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ABSTRACT

The structure of the capsular polysaccharide from Streptococcus pneurmncniae
type 4 has been investigated. Using n.m.r. spectroscopy, methylation analysis, and
Smith degradation as the principal methods of structural investigation, it is con-
cluded that the polysaccharide is composed of tetrasaccharide repeating-units having
the following structure.
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INTRODUCTION

The capsular polysaccharide from Streptococcus preumoniae type 4 (S4) has
been investigated by Heidelberger and his co-workers! ™%, This work demonstrated
that the polysaccharide is composed of D-galactose, 2-acetamido-2,6-dideoxygalactose
(FucNAc), 2-acetamido-2-deoxy-D-galactose, 2-acetamido-2-deoxymannose, and
pyruvic acid. The pyruvic acid is linked to O-2 and O-3 of a D-galactopyranosyl
residue®, which is further substituted at O-4. Pyruvic acid linked in this manner has
only been observed in S4. We now report further structural studies of S4.

RESULTS AND DISCUSSION

In addition to the components listed above, a hydrolysate of crude S4 also
contained fucose and 2-amino-2-deoxyglucose. Pure S4, [«]5,5 + 18°, was obtained
after repeated chromatography on DEAE-Sepharose. Treatment of this material
with anhydrous hydrogen fluoride, followed by conventional acid hydrolysis, yielded
D-galactose, 2-acetamido-2,6-dideoxy-L-galactose, 2-acetamido-2-deoxy-D-galactose,
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and 2-acetamido-2-deoxy-D-mannose, analysed by g.l.c. of the alditol acetates. The
relative proportions, determined as g.l.c. peak-areas, were 31:24:26:19, which did
not correspond exactly to the proportions of these components in S4, as response
factors were not determined. When the treatment with hydrogen fluoride was omitted,
only small proportions of sugars were released under the hydrolytic conditions used.
The absolute configurations of the sugar components were determined by the method
of Gerwig et al.>.

The 'H-n.m.r. spectrum of S4 showed, inter alia, signals in the region for
anomeric protons at § 5.65 (H), 4.97 (H), and 4.86 (2 H), and for methyl protons of
N-acetyl groups at 1.99 (9 H), methyl protons of pyruvic acid residues at 1.49 (3 H),
and for H-6 of 6-deoxyhexosyl residues at 1.22 (3 H). Signals for two protons at o
4.45-4.25 were also observed, but were not due to anomeric protons (see below).
The "*C-n.m.r. spectrum was not well resolved, but showed, inter alia, signals for
the acetal and methyl carbons of the pyruvic acid residue at 6 110.1 and 24.8, respec-
tively.

The trans-fused pyruvic acid acetal is sensitive to acid hydrolysis and could be
cleaved selectively. The de-pyruvylated polysaccharide (S4D) had [«]s;s +33°,
and its aqueous solutions were less viscous than those of the original polysaccharide.
The 'H-n.m.r. spectrum of S4D showed that all of the pyruvic acid residues had been
removed. The signal at 6 5.65 in the spectrum of S4 was shifted to 5.27 and could
therefore be assigned to the D-galactopyranosyl residue, which should be «-linked.
The '3C-n.m.r. spectrum of S4D showed, inter alia, signals for four anomeric carbons
at 6 102.3, lOb.9, 100.5, and 97.8. The '*C-n.m.r. spectra of S4D and its degradation
products will be discussed in more detail below.

These results indicate that S4 is composed of tetrasaccharide repeating-units
that contain one residue each of the sugars found in the sugar analysis. Further, each
repeating unit should contain a pyruvic acid residue. The chemical shifts of the
anomeric carbons, together with the absence of low-field signals expected for furano-
sides, indicate that all of the sugar residues are pyranoid, and that of the acetal
carbon confirms that this carbon is part of a 5-membered ring. The resistance of
S4D to acid hydrolysis further supports the assumption that all of the sugar residues
are pyranoid.

Methylation analysis of S4 gave the sugars listed in Table I, column A. The
results demonstrate that the D-galactopyranosyl residue is substituted at 0-2,3,4,
that one of the amino sugars (known, from evidence presented below, to be the 2-
acetamido-2-deoxy-D-mannose) is substituted at O-4, and that the two other amino
sugars are substituted at O-3. A methylation analysis of S4D was similar, the only
difference being that 6-O-methyl-p-galactose was replaced by 2,3,6-tri-O-methyl-D-
galactose, as already demonstrated by Lew and Heidelberger®.

