.e. JA2 and JB2, respec-
tively) for structural characterization. The anomeric region of
the high resolution NMR spectra of CPS isolated from mutant
strain JA2 (cps10AAwcrG) were very similar to that recorded
for CPS10A (Fig. 1A) except that the resonance at 4.435, 104.84
assigned to the B-Galp side chain (residue G) was absent. The
NMR spectrum of strain JA2 CPS (supplemental Fig. S1) was
completely assigned (Table 2) by the methods described for
CPS10B and CPS10C. The only difficulties arose from the near
coincidence of the peaks for A2 and A4 that were barely
resolved in the HSQC spectrum with the '>C chemical shifts
differing by only 0.05 ppm, which is near the limit of the reso-
lution of our spectrum (~6 Hz). The HSQC peak had double
intensity, and HSQC-TOCSY without *>C decoupling revealed
two peaks. HSQC-TOCSY and HSQMBC from H1 provided
the assignments given in Table 2. The resonances of B6 and E6
also differed by only 6 Hz in the '>C dimension, but HSQC-
TOCSY cross-peaks to B-H5 and E-H5 showed the correct
assignment. The linkage positions were determined as shown in
Fig. 2C by HSQMBC and by HSQC-NOESY at high resolution,
which was important because the chemical shifts of E-C3 (80.22
ppm) and F-C2 (80.30 ppm), although close, were resolved by
these techniques. Thus, based on results from NMR, deletion of
werG from the ¢psI0A locus eliminated B1-6-linked Galp
branches from CPS10A. In contrast, the NMR spectrum of CPS
isolated mutant strain JB2 (cps10BAwcrG), which is not shown,
was indistinguishable from that of serotype 10B parental strain
423/82 (Fig. 1B). Thus, deletion of wcrG had no effect on the
structure of CPS10B.

Pneumococci are typically serotyped by results from Neufeld
capsular polysaccharide swelling tests performed with com-
mercially available factor antisera. These antisera are prepared
by immunization of rabbits with whole bacteria of one serotype
and absorption of the resulting antiserum with whole cells of a
related serotype(s) (10). In the present study, the reactions of
factor 10d and factor 10b antisera with wild type strains of each
CPS10 serotype and mutant constructs of serotype 10A strain
10061/38 and serotype 10B strain 423/82 were compared by dot
immunoblotting (see Fig. 4). However, prior to these compari-
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Strain (genotype) Streptococci per spot (x107°)

3 1 03 10 3 1 03 3
10061/38 (cps10A) @ @ ?

JA1 (cps10AAwCjG)

JA2 (cps10AAwcrG) @ @

JA3 (cps10AAwcrD)

423/82 (cps10B) ® o ® ¢
JB1 (cps10BAwWCjG)

JB2 (cps10BAwcrG) @ @ ® O

JB3 (cps10BAwcrD)

Gro Norge (cps10C) ® o
34355 (cps10F) o o
Factor antiserum Factor antiserum anti-10A
10d 10b mAb

FIGURE 3. Dot immunoblotting of S. pneumoniae wild type and mutant
strains with different factor antisera or anti-10A mAb (i.e. Hyp10AM6).
Membranes were spotted with decreasing numbers of streptococci, incu-
bated with different primary antibodies, washed, and developed with perox-
idase-conjugated goat anti-rabbit or anti-mouse IgG and substrate.

sons, it was necessary to remove antibodies against non-CPS
cellular antigens. This was done by absorbing each factor anti-
serum with CPS-negative mutant strains JA1 and JB1, which
were prepared from strains 10061/38 and 423/82 by ermAM
replacement of wcjG, the gene for the initial transferase in CPS
biosynthesis. Following these absorptions, the reactions of each
factor antiserum in dot immunoblotting were CPS-specific and
paralleled results from Neufeld capsular polysaccharide swell-
ing tests (10). Thus, factor antiserum 10d, prepared from anti-
serum against serotype 10A by absorption with serotypes 10C
and 10F, reacted with strains 10061/38 (CPS10A) and 423/82
(CPS10B) but not with strains Gro Norge (CPS10C) and 34355
(CPS10F). Similarly, factor antiserum 10b, prepared from anti-
serum against serotype 10F by absorption with serotype 10A,
failed to react with strain 10061/38 (CPS10A) but reacted with
wild type strains bearing CPS10B, CPS10C, or CPS10F. Impor-
tantly, the reactions of factor 10d or factor 10b antiserum with
werG mutant strains JA2 and JB2 were indistinguishable from
those observed with the corresponding CPS10A- and CPS10B-
producing wild type strains (Fig. 3). In contrast, CPS10A-spe-
cific mAb (Hypl0AMS6) reacted with CPS10A-producing strain
10061/38 but not with any other strain included in the present
study (Fig. 3).

