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We have undertaken a structural assessment of Streptococcus
pneumoniae 11A polysaccharide as well as two clinical isolates
related to 11A. The clinical isolates were labeled 11Aa and
11AB. The result of our experiments is a revision to the old
structure for S. pneumoniae 11A polysaccharide. The new struc-
ture differs from the old structure in both the primary connec-
tivities and acetylation pattern. We also show that 11A contains
an acetylglycerol-PO, moiety, a substitution that is heretofore
unknown in the bacterial polysaccharide literature. The two
clinical isolates were also structurally characterized. 11A« was
determined to be identical to 11A. 11Af is a new serotype,
which differs from 11A in the absence of the acetylation of
the glycerol-PO, moiety and a different acetylation pattern of
the saccharides. Thus, we propose that the acetylglycerol
is the structural basis for 11A« and 11Af subtypes.

The polysaccharide (PS)* capsule of Streptococcus pneu-
moniae is recognized as the most important virulence factor of
pneumococci. It is expressed by almost all pathogenic pneumo-
cocci and has been shown to increase the virulence of a pneu-
mococcal strain by more than a million-fold in an animal model
system (1). The capsule shields pneumococci from the host
phagocytes, and its shielding capacity can be neutralized when
the host produces antibodies to the capsule and to fix comple-
ment on pneumococci. Thus, the capsular PS is used as the
antigen in all pneumococcal vaccines that are clinically used.
Because of their impact on human health, pneumococcal cap-
sules have been extensively investigated both serologically,
genetically, and biochemically. Many years of serological stud-
ies have identified 91 serologically distinct capsule types (2, 3).
Recently, the nucleotide sequences of the capsule gene loci of all
91 different capsule types have been determined (4, 5).
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With the use of monoclonal antibodies, serologic heteroge-
neity was noted recently among pneumococcal isolates that
were typed as 11A using the quellung reaction (6). To avoid
confusion, we have provisionally named the common variant
11A« and the less common variant 11A . Because 11A PS is a
component of the 23-valent pneumococcal PS vaccine (7), it is
important to understand the chemical basis of the serological
heterogeneity among pneumococci that are typed as serotype
11A. However, there is only limited information on structure of
pneumococcal serotype 11A PS, and the structure has not been
examined with modern tools. Forty years ago, the structural
model for S. pneumoniae serotype 11A PS was proposed to be a
linear polymer containing D-glucose, D-galactose, glycerol,
phosphate, and O-acetyl groups in the molar ratio of 2:2:1:1:2
based upon analysis of chemically modified PS (8). About 20
years ago, Richards et al. (9, 10) proposed the model for 11A PS
based on both NMR and chemical degradation studies. They
proposed a linear repeating unit structure with four monosac-
charides, a pendant glycerol phosphate moiety, and 2 mol of
acetate as described in Structure 1,
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To explain the serological heterogeneity among the pneumo-
coccal isolates expressing 11A serotype, we investigated the
11A PS structure using three preparations of capsular PS (11A
PS commercially available from ATCC, 11A« PS purified from
an 11Aq strain of pneumococcus, and 11Af PS purified from
an 11A strain) and modern NMR equipment and methods.
Modern NMR equipment, such as cryogenically cooled probes
(11), allows the acquisition of heteronuclear data on samples of
PSs using '>C at natural abundance at reasonable concentra-
tions (5 mg/ml PS) in a reasonable amount of time (~6 h for an
'H-'3C HSQC). Modern pulse sequences such as HSQC-
TOCSY and HMBC are also extremely useful for the assign-
ment of the HSQC spectrum as these experiments correlate
heteronuclear spins in a given residue (HSQC-TOCSY and
HMBC) or across glycosidic linkages (HMBC).
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EXPERIMENTAL PROCEDURES

Preparation of Capsular PS—Purified 11A PS was purchased
from ATCC (Manassas, VA). 11Aa and 11A PSs were purified
as described below from pneumococcal strains 3054-06 and
3455-06, which express serotypes 11Aa and 11Af3, respectively
(6). Pneumococci were grown overnight at 37 °C in 4 liters of a
chemically defined medium (JRH Biosciences, Lenexa, KS) (12)
supplemented with choline chloride (1 g/liter), sodium bicar-
bonate (2.5 g/liter), and cysteine-HCI (0.73 g/liter). Pneumo-
coccal lysate was obtained by adding deoxycholate (0.05%) to
the medium and removing the cell debris by centrifugation.
Crude PS was obtained from the lysate by selective ethanol
precipitation, i.e. discarding the material precipitating at 50%
ethanol and harvesting the material precipitating at 70% etha-
nol. The crude PS was dissolved in 120 ml of 0.2 m NaCl and
dialyzed in 10 mm Tris-HCI (pH 7.4). The crude PS was then
loaded onto a column (10 X 2.5 cm) containing DEAE-Sepha-
rose (Amersham Biosciences), and PS was eluted with a linear
gradient of NaCl from 0 to 2 m. The resulting fractions were
tested for the presence of 11A« or 11A3 PS with the inhibition
assay described below. The PS-containing fractions were
pooled, dialyzed, and lyophilized. The lyophilized PS was dis-
solved in water (10 mg/ml), and 20-30 mg of PS was loaded
onto a Sephacryl S-300 HR (Amersham Biosciences) column
(100 X 1.5 cm). PS was eluted from the column with 10 mm
Tris-HCI (pH 7.4) buffer containing 100 mm NaCl. All the frac-
tions were again tested for 11Aa or 11A3 PS with the inhibition
assay. 11Aa or 11A[ PS that eluted early from the column were
pooled and lyophilized. De-O-acetylation was performed using
alkali hydrolysis as described (13).

