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Abstract 

The primary structure of the O-deacetylated capsular glucuronoxylomannan (GXM) isolated 
from Cryptococcus neoformans serotype C was investigated by 2D NMR spectroscopy. Assign- 
ment of the 1H NMR chemical shifts for the polysaccharide was accomplished from the analysis 
of DQF-COSY, TOCSY, NOESY and/or ROESY spectra of three isolates (298, 34, and 401). 
These isolates contain the same polysaccharide glycosyl residues but in different proportions. The 
serotype C GXM consists of two repeating polysaccharide units that have the following structures: 
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It is not known if these repeating units comprise a single or two separate polymer chains. The 
relative amounts of the more highly branched octasaccharide 1 in the isolates studied (i.e., 
approximately 75% in isolate 34, 50% in isolate 298, and 25% in isolate 401) can be used to 
explain the serological specificity of these isolates with C. neoformans factor sera, as was 
previously determined by ELISA in this laboratory. The octasaccharide 1 component is the one 
previously postulated as the structure of the serotype C GXM although definitive placement of the 
fl-Xyl-(l ~ 4) residues had previously not been determined. The heptasaccharide 2 component is 
uniformly found as the repeating unit in the polysaccharide from serotype B isolates. Additionally, 
GXM 401 was found to contain a small amount of the hexasaccharide repeating unit usually 
attributed to serotype A GXM. 
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1. Introduct ion 

Cryptococcus neoformans is an encapsulated yeast responsible for meningoencephali- 
tis in individuals with suppressed immune systems [1]. Up to 10% of patients diagnosed 
with AIDS are also suffering from cryptococcosis [2,3]. The yeast's virulence is partially 
due to its polysaccharide capsule. The properties of the capsular polysaccharide anti- 
genic components have recently been reviewed [4]. The major capsular antigen is a high 
molecular weight glucuronoxylomannan (GXM) that is partially 6-O-acetylated on 
mannose [5-7]. Serological reactivity of the capsular polysaccharide has traditionally 
been used to define four serotypes (A, B, C, and D) [8,9] that have been classified into 
two varieties based on biochemical differences: var. neoformans (serotypes A and D) 
and var. gattii (serotypes B and C) [10-12]. The existence of a fifth serotype, A-D, has 
been described more recently [13]. Most cryptococcal infections in AIDS patients are 
due to C. neoformans var. neoformans [14], although a few cases of cryptococcosis due 
to C. neoformans var. gattii have been reported [15-19]. The gattii variety has been 
associated with more severe infections in humans [20]. 

A simple structural relationship between the GXM polysaccharides of the four 
serotypes exists. They are composed of a core repeating unit, 
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to which (1 --> 2)-linked fl-D-Xylp and (1 --> 4)-linked fl-D-Xylp residues are added to 
the (1 --> 3)-linked a-D-mannopyrannan backbone. Homogeneous structural models were 
originally proposed for the four serotypes based on precise molar X y l / M a n / G l c A  ratios 
of 1:3:1, 2:3:1, 3:3:1, and 4:3:1 for serotypes D, A, B, and C, respectively, with Xylp  
substitution at 0-2  for the var. neoformans serotypes and Xylp  substitution at 0-2  and 
0-4 for the var. gattii serotypes [5]. Structural heterogeneity has since been found for all 
serotypes except serotype B [21], and structural elements believed to be characteristic of 
one serotype have been identified in others [7,22-24]. 

The original structural model of serotype C GXM was proposed on the basis of 
gas-liquid chromatography-mass spectrometric (GLC-MS) analysis of per-O-methyl- 
ated sugar derivatives of GXM from a single serotype C isolate [25,26]. Cherniak et al. 
later detected heterogeneity within serotype C isolates, which were classified into two 
groups based on the molar X y l / M a n / G l c A  ratios determined for five isolates [23]. 
Three isolates (GXMs 401, 3183, and 18) were found to have molar X y l / M a n / G l c A  
ratios similar to those for serotype B isolates (3:3:1); the other two isolates (GXMs 298 
and 34) were found to contain additional Xyl, but not enough to account for a 4:3:1 
X y l / M a n / G l c A  molar ratio. Whereas the proton-decoupled 13C NMR spectra of GXMs 
from strains 18 and 3183 resembled the spectra from GXMs of serotype B isolates, the 
spectra of isolates 401, 298, and 34 were different enough from each other, as well as 
from serotype B isolates, to warrant further analysis. The activities of these same 
isolates with factor serum specific for C. neoformans serotype C GXM have recently 
been found to increase progressively in the order 18, 3183, 401, 298, and 34, as 
determined by enzyme-linked immunosorbent assay (ELISA) [27]. 

The O-deacetylated GXMs from serotype D [28], B [29], and A [30] isolates have 
previously been characterized by 2D NMR spectroscopy. Herein we report the complete 
assignment of the 1H NMR spectra of O-deacetylated GXM from three C. neoformans 
serotype C isolates (298, 34, and 401) as determined by 2D NMR spectroscopy [31]. 

2. Experimental 

GXM polysaccharides.--The isolation and purification of the O-deacetylated GXMs 
used in this study have previously been described [23]. GXM polysaccharides from the 
following isolates were used: National Institutes of Health isolates 298, 34, and 401, 
serotype C (K.J. Kwon-Chung, National Institutes of Health). 

Nuclear magnetic resonance spectroscopy.-- Spectra were recorded with a Varian 
VXR-400 NMR spectrometer equipped with a 5 mm 1H/19F probe and operating at 
399.952 MHz for 1H observation. The observed 1H chemical shifts are reported relative 
to HOD, which was carefully calibrated according to temperature with internal sodium 
4,4-dimethyl-4-silapentane-l-sulfonate (DSS). All spectra for GXM 298 and GXM 34 
were recorded at 69 and 68°C, respectively. Spectra for GXM 401 were recorded at 
68°C unless otherwise noted. Resolution enhancement of one-dimensional spectra was 
performed using a shifted sine-bell squared. 

