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ABSTRACT

The specific capsular polysaccharide produced by Rhodococcus equi serotype 2 is a high-molecular-
weight acidic polymer composed of b-glucose, D-mannose, D-glucuronic acid and 3-O-[(S)-1-carboxyethyl]-
L-rhamnose in equimolar proportions. Structural analysis, employing a combination of chemical and n.m.r.
techniques, established that the polysaccharide is composed of linear repeating tetrasaccharide units,
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in which the f-p-mannose residues carry O-acetyl groups at O-2 and O-3 to the extent of 1.7 mol equivalents.
Unequivocal determination of the absolute chirality of the 3-O-[(S)-1-carboxyethyl]-a-L-rhamnose residues
was achieved by chemical correlation with an authentic synthetic sample. The 'H and *C-n.m.r. resonances
of the native and O-deacetylated serotype 2 polysaccharides were fully assigned by homo- and hetero-
nuclear chemical-shift correlation methods.

INTRODUCTION

Rhodococcus equi is a bacterial pathogen that causes a serious, and often fatal,
bronchopneumonia of foals of between 4 and 12 weeks of age”. The chronic nature of
the infection suggests that the foals are exposed to the disease weeks before diagnosis®,
and antibiotic treatment* at this time is largely ineffectual. Limited success in the control
of R. equi pneumonia has been achieved with the use of crude, whole-cell vaccines®,
however, the efficacy of these vaccines is uncertain.

Seven seroptypes of R. equi are recognized, of which types 1 and 2 constitute 60
and 26% of the disease isolates respectively®. The occurrence of capsule has been
confirmed by electron microscopy’ and serotype specificity is reported® to be associated
with the polysaccharide capsular antigens. Because the development of protective
vaccines and diagnostics to R. equi are of considerable interest as a means of controlling
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disease, our laboratory has undertaken detailed chemical studies of the specific capsular
polysaccharide antigens. The serotype 1 specific capsular polysaccharide has been fully
characterized®. We now report the structure of the specific capsular polysaccharide
produced by R. equi serotype 2.

RESULTS AND DISCUSSION

Isolation and purification. — The specific capsular polysaccharide produced by R.
equi serotype 2 was isolated from plate-grown cells by mechanical dissociation from the
cellular material into 4M sodium chloride solution. Following enzymic digestion, with
ribonuclease, deoxyribonuclease, and proteinase K, the polysaccharide was purified via
its insoluble cetyltrimethylammonium salt’. After dissolution in 4M sodium chloride
solution, serotype 2 specific polysaccharide was recovered by a sequence of precipita-
tion with ethanol, dialyses, deionization, and lyophilization.

Pure capsule was obtained, by ion-exchange chromatography on DEAE-Sepha-
cel, as a discrete band at the beginning of the sodium chloride gradient and was judged
to be free from nucleic acids and proteins since neither ribose nor amino acids were
detectable in its acid hydrolysis products. The polysaccharide had [«], —50.7° (¢ 1.4,
H,0), Anal. found: C,40.14; H, 5.25; N, 0.00%, and gave a single sharp precipitin linein
immunodiffusion against rabbit antisera to R. equi serotype 2 cells®. All subsequent
analyses were made on the DEAE-Sephacel purified product.

Composition.— The serotype 2 capsular polysaccharide eluted as a sharp band at
the void volume (K, 0.0) of a Sephadex G-200 gel-filtration system, indicating it to be a
polymer of high molecular weight. Qualitative analysis of the eluant revealed that the
polysaccharide contained both neutral'® and hexuronic acid'' components.

Analysis of the polysaccharide hydrolysis products (2™ trifluoroacetic acid, 16 h,
100°) by h.p.1.c."* (eluant 4) indicated the neutral glycoses to be, glucose (R, 1.0) and
mannose (Rg,. 1.1), while glucuronic acid (R, 3.9) and a fourth component, residue a
(Rgc 2.4), were identified, using eluant B, as the acidic constituents of the hydrolyzate.

G.l.c. analysis (program A) of the reduced and acetylated hydrolysis products',
derived from the R. equi serotype 2 polysaccharide, indicated that the neutral glycosyl
residues, which were identified as the hexaacetates of glucitol (7, 1.0) and mannitol
(Tga 1.1), were present in equimolar proportions. Methanolysis and treatment of the
polysaccharide with sodium borohydride was employed to effect carboxyl-group reduc-
tion. Subsequent hydrolysis and formation of the alditol acetates indicated the presence
of mannose, glucose and residue a (T, 1.2) in the ratio of 1:2:1. The glucuronic acid
component was identified by m.s. as 1,2,3,4,5,6-hexa-0-acetylglucitol-6,6-d, when car-
boxyl reduction was carried out with sodium borodeuteride, and it constituted 48% of
the derived p-glucitol hexaacetate. The c.i.—m.s. fragmentation pattern of the carboxyl-
reduced (NaBH,) alditol acetate derived from the residue a exhibited a molecular ion at
m/z 435. An intense peak observed at m/z 101 is indicative of an acetoxypropyl group**
and the shift of this fragment by two mass units to m/z 103 when carboxyl reduction was
effected with NaBD, indicated it to be derived from a carboxyethyl moiety. These data
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suggested that the acidic fragment of residue a is a lactic acid residue etherifing a
deoxyhexose.

