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Abstract: The trisaccharide b-d-Glcp-
(1! 2)-b-d-Glcp-(1! 3)-a-d-Glcp-
OMe has been investigated by molec-
ular dynamics (MD) simulations and
NMR experiments in water. 13C spin-
lattice (T1) and spin ± spin (T2) relaxa-
tion times, together with 1H,13C NOE
data were measured at two magnetic
field strengths (9.4 and 14.1 T) in a
277 K D2O solution. Relaxation data
interpreted by means of the model-free
formalism revealed a rigid (S 2� 0.9)
oligosaccharide tumbling in solution.
1H,1H Cross-relaxation rates were de-
termined at 600 MHz by 1D DPFGSE
NOESY and T-ROESY experiments,
which provided high quality data and
subsequently proton ± proton distances

within the trisaccharide. The presence of
anti conformers at both torsions of a
glycosidic linkage is demonstrated for
the first time. MD simulations were
carried out to facilitate analysis of the
NOE data. In total, 15 simulationsÐ
starting from five different conforma-
tional statesÐwere performed, with
production runs of up to 10 ns, resulting
in 83 ns of oligosaccharide dynamics in
water. anti Conformers were populated
to different degrees in the simulations,
especially at the f2 torsion angle. By

combining the results from the NOE
experiments and the MD simulations,
the anti conformers at the (1! 2)-link-
age were quantified as 7 % anti-f2 and
2 % anti-y2, revealing a highly flexible
trisaccharide in which large conforma-
tional changes occur. From the MD
simulations, interresidue hydrogen
bonding, from HO2'' to O2 or O3, was
significantly populated (�40 %) in both
of the anti conformational states. The
contentious issue over rigidity versus
flexibility in oligosaccharides has thus
been thoroughly examined, showing
that the dynamics should be taken into
account for a relevant description of the
molecular system.
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Introduction

In nature, carbohydrates are commonly found interacting
with different biomolecules, proteins in particular, but also
with other carbohydrate molecules. The carbohydrate por-
tion, being important in biochemical regulation and control, is
often conjugated to lipids or proteins. The structures of
oligosaccharides and polysaccharides are closely related to
their functions and the ability to modify the saccharides by
means of various functional groups or by combinations of
different stereoisomers, as well as positional isomers, makes
the combinatorial coding capacity of saccharides unsur-
passed.[1] Cellular recognition can be mediated by proteins,
known as lectins, which specifically recognize different
carbohydrate structures.[2] The influence of structure on

oligosaccharide conformation, both in solution and when
bound to a protein receptor, is therefore a major topic of
interest.[3, 4] X-ray crystallographic studies are often not
feasible, nor will they necessarily give the same result as in
solution. NMR spectroscopy, then, is the method of choice for
solution studies, combined to varying degrees with molecular
modeling.[5±7]

The original work on oligosaccharide conformation by
Lemieux and co-workers[8±11] laid the foundations for the
understanding of their three dimensional structures. A
simplified molecular mechanics force field, based on the
exo-anomeric effect and modeling the sugar residues as ªhard
spheresº, was also implemented. This is referred to as the
HSEA approach and can be used for rapid determination of
relevant low energy conformations of oligosaccharides. Full
molecular mechanics force fields for carbohydrates have
subsequently been developed for investigation of oligosac-
charide conformations.[12, 13] These force fields are continu-
ously being refined to obtain greater accuracy in reproduction
of structural and energetic trends.[14] Recent modeling studies
on oligosaccharide conformation have focused on the influ-
ence and structure of the surrounding solvent.[15, 16]
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A great deal of work has been dedicated not only to the
pyranose ring flexibility,[17] but also to the flexibility at the
glycosidic linkage.[18] Molecular modeling has been used to try
to assess the flexibility at the glycosidic torsion angles f and
y.[19] As a first approximation of oligosaccharide conforma-
tion, a syn relationship with torsion angles in the vicinity of 08
is a good estimate. More recently, on the basis of NMR
spectroscopic findings, the existence of anti-y[20] and anti-f[21]

conformers (�1808) has been demonstrated. These studies
both employed dimethyl sulfoxide as solvent to facilitate the
detection of anti conformers. An anti-y conformer was shown
to be present in an oligosaccharide bound to an antibody,
albeit not at a glycosidic linkage of the primary recognition
unit.[22] As well as this, a glycosidic linkage constrained to an
anti-y conformer has recently been described.[23]

