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ABSTRACT

A series of polysaccharides was derived by physical and chemical methods
from an antigenic, O-acetyl-containing, glucuronoxylomannan (GXM), isolated
from the growth medium of Cryptococcus neoformans (CDC B2550) serotype A-
variant having composition ratios of Man:Xyl:GlcA:OAc = 10:4:3:6. >*C-N.m.r.
spectra of derivatives provided new structural evidence for GXM. Treatment of
GXM with Li in ethylenediamine gave a xylomannan (XM, with Man:Xyl= 5:2).
Smith degradation of XM gave a mannan (M). Ultrasonic treatment of GXM gave
GXM-sonicated (GXMS). Treatment of GXM with 3-(3-dimethylaminopropyl)-1-
ethylcarbodiimide-HCl and then with NaBH, gave reduced GXMS (RGXMS), or
with aq. trifluoroacetic acid gave partially acid-hydrolyzed GXMS. Periodate oxid-
ation of GXM and NaBH, reduction of the product gave a polyalcohol-mannan
(PM). Treatment of GXMS, RGXMS, and PM with NH,OH at pH 11 gave the
respective O-deacetylated analogs. Comparison among the ’C-n.m.r. spectra of
GXM, the various derivatives, and reference monosaccharides allowed the follow-
ing conclusions: M is (1-—3)-a-D-mannopyranan; XM consists of the M backbone
with 91% of the Xyl on nonadjacent Man residues as 2-O-8-p-Xylp substituents and
with 9% as 4-O-D-Xylp substituents on other Man residues. GXM consists of the
XM structure, but with non-p-xylosylated Man residues substituted with 2-O-8-D-
GlcpA substituents and with 6-O-acetyl groups distributed approximately equally on
Man residues that have other substituents and those that have none. The molecular
mechanics program MM2 was used to estimate the relative energies of anomeric
orientations of the typical glycosidic linkage in M. The results suggest that 6’-OH
----0-2 H-bonding is significant in the minimal-energy orientation of M, with ¢ =
—36° and ¥ = 51°, and that two other glycosidic orientations may be important in
the 2-O- or 6-O-substituted derivatives of M.
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INTRODUCTION

The capsular polysaccharide of Cryptococcus neoformans inhibits phago-
cytosis!™* and is considered to be a major virulence factor: wild-type strains of C.
neoformans are lethal for mice, whereas acapsular mutants are not”. Purified high-
molecular-weight polysaccharides®'? have been obtained from the four recognized
serotypes'®, A through D, of C. neoformans, and from the newly defined A-D
serotype’?. These are related, nonidentical, O-acetylated polysaccharides composed
of glucuronic acid, xylose, and manose® 2. Structural models based on chemical
methods suggest that the polysaccharides are composed of a linear backbone of
o-(1-+3)-linked p-mannopyranosyl residues (Manp) with O-xylopyranosyl (Xylp),
O-glucopyranosyluronic acid {(GlcpA), and O-acetyl substituents®'%2. The poly-
saccharides from serotypes A, D3 1012 and A-D'* have GlcpA and Xylp substi-
tuents attached through glycosidic linkages to O-2 atoms of the mannan backbone,
whereas those from serotypes B and C%7-? are similarly substituted at O-4, as well as
0O-2, atoms of the mannan. The anomeric configurations of the backbone and the
glycosyl substituents are based on results of chromium trioxide oxidation, enzymic
digestion with 3-p-glucosiduronase, and optical-rotation analysis of derived oligo-
saccharides®. For reviews, see Bhattacharjee et al. 15 and Reiss er al.'S.

The exact disposition of the side-chain residues along the mannan backbone
has not been determined, because methylation analysis does not reveal these details
nor permit differentiation among block, random, or strictly repeating structural
sequences. Therefore, the previously published depictions of C. neoformans poly-
saccharides must be considered to be equally representative models. The purpose of
the present study was to continue the detailed structure clucidation of these
polymers through application of *3C-n.m.r. spectroscopy'’. Previously, the only
application extant was to serotype A polysaccharide, which consists of a complex
sp=ctrum published with an interpretation extended only to location of some of the
O-acetyl groups on O-6 atoms of the mannan'?. We now report the results of a
13C-n.m.r.-spectral study of a series of structurally related polysaccharides obtained
by physical and chemical modifications of a native polysaccharide of C. neoformans
serotype A-variant. The n.m.r. data provide new evidence for the detailed, structural
specification of this native polysaccharide.

EXPERIMENTAL

BC.N.m.r. spectroscopy. — The *C-n.m.r. spectra were recorded with a JEOL-
GX270 n.m.r. spectrometer operated at 67.80 MHz and equipped with a 5-mm,
'H-'3C dual probe. The spectra were recorded at 70° by using the pulsed, fast
Fourier-transform method. The deuterium resonance of the solvent, a buffer (pD
7.2) of sodium phosphate in deuterium oxide or dimethyl-ds sulfoxide (Me; SO-dg),
served as internal lock. The spectra were 16.025 kHz wide, and were collected with
32-k data points and by use of a 45° pulse repeated at intervals of 2.02 s. Fourier
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transformations were executed with a 0.77-Hz broadening factor and zero-filling.
The resulting, digital resolution in the 64-k data point frequency domain spectrum
was 245 mHz or 0.0036 p.p.m. Proton-decoupled spectra were determined by
application of a 3-kHz noise band at 270.05 MHz with an offset frequency at
118.333 kHz. Chemical shifts of the polysaccharides in D,O sclutions were meas-
ured relative to external sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS)
taken as 0.00 p.p.m. In order to relate polysaccharide chemical-shifts to literature
values, the *C-chemical shifts of a mixture of methyl a-D-mannopyranoside (80
mg), methyl 8-D-xylopyranoside (100 mg), and 1,4-dioxane (7 mg) in dilute buffered
D,0 (0.50 mL) were measured relative to internal DSS (30 mg) from 30 to 90° in 10°
increments. Under these conditions, the 1,4-dioxane chemical shift was found to be
essentially constant at 68.904 + 0.008 p.p.m. Chemical shifts of the polysaccharides
in Me,SO-d, solutions were measured relative to the solvent resonance of 39.60
p.p.m. Carbon-hydrogen coupling constants were determined with gated de-
coupling providing raetention of the nuclear Overhauser effect (n.O.e.), or some-
times without any form of proton-decoupling. The typical n.m.r. sample contained
50 mg of polysaccharide in 0.5 mL of buffered, 99.8 atom% deuterium oxide
(Aldrich Chemical Co).