The methylated', reduced'® (NaBH,), and hydrolyzed polysaccharide afforded
products that, after reduction (NaBD,) and acetylation", furnished valuable mass-
spectral data on the component glycosyl residues. The e.i.—m.s. fragmentation pattern
proposed for the derivatized residue a is depicted here (1). The primary fragment of m/z
101 confirms the presence of the acetoxypropyl moiety, and peaks at m/z 87, 118, 246,
289, and 290 place this substituent at the 3-position of a 6-deoxyhexopyranose. The
combined results taken together with subsequent n.m.r. data (see later) establish that
the residue a is 3-O-(1-carboxyethyl)rhamnose.
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Absolute configuration. — The absolute configurations of the unsubstituted

glycoses were established from the characteristic g.1.c. retention times of their acetylated
(R)-2-butyl glycosides'. In this way the glucosyl, mannosyl, and glucuronic acid
residues were all assigned to the D-series.

The relative configuration of the 3-0-(1-carboxyethyl)rhamnosyl residue, a, was
determined by comparison of its chromatigraphic properties with those of synthetic
samples of the diastereoisomeric acids'®. Treatment of the polysaccharide with an-
hydrous methanol-HC1 (16 h, 100°) afforded predominantly the methyl ester of the
methyl a-glycoside (2) which, after carboxyl reduction and acetylation, exhibited a g.1.c.
retention time coincident with that observed for the peracetylated derivative of methyl
3-0-[(S)-1-acetoxypropyl]-a-L-rhamnopyranoside (Table I). This result suggested that
the polysaccharide contains either a L-rhamnopyranose residue 3-Q-substituted with
lactic acid having the S-configuration or the enantiomeric D-thamnopyranose sub-
stituted by the R-lactic acid.

A distinction between the two enantiomeric forms was achieved by transglycosy-
lation of the carboxyl-reduced, methyl 3-O-[1-(methoxycarbonyl)ethyl]-a-rhamnopy-
ranoside (2), derived from the polysaccharide, into the peracetylated (R)-2-butyl glyco-
side'®. The g.l.c. retention time of this derivative was identical with that of the corre-
sponding derivative from the 3-O-[(S)-1-hydroxypropyl}-a-L-thamnopyranoside (Ta-
ble I), establishing its absolute chirality.



314 W. B. SEVERN, J. C. RICHARDS

OMe
HLC o
HO
OH
o}
H//,l/l /
'c\
Me0,C CHy
2
TABLEI

Comparison of the chromatographic properties of the peracetylated methyl and 2-butyl glycosides of
3-0-(1-hydroxypropyl)-a-L-thamnopyranosides

Derivative T
Methyl glycosides

Carboxyl-reduced residue a 1.01¢
Methyl 3-0-[(S)-1-hydroxypropyl]-a-L-rhamnopyranoside 1.01
Methyl 3-O-{(R)-1-hydroxypropyl]-a-L-rhamnopyranoside 1.06
2-Butyl glycosides

Carboxyl-reduced residue a* 1.33¢
(R)-2-Butyl 3-0-[(S)-1-hydroxypropyl]-a-L-rhamnopyranoside 1.33
(S)-2-Butyl 3-0-[(S)-1-hydroxypropyl]-a-L-thamnopyranoside? 1.31

“ Retention time relative to that of methyl 2,3,4,6-tetra-O-acetyl-§-p-glucopyranoside, using g.l.c. program
A.” As the (R)-2-butyl glycoside. ° Retention time relative to that of (R)-2-butyl 2,3,4,6-tetra-0O-acetyl-f-p-
glucopyranoside, using glc. program 4. ? Chromatographic properties are identical to those of the
enantiomeric (R)-2-butyl 3-0O-[(R)-1-hydroxypropyl]-a-D-rhamnopyranoside.

TABLEII

Methylation analysis data for the R. equi serotype 2 capsular polysaccharide

Derivative To Mol ratio
1,4,5-Tri-O-acetyl-2,3,6-tri-O-methyl-D-mannitol-/-d 0.98* 1.20
1,4,5-Tri-O-acetyl-2,3,6-tri-O-methyl-p-glucitol-1-d L.00 1.00
1,3,5,6-Tetra-O-acetyl-2,4-di-O-methyl-pD-glucitol- /-d 1.44 0.77
1,4,5-Tri-O-acetyl-2-0O-methyl-3-0-[(S)-1-acetoxypropyl]-L-thamnitol- /-d 1.71 0.55

“ Retention times relative to that of 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-p-glucitol- I-d, using g .c. program
A.

Methylation analysis. — The results from methylation analysis of the R. equi S2
capsular polysaccharide are presented in Table II. The polysaccharide was methylated
and following reduction of the resulting carboxyl methyl esters (NaBH,), hydrolysis
gave the partially methylated free sugars. From g.1.c.—m.s. analysis of the corresponding
alditol acetate derivatives it can be inferred that the capsular polysaccharide is com-



CAPSULAR POLYSACCHARIDE OF Rhodococcus equi SEROTYPE 2 315

posed of —4)-D-Glcp-(1—», —4)-D-Manp-(1-, —3)-D-GlcpA-(1—+ and —4)-3-0-
[(S)-1-carboxyethyl]-L-Rhap-(1 — residues which form a linear tetrasaccharide unit.