Experimental NMR data, such as 1H,1H nuclear Over-
hauser effects (NOEs), have been used to infer flexibility at
the glycosidic linkage, since the fit to a conformationally
averaged structure was better than to a single conforma-
tion.[24] More explicit information has been obtained from 13C
magnetic field-dependent relaxation measurements on oligo-
saccharides and interpreted by the model-free formalism of
Lipari and Szabo.[25] The generalized order parameter was
significantly lower than unity, which is indicative of internal
motion,[26, 27] if the molecule tumbles isotropically.[28] Other
ways to investigate oligosaccharide conformation by NMR
spectroscopy are by measurement of long-range trans-glyco-
sidic coupling constants, either 3J(C,H)[29] or 3J(C,C),[30]

related to the torsion angles through the Karplus equations.
More recently, oligosaccharide conformation has been ad-
dressed by analysis of residual dipolar couplings in dilute
liquid crystalline media.[31±33]

The use of a solvent other than water to identify anti
conformers of oligosaccharides in solution is warranted as a
means to obtain knowledge of the carbohydrate conforma-
tion. However, it poses the problem that the conformation
may be induced or stabilized in a manner not possible in
water. In the study identifying an anti-f conformation[21] in
the trisaccharide b-d-Glcp-(1! 2)-b-d-Glcp-(1! 3)-a-d-
Glcp-OMe we used Langevin dynamics[34] (LD) simulations
in order to obtain a trajectory of sufficient duration (50 ns). In
LD, the solvent is modeled by stochastic and dissipative forces
and unless any specific stabilizationÐsuch as intramolecular
hydrogen bondingÐoccurs, this technique may be a good
approximation. However, for xylobiose the vacuum adiabatic
Ramachandran energy map and the free energy map in
aqueous solution were shown to differ significantly, with a
bridging water molecule hydrogen bonding to a hydroxyl
group on each sugar residue.[15]

To remedy the possible deficiencies of the above approach,
we have investigated the trisaccharide b-d-Glcp-(1! 2)-b-d-
Glcp-(1! 3)-a-d-Glcp-OMe (1) by molecular dynamics
(MD) simulations in water and with high quality 1D NOE
and transverse rotating-frame Overhauser effect (T-ROE)
NMR experiments to ascertain whether the anti-f conforma-
tion is present at the (1! 2)-linkage in water solution.
Moreover, the simulations and experimental data facilitate
investigation of the presence of an anti-y conformation at the
same glycosidic linkage. Furthermore, 13C relaxation meas-

urements in water, 1H,1H NOE and T-ROE experiments and
the MD simulations make it possible for us to address the
issue of rigidity versus flexibility in oligosaccharides. We will
show that the apparent inconsistency of the two is a function
of the analysis and the timescale of the processes and that a
unified representation of oligosaccharide conformation and
dynamics can be obtained.

Theory

Relaxation of proton-bearing 13C nuclei is usually dominated
by dipole ± dipole interactions with neighboring protons.
Assuming that chemical shift anisotropy and cross-correlation
effects are negligible, the relaxation parameters for carbons
with directly bonded protons can be calculated from the
spectral density functions, J(w):[35]

T1
ÿ1� 1

4
(DCH)2[J(wHÿwC)� 3J(wC)� 6J(wH�wC)] (1)

T2
ÿ1� 1

8
(DCH)2[4J(0)� J(wHÿwC)� 3J(wC)� 6J(wH)� 6J(wH�wC)] (2)

h� gH

gC

 !
6J�wH � wC� ÿ J�wH ÿ wC�

J�wH ÿ wC� � 3J�wC� � 6J�wH � wC�
(3)

The dipolar coupling constant, DCH� (m0/4p)gCgH�hr ÿ3
CHÐ

where m0 is the permittivity of free space, rCH is the proton ±
carbon internuclear distance, gH and gC are the magnetogyric
ratios for proton and carbon, respectively, and �h is Planck�s
constant divided by 2p. A value of 111.7 pm is used for rCH.[36]

For carbons with two directly bonded protons, the relaxation
rates T1

ÿ1 and T2
ÿ1 can be obtained by multiplying the

calculated rates by a factor of two.
The model-free approach developed by Lipari and Szabo

can be used to interpret the relaxation data in terms of
motional parameters.[25] On the assumption that overall
tumbling is isotropic and that its correlation time, tM, is much
larger than the correlation time for internal reorientation, te,
the reduced spectral density function becomes:

J(w)� 2

5

S 2tM

1� w2t2
M

� �1ÿ S 2�t
1� w2 t2

 !
(4)

where tÿ1� tÿ1
M � tÿ1

e . The spatial restriction of the CH vector
local motion is described by the generalized order parameter,
S 2. If the first term in Equation (4) is much larger than the
second, the equation can be truncated to obtain:

J(w)� 2

5

S 2tM

1� w2t2
M

 !
(5)

