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Vibrio vulnificusis a pathogenic gram-negative bacterium, endemic to brackish waters, which is often
isolated from sediments, from the water column or from shellfish. It is associated with wound infections
and septicemia in humans and the virulenc&.ofulnificushas been strongly associated with encapsula-
tion. The capsular polysaccharide purified from a virulent straiW.ofulnificus6353 did not show cross
reactivity with antibodies to the capsular polysaccharide of a related pathogenic stidirvidhificus
(MO6-24) the structure of which was recently reported. NMR spectroscopic analysis of the purified
polysaccharide from strain 6353 showed that the polymer is composed of four sugar residues per repeating
subunit including 2,6-dideoxy-R+acetylaminoa-D-glucose (QuiNAc), 2-deoxy-®-acetylaminoe-D-
galactose ¢-D-GalNAc), 2-deoxy-2N-acetylaminos-D-galcturonic acid ¢-D-GalNAcA) and 2N-ace-
tylamino-a-b-glucuronamide ¢-D-GIcNACANH,). The 'H- and *C-NMR spectra were completely as-
signed by homonuclear and heteronuclear NMR spectroscopy. Sugar types and anomeric configurations
were determined from proton homonuclear coupling constants and glycosidic linkages were determined
from '"H—"3C heteronuclear multiple bond correlation spectra. Sugar identities were confirmed by high
performance anion-exchange chromatography and absolute configurations were determined by gas chro-
matography in combination with molecular modeling and NMR spectroscopy. The structure of the poly-
saccharide repeating unit is:

[—4)-a-D-GalpNAc-(1—3)-a-D-GalpNACcA-(1—3)-a-D-QuipNAc-(1—],
o-D-GICPNACANH, (1—4)"

While there are some common features shared among the structures of the capsular polysaccharides
of pathogenic strains df. vulnificus there are distinct differences in the detailed structures.

Keywords :bacteria; polysaccharide; structundbrio; NMR.

Vibrio vulnificusis a gram-negative halophilic bacterium that V. vulnificusproduces a capsular polysaccharide which is
is capable of causing severe wound infections and septicemiagigsential for virulence [6]. This capsule provides the bacterium
humans {, 2]. While wound infections can occur in healthywith resistance to serum bactericidal activity and phagocytosis.
individuals, septicemia primarily affects compromised hostshe capsular material has also been shown to directly stimulate
with underlying conditions such as hemachromatosis, cirrhosige release of tumor necrosis facioand other cytokines from
and alcoholism. Over 50% of persons with septicemia die, ap@ripheral blood mononuclear cells [7]. Capsular polysaccha-
the mortality rate among patients who are hypotensive withifide-protein conjugate vaccines provide protection against lethal
24 h of hospital admission exceeds 90% [3]. The organism jisfection in mouse models. Antibodies raised to the purified cap-
common in the estuarine environment [4, 5]. Infection generallylar material are also protective against strains of the homolo-
develops foIIowing ingestion of raw oysters or qther shellfish Ofious capsular type [8, 9]. These observations underscore the
exposure of a skin break to sea water containing the bacterigjged to carefully cataloy. vulnificuscapsular types, both for
[2]. studies of the role of the capsular material in pathogenesis and
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Abbreviations. Qui, quinovose, 6-deoxyglucose; 2D, two-dimenne cansylar polysaccharides frovhvulnificus strain MO6-24

sional; HMBC, heteronuclear multiple bond correlation; HPAEC, high . . - .
performance anion-exchange chromatography: DQF, double-quant[(nm] and strain B06286 [13], both virulent clinical isolates. In