Inhibition Assay for 11Aa and 11A PS—The assay for the
capsular PS is an inhibition-type enzyme-linked immunosor-
bent assay described previously (6). Briefly, the wells of enzyme-
linked immunosorbent assay plates (Corning Costar Corp.,
Acton, MA) were coated at 37 °C with 1 pug/ml PS solution for
5 h in phosphate-buffered saline. 11A PS was used for 11A«a
assay, and 11AB PS purified as below was used for 11Af assay.
After washing the plates with phosphate-buffered saline con-
taining 0.05% Tween 20, an appropriately diluted sample was
added to the well along with a monoclonal antibody. Mono-
clonal antibody Hypl1AM?2 was used for 11A« assay, and
monoclonal antibody Hypl11AM1 was used for 11Af assay.
After 60 min of incubation in a humid incubator at 37 °C, the
plates were washed and incubated for 1 h with alkaline phos-
phatase-conjugated goat anti-mouse immunoglobulin (Sigma).
The amount of the enzyme immobilized to the wells was deter-
mined with para-nitrophenyl phosphate substrate (Sigma) in
diethanolamine buffer. The absorbance at 405 nm was read
with a microplate reader (BioTek Instruments Inc, Winooski,
VT).

NMR Spectroscopy—NMR data were acquired at 322 K (7) on
a Varian Inova 600-MHz spectrometer equipped with a cryo-
genically cooled HCN probe. All data were base-line corrected
using a 3rd order Bernstein polynomial fit algorithm. A one-
dimensional 'H proton spectrum with presaturation of the
water resonance was acquired with 16 transients, a spectral
width of 5997 Hz and 8192 points. Spectrum was transformed
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without apodization. Two-dimensional *H-"H TOCSY (150-
and 60-ms mix time) was acquired with 16 and 32 transients,
respectively, spectral widths of 6000.6 Hz, and 4096 points in F2
and 5994.6 Hz and 512 point in F1. Apodization prior to Fourier
transform was performed using a 90°-shifted sinebell in F2 and
90°-shifted sinebell squared in F1. Two-dimensional "H-'H
nuclear Overhauser effect spectroscopy (400-ms mix time) was
acquired with 16 and 32 transients, respectively, spectral widths
of 6000.6 Hz, and 8192 points in F2 and 5994.6 Hz and 512
points in F1. Apodization prior to Fourier transform was per-
formed using a 90°-shifted sinebell in F2 and 90°-shifted sinebell
squared in F1. Two-dimensional 'H-'H gradient-selected
COSY was acquired with 16 transients, spectral widths of
6000.6 Hz in both F2 and F1, and 4096 and 256 points in F2 and
F1, respectively. Apodization prior to Fourier transform was
performed with 1°-shifted sinebell in both dimensions. Two-
dimensional 'H-"C gradient-selected HSQC (with and with-
out multiplicity editing) was acquired with 32 transients, spec-
tral widths of 6000.6 Hz in F2 and 33167.5 Hz in F1, and 1024
and 256 points in F2 and F1, respectively. Two-dimensional
'H-'3C HSQC-TOCSY was acquired with 128 transients, spec-
tral widths of 6000.6 Hz in F2 and 30143.2 Hz in F1, with 1024
points and 256 points in F2 and F1, respectively, and 15-, 35-,
50-, and 75-ms mix times,. Two-dimensional *H-**C HMBC
was acquired with 128 transients, spectral widths of 6000.6 Hz
in F2 and 33167.5 Hz in F1, with 1024 points and 512 points in
F2 and F1, respectively, and 4, 8, 10, 12, 14, and 20 Hz multiple
bond coupling and 140 Hz 'J; coupling. Apodization prior to
Fourier transform was performed using a 90°-shifted sinebell in
F2 and 90°-shifted sinebell squared in F1. 'H-*'P HMBC spec-
tra were acquired on a 500-MHz Varian spectrometer equipped
with a pentaprobe with 64 transients, spectral widths of 4497.7
Hz in F2, and 4040 Hz in F1, with 1024 points and 256 points in
F2 and F1, respectively, and 29.79 Hz multiple bond coupling
and 5 Hz 'J,;» coupling. Minimal apodization prior to Fourier
transform was performed using a 1°-shifted sinebell in F2 and
1°-shifted sinebell squared in F1. Chemical shifts were refer-
enced relative to DSS or DMSO-d, (0.00 ppm for 'H and '*C for
DSS or 2.712 ppm §,; and 39.56 ppm . for DMSO). *'P chem-
ical shifts were referenced indirectly to the proton frequency.
Data processing was performed using Mestrenova.

