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Abstract 

Vibriosis caused by Vibrio anguillarum affects salmonid and marine fish species worldwide 
and is considered to be one of the most serious threats to the success of commercial fish farming. 
In the course of this study, it was found that V. unguillarum serotype 0:2 strains produce an 
acidic capsular polysaccharide having the identical structure to that of the O-chain polysaccharide. 
One-dimensional and two-dimensional nuclear magnetic resonance techniques, together with 
partial hydrolysis and various specific modifications, were used to determine the structure of these 
polysaccharides. It is proposed that both O-chain and capsular polysaccharide of V. unguil/urum 

serotype 0:2 are composed of linear tetrasaccharide repeating units having the following structure, 
in which Glc2NAc3NAN represents 2-acetamido-3-amino-2,3-dideoxy-D-glucuronamide, 
Man2NAc3AmA is 3-acetamidino-2-acetamido-2,3-dideoxy-~mannuronic acid, Am represents an 
acetamidino group, Gal(NAc),A is 2,3-diacetamido-2,3-dideoxy-L-galacturonic acid, Bac(NAc), 
is 2,4-diacetamido-2,4,6-trideoxy-u-glucose (N,N’-diacetylbacillosamine) and Fo is formyl. 

[ + ~)-~D_GIc,~NAc~NAN-(~ + 4)-j?+Man,2NAc3AmA_(I 
I 
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1. Introduction 

Vibrio anguillurum is a Gram-negative bacterium that is associated with severe 
outbreaks of vibriosis in salmonid and marine species worldwide [l]. The lipopolysac- 
charide (LPS) is thought to be a major virulence factor of Vibrio species and a 
serotyping scheme consisting of 10 distinct 0-antigenic serotypes has been developed 
[2,31. 

The most common causes of vibriosis in salmonid cultures worldwide are serotype 
0:l strains of V. anguillarum, while serotype 0:2 strains are more common in 
European aquaculture [4]. 

A bivalent vaccine composed of killed bacterial preparations of V. anguillurum 0:l 
and V. ordulii 0:2, indistinguishable by western immunoblotting using rabbit polyclonal 
serum from V. anguillarum serotype 0:2 [5], has been largely effective in reducing 
incidence of disease. 

However, serious outbreaks of vibriosis have occurred in Atlantic salmon, in New 
Brunswick, despite prior vaccination of these fish with a bivalent vaccine. The situation 
with New Brunswick cage-culture suggests that antigens other than LPS may contribute 
to immune protection against vibriosis. In addition, it demonstrates the need for the 
systematic structural characterization of the LPS from V. anguillurum and V. ordulii in 
order to provide the immunochemical rationale for the serotyping of Vibrio species and 
for the development of protective fish vaccines. 

Recently, alterations in the length of O-chain polysaccharide and a formation of 
extracellular material, possibly a capsule, have been described for Vibrio species grown 
in the presence of rainbow trout blood [6]. 

Although presence of capsular antigens in V. anguillarum has been reported [7], their 
role in the pathogenicity of vibrios is largely unknown. 

In the present investigation we describe the isolation and structural analysis of 
capsular polysaccharide and O-chain polysaccharide from V. anguillarum serotype 0:2. 

2. Results 

Isolation and characterization of the O-chain polysaccharide and capsular polysac- 
charide (PSI).-Cells of V. anguillarum were grown under aerobic conditions, washed 
with saline, and incubated in phosphate buffer containing egg-white lysozyme. The 
capsular polysaccharide (PSI) was recovered by precipitation with ethanol [8] and 
purified by gel-filtration chromatography on a column of Sephadex G-100. The void 
volume fraction was collected and applied to a column of Sepharose 6B. The PSI eluted 
as a broad peak (K,, 0.45) and was homogeneous with respect to neutral glycose and 
aminoglycose. It had [a],, - 109.1” (c 0.4, water). Anal. found: C, 39.5; H, 5.3; N, 
12.17%. 

The lipopolysaccharide was extracted from the saline-washed cells by the phenol- 
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Fig. 1. SDS-PAGE (12.5%) pattern of LPS from Vibrio anquillarum serotype 0:2 strain ATCC 19264 (lane 
I) and Sabnonella enteritidis strain 27655-36 (lane 2). 

water method [9], and the aqueous-phase LPS was purified by repeated centrifugation. 
The silver-stained profiles of purified aqueous-phase LPS gave a pattern typical of the 
smooth type although the bands representing LPS with shorter O-chains were more 
pronounced than in the SDS-PAGE banding pattern of Salmonella enteritidis (Fig. 1). 
Partial hydrolysis of the S-type LPS with hot dilute acetic acid gave an insoluble lipid A, 
and gel-filtration chromatography of the concentrated water-soluble products on 
Sephadex G- 100 afforded a high molecular weight glucan (K,, 0, 8%), O-chain (K,, 
0.27, 18%) and a core oligosaccharide (K,, 0.68, 27%). The O-chain had [ aID - 79.3” 
(c 0.7, water). Anal. found: C, 43.07; H, 5.50; N, 10.29; ash, 0%. 

