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Despite the emerging impact of serogroup 11 serotypes in Streptococcus pneumoniae epidemiology, the
structures of serogroup 11 capsule types have not been fully elucidated, particularly the locations of O-acetyl
substitutions. Here, we report the complete structures of the serotype 11B, 11C, and 11F polysaccharides and
a revision to the serotype 11A capsular polysaccharide using nuclear magnetic resonance (NMR). All struc-
tures shared a linear, tetrasaccharide backbone with a pendant phosphopolyalcohol. Three of four saccharides
are conserved in all serotypes. The individual serotype capsules differed in the identity of one saccharide, the
pendant phosphopolyalcohol, and the O-acetylation pattern. Though the assigned locations of O-acetate
substitutions in this study differed from those of previous reports, our findings were corroborated with strong
correlations to serology and genetics. We examined the binding of serotyping sera to serogroup 11 polysac-
charides by using flow cytometry and an inhibition-type enzyme-linked immunosorbent assay (ELISA) and
found that de-O-acetylation of capsular polysaccharides by mild hydrolysis decreases its immunoreactivity,
supporting the crucial role of O-acetylation in the antigenicity of these polysaccharides. Due to strong
correlations between polysaccharide structures and capsule biosynthesis genes, we were able to assign target
substrates for the O-acetyltransferases encoded by wewC, wewR, wewT, and w¢jE. We identified antigenic
determinants for serogroup 11 serotyping sera and highlight the idea that conventional serotyping methods are

not capable of recognizing all putative variants of S. pneumoniae serogroup 11.

Streptococcus pneumoniae is a significant opportunistic
pathogen whose transmissibility and virulence are increased by
its ability to express a protective polysaccharide (PS) capsule
(1). There are over 90 distinct S. pneumoniae PS capsules
which are structurally and antigenically distinguishable (5, 10,
16). Each capsule is composed of unique PS repeat subunits
that are synthesized, exported, and polymerized by enzymes
encoded in the capsular synthesis locus (23). Current S. preu-
moniae vaccines target the PS capsule of historically predom-
inant serotypes and have been effective in reducing the occur-
rence of disease (17, 25). However, vaccination efforts have
resulted in epidemiological replacement by nonvaccine sero-
types. For example, S. pneumoniae serogroup 11 members,
serotypes 11F (“F” denotes the first described member of a
serogroup), 11A, 11B, 11C, 11D, and 11E, have become more
prevalent in pediatric populations over the last few years fol-
lowing the introduction of the pneumococcal pediatric conju-
gated vaccine Prevnar, which does not target serogroup 11
serotypes (9, 11, 21). The emergence of serogroup 11 is mostly
driven by serotype 11A, which makes up the vast majority of all
serogroup 11 isolates despite being targeted by the adult poly-
saccharide vaccine, Pneumovax. However, other serogroup 11
members have also been identified as globally emerging sero-
types (8, 18), and therefore, understanding the relation be-
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tween the biochemical structures, antigenic qualities, and bio-
synthesis genes of all serogroup 11 PS capsules is essential for
designing future interventions against this highly adaptable
pathogen.

All members of serogroup 11 characteristically react with
group 11 reference antiserum, and each serotype is identified
according to its reactivity with polyclonal factor sera, which are
named according to the four indeterminate factors that they
bind: 11b, 11c, 11f, and 11g (Table 1). To further discriminate
between serotype (ST) 11A and the newly identified ST 11E,
which are indistinguishable according to factor sera binding, a
monoclonal antibody (MAD) targeting an O-acetylation-de-
pendent epitope is employed (5). Except for ST 11D, the
capsular PS structures of serogroup 11 have been reported (19,
20, 27). All capsules share similar linear tetrasaccharide repeat
units with a phospholinked polyalcohol branch and various
O-acetyl substitutions, some of which were not definitively
assigned (Table 2). However, previous structural analyses of
these capsule types were not corroborated with a comprehen-
sive understanding of the genetic basis of capsule synthesis (19,
20) or with comparative analysis of all serogroup 11 capsules
(27), thus limiting the usefulness of these reported structural
assignments.