RESULTS

'H and "3C Chemical Shift Assignment of the De-O-acetylated
11A PS—To investigate the 11A PS structure, we first obtained
'H spectra of the de-O-acetylated and native 11A PSs. As
expected, de-O-acetylation reduced spectral complexity, and
therefore the spectrum of de-O-acetylated PS was analyzed
first. Although there appeared to be only two anomeric peaks
(at 5.17 and 4.97 ppm), this was due to obscuring of two addi-
tional peaks (4.54 and 4.51 ppm) by residual water. The two
obscured peaks were clearly observed in the 'H-*C HSQC
spectrum (Fig. 1, black), which clearly showed all four anomeric
peaks (black arrows). The presence of these four peaks indicates
that the repeat unit is composed of four residues, two each in
the @ (*/; = 176 and 175 Hz) and § configuration (/- = 166
and 163 Hz). The four anomeric peaks were termed a1 (5.17
ppm), &2 (4.97 ppm), B1 (4.54 ppm), and B2 (4.51 ppm) based
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FIGURE 1. Overlay of the 'H-">CHSQC spectra of native (red) and de-O-acetylated (black) S. pneumoniae 11A PS. Peaks marked with an asterisk are peaks
that show connectivities in the HMBC spectra and do not shift markedly between the two samples. Peaks marked with the pound sign are involved in
connectivities as indicated in the HMBC spectra. The black arrows indicate the four anomeric resonances observed for the core polysaccharide.

upon their H-1 chemical shifts. Based upon previous work,
these four peaks should correspond to two p-glucose and two
D-galactose residues, one each of the o and 3 isomers. All fur-
ther assignments began with the chemical shifts of the ano-
meric resonances.

In the 2.4-0.5 ppm region of the NMR spectrum, no signifi-
cant peaks were observed suggesting that the de-O-acetylated
core is fully de-O-acetylated and contains no hexoses with
methyl groups (e.g. rhamnose). In this region, minor peaks were
observed, and these minor peaks arose from contaminating
C-PS (teichoic acid). Based upon the intensity of the peak aris-
ing from the N-methylphosphocholine of C-PS (10) at 3.22
ppm, the de-O-acetylated 11A PS contains 1.6 mol % C-PS,
whereas the native sample contains 1.3 mol % C-PS (14). This
degree of contaminants is consistent with previous findings
(14).

Each peak in the "H-">C HSQC spectrum of the core 11A PS
(Fig. 1, black) was identified based upon the combination of
data from the following experiments: '"H-"H TOCSY (75 ms
and 150 isotropic mix time), 'H-'H gradient-selected COSY,
'H-"H nuclear Overhauser effect spectroscopy (50-, 100-, and
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250-ms mix time), "H-'3C gradient-selected HSQC with adia-
batic decoupling, and 'H-">C gradient-selected HSQC with
multiplicity editing, "H-'*C HMBC (140 Hz 'J;;, 8 and 12 Hz
multiple-bond coupling), and 'H-">C gradient-selected HSQC-
TOCSY (140 1]CH and 35-ms mix time with direct correlations
inverted). Briefly, TOCSY and COSY spectra were used to cre-
ate spin systems arising from each anomeric proton. The
HSQC-TOCSY and HSQC was used to assign **C chemical
shift(s) to each 'H resonance. The HMBC spectra were used to
generate anomeric (inter-residue) connectivities as well as con-
nectivities for other resonances (intra-residue). Long range
COSY peaks were used to confirm the connectivities identified
by the HMBC experiment (15). Each set of assignments was
performed independently twice.

The assignments of the "H-"*C HSQC spectrum of the core
11A PS is summarized in Table 1. The p-galactose and p-glu-
cose residues could be differentiated based upon the chemical
shift of the H-2 (3.93 versus 3.64 for the a-anomers and 3.67
versus 3.39 for the B-anomers). This leads to the assignment of
al and 82 as D-galactose and a2 and 1 as D-glucose. Addition-
ally, galactose can be differentiated from glucose by the weak

“BSENBN
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coupling of the H-4 (16). The "H-'H TOCSY for al and 2
showed weak coupling from H-4 to H-5, whereas that for a2
and B1 showed strong coupling for H-4 to H-5. This supports
the assignment of a1 and B2 as a-D-galactose and B-D-galactose
and a2 and B1 as a-D-glucose and B-p-glucose. The assignment
of the remaining resonances proceeds from these assignments
directly.

TABLE 1
Chemical shift assignment of de-O-acetylated 11A PS
Residue 1 2 3 4 5 6 6’
aGal (al) 5174 3.93 4.02 412 425 417 388
96.76 69.14 69.76  79.95 71.89 69.01 69.01
aGle (a2) 4.97 3.64 3.90 410 433 378 382
100.9 72.20 72.94 7497 7082 61.67 6167
BGle (B1) 4.54 3.39 3.67 367 360 380 383
1032 73.74 7512 79.55 7549 61.67 6167
BGal (B2) 4.51 3.67 3.77 372 416 398 385
103.7 70.35 78.65 7578 6588 60.92 60.92
Glycerol  3.67/3.61 391  3.98/3.91
62.99 71.56 67.44
PO, 3.91 3.98 4.10
(-0.23) (-023)  (—0.23)

“ Chemical shifts (*H/*3C[31P]) are in ppm and are referenced to DSS-dy and
DMSO-d,. Numbers in italics are tentative assignments due to a high degree of
overlap.

