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Dedicated to Professor Joachim Thiem on the occasion of his 60™ birthday.

ABSTRACT

Structural analysis of the exopolysaccharide (EPS) amylovoran produced by
different natural Erwinia amylovora isolates revealed repeating pentasaccha-
ride substructures substituted 30-40% with a sixth monosaccharide when
isolated from host plants of the Malaceae species. Only a pentasaccharide sub-
structure was found for pathogens isolated from Rubus plants. The differences
between both substructures, obtained after treatment of the amylovorans with
a depolymerase, were shown with NMR. The host range of fire blight bacteria
could be partially found in this difference.

*Corresponding author.
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INTRODUCTION

Fire blight is an important quarantine disease on pear and apple trees. Besides
fruit trees, other host plants have been described for the fire blight pathogen Er-
winia amylovora. They all belong to the Rosales order. Among these are the
Malaceae hosts, and the Rubus spp. (e.g., raspberries) that belong to the family of
the Rosaceae. E. amylovora isolates from Rubus are not infective on Malaceae®™>
and strains infective on Malaceae hosts show highly reduced pathogenicity to-
wards Rubus spp.® To control further spread of the disease, more understanding is
needed on the pathogenicity of E. amylovora and its occurrence and compatibility
with the different hosts. In the process of infection, the bacterial coat is an essen-
tial virulence factor because it participates in the first intimate contact with the host
plant system. The exopolysaccharide amylovoran is the main compound of the E.
amylovora coat. Structural analysis of the exopolysaccharide (EPS) amylovoran
produced by different natural E. amylovora isolates is now accessible. A phage de-
polymerase enzymatic cleavage of the polymer led to the isolation of oligosaccha-
ride repeating substructures such as penta- or hexasaccharides.® 7 When produced
by virulent strains infective on host plants of the Malaceae species, the penta-sac-
charide repeating substructure is substituted about 30—-40% with a sixth monosac-
charide (glucose). With fire blight isolates from the Rubus sp., the EPS showed not
a mixture of hexa- and pentasaccharide substructures, but only a pentasaccharide
repeating unit.

Nimtz et al.” elucidated the structure of the pentasaccharide-repeating unit
from mass spectral data and a combination of 'H and '*C 1D and 2D NMR tech-
niques. They also proposed a structure for the hexasaccharide, based mainly on
mass spectral data and on partial NMR data. The oligosaccharide-repeating unit of
the E. amylovora strain Eal/79 according to Nimtz et al.” is given in Scheme 1 with
structure and letter code of the monosaccharide residues. F is the additional (1—6)-
B-D-glucopyranosyl residue, shown to be present at only 10%, and not well char-
acterized. Only four chemical shifts for residue F were given in a Table footnote.
In the strains that we have studied, we followed the EPS isolation procedure of
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Nimtz et al.” to exclude levan or other polysaccharide contamination in the sam-
ples. We find that the proportion of hexasaccharide vs. pentasaccharide is 30—40%.
The higher hexasaccharide content allows a more thorough NMR study and the ex-
traction of a complete set of parameters for the F-residue. Our results substantiate
the structural proposals.’

RESULTS AND DISCUSSION
Rearrangements

In the native form of the E. amylovora strain Eal/79 according to Nimtz et
al.” residue A is a non-O-acetylated (10%), 2-O-acetylated (26%), 3-O-acetylated
(24%), or 2,3-di-O-acetylated (40%) (1—4)-a-D-galactopyranosyl residue and
bears a 4,6-bound pyruvate group in the R-configuration. Two months after first
recording the "H NMR spectrum of the compounds, we noticed important changes
in the spectrum. The disappearance of the resonances in the region & 5.40-5.55, ac-
companied with an increase of the & 5.35 signal, indicated that the compounds, and
especially the diacetate, slowly deacetylated under the measuring conditions
(pH=3 and 27°C). This observation was confirmed by the changes in the acetyl re-
gion at & 2.04-2.10 where all peaks, but especially the two peaks at higher field,
became much weaker while the methyl proton peak of the free acetic acid at &
1.994 showed an increase in intensity. The appearance of new small peaks in this
region may possibly be explained by some transesterification instead of hydroly-
sis. The new acetylation sites, however, could not be identified. This result adds
some uncertainty about the real acetylation assignments for native amylovoran.