The capsular polysaccharide synthesis (cps) loci of sero-
group 11 are homologous (5, 14), but three evident divergences
between cps genotypes may be responsible for antigenic dif-
ferences between the serotypes (Fig. 1), as follows: (i) ST 11B
and ST 11C cps loci contain the putative O-acetyltransferase
(OACT) wewR, which is replaced by the unrelated OAcT wewC
in ST 11A, ST 11D, ST 11E, and ST 11F ¢ps loci; (ii) ST 11A,
ST 11F, and ST 11D c¢ps loci contain putatively intact OAcT
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TABLE 1. Expected and observed reactivity of serogroup 11 members with serotyping antibodies

Result” for polyclonal antiserum in indicated assay

MAb Hypl1AM2

Serotype Group 11 11b 11c 11f 11g result in FCSA
Q FCSA Q FCSA Q FCSA Q FCSA Q FCSA
11A + 108.1 - 12.6 + 308.2 - 7.0 - 3.5 5813
11B + 52.0 + 937.6 - 27.6 + 214.9 + 146.0 35
11C + 74.1 + 652.5 + 190.0 + 100.2 - 19.7 3.4
11D + 172.5 + 403.4 + SBRLY - 6.7 - 11.5 55.8
11E + 75.9 - 28.1 + 302.5 - 15.0 - 2.4 3.3
11F + 152.5 + 306.4 - 28.2 - 42 + 382.2 65.8

“ Q, expected reactivity according to conventional Quellung assay; FCSA, flow cytometric serotyping assay. MFI values are shown. Boldface and shading indicate a

strong signal (>50 MFI), boldface alone indicates a moderate signal (50 to 5 MFI), and lightface indicates no signal (<5 MFTI).

wejE, while ST 11E cps loci contain putatively inactivated wejE
alleles (5) and ST 11B and ST 11C ¢ps loci completely lack the
gene (2); and (iii) ST 11F and 11B cps loci contain a get allele
with a frameshift mutation putatively resulting in an inactive
get gene product (14). Putative synthesis roles of serogroup 11
cps glycosyltransferases, the polyalcohol phosphate transferase
wewU, and the CDP-glycerol synthetase gct were assigned ac-
cording to comparative analysis of S. pneumoniae cps loci and
known capsule structures (14). However, since the descriptions
of PS structures upon which the analysis relied are incomplete,
namely, in the assignment of O-acetyl substitution locations,
the biosynthetic roles of the putative cps OAcTs wewC, wewR,
wewT, and wejE could not be conclusively resolved.

Here, we report a revised and completed structural charac-
terization of ST 11A, ST 11B, ST 11C, and ST 11F capsule
polysaccharides (PS), including the location of all previously
unassigned O-acetate substitutions, using modern nuclear
magnetic resonance (NMR) methods (6). Using a novel sero-
typing assay, we quantified and evaluated the specificity of
reference antisera and MADb binding to bacterial surfaces, and
through in vitro immunological assays, we show that all these
epitopes are dependent on PS acetylation. By comparative
analysis, we identified serogroup 11 serotyping serum antigenic
determinants and the putative biosynthesis targets of all sero-
group 11 OACT gene products. These findings demonstrate the
important role of acetylation in serogroup 11 antigenicity.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Serogroup 11 standard strains were
obtained from Statens Serum Institut (SSI, Copenhagen, Denmark): ST 11B,
SSISP 11B/2; ST 11C, SSISP 11C/1; ST 11D, SSISP 11D/1; and ST 11F, SSISP
11F/2. For ST 11A and ST 11E, we used the previously characterized clinical
isolates MNZ272 and MNZ264 (5, 27), respectively. Unless otherwise specified,
strains were cultured on blood agar plates or Todd Hewitt liquid medium (BD
Biosciences, San Jose, CA) plus 0.5% yeast extract (THY). All cultures were
grown at 37°C in 5% CO,.

PS purification and de-O-acetylation. To analyze the biochemical structures of
the capsule of serogroup 11 serotypes, capsular PS was purified as previously
described (27). Briefly, each culture was grown overnight at 37°C in chemically
defined medium (JRH Biosciences, Lenexa, KS) (24) supplemented with choline
chloride (1 g/liter), sodium bicarbonate (2.5 g/liter), and cysteine-HCI (0.73
g/liter). Culture lysates were obtained by treatment with 0.05% deoxycholate,
and cell debris was removed by centrifugation. Precipitation with 50% ethanol
per volume and centrifugation were used to remove amino acids and nucleic
acids from lysates. Subsequently, 75% ethanol precipitation was used to recover
PS. Precipitated PS was dissolved in 0.2 M NaCl, dialyzed in water at 4°C, and
purified by ion exchange on a column of DEAE-Sepharose (GE Healthcare
Bio-Sciences, United Kingdom) where PS eluted with a salt gradient. PS was
then dialyzed, lyophilized, and fractionated on a column of Sephacryl S-300 HR

(Sigma Chemical Company, ST. Louis, MO). Fractions containing PS according
to reactivity with anthrone were pooled (15). To de-O-acetylate PS samples,
purified PS was incubated in 0.2 M NaOH at room temperature for 3 h and
desalted by dialysis in water. NMR analysis (see below) confirmed that mild
hydrolysis with NaOH results in complete loss of O-acetate substitutions.