Determination of the ring size and anomeric configurations of the component
sugar residues was achieved by employing high-resolution 'H- and C-n.m.r. tech-
niques, which also served to establish the glycose sequences and the location of the
O-acetyl groups.

Assignment of the 'H- and > C-n.m.r. spectra. — The "H- and *C-n.m.r. spectra of
the native polysaccharide were complex owing to partial substitution by O-acetyl
groups. However, treatment of the native material with dilute ammonia gave an
O-deacetylated polysaccharide, [«], —3.04° (¢ 1.25, H,0), 4nal. found: C, 37.79; H,
4.85; N, 0.00%. Examination of the '"H-n.m.r. spectrum of the latter revealed anomeric
'H resonances corresponding to the four glycosyl residues in the low-field region of the
spectrum at 5.14 (s, 1 H),4.74(s, ~1H),4.73(d, ~1H,J,,8.2Hz)and 448 p.p.m. (d, 1
H, J,, 7.0 Hz). Furthermore, characteristic high-field resonances at 1.36 (d, 3 H, J 6.6
Hz) and 1.28 p.p.m. (d, 3 H, J 6.1 Hz) corresponded to the methyl protons of the
carboxyethyl group and the 6-deoxyhexose.

In accord with the compositional analysis, the *C-n.m.r. spectrum of the O-
deacetylated polysaccharide exhibited four discrete anomeric carbon resonances at
103.73, 103.48, 101.32, and 101.20 p.p.m., indicating the polymer to be composed of a
regular repeating tetrasaccharide unit. Diagnostic *C resonances were observed at
20.12 and 18.22 p.p.m. from the methyl carbons of the carboxyethyl group and
6-deoxyhexose residues, and two signals at low field, 177.85 and 175.40 p.p.m., in-
dicated the presence of the two carboxyl groups within the repeating unit. A *C-DEPT
experiment® showed the intense signal at 61.75 p.p.m. to have arisen from the two
hydroxymethyl groups.

Assignment of the proton resonances was made from two-dimensional homonu-
clear shift correlation (COSY? and Relayed COSY?*) experiments. Thus, by analysis of
the connectivities defined by the cross-peaks, the 'H resonances were grouped into five
subspectra® corresponding to the four glycosyl ring-systems, labelled a-d according to
the decreasing order of the chemical shifts from their H-1 resonances, and the carboxy-
ethyl substituent labelled e. In the full scale COSY and Relayed COSY spectra (see
experimental section) many of the cross-peaks in the region 3.3 to 4.2 p.p.m. were close
to the diagonal and not well-resolved. However, when a phase-sensitive COSY#
experiment was recorded using a narrow sweep-width (1200 Hz) and a larger data-set,
much better digital resolution was obtained (Fig. 1), which permitted assignment of all
the proton resonances associated with the four glycosyl residues. The respective sub-
spectra were then identified from a comparison of the chemical-shift data and the vicinal
'H-'H coupling constants with values reported in the literature?=.

Residue a was identified as a rhamnopyranose unit because of (i) the observed
small magnitude of the vicinal couplings, J, , (~0.5 Hz) and J, ; (3.2 Hz), characteristic
of the manno configuration, and (i) the high-field methyl doublet (1.28 p.p.m., J; ¢ 6.1
Hz), which could be readily associated with the corresponding subspectrum through
cross-peaks to the H-5a resonance (4.07 p.p.m.) in the full-scale COSY spectrum. In
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Fig. 1. Partial phase-sensitive COSY contour map of the O-deacetylated R. equi S2 capsular polysaccharide
recorded at 62°, showing correlations of the ring protons from 3.34.2 p.p.m. Cross-peak assignments are
indicated where a5,6 and el,2 arise from the folding-in of the high field methyl doublets. The asterisk denotes
an impurity of tris(hydroxymethyl)methylamine.

addition, the A, X spin-system associated with the carboxyethyl substituent of residue a
was identified from cross-peaks in the full-scale COSY spectrum relating the methyl
doublet (J 6.6 Hz) at 1.36 p.p.m. to the lactic acid H-2 quartet at 4.02 p.p.m. (compare
Fig. 1).

The anomeric resonances arising from residues b and ¢ were coincident, however,
the respective connectivity pathways were readily discernible and, on the basis of vicinal
ring-coupling constants, residue b could be identified as also having the manno configur-
ation and is attributed to the D-mannopyranosyl residue. The low indensity of the
cross-peaks relating H-1 to H-2 of residues a and b (Fig. 1) is attributed to the small
values (~ 1-3 Hz) for the scalar coupling, J, ,, as noted previously's,
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Seven 'H resonances were associated with the subspectrum from the residue ¢
and, from the large *J-values (J,, ~ J,3; ~ J;, ~ J, 5 ~ 10Hz), it could be identified
as a f-p-glucopyranosyl unit. Analogously, the subspectrum arising from residue d
could be attributed to a pyranosyl residue having the S-gluco configuration, however,
this spin-system comprised only five 'H resonances, indicating it to correspond to the
D-glucopyranosyluronic acid residue.