Native and modified glucuronoxylomannans (Scheme 1, steps a through g,
and related polysaccharide derivatives. — (a) O-Acetylglucuronoxylomannan
(GXM). Extracellular polysaccharides were recovered from filtrates of 96-h cultures
of Cryptococcus neoformans (CDC B2550) serotype A-variant grown on chemically
defined medium as previously described'®. The culture, Cryptococcus neoformans
371A, was received from Dr. K. J. Kwong-Chung, National Institutes of Health, in
1977, and has been maintained in lyophilized form. In 1982, the isolation of both A
and D clones from the original NIH culture was reported'2. The culture, maintained
at the Centers for Disease Control as CDC B2550, was cloned when originally re-
ceived from NIH, and periodically checked by immunofluorescence'® to verify that
it was serotype A. In 1985, the isolate was resubmitted to the NIH laboratory, where
the serotype was confirmed as A. No D clones have been observed in this culture,
but the monosaccharide ratios of CDC B2550 capsular polysaccharide are different
from the ratios published by the NIH group for their typical A serotype and for the
variants they reported within NIH-371A. Therefore, CDC B2550 is referred to as
serotype A-variant. The major viscous GXM was separated from other hetero-
polysaccharides by selective precipitation with hexadecyltrimethylammonium
bromide’5,

(b) Xylomannan (XM) by specific removal of glucuronic acid®®! from GXM.
GXM (145 mg, dried over P,Os at 65°) was dissolved in ethylenediamine (20 mL,
dried over CaH,); when the majority of the polysaccharide had disolved (30 min of
stirring), small pieces of lithium metal were added until a blue color persisted, an
inert atmosphere (a positive pressure of argon) being used to prevent quenching.
The mixture was stirred for 1-2 h at 20° with occasional additions of Li, as needed,
to preserve the blue color. The reaction was terminated by adding sufficient dry
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Scheme 1. Chemical derivation and relationships of polysaccharides prepared from the native
O-acetylglucuronoxylomannan isolated from the growth medium of Cryptococcus neoformans
serotype A-variant. The letters given with the arrows are keyed to lettered sections of the
Experimental and Results sections, where appropriate literature references are provided. Defini-
tions of acronyms: DGXM, O-deacetylated glucuronoxylomannan; DGXMS, O-deacetylated glu-
curonoxylomannan sonicated; DPM, O-deacetylated polyalcoholmannan; DRGXM, O-deacetyl-
ated reduced glucuronoxylomannan; DRGXMS, O-deacetylated reduced glucuronoxylomannan
sonicated; GXM, native O-acetylglucuronoxylomannan; GXMS, O-acetylglucuronoxylomannan
sonicated; M;, mannan precipitated from aqueous solution; M;, mannan recovered from superna-
tant aqueous solution; PAHGXMS, partial acid-catalyzed hydrolyzate from glucuronoxyloman-
nan sonicated; RGXM, reduced glucuronoxylomannan; RGXMS, reduced glucuronoxylomannan
sonicated; sonic., sonication; XM, xylomannan.

methanol to dispel the blue color, and the residual ethylenediamine was removed in
vacuo over concentrated sulfuric acid. The yellow powder was dissolved in H,O (20
mL), and the pH was immediately adjusted to 7 with concentrated HCl. The
solution was dialyzed exhaustively versus de-ionized water [Spectrapore 3 dialysis
tubing, molecular-weight cutoff (m.w.c.0.) 3500), and lyophilized (yield, 55 mg;
38%).

(¢) Mannan (M; and M) by Smith degradation of the xylomannan (XM)*?.
XM (77 mg) was disolved in 77 mL of 0.04Mm NalO,4 and kept for 96 h at 4° in the
dark. Ethylene glycol (0.154 g) was added, and after 1 h NaBH, (0.288 g); the
mixture was kept in a refrigerator for 24 h and the pH then adjusted to 5 with acetic
acid. The soluble polyalcohol was recovered by lyophilization after exhaustive dia-
lysis (yield, 55 mg; 71%). The polyalcohol was disolved in 0.1M HC] (2.5 mL) and
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the solution kept overnight at 37°. The fine, white precipitate that formed was
removed by centrifugation for 5 min at 1000g, washed successively with cold water
(2x2 mlL), 95% ethanol (2 X2 mL), 100% ethanol (2 mL), and ether, and dried in
vacuo (yield, 10.6 mg of M;; 20% based on 77 mg of XM). The supernatant liquor
and washings were combined, exhaustively dialyzed (Spectrapore 6, m.w.c.o0. 1000)
versus de-ionized water, and lyophilized (yield, 19.8 mg of M;; 26% based on 77 mg
of XM.

(d) Polyalcohol (PM). The procedure used to generate the polyalcohol deriva-
tive of GXM was similar to that used to prepare M in (c). However, in this case, the
NaBH, reduction was conducted under pH control {see #), in order to retain the
O-acetyl substituent, and the acid hydrolysis was eliminated entirely.

(e) O-Deacetylated polysaccharides (DPM, DGXM, DGXMS, DRGXM, and
DRGSMX). Polysaccharide (PM, or other precursor polysaccharide) was dissolved
in water (2 mg/mL) and the pH adjusted to 11 with concentrated NH,OH. After 1 h
at room temperature, the O-deacetylated polysaccharide was recovered by lyophili-
zation.

() Sonicated GXM (GXMS). GXM (200 mg in 75 mL of de-ionized water) was
sonicated for 15 min at 10° at a power setting of 8 and a 40% pulse (Cell Disruptor,
Heat Systems Ultrasonics, Inc., Model W225R). The rate of heat transfer from the
sample vessel to the surrounding cooling medium was not sufficient to maintain the
initial temperature of 10° of the polysaccharide solution, but the temperature was
not permitted to rise above 20° during the experiment.

(g) Partial acid hydrolyzate of GXMS (PAHGXMS). Following purification
by gel filtration, GXMS was dissolved in 0.5M trifluoroacetic acid (100 mg in 10 mL)
and heated for 30 min at 100°. The pH of the hydrolyzate was adjusted to 6, and the
sample was recovered by lyophilization after dialysis (Spectrapore 6, m.w.c.o. 1000)
versus de-ionized water (yield 75 mg, 75%). Any remaining O-acetyl groups were
removed as in (e), and the lyophilized product was used without additional puri-
fication.

(k) Reduced polysaccharides (RGXM and RGXMS)*®. The percursor poly-
saccharide (e.g., GXMS) (100 mg) was dissolved in water (20 mL), and the pH
adjusted to 4.7. 3-(3-Dimethylaminopropyl)-1-ethylcarbodiimide-HCl (77 mg) was
slowly added during 1 h with stirring, while the pH was maintained between 4.7 and
5.0 by adding 0.05M HCl as needed. After additional stirring for 1 h, NaBH, (1.4 g)
was added in small portions, keeping the pH between 7 and 8 by the dropwise
addition of 4M HCI. In some instances, a few drops of octanol were needed in order
to inhibit foaming. The reaction was permitted to proceed for 1 h with continued
adjustment in pH as needed. The pH was adjusted to 6.5, and the reduced poly-
saccharide recovered by lyophilization after exhaustive dialysis versus de-ionized
water (vield, 81 mg, 81%).

Gel filtration. — Xylomannan (144 mg) was dissolved in 0.05M 2-amino-2-
(hydroxymethyl)-1,3-propanediol-0.1M NaCl (10 mL) buffer, pH 7.6, and the
solution applied to a column (90 X 2.5 cm) of Sephacryl S-200 (Pharmacia) equili-
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brated with the same buffer. The flow was 27 mL/h, the eluate was continuously
monitored at 206 nm, and individual fractions were analyzed with phenol-suifuric
acid®*. The column was calibrated with standard proteins with a molecular-weight
range of 13,700 to 67,000 (Pharmacia, Gel Filtration Calibration Kit). The appro-
priate carbohydrate-containing fractions were combined, dialyzed versus de-ionized
water, and lyophilized.

