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Abstract

EPS B40 from Lactococcus lactis subsp. cremoris consists of a repeating unit of �4)-b-D-Glcp-(1�4)-[a-L-Rhap-
(1�2)][a-D-Galp-1-PO4-3]-b-D-Galp-(1�4)-b-D-Glcp-(1� . A phosphatase from Trichoderma 6iride was able to
release phosphate, but only after removal of rhamnosyl and galactosyl residues by mild CF3CO2H treatment. Purified
endoV from T. 6iride was able to act on the backbone of the polymer, but only if rhamnosyl substituents and
phosphate had been removed. After complete removal of phosphate and partial removal of rhamnosyl residues by
HF treatment, incubation with endoV resulted in a homologous series of oligomers. Purification of these oligomers
and subsequent characterisation by NMR demonstrated that endoV was able to cleave the b-(1�4) linkage between
two glucopyranosyl residues when the galactopyranosyl residue towards the nonreducing end is unsubstituted. The
mode of action of endoV on HF-treated EPS B40 is discussed on the basis of the subsite model described for endoV
[J.-P. Vincken, G. Beldman, A.G.J. Voragen, Carbohydr. Res., 298 (1997) 299–310]. © 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Some types of endocellulases (EC 3.2.1.4)
are able to cleave (1�4)-b-glycosidic linkages
in a variety of substrates such as cellulose,
carboxymethylcellulose, (1�3), (1�4)-glucan
[1,2], xylan [3,4], xyloglucan [5], mannan [6],
and a deacetylated heteroglycan produced by

Pseudomonas fla6escens [7]. The cellulase com-
plex of Trichoderma 6iride contains six en-
doglucanases [8]. Based on their ability to
degrade xylans, some of these endoglucanases
(endoIV, V and VI) have a broader substrate
specificity than others (endoI, II and III) [3].
The differences in specificity of glycosyl hy-
drolases can be defined precisely by the use of
substrates with known, and preferably regular,
structures [1]. Since microbial heteropolysac-
charides are almost all composed of repeating
units [9], their regular structures could be very
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useful for the characterisation of glycosyl
hydrolases.

To study the relationship between the chem-
ical structure and the physical properties of
exopolysaccharide (EPS) B40, crude enzyme
preparations from the major enzyme manufac-
turers were screened for activity towards this
EPS. It was shown that a cellulase preparation
from T. 6iride was able to degrade HF-modified
EPS B40 [10]. HF-treated EPS B40 consists of
repeating units: probably �4)-b-D-Glcp-(1�
4)[a - L - Rhap - (1�2)] - b - D - Galp - (1�4)
-b-D-Glcp-(1� , in which part of the rhamnosyl
substituents (ca. 20%) have been removed by
the HF treatment [10]. Although the endo-ac-
tivity found was not helpful for studying the
structure–function relationship of EPS, the
regular structure of this EPS could be very
useful for the characterisation of the enzyme.
Therefore, the present study investigates the
endoglucanase in the cellulase preparation that
is responsible for the degradation of HF-treated
EPS B40. The influence of side-groups in the
substrate on the hydrolysing capability of the
enzyme was analysed by incubating the enzyme
with chemically modified EPS B40. In addition,
the homologous series of oligomeric end prod-
ucts derived from HF-treated EPS B40 was
purified and characterised to examine the mode
of action of the endoglucanase.

2. Experimental

EPS B40.—Crude EPS produced by Lact-
ococcus lactis subsp. cremoris B40 [11] was
kindly supplied by NIZO Food Research (Ede,
The Netherlands). Further purification of EPS
B40 was performed using CCl3CO2H and
EtOH as described by van Casteren et al. [10].

HF-treated EPS B40.—EPS B40 was
chemically modified by treatment with 28 M
hydrofluoric acid (48 h, 0 °C). During this
treatment, terminally linked galactose and
phosphate are removed and as a side effect ca.
20% of the rhamnosyl substituents are also
removed [10].

CF3CO2H-treated (and HF-treated) EPS
B40.—(HF-treated) EPS B40 (3 mg) was par-
tially hydrolysed in 2.5 mL 0.1 M CF3CO2H (1
h, 100 °C) to remove rhamnosyl substituents.

CF3CO2H was then removed by repeated evap-
oration followed by freeze drying.

H2SO4-treated EPS B40.—Purified EPS B40
was treated with 0.3 M H2SO4 (2 h, 37 °C) as
described by van Casteren et al. [10] to remove
terminally linked galactose.

Enzymes.—Maxazyme Cl from T. 6iride
(Gist-brocades, Delft, The Netherlands) and
endoglucanase V (endoV, EC 3.2.1.4) purified
from this preparation by Beldman et al. [8] were
used. Since the nomenclature of our endoglu-
canases differs from the one generally adopted
in literature, endoV has been tentatively iden-
tified as being EGI [4,12].

Degradation of modified EPS B40 by Max-
azyme Cl.—HF-treated EPS B40, HF- and
CF3CO2H-treated EPS B40 and CF3CO2H-
treated EPS B40 were incubated with Max-
azyme Cl as described in Ref. [10]. The resulting
degradation products were analysed by
HPAEC and MALDI-TOF MS. To obtain
sufficient oligomeric fragments for purification
and subsequent characterisation by NMR, HF-
modified EPS B40 (0.3 g) was dissolved in 150
mL 50 mM NaOAc buffer (pH 5). Maxazyme
Cl (0.33 g) was dissolved and dialysed against
the same buffer (final volume: 23 mL). The
substrate (140 mL) was incubated (24 h, 30 °C)
with dialysed enzyme solution (20 mL). The
protein content was ca. 0.01% according to the
procedure of Bradford [13] using BSA as stan-
dard. After incubation, the enzymes were dena-
tured by heating (15 min, 100 °C). Finally, the
sample was centrifuged and the supernatant
was freeze dried and used for isolation of the
oligosaccharides.