The identification of mAb Hypl0AMS6 as a probe for Galp
branches in CPS10A opened a convenient approach for com-
paring the status of wcrG from S. pneumoniae serotypes 10A
and 10B. Thus, binding of this mAb to mutant strain JA2
(cps10AAwcrG) was fully restored by pJY-16, which expressed
werG from serotype 10A strain 10061/38 but was not restored
by pJY-17, which expressed the same gene from serotype 10B
strain 423/82 (results not shown). Importantly, comparable
binding of this mAb to serotype 10B strain 423/82 was also
noted following transformation of this strain with pJY-16.
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To assess the role of werD, we replaced this gene in strains
10061/38 (serotype 10A) and 423/82 (serotype 10B) with a non-
polar ermAM cassette. When compared by dot immunoblot-
ting (Fig. 3), the resulting mutants, strains JA3 and JB3, respec-
tively, were unreactive with factor 10d antiserum but weakly
reactive with factor 10b antiserum. The yields of CPS isolated
from culture supernatants of these mutant strains were much
lower (i.e. 10-100-fold) than those from wild type or other
mutant strains examined in the present study. However, the
amounts (~3 mg) of material isolated from strains JA3 and JB3
were sufficient for NMR studies. The anomeric regions (data
not shown) of "H-**C HSQC NMR spectra of these polysaccha-
rides indicated four sugar residues in the repeating subunit of
CPS isolated from either JA3 or strain JB3. The spectra of these
polysaccharides (supplemental Figs. S2 and S3) were com-
pletely assigned (Table 2) using the same NMR methods
described above for CPS10B and CPS10C and inter-residue
linkages determined by C-H long range coupling correlation
(Fig. 2, Dand E). The structures of the two polysaccharides were
identical except for the linkages between residues E and F (i.e.
a-Gal and ribitol), which were al1-2 for the CPS of strain JA3
and al-4 for the CPS of strain JB3. Thus, deletion of wcrD
eliminated B1-3-linked Galf branches from CPS10A and
CPS10B as well as wcrG-dependent Galp branches from
CPS10A.

