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Cryptococcus neoformans is an opportunistic pathogen with world-wide distribu- 
tion. The organism can cause fatal Cryptococcosis, which is a frequent complication in 
immuno-suppressed patients, especially those with acquired immunodeficiency syn- 
drome (AIDS)lV3. The major capsular polysaccharide of C. neoformans is a high- 
molecular-weight glucuronoxylomannan (GXM) composed of mannose, xylose, glucu- 
ronic acid, and O-acetyl groups4”. At least four different serotypes of C. neoformans are 
known (A-D)6. Primary structures for the repeating units of GXM-A and GXM-B have 
been proposed7’8, chiefly based on glycosyl composition and linkage analyses. The 
epitopes which determine the serotype are believed to reside on GXM, but details of 
their structures remain unknown. 

We now report 2D ‘H- and 13C-n.m.r. data for the O-deacetylated GXM isolated 
and purified from Cryptocbccus neofirmans serotype B, NIH strain 409 (denoted 
GXM-B). The present work provides pertinent ‘H and 13C resonance assignments for 
typing C. neoformans. N.m.r. measurements performed on intact GXM and ultimately 
on the pathogenic yeast cells may eventually reveal the serotype of the organism. 
Moreover, the assignments are a prerequisite for solution conformational analysis of 
GXM epitopes. Assignment of the ‘H resonances in a polysaccharide the size of 
GXM-B (1.20 x 10’ Da) represents a considerable challenge. We have’ explored the 
applicability of total correlation/rotating-frame n.0.e. spectroscopy (TOCSY-ROE- 
SY) (developed for providing the ‘H assignments for smaller oligosaccharides”3) to 
completely assign the ‘H-n.m.r. spectrum of GXM-B, and heteronuclear multiple 
quantum coherence (HMQC) spectroscopy to re-assign the 13C-n.m.r. spectrum report- 
ed’. 1 
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GXM-3 has been proposed’ to be a polymer of mainly the heptasaccharide 
repeating unit 

Accordingly, the high-resolution 1D ‘H-n.m.r. spectrum of GXM-B contained 

seven H- 1 signals (see Table I). Based on their shapes (see Fig. la), the signals (3 bs) at 6 
5.319, 5.197, and 5.138 were assigned to H-l of the three Man residues (J,_*c 1.5 Hz). 
The well-resolved signals (4 d) at 6 4.489, 4.454, 4.401, and 4.275 (J1,2 7.3 Hz) were 
attributed to the H-l of the three Xyl residues and the GlcA residue. The magnitudes of 
the J,,, values of the Xyl and GlcA residues confirm the b-pyranoid forms. 

The resolution in the ‘H-n.m.r. spectrum at 57” was sufficient to permit COSY 
and TOCSY experiments to be p&-formed. Despite the relatively high viscosity of the 
solution, couplings of >4 Hz were resolved. Virtually all of the ‘H resonances were 
assigned (Table I) by combining these 2D techniques. Fig. lb shows the TOCSY 
spectrum of GXM-B in contourplot. Magnetization transfer from H-l to H-5 for the 
&Xyl and /3-GlcA residues is virtually unhampered and complete subspectra were 
obtained as cross-sections through their H-l resonances (Fig. lb). The assignment of 
each of the signals was based on its J-signature alone, or in combination with the 
information from the COSY spectrum. For example, the trace through H-l at 6 4.489 
was identified readily as the subspectrum of a Xyb residue, by virtue of the appearance 
of the signals for H-2 (t), H-3 (t), H-4 (m), H-Sax (bt), and H-5eq (bdd). Similarly, the 
traces through the H-l signals at 6 4.401 and 4.275 were identified as Xylp subspectra. 
For each of the three traces, the assignment of the H-4, H-Sax, and H-Seq signals was 
straightforward, whereas the signals for H-2 and H-3 (2 t) were distinguished with aid of 
the connectivity observed between H-l and H-2 in the COSY spectrum (not shown). 
The remaining trace of signals through that for H-l at 6 4.454 was thus attributed to the 
GlcA residue. The signals of all protons on this trace were virtual triplets with coupling 
constants of similar magnitudes, except for H-5 (d at 6 3.63). The COSY spectrum 
showed vicinal-coupling connectivities between H-l and H-2 (at S 3.41), H-2 and H-3 
(at 6 3.48), and H-3 and H-4 (at 6 3.61), thus completing the assignment of the GlcA 

protons (Fig. lb). 
The TOCSY subspectra, through the H- 1 signals of the Man residues (at 6 5.3 19, 

