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A Conformational Study of the Trisaccharide f-D-Glcp-(1 — 2)[f-D-Glcp-
(1 — 3)]a-D-Glep-OMe by NMR NOESY and TROESY Experiments,
Computer Simulations, and X-Ray Crystal Structure Analysis

Torgny Rundlof,®! Lars Eriksson,™ and Goran Widmalm*!?!

Abstract: Proton-proton cross-relaxa-
tion rates have been measured for the
trisaccharide B-D-Glep-(1 — 2)[B-D-
Glcp-(1 — 3)]a-p-Glep-OMe in D,O as
well as in D,0/[D¢]DMSO 7:3 solution
at 30°C by means of one-dimensional
NMR pulsed field gradient 'H,'H NO-
ESY and TROESY experiments. Inter-
atomic distances for the trisaccharide in
D,0 were calculated from the cross-
relaxation rates for two intraresidue and
three interglycosidic proton pairs, using
the isolated spin-pair approximation. In
the solvent mixture one intraresidue and

molecular model. In this case the dis-
tances were calculated from the cross-
relaxation rates in combination with
“model-free” motional parameters pre-
viously derived from 3C relaxation
measurements. The proton—proton dis-
tances for interglycosidic pairs were
compared with those averaged from
Metropolis Monte Carlo and Langevin
Dynamics simulations with the HSEA,
PARM?22, and CHEATO9S5 force fields.

Keywords: carbohydrates - molecu-
lar dynamics « molecular modeling -

The crystal structure of the trisaccharide
was solved by analysis of X-ray data.
Interresidue proton pairs from the crys-
tal structure and those observed by
NMR experiments were similar. How-
ever, the corresponding proton—proton
distances generated by computer simu-
lations were longer. For the (1—2)
linkage the glycosidic torsion angles of
the crystal structure were found in a
region of conformational space populat-
ed by all three force fields, whereas for
the (1—3) linkage they occupied a
region of low population density, as seen

three interglycosidic distances were de-
rived without the use of a specific

Introduction

Carbohydrates found at cell surfaces have been shown to have
important biological functions.! They often act as recognition
molecules, mediating biological processes such as infection,
inflammation, and cell —cell adhesion. Because of the impor-
tance of these functions in nature, the solution structures of
carbohydrates have been intensively studied.l* 3 Their poly-
hydroxylated surfaces make hydrogen bonding to the sur-
rounding water important; as a result intramolecular hydro-
gen bonds, stabilizing the three-dimensional (3D) structure,
become less common. Crystallization of these oligosacchar-
ides may therefore be hard and the period of time necessary to
obtain a crystal of useful size and quality will therefore be
unpredictable. Thus, the 3D structure often has to be
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from the simulations.

determined mainly by NMR spectroscopy in solution (/¢
and NOE) combined with molecular modeling techniques.®!
More recent methods applied to carbohydrates include off-
resonance ROESY experiments or measurement of residual
dipolar couplings in oligosaccharides dissolved in aqueous
dilute liquid-crystalline solutions.[*! Furthermore, the inter-
nal flexibility has to be taken into account; this complicates
the determination of the 3D structure.’) One way to inves-
tigate the internal dynamics is to bring the oligosaccharide
outside the extreme narrowing regime, resulting in relaxation
parameters that are dependent on the magnetic field
strength.'’). However, the addition of dimethyl sulfoxide
(DMSO) to a saccharide —water solution may influence the
conformational properties of the solute. It is therefore
important to address this issue, in particular to ask whether
the DMSO/water solvent mixture is a relevant complement to
water for studies of oligosaccharide conformation and dy-
namics. In the present study we combine NMR experiments
with molecular modeling and the crystal structure to obtain a
description of the conformation and dynamics of the trisac-
charide f-p-Glep-(1 — 2)[5-D-Glep-(1 — 3)]a-D-Glcp-OMe,
an oligosaccharide that acts as a model of the repeating unit
of the exopolysaccharide from a strain of Pedicoccus damno-
sus.IM
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Theory

For molecules in solution, proton relaxation is dominated by the dipole —
dipole cross-relaxation between spins that are close in space. The strength
of these interactions depends on the molecular dynamics, the internuclear
distance(s), and the number of interacting spins. The cross-relaxation rate,
o, for the nuclear Overhauser effect (NOE)!"?l and rotating-frame Over-
hauser effect (ROE)!" can be expressed as combinations of spectral
density functions taken at certain frequencies. The NOE cross-relaxation
rate (Onog) can be calculated from Equation (1).

Oxoe = 4 (Dn)*[6J (20) —J (0)] 1)

The corresponding equation for the ROE cross-relaxation rate (orog) is
given in Equation (2).

Oroe = Y4 (Dn)*[27(0) + 37 (w)] (2)

Owing to problems with signals arising from TOCSY transfer!™ in ROE
experiments, a modified multiple-pulse spin-lock has been proposed,'’]
which efficiently suppresses such signals. The multiple-pulse or transverse
ROE (TROE) cross-relaxation rate, orrog, can be calculated as the mean
of oo and ogog and is described by Equation (3).

