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ABSTRACT. A newly reported strain o¥ibrio cholerag known as strain 0139 Bengal, is the first instance

of an encapsulated strain that has caused epidemic cholera. The O-antigenic capsule is the critical antigen
for protective immunity. Since mapping of the antigenic epitopes will assist in the development of a
protein conjugate vaccine based on the capsular polysaccharide, we have undertaken a study of the three-
dimensional conformation of the polysaccharide. It contains six residues in the repeating subunit with the
unusual feature of a 4,6 cyclic phosphate ofi-galactopyranoside. A structural epitope composed of

four of the residues is somewhat similar to the LéMal®od group tetrasaccharide. Polysaccharide samples
enriched int3C have been prepared by growth of the bacteri&@enriched medium. Multidimensional
heteronuclear NMR and molecular modeling studies are reported, which show that the 0139 tetrasaccharide
adopts a compact and tightly folded conformation that is relatively rigid and similar to frewhformation.

The cyclic phosphate on thgalactopyranoside residue is in contact with the colitose residue linked to

the 3-GIcNAc.
All the cholera epidemics known in recent times have been o 0
caused byVibrio choleraeof the serotype O1 carrying the o
cholera toxin (CT) genes. The O1 designation refers to the LD DG -
LPS O-polysaccharide chain, which is known to be a (B-D-QuiNAc (1 »6) p-D-GIeNAe(1 »4) a-D- Gald (1> 3}
homopolymer of the somewhat unusual sugar 4,6-dideoxy- a-L-Col(1 > )

4-aminomannose (perosamine). But in 1992, a new epidemic ) _ _
type of cholera was discovered that is causey bgholerae Ficure 1: Schematic representation of capsular polysaccharide

- . . - tructure olV. choleraeD139. Tetrasaccharide epitope homologous
that are not cross-reactive with O1 strains and are deS|gnatecfO Le? histo-blood group antigen is shown in boldface type. Labeling

as 0139 I.) Th|S deVeIOpment haS Stimulated ConSidel’able a-fis according to Preston et aIZ)(
interest in various aspects éf cholerae0139 strains, which,

unlike the O1 strains, have a capsular polysacchagee (  sugar residues in the repeating subunit, which includes the
4). 0139 strains are in most ways similar to O1 strains in unusual feature of a cyclic phosphate on a galactopyranosyl
that they carry CT genes, but they differ in the synthesis of residue 7). Subsequently, methylation analysis and other
the LPS and capsulé). Since patients in regions of the  chemical techniques have confirmed the proposed structure,
world where cholera is endemic have immunity to O1 strains shown in Figure 1, including the unusual feature of the cyclic
but not to the 0139 strains, the latter have spread rapidly, phosphate §). Serological cross-reaction has been noted
sup_plantlng 0.1 strains as the major epidemic strains in somebetween the capsule and the lipopolysaccharide (LPS) from
regions of India §). the V. cholerae0139 @) and it has been shown that the

We have previously reported on the chemical structure of LPS has an O-polysaccharide chain that terminates in a single
the capsular polysaccharide frovh cholerae0139. Using hexasaccharide whose structure is identical to that of the
primarily NMR data, we proposed a structure containing six repeating subunit found in the capsule, including the 4,6

cyclic phosphate9).

' This research was supported by NSF Grant MCB 97-24133 and  1he capsular polysaccharide has been proposed as the basis
by NIH Grants Al-28856 and GM-57211. for vaccine developmentl(). Information on the three-
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! Abbreviations: NOESY, nuclear Overhauser effect spectroscopy; and protective. In the present study, we show by NMR and
HMQC, heteronuclear multiple quantum coherence; DQF COSY, mglecular modeling methods that four sugar residues in this
double quantum filtered coherence spectroscopy; CT, cholera toxin; ; . .
LPS, lipopolysaccharide; FID, free induction decay; ELISA, enzyme- hexasaCChar'de fc_)rm a very compact tetrasaccharide epitope
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MATERIALS AND METHODS

Samples of the capsular polysaccharide were isolated from

Biochemistry, Vol. 38, No. 37, 19992063

sizes of the 2D HMQC spectra of the unifornifC-labeled
sample was 1Kx 1K. The spectra were processed with
addition of 32 points to each FID in tHéC dimension with

V. choleraestrain Al1837, which has been well-characterized linear prediction, prior to apodization. To meastitg, from
and has been shown to cause cholera in healthy North13c-coupled HMQC, the vector containing the two cross-

American volunteersl). Single bacterial colonies grown
from frozen glycerol stocks were inoculated into L-broth for
18 h of growth at 30C. One milliliter of each culture was
spread a 1 L of solid medium in 8-10 150 mm Petri dishes
and incubated for 48 h at 37C. Capsular polysaccharide
was isolated as previously describé@)( Natural abundance
samples were grown on L-agar (1% bacto-tryptone, 0.5%
yeast extract, and 1% NacCl).

Prior to use of labeled glucose for the purpose of obtaining

peak components i, was reverse Fourier-transformed and
the new FID was zero-filled and transformed to achieve a
1D spectrum with a resolution of 0.2 Hz, from which the
couplings were measured by estimating the separation
between the two components.

