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ABSTRACT

Two distinct forms of the O4 antigen (LPS) from E. coli were analysed by 'H and *C NMR
spectroscopy. Both consisted of p-glucose, i-rhamnose, 2-acetamido-2,6-dideoxy-r-galactose (1-
FucNAc), and 2-acetamido-2-deoxy-p-glucose. Their structures were found to be

- 6)-a-n-Gle p-(1 = 3)a-L-Fuc pNAc-(1 - 3)-8-n-Gle pNAc-(1 - 2)--1-Rhap<(1 -
3

T
X

In the O4-specific polysaccharide from E. coli O4:K3, 04:K86, and 04:K12, X is a-p-Glep. In the O4
specific polysaccharide from E. coli 04:K52, the rhamnose residue is not substituted (X = H).

INTRODUCTION

The O antigens of Escherichia coli are lipopolysaccharides (LPS) which consist
of a lipid moiety (lipid A), an oligosaccharide region (core), and a polysaccharide
moiety. The latter expresses the serological O-specificity of the bacteria and is
termed the O-specific polysaccharide?. Over 150 distinct E. coli O groups are
known today which are defined by the epitope structure of the respective O
antigens (LPS). It was found that some O groups of E. coli can be further divided
into subgroups>~%. We have recently elucidated the structures of three O1 antigens
and four Q18 antigens’~*°, In a comparative NMR study, we obtained evidence for
the structural identity of the O4-specific polysaccharides from E. coli strains
04:K3, 04:K6, and O4:K12 with that from an unidentified E. coli O4 which had
been published previously!’. The NMR data for the O-specific polysaccharide
from E. coli O4:K52 were, however, indicative of structural differences. These
data showed also that the O4 antigen of E. coli occurs in more than one structural
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version. Here we report the structural elucidation of the O4-specific polysaccha-
ride from E. coli 0O4:K52. Since the published NMR data of the O4-specific
polysaccharide!'! were incomplete, we also present the complete signal assignments
of the O4-specific polysaccharide from E. coli O4:Kaé.

RESULTS AND DISCUSSION

Isolation and characterisation of the O-specific polysaccharides from E. coli
strains O4:K3, O4:K6, O4:K12, and O4:K52.—The LPS were obtained by
extraction of the bacteria with aqueous 45% phenol and subsequent ultracentrifu-
gation of the materials from the aqueous phase'?. The O4 polysaccharides, as
obtained from the sedimented LPS by mild acid degradation, were purified by gel
permeation chromatography on Sephadex G-50. They were cluted with water
immediately after the void volume (K, 0.9-0.95). The chromatographed materials
did not contain undegraded LPS, as shown by ultracentrifugation (no pellet
obtained) and by the absence of fatty acids.

The polysaccharides consisted of glucose, rhamnose, 2-acetamido-2-deoxyglu-
cose (GIcNAc), and 2-acetamido-2,6-dideoxygalactose (FucNAc) in the molar
ratios shown in Table 1. Table I also shows the effect of periodate oxidation on
these polysaccharides. The polysaccharide from E. coli O4:KS52 had one glucose
less than the others. Periodate oxidation destroyed both glucose residues in the
polysaccharides from strains O4:K3, O4:K6, and O4:K12, whereas it destroyed
the glucose and rhamnose residues in the polysaccharide from E. coli O4:K52.

The 3C NMR spectra of the polysaccharides from E. coli 04:K3, O4:K6, and
04:K12 were identical (Fig. 1A). Their region of anomeric carbons contained five
signals (8 103.15, 101.8, 100.9, 99.3, and 96.4). The polysaccharide from E. coli
04 :K52 exhibited a >*C NMR spectrum (Fig. 1B) with four signals in the region of
anomeric carbons (& 103.8, 101.8, 100.5, and 99.3). All spectra contained signals
indicative of C-6 methyl groups (8§ 16.6—-17.9), acetamido groups (8§ 23.7-24.0;
175.1-175.7), and signals of two N-linked carbon atoms (6 49.3-57.0). These data

TABLE 1

Composition of the polysaccharides from E. coli O4:K6 and 04:K52 before (PS) and after (PS,)
periodate oxidation

Polysaccharide Sugar composition (molar ratio)