'H and *C NMR Data

The '"H NMR spectra for the investigated samples are given in Figure 1A
(malaceae-type compound) and Figure 1B (rubus-type compound), and their cor-
responding '*C NMR spectra (only the glycosidic region, 8 90 — & 106) in Figures
2A and 2B. More detailed '"H NMR data for the malaceae-type hexasaccharide
compound are presented in Table 1.

For the analysis of the '"H NMR spectra, published data’ were taken as a start-
ing point and were used in a comparative way. The '"H NMR resonances were
unequivocally assigned using selective excited TOCSY experiments. Otherwise,
correlations with directly bonded carbons as observed in GHSQC spectra were of
great help for the assignments (Table 2). Only the '3C shifts of glycosidic and hy-
droxymethylene carbons could be assigned with certainty.

Two groups of relevant 'H resonances (data not in the tables) are the methyl
peaks found in the region & 2.0-2.1 and 6 1.4—1.5. In the former region, the methyl
resonances for the acetyl groups were found as was mentioned above. Two intense
peaks at high field side (3 2.04 and & 2.06) could be assigned to the acetyl methyls
of the diacetylated compound, and the two peaks 6 2.08 and 3 2.10 to the acetyl
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Figure 1. A.'H NMR spectrum of the malaceae-type amylovoran penta-(and hexa)-oligomers. B.
Idem of the rubus-type amylovoran penta-oligomer. See experimental part for the recording condi-
tions.

methyls of the two monoacetylated compounds. There is also a peak at 8 1.994 that
is most likely due to some free acetic acid present in the sample. At & 1.46,
1.44/1.43 and 1.42 we found the resonances for the pyruvate methyl group of the
diacetylated, the monoacetylated or non-acetylated A residue.

Much more information, however, is derived from study of the resonances of
the glycosidic protons (8 4.3-5.6) and carbons (8 90-106). The latter can be typi-
cally divided into four groups:®° B anomeric carbons of non-reducing sugars nor-
mally absorb at the low field end around & 104 and a-anomers at about & 100, while
reducing sugars usually show absorption peaks at around & 96 or 92 for - or a-
anomers, respectively. Since in the investigated oligomers only two '*C signals are
visible in the region 8 92-96, it is immediately apparent that in the samples not
more than one reducing residue is present. Thus the doublet at 8 5.19 (correlating
with 8 92.9) and part of the multiplet at & 4.53 (correlating with 8 96.8) could be
readily assigned to the a- and B-anomer, respectively, of reducing residue E.
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Figure 2. A.The region of the '>*C NMR resonances of the glycosidic carbons of the malaceae-type
penta-(and hexa)-saccharides. B. Idem for the rubus-type pentasaccharide.

In accordance with previous data,’ the four different acetylation patterns for
residue A are reflected by the peaks in the region 8 5.30-5.55. Correlation of these
signals with '3C peaks at 8 100.5/100.7 and at & 98.0/98.1 (typically upfield shifted
2-O-acetylated isomers) confirmed the a- configuration of the A residue. The other
o-anomer (of residue C) is visible as a broadened singlet at 8 4.91 corresponding
to a single line at 8 99.1 (rubus-compound) or to a split peak at & 99.1/99.2