Three-dimensional HMQC-NOESY.8) with 32, 64, and
256 complex points inf;, t;, and ts, respectively, were
recorded with mixing times of 40 and 100 ms. Protan (
andws) and carbond;) dimensions were set according to

*C-labeled polysaccharides, a series of growth curves waspmQc parameters described above, so that NOE from the

analyzed to determine the optimum culture conditions and
to explore the possibility of substitution of an algal hydroly-
sate (Celtone, Martek Inc., Columbia, MD) for the tryptone
to facilitate stable isotope incorporation. For this purpose,
100 mL of liquid medium was inoculated and shaken at 37
°C. Growth of bacteria was monitored hourly, from the
change in turbidity measured as optical density at 600 nm.
Varying amounts of Celtone, tryptone, and glucose, in M-9
minimal medium, were studied. Efficient growth was found
with 1% tryptone or 0.2% Celtone supplemented with 6.02
0.2% glucose in M-9 minimal medium.

For the preparation of selectivei?C-labeled capsular
polysaccharide, cultures were grown on M9 minimal medium
supplemented with 0.8% bacto-tryptone (Difco, Detroit, MI)
and 0.1% filter-sterilized1-**C]glucose. Medium was solidi-
fied with 15 g/L ultrapure agarose (Gibe®8RL, Grand
Island, NY). The uniformly:3C-enriched polysaccharide was
grown on M9 medium supplemented with 0.2% NacCl, 0.2%
filter-sterilized u-'3C]Celtone-C and 0.1% fermentation-
grade [-13C]glucose (Martek). Polysaccharide was isolated

diagonals whose attaché#C resonance were folded in;
would not share the same; vectors of unfolded anomeric
or ring resonances$C decoupling int; was achieved with
a composite proton 180n the middle of evolution and by
applying GARP decoupling in acquisition dimensitfn
Selective protorT; was measured for the isolated satellites
of ¢ H1 and the downfield satellite af H1.

The final matrix of the 3D HMQC-NOESY generated for
uniformly enriched 0139 sample was 532512 x 1024
(w1, w2, andws respectively) in real data. The first points of
FIDs in the '3C dimension were calculated by linear
prediction and the FIDs along théC andH evolution
dimensions were extended by 24 and 32 points by linear
prediction. NOESY cross peaks for any pair of protons can
be found on two different3C planes. Experimental NOE
intensity was calculated as the average intensity of these two
components if they were well isolated; otherwise only one
component was considered. Because we could measure
selectiveT; for both satellites only foc H1, each NOESY
cross-peak was normalized with respect to its diagonal peak

as described above, extensively sonicated in ice, and thenntensity.

purified by size-exclusion chromatography on a Bio-Gel P6
column (2 x 100 cm) with water as the eluent. Fractions
eluting at the void volume were lyophilized and used for
NMR experiments.

Molecular modeling was done with the CHARMmM soft-
ware with either Quanta or Insight for graphical manipula-
tions of the models (both from MSI Corp., San Diego, CA).
Potential energy functions of CHARMm were used as

Polysaccharide samples were exchanged three times withmodified for carbohydrates.4). All calculations were done

D,O and made up in high-purity @ in 5 mm NMR tubes
at a concentration of approximately 8 mg/mL. Natural-
abundance samples were studied at 500 MHifrequency

in a vacuum without explicit inclusion of water with a
distance-dependent dielectric constant and a cutoff at 15 A.
The glycosidic dihedral angle® and W, are defined

on a GE Omega PSG spectrometer at a probe temperatur@ccording to the IUPAC convention bys©C,—0—C', and

of 60 °C. Two-dimensional NOESY spectra were recorded
at mixing times from 40 to 200 ms with standard pulse
sequences. Selectivie were measured with selective inver-
sion pulses (189 of 40 ms in length with the carrier centered

C,—0—C',—C'x-1. Relaxed conformational energy maps
were constructed for each of the three disaccharides,
e-b, and f-b, by constrained energy minimization as a
function of ® andW dihedral angles with a Z0step size.

on each of two isolated anomeric resonances at 5.407 andSee Figure 1 for labeling of the residues.) All the low-energy
5.035 ppm. Data were processed on a Silicon Graphics Indigodisaccharide conformations were combined to form tetrasac-

workstation with the Felix software (Biosym Corp.).
All spectra of the uniformly highly**C-labeled 0139

charides. These tetrasaccharides were energy-minimized to
relax all dihedral angles, and these low-energy tetrasaccharide

polysaccharide were recorded on a GE Omega PSG instruimodels were selected for conformational analysis by use of

ment, operating at 600 MHz. HMQC spectra with and
without 13C decoupling were acquired with théC carrier
set at 81.6 ppm with a; spectral width of 10931 Hz, thus
folding methyl carbons between anomeric and ring reso-

nances and 3-deoxy carbons downfield of anomeric reso-

nances in thé*C dimension. This made it possible to prevent

NOE data.