Other polysaccharides (e.g., GXMS or its derivatives) were chromatographed
as just described, except that Sepharose CL-6B (Pharmacia) was used instead of
Sephacryl S-200. Standard proteins with a range of molecular weight of 158,000 to
669,000 (Pharmacia, Gel Filtration Calibration Kit) were used to calibrate the
Sepharose CL-6B column.

Analytical methods. - Neutral carbohydrate was detected by the phenol-sul-
furic acid method?®. Glucuronic acid was determined by the m-hydroxydiphenyl
reaction®>. The constituent monosaccharides were identified and quantitated by
methods previously described!®2é, Polysaccharide was hydrolyzed with 2m tri-
fluoroacetic acid; timed aliquots were removed, the acid was removed by extraction
with moist ether (5 X 3 mL), and each monosaccharide concentration was extra-
polated to zero time.

RESULTS

Polysaccharides. — Scheme 1 summarizes the origins of the various poly-
saccharides examined in this study and the definitions of their acronyms.

(@) Glucuronoxylomannan. — An O-acetylglucuronoxylomannan (GXM) was
isolated from the extracellular polysaccharides and other components of the me-
dium in a growth of C. neoformans (see Scheme 1, procedure a) as described pre-
viously!®. Chemical and g.l.c. analyses revealed GXM to contain mannose, xylose,
glucuronic acid, and O-acetyl groups in the molar ratios of ~ 10:4:3:6. No other
chemical constituents were observed.

(b) Xylomannan. — A xylomannan (XM) was obtained by treatment of GXM
with Li in ethylenediamine (Scheme 1, procedure b)®***2!, The recovery of XM lay
between 40 and 50%, based on GXM as starting material. The XM isolated was
confirmed to be 90% depleted in GlcA when compared to native GXM by both
colorimetric analysis and *C-n.m.r. spectroscopy. The molar ratio of mannose to
xylose for XM was found by g.l.c. to be ~ 5:2. Elution of XM from a column of
Sephacryl S-200 occurred in a single symmetrical peak. The peak width at half
height was slightly greater than that observed for chymotrypsinogen; this suggests
low polydispersity. The elution volume indicated that XM had an apparent mole-
cular weight of 35,000.

(¢) Mannan. — Smith degradation of XM (Scheme 1, procedure ¢) yielded a
polysaccharide (M) which was composed only of mannose, as determined by g.l.c.
Separation of M into two fractions of different water-solubility occurred during the
mild acid-catalyzed hydrolysis. Both fractions were soluble in Me,SO-dg, which
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Fig. 1. Proton-decoupled *C-n.m.r. spectra of polysaccharides derived from GXM of C. neofor-

mans serotype A-variant. Key: (a) Xylomannan, XM; (b) sonicated GXM, GXMS; (c) O-deacetyl-
ated GXMS, DGXMS.

105

facilitated the determination of their essentially identical *C-n.m.r. spectra.

(d) Polyaicohol. - Native GXM was subjected to oxidation with NalQ,,
followed by reduction with NaBH, at neutral pH (Scheme 1, procedure d), to give a
polysaccharide (PM) that was water-soluble and contained O-acetyl and polyalcohol
substituents, as evidenced by the 3C-n.m.r. spectrum (see Fig. 3a).

(e) O-Deacetylation. — The O-acetyl groups were removed from PM, GXMS,
and RGXMS (see f) by treatment with NH,OH (Scheme 1, procedure €). This resul-
ted in an O-deacetylated, water-soluble polysaccharide (DPM) from PM. Corre-
sponding O-deacetylated polysaccharides DGXMS and DRGXMS were respectively
formed from GXMS and RGXMS. Although O-acetyl groups were essentially com-
pletely removed, '*C-n.m.r. spectroscopy indicated that the other structural residues
were retained as side chains (see Figs. 1c, 2¢, and 3b). For example, as indicated by
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g.l.c. analysis, DRGXMS contained only Man, Xyl, and Glc in the expected ratios
of ~5:2:1.

() Sonication. — A dilute aqueous solution of native GXM was subjected to
ultrasonic irradiation to produce an approximately tenfold diminution in solution
viscosity (GXMS; Scheme 1, procedure f).

(g) Partial acid hydrolysis. — Partial acid hydrolysis of GXMS produced no
obvious physical changes (PAHGXMS; Scheme 1, procedure g).

(h) Reduction of GXMS. The reduction of the carboxylic acid groups of
GlcpA to hydroxymethyl groups was achieved as shown in Scheme 1, procedure h.
A single treatment was not sufficient to convert all of the glucuronic acid into glu-
cose; the reaction was repeated three times to acheive complete reduction. Although
the reduction was conducted under pH control, partial loss of O-acetyl substituents
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Fig. 2. Proton-decoupled '*C-n.m.r. spectra of polysaccharides derived from GXM of C. neofor-
mans serotype A-variant. Key: (a) Partial acid hydrolyzate of GXMS, PAHGXMS; (b) reduced
GXMS, RGXMS; (c) O-deacetylated RGXMS, DRGXMS.
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Fig. 3. Proton-decoupled, *C-n.m.r. spectra of polysaccharides derived from GXM of C. neafor-
mans serotype A-variant. Key: (a) Polyalcoholmannan, PM; (b) O-deacetylated PM, DPM.

was observed by *C-n.m.r. spectroscopy.

BC.N.m.r. spectra — Figs. 1-3 show the *C-n.m.r. spectra of some of the
polysaccharides in Scheme 1. Tables I through III give the chemical shifts and se-
lected C-H coupling cqnstants for the polysaccharides, and for related reference
saccharides.

Table I contains the '*C-n.m.r. data observed for M; and M, in Me,SO-d,, and
XM in D,O (lines 3, 4, and 9, respectively). Similar comparative data observed for
methyl a-D-mannopyranoside (Me a-Manp) in both DO and Me,SO-dg and for
methyl 8-D-xylopyranoside (Me 8-Xylp) in D,O are also included (lines 1, 2, and 10,
respectively), as are literature and calculated values for two previously reported
mannopyranans (lines 5-8).

Mannan M, was not sufficiently soluble in D,O for an efficient determination
of its 3C-n.m.r. spectrum. Consequently, the spectra of both M; and M; were de-
termined in Me,SO-dg and the chemical-shift values were recorded relative to the
solvent resonance at 39.60 p.p.m. (Table I, lines 3 and 4, respectively). Both spectra
revealed six well resolved signals of nearly equal intensities, with no evidence of
additional minor signals. In Table I, lines 5 and 7 give data from the literature for
comparable species. The values shown for MH in line 7 were derived from those
reported by Hara ef a/.2” by addition of 1.5 p.p.m. to the literature values in order to
adjust them to the DSS reference.

The *C-n.m.r. data for XM (see Table I, line 9, and Fig. 1a) were determined
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TABLE 11

'3C-N.M.R. DATA FOR SIDE-CHAIN GROUPS OF GXM DERIVATIVES AND FOR REFERENCE SACCHARIDES

Saccharide and residue Chemical shifts in p.p.m.?