NMR analysis of PS. All NMR data were acquired on a Bruker Avance
operating at 700 MHz (Bruker Biospin, Billerica, MA) as previously described
(27). Spectra were acquired at 35°C or 49°C in 99.998% deuterium oxide with
deuterated dimethyl sulfoxide (DMSO-44) and 4,4-dimethyl-4-silapentane-1-sul-
fonic acid—y, (DSS-46) as internal standards. Spectra were referenced to DSS at
0 ppm or DMSO at 2.71 ppm ('H) and 39.56 ppm ('3C). All data were processed
using MNova (Mestrelab Research).

Antibodies. Hypl1AM2 mouse monoclonal antibodies (MAb) were produced
as described previously (13), and hybridoma culture supernatants were used.
Group 11 antiserum and factor sera 11b, 11c, 11f, and 11g are rabbit polyclonal
sera purchased from SSI.

Flow cytometry. To quantify epitope expression on bacterial surfaces, we
examined the binding of polyclonal antisera or anti-11A PS MAb Hypl11AM2
to bacterial cells with flow cytometry. Cells were stained with a 1:1,000
dilution of polyclonal antisera or a 1:100 dilution of Hyp11AM?2 hybridoma
culture supernatant. Bound antibodies were detected with goat anti-rabbit Ig
fluorescein isothiocyanate (FITC)-conjugated antibodies (Southern Biotech-
nology Associates, Inc., Birmingham, AL) or with rabbit anti-mouse IgM
phycoerythrin (PE)-Cy7-conjugated antibodies (Southern Biotechnology).
Bacteria were analyzed using a FACSCalibur (BD Biosciences, San Jose,
CA). Data analysis was performed with FCS Express (De Novo Software, Los
Angeles, CA) and binding of antibodies to bacteria was graded according to
mean fluorescent intensity (MFI). MFI values of >50, between 50 and 5, and
<5 were graded as “strong,” “moderate,” and “negative” binding, respec-
tively. Samples stained with secondary antibody alone were used as negative
controls. Although all factor sera displayed some moderate binding to non-
target serotypes, only strong signals correlate with Quellung reaction results
(Table 1), consistent with reports of serogroup 6 factor sera binding to
bacteria expressing ST 6A, 6B, 6C, and 6D PS capsules (4).