NOESY spectra were simulated from conformational
models by the matrix method§). Experimental cross-peak
volumes were scaled by using the selectile data to
represent a fraction of, the volume of a diagonal peak at
zero mixing time {6, 17). To account for heteronuclear

overlap of these methyl resonances with signals of anomericdipolar relaxation in the NOESY simulations for the uni-

and ring resonances in any given vector. The final matrix

formly 3C-enriched polysaccharide, the contribution of
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Table 1: Heteronuclear One-Bontld) Couplings of 0139 CPS hydrates. Both homonuclear coupling constaids, (not
shown) and the heteronuclear one-bddgl, data (Table 1)
indicate a normatC; chair conformation for the galactose
coupled -QUINAc f-GIcNAc o-GalA a-Col f-Gal(P) a-Col residue,e. A chair conformation can be conveniently built
nuclei a b c d € for the cyclic phosphate ring in which ti& is trans to one
Cl-H1 161.7 1623 1755 1740 1594 1705 of the H6 protons of Gal and gauche to the other H6 as well
Gita  Tna 1m0 13s 1990 1heo is30 AaStoH4. Hall and Malcolm22) have reportedJey values
C3—H3 123.0 123.0 for a model cyclic phosphate in a chair conformation. The
C4—H4 142.7 142.7  150.8 149.6 150.2 149.6 measuredJpy for the 0139 polysaccharide (not shown) as
C5-H5 137.7 134.6 1433 1427 1389 1429 |l as the data reported by Knirel et alg)(for an

C6-H6 123.6 1606 1236 1580 1236 oligosaccharide fragment from the polysaccharide are con-

residue

C6—H6' 157.8 164.0 . . . . .
Cue—Hue® 1255 1255 sistent with such a chair conformation. These observations
- - - are also consistent with the stereospecific assignment of the
aCoupling constants (in hertz) were measured by HMQC without .
3¢ decoupling during acquisition; experimental errori§.4 Hz. H6 OT Gal that can be made with 3D HMQC-NOESY data
b Overlapped peaks from which couplings cannot be measured ac-as Will be discussed below.
curately.®In N-acetyl group. Given the conformations of the pyranoside rings of the

sugars, molecular modeling of the tetrasaccharide is possible.

attached'3C nuclei on proton relaxation, an autorelaxation Following the procedures in Materials and Methods, several
term by the attacheHC, is included {8). A single tumbling different low-energy disaccharide conformational models for
correlation time for the tetrasaccharide was estimated bythe three disaccharides were identified within 7 kcal/mol.
fitting intraresidue theoretical and experimentally observed Six distinct minima were found for botte-f and f-b
NOEs. Agreement between experimental and theoretical datedisaccharides, and three low-energy conformations were
were evaluated by calculating agreement factors proposedexhibited by disaccharidel-e (Table 2). Although the

by Shriver and Edmondson9): disaccharide models all showed normal chair conformations
for residuesh, d, andf, several instances of distorted chair
2|NOEO — NOE,| conformations_were ob_served for res_iotue'l’ hese con_form-
= ers, not consistent with the experimental coupling data
ZINOEOI discussed above, were not further considered.
Tetrasaccharide models including the residues-b-f
Z| |NOE0|1/6 — |NOEC|1/6| (Figure 1) were built for the 108 combinations of minimum
Ry= 16 energy disaccharide conformations discussed above. They
Z'NOEJ were energy-minimized with respect to all degrees of

) freedom, using steepest descent and conjugate gradient
where NOE and NOE refer to the experimentally observed  gigorithms. Resultant minima showing any chair distortions
intensities and calculated NOE intensities from model gescribed above were discarded. The resulting tetrasaccharide
structures, respectively. conformations were grouped into families with glycosidic

torsion anglesb andW differing by less than 15 Thirteen
RESULTS disti . . - ) .
istinct tetrasaccharide conformational families were identi-
Although determination of the puckering of the pyranoside fied and the lowest energy conformer of each is listed in
sugar residues is generally straightforward, the structure of Table 3. Thus M1, the global minimum, belongs to family
Figure 1 has two unusual features that deserve attention. Firsi, and M2—M13 are the minimum energy conformations of
is the a-colitose residues, which have two bulky axial the rest of the families, which lie within 10 kcal/mol of the
substituents in both th#C,; and the*C; conformation. Two global minimum. While the energies associated with tet-
lines of evidence indicate that both residues adopt the normalrasaccharide conformations are not absolutely accurate, we
1C4 puckering common for. sugars. First, DQF COSY  believe the sampling procedure locates all the important low-
spectra (data not shown) show much larger cross-peaksenergy conformations.
between H2 and the axial H3 for the two colitose residiies The 2D NOESY spectra of the natural abundance polysac-
andf than between H3 and H4 of those residues, indicating charide recorded at mixing times of 40, 80, 120, and 200
that H2 is axial and H4 is equatorial for both residues. ms showed that negative NOEs develop very rapidly in this
Second,’Jcy values that are smaller<(l45 Hz) for axial system. NOE intensities were normalized with respect to
protons than for equatorial protons 145 Hz) @0) indicate diagonal peak intensities of the two isolated anomeric signals
(Table 1) that the colitose residuésandd are in the!C, at zero mixing time (described in Materials and Methods)
chair form, which is normal for sugars in thegalacto using selective protom; of c H1 (277.3 ms) and H1 (287.3
configuration. The stereochemistry of abequoseptimmer ms). The effective rotational correlation timgwas treated
of colitose, found in the repeating unit ddalmonella as an adjustable parameter to give the best fit of simulated
serogroup B O-polysaccharide, has been extensively studiedntraring NOE values with the experimental data on model
by Bundle et al. 21), whose X-ray crystallographic studies M1. This value, 5.7 ns, is an estimate of the approximate
have shown that the-isomer of 3,6-dideoxygalactose forms effective correlation time, since the calculated intraring NOE

a*C, chair. cross-peak intensities depend mainly qrrather than on
A second problem requiring attention is the conformation the details of the conformational model.
of the bicyclic ring of the 4,6 cyclic phosphafegalactose, NOESY at a mixing time of 40 ms, shown in Figure 2,

