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Abstract

Erwinia chrysanthemi are gram-negative bacterial phytopathogens causing soft rots in a number of plants. The
structure of the extracellular polysaccharide (EPS) produced by E. chrysanthemi strain CU643, pathogenic to
Philodendron, has been determined using a combination of chemical and physical techniques including methylation
analysis, high- and low-pressure gel-filtration and anion-exchange chromatography, high-pH anion-exchange chro-
matography, partial acid hydrolysis, mass spectrometry, and 1- and 2-D NMR spectroscopy. In contrast to the
structures of the EPS reported for other strains of E. chrysanthemi, the EPS from strain CU643 is a linear
polysaccharide containing L-Rhap, D-Galp, and D-GIcAp in the ratio 4:1:1. Evidence is presented for the following
hexasaccharide repeat unit:

—3)-B-D-Galp-(1 - 2)-a-L-Rhap-(1 — 4)-B-D-GlcAp~(1 — 2)-0-L-Rhap-(1 — 2)-a-L-Rhap-(1 - 2)-0-L-Rhap-(1 > (1)

© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Erwinia chrysanthemi spp. are Gram-nega-
tive bacterial phytopathogens that cause soft
rot in a number of plants [1-6]. Many of the
E. chrysanthemi spp. produce copious
amounts of extracellular polysaccharide
(EPS), the role of which in host-specificity and
virulence is not known. Also, little is known
about the structures of the EPS produced by
strains of E. chrysanthemi other than those
determined for the corn pathogen, SR 260
[7,8], and the potato pathogens, Ech6 [9],
Echl and Ech9 [10]. As part of a systematic
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study of the structures of the EPS produced
by E. chrysanthemi, the structure of an EPS
from strain CU643, a pathogen of Philoden-
dron, is presented here.

2. Experimental

Production and purification of polysacchar-
ide.—E. chrysanthemi strain CU643, origi-
nally isolated from Philodendron, was the gift
of Dr E.J. Braun, Department of Plant
Pathology, Iowa State University, Ames,
Iowa. EPS was produced on a modified
Scott’s medium solidified with 1.5% agar
(Difco Laboratories, Detroit, MI), supple-
mented with 1.5% glucose, and isolated as
described previously [7,9]. The crude EPS was
dialyzed against three changes of distilled wa-
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ter and lyophilized. The yield of the EPS was
about 450 mg L' of medium and contained
59% carbohydrate as determined by phenol—
H,SO, [11].

Crude CU643 EPS (2 mg mL ' in phos-
phate-buffered saline, PBS, pH 7.3) was
purified by fractional precipitation with ace-
tone followed by low-pressure gel-permeation
and anion-exchange chromatographies. Gel
filtration was performed on a ToyoPearl
HWG65F column (1.5 x 100 cm, TosoHaas,
Montgomeryville, PA), eluting with 1% NaCl,
where the EPS eluted as a broad peak with a
molecular weight > 66 kDa, using a dextran
standard. Fractions were pooled appropriately
and chromatographed on a ToyoPearl DEAE-
650M (TosoHaas, Montgomeryville, PA) an-
ion-exchange column (1.5 x 15 cm) which had
been equilibrated in water and eluted with a
linear gradient of 0—500 mM KCI. The EPS
eluted as a single peak at about 200 mM KCI.
The fractions containing EPS were pooled,
electrodialyzed, and lyophilized for further
analysis.

CU643 EPS was purified by gel-filtration
chromatography for some experiments involv-
ing the production of oligosaccharides by par-
tial acid hydrolyses.

Analytical and general methods.— The meth-
ods used for methylation analysis, GLC and
GLC-MS, uronic acid reduction, determina-

(i) Fuming HCI (30 min)
(ii) Bio-Gel P-2

tion of the absolute configuration of the
monosaccharides, monosaccharide analysis by
high-pH anion-exchange chromatography
with pulsed ampeormatic detection (HPAEC—
PAD) and by GLC have been described
[7,9,12].

Partial hydrolysis of EPS by fuming HCIl.—
Partial acid hydrolysis with fuming HCI was
performed as described previously [12,13] with
some modification. Briefly, CU643 EPS (26
mg) was dissolved in 4.6 mL of fuming HCI
(37.5%, sp. gr.~ 1.19, Fisher Scientific, Pitts-
burgh, PA) with vigorous stirring and inter-
mittent cooling on ice, warmed to 40 °C and
held at this temperature for either 14 or 30
min. The solutions were cooled on ice, neu-
tralized with 2.5 M NaOH (pH paper), diluted
with water and lyophilized.

The lyophilized sample was dissolved in wa-
ter (12 mL), any precipitate removed by cen-
trifugation and then desalted in three batches
on a Bio-Gel P-2 column (2.5 x 18 cm, -400
mesh), eluting with water. The oligosaccharide
fractions  were  pooled  appropriately,
lyophilized, dissolved in water (2 mL) and
further purified by chromatography on a Bio-
Gel P-4 column (1.5 x 86 cm, 200—-400 mesh),
eluting with 100 mM NH,OAc.

For the preparation of octasaccharides and
dodecasaccharides, the 14 min partial acid
hydrolyzate was desalted on Bio-Gel P-2 and
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Scheme 1. Oligosaccharides derived by partial acid hydrolysis of E. chrysanthemi CU643 EPS with fuming HCI. Preparative
HPAEC isocratic elution conditions: (a) 40 mM NaOH-150 mM NaOAc; (b) 40 mM NaOH-140 mM NaOAc; (c) 40 mM
NaOH-130 mM NaOAc; (d) 40 mM NaOH-100 mM NaOAc; (¢) 50 mM NaOH-140 mM NaOAc.
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Table 1

Methylation analyses of E. chrysanthemi CU643 EPS and its oligosaccharides®

Methylated sugar® Relative mol ratio

EPS® did tri tetra penta®
1 2 3 4 5 6
1,3,4,5-0-Me,Rha 0.5 0.6 0.6 0.2
2,3,4-0-Me;Rha
3,4-0O-Me,Rha 4.0 1.0 1.0 2.0 1.0 3.0
1,2,4,5,6-O-Me;Gal 0.7
2,3,4,6-0-Me,Gal 1.2
2,4,6-0O-Me,Gal 1.0 0.1
2,3-0-Me,Gle(A) 0.8
2.3,6-0-Me,Gle® 1.0
2,3,4-0-Me,Glc(A)" 1.0 0.9 0.9 0.9
m/z M+Nat)
Observed 461.8 650.6 824.3 854.3 1028.4
Calculated 461.2 651.3 825.4 855.4 1029.5

2 E. chrysanthemi CU643 EPS was subjected to partial acid hydrolysis with fuming HCI as described in the text and the
oligosaccharides were purified by a combination of gel-filtration chromatography on Bio-Gel P-2, Bio-Gel P-4, Bio-Gel P-6 and

HPAEC.