DISCUSSION

The structures of CPS10B and CPS10C determined from ref-
erence strains of S. pneumoniae in conjunction with results
from previous studies (4—6) provide a comprehensive view of
the molecular, structural, and antigenic features of CPS sero-
group 10 (Fig. 4), as well as insight into the possible emergence
of new CPS10 serotypes. Each ¢ps10locus contains 11 common
genes. These include four regulatory and processing genes (i.e.
wzg, wzh, wzd, and wze), which occur at the 5'-end of each locus
(not shown in Fig. 4A); wcjG, wciB, werB, weiF, and wzy for the
common structural features of these polysaccharides; wzx for a
flippase; and gif for galactofuranose mutase, the enzyme that
converts UDP-Galp to UDP-Galf, an essential CPS precursor.
The remaining six genes, which are distributed differently
among serotypes, include wcrC and werF for the different link-
ages between Gal and ribitol-5-phosphate; wcrD, werG, and
werH for different branches; and wciG for a putative O-acetyl-
transferase that presumably accounts for partial O-acetylation
of CPS10C and CPS10F at positions that remain to be deter-
mined. The findings associate each of the four presently known
CPS10 serotypes with a different combination of werC- or
wcrF-dependent al-2 or al—4 linkages between Gal to ribitol-
5-phoshpate and wcrD- or werH-dependent 31-3- or B1-6-
linked Galfbranches from GalNAc. In addition, they show that
wcrG-dependent 1-6-linked Galp branches are present in
CPS10A but not in CPS10B. Importantly, these branches,
although specifically detected by binding of CPS10A-specific
mAb Hypl0AMS6, were not detected by factor 10b and 10d anti-
sera (Fig. 3), thereby raising the possibility that isolates identi-
fied as S. pneumoniae serotypes 10A or 10B may include addi-
tional, unrecognized serotypes.
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FIGURE 4. Molecular basis of S. pneumoniae serogroup 10 CPS structure
and serot&pe specificity. A, structure-determining regions of c¢ps70 loci
(GenBank™ CR931649, CR931650, CR931651, and CR931652, respectively)
showing percentage identities between predicted glycosyl or ribitol-phos-
phate transferases and polymerases (unfilled), pseudogenes (blue or green
speckles), and other genes (shaded gray) for a flippase (wzx), galactofuranose
mutase (glf), and putative O-acetyltransferase (wciG). All of the genes are
identified in the ¢ps710A locus. Genes associated with structural differences
between serotypes are labeled in green, blue, or red. B, assignment of encoded
transferases and polymerase to all features of CPS10A and to the distinguish-
ing features of other serotypes. CPS10C and CPS10F are partially O-acety-
lated, but the position(s) of O-acetylation are not known. The antigenic for-
mula of each CPS10 serotype, as determined from reactions of factor antisera
(10), is indicated in parentheses. Factor 10a is common to all four serotypes.
G, specificities of factor antisera defined by immunizing and absorbing CPS10
serotypes.

The specificities of the factor 10b and 10d antisera used to
identify CPS serotypes 10A and 10B (Fig. 4C) can now be
inferred from the structures of different polysaccharides and
from the history of CPS serogroup 10. The structural difference
between CPS10F and CPS10A, the first two members of CPS
serogroup 10 (7, 8), involves the branches in these polysaccha-
rides as well as the linkages between Gal and ribitol-5-phos-
phate (Fig. 4B). Consequently, factor 10b and 10c antisera, pro-
duced by immunization with one serotype (i.e. 10F or 10A) and
absorption with the other, are both expected to cross-react with
CPS10B and CPS10C because of either the common branches
or linkages between Gal and ribitol-5-phosphate in these poly-
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saccharides. Following the identification of serotypes 10B and
10C (10), production of factor 10c antiserum was discontinued
in favor of factor 10d antiserum, which was prepared by absorb-
ing antiserum against serotype 10A with both serotype 10F and
10C. The inclusion of serotype 10C as an absorbing antigen is
expected to remove antibodies directed against Galal-2ribi-
tol-containing epitopes of CPS10A and leave antibodies against
the different branches of this polysaccharide. Thus, unlike mAb
Hypl0AMS, the reaction of factor 10d antiserum is not abol-
ished by the loss of wcrG-dependent P1-6-linked Galp
branches from mutant strain JA2 (and CPS10B) but is abolished
by the loss of both Galp and Galfbranches from the CPS of werD
mutant strain JA3 (Fig. 3). In addition to the positive reaction of
bacteria with factor 10d antiserum, the identification of sero-
type 10A pneumococci depends on a negative reaction with
factor 10b antiserum. The latter antiserum, which is prepared
by absorbing antiserum against serotype 10F with serotype
10A, does not react with CPSI0A but does react with the
Galal—-4ribitol region of CPS10B. Not surprisingly, the struc-
tures of different polysaccharides suggest alternative strategies
for the production of serotyping reagents. For example, it may
well be possible to produce a factor antiserum with a serotype
specificity that resembles that of mAb Hyp10AMS6 by absorbing
antiserum against serotype 10A with serotypes 10B and 10C.
The present findings also reveal a likely explanation for the long
recognized cross-reaction of factor 10d antiserum and serotype
39 S. pneumoniae (18), which was also found to bind mAb
Hypl0AMBS6 (13). These reactions correlate with the presence of
werD, wciF, and werG in the ¢ps39 locus, as well as wzy that
belongs to the same homology group as wzy of serogroup 10,
which suggests that CPS39 (like CPS10A) has 81-6 Galp and
1-3 Galfbranches linked to GalNAc. Studies are underway to
determine the structure of CPS39, which should in turn offer
insight into the structures of other genetically related CPS sero-
types (11).