Incubation of HF-treated EPS B40 with en-
doV.—HF-treated EPS B40 in 50 mM NaOAc,
pH 5.0 (0.25 mL, 2 mg/mL) was incubated (24
h, 30 °C) with purified endoV (ca. 0.5 mg
protein). The sample was then heated (15 min,
100 °C), centrifuged and analysed by HPAEC
and MALDI-TOF MS.

Incubation of CF3CO2H-treated (and HF-
treated) EPS B40 with endoV.—CF3CO2H-
treated samples (3 mg) were dissolved in 1 mL
50 mM NaOAc pH 5.0. Part of this solution
(0.1 mL) was incubated (24 h, 30 °C) with
purified endoV (ca. 0.2 mg protein). Then, the
samples were heated (15 min, 100 °C), cen-
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trifuged and analysed by HPAEC and
MALDI-TOF MS.

Release of oligosaccharides from HF-treated
EPS B40 in time.—Purified endoV (ca. 0.2
mg) was added to HF-treated EPS B40 in 50
mM NaOAc pH 5.0 (1.7 mL, 2.2 mg/mL).
During incubation at 20 °C, a sample was
taken each hour for analysis by HPAEC. The
amount of an oligomer released in a certain
time interval was expressed as a percentage
of the PAD response of this oligomer peak
after incubation for 20.5 h.

Size-exclusion chromatography.—The olig-
omers obtained after preparative degradation
of HF-treated EPS B40 with Maxazyme Cl
were purified using columns (100×2.6 cm,
i.d.) of BioGel P-6 and BioGel P-2 (BioRad).
After the sample (at most 120 mg per run)
had been applied onto the column, elution
with distilled water (0.5 mL/min) was per-
formed at 60 °C. The refractive index was
monitored on-line (Shodex RI-72 detector)
and appropriate fractions were pooled. The
purity of the pools was checked using HPAEC
and if necessary pools were rechro-
matographed.

HPAEC analysis of the digests.—Degrada-
tion products were analysed on a CarboPac
PA-1 column using HPAEC equipment as
described earlier [10]. After equilibration with
16 mM NaOH, 20 mL sample was injected
and the elution program was started: 0�20
min, 16 mM NaOH isocratic; 20�25 min,
0.1 M NaOH isocratic; 25�65 min, linear
gradient of 0�0.4 M NaOAc in 0.1 M
NaOH; 65�70 min, 1 M NaOAc in 0.1 M
NaOH isocratic; followed by a conversion
step to NaOH (70�75 min, 0.1 M NaOH
isocratic) and re-equilibration (75�90 min,
16 mM NaOH isocratic).

HPSEC analysis of CF3CO2H-treated poly-
mers.—HPSEC was performed as has been
described by van Casteren et al. [10], al-
though this time a Spectra System P1000
pump and an AS 3000 autosampler were
used.

MALDI-TOF MS analysis of the digest.—
The digest of modified EPS B40 (10 mL) was
desalted with Dowex (AG 50W-X8 Resin;
BioRad 143-5441) and then mixed on plate (1
mL) with 1 mL matrix. The matrix was made

by mixing isocarbostyril (3 mg), 2,5-dihy-
droxybenzoic acid (9 mg), acetonitrile (0.3
mL) and distilled water (0.7 mL). Matrix-as-
sisted laser desorption ionisation time of
flight mass spectrometry (MALDI-TOF MS)
was performed using a Voyager-DE RP Bio-
spectrometry Workstation (PerSeptive Biosys-
tems, Framingham, USA) in the positive
mode. The negative mode was used as well to
examine whether phosphate-containing olig-
osaccharides were released. The laser inten-
sity was set at 2000 which equals 7.5 mJ per
pulse. The pulse delay time was 200 ns, the
accelerating voltage was 12,000 V, the grid
voltage was 7200 V and the guide wire
voltage was 9.6 V. The instrument was used
in the reflector mode. The mass spectrometer
was calibrated using a mixture of galactur-
onic acid oligomers. Each run, the calibration
was checked by analysing a sample of gluco-
syl oligomers.

Phosphate analysis.—The relative amounts
of bound and free phosphate in the samples
were determined by comparing the samples
with and without destruction in 72% HClO4

(20 min, 180 °C). After dilution, the samples
were analysed as described by Chen et al.
[14].

Absolute configurations of monosacchar-
ides.—The absolute configurations of the
monosaccharides were determined as de-
scribed by Gerwig et al. [15]. The GC-FID
analysis of the trimethylsilated (− )-2-butyl
glycosides was performed in a Carlo Erba
HRGC 5160 gas chromatograph, equipped
with a CP-Sil 5 CB column (25 m×0.32 mm,
Chrompack). The temperature program was:
135�160 °C at 0.5 °C/min; 160�200 °C at
10 °C/min. The injection-port and detector
temperatures were 200 and 250 °C, respec-
tively. The He flow-rate was 3 mL/min and
the samples (ca. 0.05 mL) were injected di-
rectly on the column without stream splitter.

