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Abstract

Based on sugar and methylation analyses, O-deacetylation, Smith degradation, and 'H and
“C NMR spectroscopy, including 2D COSY, 'H-detected 'H,"C heteronuclear single-quan-
tum coherence (HSQC), and 'H-detected 'H,"’C heteronuclear multiple-bond connectivity
(HMBC) experiments, the following structure of the O-specific polysaccharide of Proteus
penneri strain 25 was established:
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where D-GlcN(1-Ala) is 2-(L-alanylamido)-2-deoxy-D-glucose. © 1997 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Bacteria of the genus Proteus are a common cause
of urinary tract infections which may result in severe
complications, such as pyelonephritis and formation
of kidney stones. According to the serological classi-
fication based on the specificity of the outer-mem-
brane lipopolysaccharide (LPS, O-antigen), strains of
Proteus mirabilis and Proteus vulgaris are divided
into 49 O-serogroups [1], and 11 additional O-
serogroups have been proposed [2]. The name Pro-
teus penneri has been proposed for strains formerly
described as Proteus vulgaris biogroup 1[3,4]. These
strains have not been serologically classified, and
chemical and immunochemical studies of their
outer-membrane lipopolysaccharides are being under-
taken ([5—8] and references cited therein) in order to
create the basis for classification. As a result, a new,
separate serogroup O61 has been identified, which
includes strains with the O-antigen structure most
widespread among P. penneri strains [6]. In continu-
ation of these studies, we now report the structure of
P. penneri strain 25 O-specific polysaccharide.

2. Results and discussion

The lipopolysaccharide was isolated from dried
bacterial cells by the phenol-water procedure [9] and
degraded with dilute acetic acid at 100 °C. The
subsequent fractionation of the resulting mixture by
GPC on Sephadex G-50 afforded an O-specific poly-
saccharide (PS-I) eluted as a sharp peak shortly after
the void volume of the column.

Full acid hydrolysis of PS-I resulted in glucuronic
acid, 2-amino-2-deoxyglucose, and alanine in the ra-
tios ~ 1:1:0.7, as determined by using sugar and
amino acid analyzers. Determination of the absolute
configurations by GLC of acetylated glycosides and

esters with (+)-2-butanol [10,11] showed that GIcN
and GIcA are D and alanine is L.

The "*C NMR spectrum of PS-I (Fig. 1) contained
signals of different integral intensities, thus demon-
strating an irregular structure of the polymer. The
presence in the spectrum of two intense signals for
O-acetyl groups at & 21.1 and 21.4 (Me) allowed the
suggestion that the irregularity was owing to nonstoi-
chiometric O-acetylation.

NMR spectra of the O-deacetylated polysaccharide
(PS-II) were typical for that of a regular polysaccha-
ride (Figs. 2 and 3). The 'H NMR spectrum of PS-II
contained signals for four anomeric protons in the
region 6 4.48-5.16, for methyl groups of NAc and
Ala at § 2.00 (s) and 1.52 (d, J,5 7 Hz) in the ratio
1:1, and for other protons in the region & 3.34-4.14.
“C NMR signals were observed for four anomeric
carbons in the region 6 101.9-104.0, three carbons
bearing nitrogen at & 50.8-56.0 (C-2 of GIcN and
Ala), two CH,O groups (C-6 of GIcN), one being
nonsubstituted (8 61.9) and the other substituted (&
68.8, data of the INEPT spectrum), two methyl groups
at 8 17.6 (C-3 of Ala) and 8 23.7 (C-2 of NAc), four
carbonyl groups at & 172.5-176.0 (C-6 of GlcA and
C-1 of Ala and NAc), and other sugar ring carbons in
the region & 68.8—84.0. When the pD of a PS-II
solution in D,O was changed from 7 to I, the C-6
signals of GlcA shifted from &6 174.9 and 176.0 to
172.3 and 174.1, respectively; hence both GlcA
residues had free carboxyl groups. Of the other two
CO signals, which on the pD change only shifted
insignificantly, that at & 175.7 was typical of NAc
and the last CO signal at 6 172.5 belonged, thus, to
Ala linked via the carboxyl group (cf. 6 177-177.5
for that of Ala with the free carboxyl group). Since
Ala was not cleaved during alkaline O-deacetylation
of PS-I, an O-linkage should be excluded, and there-
fore Ala was attached to the amino group of a GlcN
residue.
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Fig. 1. *C NMR spectrum at 67 MHz of the O-specific polysaccharide (PS-1).
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Fig. 2. "H NMR spectrum at 600 MHz of the O-deacetylated polysaccharide (PS-II).
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Fig. 3. 'H detected "*C decoupled 'H,"”C HSQC NMR spectrum of the O-deacetylated polysaccharide (PS-II).