Based on the results of the monosaccharide and methylation analyses and the NMR 
evidence, the high molecular mass material was identified as a branched cu-(1 + 4)-linked 
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Fig. 2. The ’ H NMR spectra of the PSI (a) and O-chain polysaccharide (b) from V. angaillarum serotype 0:2 
recorded at 50 “C in D20 at pH 7.0. 

glucan with (~-cl + 6)-linked branches occurring every six glucose residues. A similar 
glycogen-type structure was previously found in Vibrio cholerue serotype 0:2 [lo]. This 
material was not further investigated. 

Composition analysis of the PSI and the O-chain polysaccharide.-Hydrolysis of 
PSI with 10 N HCl afforded 2,4-diamino-2,4,6-trideoxy-D-glucose as the only GLC- 
MS-detected component. In addition, 2,3-diamino-2,3-dideoxyhexose was identified in 
the hydrolysis products of the carbodiimide-reduced PS 1. Compositional analysis of the 
O-chain polysaccharide revealed presence of 2,4-diamino-2,4,6-trideoxy-D-glucose and 
glycoses characteristic of the core component, D-glucose, D-galactose, and L-&zero-D- 
manno-heptose, in approximate molar ratio of 0.8:2.0:1.0:2.8. Amino acid analyses 
confirmed the presence of L-alanine (L-Ala) in both polysaccharides. 

NMR analysis.-The ‘H NMR analysis and 13C NMR spectra of the O-chain 
polysaccharide and PSI were identical at pH 7.0, which made it possible to assume that 
the two polysaccharides had the same structure (Fig. 2). Due to its higher homogeneity 
and the absence of the minor signals belonging to the core region, PSI was chosen for a 
detailed structural and NMR analysis. 

Examination of the 13C NMR spectrum of PSI (Fig. 3) indicated the presence of four 
anomeric 13C resonances at 102.2, 101.0, 99.8, and 98.6 ppm, and nine signals of 
nitrogen-carrying carbons at 44-58 ppm, suggesting an unusual composition of the 
repeating unit. In addition, six acetamido methyl group resonances at 22.9-23.3 ppm, 
together with the numerous carboxyl resonances in the low-field region (174.4-176.7 
ppm), indicated the presence of at least six N-acetyl groups. Characteristic 13C signals 
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Fig. 3. 125.MHz ‘jC NMR spectrum of the PS1 recorded at 50 “C in D,O at pH 7.0 

Table I 
Proton chemical shifts for PSI B,e, PS2 ‘, and OS2 bx of V. anguillarum serotype 0:2 VJ 

Residue Compd H-l H-2 H-3 H-4 H-5 H-6 =CCH, NH 

2 3 4 2 3 4 6 

a PSI 
PS2 
OS2 

b PS1 
PS2 
OS2 

C PSl 
PS2 
OS2 

d PS1 
PS2 

P OS2 
(Y OS2 
FoNAla PSl 
FoNAla PS2 
AcNAla OS2 

5.06 4.40 4.21 4.17 4.07 1.98 2.06 7.88 6.92 
5.06 4.39 4.27 4.15 4.06 1.98 2.07 7.83 6.90 
5.13 4.45 4.32 4.17 4.12 2.00 2.09 7.83 6.96 
4.85 4.45 3.99 3.88 3.76 2.08 2.14 8.42 8.81 
4.84 4.06 4.37 3.75 3.78 1.89 2.07 7.78 8.29 
4.87 4.48 3.99 3.94 3.78 2.09 2.18 8.50 8.95 
4.59 3.72 4.05 3.84 3.97 1.97 7.95 8.11 8.15,7.52 
4.59 3.72 4.05 3.86 3.97 1.96 7.89 8.13 8.13.7.52 
4.55 3.69 3.95 3.61 3.79 1.97 7.83 8.11 
4.28 3.80 3.75 3.72 3.46 1.19 1.92 1.96 8.24 8.29 
4.30 3.80 3.75 3.73 3.46 1.19 1.92 1.96 8.23 8.29 
4.61 3.93 3.80 3.82 3.61 1.22 1.96 2.00 8.32 8.38 
5.06 4.14 3.98 3.84 4.04 1.18 1.96 2.00 8.39 8.45 