Table 1. '"H NMR Data of the Malaceae-type Hexasaccharide Compound

RESIDUE H-1 H-2 H-3 H-4 H-5 H-6a H-6b
A gioAc 5.55 5.25 5.15 — — —
AL 0Ac 5.45 4.95 4.06 4.22 3.68 3.92 3.73
A30Ac 5.42 4.06 5.02 4.32 3.70 3.90 3.80
A 5.35 3.80 3.84 4.13 3.63 3.92 3.77
Ea 5.19 3.89 3.89 4.12 — — —
C 491 3.82 3.82 4.07 — 3.88 3.72
B 4.61 3.35 3.72 3.92 — — —
D 4.52 3.56 3.56 4.08 — 3.77 3.55
EB 4.54 353 3.75 3.87 — 3.60 3.55
F 4.38 3.18 3.40 3.33 333 3.85 3.68
(a) 3111,2] 3112,3] 31[3,4] 3J[4,5] 3J15,6a] 3J15,6b] 2J[6a,b]

8.9 9.0 8.6 (nd) 1.8 4.5 —-12.3

a: J values for the F residue.
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Table 2. Glycosidic 'H- and '*C Chemical Shifts of the Malaceae-type
Hexasaccharide

Residue 'H Resonance 13C Resonance
A-2,3-di-OAc (o) 5.55 98.0

A-2-OAc (o) 5.45 98.1

A-3-OAc (o) 5.42 100.5

A () 535 100.7

Ea 5.19 92.9

C(w) 4.91 99.1 and 99.2
EB and D (B) 4.53 (quasi triplet) 96.8 and 104.8
B (B) 4.61 (under HOD) 104.1 and 104.2
F(B) 438 (multiplet) 103.7

(malaceae-compound). The broadening or splitting is very likely due to the
non-coincidence of the different sub-species (Ea or [3, presence or absence of F)
present in the samples. In the '3C spectra of both the malaceae- and rubus-type
compound, several other overlapping peaks are seen in this region at & 100. They
are, however, not glycosidic carbon resonances but signals due to the quaternary
ketal carbons of the pyruvate moiety of the A units. Their presence was easily con-
firmed by their disappearance in a DEPT spectrum or by their long-range correla-
tion with the methyl protons at 8 1.4 as shown in a GHMBC spectrum. Likewise,
in the 'H spectra from & 4.85-5.25, two kinds of resonances were found: besides
the doublets for the glycosidic protons we also observed double doublets at 3 5.25,
5.15, 5.02 and 4.95, all showing a typical downfield acetylation shift, and thus
pointing to H-2 and H-3 of the acetylated modifications of residue A.

From & 4.52-4.61, we found the anomeric protons of the non-reducing
residues that occur in the [3-configuration, namely residue B and residue D. For B
the signal was obscured under the saturated water peak at 8 4.61 and showed a cor-
relation with a peak at 8 104.1 in the rubus sample and at 3 104.1/104.2 in the
malaceae sample. We suggest that the two closely spaced C-1 peaks of uronic acid
residue B in the malaceae sample are caused most likely by the presence or absence
of residue F at the nearby 6-position of unit C. For D the anomeric proton which
correlated in both samples with a peak at & 104.8, was found as part of a multiplet
at 8 4.54—-4.52 together with H-1 of the reducing sugar EB. In the malaceae sam-
ple there was also a second extra '*C resonance in this region at § 103.7 which cor-
related with a proton obscured in a multiplet at 8 4.38, a chemical shift diagnostic
for B-anomeric protons.’ As will be shown further from TOCSY experiments, this
additional B-linked residue F in the malaceae compound is a 3-D-glucopyranosyl
moiety coupled via a $(1—6) link to unit C.

Assignment of the other ring protons was based on 1D-TOCSY experiments
with selective excitation of the respective glycosidic protons using EBURP-1 ex-
citation pulses'® and an array of three or more different mixing times.

In general, our experimental data compared very well with those of Nimtz et
al.) except for an almost constant but small difference of about & 0.10. This is most
probably due to a difference in referencing or to changes in experimental condi-

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



07: 14 23 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

EXOPOLYSACCHARIDE AMYLOVORAN 115

tions such as pH or concentration. Complete data for the diacetylated derivative
were missing, because as mentioned above, substantial hydrolysis of the acetyl
groups had occurred at the time of the TOCSY experiments.