filtered; HMQC, heteronuclear quantum coherance; LRHMQC, long€ Present paper we describe the purification and complete
range heteronuclear quantum coherance ; HOHAHA, homonuclear Hatructure determination of the capsular polysaccharide from
mann-Hahn. strain 6353 oiV. vulnificus Although it has some structural simi-
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larities with the capsules of strains previously reported, there are °Giltr8n [14]. Authentic standards were from a sample\of
some distinct differences in the structure and stereochemistryvulnificusMOG6/24 polysaccharidel ] which containdN-acetyl-
D-galacturonic acid f-GalNAcA) and N-acetyl-6-deoxy--glu-
cosamine I(-QUiNAC).
MATERIALS AND METHODS The V. vulnificus6353 polysaccharide was treated under re-
ducing conditions intended to reduce uronic acid. Polysaccharide
Materials. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (6 mg) was added to 95 migethyl-3-(3-dimethylaminopropyl)-
and benzyIN-carbobenzoxy~D-glucosaminide were purchased carbodiimide in 8 ml water and the pH was maintained at 4.75
from Sigma Chemical Co. Palladium catalyst and Pt@re with 0.1 M HCI for 3 h. After adding a drop of octanol, 2M
purchased from Aldrich Chemical Co. 50% (by mass) NaOH NaBH ml) was added and the pH was maintained at 7.0 by
was purchased from Fisher Scientific Co. adding 4 M HCI for 4 h at room temperature. Excess NgBH
Polysaccharide isolation.Bacterial isolates retrieved from was decomposed with acetic acid and the sample was passed
frozen stocks were grown on Luria-agar plates overnight #trough a Bio-Gel P2 column. The void volume was collected
30°C. Bacteria from single colonies were suspended in Luria and freeze dried and the product (3 mg) studied by carbohydrate
broth and incubated overnight at 3D. 1 ml broth culture was analysis by HPAEC-PAD as described above.
spread on Luria-agar in pans (288 cm) and incubated over-  Synthesis of 2-amino-2-deoxy-glucuronic acid. Follow-
night at 3CC. Cells from two pans were harvested and susag the method of Heyns and Paulsd®], benzylN-carboben-
pended in 80 ml Dulbecco phosphate-buffered saline. Bacteria zaxglucosaminide in water was oxidized using Pt catalyst
were shaken at 200 rpm on a rotary shaker in 250-ml baffleat 95°C with O,. Deblocking of the product by hydrogenation
polystyrene bottles for 30 min at room temperature. Cells and over Pd on charcoal was monitored at intervals by drawing ali-
debris were removed by centrifugation6000xg, 20 min, quots and testing with HPAEC using eluant 20Q@ mM NaOH
4°C), and supernatants were dialyzed with multiple changes &#f 150 mM NaOAc). Under these chromatographic conditions
distilled water and concentrated about twofold by ultrafiltratiothe starting material eluted at approximately 4.5 min and no
(10 kDa nominal molecular mass stirred cell; Amicon). The re- other peaks were observed in the chromatogram. After 3 h, the
tentates were ultracentrifugeti54 000 g, 16 h, 20°C), and the reaction was virtually complete as the peak at 4.5 min was re-
supernatants were removed and subjected to enzymatic digestion placed by one with a retention time of 7.6 min. The filterec
with RNase A (00ug/ml), DNase | (5Qug/ml plus 1 mM product was lyophilized and exchanged twice witfOCand was
MgCl,), pronase (25@g/ml). This product was extracted se- studied HyNMR, double-quantum-filtered (DQF) COSY and
quentially with phenol and chloroform twice and the aqueouseteronuclear multiple quantum coherence (HMQC) spectra at
layer was dialyzed against water and the resultant sample wasC. 25
freeze dried {2, 13]. Spectroscopy.For NMR spectroscopy, the polysaccharide
15mg of this crude polysaccharide sample was passed sanfplad) was dissolved in 450 99.96 % DO (Merck
through a Dowex 50W-X8 (Hform, 20x0.5 cm) column eluted Sharp and Dohme Co.) after being lyophilized three times
with water and the fractions containing polysaccharide, which  against 99 @6Hdlysaccharide NMR spectra were recorded
were not retained, were monitored by on-line absorbance &t50°C and 75C ina 5-mm RPT probe on a GN-500 spectrom-
205 nm. The absorbing fractions were pooled and freeze dried, eter. The ob&dneem '*C chemical shifts are referenced
then dissolved in deionized water and incubated atCG8@or with internal acetone'fd and '*C signals of acetone methyl
10 h. The sample was passed through a BioGel-P6 column group are 2.225.@@doBm down field from sodium 4,4-
(100X2 cm) using water elution and the fractions containindimethyl-4-silapentané-sulfonate respectively). Two-dimen-
polysaccharide at the void volume were collected and freeze sional (2D) spectra were recorded without sample spinning. Dat:
dried =11 mg). This sample was used for all the NMR andn phase-sensitive mode were acquired using the method of
HPLC experiments. States et al6]. DQF-COSY, HOHAHA, and NOESY were
Polysaccharide analysiskor carbohydrate analysis, approx—+ecorded at 500 MHz with standard pulse sequences &€ 50
imately 200ug polysaccharide was taken in a screw cap tube7].[The mixing time for NOESY was 60 ms and the isotropic
(13X100 mm) and 20@ 4 M HCI was added. After hydrolysis mixing time in HOHAHA was 72 ms. The HMQC spectrum
in a heating block at00°C for 2 h, the tube was cooled and the 18] was recorded with proton detection at°&) Waltz-16 [19]
acid was removed by evaporating with nitrogen gas. The residdecoupling was applied on th& channel during acquisition. A
was dissolved in 200l water, and 2Qul was used for each heteronuclear multiple bond correlation spectrum (HMBC) was
HPLC injection. The hydrolysate was analyzed by HPAEGecorded in phase-sensitive mode [20] at@5A carbonyl-se-
(high-performance anion-exchange chromatography) with a lective long range-HMQC (LRHMQC) was based on HMQC
pulsed amperometric detector, using a Dionex BioLC gradientith the '*C carrier frequency in the carbonyl region and thé 90
pump. A CarboPac PA(4xX250 mm) pellicular anion-exchange pulse set at @9&o that only the carbonyfC magnetization
column was used at a flow rate diml/min at room temperature. was excited. The delay time was long enough (50 ms) to develop
Eluant1 was 15 mM NaOH and eluant 2 watO0 mM NaOH long rangéH—'3C multiple quantum correlation and the second
plus 150 mM NaOAc, prepared by suitable dilution of 50%delay time was eliminated so that the heteronuclear antiphase
NaOH solution with high-purity water. An IBM PC interfaced magnetization developing from the first delay time did not refo-
with Dionex Al-450 software was used for data collection andus.