NMR spectroscopy.—Prior to NMR analy-
sis, the samples were exchanged three times in
D2O (99.9 atom% D, Cambridge Isotope Lab-
oratories, USA) with intermediate freeze dry-
ing. Finally, samples were dissolved in 99.96%
D2O (Cambridge Isotope Laboratories, USA).
NMR spectra were recorded at probe temper-
atures of 27 °C (oligosaccharides) or 70 °C
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(polysaccharide) on a Bruker AMX-500 spec-
trometer located at the Wageningen NMR
Centre. Chemical shifts are expressed in ppm
relative to internal acetone: d 2.225 for 1H and
d 31.077 for 13C. For small sample amounts
Shigemi tubes (Campro Scientific, Veenen-
daal, The Netherlands) with a sample volume
of 190 mL were used.

In 1D 1H NMR spectra, suppression of the
HOD signal was achieved by using presatura-
tion during relaxation delay for 1 s. Proton-
decoupled 13C spectra were recorded at
125.770 MHz. For 1D 1H and 13C NMR
spectra, data sets of 16,384 and 32,768 data
points were recorded, respectively.

2D COSY spectra were acquired in the
magnitude mode. 2D TOCSY and ROESY
spectra were basically acquired as described
by Fransen et al. [16] using the time-propor-
tional phase increment (TPPI) method [17].
For 2D HMBC spectra [18] a standard gradi-
ent-enhanced 2D-heteronuclear proton de-
tected multiple-quantum coherence pulse-se-
quence (HMQC) delivered by Bruker was
changed into an HMBC sequence by setting
the delay between the first proton and first
carbon pulse to 60 ms. For all homonuclear
2D experiments, 512 experiments of 2048 data
points were acquired with 32–320 scans per
increment; the 2D HMBC spectra were ac-
quired in 1024 experiments of 2048 data
points.

Time-domain data were multiplied by
phase-shifted (squared-)sine-bell functions or
with Lorentzian-to-Gaussian multiplication.
After zerofilling and Fourier transformation,

data sets of 2048×1024 or 2048×2048 points
were obtained which were baseline corrected
when necessary.

3. Results

Degradation of modified EPS B40 by Max-
azyme Cl.—HF-treated EPS B40 was incu-
bated with Maxazyme Cl, and the digest was
analysed by HPAEC. Fig. 1 shows that en-
zymic digestion resulted in a series of
oligomers eluting between 35 and 60 min. The
peaks at 12, 14 and 27 min originated from
the enzyme preparation. Using on-line
HPAEC/MS [19] masses could be assigned to
the HPAEC peaks. However, since the
HPAEC/MS set-up was not always available,
masses of the released oligomers throughout
the research were monitored using MALDI-
TOF MS. Fig. 2 shows the MALDI-TOF
mass spectrum of HF-treated EPS B40 after
incubation with Maxazyme Cl. A homologous
series of sodiated oligomers was detected, cor-
responding to the results of HPAEC/MS.
Therefore, the masses in Fig. 2 could be as-
signed to the oligomer peaks in Fig. 1: 1=
527.1 g/mol, 2=1159.4 g/mol, 3=1791.6
g/mol, etc. Since MS shows masses of sodiated
oligomers, the mass of oligomer 1 corresponds
to a trimer of hexoses. Oligomer 2 represents a
heptamer of six hexoses and one deoxyhexose.
Oligomer 3 is an undecamer of nine hexoses
and two deoxyhexoses, etc. Thus, it could be
concluded that the enzyme preparation was
able to release a series of oligomers starting

Fig. 1. HPAEC elution profile of a digest of HF-treated EPS B40 after incubation with Maxazyme Cl. *, peaks that originate from
the enzyme preparation. The numbering of the oligomer peaks in the enlarged part of the chromatogram indicates the amount
of ‘repeating units’ within the backbone of the oligomer concerned and this numbering is used throughout the paper.
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Fig. 2. MALDI-TOF mass spectrum of the digest of HF-treated EPS B40 after incubation with Maxazyme Cl. The masses could
be assigned to the HPAEC peaks in Fig. 1: 527.1= trimer=1, 1159.4=heptamer=2, 1791.6=undecamer=3, etc.

with a trimer with an increment of 632 g/mol:
three hexoses+ [three hexoses+one deoxy-
hexose]n. Considering the sugar composition
of HF-treated EPS B40 [10], the hexoses must
be glucose and galactose and the deoxyhexose
rhamnose.

HF-treated EPS B40 consists of repeating
units: �4)-b-D-Glcp-(1�4)[a-L-Rhap-(1�
2)]-b-D-Galp-(1�4)-b-D-Glcp-(1� (vide in-
fra), in which part of the rhamnosyl
substituents (ca. 20%) have been removed dur-
ing the HF treatment [10]. The absolute
configuration of the sugar residues was confi-
rmed. Since all oligomers released during en-
zyme incubation contained one ‘repeating
unit’ without rhamnosyl substitution, appar-
ently the enzyme is only able to cleave the
polymer if rhamnosyl residues have been re-
moved. To confirm this, HF-treated EPS B40
was partially hydrolysed using CF3CO2H to
remove more rhamnosyl residues. It was cal-
culated from the amount of rhamnose released
(HPAEC, not shown) that after this treatment
ca. 60% of the repeating units were free of
rhamnosyl substitution. Although HPSEC
analysis after treatment with CF3CO2H
showed partial depolymerisation of the EPS,
no significant amounts of oligomers were re-
leased during this acidic treatment (HPAEC).
Incubation of HF- and CF3CO2H-treated EPS
B40 with Maxazyme Cl and analysis by
HPAEC showed that there was an increase of
oligomer 1 (×6) and oligomer 2 (×2), a

decrease of oligomers 3 and 4 and disappear-
ance of oligomer 5 and larger oligomers in
comparison with the products of enzyme incu-
bation with HF-treated EPS B40. These re-
sults show that indeed the enzyme is able to
release smaller oligomers when more rhamno-
syl substituents have been removed.