a structure that has not previously been modeled in carbo-indicates a number of strong intraresidue cross-peaks as well
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Table 2: Low-Energy Conformations from Disaccharide Modeling

dihedral angles (deg)

relative energy

disaccharide minima o2 yb (kcal/mol)
Col-o(1— 2)-8-p-Gal4,6(PQ) [d-€] 1 —51.6 158 0
2 —113.0 114.0 1.0
3 —64.7 —43.1 2.1
p-Gal4,6(PQ)-5(1 — 3)-4-p-GlcNAc [e-b] 1 16.7 53.2 0
2 26.3 54.8 11
3 —64.4 —137.0 4.0
4 41.8 72.1 4.3
5 —-99.4 —141.0 6.1
6 —106.0 58.6 6.9
Col-a(1 — 4)-4-p-GlcNAc [f-b] 1 —109.0 —67.5 0
2 178.0 58.6 0.7
3 —178.0 55.2 0.9
4 —86.4 54.6 2.6
5 —60.5 —29.9 2.9
6 18.8 143 3.3

AP = 05—C;—0-C,. W = C;—0—-C',—C/x1.

Table 3: Tetrasaccharide Conformational Families Derived from Relaxed Energy Mapping Précedure

glycosidic dihedral anglés

Col-a(1— 2)Gal4,6(P) Gal4,6(P1 — 3)GIcNAC Cola(1 — 4)GIcNAc .
relative! energy
minima? O, v, D, v, @3 Wy (kcal/mol)
M1 —98.7 125.0 —66.3 —103.0 —56.7 143.0 0
(—99.3-98.7y  (124125)  (66.3—-65.3)  (-104—103)  (~56.7—55.6) (143 144)
M2 —114.0 114.0 —57.7 —103.0 —138.0 72.5 3.3
(-115-110) (114120)  {60.7-57.7)  (-105-102) (-141-138) (72.5 75.9)
M3 —92.1 118.0 —3.7 68.2 —38.2 172.0 51
(-96.1-92.1) (115 119) €4.93.5) (65.9 70.2) £38.2—35.9) (172 175)
M4 —113.0 112.0 —60.5 —90.2 —59.5 —34.0 55
(-113-112) (112113)  €61.7-60.5)  (-90.4—90.2) (34.3—34)
M5 —93.6 117.0 8.2 59.6 —102.0 —74.1 5.8
(—93.6—81) (109 117) (8.227.1) (57 59.6) —(05-102)  (-74.1-72.1)
M6 —99.4 142.0 —60.4 65.5 —62.4 —41.4 6.1
M7 —95.5 141.0 —65.0 —62.3 —156.0 —-91.7 6.6
M8 —92.0 111.0 21.8 61.3 —89.6 47.6 7.6
(-97.9-88.8) (111 120) (21.8 23.8) (61.362.5) —99.6-88.5) (47.6 65.3)
M9 —97.8 117.0 25.0 62.0 —61.5 —33.0 8.8
(—104-93.6) (112 120) (24.4 36.9) (59.885)  —80.6-60.7)  (-40.1-32.7)
M10 —104.0 128.0 —79.2 —91.9 —95.6 —83.0 8.9
(-104-103)  (128-131) (-82.9-79.2) (-945-91.9) (-956-95.2)  (-83-82.8)
M11 —105.0 132.0 —58.1 72.5 —-71.2 19.8 9.5
M12 —102.0 124.0 28.4 67.8 —39.0 —173.0 9.7
(-102—-101) (28.4 35.1) (67.8 70.7) —42.6—39) (-173-169)
M13 —101.0 120.0 39.3 78.9 —-97.1 —73.8 10.1
(38.9 39.3) €74-73.8)
Lebe —75.0 138.0 —61.0 —111.0 —62.0 148.0

aFamilies are characterized by their conformation of lowest energy and the possible range in glycosidic torsion angles. Only families whose
local minimum is within 10 kcal/mol from the global minimum are listé@®Represents the lowest energy conformational model of each family.
¢“Heavy atom convention” has been used to define dihedral angles of conformational nfliayage of dihedral angles (i.e., the minimum and
the maximum torsion angle of the cluster of conformations) for each family is indicated in parentheses, under the dihedral angle of its minimum
energy model. If range is not indicated, it could be either because the entire cluster shows similar dihedral angles or because only one cbnformationa
model was found in that family Torsion angles according to r&B.

as interresidue peaks including peaks across linkages and and H2 of galactose and between H5 of colitoseé and
some long-range correlations. Large cross-peaks are observeti2 of glcNAc b, suggest a folded conformation for the
between the anomeric protons to aglycon protons fof @ol  tetrasaccharide composed of residogd, e, andf. However,

H1 to Gale H2, for Gal H1 to GIcNAcb H3, and for Cot only a very few cross-peak intensities can be accurately
f H1 to GIcNAc H4. A large peak is also seen for GIcNAc measured, especially in the ring region, because of overlaps,
H1 to GalA ¢ H4 and somewhat weaker peaks appear making it harder to use these data for an accurate confor-
between GalA H1 and QuiNAa H3 and between QuUiNAc  mational analysis.