Inhibition ELISA. To examine whether serotyping antibodies target O-ace-
tate-dependent epitopes, we investigated the ability of native and de-O-acety-
lated PS to competitively inhibit antibody binding, similar to assays performed
previously (5). To maximize the sensitivity of our assays, we detected the binding
of rabbit polyclonal antisera to native PS from serotypes that displayed the lowest
“strong” MFI value according to a flow cytometric serotyping assay (FCSA), i.e.,
ST 11B for factor serum 11g (1:2,000), ST 11C for factor sera 11c (1:2,000) and
11f (1:2,000), and ST 11F for factor serum 11b (1:1,000). For additional analysis,
inhibition was also evaluated for factor serum 11b (1:8,000) binding to 11C PS.
Since all strong Hypl1AM2 MFI values were relatively similar, ST 11F was also
used to test inhibition of Hyp11AM2 binding. Antibodies were coincubated with
soluble native or de-O-acetylated PS (ranging from 20 ng/ml to 200 pg/ml) in
enzyme-linked immunosorbent assay (ELISA) wells coated with 2.5 ug/ml of
purified native capsular PS in phosphate-buffered saline. After washing, bound
antibodies were detected with alkaline phosphatase-conjugated anti-mouse or
anti-rabbit antibody. The optical density at 405 nm (OD,ys) was recorded for
each well. Native PS purified from a serotype 9A standard strain (SSISP 9A/1)
was used as a control displaying no competitive binding, i.e., 0% inhibition. If a
PS sample achieved 50% inhibition of binding compared to that of the negative
control, it was graded positive for inhibition.
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= g SSISP 11F/2 (11F) PS contains O-acetate substitutions at
B z B-Gal H-6 and H-4 and at a-GlcNAc H-3. The core (de-O-
S =, g acetylated PS) of SSISP 11F/2 (herein referred to as ST 11F) is
SUSETE B very similar to the core of MNZ272 (herein referred to as ST
2 2 ° 11A) PS (27), as evidenced by the high degree of overlap in the
Q @ g? 'H-'3C heteronuclear single-quantum correlation spectroscopy
T Tl - e (HSQC) spectrum (see Fig. S1 in the supplemental material).
2 2 é One key difference is in the anomeric region, where an ~2 ppm
s 2 = 8C shift in the anomeric resonance at ~4.9 ppm 8H is observed
feeRe - (see Fig. S1, inset). A peak typical of 2-acetamido-2-deoxy
ryayagayol @ residues was observed at ~54 ppm 3C and was correlated to
Zmfgm 3 the anomeric signal at 4.99 ppm 8H by 'H-'>C heteronuclear
NP I g = multiple-bond correlation spectroscopy (HMBC) and 'H-'*C
P Z|E HSQC-total correlation spectroscopy (HSQC-TOCSY). The
o E8 g Y remaining resonances for this residue were assigned by stan-
it dard methods. Taken together, these resonances were assigned
é?) ?) E’T\ as a-N-acetylglucosamine (a-GIcNAc) replacing the a-glucose
; i i 8 (a-Glc) seen in ST 11A. The remaining resonances in the
N Bl Y s repeat unit—a-galactose (a-Gal), B-glucose (B-Glc), B-galac-
e = - tose (B-Gal), and ribitol—were confirmed by a combination of
- = gradient-selected correlation spectroscopy (gCOSY), TOCSY,
Q HMBC, and HSQC-TOCSY experiments, and 'H->P HMBC
; was used to confirm the linkage of a phosphoribitol (pRib) to
S| e the a-GIcNAc via a 1-4 linkage (see Table S1 in the supple-
a mental material). In summary, our analysis of ST 11F confirms
that the core carbohydrate structure is identical to the previ-
c ously reported ST 11F PS core structure (Table 2) (19).
s 3B "E_{ It was reported that ST 11F PS contains approximately 2
= = g equivalents (eq) of O-acetate per mol of PS, of which 0.5 eq
was not assigned to a specific residue (19). Since the cps loci of
E ST 11F and ST 11A both contain the putative O-acetyltrans-
Rl § ferases wewC, wewT, and wejE, we hypothesized that the O-
8 acetylation pattern of 11F PS would be identical to that of ST
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11A PS. Comparison of the ST 11F core HSQC data to the
native (O-acetylated PS) HSQC data (see Fig. S2 in the sup-
plemental material), correlation to C’ resonances (~174 ppm
3C), and correlations from the acetate methyls in the 'H-"*C
HMBC data (data not shown) indicate that there are three
sites of O-acetylation: 5.57, 5.24, and 4.26/4.15 [-CH,-] ppm
SH. The first two sites of O-acetylation in 11F PS are B-Gal
H-4 (5.57 ppm) and a-GIcNAc H-3 (5.24 ppm) (see Table S2
in the supplemental material), identical to ST 11A PS. This is
in contrast to the previously reported 11F PS structure (19),
which reported a-Gal H-2 O-acetate instead of B-Gal H-4
O-acetate as seen in this study. We initially interpreted the
proton pair at 4.25/4.16 ppm 8H as O-acetyl-phosphoribitol
based on the high similarity to corresponding signals in the ST
11A assigned as O-acetyl-phosphoglycerol (pGro) (27). How-
ever, close inspection of the HMBC data for ST 11F showed
that this O-acetylated methylene group has a strong cross-peak
to the H-4 O-acetate substitution on B-Gal. The placement of
the pRib on the a-GlcNAc in the ST 11F core structure pre-
cludes the 4.25/4.16 cross-peak from being pRib. In ST 11F PS,
this carbon chemical shift is unambiguous, as opposed to that
in ST 11A (see below). An HSQC-TOCSY assay (100 ms
isotropic mixing time [1,,]) confirmed the connectivity from
this O-acetyl-CH, to p-Gal H-4. These two pieces of data
(from HSQC-TOCSY and HMBC) taken together led to the
assignment of the O-acetylated CH, at 4.26/4.16 as -Gal H-6
instead of pRib.

MNZ272 (11A) PS contains an O-acetate group on carbon 6
of 3-Gal which is absent in MNZ264 (11E) PS. The unex-
pected finding that ST 11F PS did not contain an O-acetylated
polyalcohol prompted us to reexamine the structure of ST 11A
PS. HSQC-TOCSY data were acquired for ST 11A PS (50 ms
7,,) and compared to the data from ST 11F PS; the data
showed weak but real peaks from the B-Gal H-4 O-acetate to
the O-acetylated CH, group at 4.26/4.15, supporting the hy-
pothesis that these protons are in the same residue (3-Gal).
This prompted us to reexamine the original ST 11A TOCSY
and HMBC data (27). The 'H-'H TOCSY data showed a very
weak (i.e., just above the noise) cross-peak from 5.59 to 4.26. In
the HMBC, there is a cross-peak from 4.26 to 67.1 ppm 38C,
which was interpreted as Gro H-1 to Gro H-3 (3.88/3.80) (27).
However, an alternate assignment could be to the 8-Gal H-4
O-acetate (5.59 ppm 8H). This assignment was originally con-
sidered but was ruled out due to the strong correlations in the
pGro spin system and because of the lack of other supporting
data at the time (27, 28). In light of the ST 11F results, the new
data, and the reexamination of previous data, we need to revise
our assignment of the pGro O-acetate: the correct interpreta-
tion of the ST 11A PS structure is that it does not contain
O-acetate on pGro but instead contains an H-6 O-acetate
substitution on B-Gal. Other than minor differences in the
level of O-acetate substitutions at different sites, the only major
distinction between the HSQC of native MNZ264 (herein re-
ferred to as ST 11E PS) and native ST 11A PS was the absence
of signals at 4.26/4.15 ppm 8H in 11E PS (27), which should
now be interpreted as ST 11E PS being identical to 11A PS
except for the lack of B-Gal H-6 O-acetylation.