For molecules in solution, the proton relaxation is domi-
nated by the dipolar interactions between protons that are
close in space. The strength of these interactions is dependent
on the dipolar coupling constant of the protons (DHH) and
consequently the distance (r) between them. The cross-
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relaxation rate, s, for NOE and ROE can be expressed as
combinations of spectral density functions taken at zero
frequency, the proton Larmor frequency and at twice the
proton Larmor frequency. The nuclear Overhauser effect
(NOE)[37] is measured in the laboratory frame and the cross-
relaxation rate is given by:

sNOE�
1

4
(DHH)2[6J(2w)ÿ J(0)] (6)

The rotating-frame Overhauser effect (ROE)[38] has its
cross-relaxation rate given by:

sROE�
1

4
(DHH)2[2J(0)� 3J(w)] (7)

Using the spin lock conditions devised by Hwang and
Shaka,[39] the multi-pulse or transverse ROE (T-ROE) cross
relaxation rate, sT-ROE, can be calculated as the mean of sNOE

and sROE and is described by:

sT-ROE�
1

8
(DHH)2[6J(2w)� 3J(w)� J(0)] (8)

Although the value of sT-ROE will be smaller than that of
sROE, the T-ROESY pulse sequence has the advantage that it
efficiently suppresses signals arising from TOCSY trans-
fer,[40, 41] a problem encountered with the ordinary ROESY
pulse sequence.

If a reference proton ± proton pair of known separation in
the molecule can be obtained, the isolated spin-pair approx-
imation (ISPA),[42, 43] makes it possible to extract unknown
distances between protons i and j by comparing cross-
relaxation rates according to:

rij� rref (sref/sij)1/6 (9)

If no reference distance is available, or the dynamics for the
reference proton pair differ from the dynamics of the proton
pair for which the distance is sought, the interproton distances
may be calculated using the combinations of spectral density
functions, in the form, for example, of the model-free
approach by Lipari and Szabo.

Results and Discussion

The conformational flexibility and dynamics of the trisac-
charide b-d-Glcp-(1! 2)-b-d-Glcp-(1! 3)-a-d-Glcp-OMe in
water solution have been investigated here by MD simula-
tions and different NMR spectroscopy experiments. A
schematic drawing of 1 is shown in Figure 1. 13C NMR
relaxation experiments in oligosaccharides have been used as
a tool to demonstrate the presence of internal motion.[44]

Measurement of longitudinal (T1) and transverse (T2) relax-
ation times as well as 1H,13C NOE at 277 K and two magnetic
field strengths showed that the trisaccharide was outside the

Figure 1. Schematic representation of the trisaccharide b-d-Glcp-(1! 2)-
b-d-Glcp-(1! 3)-a-d-Glcp-OMe (1) in a syn conformation of the torsion
angles at the glycosidic linkages. Protons for which trans-glycosidic
Overhauser effects were measured are denoted in bold.

extreme narrowing region in which T1=T2 (Table 1). The
central residue shows shorter relaxation times and a lower
heteronuclear NOE. The relaxation data were used to
calculate the model-free parameters S 2 and tM, which are
the generalized order parameterÐa measure of spatial

restriction of motionÐand the correlation time for overall
reorientation, respectively.

The truncated form of the Lipari/Szabo equation, that is
Equation (5), was successfully used, whereas when Equa-
tion (4) was tried the errors in the fitting process became
large. This is consistent with our previous studies; that is, when
the generalized order parameter is high, the short correlation
time cannot be obtained with confidence.[45] These results
show a highly rigid molecule, with S 2� 0.9 for the three
residues and a tM� 0.45 ns. The flexibility of the three
hydroxymethyl groups was restricted, with essentially the
same S2� 0.8 (data not shown). Thus, the 13C relaxation data
shows the trisaccharide to be a highly rigid entity with only
some librational motion. This is illustrated in Figure 2 as an

Figure 2. Overlay plot from MD simulation based on the central residue of
1, showing eight random structures of syn conformation.

Table 1. Averaged relaxation data for ring carbons of each residue in trisaccharide 1
at 277 K and results from two-parameter, least-squares fits of individual sugar
residues.

B0 [T] b-d-Glcp-(1! ! 2)-b-d-Glcp-(1! ! 3)-a-d-Glcp-OMe

9.4 T1 279[a] 238 264
T2 231 217 230
1�h 2.12 1.98 2.04

14.1 T1 344 302 328
1�h 1.77 1.62 1.70
tM [ns] 0.42� 0.02 0.48� 0.03 0.45� 0.02
S 2 0.87� 0.03 0.93� 0.03 0.88� 0.02
Dy[b] 3.8 3.7 3.0

[a] T1 and T2 values are given in ms. [b] Standard deviation of the dependent
variable (%).
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overlay plot generated from the MD simulations (see below)
for the trisaccharide in the syn conformational state. The
extraction of motional properties in 1 also served a second
purpose, to facilitate the determination of proton ± proton
distances from 1H,1H cross-relaxation rates as described
below.