5.197, and 5.138), showed clearly observable connectivities only to the H-2 resonance 
for each Man residue (Fig. lb). Apparently, the small J12 value of Man hampered 
propagation of magnetization transfer beyond H-2. Therefore, no complete subspectra 
for the three Man residues were obtained from cross-sections through the H-l signals in 
the TOCSY spectrum. However, the cross-sections through the respective Man H-2 
signals clearly showed connectivities between the H-2 and H-l, and H-2 and H-3 up to 
H-6a,6b for each Man residue (Fig. lc). The patterns (i.e., the sets of 3Jvalues) observed 
for the Man H-2/5 confirmed that each Man residue was pyranoid. 
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Fig. 1. (a) High-resolution 1D ‘H-n.m.r. spectrum of GXM-B recorded for a solution in DzO+!D,)2C0 
(9:l) at 500 MHz and 57”. (b) {‘H,‘H) TOCSY spectrum. The horizontal, dashed lines indicate Xyl 
subspectra through their respective H-f signals, and partial subspectra through the Man H-l signals. The 
GlcA subspectrum is marked in a vertical column through its H-l signal. Residues are designated as in the 
formula and the numbers refer to the protons. (c) Subspectrum of Man’ taken from a row through its H-2 
resonance at 6 4.145. 



TABLE I 

N.m.r. chemical shift data for GXM-B 

Chemical shifp (p.p.m.) 

‘Hb 

LrC 

Assignment 

H-l 
H-2 
H-3 
H-4 
H-Sax 
H-5eq 
H-6a,6b 

C-l 
c-2 
c-3 
c-4 
c-5 
C-6 

B-XyP /7-XyP B-XYF /I-GlcA a- Mad a- Mans a-ManC 

4.401 4.489 4.275 4.454 5.197 5.319 5.138 
3.28 3.29 3.35 3.41 4.274 4.195 4.147 
3.46 3.46 3.42 3.48 4.19 4.09 4.05 
3.58 3.63 3.67 3.61 4.01 3.85 3.67 
3.32 3.31 3.19 3.63 4.04 3.88 3.96 
3.87 4.00 4.08 

3.96d 3.84* 3.87,3.78 

106.47 105.93 105.81 103.83 102.2b 102.72 103.14 
76.29 75.46 75.21 75.09 79.08 81.04 80.19 
78.71 78.09 78.09 78.09 76.83 78.63 78.63 
72.27 71.87 71.71 74.09 77.87 68.80 69.95 
67.62 67.62 67.80 79.08 75.09 75.91 75.70 

177.78 62.29 62.96 63.15 

n Data were acquired for solutions in D,G-(CD,),CO (9:l) at pD 7-8 and 57”. For designation of residues, 
see Fig. 1. b Referenced to internal DSS, with acetone-d, as the internal standard. The chemical shifts given to 
three decimal places were measured from the resolution-enhanced 1D ‘H-n.m.r. spectrum. Shifts given to 
two decimal places were inferred from TGCSY, ROESY, and/or HMQC spectra. ’ Referenced to DSS, with 
acetone-d, as the internal standard. Although the C-H connectivities were established by HMQC ( f 0.1 
p.p.m.),accuratechemical shifts( &0.005 p.p.m.)wereobtainedfrom the 1D”Cspectrumat 125 MHz. ‘The 
chemical shifts of ManA H-6a and H-6b are within 0.01 p.p.m. from each other, centered at 6 -3.96. 
Similarly, ManB H-6a and H-6b are at 6 3.84 +O.Ol. 

Thus, the ‘H-n.m.r. spectrum of the heptasaccharide repeating unit of GXM-B 
was resolved into seven subspectra that were assigned to particular residues (a-Manp, 
/%Xylp, or /?-GlcpA). However, the TOCSY/COSY spectra did not reveal any in- 
formation on sequence. Given the linkage positions, the sequence was readily derived 
from a 2D ROESY experiment. The ROESY spectrum (Fig. 2) showed connectivities 
between protons in close proximity (t5 A). The appearance of intra-residue n.0.e. 
contacts confirmed several of the assignments made on the basis of the TOCSY 
spectrum. For example, GlcA H-l shows intra-residue n.0.e.s to the GlcA H-3 and H-5 
that are in accordance with the axial orientation of H-1,3,5. More importantly, the 
ROESY spectrum showed interglycosidic contacts between each H-l and the proton on 
the opposite side of the linkage. For example, the GlcA H-l signal showed interglyco- 
sidic n.0.e. contacts to the signals at 6 5.197 and 4.274, which were identified in the 
TOCSY experiment as due to H-l and H-2 of one of the Man residues (Table I). The two 
inter-residue n.0.e.s support the (l-2) linkage between /3-GlcA and one of the Man 
residues; the Man residue with H-l at 6 5.197 and H-2 at 4.274 is denoted as Man* 
(Table I and Fig. 1). 