SSISP 11B/2 (11B) and SSISP 11C/1 (11C) PS contain an
O-acetate group on the 2 carbon of a-Gal. The SSIPS11C/1
(herein referred to as ST 11C) core PS was reported to be
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similar to ST 11A, differing only by a substitution of a-GlcNAc
(ST 11C) for a-Gle (ST 11A) (19, 27), similar to ST 11F.
Indeed, the HSQC of ST 11C core and ST 11A core were
highly similar (see Fig. S3 in the supplemental material). The
shifted peaks in ST 11C PS were identical to the a-GlcNAc
peaks in ST 11F PS (see Table S3 in the supplemental mate-
rial), confirming the replacement of the a-Gle by a-GlcNAc.
Also, the presence of pendant pGro on the a-GIcNAc in ST
11C core PS was confirmed. As expected (19), the core struc-
ture of SSISP 11B/2 (herein referred to as ST 11B PS) was
exactly the same as the ST 11F core (see Fig. S4) and the
assignments of the 11B PS core structure was straightforward
(see Table S4).

ST 11B and ST 11C ¢ps loci contain wewT and the unchar-
acterized putative O-acetyltransferase wewR (2), and thus, we
hypothesized that ST 11B and ST 11C would share similar
O-acetylation patterns. To identify the location of the O-ace-
tate substitutions in these capsule types and gain insight into
the role of wewR in capsule synthesis, we compared the NMR
spectra of native ST 11C and ST 11B PS to the spectra of
native ST 11A and 11F, serotypes that do not contain wewR in
their ¢ps loci. In contrast to ST 11A and ST 11F PS, ST 11C PS
has only two sites of O-acetylation based upon "H-'*C HMBC
correlations, 5.27, 72.63 and 5.05, 71.56. The signal at 5.27 ppm
S8H in ST 11C PS was congruent to the 5.25 ppm 8H O-
acetylated peak in ST 11F PS (a-GlcNAc H-3); however, the
signal at 5.06 ppm 8H was on the entirely different residue
a-Gal H-2 (see Table S5 in the supplemental material), indi-
cating O-acetyl substitution at this site on 11C PS.

The majority of peaks in native ST 11B PS were assigned
using the same methods as described above (see Table S6 and
Fig. S5 in the supplemental material). There is remarkable
similarity between native ST 11C and ST 11B, and this was
used to assign the vast majority of peaks in the ST 11B spec-
trum. Two peaks with significant intensities in the '"H-'*C
HSQC were not completely assigned (5.26, 96.52 and 4.98,
98.35). The peak at 5.26 is assigned as the nonacetylated a-Gal
H-1 based upon comparison to PS structures that do not con-
tain a-Gal O-acetate but was not further analyzed due to the
extreme overlap with the a-GlcNAc H-3 O-acetate resonance
in the 'H dimension. The peak at 4.98 was assigned to the
a-N-acetylgalactosamine of cell wall PS based upon data ac-
quired on purified cell wall PS (data not shown). In summary,
similar to ST 11C PS, ST 11B PS contained two sites of O-
acetylation: a-GIcNAc H-2 and a-Gal H-2.

Serogroup 11 serotypes display variable binding by poly-
clonal antisera. As these assignments of O-acetyl substitutions
differ from previously reported structures (19, 27), we corrob-
orated our findings with serological evidence. It is commonly
thought that serotypes that cross-react to a factor serum share
a structural determinant that is absent in nonreactive sero-
types. Conventional Quellung and latex agglutination assays do
not allow us to quantify and compare the binding of sera to
bacteria, so we analyzed the reactivity of each serotype to all
available serogroup 11-specific polyclonal antisera using FCSA
(Table 1). The mean fluorescent intensity (MFI) values of
serogroup 11 bacteria stained with secondary antibody alone
(i.e., without anticapsule antibodies) ranged between 2 and 5
(data not shown). ST 33F bacteria stained with serogroup
11-specific factor sera also yielded MFI values of <5 (data not
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FITC Fluorescence Intensity (FI)

FIG. 2. Staining intensity curves fall into three categories according
to FCSA. Flow cytometry histogram displaying the fluorescence inten-
sity (FI) curves of factor serum 11g binding to all serogroup 11 sero-
types. Serotypes yielding each binding curve are matched by shade next
to their corresponding curves. The gray-filled curve corresponds to
serotype 11B stained with secondary antibody only (negative control).
Bands above the diagram depict the FI ranges corresponding to signal
grading.

shown), confirming that all antibody binding was specific to
capsule antigens.