Maxazyme Cl appeared not to be active on
EPS B40 [10], which consists of a repeating
unit (vide infra): �4)-b-D-Glcp-(1�4)[a-L-
Rhap-(1�2)][a-D-Galp-1-PO4-3]-b-D-Galp-
(1�4)-b-D-Glcp-(1� . One of the reasons for
this is the presence of rhamnosyl substituents.
However, it is possible that the galactose 1-
phosphate side groups also obstruct enzyme
action. To examine whether this is the case,
EPS B40 was partially hydrolysed using
CF3CO2H. During this treatment, not only ca.
60% of rhamnosyl residues are removed but
also the galactosyl residues terminally linked
to phosphate, since galactose 1-phosphate is
sensitive towards dilute acid [10,20]. Incuba-
tion of CF3CO2H-treated EPS B40 with Max-
azyme Cl did not result in a significant release
of phosphate-containing oligomers as was de-
termined by using HPAEC and MALDI-TOF
MS. Surprisingly, oligomer 1 (trimer) was re-
leased, whereas oligomers 2, 3, 4, etc. were not
detected (data not shown). The release of
oligomers free of phosphate was unexpected
and indicates that either the galactose 3-phos-
phate linkage was hydrolysed upon CF3CO2H
treatment or the crude enzyme preparation
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contains a phosphatase that is able to cleave
this linkage. This was investigated further us-
ing the purified enzyme and is discussed be-
low.

Degradation of modified EPS B40 by en-
doV.—Incubation of HF-treated EPS B40
with endoV purified from Maxazyme Cl re-
leased the same oligomers, identified by
HPAEC and MALDI-TOF MS, as Max-
azyme Cl, indicating that only one enzyme
was involved in this degradation. Incubation
of HF- and CF3CO2H-treated EPS B40 with
endoV also showed the same degradation
pattern, identified by HPAEC and MALDI-
TOF MS, as Maxazyme Cl. Since all
oligomers released during enzyme incubation
contained one ‘repeating unit’ without rham-
nosyl substitution, it was confirmed that en-
doV is blocked by rhamnosyl residues in
EPS B40.

To examine whether endoV is additionally
blocked by the phosphate groups on EPS
B40, CF3CO2H-treated EPS B40 was incu-
bated with endoV. The resulting HPAEC
pattern showed no oligomer peaks and the
MALDI-TOF mass spectrum did not show a
series of ‘neutral’ oligomers or phosphate-
containing peaks. These results indicate that
indeed endoV is blocked by phosphate on
EPS B40. The fact that endoV did not re-
lease oligomer 1 from CF3CO2H-treated EPS
B40 while Maxazyme Cl did, suggests that
the galactose 3-phosphate linkage was not
hydrolysed during the CF3CO2H treatment.
It is likely then, that Maxazyme Cl contains
a phosphatase able to cleave this linkage.
Since rhamnosyl residues had already been
removed during the CF3CO2H treatment, the
release of phosphate by such an enzyme
would make the substrate accessible to en-
doV, explaining the release of oligomer 1.

Degradation of modified EPS B40 by a
phosphatase.—The indication for the pres-
ence of a phosphatase in Maxazyme Cl was
supported by the amount of free phosphate
in the digests, expressed as a percentage of
the total phosphate content: during incuba-
tion of CF3CO2H-treated EPS B40 with
Maxazyme Cl the amount of free phosphate
increased from B10% to ca. 60%. Max-

azyme Cl itself did not contribute to the total
amount of phosphate. The fact that there
was almost no free phosphate in native EPS
B40 after treatment with Maxazyme Cl sug-
gests that the phosphatase only acts if termi-
nally linked galactose and/or rhamnose is
absent from the EPS. Treatment of EPS B40
with dilute H2SO4 (37 °C) results in a release
of galactose, since the galactose 1-phosphate
linkage is sensitive towards dilute acid [10].
During this treatment, the rhamnosyl link-
ages were not hydrolysed. Incubation of
H2SO4-treated EPS B40 with Maxazyme Cl
did not result in a release of phosphate, indi-
cating that the phosphatase in Maxazyme Cl
is hindered by rhamnosyl residues in EPS
B40. Since we were not able to modify EPS
B40 to generate a substrate without rhamno-
syl residues but still carrying terminally
linked galactose moieties, we were not able
to check whether the phosphatase is also
hindered by the presence of terminally linked
galactose.