The MD simulations were started from five different
conformations: one all syn and four anti, in which one of the
torsions was changed. These are denoted syn (simulation I),
anti-f2 (II), anti-y2 (III), anti-f3 (IV), and anti-y3 (V). From
the syn conformation, nine simulations were started with
different initial velocities. Additional runs were also per-
formed for simulations II and III. The combination of differ-
ent starting conformers and initial velocities was used to
facilitate varied sampling of the conformational space. In
total, 15 simulations were carried out, with production runs of
1.5 to 10.0 ns, resulting in 83 ns of oligosaccharide simulation
in water, summarized in Table 2.

On the timescale of these simulationsÐthat is, several nsÐ
the torsions of the (1! 2)-linkage have not converged
whereas those relating to the (1! 3)-linkage have. The
conformational space sampled is demonstrated by scatter
plots from simulation Ie (Figure 3). We note that the
flexibility during the 7 ns simulation is significantly greater
at the (1! 2)-linkage than at the (1! 3)-linkage. Trajectory
analysis of simulation I g (Figure 4) reveals that an anti-f2

conformation is visited several times during the 10 ns time-
span. An anti-f3 conformation is also populated in this
trajectory, but to a lesser degree. anti-y Torsions are visited
once at each glycosidic linkage. Analysis of all simulations
shows that, of the folded conformations, the anti-f2 confor-
mation is the most pronounced and that the other anti
conformations may be populated transiently. Simulation V
showed hy3i� 1558. However, it was started in the anti-y3

conformation, which lasted for �1.4 ns when a transition to a
syn conformation took place. After that, the simulation was
not continued any further. Like the previous LD simulations,
the current MD simulations in water also particularly support

Figure 3. Scatter plots from MD simulation Ie, showing the conforma-
tional regions sampled by the glycosidic linkages in the trisaccharide (top:
(1! 2)-linkage; bottom: (1! 3)-linkage).

an anti-f2 conformation. To investigate the presence of the
anti conformers revealed above, we performed additional
NMR experiments.

1H,1H Cross-relaxation rates, sNOE and sT-ROE, were ob-
tained in water for trisaccharide 1, using 1D DPFGSE
NOESY and T-ROESY experiments. Selective excitations of
anomeric proton signals were performed (Figure 5) and a
series of different mixing times were used in order to obtain
NOE and T-ROE build-up curves (Figure 6). From the initial
slope of the build-up curves, it was possible to derive the cross-
relaxation rates (Table 3). The motional properties of 1
determined above (Table 1) were used together with the
appropriate 1H,1H cross-relaxation rates and Equations (5)
and (6) or Equations (5) and (8) to calculate proton ± proton
distances.[46] These results are also given in Table 3. The
consistency of proton ± proton distances obtained from NOE
and T-ROE experiments is excellent, the distance between
H1'' and H2', for example, is 2.30 � as calculated from both
experiments. The trans-glycosidic distances differ somewhat,
with H1' ± H3 being shorter than H1'' ± H2'. For comparison
and a further measure of the quality of the data, a reference
distanceÐnamely, H1' ± H3' (well resolved for integration)Ð
was chosen and determined as 2.50 � by simulation. The
direct determinations described above (2.48 and 2.55 �) are
in very good agreement with this distance. Using Equation (9)
(ISPA), proton ± proton distances were calculated (Table 3).
In particular, the agreement of the former analysis with that
when a reference distance is assumed is very good.

We have previously analyzed oligosaccharide conformation
by comparing experimental NOE build-up curves to those
obtained by MD simulation by a full relaxation matrix
approach.[47] In that analysis, an effective reorientational
correlation time was required as input. Another approach
would be to calculate spectral density functions from MD

Table 2. Glycosidic torsion angle averages and root-mean-square (rms)
fluctuations from the simulations of 1.

Simulation Time [ns] hf2i [8] hy2i [8] hf3i [8] hy3i [8]

Ia 4.0 19 (29) 67 (40) 100 (52) 15 (22)
Ib 7.5 103 (50) 10 (29) 61 (25) 6 (26)
Ic 10.0 102 (57) 17 (28) 72 (39) 9 (27)
Id 4.5 86 (50) 165 (172) 57 (15) 1 (24)
Ie 7.0 77 (49) ÿ 3 (39) 57 (14) 5 (25)
I f 6.5 126 (51) 2 (48) 55 (14) 0 (25)
Ig 10.0 94 (59) 96 (147) 65 (36) 32 (83)
Ih 3.5 53 (36) ÿ 125 (87) 53 (13) 6 (22)
I i 4.5 107 (56) 13 (28) 57 (14) 1 (25)
II a 2.5 94 (61) ÿ 45 (85) 53 (15) 1 (25)
II b 3.5 123 (48) 24 (23) 59 (17) 4 (28)
III a 5.5 84 (55) 4 (41) 67 (34) 5 (26)
III b 4.0 89 (52) ÿ 27 (78) 54 (14) 3 (26)
IV 8.5 154 (25) 16 (14) 53 (14) ÿ 5 (23)
V 1.5 46 (28) 0 (20) 41 (16) 155 (39)
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Figure 4. MD trajectories of torsion angles and selected proton ± proton
distances in 1 from simulation Ig.