= D

a1H1/B2H3

o2H1/a1H4

Determination of the Inter-residue Linkages in De-O-acety-
lated 11A PS—The glycosidic linkages can be unambiguously
identified from the anomeric region of the HMBC spectrum
acquired with 8 Hz multiple bond coupling (Fig. 2). This region
shows the H-C-O-C connectivities arising from the anomeric
protons that are essential to the proper arrangement of the
residues in the primary sequence. The following inter-residue
connectivities were observed: [-a-D-Gal(1—3)B-p-Gal-], [-a-D-
Glc(1—4)a-p-Gal-], [-B-D-Glc(1—6)a-p-Gal-], and [-B-D-
Gal(1—4)3-p-Glc-]. This finding showed that the a-p-;Galac-
tose (al) residue is linked at H-1, H-4, and H-6. The glycosidic
linkage assignments were unambiguous for several reasons.
First, connectivities were observed both from the anomeric
proton to the connecting carbons and to the anomeric carbons
from the connecting proton, ensuring the correctness of these
assignments. Second, there was absolutely no ambiguity in link-
ing the "3C shifts of the residue. The multiplicity-edited *H-'*C
HSQC was crucial to determination of the [-B-D-Glc(1—6)a-D-
Gal-] linkage because of the unusual "*C chemical shift of the
a-D-Gal H-6 (because of its substitution) and the overlap of the
a-p-Gal H-6 in the 'H dimension. Finally, long range COSY
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FIGURE 2. "H-"3C HMBC spectrum of de-O-acetylated S. pneumoniae 11A PS. Cross-peaks showing connectivities are indicated in the figure. Nomenclature

is indicated in Table 1.
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FIGURE 3. "H-3"P HMBC of different S. pneumoniae PS. A, ST11A native (red) and de-O-acetylated (black). B, ST11A native (red) and ST11AR native (green).
C, de-O-acetylated ST11A (red) and ST11AS (green). D, ST11AR native (green) and de-O-acetylated (black).

cross-peaks were observed for «-p-galactose H-1/B3-p-galac-
tose H-3 and for a-p-glucose H-1/a-p-galactose H-4, which
confirm these connectivities (data not shown).

Determination of the Linkage of the Phosphate in De-O-acety-
lated 11A PS—To determine the linkage of the glycerol phos-
phate, we acquired one-dimensional *'P spectra (supplemental
Fig. 1B) and two-dimensional *H-*'P HMBC spectra of de-O-
acetylated polysaccharide (Fig. 3A (black)). The de-O-acety-
lated polysaccharide has a single *'P peak at —0.31 ppm. This
indicates that the core polysaccharide has a single phosphorous
moiety with no heterogeneity in its local environment. This is in
accord with 3'P chemical shifts of di-substituted phosphodi-
esters, consistent with the presence of the glycerol-phosphate-
saccharide moiety (17). The '"H->'P HMBC data show three
peaks (one is below the contour threshold) with the same 3'P
chemical shift (Fig. 34, black). Two of the peaks are signifi-
cantly more intense than the third and arise from the H-3 (3.98
and 3.91 ppm §,;;) of the glycerol moiety, confirming that con-
nectivity. The other resonance corresponds to the a-p-glucose
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H-4 (a2) resonance (4.12 ppm 8y;), confirming the connectivity
of the glycerol to this residue.

Structure of De-O-acetylated 11A PS—We can then combine
the results described above to determine the structure of the
core ST11A polysaccharide. The a-p-Gal («al) residue has
three substitutions (H-1, H-4, and H-6), and a-p-Glc (a2)
has only one PS substitution (H-1), as well as the pendant
glycerol-phosphate moiety at H-4 as indicated by the *H-*'P
data (Fig. 3A). In toto, all of the data lead to the structure
shown in Fig. 4 (Table 1).

Assignment of the Native 11A PS—The assignments of the
core polysaccharide can be used to determine the assignments
and acetylation of the native 11A polysaccharide. The one-di-
mensional 'H spectrum of native 11A PS is much more com-
plex than the core polysaccharide spectrum, but this can be
easily understood upon inspection of the "H-**C HSQC spec-
trum (Fig. 1, red). There are six anomeric resonances (peaks
between 95 and 104 ppm Jc), and three sites of acetylation
(peaks in the region between 4.7 and 5.7 ppm 6;; and 66 ppm to
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76 ppm 8.). Two of these anomeric peaks have the same chem-
ical shifts as these peaks in the core structure (4.96, 100.8 («2)
and 4.56, 103.2 (1)). With these as starting points, the six spin
systems corresponding to the six anomeric resonances can be
assigned. For example, the glycerol peaks do not shift from the
de-O-acetylated to the native structure nor do the peaks asso-
ciated with the B-p-glucose (1) spin system or with a-p-glu-
cose (a2) (Tables 1 and 2). There are new peaks that arise from
the glycerol (this identity is confirmed by the multiplicity-ed-
ited '"H-">C HSQC and see below) and from the a-p-glucose
because of acetylation of those residues. From these starting
points, it is rather straightforward to assign the remaining spin
systems (Table 2). Peak o2 (4.96 ppm), a3 (5.01 ppm), and a4
(5.07 ppm) all arise from the same residue in the repeat (a-p-
Glc), but the changes in chemical shift reflect its variable acety-
lation (see below). Peak 32 has shifted downfield by 0.1 ppm &,
as a result of O-acetylation at C-4. Peak a1 is perturbed because

CNX

oy OH

-4)p-D-Gle(1-6)a-D-Gal(1-3)p-D-Gal(1-

of the acetylation of the 2-position of the a-D-Glc linked to its
C-4 position; this peak shifts by 0.05 ppm §;; and 1.0 ppm 6.
Peak 31 is not perturbed from the core structure because it is
neither acetylated nor are any carbons proximal to it.