H1 and GIcNAc H6. There are strong cross-peaks between Due to these overlaps, biosynthetic enrichmert@was
protons on residues that are not directly connected, such aexplored as a method for improving resolution for the
CoP d H5 and GIcNAc H2. There is also a strong cross peak NOESY spectra throughC editing. When glucoseé3C-
between Cdl f H1 and GIcNAc H6. The long-range labeled at the C1 position was used together with unlabeled
connectivities, in particular the ones between H5 of colitose tryptone (culture procedure described in Materials and
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FiGurRe 2: NOESY spectrum (500 MHz) of the natural-abundance
capsular polysaccharide ¥t cholerag0139 at 60°C and a mixing
time of 40 ms with row at 4.7 ppm containing resonance§lof
el, andf5. For simplicity, thecH1/cH2 cross-peak is labeled as
cl/c2, etc.

Methods), capsular polysaccharides primafig-labeled at

the anomeric and methyl carbon atoms were produced. For

polysaccharide samples grown in 0.1%'{C]glucose, 1D
IH spectra (not shown) show the integral intensity %
satellites of the downfield anomeritl signals to have 70%
of the total intensity. The satellites dfi-acetyl methyl
resonances of QUiINAc and GIcNAc show 40% of their total

Gunawardena et al.

f1 (ppm)

()
98.59

(A)

(B)
(e1)
101.97

© (f5)

66.81

12 (ppm)

D) @n

100.15

(E) (b2)

* 156.63

(F) (ds)

67.04

4.5 4.0
ppm
Ficure 3: Two-dimensional NOESY stripswg—w3) and 1D
projection from 600 MHz 3D HMQC-NOESY (at 40 ms mixing
time) across selecteC planes ¢1) (as indicated on the right-
hand side) with interresidue NOE connectivities. Panel A shows
NOESY cross-peaks betweérmd1 (donor) and its recipients dn
C1 plane at 98.59 ppm. For simplicity only the recipients are
labeled; thus5 on strip A indicates théH1/bH5 (w,—w3) cross-
peak, etc.

5.5 5.0

of singly 13C-labeled glucose allowed Sheng and Cherniak
(25) to randomly enrich different carbons biosynthetically
in the glucuronoxylomannan d@ryptococcus neoformans
using a cocktail of'®C-labeled sugars each enriched at a
different carbon site. Biosynthet#®C enrichment ofEs-

proton resonance intensity (data not shown), indicating 70% Cherichia coliO25 O-polysaccharide() also showed direct
and 40%C enrichment at these sites, respectively. Twenty- Incorporation of*C-labeled glucose.

five percent of 6-deoxy methyl carbons of quiNAc and the

When uniformly ¥*C-enriched glucose was used in the

two colitose residues atéC-enriched. Since satellites could culture medium together with*C-labeled Celtone as the
not be observed for ring resonances between 3.4 and 4.7source of amino acids in the bacterial culture medium, the
ppm, 13C enrichment for these resonances was determinedresulting polysaccharide was uniformly highly enriched in
from ratios of their HMQC cross-peak intensities to those *C, similar to our observations with the cell wall polysac-
of HMQC intensities of anomeric signals whd$€ enrich- charide fromStreptococcus miti322 7). One-dimensional
ment levels were determined from the 1B spectra. proton spectra of the fulllC-enriched 0139 polysaccharide
Necessary corrections for differences in HMQC intensities sample show that all signals are split into tHé€ satellites
resulting from differential relaxation effects and differences with small central peaks froffC (data not shown) indicating
in LJcy values were made with the natural-abundance HMQC 95% enrichment. The intensities of all HMQC peaks for this
spectrum. This procedure indicated that the ring carbon sample are identical to those of the natural-abundance
atoms, including the 3-deoxy sites of colitoses, were not sample, indicating 95% uniforifC enrichment.
significantly enriched above natural abundance. Due to the good chemical shift dispersion in tHE
These results are consistent with direct incorporation of dimension as seen in an HMQQ)( a substantial improve-
C1-labeled glucose with a small proportion being catabolized ment in the resolution of the NOESY spectrum is observed
prior to incorporation as observed by Jones and Sané8ys ( in the '3C-edited 3D HMQC-NOESY spectrum. NOESY
for the Klebsiella K3 serotype capsular polysaccharide. strips in Figure 3 demonstrate how peak overlap in 2D
Similar studies on alginate biosynthesis Azotobacter NOESY has been effectively overcome by 3fC-edited
vinelandii (24) did not show transfer dfC1 into C6 of sugar ~ NOESY. As shown in Figure 2, cross-pedksi5/e H2, e
residues, implying no scrambling &1C isotope from C1 to H1l/e H5, andf H1/b H4 are severely overlapped in 2D
other carbon atoms via triose pools. Such direct incorporation NOESY of natural-abundance 0139 polysaccharide because
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f1 = 69.47 ppom Table 4: Experimentaland Simulated NOESY Intensitfefor
& d-e-b-f Tetrasaccharié®f 13C-Enriched Polysaccharide

