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Abstract

The O-chain polysaccharide (OPS) of the lipopolysaccharide of Xanthomonas campestris pv. begoniae GSPB 525
was found to contain L-rhamnose and L-xylose in the ratio 1:0.6. The OPS lacked strict regularity because of
nonstoichiometric xylosylation of the main rhamnan chain. Based on methylation analysis, Smith degradation, and
'H and '*C NMR spectroscopy, including COSY, TOCSY, NOESY, and H-detected 'H,'!*C heteronuclear multiple-
quantum coherence (HMQC) experiments, the following structure of the OPS was established:
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1. Introduction Besides other factors, the capacity to produce
copious amounts of slime consisting of exo-

Nearly all known xanthomonads are phyto- polysaccharides and  lipopolysaccharides
pathogens. In particular, they cause leaf spots (LPSs) enables the bacteria to completely fill
by colonizing the intercellular leaf space. the intercellular space and to extrude out of

the leaf [1]. The role of exopolysaccharides,

— , especially xanthan, in pathogenesis has not
09; ?;’Srrg;ggndmg author. Tel.: +7-093-938-3613; fax: +7- been unravelled, whereas several data indicate
E-mail address: knirel@ioc.ac.ru (Y.A. Knirel) that LPSs contribute to bacterial virulence [2].
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In the case of Xanthomonas campestris pv.
campestris the O-chain polysaccharide (OPS)
of the LPS was regarded as a factor of patho-
genicity [3]. For another important group of
plant pathogens, Pseudomonas syringae patho-
vars, serotyping and host specificity have been
correlated, in part, to specific structures of the
OPS [4,5]. In contrast to phytopathogenic
pseudomonads [6—10], chemical data on the
LPS of xanthomonads are restricted mainly to
sugar composition [11-17], and the structure
of only one OPS has been reported [18].
Therefore, we studied the structure of the OPS
of X. campestris pv. begoniae, which causes a
disease characterized by large water-soaked
lesions on the leaves.

2. Results and discussion

Mild acid degradation of the LPS from X.
campestris pv. begoniae GSPB 525 gave a
high-molecular-mass OPS which was isolated
by GPC on Sephadex G-50. Sugar analysis
using GLC of acetylated alditol acetates
showed the presence of rhamnose and xylose
in the ratio 1:0.6. GLC of the acetylated ( + )-
2-octyl glycosides showed that both rhamnose
and xylose have the L configuration.

Methylation analysis of the OPS revealed
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2-O-methylrhamnose, and 4-O-methylrham-
nose were in the ratio 0.5:1.0:0.35:0.7:1.3, re-
spectively. These data showed that the OPS is
branched with two different types of branch-
ing points and includes 2-substituted, 3-substi-
tuted, 3,4-disubstituted, and 2,3-disubstituted
Rha residues, as well as terminal Xyl residues
in the side chains. A lower content of 2,3,4-tri-
O-methylxylose, as compared with 2-O-
methylrhamnose and 4-O-methylrhamnose,
could be accounted for by a partial loss of the
volatile Xyl derivative in the course of evapo-
ration of the acetylating reagents.

Smith degradation of the OPS, including
mild acid hydrolysis of the periodate-oxidized
and borohydride-reduced polysaccharide, re-
sulted in a number of products, which were
fractionated by GPC on TSK HW-40 (S). The
3C NMR spectrum of the product eluted
from the column in the third position (1),
showed signals for two rhamnose residues
(Rha' and Rha") and one glyceraldehyde unit
in the hydrated form (Gro-al), including those
for C-1 at ¢ 103.7, 100.8, and 90.6, respec-
tively, C-6 of Rha at ¢ 18.0 (2C) and C-3 of
Gro-al at 6 61.0. Accordingly, the '"H NMR
spectrum of 1 contained signals for H-1 of
Rha and Gro-al at 6 5.12, 5.05 and 4.97, and
H-6 of Rha at ¢ 1.29 and 1.28 (3H each).