®2.3,4-0-Me;Rha = 1,5-di-O-acetyl-1-deuterio-2,3,4-tri-O-methylrhamnitol, etc.

¢ Carboxyl-reduced EPS.
4 QOligosaccharide methylated.

¢ Pentasaccharide alditol contaminated with a tetrasaccharide alditol (m/z 824.1, 17%), and a hexasaccharide alditol (m/z

1202.5, 16%).

fObserved as 1,4,5,6-tetra-O-acetyl-1,6,6'-trideuterio-2,3-di-O-methylglucitol derived from the reduction of the methyl ester of

2,3-Me,GIcA with superdeuteride.

g Observed as 1,4,5-tri-O-acetyl-1,6,6"-trideuterio-2,3,6-tri-O-methylglucitol.
" Observed as 1,5,6-tri-O-acetyl-6,6'-dideuterio-2,3,4-tri-O-methylglucitol derived from reduction of the methyl ester of 2,3,4-

Me;GlcA with superdeuteride.

chromatographed on Bio-Gel P-4 as already
noted. The pooled peaks were further frac-
tionated on a Bio-Gel P-6 column (1.5 x 90
cm, 200-400 mesh), eluting with 100 mM
NH,OAc. Peaks were pooled appropriately
and lyophilized.

HPAEC purification of acid oligosacchar-
ides.—FEach of the fractions isolated from
Bio-Gel chromatography was further fraction-
ated by HPAEC on a CarboPac PA-1 column
(4.0 x 250 mm; Dionex Corporation, Sunny-
vale, CA). The elution was optimized for iso-
cratic preparative separation for each of the
oligosaccharides, eluting with various NaOAc
concentrations (see Scheme 1) in the presence
of either 40 or 50 mM NaOH. Each fraction
that eluted as a single, symmetrical peak, as
seen by the PAD, was collected manually and
either neutralized immediately with glacial

HOAc or reduced with a 30 molar excess of
NaBH,. After reduction, the borate was re-
moved by repeated evaporation from 10%
HOACc in MeOH and finally from MeOH. A
spin column of Bio-Rad AGS50W-XS8, H*,
(0.5-1.0 mL) was used to remove the Na™*
from the samples, which were recovered by
lyophilization.

The purity of the oligosaccharides and
oligosaccharide alditols was analyzed further
by HPAEC-PAD on a PAl CarboPac
column (4 x 250 mm) eluting with 40 mM
NaOH and either a 50-100 mM NaOAc
(oligosaccharide alditols) or a 100—150 mM
NaOAc (oligosaccharides) gradient.

The purity of each fraction was checked by
matrix assisted laser desorption/ionization-
time-of-flight mass spectrometry (MALDI-
TOFMS) analysis for the molecular species
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present and again after methylation. Linkage
analysis of the per-O-methylated oligosaccha-
ride, or its alditol after reduction, established
the absence or otherwise of possible
glycoisomers.

Matrix assisted laser desorption /ionization-
time-of-flight mass spectrometry and matrix
assisted laser desorption [ionization-time-of-
flight mass spectrometry-post source decay
analyses.—MALDI-TOFMS was performed
on either a Voyager-RP BioSpectrometry
Workstation or a Voyager-DE STR BioSpec-
trometry Workstation (PerSeptive Biosystems,
Framingham, MA) operating in the positive-
ion mode with an accelerating voltage of 30 or
25 kV, respectively. A total of 2 pL of 2,5-di-
hydroxybenzoic acid (DHB) (10 mg mL ! in
10% aqueous EtOH) and 1 pL of oligosacchar-
ide in water or per-O-methylated oligosaccha-
ride dissolved in EtOH (10-100 pmol) were
sequentially loaded onto the target plate, al-
lowed to air-dry and recrystallized from 0.5
puL  of absolute EtOH. Maltoheptaose
(Boehringer Mannheim, NY) or its per-O-
methylated derivative were used as external
standards.

Post-source decay (PSD) sequencing of the
per-O-methylated oligosaccharides was per-
formed on a Voyager-DE STR BioSpectrome-
try Workstation with an accelerating voltage
of 25 kV, a grid voltage of 75%, and a guide

wire voltage of 0.020—0.000% depending upon
the mirror ratio. All analyses were performed
with DHB as a matrix.

Fast-atom bombardment mass spectrometry
and liquid secondary ion mass spectrometry of
per-O-methylated oligosaccharides.— Fast
atom bombardment mass spectrometry
(FABMS) experiments of the per-O-methyl-
ated hexasaccharides were performed on a
ZAB-HF reversed geometry (BE configura-
tion, where B is a magnetic sector and E is an
electrostatic analyzer) mass spectrometer
(Micromass, Manchester, UK) equipped with
an Ion Tech saddle-field FAB gun and a FAB
ion source. Samples were bombarded with 8
keV Xe atoms at an atom gun current of 1.5
mA.

Liquid secondary ion mass spectrometric
(LSIMS) analyses of the per-O-methylated oc-
tasaccharide alditols were performed on an
Autospec mass spectrometer (Micromass)
equipped with a LSI ion source. Samples were
bombarded with 25 keV Cs* 1ons.