simulation and subsequently for NMR parameters to be
compared with those obtained from measurements.[48] How-
ever, the issue in this investigation is that of oligosaccharide

Figure 5. 1H NMR spectrum of 1 in D2O at 277 K a). Selective excitation of
H1'', showing the 1D 1H,1H T-ROESY b) and NOESY c) spectra with a
mixing time of 600 ms. Pertinent protons are annotated.

Figure 6. 1H,1H Cross-relaxation build-up curves obtained by selective
excitation of anomeric protons of b-linked residues in 1. T-ROESY data
denoted by open symbols and NOESY data by filled symbols. The
Overhauser effects were observed for H1' ± H3 (circles), H1'' ± H2'
(triangles), and H1' ± H3' (squares).

rigidity versus flexibility. We therefore chose to compare
proton ± proton distances averaged as hrÿ6iÿ1/6[49] in different
conformational states from the MD simulation. Thus, the
librational motion in each conformational state is then taken
into account in the analysis.

The proton ± proton distances in three conformational
states and two full MD simulations, averaged as hrÿ6iÿ1/6, are
reported in Table 4. In the syn state (Figure 7, part a) H1' ±
H3<H1'' ± H2'. The distances are somewhat longer than
those determined experimentally, most probably due to larger
librational motions in the syn state, revealing that further
force field development is needed for an even better agree-
ment. From the two 10 ns simulations I c and Ig, distances are
quite well converged. The distance between H2'' and H2'
(Figure 4 and Table 4) is sensitive to the anti-f2 conformation
(Figure 7, part b).

The H2'' resonance (most upfield in the 1H NMR spectrum)
was therefore selectively excited and a T-ROE build-up curve
generated (Figure 8). The resulting experimentally deter-
mined H2'' ± H2' distance was 3.41 � (Table 3), significantly
shorter than in the all syn conformational state (4.12 �), but

Table 3. Cross-relaxation rates, sNOE and sT-ROE, for the trisaccharide in water at
277 K. Interproton distances r calculated using tM and S2 from the 13C relaxation
measurements (model-free approach) and the isolated spin-pair approximation
(ISPA).

Proton pair Model-free approach ISPA
Excited Detected sNOE [sÿ1] sT-ROE [sÿ1] rNOE [�] rT-ROE [�] rNOE [�] rT-ROE [�]

H1'' H2' ÿ 0.078 0.169 2.30 2.30 2.42 2.28
H1' H3 ÿ 0.124 0.275 2.06 2.12 2.24 2.11
H2'' H2' 0.016 3.41 3.38
H1'' H3' ÿ 0.009 0.012 3.30 3.58 3.48 3.55
H1' H1'' 0.010 3.69 3.66
H1' H3' ÿ 0.064 0.098 2.48 2.55 2.50[a] 2.50[a]

[a] Reference distance from MD simulation.
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Figure 7. Snapshots from MD simulations of 1, showing for the torsion
angles at the (1! 2)-linkage: a syn conformer a), an anti-f2 conformer b),
and an anti-y2 conformer c). Protons essential for the characterization of
each conformational state are annotated.

longer than in the anti-f2 conformational state (2.34 �). The
simulation and experimental data may be used in a two-state
analysis:

(1ÿ x)hrÿ6
syni� (x) hrÿ6

antii� rÿ6
exp (10)

where x is the fraction that populates the anti state. This
reveals the presence of �7 % anti-f2 conformation. The MD
simulations, however, overestimate the population of the anti-
f2 conformation at this torsion angle but do correctly predict
its presence. Using ab initio molecular orbital calculations in
the conformational analysis of equatorial 2-methoxytetrahy-
dropyran, Tvaroska and Carver showed that the relative

Figure 8. 1H,1H Cross-relaxation build-up curves from T-ROESY experi-
ment of 1 obtained by selective excitation of H2'' (diamonds) and H1'
(triangles), showing NOE to H2' and H1'', respectively.

energy difference between a syn conformer in the ªexo-
anomeric effect conformationº and an anti-f conformation is
�3 kcal molÿ1.[50] They also compared the relative energies as
calculated by different molecular mechanics methods and
found for the CHARMM force field that the syn conformer,
as anticipated, was more stable than the anti-f conformer,
although the energetic difference was lower (�1 kcal molÿ1).
It is therefore not surprising that the force field in use here
overestimates the anti-f2 conformation. However, the fine
tuning of the potentials is a delicate matter. We have observed
excellent agreement between simulation and experiment
using this CHARMM force field,[51] as well as differences
when other recent force fields (GLYCAM and OPLS) were
employed.[16] Our results show that the anti-f2 conformation
of 1 previously shown to exist in dimethyl sulfoxide[21] is also
present in water solution.