The methylated sugars were analysed as alditol acetates by g.l.c.—m.s.%"”. The
amino sugars were obtained both as N-methylated and as non-N-methylated deriva-
tives, aithough the former preponderated. In this and other methylation analyses,
some peaks overlapped. The mixture of methylated alditols was therefore analysed
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TABLE 1

METHYLATION ANALYSES OF S4 AND DEGRADATION PRODUCTS

Sugar® T? Tz2b Mole %, ¢
A B C
6-Gal 0.46 0.61 64
2,3,4-FucNAc 0.58 0.51 58
2,4-FucNAc 1.01 0.79 11 29
4-FucNAc 0.88 0.55
2,3,4,6-ManNAc 1.01 0.93 35
3,4,6-ManNAc 0.88 0.62
2,3,6-ManNAc 1.58 1.44 12
2.4,6-GalNAc 171 1.44 13 36 42
4,6-GalNAc —d 1.03

a6-Gal = 6-O-methyl-p-galactose, etc. Retention time of the corresponding alditol acetate on an
OV-225 column at 190° and on an OV-17 column at 180°, respectively, relative to glucitol hexa-
acetate. €A, Native material; B, Smith degradation.I; C, Smith degradation 1I. Peak areas are given
for the N-methylated derivative only, but substantial amounts of the 2-acetamido derivative appeared
in some analyses. 4Overlapping peaks, possibly 71 ~ 1.0.

by g.l.c. on two different columns (OV 225 and OV 17), and each component was
resolved from the others on at least one of these columns.

Of the sugar residues in S4D, only the «-D-galactopyranosyl residue should be
oxidised by periodate. Smith degradation of S4D (periodate oxidation, borohydride
reduction, and hydrolysis with acid under mild conditions®) should therefore yield
a trisaccharide glycosidically linked to O-2 of p-threitol. In agreement with this, the
degraded product, [«]s;5 —29°, contained the three amino sugars and threitol,
and methylation analysis (Table I, column B) showed that the amino sugar which
was linked through O-4 in S4D had now become terminal. The 'H-n.m.r. spectrum
showed signals for anomeric protons at é 4.98 (2 H) and 4.81 (H), for methyl protons
of N-acetyl groups at 2.00 (9 H), and for H-6 protons of 6-deoxyhexose residues at
1.22 (3 H).

Signals for two protons at § 4.3-4.5 were also observed. In a '3C-n.m.r. spec-
trum, with irradiation of this region, the signals for anomeric carbons were still
coupled. However, a signal at 4 55.2 became decoupled and was assigned (see below)
to C-2 of the 2-acetamido-2-deoxy-b-mannopyranosyl residue. Thus, one of the
signals at & 4.3-4.5 is given by H-2 of this residue.

In the }3C-n.m.r. spectrum of the degraded product, a small signal at § 105.3
was observed in addition to the three signals for anomeric carbons at 6 100.9, 100.5,
and 97.7. This signal was not given by S4D, and the most probable explanation is
that it derives from an acetal formed by acetal migration during the Smith hydrolysis.
The modified product (1) thus yields not only the 2-O-glycosyl-p-threitol (2), but
also its 3,4-O-hydroxyethylidene derivative (3). The chemical shift indicates that the
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acetal carbon is part of a dioxolane ring. Similar acetal migrations during Smith
degradation have been observed®. The considerable difference in optical rotation
between S4D and the degraded product supports the assignment of « configuration
to the D-galactopyranosyl residue.