The mass spectrometers were calibrated us-
ing Csl (Aldrich) or glycerol. Thioglycerol
(with and without the addition of 200 mM
HCI), glycerol, and 3-nitrobenzyl alcohol were
used as matrices. Per-O-methylated oligosac-
charide (I1-2 pL) in MeOH (0.5-0.7 pg/uL)
was added to the matrix on the FAB or LSI
probe tip and 3-5 scans were collected for
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Fig. 1. Chromatography of Bio-Gel P-2 pool I on Bio-Gel P-4 (1.5 x 86 cm). Inset: desalting of the partial acid hydrolyzate
(fuming HCI, 30 min, 40 °C) prepared from E. chrysanthemi CU643 EPS on a Bio-Gel P-2 column (2.5 x 18 cm).
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Fig. 2. Chromatography of the Bio-Gel P-4 high-molecular-weight fraction (see inset) on Bio-Gel P-6 (2.5 x 18 cm). Inset:
chromatography of the higher-molecular-weight species from a partial acid hydrolyzate of E. chrysanthemi CU643 EPS (fuming
HCI, 14 min, 40 °C), previously desalted by Bio-Gel P-2, on Bio-Gel P-4 (1.5 x 86 cm). The fractions under the bar were pooled

and lyophilized.

each analysis. The data was processed with
the Micromass software for the ZAB-HF MS
and with OPUS software for the Autospec.

NMR analyses.—'H NMR 1- and 2-D
analyses were acquired on a Bruker AMX-600
NMR spectrometer ('H at 600.13 MHz; °C at
150.92 MHz). Proton spectra were acquired
with a 5-mm proton-only probe using stan-
dard Bruker software as described previously
[7-9]. NOESY spectra were obtained with a
80 ms mixing time, whereas TOCSY spectra
were acquired with a 150 ms mixing time.
HMQC and HMBC spectra were acquired
with a 5 mm broadband inverse probe with
delays of 3.333 and 60 ms, respectively (de-
coupling optimized for ~ 150 Hz and ~ 8 Hz
respectively). A 1-D version of the HMQC
program without decoupling was used for
measurement of the H-1/C-1 (*Jy, ¢,) cou-
pling constants.

All data were processed on a Silicon Graph-
ics O2 with Felix 95.0 (Biosym Technologies,
San Diego, CA).

3. Results and discussion

Purification and composition of EPS.—No
low-molecular-weight material or neutral

polysaccharides were detected in the crude
CU643 EPS and neither protein nor nucleic
acids were detected in the purified EPS by UV
spectrometry.

Monosaccharide analysis of fractions across
the carbohydrate peak from both the gel-
filtration and the DEAE-650M columns re-
vealed a similar composition.

Only Rha, Gal, and GIcA were detected in
acid hydrolyzates of CU643 EPS by HPAEC-
PAD analysis and in methanolyzates by GLC
of the trimethylsilyl (Me,Si) derivatives. GLC
analysis of the Me,Si derivatives of the R-(—)-
butan-2-ol glycosides, as described by Gerwig
et al. [14], revealed that Rha was of the L
configuration and both Gal and GIcA were of
the D configuration. The composition of car-
boxyl-reduced EPS was found to be L-Rha,
D-Gal, and D-Glc in the ratio 4:1:1. The detec-
tion of 6,6'-dideuterio-glucitol hexaacetate by
GLC-MS provided proof that the Glc is
derived from GIcA. Thus, the composition of
the native EPS is L-Rha, D-Gal, and D-GIcA
in the ratio, 4:1:1.

Methylation analysis of carboxyl-reduced
CU643 EPS.—Methylation analysis of the
NaBD, carboxyl-reduced EPS disclosed the
presence of 2-linked Rha, 3-linked Gal and
4-linked GIcA (detected as 1,4,5-tri-O-acetyl-



B. Yun Yang et al. / Carbohydrate Research 316 (1999) 138—154

Table 2

143

MALDI-TOFMS analyses of the per-O-methylated oligosaccharides purified from partial acid hydrolyzates of E. chrysanthemi
CU643 EPS by Bio-Gel P-2, Bio-Gel P-4 and Bio-Gel P-6 chromatography (see Scheme 1)

Bio-Gel fraction Calculated composition

Relative signal (%)

m/z (M+Na™)

Observed Calculated
GIcARha >80 461.8 461.2
B GlcARha 55 460.5 461.2
GlcA(Rha), 45 634.4 635.3
C GIcA(Rha), 96 634.8 635.3
GlcAGalRha 4 664.7 665.3
D GIcA(Rha), 26 634.8 635.3
GlIcA(Rha), 53 809.0 809.4
GlcAGal(Rha), 21 839.2 8394
E GIcA(Rha), 58 808.5 809.4
GlcAGal(Rha), 16 838.6 839.4
GlcAGal(Rha), 26 1012.5 1013.5
F GlcA(Rha), 8 808.1 809.4
GlcAGal(Rha), 76 1012.2 1013.5
GlcAGal(Rha), 16 1188.2 1187.6
G GlcAGal(Rha), >70 1188.1 1187.6
H GlcA(Gal),(Rha), 5 1392.5 1391.7
GlcAGal(Rha), 20 1535.6 1535.8
GlcA(Gal),(Rha)s 60 1565.7 1565.8
I (GlcA),(Gal),(Rha)g >50 2304.8 2306.1

1,6,6'-trideuterio - 2,3,6 - tri- O - methylglucitol)
(Table 1). No per-O-methylated alditol ac-
etates arising from a non-reducing terminal
residue or from a branch point were detected,
indicating that the molecule is linear and of
high molecular weight. It is evident from the
methylation analysis that all of the residues in
the EPS are in the pyranose form.

Partial acid hydrolysis and purification of
oligosaccharides.—Fuming HCI has been suc-
cessfully used for the non-specific depolymer-
ization of very viscous solutions of EPS [13]
and for the preparation of oligosaccharides
[12]. The presence of Rha in the EPS from E.
chrysanthemi strain CU643 together with the
slight elevation in temperature over that re-
ported by Jansson et al. [13] and Kenne et al.
[15] gave rise to substantial degradation of the
polysaccharide (Figs. 1 and 2). A 30-min di-
gestion at 40 °C converted most of the poly-
meric material to oligosaccharides smaller
than nonasaccharides (Fig. 1, Table 2),
whereas a 14 min treatment produced mainly

oligosaccharides larger than hexasaccharides
(Fig. 2, Table 2).