In the NOE and T-ROE spectra, an Overhauser effect
between H1'' to H1' was observed (Figure 5); this should be
the product of an anti-y2 conformation (Figure 7, partc), seen
transiently in the MD simulations. Such an anti conformation
should also show an NOE from H1'' to H3', which should be
measurable by T-ROE as well as by NOE build-up curves. For
H1'' ± H3', a distance of 3.30 ± 3.58 � was determined (Ta-
ble 3). However, this is only marginally shorter than in the all
syn conformation. Moreover, it is not exclusively sensitive to
an anti-y2 conformation (Figure 4), since y2� 408 also
produces a distance of �3.2 �. Instead, the cross-relaxation
rate for the H1' ± H1'' pair (Figure 8), which is sensitive to this
state (Figure 4), was obtained, giving a distance of 3.69 �. In
comparison, the anti-y2 conformation from the MD simula-
tion showed a distance of 2.21 �. The syn conformation
averaged 4.03 � for the H1' ± H1'' pair. By the same token as
for the anti-f2 conformation [Eq. (10)], the anti-y2 confor-
mation could be quantified as �2 %. Thus, the presence of
both an anti-f2 conformation and of an anti-y2 conformation
could be both shown and quantified in water solution for the
(1! 2)-linkage of 1, revealing a highly flexible oligosacchar-
ide (cf. Figure 7). Normalized populations of the three
conformational states for this linkage are: syn 91 %, anti-
7 % and anti-y2 2 %. For the (1! 3)-linkage, the above
analysis was not possible, due to severe spectral overlap in the

Table 4. Interproton distances r [�] in the trisaccharide, extracted from
the simulations and averaged according to r�hrÿ6iÿ1/6.

Proton pair syn[a] anti-f2
[b] anti-y2

[c] I c Ig

H1'' ± H2' 2.47 3.42 3.61 2.76 2.62
H1' ± H3 2.40 2.31 2.32 2.45 2.44
H2'' ± H2' 4.12 2.34 4.48 2.64 2.70
H1'' ± H3' 3.57 4.04 2.53 3.59 3.63
H1'' ± H1' 4.03 4.51 2.21 4.39 4.00

[a] Simulation III a: 3.5 ± 5.5 ns. [b] Simulation IV: 0 ± 8.5 ns. [c] Simulation
Ih: 0.3 ± 2.5 ns.
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1H NMR spectrum. However, the combined results from
these MD simulations, the shorter H1' ± H3 distance from
NMR experiments and the previously determined trans-
glycosidic 3J(C,H) values[21] all indicate that the contribution
from anti conformers at this linkage is small, and in particular
that anti-f3 is less populated than anti-f2.

Solvent interactions can be investigated by use of an atomic
radial distribution function (RDF). This is given by gnm(r),
where the first index n refers to a solute atom and the second
index m refers to a solvent atom.[52] These were analyzed for 1
in water solution. We focused on the difference between the
syn conformation and the anti-f2 and anti-y2 conformations.
The RDF gHO(r) for solute-hydrogen to solvent-oxygen was
particularly informative. In the anti-f2 conformation, gHO(r)
around O2'' showed a significantly reduced probability (Fig-
ure 9, part a). For O2, this was not as marked and hydrogen

Figure 9. Radial distribution functions of 1 from MD simulation. a) anti-f2

conformation with gHO(r) around O2'' (solid line) and O2 (dashed line);
b) anti-y2 conformation with gHO(r) around O2'' (solid line) and O2
(dashed line).

bonding of HO2 to solvent water does take place to a large
extent. A striking similarity is seen for the same gHO(r) in the
anti-y2 conformation (Figure 9, part b). Interresidue intra-
molecular hydrogen bonding in 1 was then monitored in the
simulations. Specifically, HO2'' makes intramolecular hydro-
gen bonds to O2 (anti-f2) or to O2 and O3 (anti-y2)�40 % of
the time when in an anti conformational state (Table 5). Other
hydrogen bonds such as O3' ± HO6'' and O5'' ± HO3' were
only present in the anti conformers of the (1! 2)-linkage. In
contrast, an O4 ± HO6' hydrogen bond between the (1! 3)-
linked residues was present in the three conformational states
described above.