Orroe = % (Dn)*[6J 2w) + 37 (w) + J(0)] (3)

The dipolar coupling constant, Dyy = (uy/47)y*hr=3, is a measure of the
strength of the dipolar interaction, where 4, is the permeability in vacuum,
y is the magnetogyric ratio for protons, h is Planck’s constant divided by 2,
and r is the distance between interacting protons.

Unknown proton-proton distances, r;, between protons i and j can be
obtained by the isolated spin-pair approximation('® 'l (ISPA) by compar-
ison of the cross-relaxation rate of the reference spin pair, o,,, with that of i

and j, 0y, according to Equation (4).

rj= rr(‘/(grq//aij)l/b 4

The reference distance used, 7,., should be chosen for protons residing in a
well-defined part of the molecule.

Proton-proton distances can also be calculated from cross-relaxation
rates!'s! by the “model-free” approach,'”) provided that the motional
parameters are known. In this approach the molecular motions are
described by a slow global motion, 7y, and a local motion, 7. Prerequisites
are that the different motions are uncorrelated and that the molecule
reorients isotropically. The restriction of the internal motion is described by
a generalized order parameter, S, that adopts values between 0 and 1, with
§2=1 corresponding to a totally restricted internal motion. The model-free
spectral density, J(w), is expressed in Equation (5), where ! =13} + 77'. If
7. is much shorter than 7,, the second term in Equation (5) makes a
negligible contribution to the spectral density and the Equation can be
truncated to give Equation (6).

2( S*ty (1-58%7
J()=¢ + )
S\1 + 0’1}, 1 + 0’7
Sy =257 ©
@ 5\ 4+ o

If the overall and internal correlation times are on similar timescales, they
cannot be determined separately and an effective correlation time, 7., for
the molecular reorientation can be used, resulting in Equation (7).

o () ™
S\ + ot

With this expression, 7.; can be calculated®! from the NOE or TROE
cross-relaxation rates [Equations (1) or (3)] and a known interproton
distance obtained by the ISPA method. The effective correlation time can
also be calculated from the ratio between oyor and orog!? 2! without a
known reference distance, as shown in Equation (8).

onoe 10 + A2w2T2 — 32wty — 32087 ®
63w + 96wt + 1608t

Oomrroe 10 +
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Results and Discussion

Cross-relaxation measurements: The trisaccharide -p-Glcp-
(1 —2)[f-D-Glcp-(1 — 3)]a-p-Glecp-OMe was investigated by
NMR spectroscopy, specifically, 'H 1D NOESY and 1D
TROESY experiments, performed at 30°C in D,O and in the
solvent mixture D,0O/[D4]DMSO 7:3. The structure of the
molecule and the notation for the different residues are shown
in Scheme 1. Spectra were recorded at 600 MHz for the D,O
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Scheme 1. Schematic representation of the trisaccharide S-p-Glep-(1—
2)[-p-Glep-(1 — 3)]a-D-Glep-OMe showing the different sugar residues
g, g%, and g%, and the protons (in bold) for which cross-relaxation rates have
been measured.

sample and at 500 and 600 MHz for the D,O/[Ds]DMSO
sample, using ten different mixing times from 30 to 1000 ms.
Positive NOEs and TROEs were observed for the trisacchar-
ide in D,0O, suggesting overall tumbling in or close to the
extreme narrowing regime, where the spectral density func-
tion becomes less dependent on the magnetic field and an
effective correlation time may be used. Spectra are exempli-
fied in Figure 1, where selective inversion of the H1 resonance
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Figure 1. Spectra recorded at 600 MHz and 30°C for the trisaccharide in
D,0. The a) TROE and b) NOE spectra are shown, recorded at mixing
times of 700 ms, with selective excitation of H1 in the methyl glucoside (g)
residue. Positive enhancements are observed, particularly for H2g (60 =
3.83) and H1g? (0 =4.64). In c) the ordinary proton spectrum is shown.

in the methyl a-glucoside residue (g) resulted in positive
NOEs and TROE:S of, inter alia, signals from H2 and H3 in the
same residue, of the O-methyl group, and of HI1 in the fj-
glucosyl residue (g?) substituting O2 of g. Inversion of the
resonance from H1 in g? resulted in Overhauser effects of H1,
H2, and H3 in g, of H3 and H5 in g2, and of H1 in the other (-
glucosyl residue (g?). Inversion of H1 in g* gave NOE and
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TROE to H2, H3, and H4 in g, to H1 in g2, and intraresidually
to H3 and HS. It was also possible to invert selectively H3in g,
cross-relaxing with H5 in the same residue and with H1 in g2
and H1 in g’ For the measurements in D,0/[Ds]DMSO,
negative NOEs and positive TROEs were observed, demon-
strating slower molecular tumbling outside the extreme
narrowing regime. In this region, the NOE and TROE
cross-relaxation rates should be field-dependent. Owing to
spectral overlap, only the three anomeric protons could be
selectively inverted in the solvent mixture; this inversion
showed proton — proton interactions similar to those observed
in D,O.

Five and four proton-proton pairs were used for the
calculation of cross-relaxation rates in D,O and D,O/
[D¢]DMSO, respectively. The pairs were Hlg—H2g, Hlg-
Hlg? H2g-Hlg?, H3g-Hlg® and also H3g-H5g in the
D,0O sample. For some pairs, cross-relaxation was detected at
both the interacting protons, as shown in Table 1.