C-1 C-2 c3 C-4 C-5 C=0 CH;

la Me 8-Xylp? B-Xylp 10635 75.29 78.18 71.66 67.48 59.31
b XM 105.46 75.28 78.17 71.83  67.66

¢ PAHGXMS 105.54 75.30 78.19 71.87 67.70

d DGXMS 105.55 75.32 7821 71.87 67.72

e DRGXMS 105.56 75.37 7824 7191  67.73

f GXMS 105.57 75.32 7824 71.87 67.72

g RGXMS 105.58 75.37 7824 71.88  67.72

2a Me B-GlcpA~ B-GlcpA 105.8 75.3 78.0 73.8 77.1 179.1  60.0
b p-NO,Ph 8-GlcpA 102.31 75.34 78.02 74.26 78.74 177.45

¢ XM 104.83 75.13 7797 74.16 79.29 177.45

d PAHGXMS 105.01 75.18 78.00 7421 79.30 177.54

e DGXMS 104.98 75.14 7794 74.11  79.21 176.80

f DRGXMS 104.96 — 77.94 7422 — —

g GXMS 104.96 75.32¢ 7787 74.05 79.28 —

k RGXMS 104,92 — — 7422 — 177.55

3a Me B-Glcp© B8-Glcp? 105.5 75.6 78.3 72.1 78.3 59.6
b RGXMS 104.51 75.37° 78.64 72.08 78.64

¢ DRGXMS 104.547 75.379 78.65 72.04  78.65

4a GXMS O-Acetyl 176.12  23.00
b RGXMS 176.28 23.10
¢ PM 176.11 22.89

“Relative to external sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) unless otherwise indica-
ted. In some polysaccharides, the levels of some side-chain groups were very small, as were the
correspending signals. ®Relative to internal DSS. “Values from reference 41 were adjusted to the
DSS reference by addition of 1.5. “Composite signal with a 8-Xylp resonance. ¢C-6 chemical shifts
for: 3a, 63.3; 3b, 63.33; 3¢, 63.25. /Composite signal with an a-Manp resonance.

for solutions in D,0, and the chemical shifts were measured relative to external DSS.
There was no evidence of the presence of methyl signals in the upfield 20-p.p.m.
region of the spectrum of XM that might be attributed to O-acetyl groups (not
shown). In addition to the chemical-shift values given in Table I, line 9, other minor
signals, having intensities < 13% of that of the most intense signal (at 63.62 p.p.m.),
were observed, but are not presented in Table I; some of them are shown in Fig. la.
Three minor signals were observed, at 177.45 (not shown), 96.39, and 95.89 p.p.m.,
with respective intensities of ~7, 11, and 8% of that of the signal at 63.62 p.p.m.
Tables 11 and III show the relationship between the resonances observed for XM and
the other GXM derivatives. Data for reference compounds, side-chain groups, and

mannosyl residues of the various compounds identified in Scheme 1 are given in the
Tables.
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TABLE Il

13C.N.M.R. DATA FOR 0-MANNOPYRANOSYL MOIETIES OF GXM DERIVATIVES

125

Saccharide Chemical shift in p.p.m.? of carbon atoms in designated Man units
1 C-1 of units that are
Unsubstituted 2-0-Glycosylated with
B-Xyl  B-Glc  B-GicA
a XM 104.46 104.32 102.43
b PAHGXMS 104.49 10440 104.12 103.29 102.44 102.17
¢ DGXMS 104.45 103.55 103.27 102.41 102.17
d DRGXMS 104.35 103.80 103.27% 102.51 102.31
e GXMS 104.36 102.56 102.16
f RGXMS 104.51 104.37 103.86 102.56 102.31
g PM* 104.43 104.31 104.17 102.52
h DPM° 104.51 104.32  103.93 102.52
2 C-2 of unsubstituted units
a XM 73.007 72.59° 72.18
b PAHGXMS 72.97° 72.34
¢ DGXMS 72.53% 72.36
d DRGXMS 72.982 72.36
e GXMS 72.90?  72.81° 72.25
f RGXMS 72.40 72.36
g PM 72.59° 72.21 72.06
h DPM 72.19 72.08
3 C-3 and C-2 of 2-O-glycosylated units®
a XM 81.21 80.97 80.69 80.47 80.31 79.72 78.39
b PAHGXMS 81.25 80.97 80.59 79.77 78.69
¢ DGXMS 81.27 80.57 79.79  78.95
d DRGXMS 81.24  81.01 80.34 79.64 78.95
e GXMS 80.37 78.71-78.60
f RGXMS 81.27 81.0 80.46 80.30
4 C-4 of units that are
2-0-Glycosylated Unsubstituted
a XM 69.51° 69.13 68.71  68.57
b PAHGXMS 69.70 69.19 68.95 68.82 68.69
¢ DGXMS 69.60 68.90 68.71
d DRGXMS 69.72° 69.26  69.12 68.79  68.46
e GXMS 69.96° 69.70° 69.49° 69.05 68.90 68.81
f RGXMS 69.81% 69.48 69.28 69.07 63.78  68.40°
g PM3 69.63 68.73
h DPM 69.66 68.73
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TABLE 11l continued
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5 C-5 of units that are
Unsubstituted 6-O-Acetylated
a XM 76.15 76.01 75.89
b PAHGXMS 75.99 75.87
¢ DGXMS 75.88
d DRGXMS 75.92
e GXMS 75.97 73.41
f RGXMS 75.96 73.46
g PM 76.27 76.02 73.58
h DPM 76.22 76.02
6 C-6 of units that are
6-Q-Acetylated Unsubstituted 2-O-Substituted Others
a XM 63.62 63.24 62.44
b PAHGXMS 63.17 63.56 63.18
¢ DGXMS 63.72 63.20 62.19
d DRGXMS 63.75 63.25
e GXMS 66.12 63.64 63.22 62.22,62.09
f RGXMS 66.18 63.73 63.22
g PM° 66.32-66.21 63.63 63.32
g DPM° 63.62 63.46 63.35

“Relative to external sodium 4,4-dimethyl-4-silapentane-1-sulfonate taken as 0.00. ®Signals with
low relative intensity, for minor components. “C-1 resonance of Xyl group, 105.2. “The resonance
not listed at ~79.3 for XM, PAHGXMS, and DGXM is due to C-5 of GlcA and that at ~ 78.6 for
DRGXMS and RGXMS is due to C-3 and/or C-5 of Glc (see Table II, lines 2¢c-¢e and 3b,c. “Other,
unassigned resonances for: 6g, 64.73, 65.15, 67.22; 6h, 63.46, 64.73.

DISCUSSION

Correlations of '>C-n.m.r. chemical shifts of mannosyl residues with structu-
ral features in mannans were studied by Gorin?®?°, with emphasis on the anomeric
region of the spectrum (90-110 p.p.m.). Allerhand and Berman®® extended these
studies to the entire spectrum. The results are useful for calculating chemical shifts
of model structures of complex carbohydrates. In this study, the base '3C chemical-
shift values of Allerhand and Berman3? were adjusted to the DSS reference by the
addition of 1.04 p.p.m. Mannosylation shifts*® for changes in *C chemical-shifts
upon a-D-mannosylation of a-b-mannopyranosyl residues were employed without
change.

Structure of the Mannan (M). — The spectra for M; and M, were essentially
identical; thus, they are not significantly different structures, but rather M; was the
residue from a saturated aqueous solution of M,. The appearance of only six dis-
crete signals showed that M is a homopolymer having all of its mannosyl residues
identically linked (see Table 1, lines 3a and 4a). Comparison of the coupling con-
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stants of the signals in the anomeric-carbon region of the spectra of the two mannan
fractions with that of Me a-Manp unequivocally established the configuration of the
anomeric centers of M to be o (see Table I, lines 1-4; Jcy values for C-1). The
chemical shifts assigned here for the fractions of M are virtually identical to those
reported by Kong and Schuerch?! for a synthetic, stereoregular (1—3)-a-D-manno-
pyranan {(see Table I, line 5). The also agree with calculated values (see Table I, line
6) as described later.