It should be noted that in this communication we provide complete'H chem-
ical shifts and coupling constants for the F residue. Also, the data for the rubus-type
compound are not explicitly given because they are very similar to those of the
malaceae-type hexasaccharide (except for residue F). The only differences are the
chemical shifts of the H-6 protons of residue C, which are found at 8 3.62 and 9
3.72 in the rubus-type compound as seen in figure 4.

Structural Assignment: (i) Relative Presence of Pentasaccharide and
Hexasaccharide in Malaceae-type Amylovoran

Compared to the malaceae-type compound, one residue was missing in the
rubus-type compound, as evidenced by the absence of the diagnostic & 103.7
resonance. The malaceae-type EPS has been suggested earlier to consist of a pen-
tasaccharide-repeating unit substituted with a sixth residue F (glucose) forming a
hexasaccharide unit for about 10%.” Because in the 'H spectrum no isolated hex-
asaccharide resonances were found, it was not possible to estimate correctly the
proportion between pentasaccharide and hexasaccharide in the strains that we have
studied. Nevertheless, by considering the '*C NMR pattern at § 103—104, we esti-
mated that F must be present about 30—40% in the malaceae-type oligosaccharide
mixture. It cannot be known by this study whether the F-substituted pentasaccha-
ride in the native malaceae-type amylovoran, occurs clustered or randomly dis-
tributed over the EPS biopolymer.

(ii) Identification of Residue F and Structure Confirmation of the
Other Residues in the Malaceae-type Compounds

For the identification of the residues in the proposed structures, we performed
selective 1D-TOCSY experiments for each of the glycosidic protons at three or
more different isotropic mixing times (40, 80, and 120 ms).!°

The selective TOCSY on the pattern at 8 4.38 (Figure 3) clearly revealed the
typical resonances of a (3-D-glucopyranosyl residue. Three triplet-shaped signals
for H-2, H-3, and H-4 with a characteristic'! 12 J value of about 9 Hz for each, as
well as the typical pattern for the signals of H-6a and H-6b, were found. This ad-
ditional glucoside was assigned to be residue F, and thus constitutes the sixth
residue of the hexasaccharide.

(iii) Identification of the Link Between Residue F and the Rest of the
Repeating Hexasaccharide Unit

After the identification of the residues, the linkages between these residues
had to be identified. For simple oligosaccharides, the links can be derived by com-
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Figure 3. Selective TOCSY experiment on H-1 of residue F at 8 4.38 for malaceae-type compound.

paring the chemical shifts of the ring protons of each residue with those of the
monosaccharide.'! ' Here, however, because of the presence of multi-substituted
residues and because of a uronic acid instead of a glycoside, predictions based on
chemical shifts are rather risky. Therefore, we used edited GHSQC experiments,
for identification of exocyclic hydroxymethylene groups. Normally, C-6 in aldo-
hexopyranose'? resonates at & 61. However, when the hydroxymethylene group is
involved in a glycosidic bond or is otherwise substituted, the carbon resonance
shifts downfield to 8 67-72.'% %15 When this experiment was performed on the
rubus-type compound (Figure 4B), only two carbon resonances, each showing two
proton connectivities, were observed at frequencies higher than & 65. Two residues
are present with a 16 linkage or with a substituted 6-OH group, namely residue
D which is bound to residue C, and residue A which is pyruvated at C4—Cg. In the
experiment for the malaceae-type compounds (Figure 4A), three CH, carbon res-
onances each with their corresponding two-proton connectivities were observed at
a lower field than 3 65 (see also Table 3). This result clearly indicated that in this
compound, in addition to the expected two linkages, a third 1—6 link at & 70.2 is
present. The new 1—6 link can only occur between residues C and F, because the
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two correlating H-6 protons at 8 3.88/3.72 belong to the C unit, as determined from
a TOCSY with long mixing time on H-1 at § 4.91.