Complete assignment of the 'H and C

that  2,3,4-tri-O-methylxylose, 3.,4-di-O- NMR spectra of 1 (Tables 1 and 2) was
methylrhamnose,  2,4-di-O-methylrhamnose, performed using COSY, TOCSY, and 'H,"*C
Table 1
'H NMR data (J in ppm)

H-1 H-2 H-3 H-4 H-5(H-52) H-6(H-5b)
Disaccharide-glyceraldehyde 1
a-L-Rhap"-(1 — 5.05 4.07 3.84 3.46 3.84 1.29
— 3)-a-L-Rhap’-(1 —» 4.97 4.10 3.88 3.55 3.97 1.28
—2)-Gro-al 5.12 3.64 3,742
OPS®
Oligosaccharide unit 2
B-L-Xylp™-(1 - 4.47 3.31 3.46 3.63 3.37 391
B-L-Xylp'-(1 — 4.44 3.34 3.49 3.66 3.30 4.02
—3,4)-0-L-Rhap'-(1 —» 5.00 4.17 4.01 3.78 3.86 1.30
— 2,3)-a-L-Rhap"-(1 - 5.20 4.20 3.90 3.52 3.93 1.34
—2)-a-L-Rhap™-(1 —» 5.22 4.09 3.94 3.53 3.94 1.35
Oligosaccharide unit 3
B-L-Xylp"-(1 — 4.32 3.38 3.46 3.70 3.25 4.10
— 3)-a-L-Rhap’-(1 —» 5.00 4.19 4.00 3.60 3.78 1.38
—2,3)-0-L-Rhap-(1 - 5.20 4.13 3.99 3.52 3.93 1.34
— 2)-0-L-Rhap™-(1 - 5.20 4.09 3.94 3.53 3.94 1.35

a2 H-3a; H-3b at J 3.86.

> Assignment of the signals with the chemical shift difference of 0.1 ppm could be interchanged.
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Table 2
13C NMR data (J in ppm)

C-1 C-2 C-3 C-4 C-5 C-6
Disaccharide-glyceraldehyde 1
o-L-Rhap"-(1 - 103.7 71.6 71.6 73.5 70.5 18.0
— 3)-a-L-Rhap’-(1 - 100.8 71.6 79.8 72.7 70.5 18.0
—2)-Gro-al 90.6 81.3 61.0
OPS®
Oligosaccharide unit 2
B-L-Xylp'-(1 - 105.5 75.0 77.1 71.2 66.6
B-L-Xylp"-(1 > 104.5 74.2 77.1 70.7 66.6
—3,4)-0-L-Rhap'-(1 —» 103.3 71.6 75.9 82.4 70.1 18.3
—2,3)-a-L-Rhap"-(1 - 101.3 79.6 79.3 73.5 70.6 18.1
—2)-a-L-Rhap™-(1 —» 102.1 79.3 71.4 73.7 70.6 18.0
Oligosaccharide unit 3
B-L-Xylp"'-(1 — 104.6 74.0 77.1 70.7 66.7
— 3)-0-L-Rhap'-(1 - 102.9 71.3 77.3 72.8 70.7 17.9
—2,3)-a-L-Rhap-(1 - 101.8 79.0 77.3 73.5 70.6 18.1
—2)-0-L-Rhap™-(1 —» 102.3 79.3 71.4 73.7 70.6 17.9

& Assignment of the signals with the chemical shift difference of <0.5 ppm could be interchanged.

HMQC experiments. The position of the sig-
nals for C-5 at ¢ 70.5 showed that both Rha
residues are a-linked (compare ¢ 70.0 and 73.2
for C-5 of a-Rhap and B-Rhap, respectively
[19]). The low-field position of the signal for
C-3 of Rha' at 4 79.8 and C-2 of Gro-al at §
81.3 indicated that the former is 3-substituted
and the latter 2-substituted. This conclusion
was confirmed by a NOESY experiment,
which revealed cross-peaks between Rha'' H-1
and Rha' H-3 at ¢ 5.05/3.88 and between
Rha' H-1 and Gro-al H-2 at 6 4.97/3.64.