Spin simulations of the 'H subspectra were performed to verify the assignments
for each glycosyl residue (Fig. 2) and the refined chemical shifts and 'H-"H couplings are
given in Table III.

Fig. 2. Experimental and simulated "H-n.m.r. spectra of the O-deacetylated R. equi S2 capsular polysaccha-
ride: A, subspectrum from the a-L-rhamnopyranosyl residue, a; B, subspectrum from the f-p-mannopyra-
nosyl residue, b; C, subspectrum from the f-pD-glucopyranosyl residue, c¢; D, subspectrum from the
B-D-glucopyranosyluronic acid residue, d; E, subspectrum from the rhamnosyl carboxyethyl substituent, e;
F, composite simulated spectrum from A-E; and G, observed spectrum.
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The anomeric configurations of the pyranosyl residues having the manno con-
figuration (a and b) were determined from the magnitude of their one-bond “C-'H
coupling constants, 'J., ., measured from a 'H-coupled *C-n.m.r. spectrum”. Hetero-
nuclear *C-"H chemical shift correlations® (Fig. 3) permitted unambiguous assignment
of the carbon-13 resonances associated with the glycose residues within the repeating
unit of the O-deacetylated polysaccharide by reference to the detemined 'H assignments
and "°C data from the literature” (Table IV). The 'J.y value for the anomeric carbon
resonance (C-1) of the L-rhamnopyranosyl unit, residue a, (172 Hz) was characteristic of
the « configuration, whereas the smaller coupling-constant observed for the p-manno-
pyranosyl unit (residue b, 159 Hz) was indicative of the § configuration™.

[.5.00

—

AN S S S S A i S DL S AL S

P_P_m'BS 80 7% 70

Fig. 3. Part of the "C—'H chemical-shift correlation map of the O-deacetylated R. equi S2 capsular
polysaccharide. The 1D *C- and 'H-n.m.r. spectra are displayed above and at the side respectively; the *C
assignments are indicated, where 2e denotes C-2 of the lactic acid substituent.
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Sequence of glycosyl residues. — The arrangement of four glycosyl residues within
the repeating unit was determined from interresidue '"H-'H n.O.e. measurements®’,
which also served to confirm the positions of the glycosidic linkages. N.O.e. mea-
surements were made by difference spectroscopy* (Fig. 4).

Irradiation of the anomeric-proton resonance of the L-rhamnopyranosyl unit
(Fig. 4A) showed a single intraresidue n.O.e. at H-2a (4.06 p.p.m.) together with an
interresidue n.O.e. across the glycosidic linkage at H-3d of the D-glucopyranosyluronic
acid residue (3.60 p.p.m.), indicating that the L-rhamnosyl unit was «-linked to O-3 of
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2a

3d A

4b C

"5120 5.00 4.80 4.60 4.40 4.20 4.00 3.80 3.60 3.40
p.p.m.
Fig. 4. N.O.e. difference spectra obtained on the O-deacetylated R. equi S2 capsular polysaccharide at 62°

for irradiation of: A, H-1 of the rhamnosyl unit, a; B, combined H-1 of the mannosyl unit, b and H-1 of the
glucosyl unit, ¢; C, H-1 of the glucuronic acid unit, d; and D, the off-resonance control spectrum.

the D-glucuronic acid residue. The occurrence of an interresidue n.O.e. between H-1d of
the D-glucuronic acid unit and H-4b of the p-mannopyranosyl unit (3.77 p.p.m.) (Fig.
4C)indicates that the p-glucuronic acid is in turn O-4-linked to the D-mannosyl residue.
Intraresidue n.Q.e. observed between H-1d (4.48 p.p.m.) and H-3d (3.60 p.p.m.), and
between H-1d and H-5d (3.74 p.p.m.) (Fig. 4C) were indicative of the assigned g
configuration of the D-glucopyranosyluronic acid residue. The absence of any corre-
sponding intraresidue 1,3-syn-axial effects following saturation of H-1a (5.14 p.p.m.)
(Fig. 4A) was consistent with the L-rhamnopyranosyl unit having the a configuration.
These data indicate the partial sequence a—d—b within the polysaccharide.

Because of overlapping H-1b and H-1c¢ resonances, interpretation of the resulting
n.O.e. difference spectra was difficult. However, n.O.e.s from saturation of these
resonances ( ~4.74 p.p.m.) were observed at the resonances assigned to H-2b, H-3b, and
H-5b, and to H-3¢c and H-5¢ (Fig. 4B), which could be attributed to specific interactions
within the respective 8-pyranose ring systems of residues b and ¢. By comparison of the
'H resonance peak shapes observed in the difference spectrum (Fig. 4B) with those
calculated for the individual subspectra (compare Fig. 2), additional interresidue effects
at H-4c and H-4a could be identified from which the partial sequence b—c-+a can be
inferred as part of the repeating unit. Furthermore, methylation analysis indicated the
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polysaccharide to have a linear tetrasaccharide repeating-unit which would position
residue ¢ between residues b and a, therefore establishing the linear sequence of glycoses
as c—»a—d—-b-.