handling. In this analysis, useful retention times for neutral For detection of exchangeable amide proton sigkals, the
monosaccharides and amino sugars were provided by eluantulnificus6353 sample was dissolved in 80%®120% DO at
and eluant 2 was effective in analysis for acidic sugars. pH 3.5. Water signals were suppressed with a Dante sequenc

For determination of sugar absolute configuration, the poly21] during the preparation and mixing periods of 2D NOESY
saccharide sample was subjected to acidic solvolysis with both and 2D HOHAHA experiments. A probe temperatdt of 40
(9- and R®)-2-butanol in 4 M HCI for 24 h at 8. Samples was selected for these experiments as a reasonable compromise
were dried under Ngas flow and derivatized with trimethylsilyl ~ for which the data could still be compared with other spectra at
chloride, hexamethyldisilazane in pyridine and analyzed by G&D°C. At higher temperatures, the amide proton exchange rate
on an SE-30 column with a temperature program49—260°C rises, increasing the line width of amide proton signals, and at
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Fig. 1. Phase-sensitivé*C-decoupled*H-detected HMQC spectrum of the polysaccharide fromV. vulnificus 6353 at 500 MHz.

lower temperatures all the NMR lines broaden for reasons of
polysaccharide dynamics.
Data from the GN-500 were transferred via ethernet to a

bonded interaction energy was calculated with a distance-deper

dent dielectric constant and a smooth-switch function with a cut-

off distant®.6fA. The conformations were visually checked

VAX station 3200 or a Silicon Graphics IRIS workstation andvith the QUANTA molecular graphics software (MSI-Biosym).

reformatted with program GENET. NMR data processing was

Disaccharides in the repeating subunit of the polysaccharide

carried out using the Fourier-transform NMR program or Feliwere constructed assuming the samgdbsolute configuration

2.30 (Biosym).

for both residues and also with opposite configuratiorend

Molecular modeling. The polysaccharide was modeled withL. Energy maps were constructed for the glycosidic dihedral an-

CHARMM version 22 (Polygen). The force field parameters

gleand ¥ at 5° intervals and energy minimized. Low-energy

were those of Polygen which are based on CHARMm paramesnformations in the map were then minimized without con-

ters as modified for carbohydrates by Ha et al. [22]. The residue

straints using 300 steps of steepest descent followed by 20

topology file was modified to includé-acetylquinovosamine steps of conjugate gradient minimization and 300 steps of

and the uronic acids related Mracetylglucosamine and-ace-

adapted basis Newton-Raphson. The complete tetrasaccharide

tylgalactosamine in both the and L configuration. The non- repeating subunit was constructed from minimum-energy con-
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Fig. 2. Phase-sensitive DQF-COSY spectrum of the polysaccharide from vulnificus 6353 at 500 MHz.

formations of each disaccharide followed by unconstrained min- in the rangel&ppm which are characteristic of carbon
imization of the tetrasaccharide. Only a small change was obeund to nitrogen which is consistent with the presence of four
served on minimization. acetamido groups in the repeating structure.
For the purposes dH and'*C assignment, we assign bold-
face letters A—D) to each of the four residues. Starting from
RESULTS each anomeric protortH spin systems in each sugar residue