Table 1. Experimental cross-relaxation rates, oyop and orrog, at 303 K for
the trisaccharide in D,O/[Dg]DMSO 7:3 and in D,0, calculated by second-
order polynomial fits of normalized integrals.

Proton pairl?! D,0/[D¢]DMSO D,0
500 MHz 600 MHz 600 MHz
ONOE OTROE ONOE OTROE ONOE OTROE
1g-2¢ —0.137 0.190 —0.141 0.177 0.037 0.118

1g- 120 -0.015  0.025 -0.018 0.023  0.008  0.026
1g-1g2 —-0.016  0.024 —-0.020 0.024  0.007 0.022
2g-1g? —-0.191  0.316 —-0216 0280  0.063  0.169
3g-5g n.d.l n.d. n.d. n.d. 0.029  0.067
3g-1g° n.d. n.d. n.d. n.d. 0.065 0.163
3g-1g —0.150  0.293 —-0.167 0265  0.062  0.155

[a] Excited proton in bold. [b] Linear fit of normalized integrals, for 7., <
100 ms. [c] n.d. = not determined.

NOE and TROE build-up curves can be used to calculate
the cross-relaxation rates, determined as the slope of the
initial linear regions. Therefore, measurements of normalized
peak integrals at short mixing times are required, but these
are problematic because of the low signal-to-noise ratios. The
quality of the data in this study is exemplified by the NOE and
TROE build-up curves for H1g—H2g, shown in Figure 2, with
an expansion of the initial build-up region. Different methods
have been developed to calculate the rates.”’] The cross-
relaxation build-up versus the mixing time at sufficiently short
mixing times can be fitted to a linear equation where the
cross-relaxation rate is the slope of the fitted line. The build-
up can also be fitted to a second-order polynomial; this
permits peak amplitudes at slightly longer mixing times to be
included in the fit. The latter method was used for all proton —
proton interactions except one (see below), and proton cross-
relaxation rates (onop and orgrop) Were calculated by least-
squares fits of the normalized integrals of the NOE or TROE
peaks at different mixing times (see Experimental Section).
For the fits of cross-relaxation rates in D,0, only mixing times
not longer than 300 ms (oxog) and 450 ms (orrer) Were used in
order to obtain the lowest possible errors in the calculated

1752

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

normalized peak integral

1 T 1T T
0 0.2 0.4 0.6 0.8 1

mixing time / s

normalized peak integral

T T T T T 1
0 0.04 0.08 0.12 0.16
mixing time / s

Figure 2. Experimental NOE (filled lines) and TROE (dotted lines) build-
up curves for the intraresidue H1g—H2g spin pair, which is used as the
reference interaction in the ISPA distance calculations. Shown in a) are
TROE:s in D,0 at 600 MHz (2), in D,0/[D¢]DMSO at 500 MHz (o) and
600 MHz (o), and NOEs in D,0 at 600 MHz (a), in D,O/[D¢]DMSO at
500 MHz (@) and 600 MHz (m). In b) the corresponding initial linear
regions of the build-up curves are shown. Note the negative NOE obtained
with the D,O/[D¢]DMSO sample.

cross-relaxation rates. Because of the larger magnitudes of the
NOE and TROE cross-relaxation rates and more rapid total
direct dipolar relaxation of the protons in the D,0O/
[Ds]DMSO solution, only mixing times not longer than
150 ms were used for these fits.

For the H1g — H1g? interaction, indirect cross-relaxation via
the H2g spin was possible. This was investigated by a full
relaxation matrix analysis for two different conformers of the
trisaccharide, namely, the crystal structure and the average
conformation from the Metropolis Monte Carlo simulation
(see below), using effective overall correlation times of 0.2
and 1ns. It was found that for mixing times shorter than
~100 ms the indirect effect was negligible. Similar results
were obtained for both structures. Therefore, only mixing
times <100 ms were used in linear fits of cross-relaxation
rates for this dipolar interaction in both D,0O and the solvent
mixture.

From the NOE spectra it was recognized that the motional
behavior of the trisaccharide was different in D,O and in the
solvent mixture. The positive and negative NOEs, respective-
ly, are a result of different tumbling correlation times for the
trisaccharide. The viscosity of a H,O/DMSO 7:3 solvent
mixture is more than twice as high as that of H,0.? Despite
the slower tumbling rate it is reasonable to assume that the
solute molecule behaves in a similar way as in water since the
solvent mixture contains 70 molar % water and carbohydrates
are hydrated in solution.?> 2] The D,0/[D¢]DMSO mixture
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was recently used in studies of the *C NMR relaxation?” and
'H,3C long-range coupling constant®® of the trisaccharide.