In agreement with the foregoing results and those from methylation analysis
(TableI), the relatively deshielded values for the *C-n.m.r. resonances from C-3d (83.43
p.p.m.), C-4b (77.81 p.p.m.), C-4¢ (80.09 p.p.m.), and C-4a (79.31 p.p.m.) would
indicate that the respective positions are glycosylated®. Correspondingly, the low-field
position of C-3a (80.55 p.p.m.) is consistent with substitution at that position by the
lactate ether. The accumulated evidence from compositional, methylation, and n.m.r.
analyses permit the repeating unit of the O-deacetylated R. equi S2 polysaccharide to be
assigned the structure 3.

C a d b
—4)—f—-p—Glcp—(1 -+4)—a—L~Rhap—(1-3)— f—bp—Glcp— (1 -4)—f—D—Manp—(1 -
3
|
H—(IZ—COZH
CH,
3

Periodate oxidation. — The foregoing structural conclusions were supported by
analysis of the oligosaccharide fragment produced upon periodate oxidation of the
O-deacetylated capsular polysaccharide. Subsequent reduction (NaBH,) and Smith-
type hydrolysis® with dilute acetic acid followed by purification on Sephadex G-15 gave
an oligosaccharide 4 (X, 0.65), which had [a], —55.94 (¢ 1.2, water). Methanolysis
followed by quantitative analysis of the carboxyl-reduced (NaBD,) acid hydrolysis
products showed 4 to be composed of approximately equimolar proportions of 3-O-
[(S)-1-carboxyethyl]-L-rhamnose, D-glucuronic acid, and erythritol.

Structural information was obtained from the 'H- and “C-n.m.r. spectra of the
oligosaccharide and the mass-spectral fragmentation pattern of the corresponding
methylated derivative.

The 'H- and C-n.m.r. spectra of the oligosaccharide were fully assigned by the
COSY? and CHORTLE techniques, respectively, and the n.m.r. data are presented in
Tables V and V1. Characteristic '"H-n.m.r. signals from the two anomeric protons of the
trisaccharide were observed at 5.10 (J;, 1.8 Hz) and 4.59 p.p.m. (J,, 8.1 Hz). As
expected, the >C-n.m.r. spectrum contained 19 signals, with diagnostic high-field '*C
resonances at 18.54 and 17.13 p.p.m. from the two methyl carbons of the 3-O-[(S)-1-
carboxyethyl]-a-L-rhamnopyranosyl residue. From a *C-DEPT experiment the signals
at 62.90 and 61.63 p.p.m. could be attributed to the two hydroxymethyl groups of the
erythritol residue; the latter assignment facilitated assignment of the corresponding
methylene protons via chemical-shift correlation.

G.l.c—m.s. of the methylated oligosaccharide gave a quasimolecular ion (M +
NH,") at m/z 660 in the ci. spectrum and fragmentation patterns (c.i. and e.i.)
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TABLE VII

Mass-spectral fragmentation data for the trisaccharide obtained from periodate oxidation and Smith
hydrolysis of the O-deacetylated R. equi serotype 2 polysaccharide

baA,
aA, ! THZOMe

MeOCH
co,Me |
o CH
MeO fo) et I
o] CH,OMe
H3C CH3 MeO
| OMe
H—C—O OMe
LOZMe
m/z Assignment®
c.i. e.i.
660 (M + NH/Y)
479 baA,
447 baA,
375 ab-lactic acid
261 261 aA,
229 229 aA,
207 bel,
202 a-CO,Me
197 aA;
157 a-lactic acid
147 147 cA,
115 115 cA,

7 Nomenclature is as used in ref. 35.

consistent with the presence of a terminal erythritol and non-reducing 3-0-[(S)-1-
carboxyethyl]-a-L-rhamnopyranosyl residues (Table VII).

The combined 'H- and *C-n.m.r. evidence, together with g.l.c.-m.s. data allows
the structure of oligosaccharide 4 to be identified as

a—L—Rhap(l - 3)— —D—GlcpA—(1 -2)—erythritol
3

|
H-C-CO;H
CH,
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which confirms the sequence a—»d—b— in the repeating unit 3 of the polysaccharide,

Location of the O-acetate substituents. — Periodate oxidation and reduction
(NaBH,) of the native R. equi serotype 2 polysaccharide, followed by methanolysis and
quantitative analysis of the carboxyl-reduced (NaBD,) acid-hydrolysis products in-
dicated the presence of 3-0-[(S)-1-carboxyethyl}-rhamnose, D-glucuronic acid, p-man-
nose, and erythritol in approximately equimolar proportions. As the 4-O-monosub-
stituted glycoses would not be expected to survive the oxidation, the presence of
mannose amongst the hydrolysis products suggests that the native polysaccharide is
substituted by O-acetyl groups at the O-2 and/or O-3 positions of the f-p-mannopyra-
nosyl residue.

The 'H.n.m.r. spectrum of the native polysaccharide (Fig. 5) exhibited signals
characteristic of the methyl protons of O-acetyl groups in the region 2.0-2.2 p.p.m. The
integrated intensities of the resonances at 2.05 and those between 2.15 and 2.25 p.p.m.
(relative to that of the rhamnose H-6 signal at 1.30 p.p.m.) indicate that the polymer is
substituted by O-acetyl groups to the extent of 1.7 mol per repeating unit and that two
distinct acetate esters are present in the ratio of 0.7:1.