4.39 1.34 8.08 8.19 
4.40 1.34 8.08 8.19 
4.21 1.30 2.00 8.14 

A Recorded at 50 “C in D?O, 10 mM phosphate buffer at pH 7.0. 
b Recorded at 27 “C in Da0 at pH 7.0. 
’ NH protons spectra were recorded at 27 “C on 90% H?O-10% D,O at pH 7.0. 
d Internal acetone resonance set at 2.225 ppm. 
’ Amidino (C=N+ Ha) signals NH-3b’ and NH-3b” at 8.65 and 8.36 ppm for PSl and at 8.65 and 8.37 ppm 
for OS2. 
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Fig. 4. 600 MHZ ’ H NMR spectrum in DIO at pH 7.0 of (a) PS 1 at 50 “C, (b) PS2 at 50 “C and (c) OS2 at 27 
or. 

of C=N (166.7 ppm) and CH,-C=N (19.7 ppm) groups belonged to the acetamidino 
group [lo- 121. A 13C signal at 164.3 ppm indicated presence of an N-formyl group. In 
the high-field region, two methyl group signals were present at 18.9 and 17.9 ppm. 

The ‘H resonances of PS I were assigned using a 2D proton chemical shift correlated 
spectroscopy (COSY) and a total correlated spectroscopy (TOCSY) (Table 1). The 
anomeric protons of four glycose residues were designated a-d, according to the 
decreasing order of their chemical shifts in the ‘H NMR spectrum of PSI (Fig. 4, see 
also Fig. 5). Assignment of the 13C resonances (Table 2) was carried out by direct 
correlation of the ‘H resonances with the 13C resonances in an heteronuclear 13C_iH 

chemical shift correlation HMQC (heteronuclear quantum coherence) experiment. The 
heteronuclear multiple bond correlated (HMBC) experiment served to correlate CH, 

roton resonances with the corresponding C=O and C=N resonances via long-range 
‘J C.H connectivities (Table 2). 

Most NH resonances of PSI were assigned on the basis of their large coupling 
constant with the ring protons H-C-N-H (9-10 Hz) via COSY and TOCSY experi- 
ments on the samples in 90% HzO-10% D,O. The methyl groups of the N-acetyl 
groups were assigned on the basis of a strong nuclear Overhauser effect (NOE) between 
NH and CH, resonances, within the N-acetyl group (Fig. 6). The HMQC experiment 
was then employed to assign the corresponding CH, signals (22-24 ppm> in the 13C 
spectrum (Table 2). 

Partial hydrolysis of PSI, followed by N-acetylation, afforded a tetrasaccharide OS2, 
as a major product (see Experimental section for details), indicating a relative acid 
lability of 2,Cdiamino-2,4,6-trideoxy-o-glucose (Fig. 7). Complete assignment of the ‘H 
and 13C spectra of OS2 was performed as outlined above for PSI ( Tables 1 and 2). The 
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Fig. 5. 600-MHz ’ H NMR spectrum of the NH region of (a) PSl, (b) PS2, and (c) OS2 at 27 “C in 90% 
H,O-10% D,O at pH 7.0. NFo = N-formyl. The two NH signals of the protonated amidino group 
(C=N+ H?) are designated 3b’ and 3b”. The two resonances for the NH, protons at 6c are labelled 6c and 
6~‘. 

Table 2 
“C chemical shifts for PSI ‘, PS2 ‘, and OS2 b of V. anguillarum serotype 0:2 ’ 

Residue Compd C-l c-2 c-3 c-4 C-5 C-6 =CCH, =c 

2 3 4 2 3 4 

a PSI 98.58 44.17 50.67 76.15 67.82 175 22.97 23.29 175 175 
PS2 98.63 44.24 50.71 76.10 67.84 175 22.98 23.3 1 175 175 
OS2 98.71 44.15 50.68 76.70 67.86 175.3 23 23.33 175 175 

b PSI 99.81 51.24 55.47 76.15 77.20 175 22.87 19.65 176.7 166.7 
PS2 100.06 52.45 52.22 76.67 77.23 175 22.82 22.82 176.1 175 
OS2 99.98 50.97 55.39 75.67 79.16 176.0 23 19.72 176.7 166.7 

C PSl 102.17 54.13 53.29 75.78 75.98 171.8 23.17 175 
PS2 102.27 54.19 53.50 76.00 76.10 171.9 23.19 175 
OS2 102.29 54.10 55.29 70.61 78.35 176.0 23.18 175 

d PSl 101.04 56.78 78.97 56.06 71.29 17.87 23.17 23.07 174.4 175 
PS2 101.09 56.81 79.29 56.09 71.28 17.87 23.18 23.09 174.5 175 

P OS2 95.59 57.85 77.21 56.13 71.65 17.76 23 23 175 175 
(Y OS2 91.69 55.39 74.69 56.13 67.13 17.73 23 23 175 175 
FoNAla PSl 175 49.20 18.90 164.3 
FoNAla PS2 175 49.22 18.91 164.3 
AcNAla OS2 176.5 50.69 17.85 175 23 