Polysaccharide samples (20-30 mg) were exchanged at least 2 times in 99.96% D20 
with intermediate lyophilization. The NMR samples were prepared by final dissolution 
in 0.750 mL of 99.96% D20. 
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Fig. 1. (a) 400-MHz 1H NMR spectra of O-deacetylated GXM from serotype C isolates 298, 34, and 401 (top, 
middle, and bottom, respectively). (b) Resolution-enhanced portions of the 5.4-5.0 ppm regions shown in (a). 
The major H-1 resonances of GXM 298 in this region are labeled with upper-case letters A, B, C, D, E, and F 
and refer to different Man residues present in all three isolates. Minor H-1 resonances are indicated by 
upper-case letters enclosed in parentheses and indicatc minor amounts of Man residues not common to all 
three isolates. 
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All 2D NMR spectra were acquired in the phase-sensitive mode according to the 
method of States et al. [32]. The spectral width was 1200 Hz in both dimensions, and 
two sets of 175-256 t~ measurements of 2048 data points were acquired. Zero filling in 
the F1 dimension resulted in a 1K X 1K data matrix. 

Double-quantum-filtered ~H-1H correlation spectroscopy (DQF-COSY) was carried 
out according to refs [33] and [34]. Resolution enhancement in the F2  dimension was 
achieved using the product of a - 8  Hz Gaussian transformation and a - 6  Hz 
exponential multiplication (GXMs 298 and 34) or a - 8  Hz Gaussian transformation 
(GXM 401). Resolution enhancement in the F1 dimension was achieved using a shifted 
sine-bell (GXMs 298 and 34:22.5 °, GXM 401: 45°). 

Homonuclear Hartmann-Hahn (HOHAHA or TOCSY--total  correlation spec- 
troscopy) spectra were obtained for isolates 298 and 34 (mixing times 50 and 100 ms) 
and for isolate 401 (mixing time 100 ms) according to ref. [35]. Spectra were multiplied 
by a 90 ° shifted sine-bell squared and by a 45 ° shifted sine-bell in the F2  and F1 
dimensions, respectively. 

Nuclear Overhauser and exchange spectroscopy (NOESY) was carried out on all 
three isolates according to ref. [36] (mixing time 50 ms). Resolution enhancement was 
achieved using a shifted sine-bell squared in both dimensions. 

Rotating frame Overhauser spectroscopy (ROESY) [37,38] was carried out for GXMs 
34 and 401 (71°C) according to ref. [39]. A cosine squared and 45 ° shifted sine-bell were 
used as apodization for the F2  and F1 dimensions, respectively. The ROESY spectra 
were recorded with a 75 ms mixing time. 

A purged COSY (P.COSY) experiment [40] was performed for GXM 401 at 71°C. 
Resolution enhancement was achieved using a - 8  Hz Gaussian function and a 45 ° 
shifted sine-bell in the F2  and F1 dimensions, respectively. 

3. Results 

The one-dimensional ~H NMR spectra of the O-deacetylated capsular polysaccharide 
of serotype C isolates 298, 34, and 401 show broad, unresolved signals even at elevated 
temperatures (Fig. la). With the use of strong resolution enhancement, six major signals 
of about the same intensity are observed for isolate 298 in the downfield anomeric 
region (Fig. lb: A, B, C, D, E, and F at 5.31, 5.30, 5.22, 5.19, 5.12, and 5.05 ppm, 
respectively). These signals are also present in the spectrum of isolates 34 and 401: three 
of these signals (B, C, and F) are of greater intensity in the spectrum of isolate 34 while 
the other three signals (A, D, and E) are of greater intensity in the spectrum of isolate 
401; isolate 401 has at least one additional prominent minor signal at 5.15 ppm, L (Fig. 
lb). Resonances A - F  are assigned to Man H-1 protons since weak H - l - H - 2  cross peaks 
(3J1. 2 < 4 Hz) are observed in the DQF-COSY spectra (portions of which are shown in 
Figs 2 and 3 for isolates 401 and 34, respectively). No propagation of magnetization 
transfer beyond H-2 is observed due to the small value of 3Jl, 2 [28], and TOCSY 
correlations to only H-2 are observed (data not shown). Previous structural analysis of 
these isolates by 13C NMR spectroscopy had failed to show the presence of the 
corresponding Man anomeric carbon signals, due mainly to a lack of resolved signals for 
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isolate 34. Serotype 401 had been found to consist primarily of a carbohydrate structure 
similar to that of serotype B [23]. 

The individual monomers of a carbohydrate polymer are identified by tracing 
cross-peak connectivities between vicinally coupled protons in a phase-sensitive DQF-  
COSY spectrum. The downfield anomeric Man proton region shown in Fig. lb provides 
a convenient starting point for tracing these connectivities. Starting from the major A, D, 
and E H-1 resonances for GXM 401, the connectivities for residues Man-A, Man-D, and 
Man-E are traced from H-1 to H-4 via their respective H- l -H-2 ,  H-2-H-3,  and 
H-3-H-4  cross peaks (Fig. 2). Man-D is traced further to H-5 via its H-4-H-5 cross 
peak while Man-E is traced to H-6 through to its H-5-H-6 and H-6-H-6 '  cross peaks. 

The analogous cross-peak connectivity tracings for the major B, C, and F H-1 
resonances for GXM 34 are shown in Fig. 3. Man-C is traced from H-1 to H-4, while 
Man-F is traced from H-1 to H-6 with its H-2-H-3 cross peak only partially discernible 
close to the diagonal. Connectivity from H-1 to H-4 was made for Man-B in spite of the 
fact that its H-2-H-3 cross peak is totally obscured by the diagonal; the Man-B 
H-3-H-4  cross peak was assigned as such because H-3-H-4  cross peaks had already 
been assigned for the Man-C and Man-F residues. Although positive and negative peaks 
are not clearly discernible in Figs 2 and 3, the phase-sensitive nature of the DQF-COSY 
experiment allows the qualitative measurement of coupling constants, consistent with 
assignment to a Manp 4C~ conformation for residues A, B, C, D, E, and F (3Jl, 2 < 4 Hz, 
3j 3j 3j 