The method of Allerhand and Berman® was adapted for use with Me,SO-dg
as the solvent; carbon chemical shifts observed for Me a-Manp in Me,SO-dg (see
Table I, line 2) were used as base values, rather than those recommended in Table VI
of ref. 30 for D,O solutions. The 3-O-a-mannosylation chemical shift changes from
Table V of ref. 30 were used. The calculated chemical-shifts for a structure consti-
tuted only of o-(1—3)-Manp linkages are given in Table I, line 6. The differences
between the observed and calculated values are also given (see Table I, lines 6b and
¢). Other than values for the anomeric center, which in mannosyl residues is known
to be sensitive to substituent effects, the largest differential is for C-4. The chemical
shift for this carbon atom may exhibit solvent effects due to differences in rotamer
population of the CH,OH group in Me,SO-d¢ and D0, or in H-bonding properties
of the nonsubstituted OH-4 group that may parallel the differences in solubility
observed for M in water versus Me,SO-ds.

The spectrum of the mannan in aqueous solution is not available due to low
solubility in water. Hara et al.*" isolated a water-soluble 6-O-acetylated (1-—3)-a:-D-
mannopyranan (MH) from the fruit bodies of Dictyophora indusiata Fisch. The
structure found for MH is the same as that of the synthetic homopolymer®' mentio-
ned, except that, in MH, O-acetyl groups are linked to O-6 of the backbone and
occur on about one of every two Manp residues. The chemical shifts for nonacetyl-
ated and acetylated Manp residues of MH are given in Table I, line 7, as MH
Manp-d and Manp-e, respectively. Also given, as MH Manp-a (Calc.) (Table I, line
8a), are values calculated for D,O solutions by the method of Allerhand and Ber-
man®°. The differentials between the calculated and observed values (Table I, line
8b) indicate better applicability of the calculations for aqueous than for Me;SO-ds
solutions. The O-deacetylation of MH gave a water-insoluble mannan®’. The related
synthetic mannopyranan®! was also water-insoluble, as was M. These solubility
factors resulted in the use of different solvents in the spectral determinations of
these mannans and complicate comparison of their chemical shifts. Nevertheless,
there is good agreement among the n.m.r. data and good agreement between the
experimental data and the calculated values (see Table I, lines 3-8). This suggests
that all three polysaccharides are (1—3)-c-D-mannopyranans, except for the fre-
guent presence of 6-O-acetyl substituents in MH. This must also represent the back-
bone mannan structure of GXM as well as of XM and other GXM derivatives
reported herein and probably accounts for the primary, if not exclusive, role of Man
in GXM. Although present data do not unequivocally exclude other minor structu-
ral roles of Man, the data supporting the structure of XM also justify this conclu-
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sion (see later).

Conformational constraints in the mannopyranan. — The (1—3)-a-pD-manno-
pyranan is considerably less soluble in water than are either the partially 6-O-acetyl-
ated analog?’ or the partially 2-O-xylosylated analog (see XM in Scheme 1) discus-
sed later; therefore, questions arise regarding whether conformational properties
might contribute to these differences. Ealing CPK models (The Ealing Corporation)
for the mannopyran constructed with exclusive *C; (D) conformations for all of the
Manp residues suggest that there may be two or more minimal-energy conformations
for the polysaccharide. These conformations differ through simple rotations around
the connecting glycosidic bonds, through variations in the dihedral angles ¢ at H
1'-C-1'-0-3-C-3 and ¢ at C-1'-0-3-C-3-H-3 (ref. 32), as identified in 1. The in-
solubility of the mannopyranan necessitated an indirect approach to the experimen-
tal study of its conformations by Ogawa et al.”>. These workers reported X-ray
diffraction results for a physically modified (1—3)-o-D-mannan dihydrate film from
a partially O-acetylated mannan maintained as a film in the solid state during
chemical modification. The geometry at the anomeric centers was found to be
similar to that for the a-p-Manp(1-—3)-a-pD-Manp moiety in a trisaccharide measu-
red by X-ray diffraction of crystalline material®*.

Because there are no definitive experimental conformational data on the
mannopyranan, and as one of the anomeric orientations indicated by CPK models
was not included in the potential energy map of (1—3)-a-mannobiose by Brisson and
Carver®>, a new map has been calculated. The atomic coordinates of the manno-
biosyl moiety from the X-ray crystal data for the trisaccharide mentioned®* were
used as a beginning approximation of the geometry of O-a-p-mannopyranosyl-
(1—3)-a-p-mannopyranose. The molecular mechanics program MM2 (ref. 3b) was
vsed without restriction of atomic positions to minimize the potential energy for the
free structure of the biose at a variety of values for the dihedral angles ¢ and y. The
starting values were chosen in pairs along a line having a slope of ~45° on the
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anticipated contour map (¢ = ¥ + 50°, where a dihedral angle of 0° represents an
eclipsed, cisoid orientation for the first and fourth atoms of the dihedral angle of
concern, and where a positive dihedral angle would require a clockwise rotation
about the central bond to restore the dihedral angle to the cis orientation). At each
minimum, a pair of rigid-rotor approximations (for ¢ and ¥, 360° rotations each)
was made, and the potential energies were recorded at torsion-angle increments of
1° or 5°, with smaller increments employed near the geometry yielding the minimi-
zed potential-energy value. Construction of a preliminary contour map from these
data revealed three unique areas of anomeric orientation with similar potential-
energy minima. Each area was investigated in finer detail by varying the starting
values of the angles further, and by examining alternative orientations of the
peripheral C-O-H and C-5-C-6 moieties in search of the lowest potential-energy
value. This permitted refinement of the contour map as shown in Fig. 4.
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Fig. 4. Calculated potential-energy contour-surface for O-a-p-mannopyranosyl-(1—3)-a-p-man-
nopyranose, showing variations in the glycosidic orientation as determined by the dihedral angles
(¢ and V) and as evaluated by the molecular mechanics program MM2. The relative energy values
of the minima and contour lines are;: @, I, 0.0 kJ.mol~!; ¥, II, 11.5 kJ.mol~'; M, III, 22.2
kJ.mol~!; --:-, 14.6 kJ.mol~}; -.-., 27.2 kJ.mol !} --—, 52.3 kJ.mol !; and —, 69.0 kJ.mol ',
Values of ® and y outside the solid line contour were associated with orientations calculated to be
of potential energies much higher than 69.0 kJ.mol~!.
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The estimated values of the relative potential energies for the three minima
shownasI(¢p = —36, ¢ = 51°), 11 (¢p = —49°, ¢y = —16°),and Il (¢p = —22°, ¥
= - 168°) in Fig. 4 are: 0, 12, and 22 kJ.mol !, respectively. Interconversion of
the structure between minima I and II is not impeded by torsion barriers of
significant magnitude. The relative potential-energy value of 14 kJ.mol ™' was
computed for transition through the valley separating I from II on the contour map.
A large area on the contour map near minima I and Il is relatively unchanged in
potential energy; various similar anomeric orientations are feasible near the geo-
metries of I and II. Conversion of the structure from minimum I or II into III is
impeded by a torsion barrier of greater significance. These barriers for I into 111 or
II into LI through the elevated energy valleys shown in Fig. 4 are ~57 kJ.mol ',
Previous data®’ similar to that in Fig. 4 included two minima similar to I and II and
their feasible interconversion, but with reversed potential energies, and no
indication of the existence of minimum III.