The 500-MHz'H-NMR spectrum of theV. vulnificus6353 2" be assigned from 2 homonuclear spectra. The anomeric

: . : resonance at 59 ppm, for residué, gives a cross peak to H2
capsular polysaccharide, prepared without treatment with D £ 4.64 ppm, which in turn gives a cross peak to H3 46 4pm
wex SOW (H) and subsequent heating, showed fairly brqa DQF-COéY (Fig. 2). HOHAHA shows the same connectivity
lines lacking resolved multiplets due to homonuclear couplmg? i £ sh .d HM C d to derive th d
The procedure described in Materials and Methods yielded: ata not shown) an QC was used to derive the correspond-

; : : .. ing '*C assignments. A careful examination ot/H2 and H2/
polysaccharide sample thE spectrum of which, while qualita- . .
tively similar, showed improved resolution apparently becaudd €SS peaks in DQF-COSY reveals that resifubas small

of partial hydrolysis of glycosidic linkagesH NMR (Fig. 1 12 (=3 Hz) gn_d larged; s (~10 Hz) _coupling constants. Further

of tphe polygaccr}:aride agt’ }éc shows a gimple spect(ru?n v)vith Spin connectivity cannot be established from H3 in DQF-COSY.
approximately 3 Hz line width which indicates a polysaccharidg"€ @bsence of further spin connectivity in DQF-COSY can be
having a repeating structure. A portion of the spectrum ndf€ consequence of dispersive peak cancelation due to a small
shown in Fig.1 contains one upfield doublet &23 ppm charac- Js.+ coupling constant, which is expected for a galactopyranose
teristic of a methyl group of 6-deoxy sugar and resonances @nfiguration. The NOESY spectrum (Fig. 3), however, shows
2.12 and 2.04 ppm along with one twice as intense at 2.03 ppifat H3 gives a cross peak to a proton spin at 4.22 ppm, which
which suggest four methyl groups of tieacetyl function in in turn shows a strong cross peak to a resonance at 4.43 ppm,
acetamido sugars. The proton resonancesi& 5.09, 5.04 and indicating that these resonances are H3, H5 and H4 of residue
4.80 ppm show correlations to directly bonded carbon resé- With a galactopyranose configuration [23]. The assignments
nances in the chemical shift rang@0—90 ppm characteristic of H3, H4, and H5 were further confirmed in HMBC (Fig. 4)
for the anomeric carbon atoms of sugar residues in'thee- Wwhere the anomeric proton resonance gives long-range correla-
tected'*C-'H single bond correlation spectrum, HMQC (Fig, tion to its C3 at 74.4 ppm and to C5 at 73.9 ppm. H3 and H5
indicating the presence of four sugar residues in the repeatiglgemical shifts are 46 ppm and 4.22 ppm respectively accord-
unit. The HMQC spectrum contains four resonances appearing ing to HMQCI§FRurther support for the spin connectivity
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by the smallj, , coupling as well as a strong NOESY cross peak
between H and H2 (Fig. 3). Thus, residub is 2-acetamido-
2,6-dideoxyglucopyranose (QuiNAc).
The anomeric resonance at 5.04 ppm for resi@ughows a
cross peak to H2 at 4.03 ppm, and the connectivity up to H5 can
be traced out in DQF-COSY (Fig. 2). HOHAHA data also show
the connectivity from H to H4 (data not shown). The lineshapes
for both H3 and H4 appear as pseudotriplets in HMQC identi-
fying a gluco configuration for residueC. The absence of an
H6 proton suggests a carbonyl and in the LRHMQC spectrum
(Fig. 5¢) a carbonyf*C resonance ait73.30 ppm correlates with
H5 at 4.44 ppm as well as H4 at 3.70 ppm indicating a uronic
acid. The chemical shift of C2 at 54.7 ppm implies an acetamido
sugar. The assignment of thheanomeric configuration is based
on the a strong NOESY cross peak betwednddd H2 (Fig. 3)
and smallJ,, coupling constant from DQF-COSY. Thus, residue
C is tentatively assigned as 2-acetamido-2-de@glucuronic
acid (GIcNACcA). In this residue, as well as all the other amino
CHL AH4 cH2 m sugars in this polymer, LRHMQC shows correlation between
BH] %m“}xm DHS3 carbonyl °C resonances and the methyl proton signals near
_QAm AHD * é 2.0 ppm colnflrr(;ung that all four amino sugars in the polymer
‘ ' areN-acetylated.
5.0 4.5 4.0 5.5 With the assignment of the proton signals described above,
the '*C signal assignment can be obtained by direct correlation
Fig. 3. Phase-sensitive NOESY spectrum with 60 ms mixing time of to bonded protons in the HMQC spectrum (Fiy. This assign-
the polysaccharide fromV. vulnificus 6353 at 500 MHz. ment, given in Tablel, accounts for all the signals of carbon-
bound protons in th¥. vulnificus6353 polysaccharide. Correla-
tion with a direct'*C spectrum (not shown) indicates that six
carbonyl*C signals can also be accounted for by this assign-
of residueA comes from the ringH—"3C region in HMBC ment. The homonuclear and heteronuclear NMR experiments