Therefore, the disaccharide-glyceraldehyde
1 obtained by Smith degradation of the OPS
has the following structure:

a-L-Rhap!-(1 - 3)-a-L-Rhap'-(1 - 2)-Gro-al
1

These results and methylation analysis data
of the OPS suggested that Gro-al resulted
from degradation of the 2-substituted Rha
residue (Rha'") and, hence, 1 was derived
from a —3)-Rhap"-(1- 3)-Rhap'-(1 - 2)-
Rhap™-(1 — trisaccharide fragment of the re-
peating unit.

NMR spectroscopic analysis showed that
the other products of Smith degradation of
the OPS had the same disaccharide glycon as
1, but different aglycones, and, most likely,
were by-products resulting from incomplete
hydrolytic cleavage in the degraded Rha''
(compare, e.g., published data [20]).

The 'H NMR spectrum of the OPS con-

tained H-1 signals for three B-Xyl residues at
0 447, 444, and 4.32 (all doublets, J,,~8
Hz) and a number of a-Rha residues at ¢
4.95-5.22 (all broadened singlets). The '*C
NMR spectrum of the OPS (Fig. 1) showed
major signals for three B-Xyl residues (C-1 at
0 105.5, 104.6, and 104.5; C-5 at 0 66.6—66.7)
and six Rha residues (C-1 at 0 101.3-103.3;
C-6 at 0 17.9-18.3). The signals were charac-
terized by different integral intensities, thus
indicating the lack of the strict regularity in
the OPS.

Based on the methylation analysis, Smith
degradation, and NMR spectroscopic data, it
could be concluded that the OPS contains two
types of oligosaccharide repeating units, 2 and
3. Both of them contain three Rha residues
but different numbers of Xyl residues: 2 in-
cludes both 4-linked Xyl' and 2-linked Xyl",
whereas 3 has only the former. As judged by
the ratios of the integral intensities of the Xyl
H-1 signals in the '"H NMR spectrum of the
OPS and the ratios of the mono- and di-O-
methylrhamnose derivatives in methylation
analysis (see above), 2 constitutes about two-
thirds of the total repeating units.

B-L-XylI" B-L-Xyl'
1 1
2 2
2 4

—2)-a-L-Rhap"-(1->3)-a-L-Rhap"-(1-3)-a-L-Rhap'-(1->

2
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B-L-Xyl"
1
\
2
—2)-a-L-Rhap"-(1-3)-a-L-Rhap"-(1-3)-a-L-Rhap'-(1—>

3

To confirm this suggestion, the '"H NMR
spectrum of the OPS was studied using 2D
COSY, TOCSY, and NOESY experiments,
and the spin systems for the Xyl and Rha
residues in 2 and 3 were assigned (Table 1).
Then, taking into account the '"H NMR spec-
trum assignment, the *C NMR spectrum of
the OPS was assigned using a 'H,"*C HMQC
experiment (Table 2). Some minor signals in
the spectra that remained unassigned, be-
longed, most likely, to the terminal repeating
unit and LPS core.

As in oligosaccharide 1 (see above), the o
configuration of all rhamnosidic linkages fol-
lowed from the positions of the Rha C-5
signals at 0 70.1-70.7. Downfield displace-
ments to ¢ 75.9-79.6 of the signals for C-3 of
Rha!, C-2 and C-3 of Rha", and C-2 of Rha'"!,
as compared with their position at ¢ 71.3—
71.6 in nonsubstituted a-Rhap [19], confirmed
the glycosylation pattern in 2 and 3. The
signal for C-4 of Rha' was shifted downfield
to 0 82.4 only in 2, whereas in 3 it was at o
72.8, i.e., close to its position at 0 73.5 in

WWWM

nonsubstituted o-Rhap [19]. A higher-field po-
sition of the signal for C-3 of Rha' in 2 (¢
75.9), as compared to that in 3 (0 77.3), was
due to the B-effect of glycosylation, and fur-
ther confirmed substitution of Rha' at posi-
tion 4 in 2, but not in 3.

