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O-antigen that contains an amide of D-glucuronic acid with L-alanine
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Abstract

The O-polysaccharide of Proteus vulgaris O44, strain PrK 67/57 was studied by 1H and 13C NMR spectroscopy, including 2D

COSY, TOCSY, ROESY, H-detected 1H, 13C HMQC, HMQC�/TOCSY and HMBC experiments. The polysaccharide was found to

contain an amide of D-glucuronic acid with L-alanine [D-GlcA6(L-Ala)], and the following structure of the linear pentasaccharide

repeating unit was established:

0 4)-b-d-GlcpA6(l-Ala)-(1 0 3)-b-d-GalpNAc-(1 0 4)-b-d-Glcp-(1 0 3)-a-d-Galp-(1 0 4)-b-d-GalpNAc-(1 0 :

The structural data of the O-polysaccharide and the results of serological studies with P. vulgaris O44 O-antiserum showed that the

strain studied is unique among Proteus bacteria, which is in agreement with its classification in a separate Proteus serogroup, O44.
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Bacteria of the genus Proteus cause mainly wound and

urinary tract infections, the latter sometimes leading to

acute or chronic pyelonephritis and formation of

bladder and kidney stones. Outer membrane lipopoly-

saccharide (LPS, endotoxin) is considered as a virulence

factor of Proteus. Based on the O-polysaccharides of the

LPS (O-antigens), two species, Proteus mirabilis and

Proteus vulgaris , were classified into 60 O-serogroups.1,2

Immunochemical studies of Proteus LPS are important

for understanding the molecular basis of the immunos-

pecificity and improvement of the classification of

Proteus strains.

A peculiar feature of the LPS of Proteus , including P.

vulgaris , is the acidic character of the O-polysaccharides

in most O-serogroups, which is due to the presence of

phosphate groups, hexuronic and nonulosonic acids,

their amides with amino acids, sugar acetals with

pyruvic acid or ethers with lactic acid.3�5 The role of

acidic polysaccharides in the pathogenicity of Proteus

and, particularly, in urinary tract infections has been

discussed (Ref. 6 and References cited in Ref. 7). Now,

we report on the structure of a new acidic O-polysac-

charide isolated from the LPS of P. vulgaris O44 that

contains an amide of D-glucuronic acid with L-alanine.

The LPS was isolated from dried bacterial cells of P.

vulgaris O44 by phenol�/water extraction8 and degraded

with dilute acetic acid to give a high-molecular-mass

O-polysaccharide. Sugar analysis of the polysaccharide

using a sugar analyser showed the presence of almost

equal amounts of Glc and Gal as well as GlcA. Analy-

sis of the polysaccharide hydrolysate using an amino

acid analyser revealed GalN and alanine in the ratio

�/2:1. Determination of the absolute configuration by
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GLC of the acetylated (S )-(�/)-2-butyl glycosides

showed that all monosaccharides have the D configura-

tion. The L configuration of alanine was determined by

GLC of the acetylated (S )-(�/)-2-butyl ester.

The 13C NMR spectrum of the polysaccharide (Fig. 1)

demonstrated a regular structure. It contained sign-

als for five anomeric carbons at d 101.5�/105.2, four

CH2OH groups at d 61.2�/62.0 (C-6 of hexoses and

GalN, data of a DEPT-135 experiment), a CH3 group at

d 17.9 (C-3 of Ala), two carboxyl (or carboxamide)

groups at d 170.1 and 178.0 (C-6 of GlcA and C-1 of

Ala), three nitrogen-bearing carbons at d 50.9, 52.5 and

53.8 (C-2 of GalN and Ala), 18 sugar-ring oxygen-

bearing carbons in the region d 68.7�/81.3 and two

N -acetyl groups (CH3 at d 23.4 and 23.5, CO at d 175.8

and 175.9). Accordingly, the 1H NMR spectrum of the

polysaccharide (Fig. 2) contained, inter alia , signals for

five anomeric protons at d 4.53�/4.96, a CH3 group at d

1.40 (3H, H-3 of Ala) and two N -acetyl groups at d 1.99

and 2.00 (3H each). Therefore, the polysaccharide has a

pentasaccharide repeating unit containing one residue

each of D-GlcA, D-Gal, D-Glc, L-Ala and two residues

of D-GalNAc.

The 1H and 13C NMR spectra of the polysaccharide

were assigned using 2D COSY, TOCSY, H-detected
1H, 13C HMQC and HMQC�/TOCSY experiments

(Tables 1 and 2). Spin systems for Glc and GlcA were

identified by a large J3,4 value of �/10 Hz, as compared

Fig. 1. 13C NMR spectrum of the O-polysaccharide of P. vulgaris O44.