Release of oligosaccharides from HF-treated
EPS B40 in time.—Fig. 3 shows the time
course of the release of oligomers 1, 7 and 11
from HF-treated EPS B40 during incubation
with endoV. The oligomers shown are repre-
sentative of the trend for other oligomers re-
leased: the larger the oligomers the faster they
accumulate. For oligomers larger than 11, the

Fig. 3. Release of oligomers 1, 7 and 11 (DP 3, 27, 43) from
HF-treated EPS B40 in time during incubation with endoV.
The amounts of released oligomers are expressed as a percent-
age of the PAD response of this oligomer peak after incuba-
tion for 20.5 h. + , oligomer 1 (Fig. 1); × , oligomer 7 (Fig.
1); �, oligomer 11 (Fig. 1). It should be noted that the
decreasing resolution of the HPAEC system with increasing
size of oligomers influenced the results (see text).
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Table 1
1H NMR chemical shiftsa of the trimer 1 isolated from HF-modified EPS B40 after treatment with Maxazyme Cl as determined
from COSY, TOCSY and ROESY

H-4 H-5 H-6aResidue 1 H-6bH-1 H-2 H-3

3.733.913.43A 3.404.67 3.34 3.50
4.18 3.80 bB b4.48 3.61 3.77

cc3.95Ca 3.655.22 3.57 3.83
3.66 3.59 3.95Cb 3.804.66 3.28 3.63

a In ppm relative to the signal of acetone at d 2.225.
b Between d 3.85 and 3.70.
c Between d 3.96 and 3.82.

amount released after 12–18 h was higher
than after 20 h. This indicates that large
oligomers were not only released but also
further degraded during incubation. Due to a
decreasing resolution of the HPAEC analysis
with increasing size of oligomers, there is no
discrimination between end products in which
one ‘repeating unit’ is free of rhamnosyl
residues and intermediate products with, for
example, two ‘repeating units’ free of rhamno-
syl residues. Thus, the results in Fig. 3 can be
explained by the fact that before reaching the
end point of the incubation, the HPAEC
peaks of large oligomers contain both inter-
mediate products and end products.

As stated above, incubation of HF-treated
EPS B40 with endoV resulted in a series of
oligomers starting with a trimer: three
hexoses+ [three hexoses+one deoxyhexose]n.
Since the exact structure of these oligomers is
still unknown, no information is provided on
the precise mode of action of endoV towards
this substrate. To enable identification of the
oligomers, the substrate was treated with the
enzyme on a larger scale and the oligomers
obtained purified and analysed by NMR.
Since the availability of pure endoV was lim-
ited and since incubation with Maxazyme Cl
resulted in the same series of oligomers, Max-
azyme Cl was used for the preparative incuba-
tion. The oligomers were purified using size
exclusion chromatography and the effective-
ness confirmed by HPAEC.

NMR spectroscopy of trimer 1.—The 1D 1H
NMR spectrum of the trimer 1 showed four
resonances in the anomeric region, which were
designated A H-1–Ca/b H-1 (Fig. 4(a)). The
coupling constant of the narrow doublet at d

5.22 (Ca H-1, 3J1,2 3.8 Hz) suggests the pres-
ence of an a-hexopyranosyl residue. The cou-
pling constants of the broader doublets at d
4.67 (A H-1, 3J1,2 8.1 Hz), 4.66 (Cb H-1, 3J1,2

8.1 Hz) and 4.48 (B H-1, 3J1,2 7.8 Hz) indicate
the presence of b-hexopyranosyl residues. The
intensity ratio of A H-1: B H-1: Ca H-1: Cb

H-1 was 1:1:0.3:0.7. Therefore, the resonances
at d 5.22 and 4.66 were assigned to the sugar
residue at the reducing end (residue C) since
both anomers exist because of mutarotation.

The 2D COSY, TOCSY and ROESY mea-
surements (not shown) allowed the assignment
of the protons as given in Table 1. The reso-
nances of A H-1 and Cb H-1 had correlations
to H-2, 3, 4, 5, 6a, 6b in the TOCSY spec-
trum, identifying glucose residues. The reso-
nance of B H-1 only showed TOCSY
cross-peaks to H-2, 3, 4; due to inefficient
magnetisation transfer through the small 3J3,4

and 3J4,5 couplings no correlations to H-5
could be seen [16,21]. This, combined with the
characteristic resonance position of H-4, al-
lowed the assignment of residue B as a galac-
tosyl residue.

Methylation analysis of HF-treated EPS
B40 demonstrated the presence of 1,4-linked
glucosyl residues, 1,2,4-linked galactosyl
residues and terminally linked rhamnosyl
residues [10]. For the trimer, the differences in
the chemical shifts (Table 1) of residue A H-4
(Dd −0.005), B H-4 (Dd 0.235), Ca H-4 (Dd
0.255) and Cb H-4 (Dd 0.255) compared with
the chemical shifts for the corresponding aldo-
hexoses reported by Bock and Thøgersen [22]
indicate that B and Ca/b are linked at C-4 but
residue A is not. The 2D ROESY spectrum
showed two intense interresidual cross-peaks
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Fig. 4. 500 MHz 1H NMR spectra of (a) trimer 1, (b) heptamer 2, (c) undecamer 3 and (d) HF-treated EPS B40, recorded in D2O
at 27 °C (oligosaccharides) or 70 °C (polysaccharide).
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(A H-1, B H-4 and B H-1, Cb H-4) resulting in
structure 1 shown in Fig. 4(a). Unfortunately,
the results could not be confirmed with an
HMBC experiment due to the low signal-to-
noise ratio as a result of the low sample
concentration.

Since the incubation of HF-treated EPS
B40 with Maxazyme Cl resulted in the release
of oligomer 1 (amongst others), endoV must
have cleaved the polymer between two gluco-
syl residues. As shown, endoV is hindered by
the presence of rhamnosyl residues in the
polymer and all oligomers released contained
exactly one repeating unit free of terminally
linked rhamnose. These results suggest that
endoV releases oligomers containing an un-
substituted ‘repeating unit’ at the reducing
side or the nonreducing side of the glycosidic
linkage cleaved. This was investigated further
by NMR analysis of the heptamer.