’ Recorded at 50 “C in DzO, 10 mM phosphate buffer at pH 7.0. 
h Recorded at 27 “C in D,O at pH 7.0. 
’ Internal acetone methyl resonance set at 3 I .07 ppm. 
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Fig. 6. 600 MHz NOESY spectrum, recorded at 27 “C in 90% H20-10% D,O at pH 7.0, for the NH and CH, 
region of PS 1 along with the corresponding one-dimensional spectra. 

labelling of the glycose residues in OS2 was identical to the one for PSl (Fig. 7). Since 
the ‘H resonances of OS2 due to its lower molecular weight were sharper than those for 
PSI (Fig. 4), spin simulation of its ‘H spectrum was performed in order to refine 
coupling constants for the ring protons and confirm the configuration of the hexopyra- 
noses (Table 3). Thus, the configuration for residue a was galucto; residue b manno; 
and residues c and d had the gluco configuration. For the NH resonances, coupling 
constants were measured directly from the spectra (Fig. 5~). The anomeric configuration 
for the galacto- and gluco-pyranosyl residues was determined from the magnitude of 
their vicinal coupling constants (Table 3). For the manno-pyranosyl residue the value of 
the .I,,, coupling constant is close to 1 Hz for both (Y and p configurations. Occurrence 
of a single intraresidue NOE between H-la and H-2a of PSI established the (Y 
configuration for residue a. Presence of the intraresidue NOES H-l/H-3 and H-l/H-5 
for residues b, c, and d of PS 1 confirmed their j3 configuration. NOES were measured in 
the 2D mode, and the cross-sections through the NOESY spectrum of the PSI are shown 
in Fig. 8. 
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Fig. 7. Structures of the PSI, PS2, OS 1, and OS2 of V. anguillarum serotype 0:2. (Abbreviations: 
FoNAla = N-formylated L-alanine; AcNAla = N-acetylated L-alanine.) 

Table 3 
J n,n coupling constants for OS2 of V. anguillarum serotype 0:2 obtained from the spin simulated ‘H NMR 
spectrum a.b 

H,H Residue 

a b C da Ala 

H- 1 ,H-2 4.2 1.2 8.3 8.5 3.5 
H-2,H-3 8.3 3.1 11.2 10.0 10.0 
H-3,H-4 3.9 9.8 9.8 10.0 10.0 
H-4,H-5 1.0 9.7 9.7 10.0 10.0 
H-5,H-6 6.2 6.3 
NH-2,H-2 9.8 9.5 9.8 9.9 9.8 
NH-3,H-3 9.0 8.3 9.3 
NH-4,H-4 9.8 9.8 

a Recorded at 27 “C in D,O at pH 7.0. 
b NH protons spectrum was recorded at 27 “C in 90% H,O-10% D,O at pH 7.0. 

7.3 

6.2 
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Fig. 8. Cross sections through 600 MHz NOESY spectrum of the PSI, recorded at 50 “C in D,O at pH 7.0. 
Cross sections for: (a) H-la; (b) H- 1 b; (c) H-I c; (d) H-Id. The observed ’ H NMR spectrum of PS 1 is shown 
in (e). 

Based on the NMR analysis and the chemical evidence. the following assignments of 
the monosaccharide residues were made: residue a was assigned to 2,3-diamino-2,3-di- 
deoxy-cu-galacturonic acid; residue b was assigned to 2,3-diamino-2,3-dideoxy-P_mann- 
uranic acid; residue c was assigned to 2,3-diamino-2,3-dideoxy-P-glucuronic acid; 
residue d was assigned to 2,4-diamino-2,4,6-trideoxy-P-glucose. 

Interresidue NOES between H- la/H-3d, H- 1 b/H-4a, H- lc/H-4b, and H- 1 d/H-4c 
established the sequence of the repeating unit of the PSI as [-c-b-a-d], (Fig. 8). 
Although other interresidue NOES with the anomeric protons were observed, the linkage 
sites were clearly established as the only sites available for the formation of glycosidic 
linkages. In addition, a three-bond 13C-‘ H connectivity between C-lc and H-4b, and 
between C-4a and H-lb in the HMBC experiment confirmed the results of the NOE 
experiments. 

Location of the N-acetamidino group.-The presence of an N-acetamidino group at 
C-3b was clearly confirmed by comparison of the NMR data from PSI and PS2, 
obtained by treatment of PSI with 5% triethylamine which resulted in conversion of the 
N-acetamidino group to an N-acetyl group 112,131. Complete assignment the ‘H and 13C 
spectrum of PS2 was also performed as outlined above for PS 1. The observed loss of the 
characteristic 13C resonances at 166.7 and 19.7 ppm and the absence of NH-3b” and 
NH-3b” resonances at 8.65 and 8.36 ppm in the ‘H NMR spectrum of PS2 (Fig. Sb) 
could be attributed to this conversion. In addition, a comparison of the ‘H and 13C NMR 
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Fig. 9. Structure of the tetrasaccharide obtained during the partial hydrolysis of the PS 1 from V. anguillarum 
serotype 0:2 showing fragment ions obtained by FABMS in positive- and negative-ion mode. 

data for PSI and PS2 revealed differences in the chemical shifts of the NH-3b, NH-2b, 
H-3b, H-2b, C-3b, CH,-3b, and CH,-2b resonances ( Tables 1 and 2). 