Y .
. L S U NOE.
o cross-peak NOEg,f M1 M2 M3 M4 M5

el/b3 0.0364 0.0395 0.0281 0.0031 0.0238 0.0027
dl/e2 0.0504 0.1080 0.1281 0.1188 0.1275 0.1182
f1/b4 0.0461 0.0257 0.0402 0.0090 0.0066 0.0063
b2/d5 0.0163 0.0416 0.0093 0.0006 0.0089 0.0006

f2 (ppm)
IS
)
0

e2/f5 0.0191 0.0562 0.0003 0.0013 0.0001 0.0001
~4 @ b6’ 3879 d1/f5 0.0059 0.0086 0.0001 0.0003 0.0001 0.0000
é oS d5/b4 0.0042 0.0038 0.0008 0.0006 0.0010 0.0005
= @16 @i f1/b6° 0.0209 0.0493 0.0026 0.0294 0.0010 0.0034
= b3 f1/b6R 0.0387 0.0780 0.0017 0.0928 0.0014 0.0076
f1/b5 0.0090 0.0087 0.0021 0.0157 0.0050 0.0837

e2/f19 0.0000 0.0005 0.0269 0.0001 0.0040 0.0004
f3(PPm) e2/b2 0.0000 0.0010 0.0011 0.0160 0.0040 0.0265

. i ; : el/b4 0.0000 0.0018 0.0017 0.0113 0.0018 0.0073
Ficure 4: Two-dimensional NOESY strips from 600 MHz 3D f1/b3 00000 00017 00141 00026 00794 00972

HMQC-NOESY at 40 ms mixing time, acroesC6 andb C6 w;
planes, showing NOE cross-peaks of H6 with intraresidue H4 and R 0.1008 0.2382 0.2467 0.3024 0.3538

H5. Stereospecific assignments were made by using the intensities
of these peaks.

NOE Data for Methyl Groups
distance (A)

proton chemical shifts of both the donofsH5, e H1, and cross-peak  NOEepf M1 M2 M3 M4 M5

f H1) as well as their recipiente H2, e H5, andb H4) d1/f6 0.0004 25 80 84 91 107

show degeneracy, complicating accurate NOE quantitation. ~ b2/d6 0.0027 23 23 50 23 5.2

However,13C shifts of these two sets of resonances show €2/ 00054 27 62 64 80 94
llent dispersion, making it possible to separate these ba/d6 0.0017 28 42 >2 3.9 >2

exce p , gip p b4/f6 00006 34 61 31 53 5.3

overlapped cross-peaks as shown in Flgur(? s alower limit for experimental NOESY intensities is 0.00P(or

Resolved NOE peaks from H4 to H6 and_ Hés ngl as methyl protons, only distances are tabulated, in angstroms, instead of
from H5 to H6 and HE enable stereospecific assignment NOE intensities¢ See Figure 1 for residue labefsOnly interresidue
and determination of the orientation of exocyclic hydroxy- cross-peaks for the tetrasaccharide epitope are considaéth an

methyl groups of residuds ande. In the bicyclic galacto- ~ NOE mixing time ¢m) of 40 ms. Intensities are normalized with,
the diagonal volume at zero mixing time. For methyl NOE connec-

phosphate (remdy@, the (_:ygllC phosphate rTlOIety assumes tivities, reported intensity is one-third of the cross-peak intensity.
a chair conformation rgstnctmg 06, H6, and'H6 galactose fCalculated with an effective rotation correlation time of 5.7 ns.
(e) to agg conformation. The NOE cross-peak between  sNegative NOE restraints, i.e., NOESY peaks not observed experi-
H5 ande H6 is similar in intensity to that betweerH5 and mentally, yet used in NOESY intensity simulation to strengthen
e H6', while the NOE betweee H4 ande H6 is stronger conformational analysié.Negative peaks were not used for the
than that betweer H4 ande H6' (Figure 4). This implies ~ c&lculation.

that the downfielce H6 is pro-R (e H6R) and that the upfield

e HE' is pro-S (e H69). In residueb (GIcNAc), the NOEs peaks at 40 ms mixing time for all the conformational
betweenb H5 andb H6 and betweet» H5 andb H6E' are minima M1—M5 having energies within 6 kcal from the

similar, while b H4/b H6 is weaker tharb H4/b H6E', global minimum (Table 4). Similar calculations were carried
indicating that the downfielth H6 is pro-S(b H6%) and the out with the same rotational correlation time at a NOESY
upfield b HE' is pro-R (b HER). mixing time of 100 ms (not shownRy, which is calculated

NOE cross-peak intensities from 3D HMQC-NOESY of as the inverse sixth power of NOE intensities (shown in
the uniformly highly enriched 0139 sample were normalized Materials and Methods), was chosen for evaluation of the
the same way as natural abundance NOEs (i.e., experimentaiigreement of simulated intensities with experimental NOE
NOE intensities divided bw). SelectiveT; values were  values because it reflects more accurately the differences in
shorter than natural-abundandg values as expected. distances19).

Moreover, the downfield satellite @afH1 showed a shorter All the interresidue NOE connectivities observed at 40
selectiveT; (123 ms) than the upfield satellite (181 ms), ms mixing time are shown in Figure 3. NOE cross-peaks
implying that at higher mixing times the upfield satellite between anomeric and aglycon protons are all large, but
contributes more to th€C-decoupled NOESY intensities. unless a linkage shows an anti conformation, generally NOE
Therefore, for NOE at 100 ms mixing time, intensities were cross-peaks across glycosidic linkages can be fitted to many
normalized with respect t¥, of the ¢ H1 diagonal peak  different conformations. However, analyzing some of the
calculated from the selectivi of its upfield satellite, while other NOEs between adjacent as well as nonadjacent
at a shorter mixing time of 40 ms, the averagé/ptlerived residues, makes it possible to identify a single conformation
separately from the selectivig values of the two satellites  or to rule out the contribution of some others. Besides NOEs
of ¢ H1 was used to normalize cross-peak intensities. The across glycosidic linkages between anomeric and aglyconic
same effective rotational correlation time (5.7 ns) as for the protons, there are many other long-range NOE connectivities
natural-abundance sample was determined by fitting in- such as H2/d H5, e H2/f H5, d H1/f H5, andd H5/b H4,
traresidue experimental and calculated NOE intensities fromindicating the folded nature of thé-e-b-f tetrasaccharide