2,3 ( 4 Hz, 3,4 > 5 Hz, 4,5 > 5 Hz). 
H-6-H-6 '  cross peaks for residues B and C are labeled in Fig. 3, despite the fact that 

they show no connectivity to other cross peaks. These cross peaks were assigned with 
the use of TOCSY spectra of GXM 34 recorded with mixing times of 50 ms and 100 
ms; portions of these spectra are shown in Fig. 4. As we have observed for several other 
GXM isolates, the 50 ms TOCSY spectrum in Fig. 4a is useful for assigning Man H-5 
protons from the observed H-3-H-5 relay peaks [41]. The 100 ms TOCSY spectrum in 
Fig. 4b shows a H-3-H-6  relay peak for residue C; this cross peak also appears in Fig. 
4a, where it partially overlaps the Man-C H-3-H-5 cross peak. A cross peak for Man-C 
H-6-H-6 '  is also labeled in Fig. 4b and corresponds to the DQF-COSY cross peak 
labeled in Fig. 3. It is important to note that H-4, H-5, and H-6 of Man-C have similar 

Fig. 2. (a) Mannose H-l -H-2 cross peak region of the phase-sensitive DQF-COSY spectrum of O-deaccty- 
lated GXM 401 recorded at 400 MHz and 68°C, with resolution-enhanced 1D projection at top. (b) The 
4.3-3.6 ppm region of the DQF-COSY spectrum shown in (a). This region contains resonances for Man H-2, 
H-3, H-4, H-5, H-6, and H-6' protons. Positive and negative levels of cross peaks are shown in different line 
styles. Arabic numerals denote proton positions in the given residue (specified by upper-case letters as in Fig. 
1). In a cross peak label, the superscript denotes the proton whose chemical shift is given on the F2 
(horizontal scale) axis, and the subscript denotes the proton whose chemical shift is given on the F1 (vertical 
scale) axis. The lines trace the connectivities for Man residues A, D, and E; cross peaks for these residues are 
boxed with solid lines. Each line begins at the appropriate H-I resonance in (a), goes down to the H-l-H-2 
cross peak, on to the diagonal in (b), and on to the next cross peak. It continues in this manner until the 
connectivity is traced for each residue. To avoid crowding in (b), the cross peaks for Man residues A and E are 
labeled above the diagonal, and cross peaks for Man residue D are labeled below the diagonal. The cross peaks 
for Man residues J, K, and L are boxed with dotted lines below the diagonal, and the labels for these cross 
peaks are presented in parentheses. 
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Fig. 4. (a) Portion of the 50 ms TOCSY spectrum of GXM 34, and (b) the corresponding portion of the 100 ms 
TOCSY spectrum of GXM 34. The labeling for cross peaks is the same as for Fig. 2. 
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chemical shifts; consequently, non-first-order coupling is involved. Hence, the cross 
peak that is most certainly due to active coupling between Man-C H-6 and H-6' is not 
centered around the actual H-6 chemical shift, as measured from the Man-C H-3-H-6  
relay peak in Fig. 4b. The cross peak labeled Man-B H-6-H-6 '  in Fig. 3 was assigned 
mainly because the H-6-H-6 '  cross peaks for residues C and F had already been 
identified. However, a corresponding Man-B H-3-H-6 relay peak (marked in Fig. 4b), 
overlaps with what is certainly the Man-B H-3-H-4 cross peak. 

Tracing the cross-peak connectivities of Man residues of the O-deacetylated GXM of 
isolate 298 was performed in a similar manner; the presence of some overlapping cross 
peaks (particularly those H-3-H-4  cross peaks of residues A and B) necessitated 
reference to chemical shift assignments already deduced from isolates 34 and 401. Most 
of the Man cross peaks for GXM 298 are labeled in Fig. 5, which shows the entire 
DQF-COSY spectrum of GXM 298 except for the Man H - l - H - 2  cross peak region. 
Small traces of cross peaks due to other Man residues in addition to those marked for 
residues A - F  are apparent in Fig. 5; however, only the Man-S H-2-H-3 cross peak is 
labeled. This additional Man residue is the only one present in sufficient quantity to be 
observed by NOESY and/or  ROESY experiments. The Man-S residue is also present in 
GXM 34; Man-S H - l - H - 2  and H-6-H-6 '  cross peaks are identified in Fig. 3. Complete 
assignments of protons belonging to the Man-S residue were made using appropriate 
contour levels of the DQF-COSY spectra of isolates 298 and 34. Complete chemical 
shift assignments of Man resonances for the O-deacetylated GXM of isolates 298, 34, 
and 401 are presented in Table 1. TOCSY spectra of isolates 298 and 401 were used to 
assign certain Man H-5, H-6, and H-6' chemical shifts as described above for GXM 34. 
The chemical shifts for the major Man residues of GXM 401 closely match those 
reported for the O-deacetylated GXM of serotype B [29]. 

The DQF-COSY spectrum shown above the diagonal in Fig. 5a shows nine distinct 
H - l - H - 2  cross peaks (labeled for GlcA residues: GlcA-I and GlcA-II, and for Xyl 
residues: III, IV, V, VI, VII, VIII, and IX), which are consistent with assignment to a 
/3-D-Xylp or to a /3-I>GlcpA structure (3j~ ~ > 6 Hz, 3j , ~  2,3 > 6 HZ). One of these 
H - l - H - 2  cross peaks (VII) shows distorted multiplicity indicative of strong coupling 
between H-2 and H-3. The cross peaks for residues VIII and IX overlap. Complete cross 
peak connectivities between protons in these nine carbohydrate residues are difficult to 
observe since, aside from the H - l - H - 2  cross peaks, the other cross peaks for these ring 
systems overlap with other cross peaks or diagonal peaks. Nevertheless, many of the 
corresponding H-2-H-3 and H-3-H-4 cross peaks were identified by close examination 
of expanded contour plots of the 3.7-3.2 ppm region. The chemical shifts of the Xyl and 
GlcA residue H-3 and H-4 protons can also be roughly obtained from the H - l - H - 3  and 
H - l - H - 4  relay peaks shown in the boxed region of the TOCSY spectrum in Fig. 5b. 
Approximate ranges for location along the F2  (or horizontal) axis of these relay peaks 
are marked above the box with the chemical shift along this axis being due to H-4, H-3, 
or H-2 in the three ranges marked. The assignment of any residue as a GlcA or a Xyl 
residue cannot be made using the DQF-COSY spectrum of isolate 298 since no 
H-4-H-5 GIcA cross peaks are clearly resolved from the diagonal and since Xyl 
H-4-H-5a,  H-4-H-5e,  and H-5a-H-5e cross peaks are poorly identified due to exten- 
sive overlap and partial cancellation. However, from the examination of cross sections 
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Fig. 5. (a) Portion of the phase-sensitive DQF-COSY spectrum of O-deacetylated GXM 298 recorded at 400 
MHz and 69°C (above the diagonal); only the Man H-1 region (H-l-H-2 cross peaks) is excluded. Roman 
numerals refer to Xyl and GIcA residues; the GIcA residues are marked explicitly as, for example, GlcA-II. 
Otherwise, cross peaks are labeled as described for Figs 2 and 3. (b) The corresponding part of the 
phase-sensitive 100 ms TOCSY spectrum of GXM 298 (below the diagonal). The boxed region shows Xyl and 
GIcA H-l-H-2, H-l-H-3, and H-l-H-4 cross peaks; the ranges of chemical shifts covered for each of these 
peaks along the F2 (horizontal) axis are marked. 