Complete assignment of the proton spectrum was achieved by the COSY and
relayed COSY techniques. The chemical shifts observed for protons in residues a, ¢, and
d were identical (within 0.1 p.p.m.) with those obtained for the O-deacetylated poly-
saccharide. On the other hand, two connectivity pathways corresponding to the f-p-
mannopyranosyl spin system (residue b) could be identified. The integrated intensity of
the low-field resonance (5.48 p.p.m., 1 H) assigned to H-2b suggests that the mannose
residue is completely 2-O-acetylated®. Furthermore, resonances at 5.16 (~0.7 H) and
3.97 p.p.m. could both be assigned to H-3b, where the chemical shift of the former is
indicative of the O-acetylation at O-3. Thus, this information taken with the foregoing

HOD

Fig. 5. 'H-n.m.r. spectrum of the native R. equi S2 capsular polysaccharide at 62° (pD ~2).
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TABLE VIII

Carbon-13 chemical shifts for the f-D-mannopyranosyl residue, b, of the R. equi serotype 2 polysaccharide

CH,0H
o 0 —Glc
or?

RrR'O
GlcA—O
Substituent C-1 C-2 C-3 Cc-4
R'=R*=H 101.32 71.56 72.88 77.81
R'=Ac,R’=H 99.50 72.80 71.41 78.08
R'=R? = Ac 99.52 71.17 73.06 74.90

data reveals that the R. equi serotype 2 capsular polysaccharide contains both 2-O-
acetylated (59%) and 2,3-di-O-acetylated (41%) f-D-mannopyranosyl residues.

Comparison of the *C-n.m.r. data (Table VIII) from the native and O-deacetylat-
ed polysaccharides showed significant upfield shifts for the C-1 and C-3 f-D-mannopy-
ranosyl resonances (1.8 and 1.5 p.p.m., respecitvely) (Table VIII, R! = Ac, R> = H),
whereas C-2 was shifted downfield by 1.2 p.p.m., indicating®® O-acetyl substitution at
0-2. Consistent with the presence of di-O-acetylated f-D-mannopyranosyl residues
(Table VIII, R! = R? = Ac) upfield shifts of 1.8 and 2.9 p.p.m. were observed for C-1
and C-4 respectively, whereas no significant shifts were detected for the corresponding
C-2 and C-3 resonances. Empirical rules® for estimating the chemical-shift differences
in the *C-n.m.r. spectra due to O-acetylation indicate that vicinal di-O-substitution of
C-2 and C-3 would result in shielding of these carbon atoms by ~0.2 and 0.1 p.p.m.,
respectively.

Immunodiffusion studies suggest that the O-acetyl groups are part of the immu-
nodeterminant region of the serotype 2 polysaccharide. The native polysaccharide (5)
gave a strong positive precipitin reaction, whereas no precipitin line against serotype 2
specific rabbit antisera was obtained with the O-deacetylated polysaccharide.

In agreement with the foregoing structural conclusions the structure of the R. equi
serotype 2 capsular polysaccharide (5) is as shown.

—4)—B—b—Glep—(1—4)—«—L—Rhap—(1—3)— f—D—GlepA—(1—4)— f—p—Manp—(1 —
3 2 3
| | :
H-C-CO,H Ac Ac
 CH,
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EXPERIMENTAL

R. equi serotype 2 polysaccharide. — R. equi serotype 2 (ATCC 33702) was
obtained from Dr. J. F. Prescott, University of Guelph, Guelph, Ontario. The organism
was grown on plates containing Difco brain heart infusion agar supplemented with
sucrose (2% w/v) for 72 h at 25° and the cells were collected by scraping the plates and
were suspended in aq. NaN; (0.1%, w/v). The aq. solution, containing the growth of 100
plates (109 g), was diluted with aq. NaCl (4M, 120 mL) and, after stirring overnight at 4°,
the cellular material was removed by centrifugation. The supernatant was dialyzed
against distilled water until salt free, digested with ribonuclease, deoxyribonuclease,
and proteinase K, passed through a column of Rexyne 101 (H*) ion-exchange resin (50
mL) and lyophilized. The crude capsular polysaccharide, so obtained, was dissolved in
water (200 mL) and purified by precipitation with cetyltrimethylammonium bromide
(Cetavlon) (10% w/v, 200 mL). The solution was kept overnight at 4° and the precipitat-
ed Cetavlon—polysaccharide complex was collected by centrifugation. The Cetavlon
complex was redissolved in aq. NaCl (4M, 200 mL) and the polysaccharide component
was recovered by precipitation with 3 volumes of 95% EtOH, followed by centrifu-
gation. This material in water (100 mL) was exhaustively dialyzed against distilled water
and lyophilized to afford the sodium salt of the serotype 2 capsular polysaccharide (396
mg, yield, 0.7%).

Chromatographic methods. — (a) Ion-exchange chromatography. Polysaccharide
(20 mg) was applied to a column (1 x 40 cm) of DEAE-Sephacel (Pharmacia) and the
column was eluted with 0.05M Tris-HCI buffer (pH 7.2, 50 mL) followed by a 0— 1M
NaCl gradient in the same buffer. Fractions (2 mL) were collected and assayed col-
ourimetrically for neutral glycose'® and hexuronic acid''. Material purified in this way
(15 mg) was deionized by passing an aqueous solution (2.0 mL) through a column (0.5

x 2.0 cm) containing Rexyn 101 (H* form) ion-exchange resin followed by lyophil-
ization of the eluant.