Location of the alanine and N-formyl groups.-Presence of the intraresidue NOES 
between the N-formyl proton and the C H, C H,, and NH protons of alanine, as well as 
a long-range correlation with C-2 of alanine, indicated N-formylation of alanine in PS 1. 

N-Deformylation of PS2 resulted in the disappearance of the N-formyl proton at 8.08 
ppm and caused shifts in the proton resonances of C H (- 0.5 ppm) and C H, (+ 0.1 
ppm) and 13C resonances of CH ( + 0.9 ppm) and CH, ( - 1.4 ppm) of alanine from the 
corresponding resonances of alanine in PS2. A long-range correlation observed between 
the CH of alanine and H-3 of residue c in OS2 confirmed the N-formylation at position 
3 of residue c. In addition, the NH-3c/C H-Ala and NH-3c/C H,-Ala NOES observed in 
PSl, PS2, and OS2 (Fig. 6) supported this conclusion. 

Treatment of PSl with 10 N HCl yielded a tetrasaccharide OS1 as a major 
oligosaccharide product. A ’ H NMR spectrum of OS 1 indicated an absence of the 
N-formyl proton signal, confirming a complete N-defonnylation. Consistent with the 
NMR evidence, the FABMS analysis of OS1 showed presence of molecular-ion species 
at m/z 1049 [M + H]’ in the positive-ion mode and at m/z 1047 [M - HI- in the 
negative-ion mode (Fig. 91, further confirming these findings. 

Location of the primary amide.-It was found that the carboxyl group of a residue c 
was in the form of a primary amide. The NH-6c and NH-6c’ resonances in PSI and PS2 
were assigned on the basis of their NOE to H-5c and NOE between NH-6c and NH-6~‘. 
These signals disappeared after the mild acid treatment of PS2. 

Absolute configuration of monosaccharides.-Only the absolute configuration of 
residue d (bacillosamine) could be determined by GLC-MS of the corresponding 
(S)-2-butyl glycoside derivative, and it was found to be D. The absolute configurations 
of the other monosaccharides were established by means of long-range NOES involving 
the N-acetyl groups. NOES have been previously used to establish the absolute 
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Table 4 
Nuclear Overhauser enhancements used to determine the absolute configuration of monosaccharides in PSl of 
Vibrio anguillarum serotype 0:2. R = (NOE,, /NOE,, * r: /r,“, 

0 
1, where r is the distance in A obtained from 

the coordinates of the minimum-energy conformer of disaccharides with different absolute configurations 

Linkage H, 

a-d HN-2d 
HN4d 
HN-4d 
NAc-4d 
HN-2a 

d-c H-6d 
HN-3c 
NAc-2d 

b-a H4a 
NAc-2b 
NAc-2b 
NAc-2b 

c-b NAc-2c 
HN-2b 

-H, -H, N%, NW x Trl R(L-D) R(wD) 

NAc-2d H-la 18 29 2.1 0.7 0.8 
NAc-4d H-5a 11 23 2.1 0.9 0.1 
H-5d H-3a 30 10 2.7 1.0 0.6 
H-6d H-5a 1 7 4.0 0.8 0.0 
NAc-2a H-2d 17 20 2.6 0.5 0.2 

R(D-D) R(D-L) 
H-5d CH-Ala 6 3 2.5 1.6 0.1 
C H-Ala H-6d 14 4 2.2 I .4 0.2 
H-Id H-5c 1 1 4.5 1.8 0.6 

R(D-L) R(L-L) 
H-5a H-5b 43 12 2.5 1.1 1.1 
H-2b H-2a I 2 4.6 1.4 0.4 
H-2b H-3a I 1 4.6 0.8 0.3 
H-2b H-la I 0.5 4.6 1.1 1.2 

R(D-D) R(D-L) 
C H,-Ala H-5b 4 I 2.9 1.6 0.7 
NAc-2b H-lc 73 9 2.6 0.5 0.5 

configurations of monosaccharides [14- 161, and are a reliable method when more 
conventional methods are not amenable. 