Fig. 2. 1H NMR spectrum of the O-polysaccharide of P. vulgaris O44.
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with values 5/3 Hz for Gal and GalNAc. Two GalNAc

residues (GalNAcI and GalNAcII) were distinguished by

correlations of the protons at nitrogen-bearing car-

bons (H-2) to the corresponding carbons (C-2) at d

3.98/52.5 and d 3.89/53.8, which were revealed by a 1H,
13C HMQC experiment. The signal for C-6 of GlcA

was assigned by H-4/C-6 and H-5/C-6 correlations at d

3.78/170.1 and 3.90/170.1, respectively, demonstrated by

an HMBC experiment.

As judged by relatively large 3J1,2 coupling constants

values of 8.0�/8.5 Hz determined from the 1H NMR

spectrum for the H-1 signals at d 4.44�/4.67, all sugar

residues but Gal are b-linked. This conclusion was

confirmed by a ROESY experiment, which showed

intraresidue H1,H5 correlations for Glc, GlcA and

both GalNAc residues that is typical of b-linked

pyranosides. The 3J1,2 coupling constant value of 3.5

Hz for the H-1 signal at d 4.96 showed the a-linkage of

the Gal residue.

Significant downfield displacements of the signals for

C-3 of Gal and GalNAcI and C-4 of Glc, GlcA and

GalNAcII to d 78.3�/81.3, as compared with their

positions in the spectra of the corresponding non-

substituted monosaccharides at d 69.1�/72.4,9,14 re-

vealed the positions of substitution of the sugar residues.

In addition to the intraresidue correlations, the

ROESY spectrum showed a number of interresidue

correlations. Taking into account the substitution pat-

tern determined by the 13C chemical shift data, the

correlations at d 4.53/3.85, 4.56/3.56, 4.67/4.07, 4.96/

4.01 and 4.44/3.87 were interpreted as those between

the following anomeric protons and protons at the

linkage carbons: GlcA H-1, GalNAcI H-3; GalNAcI

H-1,Glc H-4; Glc H-1,Gal H-3; Gal H-1,GalNAcII H-4

and GalNAcII H-1, GlcA H-4, respectively. These data

define the monosaccharide sequence in the

polysaccharide.

The HMBC spectrum of the polysaccharide showed a

GlcA C-6, Ala H-2 cross-peak at d 170.1/4.33 and,

hence, alanine is amide-linked to the carboxyl group of

GlcA. Correlations in the HMBC spectrum of the CO

signals to the H-2 signals of GalNAcI and GalNAcII at

d 175.8/3.98 and 175.9/3.89, respectively, confirmed that

both amino sugars are N-acetylated.

The data obtained enable establishing the structure

of the O-polysaccharide of P. vulgaris O44 shown in

Fig. 3. This is for the first time that N -(D-glucuronoyl)-

L-alanine is found in Proteus O-antigens, whereas ear-

lier only N -(D-galacturonoyl)-L-alanine has been

identified.3 Remarkably, alanine in both D and L enan-

tiomeric forms is the only amino acid that occurs in

Proteus O-antigens also as an N -acyl substituent of

various amino sugars.3,10,11

In serological studies, Proteus LPS from various

serogroups with known O-polysaccharide structure

were tested with rabbit polyclonal P. vulgaris O44

O-antiserum. None of them cross-reacted in passive

immunohemolysis and enzyme immunosorbent assay.

In a Western blot, the cross-reactivity was observed

with the core�/lipid A moiety of the LPS of P. mirabilis

Table 1
1H NMR data (d , ppm) for the O-polysaccharide of P. vulgaris O44 a

Residue H-1 H-2 H-3 H-4 H-5 H-6a H-6b

Ala 4.33 1.40

0/4)-b-GlcpA-(10/ 4.53 3.36 3.59 3.87 3.90

0/3)-b-GalpNAcI- (10/ 4.56 3.98 3.85 4.07 3.69 3.70 3.75

0/4)-b-Glcp- (10/ 4.67 3.37 3.65 3.56 3.52 3.59 3.81

0/3)-a-Galp -(10/ 4.96 3.98 4.07 4.23 4.29 3.65 3.65

0/4)-b-GalpNAcII- (10/ 4.44 3.89 3.72 4.01 3.66 3.81 3.90

a Chemical shifts for NAc are d 1.99 and 2.00.