Table 1

'"H NMR data (8 in ppm) for O-deacetylated polysaccharide (PS-II) at pD 7 (chemical shifts at pD 1 are given in
parentheses)

Sugar residue H-1 H-2 H-3 H-4 H-5 H-6a H-6b
— 4)-B-D-GlepA-(1 = (A) 4.49 3.34 3.60 3.65 3.76
(4.56) (3.35) (3.64) (3.73) (4.00)

— 3)-B-p-GlcpNAc-(1 - (B) 448 3.85 3.72 3.50 3.41 3.73 3.88

(4.43) (3.86) (3.68) (3.55) (3.37) (3.76) (3.88)

— 4)-B-pD-G 1 ¢ pN(L-Ala)-(1 - (C) 4.52 3.76 3.76 3.62 3.69 3.77 4.14

? (4.53) (3.73) (3.79) (3.62) (3.69) (3.78) (4.13)
a-D-GlepA-(1 — (D) 5.16 3.61 3.67 355 4.04

(5.14) (3.63) (3.63) (3.58) (4.22)
* Chemical shift for NAc is § 2.00 (2.01 at pD 1), chemical shifts for L-Ala are & 4.06 (4.05 at pD 1, H-2) and 1.52 (H-3).
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Table 2
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“C NMR data (8 in ppm) for O-deacetylated polysaccharide (PS-1I) at pD 7 (chemical shifts at pD 1 are given in

parentheses) °

Sugar residue C-1 C-2 C-3 C-4 C-5 C-6
— 4)-B-D-GlcpA-(1 - (A) 104.0 73.6 75.2 82.9 76.9 174.9
(103.6) (73.5) (75.1) (81.8) (74.4) (172.3)
— 3)-B-D-GlcpNAc-(1 —» (B) 102.0 55.3 84.0 69.7 76.6 61.9
(102.3) (55.4) (84.0) (69.5) (76.7) (61.9)
— 4)-B-D-G 1 ¢ pN(L-Ala)-(1 = (C) 102.7 56.0 74.6 80.0 74.2 68.8
? (102.6) (56.3) (74.7) (80.8) (74.2) (68.6)
a-D-GlepA-(1 - (D) 101.9 72.7 73.8 72.6 73.7 176.0
(102.6) (73.0) (73.8) (72.3) (72.8) (174.1)

* Chemical shifts for NAc are 8 23.7 (Me) and 175.7 (CO), for L-Ala § 172.5 (172.6 at pD 1, C-1), 50.8 (50.9 at pD 1,

C-2), and 17.6 (17.8 at pD 1, C-3).

From the above data it can be concluded that PS-1I
is composed of a tetrasaccharide repeating unit con-
taining two residues each of D-glucuronic acid and
2-amino-2-deoxy-D-glucose, one of the GlcN residues
being N-acylated by the NAc group and the other by
the Ala group.

Methylation analysis of PS-II resulted in 2-deoxy-
2-( N-methylacetamido)-4,6-di-O-methylglucose and
2-deoxy-2-( N-methylacetamido)-3-O-methylglucose
identified by GLC-MS as alditol acetates. Therefore,
PS-1I is branched with a GlcN residue at the branch-
ing point, and a GlcA as the terminal residue of the
side chain.

The 'H NMR spectrum of PS-II was assigned
using 2D COSY, relayed and double relayed COSY
experiments (Table 1). The spin-systems for the GlcA
residues were distinguished from those of the GlcN
residues on the basis of the absence in the former of
the H-6 signals. The coupling constant value Jy; ¢,
8 Hz for one of the GIcA residues (unit A) and both
GIcN residues (units B and C) showed that these
sugars were f-linked, and Jy, 4, 4 Hz for the
second GlcA residue (unit D) indicated it to be
a-linked.