(Fig. 4c). In the HMBC spectrum, C3 and C5 show multiple suggest thatvthaulnificus 6353 polysaccharide consists of
bond correlation to H4. The strong NOESY cross peak betweéour repeating sugar residuesQuiNAc, a-GalNAc, a-Gal-
H1 and H2 (Fig. 3) confirms its-configuration. The absence of NAcA ardGICNACA.
an H6 signal in residué suggests its identity as a uronic acid. But this assignment of the constituent sugars was not com-
LRHMQC with a 50-ms delay (Fig. 5b) correlates a carbonyl plete as was shown by amide proton spectra. Signals of these
3C at 174.82 ppm withA-H5 at 4.22 ppm. ThéA-C2 chemical exchangeable protons can be recorded® KHolution with suit-
shift at 49.8 ppm suggests an acetamido function at position 2. able techniques for suppression of the water resonance whic
Based on the above data, residués tentatively assigned as aare well known in protein NMR spectroscopy. In the 2D amide
2-acetamido-2-deoxyhexuronate in thgalactoconfiguration.  proton HOHAHA spectrum, four signals due to secondary am-
The anomeric proton of residig at 5.09 ppm gives a cross ides are detected each of which is coupled into the spin system
peak to the H2 proton at 4.37 ppm, which further shows a cross of the four acetamido sugars as indicated in the data of Tabl
peak to H3 at 3.70 ppm, in DQF-COSY (Fig. 2). While ther&. In addition, the amide proton spectra show two additional
is no further connectivity in DQF-COSY, NOESY data (Fig. 3) resonances which are coupled together but are not coupled to
connect H3 to H4 at 3.97 ppm. Connection beyond H4 is moahy of the carbon-bound protons of the sugar rings. This pattern
conveniently detected in the HMBC spectrum (Fig. 4a) which is typical of primary amide proton signals such as those of aspar-
shows that H gives long-range intra-residue correlation to Cagine side chains in proteins. In water-suppressed NOESY
and C5 typical of anx-pyranoside residue. The chemical shifts  spectra, the four resonances assigned to the secondary amides ¢
of H3 and H5 positions can be read from HMQC (Fiy. DQF- the 2-acetamido sugars each show cross peaksiioH2 or
COSY connects H5 to both H6 and H&mallJ, , coupling (less  H3 of their own sugar ring in addition to a few cross peaks to
than 3 Hz) and a NOESY cross peak betwedradd H2 implies neighboring residues. The resonances at 7.27 and 7.64 ppm,
that residueB is in thea-anomeric configuration. ThEC chemi-  which we assign to a primary amide, show cross peaks to car-
cal shift of C2 is 501 ppm, indicating that there is an acetamiddoon-bound protons at 3.70 ppm, a chemical shift which could
group at position 2. Therefore, residBes tentatively identified correspond either to H3 or H6 of resi@uer to H4 of residue
asa-N-acetylgalactosamine. C. These data, combined with HPAEC data to be described be-
The anomeric proton Hat 4.80 ppm of residu® gave a low, suggest that the-2-acetamido-2-deoxyglucuronic acid
cross peak to H2 at 4.05 ppm and the remaining connectivity @IcNAcA) residue is in fact a uronic acid amide. For a similar
to the methyl resonance at H6 can be detected in DQF-COSY  glucuronamide, Sadovskaya et al. [24] observed an NOE cros
and in HOHAHA. Because there is partial cancelation of centraleak between the primary amide signals and H5 but such a cross
multiplets of the cross peaks in the DQF-COSY spectrum, pro- peak could not be observed in our system due to the proximity
ton homonuclear coupling constants were estimated from tbéthe C H5 resonance at 4.23 ppm to the water signal.
HMQC spectrum (Figl). The pseudotriplet lineshapes of H3 Monosaccharide composition analysis &f thanificus
(3.93 ppm) and H4 (3.38 ppm) in HMQC imply that;, J;,and 6353 polysaccharide with  HPAEC shows two peaks at
J,s are approximatelylO Hz. As in residue andB, H2 for 7.23+0.2 min and11.28=+ 0.2 min with 15 mM NaOH as elu-
this residue correlates with a carbon resonance at 53.9 ppmaint. The peak eluting at 7.230.2 min was identified as quino-
the HMQC spectrum, implying the presence of an acetamido vosamine by comparing its retention time to that of standard
group at the C2 position. Theanomeric configuration is shown quinovosamine identified in the capsular polysaccharidé/.of
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Fig. 4. *H-**C HMBC spectrum of V. vulnificus 6353 polysaccharide at 500 MHz(a) Expansion of the anomeric proton region. (b) Expansion
of the anomeric carbon region. (c) Expansion of the ring proton and carbon region. Peaks inside squares are artifat@scairtiee frequency.
Peak HA5/CA®G ( asterisk) is a folded cross peak between H5 and cartféngf residueA.