Glc Rha GIcNAc FucNAc
04:K6-PS ¢ 2 1 1 1
04:K6-PS,, b 0 1 1 1
04:K52-PS 1 1 1 1
04:K52-PS, 0 0 1 1

%% The same composition was found with the O4 polysaccharide from E. coli O4:K3 and E. coli
04:K12.
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Fig. 1. 75-MHz 3C NMR spectra (§ 170-182; 15~105) of the O4 polysaccharide from E. coli 04:K6
(A) and from E. coli 04:K52 (B), recorded in D,0 (90°C) with acetone (8§ 31.45) as internal standard.

are in accord with the chemical data and indicate that the O4 polysaccharide from
E. coli O4:K52 has a tetrasaccharide repeating unit whereas all the others have
pentasaccharide repeating units.

NMR analysis of the polysaccharide from E. coli O4:K52.—The 'H NMR
spectrum of the polysaccharide (Fig. 2A) contained two signals for a-anomeric
protons in the ghico /galacto configuration (8§ 4.97-4.95; J, , 4 Hz), one signal for
a B-anomeric proton in the gluco/galacto configuration (8 4.59; J,, 8 Hz), and
one signal for a proton in the manno configuration (8 4.87; J,, <2 Hz). Further
signals were present, indicative of the methyl groups from acetamido substituents
(8 1.98 and 1.96) and from 6-deoxy sugars (& 1.22 and 1.15). Assignments of the
signals (Table IT) were obtained using 2D COSY, one- and 2-step H-relayed
coherence transfer (COSYRCT) 2D spectra'®!*. The visual multiplicities and
coupling constants of the signals were determined with the help of 1D homonu-
clear double resonance in the difference mode®.
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Fig. 2. 300-MHz 'H NMR spectra of the O4 polysaccharides from E. coli O4:K52 (A) and from E. coli
04:K6 (B), recorded in D,0 (90°C) with acetone (8§ 2.225) as internal standard.

The sequence and types of substitution were determined using a series of NOE
experiments with pre-irradiation of the anomeric protons (Table III). Since the
signals of the anomeric protons from units A and B overlapped, they were
pre-irradiated simultaneously. This resulted in four main peaks in the difference
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TABLE II
Assignments of the signals in the 'H and 1*C NMR spectra of the polysaccharide from E. coli 04:K52
Residue Proton & (ppm) Visible Coupling  Carbon & (ppm) Jeyyy, (H2)
multiplicity }:HT
—>6)-a-D-Glcp-(1 e H-1 497 d ‘,1,2 40 C-1 101.8 170
() H-2 3.44 dd Jas 95 C-2 72.75
H-3 3.67 t T34 95 C3 74.2
H4 332 t Jis 95 C4 712
H-5 3.82 ddd I 6a 25 C5 72.5
H-6a 391 dd Joagp 115 C-6 68.05
H-6b 3.57 dd s 5.0
—3)a-L-FucpNAc-(1-» H-1 495 d T, 4 Ci 9.3 172
(B) H-2 4.30 dd a3 10.5 C-2 49.4
H-3 3.87 dd T34 35 C3 77.8
H-4 384 bd Jiys <20 C4 72.55
H-5 4.35 bq Jse6 6.0 C-5 68.05
H-6 1.15 d C-6 16.6
- 3)-B-p-GlcpNAc-(1 > H-1 4.59 d Ji2 8.0 C1 103.8 163
(©) H-2 382 dd Jas 10.0 C-2 57.0
H-3 3.64 t Ji4 10.0 C-3 80.3
H-4 347 t Jus 10.0 C4 70.0
H-5 3.39 ddd Js6a 30 C5 77.05
H-6a 3.86 dd Joaopn 123 C-6 62.2
H-6b 371 dd Js 60 55
- 2)-¢-1-Rhap-(1- H1 487 d I, <20C1 1005 173
(D) H-2 3.90 dd J23 35 C2 79.8
H-3 3 dd T34 95 C3 71.4
H4 325 t JIis 95 C4 73.8
H-5 3.59 dq Js6 6.0 C-5 70.0
H-6 1.22 d C-6 17.9

NOE spectrum. Two of them were due to H-2 of both units (a-configurations) and
the others were attributed to 3-linkages (A to B and B to C).

The signals of the 3C NMR spectrum (Fig. 1B) were assigned (Table II) with a
2D heteronuclear COSY spectrum. The absolute configurations of the sugar units
were calculated from the glycosylation effects'®, with L-rhamnose as a basis, as
derived from its reactivity with L-rhamnose isomerase.