Table 3
Heteronuclear interresidue connectivities for anomeric atoms in
(PS-1D)

The comparison of the 'H NMR spectra of PS-II at
different pD (Table 1) revealed significant downfield
shifts of the signals for H-5 of the GIcA residues (by
ca. 0.2 ppm) on a decrease of pD from 7 to 1 and,
thus, confirmed that the carboxyl groups are free. In
accordance with the amidation of the carboxyl group
of Ala, the change of pD had no influence on the
position of the signals for Ala H-2.

A 2D 'H-detected 'H, C heteronuclear single-
quantum coherence (HSQC) experiment provided full
assignment of the '“C NMR spectrum of PS-II (Table
2). Based on the °C chemical shifts § 72.7, 73.8,
and 72.6 for the C-2, C-3, and C-4 signals, respec-
tively, it was concluded that the a-linked GlcA (unit
D) was terminal (cf. the published data 72.3, 73.5,
and 72.9, respectively [12]). A significant downfield
displacement of the C-4 signal of [-linked GIcA
(unit A) to & 82.9, as compared with its position in
the nonsubstituted B-GlcA at & 72.7 [12], showed
that unit A was substituted at position 4. Similar
displacements of the signals for C-3 of one of the
GIcN residues (unit B) and C-4 and C-6 of the other
(unit C) by 9.2, 9.0, and 6.9 ppm, respectively,
indicated unit B to be 3-substituted and unit C 4.,6-

the 2D HMBC spectrum of O-deacetylated polysaccharide

Sugar residue Ou. S| oy é¢ Connectivity
B-p-GlcpA (A) 4.49 84.0 AH-1.BC-3
104.0 3.72 AC-1.BH-3
B-p-GlcpNAc (B) 4.48 68.8 B H-1,C C-6
102.0 3.77 B C-1,C H-6a
B-D-GlepN(L-Ala) (C) 4.52 82.9 CH-1,AC-+4
102.7 3.65 CC-1,AH+4
a-D-GlepA (D) 5.16 80.0 DH-1,CC+4
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disubstituted. These data were in accordance with the
methylation analysis data (see above).

For sequence analysis, a 2D 'H-detected 'H, °C
heteronuclear multiple-bond connectivity (HMBC)
experiment was applied (Table 3). The three-bond
interresidue connectivity D H-1,C C-4 indicated that
the lateral GlcA residue was attached to the branch-
point GlcN residue at position 4. The other three-bond
interresidue connectivity between these sugar
residues, D C-1,C H-4, could not be revealed unam-
biguously owing to partial overlapping with the in-
traresidue cross-peak D C-1,D H-2 at 6./dy
101.9/3.61. For the other three glycosidic linkages,
the three-bond interresidue connectivity of both sorts
were clearly observed in the spectrum (Table 3).
These data were fully consistent with the substitution
pattern of PS-II and pointed to the sugar sequence
shown below.

The 2D HMBC spectrum confirmed the assign-
ment of the CO signals in the *C NMR spectrum of
PS-II (Table 2). Thus, the two- and three-bond con-
nectivities were observed between C-6 of units A and
D at 6 1749 and 176.0, and H-5 and H-4 of the
same sugar residue, between C-1 of Ala at 6 172.5
and Ala H-2 and H-3 (Me), and between C-1 of NAc
at 8 175.7 and NAc H-2 (Me). The last carbon also
displayed a connectivity with H-2 of unit B at 6./d
175.7/3.85 and, hence, unit B was N-acetylated and,
consequently, unit C carried the 1-Ala group. The
absence from the 2D HMBC spectrum of the ex-
pected connectivity between C-1 of Ala and H-2 of
unit C may be accounted for by a too small *Jg,
coupling constant between these atoms.