(b) Gel filtration. Polysaccharide samples (20 mg) were subjected to gel chroma-
tography on columns (1 x 40 cm) of Sephadex G-200 (Pharmacia) eluted with pyridini-
um acetate (0.05M, pH 4.5) while oligosaccharides (50 mg) were separated on a column
(2.5 x 70 cm) of Sephadex G-15. Column eluants were continuously monitored for
changes in refractive index, by using a Waters R403 differential refractometer and
fractions were assayed colorimetrically'®". The gel-filtration properties of the eluted
materials are expressed in terms of their distribution coefficients, K,, = (V, — V_)/(V, —
V,), where ¥ is the void volume of the system, ¥, is the elution volume of the specific
material, and V| is the total volume of the system.

(c) Hp.lc. H.plc. was performed with a Dionex BioL.C carbohydrate system
equipped with a column (4.6 x 250 mm) of Dionex Carbopac AS-6 pellicular anion-
exchange resin, and a AG-6 guard column with pulsed amperometric detection. Isocrat-
ic elution was performed using the following eluants: 4, 15mM NaOH or B, 150 mm
NaOH and 150mm NaOAc, at a flow rate of 1 mL/min at ambient temperature.
Retention times are quoted relative to that of D-glucose (Rg,,).
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(d) G.l.c. G.l.c. was performed with a Hewlett—-Packard model 5710A chroma-
tograph fitted with a hydrogen-flame detector and a model 3380A electronic integrator
using a fused-silica capillary column (0.3 mm x 25 m) containing 3% OV17 with the
following temperature programs: 4, 2 min at 180° and then 2°/min to 240°; B, 2 min at
200° and then 10°/min to 320°. The carrier gas was dry nitrogen at 30 mL/min and
retention times are quoted relative to D-glucitol hexaacetate (7,) and 1,4,5-tri-O-
acetyl-2,3,6-tri-O-methyl-D-glucitol (7g,,).

G.l.c.—mass spectrometry. — G.l.c.—m.s. was performed with a Hewlett-Packard
5958B system employing the g.l.c. program conditions A or B by electron impact (e.i.)
with an ionization potential of 70 eV, or by chemical ionization (c.i.) with ammonia as
the reagent gas.

Analytical methods. — Quantitative colourimetric methods used for the analysis
of column chromatography eluants were (i) phenol-H,SO, for neutral glycoses'® and (i)
the m-hydroxydiphenyl-H,SO, method for hexuronic acids''.

Glycoses were determined directly by h.p.1.c.'? or by g.l.c. of their alditol acetate
derivatives'’. Samples (0.2-0.5 mg) were hydrolyzed with trifluoroacetic acid (2m, 0.5
mL) for 15 h at 100° and evaporated to dryness in vacuo to obtain the free glycoses. For
the g.l.c—m.s. estimation of acidic glycoses, polysaccharide samples (0.5 mg) were
treated with methanolic HCI (M, 1 mL) for 15 h at 100°. Excess methanolic HCI was
removed in vacuo and the residues in water (1 mL) were treated with NaBD, or NaBH,
(15 mg) for 6 hat 37°. Following neutralization with aq. AcOH (10% w/v), the mixtures
were evaporated in vacuo, and borate was removed by repeated distillation of MeOH (5

x 5 mL) from the residue. The products were hydrolyzed (as stated) and the liberated
glycoses were reduced (NaBH,) and acetylated (Ac,0)" prior to g.l.c. analysis using
program A.

Absolute configurations of the glycoses were determined by g.l.c.—m.s. (program
A) of the corresponding acetylated (R)-2-butyl-glycoside derivatives'. The identity of
the glycose derivatives was established by comparison of their g.1.c. retention-times and
mass spectra with those of authentic reference compounds.

O-Deacerylation. — A solution of the capsular polysaccharide (50 mg) in aq.
NH,OH (5% v/v, 5 mL) was stirred for 5 h at 37°. The excess of NH, was removed by
flushing with nitrogen and the solution was lyophilized.

Methylation analysis. — Polysaccharide samples (2 mg) were methylated with
Mel in Me,SO containing an excess of sodium methylsulfinylmethanide'®. The methy-
lated products were recovered by partitioning the mixture between water and CH,Cl,,
followed by evaporation of the organic phase. The methylated polysaccharide was
treated with NaBH, in tetrahydrofuran for 15 h at 22° and the carboxyl-reduced
products'® were hydrolyzed, evaporated, reduced with NaBD,, and acetylated"’. Analy-
sis was by g.l.c.-m.s. using program A.

Periodate oxidation. — O-Deacetylated capsular polysaccharide (80 mg) was
treated in the dark with aq. NalO, (0.05m, 50 mL) for 7 days at 4° and, following
decomposition of periodate with ethylene glycol (0.4 mL), the oxidized polymer was
reduced with NaBH, (500 mg). After stirring for 15 h at 22°, the excess of borohydride
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was decomposed with aq. AcOH and the periodate-oxidized and reduced polymer (60
mg) was isolated by lyophilization after extensive dialysis. Smith-type hydrolysis®™ was
effected by treating the product with aq. AcOH (2%, 10 mL) for 2 h at 100°, followed by
evaporation. The Smith-degradation product was purified by gel filtration on Sephadex
G-15 to give the oligosaccharide 4 (20 mg).