Although in its present use MM2 was not refined for any special analysis of
hydrogen-bonding effects, the detailed geometries calculated for the mannobiose in
minima I and III both suggest that intramolecular hydrogen-bonding is feasible,
namely, OH-6'---0O-2 for minimum ] and OH-6'---0O-4, for minimum IIl. The
calculated internuclear distances for minimum I were: 0-6'---0-2, 32.0 nm; OH-
6'---0-2, 23.9 nm. The analogous values for minimum III were: O-6'---O-4, 33.0
nm; OH-6'---0-4, 26.4 nm. Each of these orientations could be further stabilized
beyond the MM2 calculation through hydrogen bonding.

Were the orientation of the mannobiose in each of the minima adopted in a
repeating unit in the mannopyranan chain, with inter-residue H-bonding when
indicated, three distinctly different minimal-energy conformations would result.

{. The mannopyranan conformation thus indicated by minimum II would be
that of a twofold helical structure, probably much like that found in the X-ray
study®?, but, according to the MM2 calculations, this conformation would be very
flexible and perhaps be able to assume other conformations, including the new
minimal-energy conformation related to minimum 1.

2. The second mannopyranan conformation having the minimum I manno-
biose as a repeating unit would be a left-handed, threefold helical structure with
each OH-6'---0O-2 H-bond intact. A CPK model of this conformation suggests that
it is a rigid rod-like structure, and that parallel strands could be easily packed
together (see Fig. 5, left). This model is especially attractive, because the presence of
either 6-O-acetyl or 2-O-xylopyranosyl groups would disrupt the OH-6'---0-2 H-
bonding, would lessen the ability for packing of parallel strands, and would produce
increased solubility in water, as is observed for these derivatives.

3. The third mannopyranan conformation related to minimum III would be a
right-handed helical structure, but with a much more gentle twist around the helical
axis than in 2 and with all of the O-2 atoms located on the (shorter) inside edge of
the molecular ribbon and oriented toward the helical axis (see Fig. 5, right). This
conformation does not appear to be a realistic possibility for the mannopyranan,
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Fig. 5. CPK models of two theoretical minimal-energy conformations of (1-—»3)-a-D-mannopyra-
nan, each with 12 Manp residues. The reducing termini are at the top of the photograph. Left, the
conformation based upon the energy minimum I of Fig. 4, a rigid left-handed helical structure with
a vertical threefold helical axis, showing two ridges of OH-6'---O-2 H-bonding along the
outermost edges. A third identical ridge exists out of view on the back side of the model. Right, the
conformation based upon the energy minimum III of Fig. 4, a flexible right-handed helical
structure showing OH-6'---0-4 H-bonding in the foreground at the bottom of the structure and
continuing upward along the outermost edge of the helical ribbon out of view on the back side of
the middle section but reappearing in the foreground at the top of the model.

because of the higher relative potential-energy value associated with minimum III,
and because of the barrier heights separating minima I or II from III. However, the
presence of 8-p-xylopyranosyl groups linked to O-2 atoms on the mannopyranan
would appreciably alter the energetics of the polymer and might cause this confor-
mation to be more feasible.

Structure of the xylomannan (XM). — Because XM was the precursor of M
(see Scheme I, procedure c), it may be assumed that the primary structural role of
the mannosyl residues is the same in the two polysaccharides. Additional Manp roles
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in XM are excluded for more than a small percentage of the mannose. The !3C-
n.m.r. spectrum (see Fig. 1a) of XM exhibits a signal of low intensity at ~73.1
p.p.m., presumably due to C-3 of a minor proportion of nonreducing o-Manp
residues (see Table I, line 1a) present in the structure of XM. The ratios of Man:Xyl
in GXM and XM were found to be essentially constant. This indicated the loss of
only GIcA substituents from the original structure, as expected from the chemical
modification used (see Scheme 1, procedure b). These facts and the spectrum of XM
(see Fig. 1a) are consistent with Structure 2, namely, a mannan backbone identical to
the structure of M, with frequent, and probably regular, occurrence of 8-Xylp
substituents attached to O-2 atoms of the backbone as discussed later.

The anomeric-carbon region of the spectrum of XM (see Fig. 1a) shows four
intense resonances and one or more minor signals. The two intense signals at
~104.4 p.p.m. compare well with the C-1 signal of MH (see Table I, line 7) and
result from C-1 resonances of Manp residues which are nonsubstituted by Xyl
groups (see Structure 2, residues Ma and Mb). The anomeric signal at 105.46 p.p.m.
is due to B-Xylp substituents because of the following. The mannosylation of
a-Manp residues discussed by Allerhand and Berman®?, and by Gorin®*??, produ-
ced downfield shifts of the C-1 resonance of Manp residues that did not exceed 0.2
p.p.m. Thus, the resonance at 105.46 p.p.m. is not due to a Manp unit. Further-
more, the C-1 resonance of Me 8-Xylp is at 106.35 p.p.m. (see Table I, line 10). An
aglycon larger than methyl would result in a smaller chemical shift for C-1 of Xylp,
as is observed at 105.46 p.p.m. Comparison of the C-H coupling constant (160 Hz)
observed for this signal (see Table I, line 9k) with that (161 Hz) of methyl 3-Xylp
(see Table I, line 10b) corroborates the S-anomeric configuration of the Xylp groups
of XM.

The XM signal at 102.44 p.p.m. (see Table I, line 9¢) is due to C-1 of an
a-Manp backbone residue (Jcoy 171 Hz) substituted at O-2 with a 8-Xylp group. The
chemical shift of this signal is 2 p.p.m. upfield from the signal of the nonsubstituted
Manp residues. This upfield shift is appropriate for C-1 of a-Manp residues with
2-O-glycosyl substituents®®3®. Therefore, the majority of the 8-Xylp substituents are
attached to O-2 atoms of the mannan backbone in the structure of XM.

The minor anomeric signal, at 106.30 p.p.m., of XM (see Fig. 1a) also
appeared in the spectrum of a second sample of XM prepared in an identical
manner. This signal is due to 8-Xylp attached to O-4 atoms of the mannan back-
bone. Although evdence for such microstructure has not previously been offered for
GXM derived from serotype A strains, present GC-MS data on permethylated XM
indicate that ~9% of the Xylp groups are attached to Manp O-4 atoms.

The nonanomeric region (60-82 p.p.m.) of the spectrum of XM (Fig. 1a)
contains four signals with chemical-shift values within 0.2 p.p.m. of those for C-2
through C-5 of methyl 8-xylopyranoside (Table I, lines 9i and 10a). Three of the
signals have smaller linewidths than any others in the spectrum, as expected for Xylp
substituents with substantial motional freedom. The fourth broadened signal occurs
at 67.66 p.p.m. These four signals are assigned to 3-Xylp groups attached to O-2
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centers of the mannan backbone of XM.