The experimental cross-relaxation rates are reported in
Table 1. In the solvent mixture, the intraresidue Hlg—H2g
and the interresidue H2g—H1g? and H3g—H1g?® interactions
showed fairly high absolute NOE and TROE cross-relaxation
rates. The interaction between H1g and H1g? was significantly
weaker, with much lower cross-relaxation rates. The ratios
between oyog values at two different magnetic field strengths
may give information on internal motions.' 2% If the intra-
residue cross-relaxation rate ratio oyor (600 MHz)/onog
(500 MHz) differs from the observed interglycosidic ratios,
this can be an indication of differences in internal motions
between these two types. The ratio calculated for the intra-
residue H1g—H2g rate was close to unity. The interglycosidic
correlations H2g—H1g? and H3g-H1g® both had a ratio of
1.1, that is, only slightly different from the intraresidue ratio.
Therefore, the dynamic parameters from the previous *C
relaxation study®” were judged appropriate for the analysis of
proton—proton cross-relaxation data. Also, since the “dy-
namic equivalence” of different carbon —proton bond axes in
a single carbohydrate ring was used,’” one might expect this
equivalence to extend to the intraring H1g— H2g axis, as has
been shown for a disaccharide under similar experimental
conditions.'®! In addition, the measurements at two magnetic
fields yield independent data sets.

In D,0, the NOE and TROE cross-relaxation rates were
lower than those observed in the solvent mixture. The low
onoe values resulted in larger uncertainties compared to the
measurements in D,0/[Dg]DMSO. The TROE cross-relaxa-
tion rates were, however, larger than the NOE rates resulting
in smaller errors for orgoe. The only exception again was the
cross-relaxation between Hlg and H1g? which showed small
NOE and TROE cross-relaxation rates. Positive NOE cross-
relaxation rates were observed for all interactions, indicating
fast molecular tumbling in the vicinity of the extreme
narrowing regime where the generalized order parameter
and the overall correlation time cannot be separated from
each other (see Theory). Effective correlation times 7 for the
interproton correlations in water were calculated by taking
the ratio of the measured cross-relaxation rates, onop/OrroE>
and extracting a 7. with the aid of Equation (8). This resulted
in an average 7. =0.20+0.02 ns, that is to say, the effective
correlation times for the proton pairs are quite similar.

The experimental errors in the NOE and TROE measure-
ments can be estimated from the results in Table 1, where the
cross-relaxation rates are independently measured for both
interacting protons, for example, Hlg—-H1g2. Differences of
up to +5% from the average are observed for the oyop and
Orrop for this pair in the solvent mixture. In D,O the
differences are slightly larger as a result of the weaker
interactions. However, a 5 % error in the cross-relaxation rate
leads to a difference of <1 % in the determined distance. The
other interactions in Table 1 are stronger than the Hlg—-H1g?
interaction, which should result in smaller errors in these
measurements.

Computer simulations: In order to investigate how the
internal motions influence the proton-proton distances in

Chem. Eur. J. 2001, 7, No. 8
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the trisaccharide, we performed 5 ns Langevin dynamicsP! 32!
(LD) and 10° macro steps Metropolis Monte Carlo®*! (MMC)
computer simulations. Three different force fields were used,
namely PARM22 (MSI, San Diego, CA, USA) and
CHEAT 954 for the LD simulations, and the HSEA force
fieldB> 3] for the MMC simulations. The use of more than one
force field facilitates the recognition of conformational
trends,” although the choice of a particular force field may
be difficult.’¥! All simulations were performed in vacuum, but
the LD simulations use random and frictional forces to mimic
aqueous solution. CHEAT 95 uses extended hydroxy groups
devoid of hydroxy protons and a reduced partial charge of the
oxygen atoms. Mainly, the (1—2) and (1—3) glycosidic
linkages populated the syn conformations, having ¢y~ 60°
and yy~0° except for the (1 —2) linkage in the LD
simulations using the PARM?22 force field, which showed a
large proportion of an anti-¢ conformer with ¢y~ 150°. The
flexibility of the glycosidic linkages, determined as root-mean-
square torsion angle fluctuations for ¢y and y, was in all
cases largest for the LD simulations using the PARM 22 force-
field parameters and smallest for the MMC simulations.
Scatter plots for the (1 —2) and (1 —3) linkages from the
CHEATY5 simulations are shown in Figure 3. Effective
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Figure 3. Scatter plots from the MMC simulations of a) the (1 — 2) linkage

and b) the (1 — 3) linkage of the trisaccharide using the CHEAT 95 force
field. The crosses indicate the torsion angles found in the crystal structure.

(weighted) proton—proton distances were determined from
the simulations, according to ({r—3)?)~"¢ averaging for con-
formational exchange processes faster than overall molecular
rotational diffusion.['> 3 The simulated interproton distances
are reported in Table 2. Differences when ((r~=¢))~' averaging
was used (data not shown) were small and not critical for the
outcome of this study. Furthermore, in a recent study on the

0947-6539/01/0708-1753 $ 17.50+.50/0 1753



FULL PAPER

G. Widmalm et al.

Table 2. Interproton distances r [A] from simulations using different
force fields and from the X-ray crystal structure.