The absolute configuration of a monosaccharide is determined by performing the 
conformational analysis for each disaccharide linkage with two different absolute 
configurations for one of the component monosaccharides. The absolute configuration of 
the other monosaccharide must be known. Unique interglycosidic proton-proton con- 
straints can thus be identified which are sometimes highly dependent on the relative 
absolute configuration of the monosaccharides. Conformational analysis showed that 
sugar residues could be quite constrained in their rotation about the glycosidic bond due 
to the presence of a large number of pendant groups around the pyranose ring. Thus, the 
minimum-energy conformer could be used to qualitatively analyse the NOES. 

NOE experiments were performed in 90% H,O-10% D20 solution in order to 
observe the NOE of the NH protons, which provided more constraints. The NOE, due to 
its sensitivity to interatomic proton distances (rP6>, was used to obtain constraints that 
are sensitive to the absolute configuration. Comparison of intraresidue NOES, which are 
not affected by the absolute configuration of a sugar ring, to those of interresidue NOES, 
permitted the identification of the absolute configuration (Table 4). Since, to a first 
approximation, NOE;, * rt = NOE,, * r,:, where NOE,, and rij correspond to the NOE 
and distance for H,H, of the same residue, while NOE,, and rix are those of the 
interresidue proton pair. For the correct absolute configuration, the ratio 
(NOEjj/NOEj, * r,T/rp,> should be close to 1. 

For the a-d linkage, the absolute configuration of residue d was known to be D from 
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chemical analysis. A number of NOES were observed between the pendant N-acetyl 
groups, which were found to be highly sensitive to the absolute configuration of residue 
a. Hence, the significant NOES for (HN-4d/H-Sal, (HN-4d/H-3a), (NAc-4d/H-Sal, 
and (HN-2a/H-2d) could only arise if residue a had the L cOonfiguration. For the D-D 
solution, the interproton distances were too big (> 4.5 A) to satisfy these NOE 
constraints. Similarly, the absolute configuration of residue c could be determined from 
the observation of the (H-6d/C H-Ala), (HN-3c/H-6d), and (NAc-2d/H-ld) NOES, 
which require residue c to have the D configuration, since only in the D-D configuration 
for linkage d-c, the interproton distances satisfied the NOE constraints. For the D-L 

configuration, these interproton distances are too large (> 5 A), and none of the NOES 
would have been observed. For linkage b-a, with the absolute configuration of residue a 
set as L, it was found that the D-L configuration for b-a, could satisfy the constraints 
imposed by the observed NOES, since some distances where too large for the L-L 

configuration. The observed NOES between c-b were found to be less sensitive to the 
relative configurations of their respective residues. 

3. Discussion 

In the present investigation, we established the structures of the O-chain and capsular 
polysaccharide from Vibrio anguillurum serotype 0:2. Both capsular and O-chain 
polysaccharides have been shown by glycose analysis, partial hydrolysis, various 
specific modifications, one- and two-dimensional NMR spectroscopy and mass spec- 
trometry methods to be high molecular weight polymers of a linear tetrasaccharide 
repeating unit (Fig. 7). In order to identify the nature and the position of the numerous 
nitrogen bearing groups present in the structure, the NMR experiments were also 
performed in H *O. Potential-energy calculations in conjunction with conformational 
analysis were used to determine the absolute configurations of glycoses comprising the 
polysaccharide chains [ 14-161. This method is useful when unusual monosaccharides 
are present and appropriate standards are not available to permit a more conventional 
analysis. 

The repeating unit of these polysaccharides contains three different 2,3-diamino-2,3- 
dideoxy uranic acids and 2,4-diamino-2,4,6-trideoxy-o-glucose, bacillosamine, previ- 
ously found in several bacterial polysaccharides. 2,3-Diacetamido-2,3-diamino-2,3-dide- 
oxy-t_-galacturonic acid was previously found in the LPS from Bordetella parapertussis 
and B. bronchiseptica [ 171. 3-Acetamidino-2-acetamido-2,3-dideoxy-D-nit acid 
was identified in several 0-polysaccharides from Pseudomonas aeruginosa [12]. 2,3-Di- 
acetamido-2,3-dideoxy-o-glucuronic acid was reported in the 0-polysaccharide from P. 
ueruginosa serotype 0:6 [ 18,191 and is a component of Thiobacillus sp. IF0 14570 
O-antigen [20]. However, this is the first time the N-formyl-L-alanyl group has been 
identified in bacterial polysaccharides. 

So far, very limited structural data has been available on the lipopolysaccharides from 
V. anguillarum [21-241. Although preliminary investigations by Tajima et al. have 
demonstrated presence of a capsule in many strains of V. anguillarum [7], this is the 
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first definitive report on the composition and structure of the capsular polysaccharide 
from a Vibrio species. 

4. Experimental 

Bacterial culture.-Vibrio anguillarum serotype 0:2 strain ATCC 19264 [25] was 
grown in brain heart infusion (BHI) broth (Difco) containing 1.5% NaCl in a 75L IF-75 
fermenter (New Brunswick Scientific) at 19 _t 1 “C overnight ( N 18 h) and harvested in 
1% phenol solution. 