3P Assignment of Native 11A PS—The one-dimensional >'P
spectrum (supplemental Fig. 14) shows a change in the phos-
phate; there are now three discrete 3'P chemical shifts. This is
shown clearly in the 'H-3'P HMBC spectrum of the native 11A
PS (Fig. 34, red). The proton resonances corresponding to
—0.21 and —0.31 ppm 8, are the same, 3.98 and 3.91 ppm &,;.
These are the H-3 of the glycerol seen in the core structure. A
new set of peaks also appears at 3.88 and 3.80 ppm 6;;and —0.70
ppm &, These new peaks are still the H-3 of the glycerol that
has been shifted upfield. This is because of acetylation of the
H-1 of the glycerol (discussed below). As expected, there is no
change in the linkage of the glycerol-phosphate moiety to the
polysaccharide (Table 2).

Determination of the Inter-resi-
due Linkages of the Native 11A PS—
Far fewer peaks were observed in
the '"H-'3C HMBC of the native PS
than in the de-O-acetylated HMBC
under the same experimental condi-
tions, notably in the anomeric
region (Fig. 5). Additional HMBC
experiments were run with multiple
bond couplings of 4, 10, 14, and 20
Hz to find parameters that would
yield all of the anomeric (inter-resi-
due) linkages for native 11A. The 20
and 14 Hz HMBC spectra were able
to discern a few additional peaks
(data not shown), but these were
intra-residue peaks that were able to

4I) be determined via the HSQC-
HO 4 TOCSY. Three of the four peaks
Glycerol-3-PO4-(4-)-a-D-Glc that are involved in connectivities
between residues have minor chem-
HO ical shift changes between the core
FIGURE 4. Revised structure of de-O-acetylated S. pneumoniae 11A PS. and native structures (Fig. 1,
TABLE 2
Chemical shift assignment of native 11A PS
Residue 1 2 3 4 5 6 6’ O-Acetyl
aGal (al) 5.12¢ 3.96 4.03 4.12 4.26 4.18 3.89
95.74 69.58 69.59 79.63 7212 68.81 68.8
aGlc (a2) 4.96 3.63/3.79 3.89 4.09 4.32/4.41 ND
100.8 72.28/70.65 73.00 74.89 70.94/70.82 ND
aGlc (a2) 5.01 3.79 5.24 4.32 4.41 or 4.12 ND 2.19
100.7 70.65 74.71 72.33 ND 2117
aGle (a2) 5.07 4.84 4.10 4.20 4.32 ND
98.44 73.65 70.89 74.68 64.45 ND
BGlc (B1) 4.56 3.39 3.68 3.67 3.61 3.98
1032 73.76 75.11 80.32 75.38 ND
BGal (B2) 4.62 3.72 3.99 5.59 4.12 ND 2.18
103.8 70.47 75.11 67.03 71.66 ND 20.93
Glycerol 3.67/3.59 3.90 3.98/3.91
63.05/63.04 71.58 67.45/67.40
Glycerol-Ac 4.25/4.16 3.87 3.88/3.80 2.12
63.35/63.32 71.62 67.19/67.25 20.91
PO, 3.90/3.98 3.91/3.98 3.80/3.88
(—0.23) (—0.31) (—0.70)

“ Chemical shifts ("H/*>C[*!P]) are in ppm and are referenced to DSS-dg; and DMSO-d,. Numbers in italics are tentative assignments due to a high degree of overlap. ND means

not determined.
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FIGURE 5. Overlay of the "H->C HMBC spectra of native (red) and de-O-acetylated (black) 11A PS. Spectra were acquired with identical parameters, 140

Hz 'Jc,, and 8 Hz multiple bond coupling (125-ms delay).

denoted by asterisk). These peaks are easily mapped from the
de-O-acetylated assignments. The one connected peak that
shifts significantly is the B-p-Gal H-3 (Fig. 1, denoted by
pound sign), which is adjacent to a fully acetylated residue.
Fortuitously, its "H chemical shift is not overlapped and
lends itself to ready assignment. Therefore, even considering
the limited set of observed HMBC cross-peaks with which to
assign connectivities, we are able to confirm that the primary
structure of 11A is a branched tetrasaccharide, consistent
with what was seen for the core PS.