Proton pair HSEA PARM22 CHEAT 95 Crystal
1g-2g 2.380 2.39 2.43 227
1g-1¢g? 3.68 4.31 3.79 3.03
2g-1g? 2.36 321 2.58 211
3g-5g 2.610 2.55 2.60 2.64
3g-1g? 2.47 2.51 2.68 2.26

[a] Averaged according to r= ((r~%)2)~"%. [b] Fixed distance.

dynamics of a disaccharide,*” the angular part of internuclear
vectors in a molecule-fixed framel ! contributing to the
generalized order parameter was found to be negligible. In
the present study, the effective intraresidue proton-—proton
distances in the g residue were found to be 2.39, 2.43, and
2.38 A for H1-H2 and 2.55, 2.60, and 2.61 A for H3—~HS by
means of the PARM?22, CHEAT95, and HSEA force fields,
respectively. In simulations using HSEA these distances are
fixed, since sugar residues are modeled as rigid units.
Interresidue distances over the glycosidic linkages showed
much more variation between force fields. For the two
interactions between H1lg? and H1 and H2 in g the MMC
simulations resulted in an effective r=3.68 and 2.36 A,
respectively, but the LD simulations with PARM?22 showed
r=431 and 321 A, respectively. The latter distances result
from the large amount of anti-¢ conformer at this glycosidic
linkage in the PARM 22 simulations. The LD simulations with
CHEAT 95 showed somewhat longer interglycosidic distances
than did the MMC simulations, a result that may be due to the
increased flexibility observed with the former force field and/
or differences in the average conformation at the glycosidic
linkage.

Proton-proton distances: Cross-relaxation data for the
trisaccharide in D,0O/[D¢]DMSO were interpreted by means
of the model-free approach,'® 1l whereas in D,O the isolated
spin-pair approximation!'® 71 (ISPA) was used. These proce-
dures yielded experimental proton —proton distances for five
proton pairs in D,O and four pairs in D,0/[D¢]DMSO, with
the interproton distances reported in Table 3. Cross-relaxa-
tion rate averaging was performed prior to distance calcu-

Table 3. Experimental interproton distances r [A] for the trisaccharide at
303 K, using the model-free approach!® (D,0/[Dg]DMSO 7:3) and ISPAI"!
(D,0).

Proton pair D,0/[D¢]DMSO D,0
500 MHz 600 MHz 600 MHz

'NOE T'TROE 'NOE T'TROE 'NOE T'TROE
1g-2g 2.51 2.37 2.52 2.35 2.43l 2.43l
1g-1g? 3.33 3.28 3.27 3.25 3.18 3.16
2g-1g? 2.18 2.14 2.18 2.15 2.22 2.29
3g-5g n.d.l4 n.d. n.d. n.d. 2.53 2.67
3g-1g° 2.30 217 2.30 2.17 2.22 2.31

[a] Calculated from Equation (5) and 7, $%, and 7, values from the sugar
residue; interglycosidic distances are calculated with parameters from the
terminal sugar residues. [b] Calculated from Equation (4). [c] Reference
distance from LD simulation using the CHEAT95 force-field parameters.
[d] n.d. =not determined.
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lation for spin pairs for which rates were measured from both
interacting protons.

In the solvent mixture, model-free motional parameters
obtained by ¥C NMR relaxation measurements?’! were used
to calculate interproton distances from the experimental
cross-relaxation data, by Equations (1) or (3) and (5). For the
intraresidue interaction H1g—H2g, an overall correlation
time 7yy = 0.89 ns, a generalized order parameter S> =0.84, and
an internal correlation time 7, =18 ps were used, taken from
the fits of *C NMR data of the g residue reported in Table 3 of
the BC work.’”? From the NOE measurements interproton
distances of 2.51 and 2.52 A were obtained at 500 and
600 MHz, respectively. The TROE measurements resulted in
shorter distances, 2.37 and 2.35 A, respectively, at the two
different magnetic fields. The simulation data give an average
for the three force fields of 2.40 A in comparison, the distance
obtained from the NOE measurements is longer, ~2.51 A,
and that from the TROE measurements is shorter, ~2.36 A.
Thus, the experimental determinations of the distance bracket
the value calculated by computer simulations. Similar dis-
tances were obtained if the internal correlation time, 7.=
18 ps, was omitted in the calculations. Taking into account
the fact that no molecular model was used to derive the H1 -
H2 distance, we find the small differences between experi-
ment and simulation quite satisfactory. In a related study of
another trisaccharide the intraresidue distance also showed
good agreement to simulations, but in this case the model-free
approach resulted in a slightly shorter distance when NOE
data were used and a somewhat longer distance when TROE
data were employed.”! Subsequently, when ISPA is used
(vide infra), a reverse relationship for ryog Vs. Frrog 1S
obtained for the short trans-glycosidic distances. Therefore,
the experimental differences should represent the accuracy of
the data.

For the three interresidue interactions the motional param-
eters were taken from the terminal residues, that is, from g* or
g®. These residues showed similar motional characteristics,
with 7,y =0.80 and 0.81 ns, $>=0.70 and 0.72, and 7,=57 and
58 ps for g? and g3, respectively. For the interglycosidic
interactions, the distances obtained by NOE measurements
were in all cases longer than those obtained by TROE
measurements. However, the differences were smaller than
those observed for the intraresidue distance between H1g and
H2g. When the interglycosidic distances were calculated with
the ®C model-free motional parameters of the g residue,
longer distances were obtained. For example, the distances
calculated from oyop for Hlg—H1g? at both magnetic field
strengths were ~3.5 A, compared with ~3.3 A if the motional
parameters of the g? residue were used. For the distances
derived from orrop the differences were much smaller (Ar<
0.1 A). Furthermore, in our distance calculations small differ-
ences in the input of §? did not alter the outcome of the
interproton distance to any great extent (<1%), provided
that 7y, and 7, were not changed.