Extraction and purification of capsular polysaccharide (PSI) [81.-Bacterial cells 
(660 g, wet weight) were washed with 2.5% saline and resuspended in 1.8 L of 
phosphate buffer (0.1 M, pH 7.0) containing 5 mM EDTA, 0.02 M sodium azide and 
egg-white lysozyme (400 mg, Sigma). The suspension was continuously stirred at 4 “C 
overnight. The cells were removed by low-speed centrifugation and used for the 
isolation of lipopolysaccharide. The clear supematant was dialysed against distilled 
water and concentrated. Nucleic acids were removed by precipitation with ethanol (25%, 
v/v) and CaCl, (0.1 M). The capsular polysaccharide was precipitated from the solution 
by increasing the ethanol concentration to 80% (v/v). The precipitate was dissolved in 
water, dialysed, and lyophilized to give a crude PSI (yield, 890 mg>. It was applied to a 
Sephadex G-100 column in three portions, and void-volume fractions were collected 
(270 mg). Further purification was achieved by gel-filtration chromatograpy on a 
Sepharose 6B column. The main fraction was collected, dialysed and lyophilized to 
afford purified PS 1 (yield, 220 mg>. 

Isolation of LPS and preparation qf O-chain polysaccharide.-Washed cells of V. 
anguillarum strain ATCC 19264 were extracted by the method of Westphal et al. [9], 
and an aqueous-phase LPS was purified by repeated ultracentrifugation (yield 5.1 g). 
The water-phase LPS was heated with 3% aq acetic acid (3 h, 100 “C) and, following 
the removal of the insoluble lipid A by low-speed centrifugation (5OOOg, 10 min, 4 “Cl, 
the clear supematant lyophilized and applied to a Sephadex G-100 column. Fractions 
containing glucan, O-chain polysaccharide, and core oligosaccharide were collected and 
lyophilized. 

SDS-PAGE.-LPS preparations were subjected to SDS-PAGE with the Laemmli 
buffer system [26]. The 4% stacking gel and the 12.5% separating gel did not contain 
SDS [27]. 

Treatment of PSI with triethylamine [12,13/.-PSI (15 mg) was treated with 5% 
triethylamine (3.5 h, 70 “C). The solution was coevaporated four times with water and 
lyophilized. Further purification on a Sephadex G-100 column afforded a modified 
polysaccharide PS2 in which the N-acetamidino group had been converted to an 
N-acetyl group (yield, 6 mg). 

N-Deformylation of PS2 1281.-PSI (20 mg) was treated with 5% triethylamine as 
described above, and the residue was heated with 0.05 M HCl (4 mL, 4.5 h, 105 “C). 
The product was purified by gel filtration on a Sephadex G-50 column to give a 
N-deformylated PS2 (yield, 10 mg). 
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Carbodiimide reduction of PSI [291.-PSl (30 mg) was dissolved in distilled water 
(10 mL), and the pH was adjusted to 4.7 with 0.05 N NaOH. After addition of 
1 -cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (130 mg), the 
stirred mixture was maintained at pH 4.7 with 0.05 N HCI. When the consumption of 
hydrochloric acid ceased, sodium borohydride (10% w/v, 600 mg> was added, the pH 
of the solution was maintained at 7.0 for 2 h, and then the reaction was allowed to 
proceed for 17 h at room temperature. The mixture was neutralized with dilute acetic 
acid, dialysed extensively against distilled water, and lyophilized. The residue was 
subjected to a repeated carbodiimide reduction following the procedure described above. 
The product was first subjected to ion-exchange chromatography on a DEAE-Sephacel 
column, and the neutral fraction was further purified by gel filtration on a Sephadex 
G-100 column. The void volume peak was collected to afford a carbodiimide-reduced 
PSI (yield, 7 mg>. 

Partial hydrolysis of PSl: preparation of OS1 and OS2.-PSl (12 mg> was dissolved 
in 10 N HCl (4 mL) and heated for 15 min at 90 “C. The reaction mixture was cooled. 
and hydrochloric acid was removed by a co-evaporation with distilled water (five times). 
The residue was neutralized with dilute ammonium hydroxide and purified on a column 
of Bio-Gel P-2 to afford oligosaccharide OS1 as a major product (yield, 3 mg). 

To prepare 0S2, PS 1 (22 mg) was hydrolysed with 10 N HCl as described above, and 
the residue was dried in vacua over P,O,. It was dissolved in dry methanol (3 mL), and 
acetic anhydride (300 PL) and pyridine (60 PL) were added. The reaction was carried 
out for 1 h at room temperature, and after the evaporation, the residue was fractionated 
on a Bio-Gel P-2 column to give oligosaccharide OS2 (yield, 6 mg). 