The issue of whether oligosaccharides should be regarded
as rigid or flexible has been hotly debated during the last
decade, especially as a result of the introduction of molecular
dynamics simulation techniques in the field of carbohydrate

chemistry.[19] The topic had already been addressed earlier,
when disparate views existed.[53, 54] Subsequently, a number of
reports from different laboratories investigating the flexibility
of oligosaccharides have been published. Usually, NMR
spectroscopy has been used to obtain experimental data for
comparison to simulation results,[55±67] but optical rotation
data[68, 69] have also been employed. This study shows that it is
more appropriate to discuss the degree of flexibility of an
oligosaccharide and reveals the necessity of defining the
timescale being considered. What looks like a discrepancy in
describing oligosaccharide 1 as both rigid and highly flexible is
readily explained by taking the appropriate timescales into
account. Furthermore, the quantification of the populations of
different conformational states as described here affords
possibilities for addressing force field development in future
studies, since the molecular system has been shown to exhibit
complex although not intractable behavior.

Conclusion

This study has addressed the controversy over rigidity or
flexibility in oligosaccharides. We have shown by 13C NMR
relaxation measurements that oligosaccharides can display a
quite rigid and distinct conformation over a shorter timescale:
<tM in this case. At the same time, a high degree of flexibility
of the oligosaccharide over a longer timescaleÐ> tMÐis
evident. The significant flexibility of the trisaccharide was
shown to exist at its (1! 2)-linkage and quantification of the
anti-f2 and anti-y2 conformations revealed populations of 7
and 2 %, respectively. Thus, there is no inconsistency in
describing oligosaccharides as being rigid or highly flexible.
Rather, it is a question of dynamics. The results should
therefore broaden our view of how oligosaccharides may
interact in biological systems and highlights the importance of
investigation of flexibility and dynamics in carbohydrate ±
protein interactions.

Experimental Section

General : The synthesis of the trisaccharide b-d-Glcp-(1! 2)-b-d-Glcp-
(1! 3)-a-d-Glcp-OMe (1) has been described previously,[70] together with
1H and 13C NMR assignments of most resonances in D2O. Atoms in the
terminal glucosyl residue are denoted by a double prime, in the middle
residue they are labeled by a prime, and in the O-methyl residue the atoms
are unprimed. The torsion angles at a glycosidic linkage are denoted by
fX�H1ÿC1ÿOXÿCX and yX�C1ÿOXÿCXÿHX, where X is the linkage
atom.

Table 5. Population of selected hydrogen bonds (%) in different con-
formational states of 1 from MD simulations.

Atom pair syn anti-f2 anti-y2

O2 ± HO2'' ± 40 30
O3 ± HO2'' ± 1 14
O3' ± HO6'' ± 34 41
O5'' ± HO3' ± 9 9
O4 ± HO6' 48 33 48
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NMR spectroscopy: The trisaccharide was treated with CHELEX 100 in
order to remove any paramagnetic ions. The sample was freeze-dried and
dissolved in 0.7 mL D2O to give a total concentration of 50 mm, transferred
to a 5 mm NMR tube, and flame-sealed under vacuum after degassing by
three freeze ± pump ± thaw cycles. All NMR experiments were performed
at 277 K, permitting measurements outside the extreme narrowing region.
The assignments of the C6 signals were accomplished with the aid of a
gHSQC-TOCSY experiment,[71] with a mixing time of 20 ms.
13C T1 and 1H,13C NOE experiments were performed at two magnetic field
strengths, 9.4 and 14.1 T, using Varian Inova spectrometers. 13C T2

experiments were performed at the lower magnetic field strength. All 13C
resonances were well resolved at the higher field strength, while a slight
overlap was found at 9.4 T. The relaxation data for the ring carbons were
averaged over each residue, using the concept of dynamic equivalence,[72]

while the methylene carbons were treated separately. The spectral window
covered �60 ppm and the number of data points was 16k. All experiments
were carried out 2 ± 3 times, independently of each other. Standard pulsed
proton broad-band decoupling techniques were used, with the decoupling
power attenuated in order to avoid sample heating. A deuterium lock was
used for the field/frequency stabilization.
13C T1 measurements were performed by inversion-recovery experiments,
using three-parameter non-linear fits of line intensities. Ten different
relaxation delay times (10 ms to �2 T1) were used, and the pre-scan delay
was >5 T1. 13C T2 values were measured using a modification of the CPMG
pulse sequence, with a proton p pulse of 26 ms, placed at even echoes in
order to minimize cross-correlation effects.[73, 74] The carbon p pulse was
13 ms. Ten different relaxation delays were used, the CPMG delay was set to
0.25 ms, and the pre-scan delay was >10 T1. Heteronuclear 1H,13C NOEs
were measured with the dynamic NOE technique.[75] The experiments were
performed with one short (1 ms) and one long (2.0 s) irradiation period,
and a pre-scan delay of>10 T1. The NOEs (1�h) were calculated by taking
the ratio of the intensity at the long irradiation period to that of the short
one. The errors of the averaged relaxation parameters are estimated to be
<1 % in T1 and 1�h and �5% in T2 .