The presence of only Rha, Gal, and GIcA in
the EPS enabled unique monosaccharide com-
positions to be determined for the oligosac-
charides by MALDI-TOFMS analysis of the
per-O-methylated derivatives (Table 2). These
compositions were confirmed by HPAEC-

Response (nC)

Fig. 3. Purification of hexasaccharides 7 and 8 by HPAEC on
a CarboPac PAl column (4.3 x 250 mm). Isocratic elution
with 40 mM NaOH-130 mM NaOAc.
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Fig. 4. FABMS analysis of per-O-methylated hexasaccharide 7 on a ZAB-HF mass spectrometer. Samples were bombarded with
8 keV Xe atoms. Two separate analyses were performed, one optimized for the region 50-600 Da (top panel) and the other for

the region 500-2500 Da (bottom panel).

PAD analyses of 2 M CF;CO,H hydrolyzates
of the oligosaccharides. It is evident from
Table 2 that all of the Bio-Gel P-4 fractions
were mixtures requiring further purification;
this was accomplished by preparative
HPAEC. The concentration of NaOH during
preparative HPAEC was kept low ( < 50 mM)
to minimize any alkaline degradation and the
NaOAc concentration was varied to obtain
the desired separations. Any alkaline degrada-
tion was further minimized either by immedi-
ately neutralizing the samples or by reduction
with solid NaBH,.

The fractionations were followed by
MALDI-TOFMS analysis, which alone could
not be used as a criterion for purity as some
of the fractions contained oligosaccharides
with identical molecular weights but different
sequences. Before any extensive examination
of the fractions, a methylation linkage analysis
was conducted to support the purity.

A series of oligosaccharides was thus
purified by preparative HPAEC (Scheme 1).
An example of the separation of two hexasac-
charides, 7 and 8, from Bio-Gel P-4 fraction G
is presented in Fig. 3. The methylation and
MALDI-TOFMS analyses of selected purified
oligosaccharides are presented in Table 1.

Sequencing of the oligosaccharides.—The se-
quence of each of the purified oligosaccharide

fragments from the EPS of CU643 was estab-
lished principally from mass spectrometry and
methylation linkage analysis.

The most intense signals in the FABMS of
the per-O-methylated oligosaccharides arose
in most cases from A-type cleavages [16—18]
followed by loss of methanol; the pseudo-
molecular ion was observed as the sodium
adduct (M + 23) whereas the fragment ions
were not. Attempts at sequencing some of the
higher oligosaccharides by LSIMS were un-
successful because internal cleavages result in
only the lower-molecular-weight ions being
detected.

Matrix assisted laser desorption/ionization-
time-of-flight mass spectrometry—post source
decay = (MALDI-TOFMS-PSD)  analyses
demonstrated cleavage on both sides of the
glycosidic oxygen to give ions of the B-, C-,
Y- and Z-series (nomenclature of Domon and
Costello [19]; fragmentation mechanisms in-
volving H-migration as described by Rhein-
hold et al. [20]) with the B- and Y-ions
dominating. Although apparently more com-
plex than the FABMS spectra, the analysis
was applicable to all oligosaccharides (includ-
ing the dodecamer that defied LSIMS analy-
sis) and usually provided unambiguous
sequences. The complexity of the MALDI-
TOFMS-PSD was prominent around uronosyl
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residues and sometimes gave rise to ambiguity
when these residues were internal in the se-
quence. This is illustrated below in the
MALDI-TOFMS-PSD analyses of two hexa-
saccharides, 7 and 8.

Di-, tri-, and tetrasaccharides. The se-
quences of the aldobiuronic (2) acid, and the
parent aldotriuronic (3) and aldotetrauronic
(4) acids can be deduced directly from their
methylation analyses (Table 1) and are as
follows:

B-D-GlcAp-(1 - 2)-a-L-Rhap (2)

B-D-GleAp~(1 - 2)-0-L-Rhap-(1 — 2)-
a-L-Rha (3)

B-D-GlcAp-(1 - 2)-a-L-Rhap-(1 — 2)-
o-L-Rhap-(1 - 2)-a-L-Rha (4)

The non-quantitative recovery of 2-O-acetyl-
1,3.,4,5-tetra-O-methylrhamnitol is due to its
volatility under the experimental conditions.

Methylation analysis of tetrasacchariditol 5
(m/z 854.3) revealed that a Gal residue is
present at the non-reducing end, and a 2-
linked rhamnitol residue is present at the re-
ducing end of the molecule (Table 1). Also
present was a 1,4-linked GlcA residue (de-
tected as 1,4,5,6-tetra-O-acetyl-1,6,6"-trideu-
terio-2,3-di-O-methylglucitol after reduction
with superdeuteride), and a 1,2-linked Rha

233

201

o
B
©

407

= e A

Glc/jo Rrjo Rrjo~Rrj»o Gj»o Rj—O—CHa
8

375

145

residue. The sequence of this residue was un-
ambiguously  determined by MALDI-
TOFMS-PSD analysis (M + Na*, 855.7 Da;
Y-ions, 245.7, 463.6, 637.7 Da; B-ions, 241.4,
415.5, 633.9 Da; C-ions, 259.6, 433.5, 651.6
Da; Z-ions, 227.5, 447.5, 619.5 Da) and found
to be:

B-pD-Galp-(1 - 2)-a-L-Rhap-(1 — 4)-
B-D-GlcAp-(1 - 2)-Rha,, (5)