Determination of the O-Acetylation of the Native 11A PS—In
contrast to previous NMR studies (9, 10), modern equipment
(cryo-cooled probes) and methods (such as the HMBC (18—
21)) allow direct determination of acetate linkages (22, 23).
Cryo-cooled probes give ~4 times more signal/noise than con-
ventional room temperature probes (11, 24). This allows for
routine detection of carbon-correlated experiments, like the
HSQC and HMBC, using natural abundance *>C. This is not
always necessary, however, as it has been shown how to incor-
porate ">C post-isolation for NMR studies (25). The HMBC
experiment can detect multiple carbon correlations from a
given proton, typically three bonds away (H-C-X-C, where X is
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any heteroatom but typically oxygen in PSs). This corresponds
to correlations from the anomeric proton to the intra-residue
C-3 and C-5 and the inter-residue glycosidic carbon. HMBC
correlations arising from the CH of acetyl groups will be more
intense that those arising from CHs (because of the three iden-
tical protons of the acetyl methyl versus 1 for the CH). Cor-
relation from the acetyl methyl group can lead to the detec-
tion of four bond couplings because of the very strong
coupling of the carbonyl and the much greater initial inten-
sity. As shown in Fig. 6, three correlations were detected
arising from the acetate methyl (Fig. 64) and two to the
acetate carbonyl (Fig. 6B) by the HMBC experiment. The two
most intense peaks (2.18 and 2.11 ppm &},) in Fig. 6A corre-
late to the carbon chemical shifts of the peak at 5.59 ppm and
to the carbon chemical shifts of the CH, with 6,; of 4.26 and
4.15 ppm, respectively. The peaks at 4.26/4.15 are quite
intense relative to the rest of the carbohydrate peaks. In fact,
the 8- (~63.3 ppm) indicates that they are glycerol peaks,
rather than sugar peaks. This is further supported by both
the 'H-3*C HSQC-TOCSY (15, 35, 50, and 75-ms mix time),
the "H-'"H TOCSY, the 'H-'>C HMBC, and the multiplicity-
edited heteronuclear single quantum coherence spectrosco-
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FIGURE 7. Revised structure of native S. pneumoniae 11A PS

py,> which all confirm that these peaks are part of a glycerol
spin system.* Based upon carbon chemical shifts and the
"H-?'P data, the site of acetylation is C-1 (the carbon farthest
from the phosphate, Fig. 7). Based upon relative intensities
and comparison of integrals, the glycerol is O-acetylated
with 0.5 eq of acetate per mol of repeating unit.

The second major site of O-acetylation is C-4 of the B-p-Galp
residue (2), giving rise to the new peak at 5.59 ppm. This was

3 Multiplicity editing creates peaks with either positive or negative intensities
depending on whether an even or odd number of protons are attached to
the carbon. CH and CHj; groups will have the same sign, which will be the
opposite sign of CH, groups.

4E.R. Zartler, R.J. Porambo, J. Yu, and M. H. Nahm, manuscript in preparation.
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-4)p-D-Gle(1-8)a-D-Gal(1-3)p-D-Gal(1-
4)

1.0eq determined through the combina-

tion of 'H-'H TOCSY, 'H-'H
COSY, 'H-'*C HMBC, and 'H-'*C
HSQC-TOCSY. Based upon rela-
tive intensities and comparison of
integrals, this residue is O-acety-
lated with 1.0 eq of acetate per mol
of repeating unit. The remaining
two peaks in the “anomeric” region,
which arise from acetylation (5.24
and 4.84 ppm 6h), are the acetylated
C-2and C-3 of the a-D-Glcp residue
(02 in core nomenclature). Acetyla-
Ac(1.0eq) tion occurs at either the C-3 (~60%)
| or the C-2 position (~40%), but they
4 do not appear to be O-acetylated
simultaneously. The peak at 5.01
|| ppm Jy, is a-D-glucose-acetylated at
1 C-2, and the peak at 5.07 ppm 8y, is
acetylated at C-2. Based upon rela-

2/3 . . . .

| tive intensities and comparison of

Ac (0.9eq) integrals, these residues are
and 11AaPS. O-acetylated with 0.9 eq of acetate

per mol of repeating unit. This leads
to the native structure as represented in Fig. 7.

Determination of the Structure of 11Aa and 11AB, Two
Clinical Isolates—Once we have determined the structure of
11A PS from ATCC, we investigated 11Aa and 11AS PS
purified in our laboratory. The "H-">C HSQC spectra of de-
O-acetylated 11Aa PS and 11A 3 PS matched exactly with the
spectrum acquired from de-O-acetylated 11A PS (supple-
mental Fig. 2). Native 11Aa '"H-">C HSQC spectrum over-
lays with the spectrum of native 11A exactly, indicating no
structural differences. As discussed below, ST11A« differs
from ST11A in the degree of acetylation (Table 4); the sites
are identical. The "H-'3C HSQC of the native 11Aa and
11Ap differ significantly (data not shown), indicating signif-

JOURNAL OF BIOLOGICAL CHEMISTRY 7325


http://www.jbc.org/cgi/content/full/M807952200/DC1
http://www.jbc.org/cgi/content/full/M807952200/DC1

Pneumococcal Serotype 11A Capsular Polysaccharide Structure

©°
@

o

r58
60

62

64
;66
-68
-?0
-'?2
-'?4
-'?6
78
-'80

f1 (ppm)

82
;84
86
88
90
-'92
o4
-96
-98
-'100

102

104

r~r 1 *r 7t 17 1 1T T " T " T T " 7T °

57 56 55 54 53 52 51 50 49 48 47 46 4.5

f2 (ppm)

-t 1 17T 17T 17T "1 1 1T 1T 71

44 43 42 41 40 39 38 37 36 35 34

FIGURE 8. Overlay of the "H-">C HSQC of ST11A and ST11A. The box indicates the H-1 peaks of the acetylated glycerol, which are missing in ST11AB.