o f  the T O C S Y  spect rum through the F 1  chemica l  shifts of  GlcA- I  and GlcA-II ,  these 

two residues were  thought  to be G l c A  residues as a result  of  observ ing  H - l - H - 5  relay 
peaks that over lap  with the respect ive  H - l - H - 4  relay peaks. Approx ima te  locat ions of  

the Xyl  D Q F - C O S Y  cross peaks ( H - 4 - H - 5 a ,  H - 4 - H - 5 e ,  and H - 5 a - H - 5 e )  are marked 

in Fig. 5a. 
Just as the D Q F - C O S Y  spectra o f  G X M  34 and G X M  401 were  useful in 

d iscr iminat ing  be tween  over lapp ing  M a n - A  H - 3 - H - 4  and Man-B H - 3 - H - 4  cross peaks 
in the D Q F - C O S Y  spect rum of  G X M  298, the D Q F - C O S Y  spectra were  especial ly  
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Table 1 
1H NMR chemical shifts of the ring protons of the constituent mannose residues of 1, 2, and 5 as identified in 
the O-deacetylated GXM of C. neoformans serotype C isolates 298, 34, and 401 

Chemical shift ~ 

Isolate Man-A b Man-B Man-C Man-D Man-E Man-F Man-S 

H-1 298 5.311 c 5.299 5.224 5.188 5.124 5.054 5.121 
34 d n.d. e 5.300 5.222 n.d. n.d, 5.056 5.121 

401 f 5.311 n.d. n.d. 5.188 5.124 n.d. - g 
H-2 298 4.188 4.090 4.2911 4.266 4.140 4.128 4.212 

34 n.d. 4.091 4.289 n.d. n.d. 4.126 4.211 
401 4.189 n.d. n.d. 4.264 4.139 n.d. - 

H-3 298 4.079 4.0811 4.157 4.178 4.047 4.102 3.996 
34 n.d. 4.1/83 4.155 n.d. n.d. 4.104 3.997 

401 4.079 n.d. n.d. 4.178 4.046 n.d. - 
H-4 298 3.856 3.842 4.028 3.995 3.661 3.904 3.774 

34 n.d. 3.842 4.028 n.d. n.d. 3.904 3.775 
401 3.855 n.d. n.d. 3.994 3.66(l n.d. 

H-5 298 3.87 h 3.811 ~ 3.99 h 4.116 h 3.978 3.985 3.831 
34 n.d. 3.79 h 3.98 h n.d. n.d. 3.990 3.831 

401 3.87 h n.d. n.d. 4,1154 3.977 n.d. - 
H-6 298 n.a. i n.a. n.a. n.a. 3.784 n.a. 3.754 

34 n.d. 3.896 4.013 n.d. n.d. 3.857 3.754 
401 3.84 n.d. n.d. 3.96 3.783 n.d. 

H-6' 298 n.a. n.a. n.a. n.a. 3.873 n.a. 3.890 
34 n.d. 3.825 3.94 n.d. n.d. 3.924 3.894 

401 n.a. n.d. n.d. n.a. 3.872 n.d. - 

~' In ppm relative to HOD as externally referenced according to temperature with DSS (,5 0.0) as internal 
standard. 
b For residue labeling see formulae. 
c Unless otherwise noted, chemical shifts were assigned from a DQF-COSY spectrum of the respective GXM 
isolate recorded at 69°C (GXM 298) or 68°C (GXM 34 and GXM 401) and are reported to three decimal 
places with an accuracy of +_0.003 ppm. Shifts given to two decimal places were deduced from TOCSY, 
NOESY, or ROESY spectra. 
'~ Chemical shifts for minor amounts of residues A, D, and E in GXM 34 not determined. 

Not determined. 
f Chemical shifts for minor amounts of residues B, C, and F in GXM 401 not determined. 
g Not applicable. 
h Assigned from 50 ms NOESY spectrum nf respective isolate (from interrcsidue H-2-H-5 cross peak). 
i Not assigned. 

u s e f u l  in d i s c r i m i n a t i n g  X y l  a n d  G l c A  c r o s s  p e a k s  l i n k e d  e i t h e r  to t h e  m a j o r  B ,  C ,  a n d  F 

M a n  r e s i d u e s  o f  i s o l a t e  34  o r  to t he  m a j o r  A ,  D,  a n d  E M a n  r e s i d u e s  in i so l a t e  401 .  

N e a r l y  c o m p l e t e  a s s i g n m e n t s  o f  r i n g  p r o t o n s  b e l o n g i n g  to G l c A  r e s i d u e  G l c A - I I  a n d  to 

X y l  r e s i d u e s  IV ,  VI ,  VI I ,  a n d  VI I I  w e r e  o b t a i n e d  f r o m  the  D Q F - C O S Y  s p e c t r u m  o f  

i s o l a t e  34 ,  a s s i g n m e n t s  o f  t h o s e  p r o t o n s  b e l o n g i n g  to r e s i d u e s  G l c A - I ,  III ,  V ,  a n d  IX  

w e r e  o b t a i n e d  f r o m  the  D Q F - C O S Y  s p e c t r u m  o f  i so l a t e  4 0 1 .  A t  s u i t a b l e  c o n t o u r  l e v e l s ,  

t he  X y l  H - 4 - H - 5 e ,  a n d  H - 5 a - H - 5 e  c r o s s  p e a k s  w e r e  i d e n t i f i a b l e  fo r  X y l  r e s i d u e s  III,  