Pentasaccharides. MALDI-TOFMS analysis
of the oligosaccharide alditol derived from
fraction 6 reveals three species, the major be-
ing the pentasaccharide alditol (m/z 1028.4,
67%) contaminated with smaller amounts of
the tetrasaccharide alditol (m/z 824.1, 17%)
and hexasaccharide alditol (m/z 1202.5, 16%).
Methylation analysis (Table 1) shows that
GIcA s the only non-reducing end residue but
that Gal and Rha comprise 78 and 22%, re-
spectively, of reducing ends. Together, the
MALDI-TOFMS and methylation data are
consistent with 6 containing the following re-
lated oligosaccharides:

B-D-GlcAp-(1 — 2)-a-L-Rhap-(1 — 2)-
a-L-Rhap-(1 - 2)-Rha_; (6a) (minor)

B-D-GlcAp-(1 - 2)-a-L-Rhap-(1 — 2)-
a-L-Rhap-(1 - 2)-a-L-Rhap-(1 — 3)-
B-p-Gal,,; (6b) (major)
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Fig. 5. FABMS analysis of per-O-methylated hexasaccharide 8 on a ZAB-HF mass spectrometer. Conditions as for Fig. 4.
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Fig. 6. MALDI-TOFMS-PSD analysis of per-O-methylated hexasaccharide 7. Abbreviations used are A for GlcA, R for Rha, and

G for Gal residues.

Hexasaccharides. The monosaccharide com-
position and masses of the two hexasacchar-
ides, 7 and 8, were similar. Methylation
analyses indicated that 7 was terminated at
the non-reducing end by Gal and 8 by GIcA.
Both oligosaccharides also contained 1,2-
linked Rha residues; additionally, 8 contained
a 1,3-linked Gal residue. Methylation analyses
of the hexasaccharides revealed that both 7
and 8 contained Rha at the reducing end.

Both 7 and 8 were sequenced by FABMS
and MALDI-TOFMS-PSD.

FABMS of the per-O-methyl derivatives of
7 and 8 both gave [M+ Na*] (m/z 1188),
[M+H*] (m/z 1166), and [M+HT
—CH;OH] (m/z 1134), the latter being more
prominent in the spectrum of 8 (Figs. 4 and
5). The most intense signals were from A-type
cleavages followed by the loss of methanol
(Figs. 4 and 5). The FAB mass spectra suggest
the following sequences for 7 and 8:

B-D-Galp-(1 - 2)-a-L-Rhap-(1 — 4)-
B-D-GlcAp-(1 - 2)-a-L-Rhap-(1 — 2)-
a-L-Rhap-(1 - 2)-a-L-Rhap (7)

B-D-GlcAp-(1 — 2)-a-L-Rhap-(1 — 2)-
a-L-Rhap-(1 - 2)-a-L-Rhap-(1 - 3)-
B-D-Galp-(1 - 2)-a-L-Rhap (8)

MALDI-TOFMS-PSD analysis of per-O-
methylated 7 and 8 are presented in Figs. 6
and 7. In contrast to FABMS, the fragment
ions are observed as their sodium adducts
[M + Na*)]. The position of the uronic acid
plays a significant role in determining the
fragmentation pattern.

The MALDI-TOFMS-PSD spectrum of 8,
in which the GIcA is at the non-reducing end,
displays a well-defined, dominant series of B-
and Y-ions. An unambiguous sequence, 8,
identical to that derived from the FABMS
analysis was assigned (Fig. 7). C- and Z-ions
of low intensity are also observed in the spec-
trum. Additional ions, some of which are
marked with an asterisk in Fig. 7, arise from
further fragmentation of these primary ions.

The MALDI-TOFMS-PSD spectrum of 7 is
considerably more complex (Fig. 6). The frag-
ment ions, with good mass accuracy, provide
sequence for the leading two sugar residues
(Gal - Rha—) and the two tailing residues
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(—»Rha—Rha,) (Fig. 6). The complexity,
particularly in the region about the uronic
acid (Fig. 6), presents some ambiguity in the
interpretation of the sequence for 7 for which
there is perhaps stronger evidence for the al-
ternative sequence, 7' (Fig. 6).
Octasaccharides. Two octasaccharide aldi-
tols, 9 and 10, were obtained by reduction of

the octasaccharides purified by preparative
HPAEC from Bio-Gel P-6 fraction H (Scheme
1).

The per-O-methylated oligosaccharide aldi-
tol 9 was found to have a mass of 1551.2 Da
[M + Na™], in good agreement with the mass
of 1551.8 Da calculated for an oligosaccharide
alditol containing five Rha residues, one Rha-
ol residue, one Gal residue, and one GIcA
residue. The presence of Rha-ol at the reduc-
ing end was confirmed by methylation analy-
sis, which also revealed that an Rha residue
was present at the non-reducing end. Similar
analyses determined that octasaccharide aldi-
tol 10 contained four Rha residues, one Rha-
ol residue, two Gal residues and one GIcA

147

residue. Moreover, methylation revealed that
Gal was present at the non-reducing and Rha-
ol at the reducing end of 10.

Per-O-methylated octasaccharide alditols 9
and 10 were sequenced by LSIMS (FABMS)
with 3-nitrobenzyl alcohol or thioglycerol as
matrices. Both matrices produced strong pseu-
domolecular ions. Per-O-methylated octasac-
charide alditol, 9, gave pseudomolecular ion
signals, m/z 1552 [M + Na™*], 1530 [ M+ H™*],
and 1512 [M + H* — H,0]; 10 gave m/z, 1582
[M+Na*], 1560 [M+H™"], and 1542 [M +
H* —H,O]. A strong unassigned signal was
observed in the mass spectrum of 10 at m/z
1172 with 3-nitrobenzyl alcohol as the matrix;
this disappeared when thioglycerol was used
as a matrix and therefore arises either from
the matrix or is an artifact. Analysis of the
fragment ions for 9 and 10 (Fig. 8) was consis-
tent with the following structures:

o-L-Rhap-(1 - 2)-a-L-Rhap-(1 - 3)-
B-D-Galp-(1 - 2)-a-L-Rhap-(1 - 4)-
B-D-GlcAp-(1 - 2)-a-L-Rhap-(1 — 2)-
a-L-Rhap-(1 - 2)-a-L-Rha, (9)