There are five intense nonanomeric XM signals other than those assigned to
Xylp (Table I, line 9a). These agree with MH signals (Table I, line 7), and can be
tentatively assigned to non-xylosylated a-Manp-a and a-Manp-b residues of the
mannan backbone of XM (see structure 2 and Table I, lines 9a and 9c).

B-Xylosylation of a third of the O-2 centers of the mannan would be expected
to produce some signals from carbon atoms of the xylosylated Manp residues. The
signals would be of lower intensity than those of the 8-Xylp substituents due to the
greater motional freedom of the latter. Furthermore, their approximate location can
be anticipated from 2-O-substituent shift data for a-Manp residues®-*°. Tentative
assignments for these signals are given in Table I, line 9a, as are the observed
substituent chemical-shifts (Table I, line 9f).

An alternative assignment for C-2 of the 2-O-xylosylated Manp-c is the signal
at 78.39 p.p.m. with a xylosylation chemical-shift of only 6.2 p.p.m. However, this
is probably not a Manp signal but that of a second Xylp C-3 resonance produced by
an unexplained proximity effect, because the 3C-n.m.r. spectrum of the mannan
from Saccharomyces cerivisiae, having a variety of (1-»2)-, (1-»3)-, and (1—6)-a-
mannobiose linkages®”, exhibits no signals between 76 and 80 p.p.m. The assign-
ments for C-2 and C-3 of Manp-c, while not unequivocal, are undoubtedly due to
signals for the xylosylated Manp residues, and reversal of their assignments would
not change the conclusion that the 8-Xylp substituents are attached to Manp O-2
atoms.

There are several minor signals observable in the XM spectrum in Fig. 1la.
Most of these can be attributed to reducing and nonreducing «~-Manp residues, to a
small residual amount of §-GlcpA (Table II, line 2¢) and the 4-O-8-Xylp substi-
tuents, or to the a-Manp residues to which they are attached.

The structure of XM is represented generally by structures 2, 3, 4, or 5, where
Ma, Mb, and Mc represent a-(1—3)-linked n-Marnip residues of the backbone, and
X represents 2-O-8-D-Xylp substituents. These structures are consistent with the
molar ratio (5:2) of Man:Xyl and the *C-n.m.r. data, and indicate that there are
three unique environments for the Manp residues. Because there was no indication
from the *C-n.m.r. data that the 2-O-8-Xylp substituents occur regularly on adja-
cent Manpresidues, structures2-5indicatethattheyoccuronalternatingManpresidues
or are even farther removed from each other along the mannopyranan backbone.
Two fundamental differences exist between the structures. One is whether XM is
viewed as arising from the tetrad MaMbMc-X with missing Ma residues, as in
structures 2 and 3, or whether it is viewed as arising from the triad MbMc-X with
missing X residues generating the MaMa unit from the MbMc unit, as shown in
structures 4 and 5. The second difference is whether the M residues occur in a
regular, a block, or a random pattern. Current data do not permit detemination of
whether the Ma residues occur alone, in pairs, or in aggregates of higher order.
Thus, differentiation between these structures is not possible at present. The
BC.n.m.r. data indicate that, when a Xylp group occurs on the mannopyranan
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MaMbMcMbMcMaMbMcMbMcMaMbMcMbMcMaMbMcMbMcMaMbMcMbMcMaMbMcMbMce

R A R R A R I A

X X X X X X X X X X X X
2

MaMbMcMaMbMcMaMbMcMaMbMcMaMbMcMaMbMcMbMcMbMcMbMcMbMcMbMcMbMe

X X X X X X X x X X X X
3

MbMcMbMcMbMcMbMcMbMcMbMcMbMcMbMcMbMeMbMcMbMcMbMcMaMaMaMaMaMa

X X X X X X X X X X X X
4

MbMcMbMcMaMaMbMcMbMcMbMcMbMcMbMcMbMcMaMaMbMcMbMcMbMcMbMcMaMa
I T e e A A

X X X X X X X X X X X X
5

backbone, the chemical shifts of the Manp residue that is xylosylated (Manp-c) are
shifted, and some of the chemical shifts of the adjacent, non-xylosylated Manp
residues are also affected.

Structure of the sonicated native polysaccharide (GXMS). — High solution-
viscosity made determination of a definitive '*C-n.m.r. spectrum for GXM in D,O
at neutral pD impractical. Consequently, GXM was modified through reduction
and O-deacetylation as shown in Scheme 1.

Sonication of GXM (Scheme 1, procedure f) lessened the apparent solution-
viscosity, and improved the results. The *C-n.m.r. spectrum of GXMS (Fig. 1b)
exhibits broad signals that are difficult to assign to spéciﬁc carbon resonances, as
they frequently represent overlapping, multiple absorptions. However, the C-1
resonances of (B-Xylp substituents and «-Manp residues can be observed to be
almost unchanged from their positions in the spectrum of XM (Fig. 1a). Four signals
are also observed at virtually identical positions, and have been assigned to C-2
through C-5 of B-Xylp substituents in XM. The broadened spectral signals of
GXMS are apparently due to the high viscosity of the solution. This seems to be due
in part to the presence of the O-acetyl groups as their removal (to give DGXMS)
further improved the spectrum (Fig. 1c). A greater improvement was obtained for
PAHGXMS (Fig. 2a), through decreased viscosity that resulted from partial depoly-
merization of GXMS. The spectra of DGXMS (Fig. 1¢) and PAHGXMS (Fig. 2a)
are very similar, and exhibit more clearly resolved signals than does that of GXMS
(Fig. 1b).

The five signals attributable to the 8-Xylp substituents are easily identified in
both of the spectra (Figs. 1c and 2a), and in those of RGXMS and DRGXMS (Fig.
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2b,c). The constancy of chemical shifts for these signals, shown in Table II, lines
1b-g, and their essentially constant relative intensities seen in the various spectra,
suggest that the 8-Xylp groups bear no substituents.

Table 11, lines 2¢-h, contains tentative assignments for six signals from carbon
atoms of S-GlcpA in the various spectra. In the spectra of XM, DRGXMS, and
RGXMS, these signals were present only at low intensity and verified the incomplete
removal of GIcA in XM or incomplete conversion into Gl¢ in RGXMS and
DRGXMS. Because §-Xylp substituents are probably more labile to acid-catalyzed
hydrolysis than are $-GlcpA substituents, the ratio of Glcp to Xylp would be
expected to be greater in PAHGXMS than in DGXMS. This hypothesis, along with
data measured for p-nitrophenyl 8-p-GlcpA and reported*® for methyl 8-p-GlcpA
(Table II, lines 2a, b), were used to make the chemical-shift assignments for the
B-GlcpA substituents. The signal at 75.18 p.p.m. (Table II, line 2d) is assigned to
C-2 of GlcpA in PAHGXMS (Fig. 2a); this is unambiguous on the basis of the
relative-intensity changes observed.