IV ,  V,  VI ,  VI I ,  VI I I ,  a n d  IX  ( in  c o n t r a s t  to  t he  s i t u a t i o n  fo r  i s o l a t e  298 ) ;  t h i s  is  s h o w n  

fo r  r e s i d u e s  IV,  VI ,  VI I ,  a n d  VII I  in Fig .  6b ,  w h i c h  s h o w s  a p o r t i o n  o f  t h e  D Q F - C O S Y  
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Fig. 6. Portions of the DQF-COSY spectrum of O-deacetylated GXM 34. These regions contain cross peaks 
for the Xyl and GIcA residues (IV, VI, VII, and VIII, and GIcA-II) which are linked to the major Man residues 
of GXM 34 (B, C, and F). The middle region containing H-1-H-5c and H-5a-H-5e cross peaks (b) is at a 
h)wer contour level than the top and bottom regions ((a) [H-2-H-3 and H-3-H-4 cross peaks] and (c) 
[H- l -H-2  cross peaks], respectively). Cross peaks are labeled as in Figs 2, 3, and 5. 
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Table 2 
1H NMR chemical shifts of the ring protons of the constituent xylose and glucuronic acid residues of 1 and 2 
as identified in the O-deacetylated GXM of C. neoformans serotype C isolates 298, 34, and 401 

Chemical shift a 

Isolate GlcA-I b GIcA-I1 Xyl-lll Xyl-IV Xyl-V Xyl-VI Xyl-VII Xyl-VIII Xyl-lX 

H-1 298 4.452 c 4.412 4.484 4.430 4.401 4.302 4.291 4.272 4.266 
34 d n.d. e 4.412 n.d. 4.431 n.d. 4.302 4.292 4.273 n.d. 

401 f 4.452 n.d. 4.483 n.d. 4.400 n.d. n.d. n.d. n.d. 
H-2 298 3.412 3.416 3.290 3.266 3.274 3.334 3.422 3.354 3.342 

34 n.d. 3.415 n.d. 3.266 n.d. 3.334 3.422 3.356 n.d. 
401 3.412 n.d. 3.288 n.d. 3.274 n.d. n.d. n.d. 3.342 

H-3 298 3.482 n.a. g 3.457 3.457 3.459 3.450 3.470 3.424 3.415 
34 n.d. 3.482 n.d. 3.456 n.d. 3.450 3.470 3.422 n.d. 

401 3.481 n.d. 3.456 n.d. 3.459 n.d. n.d. n.d. 3.414 
H-4 298 3.598 3.598 3.632 n.a. n.a. 3.666 3.623 3.674 3.674 

34 n.d. 3.598 n.d. 3.577 n.d. 3.666 3.624 3.674 n.d. 
401 3.598 n.d. 3.632 n.d. 3.577 n.d. n.d. n.d. 3.672 

H-5a 298 3.630 h 3.600 h n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
34 n.d. 3.599 h n.d. 3.322 n.d. 3.211 3.313 3.198 n.d. 

401 3.632 h n.d. 3.313 n.d. 3.324 n.d. n.d. n.d. 3.181 
H-5e 298 _ i _ n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

34 - - n.d. 3.846 n.d. 4.081 4.001 4.110 n.d. 
401 - - 3.994 n.d. 3.873 n.d. n.d. n.d. 4.080 

a In ppm relative to HOD as externally referenced according to temperature with DSS (6 0.0) as internal 
standard. 
b For residue labeling see formulae. 
c Unless otherwise noted, chemical shifts were assigned from a DQF-COSY spectrum of the respective GXM 
isolate recorded at 69°C (GXM 298) or 68°C (GXM 34 and GXM 401) and are reported to three decimal 
places with an accuracy of _+0.003 ppm. 
d Chemical shifts for minor amounts of residues GIcA-1, IlI, V, and IX in GXM 34 not determined. 
e Not determined. 
i Chemical shifts for minor amounts of residues GIcA-II, IV, VI, VII, and VIII in GXM 401 not determined. 
g Not assigned. 
h Assigned from 50 ms NOESY spectrum of respective isolate (from intraresidue H-1-H-5a cross peak). 
i Not applicable. 

s p e c t r u m  o f  G X M  34.  T h e  c o r r e s p o n d i n g  H - l - H - 2  a n d  H - 2 - H - 3 ,  H - 3 - H - 4  c r o s s  p e a k s  

fo r  t h e s e  r e s i d u e s  a re  s h o w n  in F i g s  6c  a n d  6a ,  r e s p e c t i v e l y .  R e s i d u e s  G l c A - I  ( fo r  w h i c h  

d a t a  a re  n o t  s h o w n )  a n d  G l c A - I I  ( a s  s h o w n  in F i g s  6 a - c )  l a c k  t he  c r o s s  p e a k s  i n d i c a t i v e  

o f  X y l  r e s i d u e s ;  n o  d i s t i n c t  H - 4 - H - 5  c r o s s  p e a k s  a r e  o b s e r v a b l e .  E v i d e n c e  tha t  G l c A - I  

a n d  G l c A - I I  a re  G l c A  r e s i d u e s  c o m e s  f r o m  t h e  f ac t  t ha t  t h e s e  a re  t he  o n l y  r e s i d u e s  

g i v i n g  s t r o n g  i n t r a r e s i d u e  H - l - H - 5  N O E  c r o s s  p e a k s .  C h e m i c a l  s h i f t  a s s i g n m e n t s  fo r  

X y l  a n d  G I c A  r e s i d u e s  o f  t he  O - d e a c e t y l a t e d  G X M  o f  i s o l a t e s  2 9 8 ,  34 ,  a n d  401  a re  

p r e s e n t e d  in  T a b l e  2. 

P o r t i o n s  o f  t h e  5 0  m s  N O E S Y  s p e c t r u m  o f  G X M  2 9 8  a re  s h o w n  in  F i g s  7 a  a n d  7b .  