60 T
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50 T Y-series
1]
0
™ 40 7 C-series
m 30 T Y,
- 433.4
: 20 -
0 B,
429.4
0 B, C
255.5_ 1 Z\
10 A 273.6 2 C,
l 415\4 4476
fo) Sl i[l J A m LLL

956.0| 781.8| 607.6| 433.4| 2202
Me-0O A:IO RJO R:|O RJO-G O RJO-Me
B-series 2552 [429.4 | 6036 [777.8 [982.0 | 1156.2

2732 4474 6216 7958 1000

763.8 5896 4154 211.2

8

200 400 600

800 1000 1200
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Fig. 7. MALDI-TOFMS-PSD analysis of per-O-methylated hexasaccharide 8. Abbreviations used are A for GIcA, R for Rha, and

G for Gal residues.
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Fig. 8. LSIMS analysis of per-O-methylated octasaccharide alditols 9 and 10 on an Autospec mass spectrometer. Samples were

bombarded with 25 keV Cs*.

B-D-Galp-(1 - 2)-a-L-Rhap-(1 — 2)-
a-L-Rhap-(1 — 4)-B-D-GlcAp-(1 - 2)-
a-L-Rhap-(1 - 2)-a-L-Rhap-(1 - 3)-
B-D-Galp-(1 - 2)-a-L-Rha,, (10)

The sequence of 9 was confirmed by
MALDI-TOFMS-PSD analysis, but similar
efforts to sequence 10 were unsuccessful, com-
plex spectra being recorded.

Dodecasaccharides. Two dodecasaccharide
alditols, 11 and 12, were produced by reduc-
tion of the corresponding oligosaccharides
purified by HPAEC from Bio-Gel P-6 fraction
I (Fig. 2). Both 11 and 12 had similar molecu-
lar weights (M + Na™ 2323.3 and 2322.5 Da,
respectively) corresponding to the presence of
eight Rha residues, two Gal residues, and two
GIcA residues (one of which is present as the
alditol).

Methylation analysis of 11 revealed that it
terminated at the reducing end with 2-linked
Rha_, and at the non-reducing end with Gal.
The methylation analysis reflects that of
CU643 EPS and provides evidence for seven

1,2-linked Rha residues, two 1,4-linked GIcA
residues and one 1,3-linked Gal residue in
addition to the two residues mentioned above.
Methylation analysis of 12 disclosed the pres-
ence of 2-linked Rha,, at the reducing end and
GIcA at the non-reducing end. Also present
were seven 1,2-linked Rha residues, one 1,4-
linked GIcA residue, and two 1,3-linked Gal
residues.

Attempts at sequencing 11 and 12 by
LSIMS were unsuccessful, poor intensity of
the pseudomolecular ion being observed. This
was attributed to internal cleavage of these
molecules by the high energy Cs* (25 keV)
used in the ionization process.

Since the MALDI-TOFMS-PSD analysis of
8 (in which the GIcA was at the non-reducing
terminal) generated strong sequencing ions
that gave an unambiguous sequence for the
hexamer (Fig. 7), dodecasaccharide alditol 12,
which was similarly terminated (Fig. 9), was
analyzed in the same way. In contrast to the
situation in the LSIMS analysis, strong se-
quencing ions covering the entire molecule
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Fig. 9. MALDI-TOFMS-PSD analysis of per-O-methylated hexasaccharide 12. Abbreviations used are A for GIcA, R for Rha
and G for Gal residues. Peaks marked with a single asterisk are derived from further fragmentation of the primary Y-series ions
and those marked with a double asterisk are derived from B-series ions.

were observed. A series of intense ions belong-
ing to the Y- and B-series could be assigned
with good mass accuracy to give the sequence
of 12 (Fig. 9, inset). The presence of the C-
and Z-ions of lower intensity was also ob-
served, confirming the sequence elucidated
from the B- and Y-ions. Some of the C- and
Y-ions are of similar mass, e.g. C, and Y,
(795.9 and 797.9 Da, respectively), and so are
difficult to distinguish, particularly as the Y-
ions are in general more intense than the
C-ions. Nonetheless, Cs, Cq, C,, and C,, were
sufficiently removed from the masses of the
Y-ions to be distinguished (999.6 vs. 971.6 Da,
1174.0 vs. 1190.2 Da, 1392.5 vs. 1364.1 Da,
2118.6 vs. 2090.1 Da, respectively). The Z-ions
are not observed in the spectrum either be-
cause their masses are close to many of the
B-series masses or because they are of low
intensity. The additional peaks observed in the
PSD spectrum could be largely rationalized as
arising from further fragmentation of the Y-
ions and B-ions. Peaks marked with a single

asterisk in Fig. 9 can be rationalized as sec-
ondary fragments derived from further frag-
mentation of the Y-series ions, whereas those
labeled with a double asterisk arise from B-se-
ries ions.

135 132 129 126 123 120
ppm

Cc

5.1 4.8 4.5 4.2

ppm

3.9 3.6 3.3

Fig. 10. 1-D 'H NMR spectrum of native E. chrysanthemi
CU643 EPS recorded in D,O at 600 MHz and 298 K. Inset:
6-deoxy region of the spectrum.
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Assignment of the "H and '3C resonances for E. chrysanthemi CU643 EPS?
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- 1)-B-D]-5Gchp-(1 - 2)-0(/—\L-Rhap—(1 - 2)-0(6L—Rhap-(1 - 2)-%(-L-Rhap-(l - 3);B-D—Gal—(l —>2)-%—L-Rhap-(l -