Table 2
13C NMR data (d , ppm) for the O-polysaccharide of P. vulgaris O44 a

Residue C-1 C-2 C-3 C-4 C-5 C-6

Ala 178.0 50.9 17.9

0/4)-b-GlcpA-(10/ 105.2 73.4 74.8 78.9 75.3 170.1

0/3)-b-GalpNAcI- (10/ 102.5 52.5 81.3 68.9 76.0 62.0

0/4)-b-Glcp -(10/ 104.5 74.2 75.4 80.3 75.4 61.2

0/3)-a-Galp -(10/ 101.5 68.7 80.3 69.9 71.7 61.8

0/4)-b-GalpNAcII-(10/ 101.6 53.8 71.8 78.3 76.5 61.6

a Chemical shifts for NAc are d 23.4, 23.5 (both CH3), 175.8 and 175.9 (both CO).
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S1959 (serogroup O3) and Ra-type LPS of its rough

mutant P. mirabilis R110 (data not shown). These data

suggest sharing an epitope(s) on the LPS core region of

P. vulgaris O44 and P. mirabilis S1959. Therefore, the
structural and serological data showed that the O-

polysaccharide of P. vulgaris PrK 67/57 is unique

among Proteus O-antigens, which is in agreement with

classification of this strain in a separate Proteus

serogroup, O44.

N -(D-Glucuronoyl)-L-alanine does not seem to play

an important role in manifesting the P. vulgaris O44

immunospecificity since P. vulgaris O44 O-antiserum
did not react with a synthetic polyacrylamide-based

glycoconjugates containing L-Ala or an amide of b-D-

GlcpA with L-Ala.12 A similar serological inactivity of

N -(D-galacturonoyl)-L-alanine was observed in serolo-

gical studies of the LPS of Proteus penneri 14.13

1. Experimental

1.1. Bacterial strain and growth

P. vulgaris O44, strain Prk 67/57 was from the Czech

National Collection of Type Cultures (Institute of Epi-

demiology and Microbiology, Prague, Czech Republic).

The bacteria were cultivated under aerobic conditions

in nutrient broth (BTL, Lodz, Poland);14 the bacterial
mass was harvested at the end of the logarithmic growth

phase, centrifuged, washed with water and

lyophilised.

1.2. Isolation and degradation of the lipopolysaccharide

The LPS was isolated from dried bacterial cells by

extraction with hot aqueous phenol8 and purified by

treatment with cold aq 50% CCl3CO2H, followed by

dialysis of the supernatant.15

Mild acid degradation of the LPS was performed with

0.1 M sodium acetate buffer (pH 4.5) at 100 8C for
1.5 h. The O-polysaccharide was isolated by GPC on a

column (65�/3 cm) of Sephadex G-50 in 0.05 M pyri-

dinium acetate buffer, pH 5.4.

1.3. Sugar analysis

The polysaccharide was hydrolysed with 3 M

CF3CO2H (100 8C, 4 h). Amino components were iden-
tified using a Biotronik LC-2000 amino acid analyser,

and neutral sugars and uronic acid were analysed using

a sugar analyser as described.16 The absolute configura-

tions of the monosaccharides and alanine were deter-

mined by GLC of the acetylated (S )-(�/)-2-butyl

glycosides17,18 and (S )-(�/)-2-butyl ester, respectively,

on a Hewlett�/Packard 5890 chromatograph equipped

with an Ultra 2 capillary column using a temperature
gradient of 3 8C min�1 starting from 180 8C.

1.4. NMR spectroscopy

1H and 13C NMR spectra were recorded with a Bruker

DRX-500 spectrometer in D2O at 52 8C using acetone

(dH 2.225, dc 31.45) as an internal reference. 2D NMR

experiments were performed using standard Bruker

software. A mixing time of 200 and 300 ms was used

in TOCSY and ROESY experiments, respectively.

1.5. Serological techniques

Rabbit polyclonal P. vulgaris O44 O-antiserum was

obtained by immunization of New Zealand white rab-

bits with heat-killed bacteria as described.19 Passive

immunohemolysis with alkali-treated LPS and enzyme

immunosorbent assay with LPS as antigen, SDS-PAGE

and Western blot were performed as described previ-
ously.20 Passive immunohemolysis with the alkali-

treated LPS of P. vulgaris O44 was also carried out

using the homologous antiserum (diluted 1:20) that was

pre-incubated with polyacrylamide-based

glycoconjugates.21
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Fig. 3. Structure of the O-polysaccharide of P. vulgaris O44.
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