NMR spectroscopy of heptamer 2.—The 1D
1H NMR spectrum of the heptamer 2 showed
the presence of eight resonances in the
anomeric region, which were designated A–G
(Fig. 4(b)). The coupling constants of the res-
onance at d 5.23 (Ca H-1, 3J1,2 3.8 Hz, 1JC-1,H-1

169 Hz) suggested the presence of an a-hex-
opyranosyl residue. The coupling constants of
the resonances at d 4.69 (A H-1, 3J1,2 8.7 Hz,
1JC-1,H-1 166 Hz), 4.67 (D H-1, 3J1,2 8.2 Hz,
1JC-1,H-1 163 Hz), 4.66 (Cb H-1, 3J1,2 7.9 Hz,
1JC-1,H-1 163 Hz), 4.54 (E H-1, 3J1,2 8.2 Hz,
1JC-1,H-1 166 Hz), 4.52 (F H-1, 3J1,2 8.4 Hz,
1JC-1,H-1 166 Hz), and 4.48 (B H-1, 3J1,2 7.8 Hz,
1JC-1,H-1 163 Hz) indicate the presence of b-
hexopyranosyl residues. The resonances at d

5.23 and 4.66 showed an intensity ratio of
0.3:0.7 (the intensities of the other anomeric
resonances being 1) and were assigned to the
sugar at the reducing end (residue Ca/b). The
rhamnosyl residue G (G H-1 d 5.19, 3J1,2 1.4
Hz, 1JC-1,H-1 175 Hz) showed a high-field dou-
blet at d 1.28 (G H-6, 3J5,6 6.3 Hz) arising
from the methyl group.

Using the 1H NMR data, the 2D COSY
(not shown) and TOCSY (not shown) mea-
surements a complete assignment of the rham-
nosyl (residue G) protons, starting from the
methyl doublet (Table 2), was possible. The
chemical shift of G H-5 at d 3.90 strongly
suggests an a configuration for residue G [23].
From the 2D COSY, TOCSY and ROESY
measurements (not shown), most protons of
the other residues (A–F) could also be as-
signed (Table 2). The resonances of B H-1 and
E H-1 only showed cross-peaks to H-2, 3, 4 in
the TOCSY spectra, whereas the other
anomeric protons had correlations to H-2, 3,
4, 5, 6a, 6b. Together with the characteristic
resonance positions of B H-4 and E H-4,
residues B and E were assigned to galactosyl
residues. Residues A, Ca/b, D and F were
identified as glucosyl residues. The differences
in the chemical shifts (Table 2) of residues A
H-4 (Dd 0.245), B H-4 (Dd 0.235), Ca H-4 (Dd
0.245), Cb H-4 (Dd 0.255), D H-4 (Dd −
0.005), E H-4 (Dd 0.225) and F H-4 (Dd
0.345), compared with the chemical shifts of
the corresponding aldohexoses reported by
Bock and Thøgersen [22], suggest that all of
these residues except for residue D are substi-
tuted at H-4. As a consequence, D was as-

Table 2
1H NMR chemical shiftsa of the heptamer 2 isolated from HF-modified EPS B40 after treatment with Maxazyme Cl as determined
from COSY, TOCSY and ROESY

H-1 H-2Residue 2 H-3 H-4 H-5 H-6a H-6b

3.823.97A 3.564.69 3.653.653.38
n.d.n.d.b3.814.183.783.624.48B

n.d.3.943.653.833.575.23 n.d.Ca

4.66 3.28 3.63Cb 3.66 3.60 3.95 3.80
D 4.67 3.743.913.433.403.513.35

4.54 n.d. n.d.3.72 3.92 4.17E n.d.
3.79F 4.52 3.35 3.61 3.75 3.57 4.00

G 4.06 1.281.283.903.475.19 3.70

a In ppm relative to the signal of acetone at d 2.225.
b n.d., not determined.
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Fig. 5. Partial 500 MHz 2D 13C–1H HMBC NMR spectrum of heptamer 2 recorded in D2O at 27 °C. The code E1, F4
corresponds to the coupling between E C-1 and F H-4, etc.

signed to the sugar residue at the nonreducing
end of the heptamer. The relative large chemi-
cal shift of E H-2 (d 3.72) compared with B
H-2 (d 3.62) suggests that galactosyl residue
E, unlike residue B, is substituted at O-2.

Comparison of the proton chemical shifts of
1 (Table 1) and 2 (Table 2) shows close simi-
larity for residues designated with the same
letter, except for residue A. This exception was
caused by the fact that A is a (1�4)-linked
glucosyl residue in 2 while it is a terminally
linked glucosyl residue in 1. The designations
used are A for a glucosyl residue linked to an
unsubstituted galactosyl residue and D for a
glucosyl residue linked to a substituted galac-
tosyl residue (vide infra). The consequence of
this designation is that residues with similar
chemical shifts (A in 1 and D in 2; both
glucosyl residues at the nonreducing end) are
designated differently.

The 1D 13C NMR spectrum (not shown) of
2 showed eight anomeric signals. This is in
agreement with the heptasaccharide since two
resonances were expected for residue C. Based
on their chemical shifts, the C-1 signals at d
96.6 and 92.7 were assigned to the glucosyl
residue at the reducing end (Cb and Ca, re-
spectively). The CH3 signal of the rhamnosyl
residue (G) was observed at d 17.3 and the

C-6 signals of the other residues were found
between d 62.0 and 60.0. These positions of
the C-6 signals are in favour of the absence of
6-linked hexosyl residues and the occurrence
of pyranose rings only (comparison of chemi-
cal shifts: [22]).