See text for further details.

icant structural differences. These differences are also
observed between ST11A and ST11AB, as would be
expected. The spectrum of native 11AS PS differs signifi-
cantly from native 11A PS, most notably in two regions (Fig.
8). The first difference is the absence of peaks at 4.26/4.15 &,
corresponding to acetylated glycerol (Fig. 8, boxed area).
The second region is the anomeric peak of B-p-galactose
(B2), which in 11AB spectrum appears with chemical shifts
identical to the de-O-acetylated structure. The first differ-
ence is ascribed to 11A S PS missing the acetylglycerol found
in 11A PS; there is no evidence elsewhere in the spectra of
acetylated glycerol. The "H-*'P HMBC spectra of de-O-
acetylated 11A PS and 11AB PS match exactly (Fig. 3, B-D).
There is no change to the 'H->'P HMBC spectra of ST11A
in the native or de-O-acetylated form (Fig. 3D). The second
difference can be ascribed to the very low level of acetylation
seen in the B-p-galactose H-3 (Table 4). 11AB PS, in contrast
to 11A PS, is partially acetylated at this residue (0.3 mol eq in
11AB PS versus 1.0 mol eq in 11A PS) (Table 4). All of these
data lead to the structure of ST11AB presented in Fig. 9
(Table 3).
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DISCUSSION

Structural analysis of 11A PS is not simple because it cannot
be easily hydrolyzed into repeating units and is heterogeneously
and multiply acetylated. To simplify the analysis, we first stud-
ied the de-O-acetylated PS to determine the core structure of
11A PS before analyzing the PSs from serotypes 11Aa and
11AB. Instead of the linear structure (—6aGlcl—4aGall—
3BGall—4BGlcl) (Fig. 1) proposed by Richards et al. (9, 10), we
found the repeating unit of the core structure of all three PS
to be a branched tetrasaccharide (—6(aGlcl—4)aGall—
3BGall—4BGlcl) (Fig. 7). The branch model is unambiguous
because the a-galactose residue has connections at both C-4
and C-6 (Fig. 2). Because Richards et al. (9, 10) presented very
limited one-dimensional *H and '*C data in publications, we
could not reconcile their NMR results with ours. However, our
branch model is consistent with the data of Richards et al. (9,
10) obtained from degradative chemical analysis (10). Further-
more, it is interesting to note that Kennedy et al. (8) had some
(but inconclusive) evidence for a branched core structure of
11A PS over 40 years ago. The biosynthetic mechanism can be
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readily provided for the branched core structure. For instance,
11A serotype pneumococci may produce the repeating unit
(aGlcl—4aGall—3B8Gall—4BGIcl). Genetic studies have
shown that the genes for all the transferase enzymes necessary
to make this repeating unit are in the capsule gene locus of
serotype 11A (4). Furthermore, the transferase enzyme gene
locations reflect the exact order of the chemical structure (i.e.
BGal transferase gene is located 5’ to aGal transferase gene
etc.). Prior to completing the synthesis of the repeating unit,
glycerol-phosphate would be added to aGlc and acetyl residues
to appropriate sites. Once the synthesis of the repeating unit is
complete, the repeating unit would be exported to the outside
of the bacteria and then the polymerase would link BGlc of one
repeating unit to aGal of another repeating unit by an 1—6

o]

CNX

/”\100% 03eq
(o]

linkage. This polymerization step would readily create a repeat-
ing unit with a branch.

Although previous studies identified three O-acetylation
residues, they identified acetylation sites only for two resi-
dues and left the third acetylation site as “indeterminate.”
Our studies have now identified all the O-acetylation sites.
11A PS and 11Aa PS have the identical acetylation patterns
(Table 4), and they are fully acetylated (1.0 mol eq) at the
BGal H-3 and are also acetylated at either the aGlc H-2 or
H-3, and about 40% of acetylation is found at the H-2 site and
60% at the H-3 site. In addition, both PSs are partially acety-
lated (0.5 mol eq) on the glycerol moiety of aGlc, and this
glycerol was the indeterminate site in the previous studies.
The acetylation pattern for 11AB PS is very different from
those of 11A and 11la (Table 4).
11AB PS is only partially acety-
lated at the BGal H-3, fully acety-
lated at @Glc H-2 (1.0 mol eq), and
partially acetylated at aGlc H-3
(0.4 mol eq). Unlike 11A and
11Aa, 11AB PS appears to be
simultaneously acetylated at both
aGlc H-2 and H-3 positions. A
striking difference is that 11AB PS
contains no acetylated glycerol.
Because 11Aa PS and 11AB PS
have the repeating units with the
identical core structure, the acety-
lation differences must be the

structural basis for their serologic
?C(U'Beq) difference. But because of multiple