In the NOESY spectrum of the OPS, there
were the following cross-peaks between the
transglycosidic protons: Xyl' H-1,Rha' H-4 at
0 4.47/3.78, XyI" H-1,Rha" H-2 at § 4.44/4.20
(both from 2), and XyI" H-1,Rha' H-2 at ¢
4.32/4.13 (from 3). These data were in agree-
ment with the proposed xylosylation pattern
of the rhamnan main chain of the OPS. In the
oligosaccharide units of both types, Rha' H-1
gave a strong cross-peak with Rha'' H-2 at ¢
5.00/4.09. The a-Rhap'-(1 - 2)-a-Rhap™ frag-
ment was also demonstrated by Rha'" H-
1,Rha' H-5 cross-peaks from 2 and 3 at o
5.22/3.78 and 5.20/3.86, respectively, that is
typical of a1 — 2)-linked rhamnose disaccha-
rides (e.g., Ref. [10]). Of the other expected
correlations, a Rha'™ H-1,Rha" H-3 cross-
peak from 2 was observed at ¢ 5.20/3.90,
whereas that from 3 and Rha' H-1,Rha' H-3
cross-peaks from both oligosaccharide units
were superimposed at ¢ 5.20-5.22/3.99-4.01.

Therefore, these data confirmed the struc-
ture of the OPS of X. campestris pv. begoniae
GSPB 525 and showed that its irregularity is
associated with incomplete xylosylation of

T T T T T T T T
ppm 100 90 80 70

T T T T T T T T T
60 50 40 30 20

Fig. 1. 13C NMR spectrum of the O-chain polysaccharide of X. campestris pv. begoniae GSPB 525.
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Rha'. Interestingly, a similar type of structural
heterogeneity has been reported recently for
the OPS of the reference strain for Pseu-
domonas fluorescens (IMV 4125, ATCC 13525,
biovar A), which has an o-L-rhamnan back-
bone with the same trisaccharide repeating
unit as the OPS studied in this work, and one
or two lateral 3-acetamido-3,6-dideoxy-D-
galactose residues in each repeating unit [21].
The same a-L-rhamnan backbone is present
also in the OPSs of some P. syringae patho-
vars [6-8].

To our knowledge, only one other OPS
structure of a xanthomonad, namely, of X.
campestris pv. campestris, has been reported
[18]. A hexasaccharide repeating unit of this
OPS contains four a-L-Rha residues, however,
with additional Gal and GalA residues in the
main chain. According to our unpublished
data, the OPS of X. campestris pv. manihotis
has the same sugar composition (L-Rha and
L-Xyl), but a different, regular structure, as
compared to the OPS studied in this work,
whereas the OPSs of X. campestris pvs. phase-
oli and vignicola only contain D-rhamnose.
Therefore, these and published data [12-
14,16—-18,22] showed that both L-rhamnose
and D-rhamnose are characteristic compo-
nents of the OPSs of xanthomonads, as it has
been reported previously for a closely related
species Stenotrophomonas (Pseudomonas, Xan-
thomonas) maltophilia [23,24] and plant patho-
genic pseudomonads [6—10]. Xylose has been
found in LPSs of several xanthomonads
[13,17] and stenotrophomonads ([23] and
Refs. cited therein), but never in LPSs of P.
syringae pathovars [6—8]. Further studies have
to elucidate whether the structure of the OPS
of X. campestris pv. begoniae GSPB 525 is
specific for this pathovar and plays a role in
its narrow host specificity.