vulnificus MO6-24/0 [13]. The other peak at1.23=0.2 min thetic sample was prepared according to Heyns and Paulsen
exactly matched standard galactosamine. Under stronger chrth]. Its '"H-NMR spectrum was conveniently assigned by means
matographic elution conditions (eluant 2) for identifying uronic  of a DQF-COSY spectrum (not shown) which showed approxi-
acids, we observed peaks at 3.90 min, 5.63 min and 7.60 minraately equal amounts af and f-anomers in equilibrium!*C
well as later-eluting peaks. The peak at 5.63 min coincides with  chemical shifts were assigned with data from the HMQC
aminogalacturonic acid and that at 7.60 min coincides with ogpectrum and chemical shifts were consistent with the corre-
synthetic sample of aminoglucuronic acid. The other peaks in  sponding residue V. thalnificus 6353 polysaccharide.
the chromatogram may be di- and tri-saccharides resulting fro@hemical shifts are reported in Table 3. LRHMQC data (not
incomplete cleavage of the linkages of the aminouronic acids by  shown) indicated long-range correlation of the C6 carbonyl reso-
acid hydrolysis. nances atl76.9 ppm &) and 175.9 ppm f-) to both H4 and

To provide an authentic sample of 2-amino-2-deoxyglucuro-  H5 similar to that observed for GICNACA in the polysaccharide
nic acid for HPLC and to confirm its NMR properties, a syn{Fig. 5).
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Table 1. NMR chemical shifts ofVibrio vulnificus 6353 polysaccha-

ride in D ,0 at 50°C. '"H-NMR chemical shifts are given with reference
to internal 4,4-dimethyl-4-silapentaniesulfonate with acetone as the
internal standard (2.225 ppm downfieldJC chemical shifts are given
with reference to internal acetonel(87 ppm).
Atom Chemical shift in residue
a-GaINAcA a-GalINAc  a-GIcNACANH, a-QuiNAc
a (A) (B) ©) (D)
MW ppm
'H H1 5.19 5.09 5.04 4.80
HS5(GalNAcA) H2 4.64 4.37 4.03 4.05
H3 416 3.70 3.92 3.93
H4 4.43 3.97 3.70 3.38
H5 4.22 3.98 4.44 4.23
b H6  — 3.81 - 1.23
HE' - 3.69 - -
174.8 *C Cit 101.5 97.7 101.3 99.2
- ppm c2 498 501 54.7 53.9
C3 74.4 69.0 7.5 81.3
C4 81.5 78.4 72.3 76.9
C5 73.9 72.6 73.4 69.2

C6 174.82 a.1 173.30 17.2

Table 2. Amide proton NOE data for V. vulnificus 6353 polysaccha-

H4(GIcNACA) ride at 40°C.

c H5(GIcNACA)
Residue onn  Major cross peaks

173.3 ppm
|YY ppm

GalNACA-A  7.70 519(s) 3.97(s) 3.38(w)
AH1 BH4 DH4

5r 0 4I 5 41 0 3" 5 GalNAc—B 7.63 B?Eﬁ (w) C5|E)|411 (m)BS|_1|7(S)
ppm B H3
CH4

Fig. 5. *H-*C LRHMQC spectrum of V. vulnificus 6353 polysaccha-
ride at 500 MHz at 75°C. (a) Expansion of the downfield proton GICNACANH, C 7.33  5.04(s) 4.04(s) C3H933 (s)

spectrum at 73C, (b) Expanded row vector dtC chemical shift of CH1 CH2
174.82 ppm, (c) Expanded row vector atC chemical shift of QUINAc D 847 519 (w) 4.05(s) 3.93(s) 318(m) 3.69 (w)
173.30 ppm. AH1 DH2 DH3 BH