The monosaccharide sequence was further con-
firmed by Smith degradation of PS-II, which resulted
in disaccharide-tetronic acid 1 (Fig. 4). The structure
of 1 was supported by FABMS and '"H NMR spec-
troscopy. In accordance with the molecular mass of
571 Da, expected for the product containing GlcNAc,
GlcN(Ala) and a residue of erythronic acid, the FAB
mass spectrum (run in the positive mode) showed

CH,OH COOH

00 CH, HO
OH 00

HO OH CH,0H
NHAc HO

CH3CHCONH

NH,

Fig. 4. Structure of the disaccharide-erythronic acid 1.

three peaks at m/z 572, 594, and 610, which corre-
sponded to [M + H]* and adduct ions [M + Naj*
and [M + K]*, respectively. Fragment ions were ob-
served, inter alia, at m/z 204 (aA), 436 (abA), and
369 (bcB) [13]. The 'H NMR spectrum of 1 con-
tained, inter alia, signals for the anomeric protons of
two B-linked sugars ( B-GIcN) at & 4.53 and 4.63,
and for two methyl groups of NAc and Ala at § 2.00
and 1.49, respectively.

Therefore, on the basis of the data obtained, it was
concluded that PS-II had the following structure:

A B C
—4)-B-D-GlepA-(1—-3)B-p-GlcpNAc-(1-6)B-D-GlepN(L-Ala)-(1—

4

1

|

o-D-GlopA
D
PS-II

As judged by the ratio of the integral intensities of
the signals for methyl groups in the '"H NMR spec-
trum, PS-I contained ca. 1.3 O-acetyl groups per
repeating unit. Comparison of the C NMR spectra
of PS-II and PS-I allowed the determination of their
location. Partial O-acetylation of unit B at position 6
followed from the presence in the spectrum of PS-I
of an additional signal for a hydroxymethyl group at
8 64.4 (cf. § 64-65 for C-6 of methyl 6-O-acetyl-
glucopyranosides and -galactopyranosides [14]). The
ratio of the intensities of the signals for C-6 in
O-acetylated (8 64.4) and non-O-acetylated (8§ 62.0)
unit B in the spectrum of PS-I allowed the estimation
of the degree of O-acetylation as ca. 40%.

The presence in the spectrum of PS-I of two
signals for C-2 of unit C was indicative of the partial
O-acetylation of this unit at O-3, which caused an
upfield displacement of the C-2 signal from & 56.2 in
the non-O-acetylated unit C to 8 55.2 in the 3-O-
acetylated unit C ( B-effect of O-acetylation [14]).
Nonstoichiometric O-acetylation of unit C (by ca.
50%) caused also splitting of the signals for C-2 and
C-3 of Ala, which was attached to unit C, as well as
splitting of the signal for Ala H-3 (Me) in the 'H
NMR spectrum of PS-1.

Neither O-2 of units A and D nor A O-3 and B
O-4 carry an O-acetyl group since no upfield shift
was observed in the °C NMR spectrum of PS-I for
signals of neighboring anomeric carbon (A or D) or
neighboring linkage carbon (A C-4 or B C-3), respec-
tively, which would be caused by O-acetylation at
the above listed positions. Therefore, the third O-
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acetyl group may be present only at O-3 or O-4 of
unit D. A signal at 8 72.0 which was present in the
spectrum of PS-I but absent from the spectrum of
PS-II may be assigned to C-3 and C-5 of unit D
O-acetylated at O-4 (cf. the position of these signals
at & 73.7-73.8 in the spectrum of PS-II, Table 2). A
decrease of the signal for C-4 of unit D at 6 72.8 due
to a downfield shift (a-effect of O-acetylation [14])
was consistent with this suggestion. The relative in-
tensity of the signal at 6 72.0 allowed estimation of
the degree of O-acetylation at O-4 of unit D as ca.
30%. An additional minor O-acetylation at O-3 of
unit D was not excluded.

These data led to the establishment of the follow-
ing structure of PS-I:

(Ac)p 4 (AC)p5
d 2
6 3
—4)-B-p-GlepA-(1-3)B-p-GlepNAc-(1-6)-f-p-GlepN(L-Ala)-(1—
A B 4 C
T

1
(Ac)p.3—3/4)-a-D-GlcpA
D

PS-I

Like most other O-specific polysaccharides of P.
penneri, that of strain 25 is acidic. Characteristics are
the presence of multiple O-acetyl groups in various
monosaccharide residues in nonstoichiometric
amounts and the L-alanyl group attached at the amino
group of GIcN. L-Alanine and N-acetyl-L-alanine are
known as constituents of a few bacterial polysaccha-
rides [15]. In the O-antigen of P. penneri strain 14,
L-alanine is attached as an amide to a D-galacturonic
acid residue, whereas the amino group of a residue of
3-amino-3,6-dideoxy-D-glucose carries the N-acetyl-
p-alanyl group [16].