Interproton distances were also calculated from the NOE
and TROE cross-relaxation rates measured in D,O solution,
with the isolated spin-pair approximation (ISPA) method. A
certain cross-relaxation rate is compared with the rate
obtained for a reference interaction having a known, fixed
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distance in the molecule. From Equation (4) the unknown
interproton distance of the spin pair of interest can be
determined. Two possible intraresidue reference distances
were available, Hlg—H2g and H3g—-H5g. The former proton
pair was used, since its cross-relaxation rates were larger and
the experimental errors smaller. NMR-derived distances are
time-averaged. Therefore, an averaged reference distance
should be used, obtained from, say, a molecular dynamics
simulation. The average ¢y and yy angles for the (1 —2)
linkage in the CHEAT 95 LD simulation agreed better with
those of the crystal structure than did those in the PARM 22
LD simulation. Therefore, the time-averaged distance derived
for Hlg—H2g from the CHEAT 95 LD simulation, calculated
as r=((r3)?)1 =243 A, was used as the reference distance
in the ISPA distance calculations. A test of the precision of the
reference distance employed was obtained by calculating the
distances from the measured cross-relaxation rates of the
H3g-H5g interaction. Both the NOE- and TROE-derived
distances, r=2.53 and 2.67 A, respectively, were in good
agreement with those obtained from the simulations, for
example 2.60 A for CHEAT95 (Table2). Interglycosidic
distances were calculated for Hlg—H1g?, H2g-Hlg? and
H3g-Hlg’. For the first proton pair, fairly long distances
were obtained, r=3.18 and 3.16 A from the NOE and TROE
data, respectively. For the two latter proton pairs the NOE-
derived distances were somewhat shorter than those obtained
by TROE measurements, taking values of ~2.2 and ~2.3 A,
respectively. Such short interglycosidic proton-—proton dis-
tances indicate ¢y and yy values in the vicinity of 0°. A large
proportion of an anti conformation for either ¢y or 1y should
result in a longer distance. Therefore, these glycosidic linkages
should mainly adopt syn conformations. Furthermore, an anti
conformation would have resulted in an even longer Hlg—
Hlg? distance, which was also observed from the LD
simulations using the PARM?22 force field.

Both anti-¢* and anti-y*4 conformers have been shown to
exist at glycosidic linkages in oligosaccharides. However,
quantifying the population of an anti conformation may be
complicated owing to, inter alia, the influence of spin
diffusion.*’! A remedy in such a case would be the elimination
of intervening spins. The synthesis of a specifically deuterated
methyl a-cellobioside was recently reported“! and a con-
formational analysis of the disaccharide is presently being
carried out.

Comparisons of the distances obtained from the cross-
relaxation measurements in D,0/[D4s]DMSO with those in
D,O, reported in Table 3, revealed fairly similar interglyco-
sidic proton — proton distances. This observation indicates that
the average conformation of the trisaccharide in the solvent
mixture is similar to that in water solution. Also, we have
recently noted that the water:DMSO ratio was significantly
higher (=5:1) in the first solvent shell around a disaccharide
than in the bulk solvent mixture (3:1), as deduced by MD
simulations.*”!

Crystal structure: The solid-state structure of the trisaccharide
was obtained by X-ray crystallography; the molecular struc-
ture of the trisaccharide is shown in Figure 4. The glycosidic
torsion angles describe an all-syn conformation, where the
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Figure 4. Molecular structure of the trisaccharide in the solid state as
determined by X-ray crystallography, also showing the atomic numbering.

anomeric proton and the proton at the glycosyloxylated
carbon are close in space. In the present case for ease of
comparison the glycosidic torsion angles are discussed with
respect to a hydrogen atom even though the hydrogen atoms
were placed geometrically on the basis of the heavy atom
positions. These torsion angles are: for the (1 —2) linkage
given by ¢y =40° and yy = —42°, for the (1 — 3) linkage ¢y =
32° and yy=—29° and for the O-methyl group ¢y=—47°.
The conformation of the hydroxymethyl groups is gg for o =
—64° and w, = — 64°, whereas w; =54°, that is, a gt conforma-
tion. The packing in the ac plane is shown in Figure 5. No
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Figure 5. Crystal packing of the trisaccharide in the ac plane with two unit
cells of four molecules each. Selected hydrogen bonds are shown by dashed
lines. Note the hydrophilic vs. the hydrophobic regions. Oxygen atoms are
shown in grey, carbons in black and hydrogens in white.

definite hydrogen-bonding scheme can be proposed owing to
the difficulty in locating hydrogens from the X-ray diffraction
data, but the close oxygen contacts continue both along the ¢
axis and the b axis giving “sheets” of hydrogen-bonded
molecules that pack together as a result of hydrophobic
interactions between the blocks. One easily detected hydro-
gen-bond chain runs between the molecules in the b direction
(Figure 6). The chain consists of O4g—C4g—C5g—Cog—O6g
of each molecule and O4g connected to O6g(x,y —1,z) in an
infinite chain along the b axis. The intermolecular hydrogen-
bond distance O4g—06g(x,y — 1,z) is 2.97 A. It is suggested
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Figure 6. Stereoview of the packing along the b direction, with a distinct hydrogen bond chain (dashed) from O4g in one molecule to O6g in another.

that O4g acts as a donor and O6g as an acceptor where HO4g
makes the hydrogen bond.