The product from the first Smith-degradation was subjected to a second Smith-
degradation, by which the terminal amino sugar should be eliminated and the threitol
residue converted into a glycerol residue. Sugar analysis showed that the product
contained 2-acetamido-2,6-dideoxy-L-galactose, 2-acetamido-2-deoxy-b-galactose,
and glycerol, and that consequently the 4-linked amino sugar in S4 is 2-acetamido-2-
deoxy-D-mannose. In addition, some threitol was found, thus supporting the assump-
tion that the hydroxyethylidene acetal 3 was a by-product in the first Smith-degrada-
tion. Methylation analysis gave the sugars listed in Table I, column C, showing that
the 2-acetamido-2,6-dideoxy-L-galactose had become terminal. The [a]s,5 value of
—12° indicates that the D and the L sugar have the same anomeric configuration,
which, according to n.m.r. evidence, should be «. Thus, in the *H-n.m.r. spectrum,
the anomeric protons appeared at 6 5.02 (J, , 4 Hz) and 4.98 (J, , 4 Hz). In the
13C-n.m.r. spectrum, one anomeric carbon appeared at § 100.4 and the other as two
signals at 6 100.2 and 98.9 (major). All, therefore, fall in the region expected for
«-glycosides having the galacto configuration. The probable reason for the appearance
of more than two signals is that the product was a mixture of a glycerol glycoside and
a 3,4-di-O-hydroxyethylidene-p-threitol glycoside, and that the shift for C-1 of the
2-acetamido-2-deoxy-p-galactopyranosyl residue differs for the two glycosides. A
signal at § 105.0, assigned to the acetal carbon of the hydroxyethylidene group, was
of the same magnitude as the small anomeric signal at 6 100.2. The signals of C-2
of the two sugar residues, at § 50.9 and 51.3, also fall in the region expected for
a-glycosides of 2-acetamido-2-deoxyhexosides having the galacto configuration®.
The downfield shift of the signal at d 49.5 to 51.3, when going from the trisaccharide
to the disaccharide derivative, indicates that it is given by the 2-acetamido-2,6-
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dideoxy-o«-L-galactopyranosyl residue, which becomes terminal as a result of the
second Smith-degradation. Consequently, the main product of the second Smith-
degradation has structure 4.

CH,0OH
I
a-L-FucpNAc-(1 —3)-a-D-GalpNAc-OCH

|
4 CH,OH

A structural feature in S4 which is not defined by the evidence discussed above
is the anomeric nature of the 2-acetamido-2-deoxy-D-mannopyranosyl residue. This
residue was eliminated during the second Smith-degradation, and the fact that the
starting material had an optical rotation lower than that of the product indicates
that it is B-linked. The signal at § 97.8 in the !*C-n.m.r. spectrum of S4D showed
'Jc.u 162 Hz, indicating that H-1 is axial'©. The corresponding values for the other
anomeric carbons were 172, 173, and 173 Hz, as expected when H-1 is equatorial.
One of the sugars in the repeating unit is consequently f-linked and the other three
are o-linked. The signal with J 162 Hz was given by the product from the first, but
not from that of the second, Smith-degradation. As the 2-acetamido-2-deoxy-b-
mannopyranosyl residue is eliminated during the second Smith-degradation, this
residue is fS-linked.

From the combined evidence, it is inferred that S4 is composed of tetrasacchar-
ide repeating-units having the structure 5.

—4)-p-pD-ManpNAc-(1 - 3)-a-L-FucpNAc-(1 — 3)-a-D-GalpNAc-(1 —»4)-«-D-Galp-(1 —»
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The only structural feature not determined is the absolute configuration of the

pyruvic acid acetal.
Some pertinent '3*C-n.m.r. shifts for S4D and the products from the two Smith-

degradations, with tentative assignments, are given in Table II. In addition to the
signals given there, five signals at § 80.0, 79.3, 78.3, and 75.8 (2 C) given by S4D
were assigned to the four glycosidically substituted carbons and to C-5 of the 2-
acetamido-2-deoxy-f-D-mannopyranosyl residue. A corresponding «-linked residue
should give a signal for C-5 at considerably higher field®.
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TABLE II

PERTINENT 13C-N.M.R. SHIFTS FOR DEPYRUVYLATED S4 (A4), THE TRISACCHARIDE GLYCOSIDE OBTAINED
AFTER THE FIRST SMITH-DEGRADATION (B), AND THE MAIN DISACCHARIDE GLYCOSIDE OBTAINED AFTER

THE SECOND SMITH-DEGRADATION (C)

A B C
x-D-Galp C-1 1023
p-D-ManpNAc C-1 97.8 97.7
C-2 549 55.2
a-L-FucpNAc C-1 100.9¢ 100.9% 100.4
Cc-2 49.5 49.5 50.9
C-6 17.3 17.3 17.3
a-D-GalpNAc C-1 100.5¢ 100.5% 98.9
c-2 50.9 50.9 51.3

=.5These assignments may be reversed.
EXPERIMENTAL

General methods. — Concentrations were performed under diminished pressure
at bath temperatures not exceeding 40°. For g.l.c., Perkin—Elmer 990, or Hewlett—
Packard 5830 A instruments, fitted with flame-ionisation detectors, were used.
Separations of alditol acetates were performed on SE-30 W.C.O.T. glass-capillary
columns at 180°, and of partially methylated alditol acetates on glass columns
containing 3% of OV-225 on Gas Chrom Q at 190° or 3% of OV-17 on the same
support at 180°. The relative proportions of components were measured as areas
under the corresponding peaks, without use of response factors. G.l.c.-m.s. was
performed on a Varian MAT 311 instrument, using the two OV-phases. All identifi-
cations of mass spectra®’ were unambigous and will not be discussed. Optical
rotations were measured at 20°, using a Perkin—Elmer 24! polarimeter. A differential
refractometer was used for monitoring the Sephadex~-column effluents. Methylations
were performed according to Hakomori®!! with sodium methylsulfinylmethanide—
methyl iodide in dimethyl sulfoxide. Methylated products were recovered by dialysis
against water, followed by freeze-drying.