B H3

C H4

We had expected carbohydrate analysis by HPAEC

following reduction to show glucosamine resulting from reduc-"ma7y amide  7.27. 7.67 (vs) 3.70 (m)
primary B H6

tion of GICNACA. But these experiments were negative, in spite amide B H3
of repeated efforts to reduce the polysaccharide under conditions C Ha4
which have been routinely effective for reduction of amino uro-
nic acids in other polysaccharides in our laboratory. These rgimary amide 7.67  7.27 (Vsé a'go ®)
sults, when combined with the detection of a primary amide in zgqrir:jiry B H3
the amide proton spectra, lead us to conclude that the GIcNACA C Ha
residue is, in fact, a uronic acid amide which is hydrolyzed to
aminoglucuronic acid in the normal carbohydrate analysis proto-
col.

Given the monosaccharide composition analysis together further confirm the residue linkages as shown in Fig. 4b. Ac-
with the complete proton and carbon assignments, the glycosidiording to the HMBC spectrum, residiBe(a-GalNAc) is linked
linkages of these residues in the polysaccharide can be estab- to résidu@alNAcA) through a {(—3)-linkage, residue\
lished by the long-rangéH—"*C HMBC as shown in Fig. 4. All (a-GaIlNAcA) is linked to residueD (a-QuiNAc) through
the anomeric protons give intra-residue long-range connectivit—3j-linkage and residuB (a-QuiNAC) is linked toB («-Gal-
ies to C3 and C5, consistent with theanomeric hexopyranoside NAc) through (—4)-linkage. Therefore, residueB (a-Gal-
configuration I 7, 23]. These anomeric protons also give strong  NAX)(a-GalNAcA) andD (a-QuiNAc) form the polymer
correlation to aglycone carbon atom resonances of linked rebackbone. Residu€ (a-GIcNACANH,) is linked (1—4) to resi-
dues throughJc, except for the weak cross peak betwddit  dueA (a-GalNAcA) to form a side chain. In addition to HMBC
and AC3 (see Fig. 4a). The cross peaks between all the anoresults, NOESY data (Fig. 3) show cross peaks across each of
eric carbons and respective aglycone protons of linked residues  the linkages.
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Table 3. NMR chemical shifts ofe- and f-2-amino-2-deoxyglucuro-  both residues in the configuration shows the distances between

nic acid in D,O at 25°C. Shifts were measured as in Talle these protons to be 2.6 And 2.2 A respectively. Previous
. studies have shown that such cross peaks are especially diagnos-
Atom Shift in tic of sugar configuration for the case of an equatorial profn (

H4) adjacent to an equatorial glycosidic linkage [27]. Fig. 3 also

a-GleNA f-GIehA shows a strong cross peak betwé&ehrl5 andA H2 in a spectral
ppm region with few overlapping resonances. Our model for the di-
saccharide GIcNAcA:-(1—4)-GalNACA shows these two pro-
'H H1 5.456 4.939 tons to be 2.5 Aapart in the low-energy conformation of the
H2 3.334 3.049 diastereomer with both residues in tbeconfiguration, while
H3 3.916 3.704 they are distant in the model with the two sugars in different
H4 3.567 3.585 absolute configurations. This argument that residGeand A
H5 4157 3.789 have the samep] absolute configuration can also be applied to
13C C1 90.08 93.57 residuesB and D which also show a cross peak betwdii2
c2 54.95 57.47 andD H5. Thus, comparison of molecular modeling results with
C3 70.37 72.8 the NOESY data of Fig. 3 supports our conclusion that all the
c4 72.90 72.90 four sugar residues have tieconfiguration. A model of the
gg 1;3.30 17?;1 tetrasaccharide repeating unit was constructed from the mini-

mum energy disaccharide conformations and was further sub-
jected to energy minimization which caused modest changes up
to 2C° in the glycosidic dihedral angles. In the minimized tetra-
I ) . saccharide, the glycosidic dihedral angles,¥), following the