Another interesting observation is the low intensity of the GHSQC cross
peaks at & 70.2, which is in accordance with the proposed 30—40 % proportion of
the F unit in the oligosaccharide mixture.
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Table 3. Results from the Edited (CH,) GHSQC Experiment
for the Malaceae-type Compound

C-6 H-6a H-6b Residue

65.6 3.92 3.77 A (non-acetylated)
66.7 3.77 3.55 D

70.2 3.88 3.72 C

The peak at & 65.8 could be easily assigned to carbon 6 of the pyruvated A
unit because of its correlation with the two H-6 protons of the nonacetylated A
residue at & 3.92 and & 3.77. The latter were assigned by a selective TOCSY ex-
periment on the & 5.35 resonance and using a long mixing time of 400 ms. The sec-
ond downfield shifted CH, signal at 8 67.4 correlates with proton resonances at &
3.77 and & 3.55 that belong to H-6a/b of residue D (Table 1). The latter assignment
however, was not straightforward because the glycosidic protons of D and Ef3 col-
lapsed at 8 4.53, so that a selective TOCSY at that multiplet did not give unequiv-
ocal results. However, careful analysis of these TOCSYs in function of different
mixing times and measurement of additional selective TOCSY's on the two equa-
torially oriented H-4 protons at 8 3.87 and at 8 4.08 allowed an unequivocal as-
signment of the different hydroxymethylene protons involved.

Final confirmation of the deduced structures is obtained from mass spectral
data: 1074.3 Da corresponding to C39Hg,034 for the non-O-acetylated hexasac-
charide unit from malaceae-type strain, and 912.2 Da corresponding to C33Hs,059
for the non-0O-acetylated pentasaccharide unit from rubus-type strain.

CONCLUSIONS

Using sophisticated NMR techniques, including edited GHSQC and selective
excited TOCSY experiments with different mixing times, the detailed structure of
amylovoran from different Erwinia amylovora strains could be elucidated. Our
work not only confirmed the structure of the pentasaccharide repeating unit as
proposed by Nimtz et al.,” but also allowed a more detailed description of the
additional F residue that is present at a much higher (30-40%) degree in the
amylovoran of malaceae-type exopolysaccharides than previously suggested.’
Direct evidence is given that residue F is a 3-D-glucopyranosyl residue that is con-
nected via a  1—6 link to residue C, thereby accounting for the 30—40% hexas-
accharide-repeating units in the oligosaccharide mixture. It is probable that the
structure difference for both types of compounds is at least partially responsible for
the host range, as will be discussed in more detail elsewhere.

EXPERIMENTAL

Samples (about 0.5 mg) were dissolved in 0.7 mL deuterium oxide (Aldrich,
D Atom 99.98%) with no internal reference added. All the NMR spectra were mea-
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sured on a Varian UNITY-500 spectrometer operating at 499.475 MHz for 'H
NMR and at 125.599 MHz for '*C NMR. All the spectra were measured at 27°C.
"H spectra were referenced to the HOD resonance. Standard Varian software Vnmr
version 5.3B was used throughout. All experiments were performed in a broadband
Smm inverse-detection PFG probe (typical values for 90° proton pulses are 5.8 s
and for '>C 90° pulses 18 ws). Gradient pulses were produced by Performa II PFG
source (Varian). The Pandora box program calculated the shaped pulses for selec-
tive excitation.

The NMR techniques used included 1D-TOCSY,'* '® double-quantum fil-
tered COSY,'” DEPT,'® GHSQC '*- ?° (edited) or gradient heteronuclear single-
quantum coherence experiments, GHMBC'®- ?° or gradient heteronuclear multiple
bond correlated experiments optimized for 2- or 3-bond C, H correlation.

The purification, enzymatic cleavage of amylovoran by a phage ¢-Ealh de-
polymerase enzyme and the isolation of the oligosaccharides by gel permeation
was completely analogous to that described by Nimtz et al.”
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