When comparing the binding of factor sera 11g and 11f to
bacteria, MFI values fell into three categories: strong signals
(MFI > 50), moderate signals (MFI between 50 and 5), and
negative binding (MFI < 5). For example, of the bacteria
stained with factor serum 11g, ST 11B and ST 11F displayed
strong MFI values, ST 11D and ST 11C displayed moderate
MFI values, and ST 11A and ST 11E displayed negative MFI
values (Fig. 2). Factor serum 11f staining yielded strong MFI
values for serotypes 11B and 11C, moderate MFI values for
11A, 11D, and 11E, and a negative MFI value for 11F. Factor
serum 11b staining resulted in strong MFI values for serotypes
11B, 11C, 11D, and 11F and moderate MFI values for 11A and
11E. Factor serum 11c staining presented strong MFI values
for 11A, 11C, 11D, and 11E and moderate MFI values for 11B
and 11F. As expected, all serotypes displayed strong signals for
group 11 antiserum staining, though the MFI values ranged
from 52 for ST 11B to 172.5 for ST 11D. It should be noted that
11A and 11E behaved similarly with the conventional factor
sera, in concordance with previous observations using the
Quellung assay (5). Although all factor sera displayed moder-
ate binding to nontarget serotypes, only strong signals corre-
late with Quellung reaction results (Table 1); therefore, we
only considered strong FCSA signals for our final antigenic
determinant analyses (see Discussion).

Hypl11AM2 clearly binds or does not bind serogroup 11
members. It was previously determined that Hypl1AM2 MAb
binds to ST 11A, ST 11D, and ST 11F PS (26). To determine
whether Hypl1AM2 also reacts to other serogroup 11 mem-
bers, we quantified Hypl1AM?2 binding to all serogroup 11
serotypes using FCSA (Table 1). Staining with this antibody
resulted in comparably strong signals for serotypes 11A, 11D,
and 11F (i.e., MFI values of 53.3, 55.8, and 65.8, respectively)
and MFI values of less than 5 for serotypes 11B, 11C, and 11E.
Notably, no moderate signal was observed when staining bac-
teria with this MAb.

De-O-acetylation of PS affects its capacity to competitively
bind antibody. Detecting direct binding of serotyping antibod-
ies to bacterial surfaces did not reveal whether these antibodies
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bound O-acetate-dependent epitopes, and it is unclear whether
a factor serum bound to a single structural determinant shared
by cross-reactive serotypes. To confirm that serotyping sera
target single epitopes and to show that these antigenic deter-
minants are dependent on PS O-acetylation, we tested the
ability of native and de-O-acetylated PS to competitively bind
polyclonal antisera and MADb by inhibition ELISA (Table 3).
The binding of all antibodies analyzed was not inhibited by
native PS purified from the unrelated serotype 9A control.
Factor serum 11b binding to ST 11C PS was inhibited only by
native 11C and 11B PS, but de-O-acetylated PS was incapable
of achieving inhibition. Remarkably, 11b binding to 11F PS was
inhibited by both native and de-O-acetylated PS from sero-
types 11B, 11C, 11D, and 11F. Factor serum 1lc binding to
11C PS was inhibited by native 11A, 11C, 11D, and 11E PS, 11f
binding to 11C PS was inhibited by native 11C and 11B PS, and
11g binding to 11B PS was inhibited by native 11B and 11F PS.
No other native or de-O-acetylated PS samples were able to
inhibit the binding of polyclonal antisera to target PS.
Hypl1AM2 MADb binding to 11F PS was inhibited only by
native 11A, 11D, and 11F PS and not by any other PS sample.

DISCUSSION

Recent studies have highlighted the increasing prevalence of
S. pneumoniae serogroup 11 members, primarily serotype 11A
(9, 11, 21), yet the capsule PS structures of most of these
serotypes have not been addressed in over 20 years (19). As the
results of recent investigations concerning serogroup 11 (5, 27)
were inconsistent with previously reported PS capsule struc-
tures (19), we readdressed the structures of ST 11A, ST 11B,
ST 11C, and ST 11F PS capsules. With newer NMR technology
and a better knowledge of the capsule synthesis genes than

TABLE 3. Inhibition of antibody binding by native and
de-O-acetylated PS

Binding® of indicated group 11 antiserum or MAb to
target PS (antiserum, target PS)
Inhibition PS

1b,  11b,  1lc,  11f, 1lg  HypllAM2
11C 11F 11C 11C 11B 11F
11A Native - - + — - +
deOACc® — — - - - -
11B Native + + - + + —
deOAc - + - - - -
11C Native + + + + - -
deOAc - + - - - -
11D Native - + + — — +
deOAc - + - - - -
11E Native - - + - - -
deOAc — — - - - -
11F Native - + - — + +
deOAc - + - - - -

“ + inhibition, PS is capable of competitively inhibiting antibody binding to
target PS (=50% signal compared to control); — inhibition, PS is unable to
competitively inhibit antibody binding (>50% signal compared to control).