The 2D ROESY spectrum showed intense
interresidual cross-peaks between: G H-1, E
H-2; A H-1, B H-4; D H-1, E H-4; B H-1, Ca/b

H-4 or A H-4; F H-1, Ca/b H-4 or A H-4. The
correlation between E H-1 and F H-4 could
only be assigned tentatively, due to overlap in
the spectra. The 2D 13C–1H HMBC spectrum
of 2 (Fig. 5) allowed the complete assignment
of the anomeric 13C signals: d 104.6: D C-1;
104.3: A C-1; 103.7: B C-1; 103.3: F C-1;
101.8: G C-1; 101.2: E C-1; 96.6: Cb C-1 and
92.7: Ca C-1. Most other 13C resonances could
be assigned as well. Using the assignments of
the 13C and 1H signals in the HMBC spec-
trum, the long-range correlations observed
across the glycosidic linkages could be inter-
preted: D C-1, E H-4; E C-1, F H-4; F C-1, A
H-4; A C-1, B H-4; B C-1, Ca/b H-4; and G
C-1, E H-2. The possibility of having confused
the assignments of A H-4 and Ca/b H-4 was
ruled out since the strong interaction between
A C-1 and B H-4 excludes interaction between
B C-1 and A H-4. The correlations in the
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HMBC and ROESY spectra determined the
complete monosaccharide sequence of the
heptamer 2 resulting in the structure shown in
Fig. 4(b).

NMR spectroscopy of undecamer 3 and HF-
treated EPS B40.—In Fig. 4(c) and (d), the
1D 1H NMR spectra of the undecamer (c) and
HF-treated EPS B40 (d) are shown. The fact
that a homologous series of oligomers was
released makes it reasonable to extrapolate the
results from 1 and 2 to the undecamer and the
polymer. Comparison of the spectra from the
heptamer (Fig. 4(b)), the undecamer (Fig.
4(c)) and the polymer (Fig. 4(d)) shows a
gradual decrease in intensity of the resonances
from the anomeric protons of sugar residues
A, B, Ca/b and D with increasing degree of
polymerisation. In the undecamer, a new
anomeric resonance was present (d 4.69, hav-
ing partial overlap with A H-1) arising from
the 1,4-linked residue D. If we extrapolate the
results from the oligomers to the polymer, the
latter consists of sugar residues D–G, confir-
ming the proposed structure. In the spectrum
of the polymer, low intensities of unsubsti-
tuted galactosyl residues (B) can be seen,
which agrees with the partial removal of
rhamnosyl substituents upon HF
modification.

The NMR results of (the oligomers of) HF-
treated EPS B40 together with the analysis of
the absolute configuration prove the strong
suggestion [10,24] that EPS B40 has the same
chemical structure as EPS SBT 0495 [25].
However, in HF-modified EPS our assignment
of the proton signals of the b-D-glucopyra-
nosyl residues was different from the assign-
ment reported by Nakajima et al. [25],
whereas the anomeric 13C assignments were
similar. Based on our assignment of the pro-
tons of the trimer and the heptamer, we can-

not conclude other than that the proton
chemical shifts of residue F (H-1 d 4.52, etc.)
belong to the glucosyl residue designated as
Glc B by Nakajima et al. [25] (H-1 d 4.653,
etc.). Furthermore, the proton chemical shifts
of (1�4)-linked glucosyl residue D (H-1 d
4.69 in the undecamer) belong to the glucosyl
residue designated as Glc A by Nakajima et
al. [25] (H-1 d 4.501, etc.).

4. Discussion

The results of the NMR analyses of the
trimer 1 and the heptamer 2 demonstrated
that endoV was able to cleave the b-(1�4)
linkage between two glucosyl residues, result-
ing in oligomers containing an unsubstituted
galactosyl residue adjacent to the glucose at
the reducing side of the linkage cleaved. Based
on the specific series of oligomers released by
endoV and on the NMR results of 1 and 2,
the mode of action of endoV towards HF-
treated EPS B40 can be summarised as is
shown in Fig. 6. It should be realised that the
relative amount of unsubstituted galactosyl
residues drawn in this figure is too high; it was
measured to be ca. 20% [10]. Therefore, the
possibility for the liberation of larger
oligomers (Figs. 1 and 2) is not depicted in
Fig. 6. Nevertheless, Fig. 6 clearly shows that
endoV is not able to release oligomers with a
rhamnosyl-containing ‘repeating unit’ at the
reducing end, which is important information
about the mode of action of endoV towards
this substrate.