The 'H,"*C heteronuclear coupling constants corresponding
to the glycosidic torsion angles measured from the crystal
structure were calculated by a Karplus relationship.*¥! Values
of 3.3 and 4.2 Hz were obtained from ¢y of the (1 —2) and
(1—3) linkages, respectively, and 3.0 and 4.4 Hz were
obtained from vy of those linkages. Recently, we measured
interglycosidic long-range proton—carbon coupling constants
for the trisaccharide in D,0O/[D¢]DMSO and D,0.?¥ Flexi-
bility-averaged coupling constants were also calculated from
LD and MMC simulations. The coupling constants measured
from NMR spectra in the solvent mixture and in D,O were
3.7-4.0Hz (¢y) and 4.5-49 Hz (yy). These values agree
with those calculated from the crystal structure in all cases but
one, namely, for the coupling related to i for the (1 —2)
linkage (A%Jcy > 1.5 Hz). In comparison, in the *C relaxation
studies®?”! and glycosylation shift analysis™*! no or only small
differences in flexibility between the (1 —2) and (1—3)
linkages were observed, results which are further strength-
ened in this study by the similar interglycosidic distances
obtained for these linkages in D,O and the solvent mixture.

The intra- and interresidue proton-—proton distances de-
rived from the NOE and TROE experiments were also
measured from the crystal structure, as reported in Table 2.
The overall agreement between the experimentally deter-
mined interproton distances is quite high, indicating that the
crystal structure of the trisaccharide is quite similar to the
average conformations in solution. Four of the five distances
were shorter in the solid state, and one, H3g— HS5g, was close
to those obtained from the simulations. Distances calculated
from the MMC simulations using the HSEA force field agreed
best with those measured from the crystal structure, with the
interglycosidic distances for the protons at the linkage
positions ~0.2 A longer.

Conclusion

The trisaccharide in this study was investigated by solution-
state NMR spectroscopy, which, using either model-free

1756 ——
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motional parameters or a dynamically averaged molecular
model with an internal reference distance, gave proton-—
proton distances for comparison with computer simulations.
The trans-glycosidic distances from simulations were longer
than those from NMR experiments, whereas the distances
obtained from the crystal structure determined in this work
agreed better with NMR data. From Hlg? two interresidue
correlations were observed, one with a somewhat longer and
the other a somewhat shorter distance in the solvent mixture
than in D,0. These small differences indicate that only minor
conformational changes exist between the solvent mixture
and D,0, despite the limited number of cross-relaxing
interglycosidic spin pairs. The present work, which contains,
inter alia, high-quality Overhauser effect NMR data, reveals
the importance of further tuning of molecular mechanics
force fields for use with computer simulations in order to
describe flexibility and dynamics of more complex molecular
systems. Furthermore, we have shown that the combination of
13C NMR relaxation studies, yielding the motional properties,
and 'H,'H NOESY or TROESY experiments is a general
method and an excellent way to approach the conformational
problems of biomolecules.

Experimental Section

General: The synthesis of the trisaccharide S-p-Glep-(1 — 2)[3-D-Glep-
(1 — 3)]a-p-Glep-OMe has already been described.*”) NMR samples were
prepared in 5 mm NMR tubes as 0.1m solutions of the trisaccharide in D,O
or D,0/[D¢]DMSO in a 7:3 molar ratio. The solutions were treated with
CHELEX 100 in order to remove any paramagnetic ions present, and the
NMR tubes were sealed under vacuum after three freeze —pump—thaw
cycles. The 'H NMR chemical shifts in D,O were assigned previously,*]
and the differences upon changing to the D,0/[D¢]DMSO solvent mixture
were checked by two-dimensional 'H,'H and 'H,"C correlation experi-
ments.

Spectra were recorded at 30°C on Varian Inova 500 and Inova 600
spectrometers operating at 500 and 600 MHz, respectively, equipped with
triple-resonance pulsed field gradient HCX probes. Spectra recorded on
another Varian Inova 600 spectrometer were used to check the accuracy of
the measurements. These data were similar but not used in the calculations
of the reported cross-relaxation rates.

Trisaccharide crystals were obtained from acetonitrile/water/methanol in
the proportions 50:2:1.
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Cross-relaxation measurements: Proton—proton cross-relaxation rates
were measured in one-dimensional DPFGSE-NOESY experiments!®* 5!l
(onoe) and DPFGSE-TROESY experiments!'> 32 (grgog). Selective ex-
citations at the frequency of well-resolved signals were enabled using
i-Snob-2 shaped pulses® of 40 or 50 ms duration. The gradient durations in
the initial DPFGSE part were 1 ms and the strengths 0.9 and 2.4 Gem™,
respectively, in D,O, and 13.9 and 6.0 Gem™!, respectively, in D,0/
[Dg]DMSO. In the subsequent NOESY part of the pulse sequence, four
gradients of 1 ms duration were run in pairs with strengths 1.2 and
1.6 Gem™!, respectively, with a 2 ms hyperbolic secant inversion pulsel!!
inserted between the gradients in each pair. All other pulses were hard and
of short duration, <8 s for a 90° pulse. For the TROE experiment the
DPFGSE part was followed by a TROESY spin lock™ with yB,/2x =
2.8 kHz.