Assignment of the anomeric-carbon signal of 8-GlcpA in PAHGXMS is based
on its relative intensity, its slight upfield shift on reduction (Table II, lines 2d and 3c),
and Jey. The coupling constant was estimated from the proton-coupled spectrum of
PAHGXMS (not shown) to be 163 Hz. This value suggests that the signal is due to a
B-anomeric carbon atom, probably of GlcpA. The corresponding Jcy values for the
three most upfield anomeric signals for PAHGXMS (Fig. 2a) were definitively
measured, and are appropriate for a-pyranoside units. Of these three signals (Table
I1I, line 1b), the more upfield one, at 102.17 p.p.m. (Jcu 171 Hz), was tentatively
assigned to C-1 of the a-Manp residue to which the 8-GlcpA substituent is attached.
The signal at 102.44 p.p.m. (Jcy 170 Hz) is due to C-1 of the a-Manp with
2-0-8-Xylp attached as observed in XM (Table I, line 9a). The anomeric signal of
lower intensity, at 103.29 p.p.m. (Jcy 174 Hz), is not assigned at this time (Fig. 2a).
This signal is also present in the spectrum of DGXMS (Fig. 1c and Table III, line 1c).
An analogous signal was observed at 103.86 p.p.m. in the spectrum of RGXMS, and
at 103.80 p.p.m. in the spectrum of DRGXMS (Fig. 2b,c and Table I1I, lines 14d,f).
If this signal were due to C-1 of 8-GlcpA it would shift upfield on reduction to
B-Glcp not downfield, as observed.

In addition to the chemical-shift assignment for C-1 of 8-Glcp for RGXMS
and DRGXMS, Table II (lines 3b,c) also contains tentative assignments for the other
carbon atoms of the 8-Glcp groups. These assignments are based on the spectral
changes expected from comparison of the chemical shifts of the reference methyl
and p-nitrophenyl glycosides, given in Table II (lines 2a,b and 3a), and upon the
observed changes in the spectra (¢f GXMS vs. RGXMS, Figs. 1b and 2b, and
especially DGXMS vs. DRGXMS, Figs. 1c and 2c). The most striking change
observed was the disappearance of the C=0 resonance at ~177 p.p.m. (not
shown). In the spectra of the reduced polysaccharides the corresponding signal
would coincide with the various other C-6 resonances of the Manp backbone residue
at ~63 p.p.m. A change occurred for the C-4 resonance on reduction of GlcA. The
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signal shifted upfield from ~74.2 p.p.m. for the nonreduced polysaccharides (Fig.
1b,c, 2a) to ~72.0 p.p.m. between the unchanged signals at 72.26 p.p.m. (Manp
C-2) and 71.87 p.p.m. (Xylp C-4) for RGXMS and DRGXMS (Fig. 2b,c). Reduc-
tion caused changes in the chemical shifts for the C-3 and C-5 resonances of GlcpA
that resulted in an intense signal corresponding to the C-3 and C-5 resonances of
Glcp. The separate absorptions at 77.94 and 79.21 p.p.m. for DGXMS (Fig. l¢)
were replaced by the more intense broad signal at 78.65 p.p.m. for DRGXMS (Fig.
2¢). Reduction caused a shift of the GlcpA C-2 resonance at 75.14 p.p.m. for
DGXMS, and for DRGXMS the resonance appeared as an unresolved downfield
shoulder on the 8-Xylp C-2 resonance at 75.37 p.p.m.

The signals in the spectral region of 60 to 108 p.p.m. (see Figs. 1 and 2) that
are not already assigned to the resonances of 8-GlcpA, B8-Glcp, and B-Xylp are
probably due to the backbone a-Manp. The chemical shifts for these signals are
given in Table III. Because no significant changes for the §8-Xylp and B-Glcp
resonances were observed between the various polysaccharides, these units appear to
be free from other attached substituents. The remaining lines in this region of the
spectra of DGXMS and PAHGXMS, unassigned except as for XM, must be the
result of glycosylation of Manp of the mannan backbone by the 8-GlcpA groups.

If major substitutions occurred at O-6 or O-4 of the mannan, changes would
be expected in the chemical shifts of the resonances for C-4, C-5, and C-6, but such
changes were not observed, and thus, the 8-GlcpA groups appear to be linked to
neither O-6 nor O-4 of the mannan backbone. Therefore, these groups must be
linked to O-2 atoms. Thus, the area of the nonsubstituted a-Manp C-2 resonances
(72.3 p.p.m.) is diminished relative to the respective areas of C-4 and C-6 resonances
in the spectra of DGXMS (Fig. Ic) and of PAHGXMS (Fig. 2a) when compared
with those for XM (Fig. 1a). The related C-2 resonances are in the vicinity of 79 to
82 p.p.m., where several overlapping and poorly resolved signals are seen for
DGXMS (Fig. 1c). Finally, the appearance of a second upfield anomeric carbon
resonance at 102.2 p.p.m. (Jcyx 171 Hz) for PAHGXMS and DGXMS, owing to an
a-Manp residue, is also consistent with the conclusion that the a-GlcpA groups are
attached to O-2 atoms of the mannopyranan backbone. If structures 2-5 are
representative of XM, and if GlcpA residues are attached additionally to Manp O-2
sites in PAHGXMS and DGXMS, the question of whether they are connected to the
Manp-a and/or Manp-b residues arises, but this question cannot be answered with
the present data.

The location of the O-acetyl groups can be determined by comparison of the
spectra of three pairs of polysaccharides, namely, those for GXMS and DGXMS
(Fig. 1b,c), RGXMS and DRGXMS (Fig. 2b,c), and PM and DPM (Fig. 3a,b).
Differences between the spectra of the first pair include: (/) the greatly lessened
relative area of the Manp C-6 (~63.3 p.p.m.) and C-5 (~76.0 p.p.m.) signals for
GXMS; (2) the presence of additional signals at 66.1 and 73.4 p.p.m. for GXMS
(Fig. 1b and Table III, lines Se and 6e)); and (3) the unresolved characteristics of the
80-p.p.m. spectral region for GXMS (Fig. 1b and Table I1I, line 3e). Parallels are
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seen in the other pairs of spectra. The additional signals (point 2) are prominent in
the spectrum of PM (Fig. 3a and Table III, lines 5g, 6g) and, at a lower level, in that
of RGXMS (Fig. 2b). On the basis of these data, the O-acetyl groups are linked at
0O-6 of Manp. This results in chemical-shift changes for C-6 and C-5 resonances of
the O-acetylated Manp residues consistent with those reported®® for 6-O-benzoyl-
ation of methyl «-pD-Manp. The comparison between different acyl groups is reason-
able in view of findings that a variety of acyl groups and solvents exhibit little
difference in their influence on the changes in chemical shifts accompanying acyl-
ation of «- and 8-p-Glcp species*®. Both those mannan backbone residues that are
2-O-glycosylated and those that are not are 6-O-acetylated in about the same
proportion, as deduced from the relative intensities of the two C-6 signals in the
spectra of GXMS (63.64 and 63.22 p.p.m.) and DGXMS (63.72 and 63.20 p.p.m.)
(Figs. 1b,c). On the basis of the relative areas of the two C-5 (75.97 and 73.41
p.p.m.) and of the three C-6 (66.12, 63.64, and 63.22 p.p.m.) signals in Fig. 1b,
there is ~ 50% 6-O-acetylation of the Manp residues in GXMS. No other data in the
spectra indicate any other sites of O-acetylation for GXMS, RGXMS, or PM, on
either the mannan backbone or the side chains.

In summary, chemical methods have been employed for the generation of
specified polysaccharide derivatives of GXM. Their '3C-n.m.r. spectra have been
used to make glycosidic linkage and configuration assignments and to determine the
disposition of the side-chain groups. Molecular mechanics calculations have been
used to estimate the difference among three minimal-energy conformations for the
backbone mannan of GXM.
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