Høj et al. [2] suggested that the substrate
specificity of glycosyl hydrolases is determined
by their ability to bind different polysaccha-
rides in their substrate-binding sites and by
the position of the glycosidic linkage in rela-

Fig. 6. Mode of action of endoV towards HF-treated EPS B40. In order to show the diversity of oligomers, the relative amount
of rhamnosyl substitution drawn in the figure is lower than has been measured in the HF-treated polymer. 
, b-D-Glcp-(1�4);
�, b-D-Galp-(1�4); ", a-L-Rhap-(1�2). Sites of endoV attack are indicated by arrows. The resulting oligomers in this example
are: trimer 1, heptamer 2, undecamer 3, and pentadecamer 4.
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Fig. 7. Subsite interaction of endoV with HF-treated EPS
B40. (a) Simplified histogram of subsite interaction energy
with Glc residues of cellodextrins for endoV of T. 6iride as
described by Vincken et al. [12]. (b) HF-treated EPS B40
fitted in the subsite of endoV in a way that cleavage will
occur. (c) HF-treated EPS B40 fitted in the subsite of endoV
in a way that cleavage will not occur. �, catalytic group; 
,
b-D-Glcp-(1�4); �, b-D-Galp-(1�4); ", a-L-Rhap-(1�2).
Sites of endoV attack are indicated by arrows.

and mannose [28]. The binding of HF-treated
EPS B40 with the subsites of endoV is not
hindered by the presence of a rhamnosyl
residue linked to the galactosyl residue at
subsites II and V, since endoV is still able to
cleave (Fig. 7(a) and (b)). As described above,
endoV is not able to release oligomers with a
rhamnosyl substitution in the ‘repeating unit’
at the reducing end. In Fig. 7(c), HF-treated
EPS B40 is fitted along the subsites in a way
that endoV is not able to cleave between the
glucosyl residues. It is clear that endoV is
hindered by the presence of a rhamnosyl
residue linked to the galactosyl residue at
subsite −II.

The mode of action of endoV towards
potato xyloglucan as described by Vincken et
al. [5] indicates that endoV is not hindered by
the presence of a xylosyl residue linked to a
glucosyl residue at subsite −II. This suggests
that the activity of endoV is influenced by the
type of sugar of the substituent and/or the
type of linkage involved in the substitution of
the residue at subsite −II, rather than substi-
tution itself.

The release of oligomer 1 (trimer) (Fig. 3) is
very interesting for the mode of action of
endoV, especially since the pattern of release
is similar to that of oligomer 2 (not shown).
EndoV is able to release 1 if at least two
adjacent repeating units do not contain rham-
nosyl substituents (Fig. 6). This means that
subsite II is filled with a galactosyl residue
without rhamnosyl substitution, for at least
one of the two sites of attack necessary to
release oligomer 1. For the release of
oligomers 2, 3, 4, etc., subsite II is always
filled with a galactosyl residue substituted with
a rhamnosyl residue. Since the release of
oligomer 1 at the beginning of the incubation
is similar to the release of 2, it can be con-
cluded that endoV does not prefer unsubsti-
tuted galactosyl residues at subsite II above
galactosyl residues substituted with a rhamno-
syl residue.

The specificity of EndoV from T. 6iride has
been shown to be broader than that of the
true cellulases since it is able to degrade xylan
[3], xyloglucan and possibly mannan [5].
Present study shows that endoV is also able to
degrade HF-modified EPS B40. Table 3 sum-

tion to the catalytic amino acids. Thus, the
first step in enzymic hydrolysis of polysaccha-
rides can be envisaged as binding of several
glycosyl residues with an array of subsites.
The subsite structure of endoV from T. 6iride
(Fig. 7(a)) has been elucidated according to
the method of Suganuma et al. [26] using
homologous cellodextrins [12]. Subsite affinity
is defined as the decrease in free energy upon
interaction of an enzyme subsite with a glyco-
syl residue. Each subsite interacts with one
sugar residue. By fitting HF-treated EPS B40
along the subsites in a way that endoV is able
to cleave between the adjacent (1�4)-linked
glucosyl residues (Fig. 7(a) and (b)), it is re-
markable that the subsites with the highest
affinity (−II and II), at least for glucosyl
residues, interact with galactosyl residues.
Since D-glucose and D-galactose are C-4
epimers, it can be concluded that subsites −II
and II are tolerant of the different configura-
tions of the hydroxyl group at C-4. The ability
of other glucanases to accept epimeric
monosaccharides in their binding sites has
previously been recognised for Rhizopus
arrhizus (1�3)-b-glucan endohydrolase (EC
3.2.1.6), which also recognises galactose [27]
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Table 3
Summary of the different modifications of EPS B40 and the release of phosphate and oligosaccharides from the resulting polymers
after incubation with Maxazyme Cl or purified endoV (P, Phosphate; 
, b-D-Glcp-(1�4); �, b-D-Galp-(1�4) or a-D-Galp-(1�
P); ", a-L-Rhap-(1�2); the approximate relative amount of the remaining rhamnosyl residues (100%=1.0) is given in case
rhamnose had been partially removed. –, no release; +, release; ++, high release of small oligomers)

marises the different modifications of EPS B40
and the enzyme activity of Maxazyme Cl and
purified endoV on the resulting polymers.
Chemical modification with HF was per-
formed because native EPS B40 appeared to
be resistant to degradation by all enzyme
preparations examined and we thought that
this was caused by the phosphate substituent.
The removal of phosphate with HF simulta-
neously released ca. 20% of the rhamnosyl
substitutions and this appeared to be critical
for the activity of endoV. Later we found that
removal of rhamnosyl and galactosyl sub-
stituents by mild CF3CO2H treatment made
the substrate accessible to a phosphatase. In
retrospect, mild CF3CO2H hydrolysis can be
used as an alternative to HF treatment to
modify EPS B40 since it liberates terminally
linked galactose and (at least part of) rham-
nose. The resulting polymer can be dephos-
phorylated by a phosphatase present in

Maxazyme CL and subsequently degraded by
endoV in Maxazyme CL.

The present study shows that (enzymic)
modifications of EPS are not only helpful for
the structural characterisation of EPS, but
that they can also be useful to unravel the
mode of action of the enzymes used.
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