Spectra were recorded with a spectral width of 2000 Hz and 16k complex
points; 196—512 transients were sampled at each mixing time. For the D,0
sample, measurements were performed at 600 MHz using selective
excitations at four frequencies. For the D,O/[D¢]DMSO sample, resonan-
ces at three frequencies were selectively excited at both 500 and 600 MHz.
The total relaxation delay (acquisition + delay) between transients was
12's (D,0), 12's (D,0/[D4]DMSO, 500 MHz), and 14 s (D,0/[D¢]DMSO,
600 MHz), i.e., always > 5 T. Ten different cross-relaxation delays (mixing
times) of 0.03, 0.06, 0.09, 0.12, 0.15, 0.2, 0.3, 0.45, 0.7, and 1.0 s were used.

Prior to Fourier transformation, the FIDs were zero-filled once and
multiplied with a 1 Hz exponential line-broadening factor. Spectra were
baseline-corrected with a first-order correction, and integrated using the
same integration limits at all mixing times.

Integrated auto-peaks were fitted to an exponential decaying function, and
normalized cross-relaxation integrals were obtained by division of the
measured integrals by the extrapolated auto-peak value at zero mixing
time. The regression coefficients in the fits were R >0.9993 for the auto-
peaks in D,0, except for the NOE H3g excitation which had R > 0.997. For
the auto-peak curves in D,O/[D4]DMSO R > 0.9996 was obtained.

Cross-relaxation build-up curves were obtained from the normalized
integrals at different mixing times, and the rates were calculated by fitting a
second-order polynomial using mixing times not longer than 450 ms and
300 ms for oxog and orreg in D,0, respectively, and 150 ms for oyor and
orroe 10 D,O/[Dg]DMSO. Mixing times were discarded stepwise, starting
from 1000 ms, until the best value of the regression coefficient was
obtained. The errors in the least-squares fits, expressed using the regression
coefficient, were found to be R >0.994 in all cases, except for the oxog of
Hlg-H2g in D,0, which had R >0.989. For Hlg—H1g? only mixing times
shorter than 100 ms were used in linear fits of peak integrals, owing to a
possible three-spin effect, investigated using the noesim program.? In
these linear fits, R > 0.989 was obtained, except for oyog in D,O/[Ds]DMSO
and oo in D,0, for which R was > 0.975.

Computer simulations: Langevin dynamics (LD) and Metropolis Monte
Carlo (MMC) simulations were performed at 300 K. The PARM 22 (MSI,
San Diego, CA, USA) and CHEATY5 force field parameters imple-
mented in the CHARMMP program were used for the 5ns LD
simulations, using dielectric constants ¢ =1 and ¢ =r (distance dependent)
for the two force fields, respectively. The time step was 1 fs, data were
sampled every 0.1 ps, and the Langevin collision frequency for carbon and
oxygen atoms was 50 ps~—!. MMC simulations,* using the HSEA force
field® %l and the GEGOP program,* were performed with 10° macro
steps, a maximum ¢y and 3y torsion angle change of 20° in each step and a
total acceptance ratio of 37 %. The glycosidic torsion angles are defined as
¢y (HI'-C1'-OX-CX) and yy (C1'-OX-CX-HX), with X as the linkage
position and the atoms of the glucosyl group primed. The torsion angles of
the hydroxymethyl groups are defined as w (O5-C5-C6-06) with an index
where appropriate.

X-ray crystal structure analysis: Single-crystal X-ray diffraction data were
collected with a STOE IPDS diffractometer. The structure was solved by
direct methods with SHELXS 97.57) Most of the non-hydrogen atoms were
located in the initial electron density map and the rest of them in
subsequent difference Fourier maps. All hydrogen atoms were geometri-
cally placed and allowed to ride on the carbon or oxygen atom to which
they were connected. The model was refined by full-matrix least-square
calculations with SHELXL 97.%1 Isotropic displacement parameters were
used for all atoms because of the small amount of significant data. As a
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result of the small crystal size (10 x 10 x 100 pm), most reflections were
weak and the final figure of merit is rather high. A summary of the
crystallographic data is found in Table 4. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-137451. Copies of the data can be obtained
free of charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Table 4. Crystal data and data collection parameters.

formula CyHggOs,

M [gmol~'] 1036.92

space group A2(5)

a[A] 19.69(1)

b [A] 5.11(1)

c[A] 23.80(1)

B I] 102.00(5)

volume [A3] 2344(5)

V4 2

Paea [2cm™] 1469

radiation Moy, (A~0.7107 A)

u [mm™!] 0.130

O [°] 23.92

index ranges —22<h<22; -5<k<5;-26<1<26
measured reflns 7384

unique reflns 3594

observed reflns [1>20(1)] 899

parameters 152

refinement method full-matrix least-square on F2, w=1/0*(F?)
GoF 1.93

wR20 0.1997 (observed data), 0.2603 (all data)

R10 0.1103 (observed data), 0.3788(all data)
final diff Four. map [eA~3]  min: —0.593, max: 0.612

[a] wR2 = (Sw(F2 — F2)/SwF2)'2. [b] R1=X| |F,| - | .| |/Z| F,|.
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