all residues. Using thig,, we have simulated NOESY fragment in the O139 polysaccharide. The lowest energy
intensities of all experimentally observed interresidue NOE model, M1 gives the lowed®, value (Table 4).
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Although model M1 shows the best overall agreement with f1 (ppm)
the experimental NOE data, some conformations such as M2 100.15
. T (A »®
show a better fit for certain individual cross peaks such as ° .
that betweerb H2 andd H5 and betweeri H1 and H4. dus
Therefore we have attempted to introduce minor populations
of one or more of these conformations to a major population B) )
of M1 following a virtual conformation modeRg). Although ba/de
the Ry values are slightly reduced, the fitting of individual
restraints does not become considerably better than for fitting
M1 alone. Similarly, when the whole conformational cluster
of family 1 was included for correlation between measured e2/f6
and calculated NOE®6), no significant improvement over o)
the fit of M1 itself was observed. The evidence from the 40 ° .
ms mixing time NOE data indicates that the primary b4/d6 DA/
conformation of the tetrasaccharide is M1. , — ,
Analysis of individual cross-peaks indicates why the virtual 2.0 15 1.0
conformation model does not lead to major improvements £3 (ppm)
in agreement with experiment and why M1 must represent FIGURE 5:  Two-dimensional NOESY strips from 3D HMQC-
the dominantconforme. Te NOE cross-peak betwdé  HOESY 1o Dl HoSsio mellpotons s rbing
. - . . ) -
and f H5 |ndlcat§s that. the lower surface of residue side. Only cross1 Seaks betweeye-b-f tetrasaccharide resgnances
stacked over residue Similarly, the cross-peaks between gre Jabeled. Labeling is simplified in thdl/f6 in strip A indicates
b H2 andd H5 and betwee H4 andd H5 indicates that  the dH1/H6 (w,—ws) cross-peak, etc.
colitosed is folded over GIcNAd. But the pyranoside rings
are slightly offset rather than directly stacked as is shown values (Table 4), the methyl group NOE values are seen to
by the cross peaks betwekH1 andb H6°andb H6R, which be considerably smaller than those of the methine protons,
show thatf H1 is to be placed approximately between these presumably due to the difference in effective rotational
two methylene protons as it is in model M1. Likewise, the correlation times. All distances to methyl groups listed for
cross-peak observed betwedrH1 andf H5 indicates the models in Table 4 refer to the distance to the most proximal
tight folding that brings the two colitose resides in proximity. proton. Folding of GIcNAc and colitosé can be seen in
Only the global minimum conformation M1 accounts for all the strong NOE connectivity between 6-deoxy methytlof
these conformational features. andb H2 andb H4 (see Figure 5B,D). Similarly, folding of
Addition of any significant population of conformations colitosef and galactose cyclic phosphatés supported by
other than M1 to a virtual conformation model implies the the intensee H2/f H6 cross-peak in Figure 5C. AlsbH6
appearance of some NOE cross-peaks that are not observedhows an NOE witid H1 (Figure 5A), providing further
(Table 4). Model M2 implies a strong NOE betwee2 evidence for the turn of residdene have proposed. While
andf H1 rather than betweeeH2 andf H5 (see Figure 3  long-range methyl NOE cross-peaks we have discussed so
and Table 4). With GIcNAc (residug) stacked above cyclic ~ far point to the highly folded model we propose for this
galactophosphate, conformation M3 would show a cross- tetrasaccharide fragment, there are also some short-range

56.63

£2 (ppm)

©) o 76.72

7233

peak betweeer H2 andb H2, rather than betweenH2 and interresidue methyl NOE interactions such as that between
f H5; also, NOE across glycosidic linkageH1/b H3 will f H6 andb H4 (Figure 5D) that support the conformation
be weaker than NOE to adjacemH1/b H4, andf H1/b H5 M1.

will be stronger tharf H1/b H4 (Table 4), contrary to the On the basis of the increased number of NOE restraints
observed intensities. Similarly, tleH1/b H4 cross-peak  from 3C-edited NOESY we have reported above, together
across the glycosidic linkage between residussdb would with our quantitative and qualitative analysis of data, we