The magnetic field-dependent T1
ÿ1, T2

ÿ1, and 1�h values for each residue
were least-squares fitted simultaneously, using the program GENLSS[76]

running on an SGI workstation, resulting in the model-free parameters S2

and tM. Sums of squares of relative (rather than absolute) errors were
minimized, allowing the measured parameters (T1

ÿ1, T2
ÿ1, and 1�h) to be

treated in a balanced way.

Proton ± proton cross-relaxation rates (sNOE and sT-ROE) were measured at
600 MHz using one-dimensional DPFGSE NOESY[77, 78] and DPFGSE
T-ROESY[79] experiments, respectively. Selective excitations at the anome-
ric protons and H2'' were enabled using a 20 Hz broad i-Snob-2 shaped
pulse[80] of 85 ms duration. The gradient durations in the initial DPFGSE
part were 1 ms and the strength 0.7 and 2.2 Gcmÿ1, respectively. In the
following NOESY part of the pulse sequence, four gradients of 1 ms
duration were performed in pairs with strengths 1.5 and 1.1 G cmÿ1,
respectively, with a 2 ms hyperbolic secant inversion pulse[81] inserted
between the gradients in each pair. All other pulses were hard and of short
duration, <8 ms for a 908 pulse. For the T-ROE experiment, the DPFGSE
part was followed by a T-ROESY spin lock with gB1/2p� 3.0 kHz.

Spectra were recorded using a width of 1250 Hz and 8k complex data
points. For each mixing time, 384 transients were used and the total
relaxation delay between the transients was 13.3 s, which corresponds to
>5 T1. Ten different 1H,1H cross-relaxation delays (mixing times) between
30 and 800 ms were used. Prior to Fourier transformation, the FIDs were
zero-filled to 32k datapoints and multiplied with a 2 Hz exponential line-
broadening factor. Spectra were phased, drift corrected, and baseline
corrected using a first-order correction, and integrated using the same
integration limits at all mixing times.

Integrated auto-peaks were fitted to an exponentially decaying function,
and normalized integrals of cross-relaxation peaks were obtained by
division of the measured integrals by the extrapolated auto-peak value at
zero mixing time. The regression coefficient in the fits was R >0.997 for all
autopeaks. Cross-relaxation build-up curves were obtained from the
normalized integrals at different mixing times and the rates were calculated
by fitting to a second-order polynomial. The least-square fits, expressed
using the regression coefficient, showed R> 0.991 in all cases. Any
contribution from ªthree-spinº effects on NOE build-up curves was

negligible as determined by simulation using a multi-spin relaxation matrix
analysis.[47]

Computer simulations : The molecular mechanics program CHARMM[82]

(parallel version, C25b2) was used for all simulations with the force field
PARM22 (Molecular Simulations Inc., San Diego, CA (USA)), which is
similar to the carbohydrate force field developed by Ha et al.[83] Initial
conditions for simulation of 1 were produced by placing the trisaccharide in
a previously equilibrated cubic water box of length 29.972 � containing 900
TIP3 water molecules, and removing those waters that were closer than
2.5 � to any solute atom. This procedure resulted in a system with the
trisaccharide and 855� 2 water molecules, which was energy minimized
using steepest descent, 200 steps, followed by adopted basis Newton ±
Raphson until the root-mean-square gradient was less than
0.01 kcal molÿ1 �ÿ1. Velocities were initialized at 100 K, followed by
heating at 5 K increments over 8 ps to 300 K, at which the systems were
equilibrated for 200 ps. Constant temperature simulations were then
performed using Berendsen�s weak-coupling algorithm.[84] Minimum image
boundary conditions were used with a heuristic non-bond frequency update
and force shift cutoff[85] acting to 12 �, using a dielectric constant of unity.
SHAKE,[86] with a tolerance gradient of 10ÿ4, was used to restrain
hydrogen-heavy atom bond stretch; the time step was accordingly set to
2 fs. Data were saved every 0.2 ps for analysis. Five different starting
conformations were used: namely I (f2� 608, y2� 08, f3� 608, y3� 08), II
(f2� 1808, y2� 08, f3� 608, y3� 08), III (f2� 608, y2� 1808, f3� 608, y3�
08), IV (f2� 608, y2� 08, f3� 1808, y3� 08), and V (f2� 608, y2� 08, f3�
608, y3� 1808). Several simulations were carried out with different initial
velocities. The geometric criteria for hydrogen bonding were set to an
oxygen-hydrogen distance <2.5 � and a donor-hydrogen acceptor angle
V> 135 8. Simulations were performed on an IBM SP2 computer at the
Center for Parallel Computers, KTH, Stockholm, using 16 nodes resulting
in a CPU time of approximately 20 h per 1 ns.
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