Residue éy and Jc (ppm)®
1 2 3 4 5 6a 6b
A, —-2)-a-L-Rhap-(1 —» 5.258 4.156 3.876 3.501 3.73 1.273
101.7 81.1 70.6 72.9 71.0 17.4
B, —2)-a-L-Rhap-(1 - 5.201 4.07 3.938 3.494 3.80 1.295
101.4 78.9 70.7 72.9 70.5 17.5
C, —2)-0-L-Rhap-(1 - 5.093 4.08 3.876 3.468 3.70 1.273
101.6 78.9 70.6 72.8 70.1 17.4
D, —-2)-a-L-Rhap-(1 > 5.037 4.027 3.836 3.501 4.03 1.252
100.7 80.7 70.5 72.9 69.8 17.3
E, —1)-B-D-GlcAp-(1 — 4.661 3.425 3.618 3.63 3.99
104.9 74.3 74.6 79.7 74.8
F, - 3)-B-p-Gal-(1 —» 4.531 3.694 3.71 3.99 3.75 3.75 3.84
105.4 71.8 79.9 69.3 76.1 62.0 62.0

2 COSY, TOCSY and HMQC spectra were acquired and analyzed as described in the text.
® Proton chemical shifts derived from 1-D spectrum where possible (3 decimal places, error =+ 0.002 ppm); in very crowded
regions, proton chemical shifts derived directly from COSY cross-peaks (2 decimal places, error + 0.01 ppm). Carbon chemical

shifts derived from HMQC spectrum (error + 0.1 ppm).

An attempt to sequence 11 in the same way
was unsuccessful and is the subject of further
study.

TH NMR analysis of CU64 EPS.—The
study of the sequences of the oligosaccharides
gave strong evidence for the sequence 1, but
some of the oligosaccharides offered the possi-
bility of the existence of a second hexameric
sequence. These ambiguities were resolved by
'"H NMR analysis of CU643 EPS.

Inspection of the integrated 600 MHz 'H
NMR spectrum of CU643 EPS obtained at
298 K reveals six anomeric protons, which
were labeled A—F from high to low 0, i.e., low
to high field (Fig. 10). Two of the signals (E
and F) at 0 4.672 (1 H, J,, 7.9 Hz) and at ¢
4.536 (1 H, J,, 6.9 Hz) are characteristic of
the B-gluco or B-galacto configuration and
must therefore arise from the D-Gal and D-
GIcA residues. The four unresolved reso-
nances at ¢ 5.217, 5.190, 5.091, and 5.076
(A-D) (1 H each, J,, unresolved) therefore
arise from the Rha residues. Twelve protons
(0 ~1.29 ppm) are present in the methyl re-
gion and arise from the 6-deoxy groups of 4
Rha residues (Fig. 10 inset).

The 'H spectrum of the EPS was completely
assigned by a combination of 2-D NMR ex-
periments (Table 3). Analysis of the COSY
spectrum enabled the assignment of signals for
H-1 to H-3 of Rha residues A—D; the Rha
H-4 resonances were assigned in the COSY
spectrum after resolution of ambiguities by
reference to the TOCSY spectrum (Fig. 11).
The H-5 resonances of Rha residues A, C and
D were difficult to observe in the 1-D NMR
spectrum but can be assigned from the H-4/5
cross-peaks in the COSY and TOCSY spectra.
They can also be assigned in the COSY spec-
trum using the 6-deoxy methyl resonances as
entry-points. Similarly, all of the resonances
for GIcA-E and for the signals arising from
H-1 to H-4 of Gal-F can be assigned. The
signal due to H-5 of Gal-F was assigned from
the COSY cross-peak between H-4 and H-5 of
this residue. The signals arising from H-6a
and H-6a of Gal-F were not readily discerned
in the proton NMR spectra but can be as-
signed as the most upfield '*C signal in the
HMQC spectrum; these cross-peaks provided
the chemical shifts for these two protons.
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All of the *C resonances for the CU643
EPS were assigned with reference to a HMQC
spectrum (Table 3). The downfield shifts ( ~
810 ppm) of the '*C-signals arising from the
C-2 atoms of Rha residues A—D, and of the
C-4 and C-3 atoms of GIcA and Gal, respec-
tively, indicate their involvement in glycosidic
linkages and are consistent with the methyla-
tion data (Table 1).

The anomeric configurations of the Rha
residues are difficult to assign simply by in-
spection of the 1-D spectrum. Nonetheless,
these residues are all a-linked for the follow-
ing reasons:

1. The 'H chemical shifts observed for the
H-5 signals of these residues viz. 0 4.03,
3.79, 3.73 and 3.70 ppm, are typical of
a-linked Rha residues [21-23].

2. A 1-D version of the HMQC experiment
acquired with no decoupling gave 1-bond
coupling constants ('J.y) for C-1/H-1 of
the Rha residues values ranging from 170
to 175 Hz and values for the GIlcA and Gal
residues of about 160 Hz. These values are
characteristic of a- and B-linked residues,
respectively [24].

A 2-D NOESY experiment was used to
sequence the polysaccharide (Fig. 12, Table 4).

Rha-C is on the reducing side of Rha-A as
evidenced by the strong inter-residue NOESY
cross-peak between H-1 and H-2 of these
residues (Fig. 12). A weaker inter-residue
NOE between H-1 of Rha-A and H-3 of
Rha-C is further evidence for the sequence,
Rha-A — Rha-C. There is a weak NOE con-
nectivity between Rha-A H-1 and GIcA-E H-1
suggesting the sequence, GIcA-E — Rha-A.
Both of these observations are consistent with
reports that NOE contacts may also occur
with protons adjacent to those involved in the
glycosidic linkage [7,25]. No intra-residue
cross-peak between H-1 and H-5 of Rha-A is
observed, confirming that this residue is o-
linked.

A strong NOE between Rha-B H-1 and
Gal-F H-3 and a weak contact between Rha-B
H-1 and Gal-F H-4 are observed, providing
evidence for the sequence Rha-B — Gal-F.

The NOEs between Rha-C H-1 and Rha-C
H-2 and Rha-B H-2 are nearly superimposed
due to the close proximity of the signals for
these latter two protons (Fig. 12, Table 4) and

Rha-A

Rha-B

Rha-C

Rha-D

GIcA-E

Gal-F

3.0 2.4 1.8 1.2
ppm

Fig. 11. Sub-spectra through the anomeric protons, A—E, extracted from a 2-D TOCSY 'H NMR analysis of CU643 EPS.
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Fig. 12. 2-D NOESY spectrum of CU643 EPS.

provide evidence for the sequence Rha-C —
Rha-B. A weak inter-residue NOE between
Rha-C H-1 and Rha-A H-5 is also observed
and may be due to the adoption of a °Rha,
chair conformation for this residue as de-
scribed by Widmalm et al. [26].