Analytical methods.-Glycoses were determined by GLC as their alditol acetates. A 
sample of a carbodiimide-reduced PS 1 was treated with 10 N HCl at 95 “C for 15 min, 
and the hydrolysate was subjected to N-acetylation [30], followed by reduction (NaBD,) 
and acetylation. The absolute configuration of 2,4-diamino-2,4,6-trideoxy-glucose was 
determined by GLC of its acetylated (S)-2-butylglycoside derivative and confirmed by 
comparison of its GLC retention time and MS with that of the authentic sample 1311. 
The absolute configuration of alanine was confirmed by comparison of the GLC 
retention time and MS of the N-acetyl-(R)-2-octyl ester with those of an authentic 
standard. The absolute stereochemistry of the remaining glycoses was determined by 
means of long-range NOES involving the N-acetyl groups (see below). GLC analysis 
was performed with a Hewlett-Packard Mode1 5710 A gas chromatograph fitted with a 
hydrogen flame ionizer using a fused-silica capillary column (0.3 mm X 25 m) contain- 
ing 3% OV 17; an initial column temperature of 180 “C was held for 2 min, followed by 
an increase to 240 “C at 4 “C/min. Fast-atom bombardment mass spectra (FABMS) 
were acquired on a JEOL AX505H double-focusing mass spectrometer operating at an 
accelerating voltage of 3 kV and analysed as previously described [32]. 

Samples were methylated according to the method of Ciucanu and Kerek [33], and, 
following hydrolysis with 4 M trifluoroacetic acid (120 “C, I h). the reduced (NaBD,) 
and acetylated products were analysed by GLC-MS. 

Gel-filtration chromatography of polysaccharides was carried out on columns of 
Sephadex G-50 (1 .O X 70 cm> and Sephadex G- 100 (2.6 X 90 cm) (Pharmacia Fine 
Chemicals, Uppsala, Sweden) irrigated with 0.02 M pyridinium acetate (pH 5.6) or 
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Sepharose 6l3 (2.6 X 90 cm) column (Pharmacia Fine Chemicals, Uppsala, Sweden) 
irrigated with l/30 M phosphate butter (pH 8.01. Separations of oligosaccharides were 
made on a column of Bio-Gel P-2 (2.6 X 90 cm) (Bio-Rad, USA) irrigated with 0.02 M 
pyridinium acetate butter (pH 5.6). Column eluates were continuously monitored using a 
Waters R403 differential refractometer, and samples (100 E.LL) were analysed colorimet- 
rically for aldose [34] and aminoglycose [35]. 

The gel-filtration properties of the eluted materials are expressed in terms of their 
distribution coefficient K,,, K,, = (V, - V,>/(V, - V,), where V, is the elution volume 
of the specific material, V,, is the void volume of the system and V, is the total volume 
of the system. 

Ion-exchange chromatography of the carbodiimide-reduced 0-polysaccharide was 
performed on a column (1.2 X 22 cm) of DEAE-Sephacel (Pharmacia Fine Chemicals, 
Uppsala, Sweden) equilibrated with 0.01 M NaCl in distilled water. Optical rotations 
were determined at 20 “C in IO-cm tubes using a Perkin-Elmer Model 243 polarimeter. 

NMR .ymmwx~py.-’ H and ‘“C NMR spectra were recorded with a Bruker AMX 
500 or AMX 600 spectrometer using standard Bruker software. Spectra of D,O 
solutions were recorded at 50 “C for the polysaccharides PSI and PS2 and at 27 “C for 
the oligosaccharide OS2 at concentrations of 5 mg in 0.5 mL of D,O. For the detection 
of NH protons, spectra were recorded at 27 “C in 90% H20-10% D,O. Samples of PSI 
and PS2 were dissolved in IO mM phosphate buffer pH 7.0, followed by two 
lyophilizations with D,O. Oligosaccharide OS2 was dissolved in distilled water, and the 
pH was adjusted to 7.0 with IO mM NaOH, followed by two lyophilizations with D,O. 

All NMR experiments were performed using a 5 mm broadband probe with ‘H coil 
nearest to the sample. Acquisition and processing of respective 2D NMR experiments, 
and spin simulations were done as described previously [ 131. The observed ’ H chemical 
shifts are reported relative to internal acetone (2.225 ppm), and the 13C chemical shifts 
are quoted relative to the methyl group of internal acetone (31.07 ppm). 

Potential energy calculations.-The coordinates of the glycosides were generated 
from the coordinates of mannose, galactose, and glucose, and modified with Alchemy II 
(Tripos Associates, Inc.). The coordinates of the methyl glycosides were then refined by 
molecular mechanics calculations using MM3(92) [36]. Conformational analysis was 
done using PFOS potential [37] as described before [15]. 
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