A s i d e  f r o m  t h e  t w o  i n t r a r e s i d u e  G l c A  H - l - H - 5  N O E  c r o s s  p e a k s  m a r k e d  ( r e s i d u e s  

G I c A - I  a n d  G I c A - I I ,  F ig .  7 a )  a n d  t he  i n t r a r e s i d u e  M a n  H - l - H - 2  c r o s s  p e a k s  m a r k e d  

(F ig .  7b) ,  al l  o f  t h e  m a r k e d  c r o s s  p e a k s  a re  d u e  to i n t e r r e s i d u e  N O E  c r o s s  p e a k s ,  I n  t h e  
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Fig. 7. (a) Part of the 50 ms NOESY spectrum of GXM 298. This region contains cross peaks due to 
through-space interactions of Xyl and GIcA H-1 protons (whose chemical shifts are found along the F1 
dimension) with Man H-2, H-4, and H-6 protons (whose chemical shifts are found along the F2 dimension). 
lnterresidue Man H-2-Man H-5 NOE cross peaks also appear in this region. (b) The region of the 50 ms 
NOESY spectrum of GXM 298 showing cross peaks involving Man H-1 protons (whose chemical shifts 
appear along the F1 dimension). The upper-case letters refer to Man residues, and the Roman numerals refer 
to Xyl and GIcA residues. The labeling for intraresidue NOE cross peaks is the same as for the DQF-COSY 
cross peaks in Figs 2, 3, and 5. Interresidue NOEs are marked as, for example, E 1 / IX  1 to indicate 
through-space connectivity between Man-E H-1 (F1, or vertical axis) and XyI-IX H-1 (F2, or horizontal 
axis). (c) Part of the 75 ms ROESY spectrum of GXM 34 showing approximately the same spectral region as 
(a). Only cross peaks involving residues of GXM octasaccharide 1 are marked in the manner described above. 
Only negative contour levels are shown. 
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5.3-5.0 ppm F1 region (corresponding to the H-1 chemical shifts of Man residues), 
each Man residue shows NOE cross peaks correlating H-1 with (1) H-3 of the Man 
residue to which it is (1 -~ 3) linked; and (2) H-1 of the Xyl or GlcA residue to which it 
is (1 ~ 2) linked. Additionally, Man H-2-Man H-5 interresidue NOE cross peaks (for 
instance, Man-B H-2-Man-C H-5) are shown in Fig. 7a for each (1 ~ 3) linkage 
showing a H - l - H - 3  NOE cross peak in Fig. 7b (for instance, H-1 of Man-C to H-3 of 
Man-B). The /3-Xyl-(1 -~ 2) (or GlcA) linkage also gives rise to interresidue Xyl (or 
GIcA) H - l - M a n  H-2 NOE cross peaks, some of which are obscured by unmarked 
intraresidue H-2-H-3 cross peaks in the 4.5-4.2 ppm F1 region shown in Fig. 7a. 
Interresidue NOE cross peaks between protons involved in /3-Xyl-(1 -~ 4) linkages (IV 
H-1 -C  H-6, V H-1-D H-6, and VII H-1-F  H-4) are also marked in this region. The VII 
H-1 -F  H-4 cross peak is unobscured in the 75 ms ROESY spectrum of GXM 34 (Fig. 
7c). 

The absence of intraresidue Man H - l - H - 3  or H - l - H - 5  NOE cross peaks confirms 
the a configuration for each Man residue. Based on the interresidue Man H - l - H - 3  
cross peaks, two GXM polymeric units are present in these serotype C isolates; these 
repeating structures consist of the backbone sequences (1) [--, 3)-a-Man-C-(1 ~ 3)-c~- 
Man-B-(1 ~ 3)-o~-Man-F-(1 ~ ]  and (2) [ ~  3)-c~-Man-D-(1 ---> 3)-c~-Man-A-(1 ~ 3)-c~- 
Man-E-(1 ---> ]. Taking into account /3-Xyl-(1 --* 2), ]3-GIcA-(1 ~ 2), and /3-Xyl-(1 ~ 4) 
linkages, these backbone sequences are present in octasaccharide 1 and heptasaccharide 

2. 

4. Discussion 

The O-deacetylated GXM of serotype C isolates 298, 34, and 401 have been found to 
contain differing amounts of octasaccharide 1 and heptasaccharide 2. Despite the severe 
crowding of 2D NMR spectra, nearly complete assignment of proton signals has been 
achieved. Protons of Man, Xyl, and GlcA residues in 1 were largely assigned from the 
2D NMR spectra of GXM 34; the same protons in 2 were largely assigned from spectra 
of GXM 401. Chemical shift assignments of 2, the GXM structure long postulated for 
serotype B isolates [4,20], are consistent with those previously reported [28]. Proton 
chemical shift assignments of 1, the GXM structure postulated for serotype C isolates 
[22,25], are reported for the first time. 

With the nearly complete assignment of sugar residues, NOESY and/or  ROESY 
spectra were used to sequence the residues. The linkages deduced are consistent with 
methylation analysis results that confirm the presence of trisubstituted Man residues (1-, 
2-, and 3-1inked), tetrasubstituted Man residues (1-, 2-, 3-, and 4-1inked), and monosub- 
stituted Xyl residues (1-1inked) [23]. Linkages of the /3-Xyl-(1 ~ 2) and /3-GlcA-(1 ---> 2) 
residues were easily accomplished since NOE correlations are observed for a particular 
Xyl (or GlcA) H-1 to both H-1 and H-2 of the Man residue to which it is attached. 
a-Man-(1---> 3) linkages were obtained from the corresponding interresidue H - l - H - 3  
NOE cross peaks. Interresidue Man H-2-Man H-5 NOE cross peaks are also observed 
in Fig. 7a and are consistent with a ( q b , q t ) = ( - 5 0  °, - 2 0  °) conformation of an 
ol-Man-(1 ~ 3) linkage [42]. From the NOESY spectrum of GXM isolate 298 shown in 
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Fig. 7b, the interresidue Man H- l -Man H-3 cross peaks as marked are consistent with 
the presence of structures 1 and 2 as either separate polymer chains or block structures. 
Since the chemical shifts of Man-A H-3 and Man-B H-3 are relatively close to one 
another, a switch of their assignments would result in spectral data consistent with 3, a 
structure consistent with the approximately equal amounts of 1 and 2 in GXM 298. 
However, the presence of the interresidue NOE cross peaks Man-A H-2-Man-D H-5 
and Man-B H-2-Man-C H-5 (labeled in Fig. 7a) confirm the o~-Man-D-(1 ~ 3)-oz-Man-A 
and o~-Man-C-(1 ~ 3)-a-Man-A linkages present in 1 and 2. 