In addition to a NOE contact between H-1
and H-2 of Rha-D, a strong NOE is observed
between H-1 of Rha-D and H-4 of GIcA (Fig.
12), furnishing evidence for the sequence Rha-
D - GIcA-E. A weak NOE between H-1 of
Rha-D and what is possibly H-6a of Gal-F is
also observed.

The H-1 of GIcA-E has a strong NOE with
H-2 of Rha-A; it also has intra-residue NOEs
with H-2, H-3 and H-5 of GlcA, all of which
are predicted to occur for B-linked GIcA.
Thus, these data provide evidence for the se-
quence GIcA-E — Rha-A and establish the B-
linkage of the GIcA residue.

A strong inter-residue NOESY cross-peak
between H-1 of Gal-F and H-2 of Rha-D is
observed, providing evidence for the sequence
Gal-F - Rha-D. In addition, intra-residue
NOEs between Gal H-1 and Gal H-6a (very
weak), and Gal H-2 and Gal H-3 are also
seen. The NOE between Gal H-1 and Gal H-3
confirms the p-configuration of the Gal
residue.

A 2-D HMBC analysis of the CU643 EPS
was of limited value and provided little addi-
tional information. The similarity of the '*C
chemical shifts of the atoms involved in the
glycosidic linkages, viz. C-2 and C-3 of the
Rha and Gal residues and C-4 of the GIcA
residue (Table 3) made it difficult to assign the
observed 3-bond interactions with certainty.
Moreover, not all of the predicted 2- and
3-bond C-H and H-C couplings were ob-
served in the HMBC spectrum possibly due to
their short T, times, a characteristic of large
macromolecules.

All of these NMR data provide strong evi-
dence for an EPS with hexasaccharide 8 as the
repeat subunit.

No pyruvate or acetate was detected in the
CU643 EPS by 'H NMR spectroscopy.

The sequence of CU643 EPS.—The linear-
ity of the polysaccharide from CU643 and the
high proportion of contiguous Rha residues in
the structure (and hence similarities in the
oligosaccharides generated by partial acid hy-
drolysis) presented a challenge in both the
generation and purification of oligosaccha-
rides with overlapping sequences. This was
partly overcome by the extensive use of
preparative  HPAEC; nonetheless, difficulty
was still experienced in purifying certain iso-
forms from each other.
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The resolution of the sequence of sugar
residues in CU643 EPS resulted from the 'H
NMR analyses. The existence of six anomeric
protons was certainly suggestive of a hexa-
meric repeating unit. The existence of an alter-
nate, interposed sequence could not be ruled
out by the presence of several oligomers for
which a MALDI-TOFMS-PSD study could
be interpreted in two ways. However, exten-
sive NMR examination of the EPS gave no
evidence of any significant presence of the
repeating unit represented by 7; if such is
present, it must be in amounts below that
detectable in the NMR study. No evidence for
a second polysaccharide has yet been obtained
despite  careful fractionation of the
polysaccharide.

The study of CU643 EPS, with 1,3-linked
a-D-galactopyranosyl and 1,4-linked B-D-glu-
cosyluronic residues in a high proportion of
1,2-linked o-L-rhamnosyl residues illustrated

several important points:
e The FABMS of large oligosaccharides is
not always useful (particularly with the use

Table 4

NOE data for the EPS from E. chrysanthemi strain CU643*
= 1)-p-D-GleAp-(1 - 2)-0-L-Rhap (1 —2)-0-L-Rhap (1 —2)-
oc-L—Rhag-(l - 3)-B-D-Gall_-(l —>2)-0(-L-Rhag-(1 -

Residue Anomeric Connectivity Residue:
atom to atom
on on

A, —2)-a-L-Rhap-(1 -» 5.258 4.157 A A2

4.08 A: C-2

B, —2)-a-L-Rhap-(1 - 5.201 3.707 B: F-3

3.691 B: F-2
C, —»2)-0-L-Rhap-(1— 5.093 4.073 C: B-2, C-2
3.734 C: A-5
D, —2)-a-L-Rhap-(1 > 5.037 3.626 D: E-4
4.027 D: D-2
E, —1)-B-D-GlcAp-(1 - 4.661 4.156 E: A-2
4.005 E: E-5
3.618 E: E-3
3.425 E: E-2
F, —3)-B-D-Gal-(1 >  4.531 4.027 F: D-2
3.737 F: F-5
3.709 F: F-3
3.690 F: F-2

2 The conditions used to acquire the spectra are described
in the text.

of high-energy ion beams as in LSIMS) for

determining the sequence of large oligosac-

charides because of internal cleavages.

e lons representing cleavage on both sides of
the glycosidic bond are produced during
MALDI-TOFMS-PSD  of  methylated
oligosaccharides, with the B- and Y-series
ions generally more intense than the C- and
Z-series ions. In many instances, this allows
a sequence to be rapidly proposed, even for
fairly large oligosaccharides. Internal cleav-
ages of the oligosaccharides become more
prominent with increase in size and provide
additional evidence for the interpreted
sequence.

e With some oligosaccharides, there could be
ambiguities in the interpretation of sugar
sequence until the mechanism of MALDI-
TOFMS-PSD fragmentation around inter-
nal glycosyluronic residues 1s better
understood.

e The isolation of overlapping oligosaccha-
rides is a valuable contribution to the struc-
tural study of parent polysaccharides, but
the separation of closely related species of
the same molecular size needs careful
investigation.

The EPS from strain CU643 is the first E.
chrysanthemi polysaccharide with a linear se-
quence. It contains a high proportion of L-
Rha in common with the polysaccharides
isolated from other strains of E. chrysanthemi,
SR260, Echl, Ech9, SR31, and EPS378 [7-
10,12] but differs from them in that the GIcA
is of the B configuration.
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