be weaker thari H1/b H3 with no possibility of an NOE propose M1 as the major solution conformationdeé-b-f
betweene H2 andf H5 if M4 were to have a significant  tetrasaccharide fragment in the capsular polysaccharide of
population (Table 4). For conformational model M5, a strong V. cholerae It is a highly folded structure with the two
e H2/b H2 signal should be obvious. M5 would show colitoses extending aboyesides 80) of the core disaccha-
features of an anti conformation for thieb glycosidic ride 5-p-gal(1 — 3)GIcNAGS (31).
linkage, showing intense NOEs fraint1 to the two flanking Although the NOESY cross-peaks in the spectrum taken
protonsb H3 andb H5 rather than with aglyconib H4. A at 100 ms mixing time are considerably stronger than those
similar analysis carried out for the other conformations listed at 40 ms, all the peaks in the 40 ms are seen in the former.
in Table 3 indicates that a significant population contribution Some additional peaks observed are presumed to arise from
to solution conformation from M2M13 can be ruled out.  the effects of spin diffusion at the longer mixing time.
In addition to the interresidue NOE cross-peaks discussedAlthough the spin simulation should in principle account for
so far, cross-peaks involving methyl groups of 6-deoxy such effects, there are some assumptions in the simulation
sugars were observed experimentally (Figure 5 and Tablethat may not be completely satisfied, leading to poor
4.) Although they are not included in the calculation of agreement. Thus the simulation of the NOE for the model
simulated NOE because our treatment does not provideM1 does not agree as well with experiment as the 40 ms
correct quantitative analysis of internal motion of methyl data. Part of the discrepancy could arise from interactions
groups, qualitative analysis of these data supports thewith the protons of residuesandc, which are not included
proposed model M1. When normalized to single proton in the model.
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FiGUrE 6: Stereopair models comparing M1 tetrasaccharide conformational model of 0139 capsular polysaccharide (A, lowdr) and Le
histo-blood group antigen (B, upper). Parameters are given in Table 3.

DISCUSSION provided essentially the same conformati8g)( Molecular
dynamics simulations show that the conformational model
is comparatively rigid and the root mean square fluctuations
of the glycosidic dihedral angles are limited to approximately
+10° (33). Extensive conformational mapping has shown
that there is only a very small region of conformational space
available to the Lewfsepitope. The convergence of these
Istudies on a single consensus conformation for the Le
epitope results from steric crowding, which leaves little

atoms in the 3,6-dideoxy sugarcolitose. The epitope of conformational freedom for this particular stereochemical

the 0139 polysaccharide also includes the 4,6 cyclic arrangement. _

phosphate on thé-galactose residue. Whether such a near However, subtle differences between the two structures
sequence homology implies a similarity in three-dimensional ¢&n be seen in analyzing the glycosidic torsion angles. The
conformation is a pertinent question that could have some Mmajor difference is in the torsions for cafl — 2)Gal
implications to the mechanism of pathogenesis due to thelinkage, where model M1 of the 0139 polysaccharide (Table
mimicry of this common host epitope by the bacterium. Dot 3) Shows a larger negativ@, and a smaller positivél;

blot indirect ELISA assays also suggest some similarity of than does the model of EeThis is consistent with the
the CPS with the Liepitope. Mouse anti-l%e(Immucor, observgtlon of the cross-peak betwelgdl andf H5 (Figure
Inc., Norcross, GA) gave moderately strong reactions)(3 ~ 3). Which has not been reported for"LéThe cross-peak
with whole-cell A11837 and purified CPS but not with whole  betweerd H5 andb H4 (Figure 3) not seen in Pesupports
cells or LPS fronV. choleraeO1 (J. A. Johnson, unpublished ~ the smaller negativé’; of M1. Similarly, the NOE cross-
data). peak betweeri H1 andb H5 shown in Figure 3 supports

The conformation of the Lewigetrasaccharide has been the®sturn of colf. A comparison of the models for the L.e
previously studied by Lemieux et aB1), who proposed a tetrasaccharllde .an.d the tetra;ac_chande epitope of the 0139
three-dimensional model on the basis of simple molecular Polysaccharide is illustrated in Figure 6.
modeling and qualitative NMR arguments. Subsequently, The differences in conformation between the 0139 and
more extensive molecular modeling and quantitative NMR the L& epitope presumably arise to accommodate the 4,6
data have been used to confirm and revise the original modelcyclic phosphate group on th&Gal residue of the 0139
(16). X-ray crystallographic structure determination for the polysaccharide. A stereopair of the model of the 0139
Le° tetrasaccharide complexed with a lectin have also tetrasaccharide (Figure 6) shows that the? cbtesidue is

Figure 1 shows that there is a very close sequence
homology between thd-e-b-f tetrasaccharide segment of
V. choleraecapsular polysaccharide and the bésto-blood
group antigen tetrasaccharide epitope found in epithelial
mucins and in the human milk oligosaccharide, lasto-
difucohexaose 1 (LND1). The difference between the two
tetrasaccharides is the replacement of the equatorial hydroxy
groups at C3 of the two residues ofucose by hydrogen
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positioned relatively close to the GIcNAc residue in a J. Glenn Morris, Jr., for continued encouragement on this
conformation that is similar to the same residues in the project.

Lewis? epitope found in the milk oligosaccharide ladte-
fucopentaose 134, 35, 29. Likewise theo-col* residuef is
positioned approximately parallel to and in close contact with
the $-gal residue in a conformation similar to that of the
Lewis? epitope (6, 33. The 4,6 cyclic phosphate on the
pB-galactose is accommodated in this conformation in close
contact with the cdlresiduéf. Knirel et al. @) have observed
consistent undermethylation of non-reducing-terminal coli-
tose residues in structural studies of the capsular polysac-
charide, an observation that could be explained by the
crowding of the cdiresidue by the galactose phosphate. The
model (Figure 6) shows that the cyclic phosphate is in close
contact with the nonpolar face of cblwith the proximal
phosphate oxygen only 2.4 A frofiH4, a juxtaposition that
might have some interesting electrostatic effect.

In principle, it should be possible with tHE€C-enriched
polymer to measur®C scalar coupling constants to test the
conformational model and give more insight into the nature
of its flexibility. Preliminary3Jcy data are generally consis-
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