The assignment of the two remaining Man subspectra (Fig. lb) and sets of 
chemical shifts (Table I) to Man’ and Man’ was made by examining the n.0.e. contacts 
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Fig. 2. { ‘H,‘H} ROESY spectrum of GXM-B recorded for a solution in D,O-(CD,)$O (91) at 500 MHz 
and 57”, with high-;esolution‘lD projeetiou on top. Only inter-residue n.0.e.s are marked. Negative signals 
are along the diagonal and depicted with thiik-lined contours. The residues are denoted by letters as in Fig. 1. 
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(Fig. 2) between the Man H-l signals and their interglycosidic neighbors, bearing in 
mind the backbone sequence + 3)-a-Man*-( 1 +3)-a-Mane-( 1 + 3)-a-Man’-( 1 + . The 
H- 1 signal of the Man* residue at 6 5.197 showed an interglycosidic n.0.e. to a signal at 6 
4.09, identified in the TOCSY spectrum as due to Man H-3. This identifies the Man 
residue with H-3 at 6 4.09 as ManB (Table I). In addition, H-l of Man* showed an 
intra-residue n.0.e. to Man* H-2, and an inter-residue n.0.e. to GlcA H-l, in keeping 
with the (l-2) linkage between GlcA and Man*. The absence of intra-residue n.0.e.s 
between Man* H- 1 and its H-3 and/or H-5 confirms the structure a-Man-( 1+3)-Man; 
had H-l of Man* C-l been axial, an intra-residue n.0.e. to H-3 and H-5 would have 
been observed, as with GlcA. Analogously, H-l (S 5.319) of the newly identified ManB 
residue showed an interglycosidic n.0.e. to a Man H-3 with a signal at 6 4.05 (Fig. 2), 
thus positively identifying the third Man residue as ManC (Table I). The H-l signal of 
ManC (6 5.138) showed an intra-residue n.0.e. to H-3 (6 4.19) of Man* (Fig. 2), thereby 
confirming the repeating backbone structure of GXM-B to be a tri-mannosyl moiety. 

The fi-Xyl residues that are (l-2)-linked to Man’ and ManC (i.e., Xyl” and Xyl’, 
respectively) were identified readily by virtue of the interglycosidic n.0.e.s between the 
Man’ and ManC H-l signals, and the Xyl H-l signals (see Fig. 2). In addition, the XylB 
H-l signal (6 4.489) showed an n.0.e. to ManB H-2 (S 4.195), whereas Xyl’ H-l showed 
an n.0.e. to Man’ H-2 (6 4.147). This leaves the third Xyl to be assigned as /?-Xyl*, 
(l-4)-linked to Man*. Indeed, an interglycosidic n.0.e. betweenb-Xyl* H-l (6 4.401) 
and Man* H-4 (6 4.01) is observed (Fig. 2), confirming the (l-4) linkage between those 
residues. In addition, a strong inter-residue n.0.e. was observed between H-l of Xyl* 
and H-6 of Man* (Fig. 2); such n.0.e.s may prove to be valuable for future conforma- 
tional studies of the GXM heptasaccharide. 

The assigned ‘H-n.m.r. spectrum was used to assign the “C-n.m.r. spectrum of 
GXM-B by employing the results of an HMQC experiment. The HMQC spectrum (Fig. 
3) showed one-bond ‘H,13C connectivities. The major advantage over the conventional 
(13C-detected) HETCOR experiment’ is in the much-improved digital resolution in the 
‘H dimension of the spectrum. The “C chemical shifts are included in Table I. The only 
assignments that were not straightforward are those of the two 13C signals connected to 
the ‘H signals of Man’ H-2 and Man* H-3 that coincide at 6 4.19 (Fig. 3). The signal at 6 
8 1.04 was attributed to Man’ C-2 and that at 6 76.83 to Man* C-3. These conclusions 
were based on comparison with the chemical shifts of the other Man C-2 and C-3 signals 
(Table I), and taking into account the well established glycosylation shifts (a- and 
/%effects)8~‘4. Thus, it is rationalized easily that the Man* C-3 signal is 1.8 p.p.m. upfield 
from those of C-3 of Mann and Mane, due to Man* being 4-glycosylated (J-effect). 