~-D-Xylp VI #-D-Xylp VIII #-D-GIcpA II ~_D_Xylp III i3_D_Xylp IX #_D_GlcpA I 
1 1 1 1 1 1 

2 2 2 2 E 2 F 2 D 
3)-cz-D-ManpB-(1 ~ 3)-cz-D-Manp -(1 ~ 3)-ot-D-ManpC-(1 ~ 3)-cz-D-ManpA-(1 ~ 3)-cx-D-Manp -(1 -,.- 3)-~-D-Manp -(1 

4 4 4 
} A * 
1 1 1 

13-D-Xylp VII .6- D-Xylp IV ~.-D-Xylp V 

~3-D-GlcpA Xl I~-D-Xylp X 13.D_Xylp Xll 
1 1 1 

2 K 2 j 2 L 
- , "  3 ) -oc -D-Manp  -(1 -,,.- 3 ) - cz -D-Manp  -(1 -,-- 3 ) -oc -D-Manp  -(1 -,,.- 

,.- 3 )_oc -D-ManpS- (1  ~ 3 ) - ( z - D - M a n p S - ( 1  ,,.- 3 ) -oc -D-Manp  S -(1 ,-- 

Whereas structure 1 is that usually shown in previously reported discussions of the 
GXM structure of serotype C isolates, the exact placement of the second /3-Xyl-(1 ~ 4) 
residue (Xyl-VII as shown in 1) has until now not been known. (Is Xyl VII linked to 
Man-F in 1, or to Man-B?) Previous work [28] and an examination of molecular models 
show that a particular Xyl H-1 may show a stronger NOE to one of the Man H-6 protons 
(rather than to H-4) when a /3-Xyl-(1 ~ 4) linkage is involved, so precise assignment of 
Man H-4 and H-6 protons is essential for correctly identifying NOE cross peaks 
involving the /3-Xyl-(1 ~ 4) residues. These assignments were made for 1 using the 
DQF-COSY and TOCSY spectra of GXM 34. 

A portion of the 75 ms ROESY spectrum of GXM 34 is shown in Fig. 7c; 
interresidue NOE peaks involving the /3-Xyl-(1 ~ 4) residues of 1 (Xyl-IV and Xyl-VII) 
are marked. Based on the Man H-4, H-5, and H-6 assignments of residues Man-B, 
Man-C, and Man-F, it is clear that Xyl-IV is linked to Man-C. The marked Xyl-llI NOE 
peak reflects NOE contacts to both Man-C H-4 and H-6, although H-6 is the stronger 
contributor to the overlapping cross peaks observed. The full width of the XyI-VII NOE 
cross peak is consistent with an NOE contact to H-4 (and perhaps to H-6) of residue 
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Man-F. A hypothetical XyI-VII H-1-Man-B H-6 NOE cross peak would be contained in 
the Xyl-VII cross peak observed, although the full width of the observed peak could not 
be explained in this case. There is, however, no indication of any NOE between Xyl-VII 
H-1 and Man-B H-4. Thus, the second /3-Xyl-(1 ~ 4) linkage is to Man-F and not to 
Man-B. 

The presence of at least one prominent minor Man resonance in O-deacetylated GXM 
401 has been mentioned: Man-L, Fig. lb. Inspection of the DQF-COSY spectrum of 
GXM 401 revealed numerous cross peaks not accounted for in structures 1 and 2 (Figs 2 
and 8a). Most prominently, one extra Xyl or GIcA H- l -H-2  cross peak was observed in 
the DQF-COSY spectrum recorded at 68°C. A P.COSY spectrum of isolate 401 at 71°C 
revealed a second Xyl or GlcA H- l -H-2  cross peak that had been obscured by the HOD 
resonance at 68°C. These cross peaks are marked in Fig. 8a. A portion of a 75 ms 
ROESY spectrum of isolate 401 is shown in Fig. 8b. Along the F1 frequencies 
corresponding to the H-I chemical shifts of Man-B and Man-C NOE, peaks not 
observed in the NOESY or ROESY spectra of isolates 34 or 298 may be seen: J 1 -X 1, 
J 1-J 2, and J 1 -L  3 at the Man-B H-1 chemical shift and K 1-GIcA-XI 1, K 1-K 2, 
and K 1-J 3 at the Man-C H-1 chemical shift. Faint NOE peaks are also observed for L 
1-XII  1, L 1-L  2, and L 1-K 3 along the F1 axis corresponding to the chemical shift 
of Man-L H-1. 

The chemical shifts of the extra protons labeled in Figs 2 and 8 are presented in Table 
3. Since some of the DQF-COSY cross peaks expected for these protons in Fig. 2 were 
faintly visible (if not absent) or obscured by cross peaks involving protons of 1 or 2, it 
was not possible to systematically delineate the spin systems of the Man-J, Man-K, 
Man-L, Xyl-X, GlcA-XI, and XyI-XII residues for which chemical shifts are reported in 
Table 3, but the chemical shifts obtained agree with those found for hexasaccharide 4 
from previous 2D NMR analyses ofO-deacetylated GXM from serotype A isolates 201 
[29] and 118 [40]. 

The presence of approximately equal amounts of octasaccharide 1 and hexasaccharide 
4 in GXM 401 is now clear from the similar intensities of Man-L H-1 and Man-F H-1 
resonances in Fig. lb. Compared with heptasaccharide 2, the extra Xyl in 1 offsets the 
lack of one Xyl in 4; therefore previously reported analytical data for GXM 401 
resemble those for a typical serotype B isolate [22]. Methylation analysis had indicated a 
small presence of 2,4,6-D-mannose for GXM isolates 298 and 401 [22]. This indicates 
the presence of a mannan structure as in 5. The chemical shifts of Man residue Man-S, 
found in this work for isolates 298 and 34 and shown in Table 1, are consistent with 
mannan 5 on the basis of having observed similar resonances in previous work in this 
laboratory, not only from having observed small amounts of 5 in serotype A and D 
GXM, but also from having worked with mannan 5 itself. In addition, a S 1-S 3 NOE 
cross peak is present in the NOESY spectra of isolates 298 and 34 (as shown in Fig. 7b 
for isolate 298). It must be mentioned that a small amount of 5 is detectable in our NMR 
work since the resolution enhancement used to resolve the broad resonances of 
high-molecular-weight, highly substituted structures such as I favors detection of less 
rigid structures such as 5. 