" Native PS used to coat ELISA plates.

¢ deOAc, PS de-O-acetylated by mild alkali hydrolysis.
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TABLE 4. Revised assignment of O-acetate substitutions
O-acetylation site (mol eq):
Serotype
Total 1 2 3 4
11A 2.6 a-Gle H-2 (0.6) a-Gle H-3 (0.5) B-Gal H-4 (1.0) B-Glc H-6 (0.5)
11B 1.2 a-GleNAc H-3 (0.8) a-Gal H-2 (0.4)
11C 1.2 a-GleNAc H-3 (0.9) a-Gal H-2 (0.3)
11E 1.6 a-Gle H-2 (1.0) a-Gle H-3 (0.3) B-Gal H-4 (0.3)
11F 2.4 a-GleNAc H-3 (1.0) B-Gal H-4 (0.8) B-Glc H-6 (0.6)

when these PS structures were initially investigated, we were
able to completely elucidate the O-acetylation patterns of se-
rogroup 11 PS capsules (Table 4). Further supporting the PS
structures reported here, we identified strong correlations be-
tween the revised models of serogroup 11 PS structures, the
reactivities of the PS with serotyping sera, and the O-acetyl-
transferase genes putatively involved in capsule biosynthesis
(Fig. 3).

Consistent with previous reports that antibodies against var-
ious bacterial species often bind capsule PS in O-acetylation-
dependent manners (3, 7, 12, 22), we observed a decrease in
the competitive binding of each serogroup 11 factor serum to
de-O-acetylated PS. The binding of factor serum 11f to ST 11C
PS was inhibited by native ST 11C and ST 11B PS but was not
inhibited by any other PS sample, evidence that factor 11f is
associated with O-acetylation of a-Gal H-2, the only O-acetate
substitution detected exclusively in the 11f-positive serotypes
ST 11B and ST 11C (Fig. 3). Unambiguously, factor serum 11c
binds to serotypes containing pGro (ST 11A, ST 11E, and ST
11C) and factor serum 11g binds to serotypes containing pRib
(ST 11B and ST 11F). However, since competitive binding of
these factor sera by capsule PS was abolished following mild
alkali hydrolysis and «a-Glc or a-GIcNAc is the only site of

B Substituent

O-acetylation conserved among all serogroup 11 capsules, it is
likely that factors 11c and 11g are conformational epitopes
created by corresponding polyalcohols and proximal O-acetyl
groups on the adjacent a-Glc or a-GlcNAc.

Identifying factor 11b presents a greater challenge because
the serum displayed two distinct binding patterns. A high di-
lution (i.e., 1:8,000) of factor serum clearly bound 11C PS, a
reaction which could only be inhibited by ST 11B or ST 11C PS
and not by any other native or de-O-acetylated sample. This
suggests that factor 11b is associated with a-Gal O-acetylation.
In contrast, the binding of a low dilution (i.e., 1:1,000) of factor
serum 11b to ST 11F-coated plates was competitively inhibited
by ST 11B, ST 11C, and ST 11F PS even after mild alkali
hydrolysis but not by ST 11A or ST 11E PS, indicating that
these antibodies bind the de-O-acetylated backbone of repeat
units containing o-GlcNAc. We propose that the dominant
antibodies in this polyclonal antiserum bind capsule PS con-
taining an O-acetylation pattern characteristic of ST 11B and
11C capsule, while other antibodies in the serum bind the PS
containing a-GIcNAc in an O-acetate-independent manner. A
heterogeneous antibody population also explains the ~2-fold
higher MFI values for factor serum 11b staining of serotypes
11B and 11C compared to that of serotypes 11D and 11F.

Epitope Genetic Basis  Serotypes
1 ]-0Ac Hyp11AM2 WGE 11A, 11F, 11E
-OH : E 11B, 11C
2 |-oac - wewC 11A, 11F, 11E
-OH " : 11B, 11C
3 ]-0nc 11f WewR 11B, 11C
-OH . : 11A, 11F, 11E
4 |-NAC 11b werl 11F, 11B, 11C
-OAc - wewT 11A, 11E
5 |-OAc - wewT All
6 |-OH 11c get 11A, 11C, 11E
[ _coH,CcOH, 11g ’ “11B, 11F

FIG. 3. Correlation of PS structure, antibody binding, and c¢ps genes for serogroup 11. (A) Depiction of the core carbohydrate shared by all
serogroup 11 capsules. Arrows represent the bonds across which PS subunits are polymerized. Hydroxyl substitutions that differ among serotypes
are denoted with numbered boxes. (B) Correlation of characteristics at each numbered location (structure, epitope, genetic basis, and relevant
serotypes). The substituent structures are as follows: OH, hydroxyl group; OAc, submolar O-acetate substitution; NAc, N-acetate substitution.
“Epitope” gives the epitope that is dependent on the presence of each substituent. “Genetic Basis” gives the cps gene whose integrity is correlated
with each structure. Note that factor serum 11b contains two subpopulations of antibodies that target separate epitopes, one of which clearly binds
a GlcNAc-associated epitope (see text).
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Thus, there is no single “factor 11b” structure that mediates
reactivity to this factor serum.