3. Experimental

Bacterial strain and growth.— X. campestris
pv. begoniae strain GSPB 525 was from the
culture collection ‘Gottinger Sammlung Phy-
topathogener Bakterien” (Gottingen, Ger-
many). The bacterium was cultivated in a 100
L fermenter at 28 °C on King’s Medium B [25]

with glycerol as carbon source. The culture
was stirred at 70 rpm and an aeration rate of
60 L/min. Cells were harvested at the late
exponential phase by centrifugation, washed
three times with 3 L EDTA-saline (10 mM
Na-EDTA and 170 mM NacCl) at 2 °C to get
rid of exopolysaccharides, and lyophilized.

Isolation of LPS and OPS.—Bacterial cells
were treated with EtOH for 2 h and acetone
for 1.5 h to remove phospholipids, and soni-
cated for 10 min to break the cell walls.
Nucleic acids were removed by digestion with
DNAse and RNAse (5 mg per g lyophilized
bacteria) for 8 h, then proteins were digested
with proteinase K for 12 h, and the material
was dialyzed against water and lyophilized. To
extract LPS, the lyophilized cell material was
suspended in deionized water ( ~ 6 g/100 mL),
heated to 70 °C, mixed (1:1) with warm aq
90% phenol (70 °C) and stirred for 30 min at
70 °C [26]. The mixture was stored on ice for
12 h and centrifuged for 20 min at 17,000g.
The aq phase was dialyzed against deionized
water for 7 days and lyophilized to give the
LPS in a yield of 0.8% of the dried cell weight.

The LPS (100 mg) was degraded with aq 1%
AcOH for 2 h at 100 °C, a lipid precipitate (24
mg) was removed by centrifugation, and the
water-soluble carbohydrate portion was frac-
tionated by GPC on a column (70 x 2.6 cm)
of Sephadex G-50 using 0.05 M pyridinium
acetate buffer (pH 4.5) as eluent and monitor-
ing with a Knauer differential refractometer to
give the OPS (60 mg).

Sugar analysis.—The OPS (0.5 mg) was
hydrolyzed with 2 M CF,CO,H (120 °C, 2 h);
monosaccharides were identified by GLC as
their alditol acetates [27], using a Hewlett—
Packard 5880 instrument equipped with an
Ultra 2 capillary column and a temperature
gradient of 150 °C (1 min) to 290 °C at 10 °C/
min. The absolute configurations were deter-
mined by GLC of the acetylated glycosides
with (+ )-2-octanol by the method of Ref. [28]
under the same chromatographic conditions
as above.

Methylation analysis.— Methylation was
carried out with methyl iodide in Me,SO in
the presence of sodium methylsulfinyl-
methanide [29]. Hydrolysis was performed as
in sugar analysis; partially methylated
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monosaccharides were reduced with NaBD,,
acetylated, and analyzed by GLC—-MS on a
Hewlett—Packard 5890 chromatograph
equipped with a DB-5 fused-silica capillary
column and a NERMAG R10-10L mass spec-
trometer, using a temperature gradient of
160 °C (1 min) to 250 °C at 3 °C/min. Identifi-
cation of partially methylated alditol acetates
was performed using published data [30].

Smith degradation.—The OPS (60 mg) was
oxidized with 0.1 M NalO, in the dark for 48
h at 20 °C. After adding an excess of ethylene
glycol, NaBH, reduction and desalting on a
column (80 x 1.6 cm) of TSK HW-40 (S) in
water, the product was hydrolyzed with
aqueous 2% CH,;CO,H for 2 h at 20 °C and
fractionated on TSK HW-40 (S) in water to
give oligosaccharide-glyceraldehyde 1 (4 mg)
and three other oligosaccharide products (3.5,
6 and 7 mg).

NMR spectroscopy.—Samples were deu-
terium-exchanged by repeated freeze-drying
from D,0O and then examined in 99.96% D,O.
Spectra were recorded using a Bruker DRX-
500 spectrometer at 50 °C. Data were acquired
and performed using XWINNMR version 2.1. A
mixing time of 200 and 300 ms was used in
TOCSY and NOESY experiments, respec-
tively. Chemical shifts are reported with inter-
nal acetone (0y 2.225, 0. 31.45).
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