The results obtained allow the formulation of the O4-specific polysaccharide
from E. coli O4:K52 as 1.

6)-a-p-Glc p-(1 = 3)-a-L-Fuc pNAc-(1 — 3)-8-p-Glc pNAc-(1 — 2)-a-.-Rhap-(1 —
1
NMR analysis of the O-specific polysaccharide from E. coli O4:K6.—The 'H

NMR spectrum of the polysaccharide from E. coli O4:K6 (Fig. 2B) had, in the
region of anomeric protons, one signal more (8 5.05; Ji, 35 Hz) than that of the
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TABLE III
NOE data ¢ for the O4 polysaccharide from E. coli O4:K52

NOE observed on Preirradiated proton
Residue Proton A, H-1 and B, H-1 C,H-1 D, H-1
- 6)-a-D-Glep-(1 - H-2 +
H-3 (+)*
) H-5, H-6a +
H-6b +
- 3)-a-L-FucpNAc-(1 - H-2 +
H-3 +
(8) H4 (+)?
— 3)-B-p-GlcpNAc-(1 - H-2 +
H-3 + +
© H-4 (+)?
H-5 +
— 2)--L-Rhap-(1 — H-2 + +
H-3 (+)?
(D)

2 The test was performed using standard Bruker software NOEMULT. ? Small signal due to spin
diffusion.

polysaccharide from E. coli O4:KS52. This was due to an a-anomeric proton in the
gluco /galacto configuration. The signals due to the methyl groups (of two 6-deoxy
sugars, and of two acetamido groups) were the same as those in the spectrum of
the polysaccharide from E. coli O4:K52. The signal assignments from the 'H
NMR spectrum and from the 3C NMR spectrum (Table IV) were obtained as
described for the polysaccharide from FE. coli O4:K52. The results of the sequence
analysis are shown in Table 5. Calculation of the glycosylation effects'® defined the
absolute configurations as D-Glcp, L-Rhap, 1-FucpNAc, and p-GlcpNAc. These
results showed that the polysaccharide from E. coli O4:K6 has structure 2

- 6)-a-D-Glc p-(1 - 3)-a-L-Fuc pNAc-(1 — 3)-8-D-Glc pNAc-(1 = 2)-a-L-Rhap-(1 —
3

T
1
a-p-Glcp
2
Structure 2 is identical with the published structure of the O4 polysaccharide'?,
which was probably from E. coli 04:K3, O4:K6, or O4:K12.
The O4 antigen is yet another case in which an E. coli O antigen is represented
by more than one LPS structure. The Ol-antigenic (L)PS differed in the nature
and sequence of the residues in the main chain®®, wherecas the O18-antigenic
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TABLE IV

247

Assignments of the signals in the *H and *C NMR spectra of the polysaccharide from E. coli 04:K6

Residue Proton & (ppm) Visible Coupling  Carbon & (ppm) Jeypu, (Hz)
multiplicity J_H;—HZ—
= 6)-a-0-Glep-(1— H1 497 d Jia 35 C1 101.8 172
) H2 343 dd Ly 95 C2 728
H3 366 t La 95 C3 742
H4 337 t Jis 95 C4 70.9
H56a 383 m C5 72.4
H-6b 3.65 C6 67.8
-+ 3)wi-FucpNAe-(1-> H-1 497 d Ji, 35 C1 993 172
®) H2 429 dd Ly 100 C2 49.35
H3 38  dd Jie 40 C3 719
H-4 381 bd Jis <20 C4 725
H5 434 g Jss 65 CS 68.1
H6 115 d C6 16.6
- 3)B-0-GlcpNAc-(1- H-1 471 d Ji, 8 C1 103.15 163
© H2 38 dd Ly 9 C2 56.7
H3 351 t Ji, 9 C3 80.4
H4 345 ¢ Lis 9 C4 70.1
HS 337 m C5 772
H6a 3.88 C6 622
H6b 3.68
-D-e1-Rhap(l - H1 484  bs J, <20 C1 1009 174
3 H2 416 bd L, 35C2 755
H3 38 dd L, 90 C3 76.0
(D) H4 327 t Jis 90 C4 722
HS 365 dq Js¢ 60 C5 70.4
H6 122 d C6 17.9
Gl H1 505 d Ji, 35 C1 9.5 169
ap-Glep-(1~ H2 36 dd I, 95C2 T8
(E) H3 374 1t iy 95 C3 74.6
H4 342 ¢ Jos 95 C4 71.0
H-5S 395  ddd Jea 25 C5 72.85
H6a 376 dd e 45 C6 62.0
H6b 369 dd Jonss 12.