We previously showed that the Galfbranches of CPS10F are
formed from the termini of linear oligosaccharide repeating
units by wzy-dependent polymerization through subterminal
GalNAc (6). We have now found that the B1-6-linked Galp
branches in CPS10A are formed in the oligosaccharide repeat-
ing unit of this polysaccharide by WcrG, a predicted member of
the Core-2/I branching enzyme family. The identification of
WcrG as a branching Galp transferase was clear from the find-
ing that deletion of werD from the ¢ps10A locus eliminated not
only the 31-3 Galfbranches of CPS10A but also the wcrG-de-
pendent B1-6 Galp branches, thereby indicating that WcrG
transfers Galp to subterminal GalNAc in the product of WecrD
(i.e. GalfB1-3GalNAcB1-). Whereas deletion of wcrG from the
¢ps10A locus eliminated Galp branches from the CPS produced
by mutant strain JA2, deletion of this gene from the cpsI0B
locus had no effect on the structure of CPS10B produced by
mutant strain JB2, thereby suggesting that werG occurs as a
pseudogene in the ¢ps10B locus. The inactivity of this pseudo-
gene was confirmed by plasmid-based genetic complementa-
tion studies using CPS10A-specific mAb Hyp10AMBS6 to detect
werG-dependent synthesis of Galp branches. Thus, mAb
Hypl0AMS6 bound serotype 10B strain 423/82 following trans-
formation of this strain with a plasmid harboring wcrG from
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serotype 10A strain 10061/38 but not following transformation
of mutant strain JA2 (cps10AAwcrG) with a comparable plas-
mid harboring wcrG of serotype 10B strain 423/82. The muta-
tion associated with the loss of wcrG function in strain 423/82
does not involve a frameshift like that described for conversion
of CPS serotype 15B to 15C (19) but instead appears to involve
a change in amino acid coding sequence. Studies are underway
to identify the corresponding mutation in strain 423/82 and
determine whether the same mutation occurs in other serotype
10B strains.

Although the genetic difference between CPS serotypes 10C
and 10F depends on the presence of wcrC or werF, the differ-
ence between CPS serotypes 10A and 10B involves these genes
as well as the presence or absence of functional werG. Conse-
quently, in addition to CPS10A and CPS10B, two additional
CPS10 serotypes appear to be possible. One of these serotypes
would be like that of werG mutant strain JA2 (Fig. 2C), which
was identified as serotype 10A by the positive and negative
reactions of factor 10b and 10d antisera, respectively. However,
unlike serotype 10A, strain JA2 was unreactive with mAb
Hypl0AMBS6 (Fig. 3). Previous studies (13) of this mAb showed
that it reacted with each of 12 clinical isolates identified as sero-
type 10A. Thus, there is no presently available evidence that
isolates identified as CPS serotype 10A by their reactions with
factor antisera include some that lack Galp branches. The other
novel CPS10 serotype could be derived by replacement of werC
in the cps10A locus with allelic werF and would thus produce a
CPS that is like CPS10A except for the presence of al—4 link-
ages between Gal and ribitol-5-phosphate. This serotype was
derived in the present study by expression of functional werG
from pJY-16 in serotype 10B strain 423/82. The resulting con-
struct reacted like CPS10B with factor 10b and 10d antisera but,
unlike CPS10B, bound mAb HyplOAM6. This mAb,
although unreactive with serotype 10B reference strain
423/82 (Fig. 3), has not yet been screened for possible reac-
tions with other serotype 10B isolates. Regardless of the out-
come of such studies, which are in progress, the present
findings indicate that conversion of serotype 10A S. pneu-
moniae to a novel CPS10 serotype is possible, either from the
loss of werG function or from replacement of werC with
allelic werF via homologous recombination between flanking
genes. Whether immunization with CPS10A, a component
of the 23-valent vaccine (9), increases selective pressure for
either of these events would depend on the specificity of the
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human immune response for the corresponding features of
this polysaccharide.
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