Correlation of the native capsule PS of these serotypes to the
published serogroup 11 ¢ps loci (2, 5) supports our structural
models and permits us to assign biosynthetic roles to wcjE,
wewR, wewC, and wewT (Fig. 3). For example, the examined
serotypes that contain putatively functional wcjE genes, i.e., ST
11A and ST 11F, contain an O-acetate substitution on B-Gal
H-6, a feature which the PS of the wcjE-null ST 11B, ST 11C,
and ST 11E lack. This finding is consistent with the results of
recent molecular studies which clearly established the role of
wcjE in the antigenic disparity between ST 11A and ST 11E
(5). Prior to the present study, it was unclear whether wewR
performed any function in ST 11B and ST 11C capsule syn-
thesis. Here, we show that the replacement of wewC, present in
ST 11A, ST 11F, and ST 11E ¢ps loci, with wewR in ST 11B and
ST 11C (Fig. 1) strongly correlates to loss of B-Gal H-4 O-
acetylation and the gain of a-Gal H-2 O-acetylation, revealing
candidate enzymatic targets for each of these OAcTs. The
a-glucosyl residue and wewT are the only O-acetylation site
and OACT gene shared by all serogroup 11 members. There-
fore, we propose that the wewT gene product is a promiscuous
O-acetyltransferase capable of recognizing either o-Glc or
a-GlcNACc as a substrate. The wewT gene product O-acetylates
a-Glce at either the H-2 and H-3 carbons (ST 11A and ST 11E)
or the H-3 carbon of a-GIcNAc (ST 11B, ST 11C, and ST 11F).
The lack of identification of a wewT-null serogroup 11 variant
could be due to the lack of a factor serum that recognizes PS
without this O-acetate substitution. However, the possibility
that a wewT-null variant is clinically nonviable cannot be dis-
missed.

It should be noted that NMR analysis of ST 11D capsule
yielded ambiguous results (data not shown), and a conclusive
PS structure will be presented pending further analyses. How-
ever, since the ST 11D ¢ps locus is nearly identical to the ST
11A ¢ps locus (2, 5) and both these serotypes are bound by
Hyp11AM2 and factor serum 11c but not by factor serum 11f
or 11g, it can be predicted that ST 11D PS is very similar to ST
11A PS in terms of O-acetate placement and the identity of the
polyalcohol pendant. Antigenic divergences between the two
may be due to the single amino acid polymorphism between ST
11A and ST 11D werL (Fig. 1), whose gene product putatively
transfers either an a-Glc or a-GlcNAc to the capsule subunit
(14). Indeed, since ST 11D is bound by factor serum 11b, i.e.,
an antigenic feature strongly correlated to N-acetylation of
the a-Gle (Fig. 3), we postulate that ST 11D PS contains
a-GlecNAc.

Our findings highlight a need to reevaluate conventional
serogroup 11 serotyping tools, as limitations in these methods
may obscure the actual epidemiology of this increasingly prev-
alent serogroup (11, 21). For example, serogroup 11 antiserum
staining often showed moderate cross-reactivity to multiple
serotypes, and at least one factor serum (11b) contains anti-
bodies targeting clearly distinct antigenic determinants. Fur-
thermore, in accordance with previous reports on ST 11A and
ST 11E (5), we observed that no factor serum recognizes the
wejE-associated B-Gal H-6 O-acetate substitution. We recently
found that inactivation of w¢jE in the serotype 9V c¢ps locus
results in serotype 9A expression (5a), supporting the existence
of multiple instances of wcjE-mediated dichotomies between
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serotypes. Conceivably, an ST 11C variant with intact wcjE
expression or an ST 11F variant that loses w¢jE expression
would express antigenically divergent capsule types but would
be indistinguishable from the current ST 11C or ST 11F stan-
dards by conventional serotyping means. Hypl11AM?2 displayed
clear positive or negative staining and recognizes wcjE-associ-
ated structural determinants. The use of Hypl1AM?2 and other
similar MAbs in investigating unidentified serovariants in se-
rogroup 11 and other potentially heterogeneous S. pneumoniae
serogroups is currently being explored.
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