(L)PS showed only small linkage difference between the residues in the main chain
and had additional differences in glucosyl substitution of the main chain!®. The
two O4 antigens presented here differ only in glucosyl substitution. This may be
due to the absence of a glucosyl transferase in E. coli O4:K52, reminiscent of the
oaf gene product (glucosyl transferase) described in Salmonella'’'°. In such a
case, the genetic differences between the two types of E. coli O4 would not reside
in different rfb allels but would be due to the mutation of a gene outside the rfb
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TABLE V
NOE data ¢ for the O4 polysaccharide from E. coli 04:K6
NOE observed on Preirradiated proton
Residue Proton A, H-1 and B, H-1 C,H-1 D, H-1 E, H-1
- 6)-a-p-Glep-(1 - H-2 +
H-3 (+)*
(A H-5, H-6a +
H-6b +
— 3)-a-L-FucpNAc-(1 - H-2 +
H-3 +
(®) H-4 (+)?
- 3)-8-D-GlcpNAc-(1 - H-2 +
' H3 + +
© H-4 (+)°
H-5 +
- 2)-a-L-Rhap<(1 —» H.2 + + +
:}r H-3 (+)? +
(D)
a-D-Glep-(1 - H-2 +
(E)

“ The test was performed using standard Bruker software NOEMULT. ? Small signal due to spin
diffusion.

locus. The fact that both LPS reported here function as O4 antigens shows that the
side-chain glucose plays no role in the O4 epitope.

EXPERIMENTAL

Bacteria and cultivation.—E. coli strains? U4-41 (O4:K3:HS), SH-1
(04:K6:H5), Su 65-42 (O4:K12:H™), and A 103 (04:K52:H") were used.
Strain SH-1 has been used extensively for genetic work and was described
previously?®?!, The bacteria were grown to the stationary phase (ca. 5 h) in 14-L
batch cultures at 37°C in a medium containing, per L, tryptone (7.5 g), yeast extract
(10 @), p-glucose (10 g), NaCl (3 g), Na,HPO, - 12H,0 (8 g), MgSO, - 7TH,0 (0.2
2), and poly(ethylene glycol) (0.3 g). p-Glucose and magnesium sulfate were
sterilised separately. At the end of the cultivation, the bacteria were killed with
phenol (1% final concentration) and harvested by centrifugation.

Isolation and characterisation of the lipopolysaccharides and preparation of the
polysaccharides.—The LPS were isolated from the bacteria with aq 45% phenol at
65°C (10 min) and the material obtained from the aqueous phase was purified by
repeated ultracentrifugation as described'?. The polysaccharides were obtained
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from the LPS by hydrolysis in aq 1% acetic acid (100°C, 90 min) and purified by
chromatography on Sephadex G-50%.

Analytical procedures.—Rhamnose, glucose, and galactose were determined as
their alditol acetates by gas-liquid chromatography (GLC) on ECNSS-M at 170°C,
and glucosamine and fucosamine were determined?® as alditol acetates by GLC on

PolyA103 at 220°C. The absolute configuration of rhamnose was determined with

the L-Rha specific rhamnose isomerase®*.

NMR spectroscopy.—'H NMR and >C NMR spectra were recorded with a
Bruker AM-300 spectrometer at 90°C in D,O, using acetone (5, 2.225; 8. 31.45)
as the internal standard. Homonuclear 2D COSY spectra, H-relayed H H-COSY
spectra (one- and two-step), and heteronuclear *C/'H-COSY spectra were ob-
tained by using standard Bruker software for ASPECT 2000 (COSYHG,
COSYRCT, COSYRCT2, and XHCORRD, respectively). NOE experiments were
performed in the truncated driven (TOE) mode® with the Bruker NOEMULT
program. The relaxation delay was 1 s, the irradiation time of every component of
multiplets (D,) was 0.1 s, and the total preirradiation time of whole multiplets was
1.0-1.2s.
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