For materials of low molecular weight, dimethy! sulfoxide was removed by
freeze-drying, and the product was isolated by partition between chloroform and
water. When necessary, it was further purified by chromatography on Sephadex
LH-20. For n.m.r. spectroscopy on solutions in deuterium oxide at 85°, a JEOL
FX-100 spectrometer operating in the Fourier-transform mode was used. Chemical
shifts are reported in p.p.m. downfield from external tetramethylsilane (**C) or
internal sodium 1,1,2,2,3,3-hexadeuterio-4,4-dimethyl-4-silapentane-1-sulfonate (*H).
For 'H-n.m.r. measurements, a double-pulse sequence (180°-t—90°) was used to
suppress the water peak??-!3. Coupled spectra were run by using the gated decoupling
technique.
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Purification of S4. — Crude S4 was purified by chromatography on a column
(3.0 x 32 cm) of DEAE-Sepharose CL-6B irrigated first with water (250 ml) and
then with a linear gradient of aqueous sodium chloride (0 — M, 1000 ml). The purifi-
cation was repeated once. Peaks were monitored polarimetrically, and the poly-
saccharide was eluted at a salt concentration of 0.4-0.5». The material was recovered
by dialysis and freeze-drying. The yield of pure S4, [«]5;5 +18° (¢ 1, water), was
~50%.

Hydrolysis of native and methylated materials. — All hydrolyses were performed
by treatment with hydrogen fluoride followed by acid hydrolysis. The treatment with
hydrogen fluoride was performed in a specially designed apparatus made of Teflon
and Kel-F (Peninsula Laboratories Inc., San Carlos, CA). The hydrogen fluoride
was dried by distillation over cobalt trifluoride. The product (~1 mg, thoroughly
dried) was treated with anhydrous hydrogen fluoride'* at room temperature for 3 h.
The hydrogen fluoride was then distilled off at diminished pressure and the reaction
vessel was thoroughly evacuated. The product was dissolved in 2M trifluoroacetic
acid and kept at 100° for 2 h.

Depyruvylation. — A solution of 84 (150 mg) in 0.01m hydrochloric acid
(50 ml) was kept at 100° for I h. After neutralisation with sodium hydroxide, the
solution was added to a column of DEAE-Sepharose (as described above). The poly-
saccharide, which was eluted with water and recovered by freeze-drying, was further
purified by chromatography on a column (2.6 x 80 cm) of Sephadex G-15. The poly-
saccharide (100 mg) had [«]s;s +33° (¢ 1, water).

First Smith-degradation. — De-pyruvylated S4 (115 mg) was dissolved in 0.1m
sodium acetate buffer (pH 3.9, 10 ml), 0.04m sodium metaperiodate in the same buffer
(10 ml) was added, and the mixture was kept in the dark at 4° for 90 h. Excess of
periodate was decomposed with ethylene glycol, and the material was purified by
chromatography on Sephadex G-15 (as described above). After reduction with
sodium borohydride as usual, part of the material was subjected to sugar analysis.
The remaining material was treated with 0.5M trifluoroacetic acid (10 ml) at room
temperature for 45 h and the solution was concentrated to dryness. Gel filtration of
this material on Sephadex G-15 (as described above) gave a fraction (62 mg), [«]s5e
—29° (¢ 1, water), eluted in the tri- to tetra-saccharide region. No polymeric material
was obtained. A hydrolysate of the product gave threitol, L-FucN, b-GalN, and
p-ManN in the proportions 44:15:25:18.

Second Smith-degradation. — The second Smith-degradation was performed
essentially as described for the first degradation. The yield of degraded material,
starting from 57 mg, was 30 mg, [¢]sss —12° (¢ 1, water). A hydrolysate of the
material contained glycerol, threitol, L-FucN, and D-GalN in the proportions
21:9:36:34.
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