The oligosaccharide sample (0.5-1.0 mg) was methylated by the foregoing proce-
dure, and the product was recovered by extraction into CH,Cl, and analyzed by
g.l.c.—m.s. using program B.

N.m.r. spectroscopy. — N.m.r. spectra were obtained with a Bruker AM-500
spectrometer equipped with an Aspect 3000 computer, operating in the pulsed F.t.
mode with quadrature detection using standard Bruker software. Solutions of poly-
saccharide samples in D,0 (Merck, Sharp and Dohme, 99.8 atom %) were prepared at a
concentration of 1040 mg/mL subsequent to lyophilization from D,0. Proton and
carbon-13 measurements were made on solutions (0.4 mL) of samples of the poly-
saccharides (pD ~2) in 5-mm tubes at 62°,

'H-N.m.r. spectra at 500 MHz were recorded using a spectral width of 2.5 kHz, a
16 K data block for a digital resolution of 0.3 Hz/point, an acquisition time of 3.2sand a
"/, pulse. Resolution enhancement was achieved by using a Gaussian line-shape trans-
formation®” with typical values of — 2.0 to —4.0 Hz for the line-broadening factor and a
Gaussian-broadening factor of +0.1 or +0.2. Chemical shifts are expressed relative to
internal acetone (2.225 p.p.m.).

Proton-spin simulations were performed using the Bruker PANIC program using
a line width of 3 Hz.

N.O.¢. difference spectra® were obtained using a selective low-power presatura-
tion pulse applied to the proton resonance for 200 ms followed by an ”/, observation
pulse, where each line of a multiple resonance was irradiated sequentially for 25 ms
during the presaturation delay®. Eight transients were acquired for irradiation of each
multiplet and for an off-resonance spectrum in separate files and the entire sequence was
cycled to achieve a satisfactory signal-to-noise ratio.

Broad-band proton-decoupled C-n.m.r. spectra were obtained at 125 MHz
using a spectral width of 25 kHz, a 32K data block and a */, pulse for a digital resolution
of 1.5 Hz/point, employing composite-pulse proton decoupling (WALTZ)*. Heteronu-
clear ‘JC,H coupling-constants for the anomeric carbon atoms were measured using
gated decoupling?”. DEPT spectra® were obtained with broadband proton decoupling,
a */, proton pulse, and a 3.3 ms delay (2J)~' between pulses to distinguish between
methine and methylene *C resonances. Chemical shifts are referenced to internal
acetone (31.07 p.p.m.).

The 2D homonuclear proton chemical-shift correlation experiments, COSY?
and Relayed COSY?* were measured with solvent suppression employing the conven-
tional pulse sequences. The experiments were carried out using data sets (¢, x t,) of 256
x 1024 or 512 x 2048 points that were zero-filled in ¢, to 512 x 1024 or 1024 x 2048
points, respectively, spectral widths of either 2500 Hz (full scale experiment) or 1200 Hz
(narrow sweep width experiment), and a recycle delay in the range 1.0-1.5s, Either 32 or
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96 transients were collected for each value of the incrementable delay. Resolution
enhancement was implemented in both dimensions by means of a non-shifted sine-bell
window function®, and the doubly-transformed data were processed to give phase-
sensitive’ or magnitude spectra*! with symmetrization*.

A two-dimensional heteronuclear '"H-">C chemical-shift correlation experiment?
was carried out on a concentrated solution (100 mg/mL) of the O-deacetylated poly-
saccharide. The experiment was performed with a data matrix of 128 x 1024 points and
spectral widths of 12500 and 2500 Hz for the respective carbon-13 (F2) and proton (F1)
chemical-shift domains. A recycle delay of 1.5 s was employed and the fixed delays, 71
and 72, were set at 3.2 and 1.6 ms, respectively, to select for all multiplicities. Composite
broad-band proton decoupling was employed during the acquisition of 1000 transients
for each of the 128 increments. The data matrix was zero-filled to 256 x 2048 points and
following resolution enhancement in both dimensions by means of a Lorentz-to-Gauss
transformation, the data were processed to give a power spectrum.

Heteronuclear "H-">C chemical-shift correlations performed by the CHORTLE
technique* employed 8K data sets and the spectra were acquired for 3584 transients
using the following 7 values, 0.16, 1.00, 2.40, and 3.20 ms and a 1.5-s recycle delay. The
'H resonance offsets were calculated from the C intensities by a nonlinear least-squares
calculation, using a program developed in this division by Dr. J.-R. Brisson.

Immunodiffusion. — Polysaccharide samples were tested for serologic activity by
the gel-diffusion test described by Prescott®. Serotype 2 R. equi antiserum was a gift from
Dr. J. F. Prescott, University of Guelph.

General methods. — Commercial reagents and solvents were of analytical grade.
Solutions were concentrated under diminished pressure at bath temperatures <40°.
Optical rotations were determined at 22° in 10-cm microtubes with a Perkin—Elmer
model 243 polarimeter.
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