The O-specific polysaccharide studied has a unique
structure among the O-antigens of Proteus, and the
corresponding strain is a candidate for a new P.
penneri serogroup.

3. Experimental

Chromatography and mass spectrometry.—GPC
was performed on a column (1.7 X70 cm) of
Sephadex G-50 or a column (55X 2 cm) of Su-
perdex-30 monitored by a differential refractometer.
GLC was carried out on a Hewlett—Packard 5890
instrument equipped with a capillary column (25
m X 0.2 mm) of HP-5 stationary phase using a tem-
perature program of 180 — 270 °C at 3 °C/min.

GLC-MS (EI) was performed on a Hewlett—Packard
5970 MSD instrument. FABMS was performed in the
positive-ion mode on a JEOL SX-102 instrument at a
resolution of 5000, using Xe atoms (6 keV) and a
matrix of glycerol /thioglycerol.

NMR spectroscopy.——lH and °C NMR spectra
were run with Varian Unity + 600 and Jeol GSX-270
instruments, respectively, for solutions in D,0O at 70
°C with sodium 3-trimethylsilylpropanoate-d, (8
0.00) or acetone (8- 31.4) as internal standards. 2D
COSY, relayed COSY, HSQC, and HMBC experi-
ments were performed with a Varian Unity + 600
instrument. A 55 ms delay was used for the evolution
of long-range connectivities in the HMBC experi-
ment.

Bacterial strains, isolation and degradation of
lipopolysaccharide.—P. penneri strain 25 was one of
strains 21-45 belonging to the American collection
that was kindly provided by Professor J. Brenner
(Centre for Disease Control, Atlanta, USA). Dry
bacteria were obtained from aerated liquid cultures as
described [17]. Crude lipopolysaccharide preparations
obtained after extraction of bacterial mass with a hot
phenol—water mixture [9] were purified by treatment
with cold aq 50% CCI,CO,H. Degradation of LPS
was performed with ag 1% HOACc at 100 °C for 2 h.
Products were fractionated by GPC on Sephadex
G-50 to give a high-molecular-mass O-specific poly-
saccharide.

Compositional and methylation analyses.—Hy-
drolysis of PS-I was performed with 3 M CF,CO,H
for 3 h at 120 °C. Amino sugars were conventionally
analyzed using a Biotronic LC-2000 amino acid anal-
yser and 0.35 M sodium citrate buffer (pH 5.28).
Glucuronic acid was identified using a Biotronic
LC-2000 sugar analyser and 0.02 M sodium phos-
phate buffer (pH 2.4) as described [18]. The absolute
configuration of the components present was deter-
mined essentially as devised by Leontein et al. [10],
but with ( +)-2-butanol [11].

Methylation of PS-II was carried out according to
the Hakomori procedure [19]. The methylated product
was isolated via a Sep-Pak C ; cartridge [20], hydro-
lyzed with 2 M CF,CO,H for 2 h at 120 °C, conven-
tionally reduced with NaBH,, acetylated, and ana-
lyzed by GLC-MS.

O - Deacetylation and Smith degradation.—O-
Deacetylation of PS-I (50 mg) was carried out with
aq 12% ammonia at 60 °C for 2 h to give PS-1I (40
mg) isolated by GPC on Sephadex G-50.

Smith degradation of PS-II (20 mg) was performed
with 0.2 M NalO, for 40 h at 20 °C in the dark. An
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excess of NaBH, was added and after 16 h destroyed
with conc HOAc. Boric acid was removed by re-
peated evaporations with methanol, the residue de-
salted by GPC on Superdex-30, and the oxidized and
reduced polysaccharide was hydrolyzed with aq 2%
HOACc for 2 h at 100 °C. The disaccharide-tetronic
acid 1 (5 mg) was isolated by GPC on Superdex-30.
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