, igor deiﬁrmm?tlon OL”;% ab\,?,omtf Cct’ngg\lfv??ht'cin ,\c/nlf ;TglsilrJ]g Fandard heavy atom convention recommended by IUPAC are
esiaues, the polysaccharide was lreate . or the linkageB-A, (68°, 140°), for C-A, (96°, —91°) and for
butanol to form diastereomeric glycosideigt]. GC analysis of A-D, (68, —141°)

theﬁ;é'trgs;%Ir?gyla%%mgt'\(’)isr S;‘Or‘]’;’ﬁgﬂge:{(asnggrrgengonchg‘n%};%_ _ Based on the above NMR and chromatography evidence, we
9 y 9’5 opose the following repeating unit as the structure of the poly-

dgoxyD-qucuronic acid. Chromatograms were also compar ccharide fronvibrio vulnificusstrain 6353
with those made from the butanolysis products of the capsular
polysaccharide of/. vulnificusMO6-24 which is known to con- B A D

tain 2-amino-2-deoxyp-galacturonic acid and-quinovosamine [—4)z-D-GalpNAc(1—3)-0-D-GapNACA(1—3)-«-d-QuipNAc(1—].

[25]. The GC results indicate that that both residues in\the /
vulnificus 6353 polysaccharide have tieabsolute configura- a-D-GICpNACANH, (1—4)-
tion. C

Since crystalline samples were not available for all the con-
stituent sugars, there was some uncertainty in the interpretations
of some of thg gas chromatograms. I.n addltl'o'n, our bUIanOIVFL'ﬁSCUSSION
protocol required unusually strong acid conditions (4 M HCI) to
de-N-acetylate the sugars for comparison to standard 2-amino- The cell-surface polysaccharides of vibrios have receives
2-deoxyb-glucuronic acid. Therefore we carried out moleculaincreasing attention in recent years. The unusual chemical struc-
modeling studies on the repeating subunit of the proposed struc-  tures of these complex carbohydrates have presented problel
ture for the capsular polysaccharide\bfvulnificus6353 to pre- for detailed structural studies but the introduction of more pow-
dict NOESY patterns expected for different combinationof erful chemical methods, improved chromatography of carbohy-
and L residues [24, 26]. The data of Fig. 3 show strong crogfrates and instrumental methods of analysis such as mass spec-
peaks across the GalNAg(1—3)-GalNACA linkage between trometry and NMR spectroscopy have made structural studies
B H1 and bothA H3 andA H4. Our disaccharide model with more practical. While most work has focused on the lipopolysac-

Table 4. Structures of the capsular polysaccharides of. vulnificus.

Strain Structure
MO6—24 [10] [—3)a-L-QuipNAc(1—3)-a-D-GalpNACA(1—3)-a-L-QuipNAc(1—],
/
a-L-QUIipNAc(1—4)-
B0O62316 [13] [—3)a-D-FuNAC(1—3)-a-D-GalpNACA(1—3)-a-L-QuipNAc(1—],
/
a-LRhgNAc(1—4)-
ATCC27562 [30] serine
NH-amide
6/

[a-D-GlcpNAc(1—4)-a-D-GalpA(1—4)-fL-Rhgp(1—4)-1.
/

a-MurNAc(1—3)-
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charides of vibrios, recent reports dhcholeraeO-139 Bengal, capsular polysaccharide frérohromobacter georgiopolitanum

a cholera-causing strain indicate that, in contrast to the classi§ab]. More recently it has been found in the extracellular poly-

O-1 serotype, it is encapsulated. Its capsular polysaccharide, saccharides of certain blackRyeastdadiella elatiorand

which is an important antigenic determinant, may become usefghinocladiella mansonij36]. Within the last decade, technical

in vaccine development. The repeating subunit of this polysac- advances have facilitated complete structure determinations fo
charide is comprised of six residues and contghmsQuiNAc, many bacterial polysaccharides yet it is somewhat remarkable
f-D-GIcNACc, a-D-GalA, a 4,6-cyclic phosphate gkD-galacto- that this monosaccharide has not been documented in any of
pyranose and two residues efcolitose, a 3,6-dideoxy-hexosethese recently reported structures.

which is theL isomer corresponding to abequose [28, 29].

V. vulnificushas been of particular interest to us because of This research was supported by a National Science Foundation grant
its striking virulence; persons who eat oysters containing th{@1-05586) to C. A. B. and by a National Institutes of Health grant (Al-
organism may become septic and die in intractable shock with#§856).

48—-72 h [1, 3]. There are preliminary data suggesting that the

clinical effects are mediated, at least in part, by tumor necrosis

factora and that the capsular polysaccharide plays a role in StiREFERENCES
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