O—CNX

4 acetylation  differences, more
-4)|3-D-G!c(1-G}a-D-G:)IU-S)B-D-GaI('I- studies are necessary before their
o [ serological differences can be
H .
(1 explained.
Giywr°|'3'P04'(4')ﬂ'D'g|§ Consistent with our chemical
& | studies, genetic studies found
Ac (1.0 and 0.4eq) three genes (w¢E, wewC, and
FIGURE 9. Structure of ST11Ap. wewT)  encoding  acetyltrans-
TABLE 3
Chemical shift assignment of native 11AB PS
Residue 1 2 3 4 5 6 6’ O-Acetyl
aGal (al) 5.12¢ ND* ND ND ND ND
95.75 ND ND ND ND ND
aGal (al) 5.18 3.94 4.03 4.13 4.26 4.19 3.91
96.76 73.09 69.71 79.89 71.95 68.89 68.89
aGle (a2) 4.97 3.63 3.90 411 4.34/4.43 3.79 3.81
100.9 72.27 72.97 75.05 70.88/70.80 61.60 61.60
aGle (a2) 5.02 3.80 5.25 4.07/4.34 4.19 3.84
100.66 70.66 74.74 80.35/72.36 71.90 60.91
aGle (a2) 5.09 4.85 4.11 4.21 4.32 3.74
98.46 73.67 70.78 74.79 64.49 60.29
BGlc (B1) 4.56 3.39 3.68 3.68 3.60 3.65 3.99
103.2 73.79 75.17 79.61 7551 61.11 61.05
BGal (B2) 4.51 3.68 3.78 3.72 4.17 ND
103.8 70.37 79.59 75.81 65.90 ND
Glycerol 3.67/3.60 3.87/3.90 3.99/3.91
63.05 71.61 67.50
PO, 4.11 3.99 3.91
(—0.23) (—0.23) (—0.23)

“ Chemical shifts (*H/**C[?*'P]) are in ppm and are referenced to DSS-ds and DMSO-d,. Numbers in italics are tentative assignments due to a high degree of overlap. Acetyl

resonances could not be unambiguously assigned to specific residues.
? ND means not determined.
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TABLE 4
Acetylation patterns of 11A serotypes (mol eq)
Serotype f-D-galactose H3 «-D-glucose H2 «-D-glucose H3 Glycerol

11A 1.0 0.54 0.36 0.5
11A«a 1.0 0.6 0.5 0.5
11AB 0.3 1.0 0.4 0.0

ferases in the 11A capsule gene locus (4). wewT is present in
the genome of all members of serogroup 11 (i.e. serotypes
11A,11B, 11C, 11D, and 11F), but wewC and wcjE are found
only in the genome of serotypes 11A, 11F, and 11D. Because
aGlc is acetylated in all members of the serogroup 11, wewT
would likely encode the acetyltransferase for aGlc. The
acetyltransferase wcjE is defective in 11AB.° It is believed
that the wcjE gene product is responsible for acetyl transfer
to the glycerol moiety. Because 11Aa PS and 11AS PS differ
only in acetylation, comparison of their capsule gene loci
may help us identify role of the remaining two acetyltrans-
ferase genes.

Although glycerol is present in other pneumococcal cap-
sules (e.g. serogroups 15, 18, and 23), glycerol is uncommon
among capsular PSs (26). There have been no reports of
acetylated glycerol, as far as we are aware. Thus, our discov-
ery of acetylated glycerol is novel. In future studies of capsu-
lar PS, one should look for acetylated glycerol because it may
produce small serological differences that may have been
ignored so far. Furthermore, glycerol polymer is the main com-
ponent of teichoic acid of some bacteria, and the glycerol poly-
mer is known to be decorated with alanine or N-acetylglucosa-
mine (27). It may be interesting to consider if the teichoic acid
can be acetylated.

Acetyl groups can be an important epitope for antibodies,
and acetylation differences have been associated with immu-
nological escapes. Capsular PSs of 9V and 9N serotypes dif-
fer only in acetylation (13). 9V serotype was discovered in the
1930s because a patient infected with the 9V strain could not
be treated with antisera prepared for other members of sero-
group 9 (28). Also, 15B PS and 15C PS differ in O-acetylation
(15B PS is acetylated) (29), and the two serotypes differ in
their susceptibility to antibodies induced with a pneumococ-
cal vaccine (30). Furthermore, serotypes 15B and 15C can
reversibly interconvert because their acetyltransferase genes
(cps15bM/cps15 cM) have repeat TA and can be reversibly
activated or inactivated (29). Opsonization by antibodies in
defense of pneumococcal infections is of paramount impor-
tance in a robust immune response. A preliminary study sug-
gests that some human sera can opsonize one 11A subtype
but not the other.® Thus, the presence or absence of acetyla-
tion of the glycerol phosphate moiety can affect the immune
response to pneumococcal infections. 11A is a component of
currently marketed adult pneumococcal adult vaccine (7),
but it is not part of the currently marketed pediatric vaccine
(31, 32). Thus, one should investigate if currently available
pneumococcal vaccines elicit antibodies capable of opsoniz-
ing pneumococci producing 11A«a PS as well as 11A PS.

> M. H. Nahm, unpublished results.
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Recent improvements in NMR technology permit determi-
nation of the capsular PS structure with whole bacteria without
the need to purify the PS from clinical isolates (33, 34). Also,
monoclonal antibodies can be better than polyclonal antibodies
in recognizing small serological differences. These improved
analytical technologies (NMR and monoclonal antibodies)
should help us to discover novel pneumococci serotypes among
clinical isolates that are not currently typeable. This has already
happened for the “well characterized” serotypes 11A and 6A.
These experiences suggest that pneumococci are capable of
expressing more diverse capsular PS structures than we have
anticipated.

Acknowledgments— We thank Dave Detlefson of Novatia for acquir-
ing 'H-3'P HMBC data and John Hennessey for useful discussions.
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