This work is the first detailed ‘H-n.m.r. study of the glucuronoxylomannan 
purified from a C. neoformuns serotype B strain. With the use of COSY, TOCSY, and 
ROESY {‘H,‘H} correlated spectroscopy, in combination with HMQC {‘H,‘3C} corre- 
lated spectroscopy, de nova signal assignments were made for all non-exchangeable 
protons and then for the carbon atoms. The {‘H,‘H) ROESY connectivities provide 
independent evidence for the linkage positions in the GXM-B previously deduced by 
chemical methods*. Previous 13C signal assignments*, made by comparing the 1D 
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Fig. 3. {‘H,%} One-bond correlation (HMQC) spectrum of GXM-B recorded for a solution in D&I-- 
(CD&CO (9:l) at 500 MHz and ST, with high-resolution ID ‘H and “C projections. The residues and 
protons are designated as in Fig. 1. 

13C-n.m.r. spectrum of GXM-B with existing n.m.r. databases for carbohydrates”, are 
revised based on the current ‘%-n.m.r. data that were obtained by HMQC spectrosco- 
py. Specifically, this study provides, for the first time, unambiguous sequence-specific 
assignments of the “C signals of the mannosyl and xylosyl residues. The ‘H- and 
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‘3C-n.m.r. assignments should prove valuable in future n.m.r. studies of native glucuro- 
noxylomannans as well as of 0-deacetylated glucuronoxylomannans from C. neofor- 
mans strains with other serotypes. 

EXPERIMENTAL 

GXM was isolated from the culture supernatant solution of C. neofirmuns 
serotype B NIH strain 409 (provided by Dr. K. J. Kwon-Chung, National Institutes of 
Health, Bethesda, MD) and purified as described’. The purified GXM was treated with 
ultrasonic irradiation for 2 h in order to reduce the molecular weight of the polysaccha- 
ride (GXM-S)* to 1.20 x 105. A portion of GXM-S was 0-deacetylated by incubation 
with concentrated NH,OH at pH 11 .O for 24 h at room temperature, and the product 
GXM-B was dialyzed and lyophilized. This preparation was used for structural studies. 
The glycosyl residue and linkage composition, determined by g.l.c.-m.s., has been 
described’. 

GXM-B (-14 mg) was repeatedly exchanged with D,O, with intermediate lyo- 
philization. During the first and second exchange, the pD of the solution was adjusted 
with potassium bis(phosphate) to 7-8. Finally, the sample was dissolved in 0.5 mL of 
D,O (99.96% D from Cambridge Isotope Laboratories) and transferred into a 5-mm 
n.m.r. tube (Wilmad 535-PP). Acetone-d, (5OpL) was added as the lock solvent. Spectra 
were recorded at 57” with a Bruker AM-500 spectrometer interfaced with an Aspect 
3000 computer, using the DISR88 software package. The homonuclear experiments 
were conducted with a 5-mm dedicated ‘H probe. The heteronuclear {‘H,13C) spectra 
were acquired using a 5-mm (lH,13C} dual frequency probe. Chemical shifts were 
referenced to internal acetone-d, (‘H 2.167 p.p.m.; 13C 31.9 p.p.m.), which, in turn, were 
referenced to sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) taken as 0 p.p.m_ 

A double-quantum-filtered (DQF) (‘H,‘H} shift correlation (COSY) experi- 
ment” was performed in the phase-sensitive mode, using time-proportional phase 
incrementation (TPPI)16 at a spectral width of 2500 Hz. The evolution time (t,) was 
incremented in steps of 200 ps in order to obtain 512 free induction decays (f.i.d.s), each 
acquired in 2K data points in 48 scans. The acquisition (t3 time was 410 ms and the 
relaxation delay was 1.1 s. A squared sine-bell function shifted by a/4 was applied for 
processing both in the t, and the t, dimension. Zero filling was used to expand the data 
matrix to 1K in the t, dimension, before Fourier transformation. 

A 2D TOCSY experiment was conducted in the phase-sensitive mode (TPPI), 
using the DIPSI- sequence for isotropic mixing’“” with the ‘H decoupler used as the 
sole source of r.f. pulses. The mixing time was 150 ms. The spectral width was 2500 Hz; 
5 12 experiments of 32 scans and 2K data points were acquired with an acquisition time 
of 410 ms. The relaxation delay was 1 .l s and the t, increment was 200 ,us. A squared 
sine-bell function shifted by n/2 was applied for processing in both dimensions. The data 
matrix was expanded to a 2K by 1K data file before Fourier transformation. 

A 2D rotating-frame n.0.e. (ROESY) spectrum was recorded in the phase- 
sensitive mode (TPPI). The puIse sequence proposed by Ran&’ was applied, employing 
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