The relative amounts of octasaccharide 1 in GXM isolates 34, 298, and 401 
(approximately 75%, 50%, and 25%, respectively) are indicative of the quantitative 



B.E. Bacon, R. Cherniak/Carbohydrare Research 276 (1995) 365-386 383 

(a) 

GlcA-I ; 

4.4 4.2 

PPm 

4.0 

E l/D3 

K l/GlcA-XI 1) 

(L l/K 3) 

%‘(K;) 

A i/Ill 1 -Al/E3 
(J 1/L3) 

4.4 4.2 

PPm 

4.0 

Fig. 8. (a) Portion of the phase-sensitive P.COSY spectrum of 0deacctylated GXM 401 recorded at 100 MHz 

and 71°C. H-l-H-2 cross peaks due to Xyl and GlcA residues of GXM hcptasaccharide 2 are enclosed in solid 

lines; cross peaks due to Xyl and GlcA residues of GXM hexasaccharide 4 arc boxed in dotted lines. Cro$s 

peaks due to residues of octasaccharide 1 are neither boxed nor labeled. (b) Part of the 75 ms ROES> 

spectrum (showing only negative contour levels) of the O-deacetylated capsular polysaccharide of isolate 401. 

The region shows NOE cross peaks involving Man H-l protons (whose chemical shifts are found along the Fl 

dimension). As in (a), only cross peaks involving residues of 2 and 4 are boxed and labeled. Labeling is the 
same as for Fig. 7. The L I-XII I cross peak was weak and had to be reproduced from a low-cr contour level 
of the data matrix. 

differences in the serological activity of these strains with C. ne~fornzan~ factor sera, as 
previously reported [26]. Having confirmed the presence of GXM heptasaccharide 2 
(typical for serotype B isolates) in all three isolates and the presence of GXM 
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Table 3 
I H NMR chemical shifts of thc ring protons of the constitucnt monosaccharides of 4, as identified in the 
O-deacetylated GXM of C. neoformans serotype C isolate 401 

Chemical shift a 

Man-J b Man-K Man-L XyI-X GlcA-XI Xyl-XIl 

H-1 5.293 c 5.223 5.153 4.480 d 4.448 d 4.372 a 
H-2 4.217 4.259 4.221 3.286 a 3.380 d 3.309 d 
H-3 4.065 e 4.033 e 4.082 e n.a. ~ n.a. n.a. 
H-4 3.810 e 3.836 e 3.686 c n.a. n.a. n.a. 
H-5a n.a. n.a. 4.030 " n.a. n.a. n.a. 
H-5e - g - - n.a. n.a. n.a. 
H-6 n.a. n.a. n.a. - - - 

In ppm relative to HOD as externally referenced according to temperature with DSS (~ 0.0) as internal 
standard. 
b For residue labeling see formulae. 
c Unless otherwise noted, chemical shifts were assigned from a ROESY spectrum recorded at 71°C and are 
reported with an accuracy of + 0.003 ppm. 
d Assigned from a P.COSY spectrum recorded at 71°C. 
e Assigned from a DQF-COSY spectrum recorded at 68°C. 
f Not assigned. 
g Not applicable. 

h e x a s a c c h a r i d e  4 ( typica l  for  se ro type  A isola tes)  in isolate  401,  we  are n o w  us ing  2D 

N M R  to ana lyze  intact ,  ace ty la ted  G X M  isola tes  in order  to d e t e r m i n e  h o w  ace ty la t ion  

af fec ts  so lu t ion  c o n f o r m a t i o n  and  c o n s e q u e n t l y  se ro log ica l  act ivi ty.  W e  hope  to deter-  

m i n e  i f  va r i a t ion  in the d i spos i t ion  of  the O-ace ty l  subs t i tuen t s  in na t ive  G X M  can  

exp la in  why ,  for  example ,  G X M  401 types  as se ro type  C despi te  the p r e s e n c e  of  the 

m i n o r  por t ion  o f  4. Th e  a s s i g n m e n t s  desc r ibed  here in  are essent ia l  for  the ana lys i s  of  the 

~H N M R  spec t ra  of  6 -O-ace ty l a t ed  G X M s .  

T h e  ~ H N M R  a s s i g n m e n t s  p re sen ted  here  are impor t an t  for  o the r  aspec t s  of  the  s tudy  

of  G X M  f rom C. neoformans. H a v i n g  a s s igned  the p ro ton  N M R  a s s i g n m e n t s  for  G X M  

f r o m  se ro types  B [29] and  D [28], we are c o m p l e t i n g  p ro ton  N M R  a s s i g n m e n t s  of  

se ro type  A G X M .  U s i n g  the H-1 s igna ls  of  r e s o l u t i o n - e n h a n c e d  1H N M R  spectra ,  in 

c o n j u n c t i o n  w i th  the  a s s i g n m e n t s  he re in  repor ted  for  se ro type  C, we  are se l ec t ing  t r iads  

of  m a n n o s e  res idues  ( such  as 1, 2, and  4) as the repor te r  of  f ine  s t ruc ture  of  G X M .  S ince  

we  had  not  p rev ious ly  b e e n  able  to detec t  the p r e sence  o f  m i n o r  s t ruc tura l  G X M  

e lement s ,  such  as 4 u s i n g  13C N M R  spec t ro scopy  [23], the 13C N M R  a s s i g n m e n t s  of  

m a n n o s e  C-1 nucle i  are no t  su i tab le  for  this  purpose .  A re la t iona l  da t abase  for  a s s ign ing  

the  s t ruc ture  to any  i so la te  of  C. neoformans is b e i n g  deve loped ;  in c o n j u n c t i o n  w i th  the 

d e v e l o p m e n t  of  a neura l  ne twork ,  it m ay  be  poss ib le  to se ro type  newly  i so la ted  G X M  

isola tes  f rom 1D 1H N M R  spectra .  
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