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NMR analysis of carbohydrates with model-free
spectral densities: the dispersion range revisited
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Over the past decade molecular mechanics and molecular dynamics studies have demonstrated considerable flexibility for
carbohydrates. In order to interpret the corresponding NMR parameters, which correspond to a time-averaged or ‘virtual’
conformer, it is necessary to simulate the experimental data using the averaged geometrical representation obtained with
molecular modelling methods. This structural information can be transformed into theoretical NMR data using empirical
Karplus-type equations for the scalar coupling constants and the appropriate formalism for the relaxation parameters. In the
case of relaxation data, the ‘model-free’ spectral densities have been widely used in order to account for the internal
motions in sugars. Several studies have been conducted with truncated model-free spectral densities based on the
assumption that internal motion is very fast with respect to overall tumbling.

In this report we present experimental and theoretical evidence that suggests that this approach is not justified. Indeed,
recent results show that even in the case of moderate-sized carbohydrates internal motions are occurring on the same
timescale as molecular reorientation. Simulations of relaxation parameters (NOESY volumes, proton cross-relaxation rates,
carbon T1 and nOe values) in the dispersion range (0.1 < sc < 5 ns) show that rates of internal motion can be fairly precisely
defined with respect to overall tumbling. Experimental data for a variety of oligosaccharides clearly indicate similar
timescales for internal and overall motion.
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Introduction

Over the past decade the goals in structural determina-
tions of biomolecules have evolved dramatically. In keeping
with the ‘lock and key principle’ [1], efforts were initially
directed towards establishing a single conformation. How-
ever, due to advances in molecular modelling and NMR
spectroscopy it became evident that, in the case of carbohy-
drates (and many other biomolecules) several families of
low-energy conformers often coexist. As a result, conforma-
tional analysis with combined NMR and molecular model-
ling methods leads to an equilibrium ensemble or ‘virtual
structure’.

In parallel, several approaches have been developed for
the detection of internal motion by NMR spectroscopy [2].
This area of research [3] has been stimulated by the convic-
tion that conformational fluctuations are important for
* To whom correspondence should be addressed.
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biological activity. In the case of disaccharides [4], this
hypothesis was formulated 25 years ago and it was shown
that a strong correlation exists between types of glycosidic
linkages (classified according to their flexibility) and biolo-
gical functions. In order to understand the role of internal
motion, the question which must first be addressed is ‘how
to quantify this phenomenon’.

NMR relaxation data are a sensitive probe of fast intra-
molecular processes such as conformational fluctuations.
However, interpretation of the experimental relaxation
rates requires a physical motional model which is incorpor-
ated in the expressions for the spectral densities (equations
3 and 6, vide infra). The model-free approach is widely used
in this connection as internal motion is defined by only two
variables, the order parameter, S2, which describes its spa-
tial restriction or amplitude (S2 is equal to 1 for totally
restricted motion and to 0 for totally unrestricted motion)
and q

%
, which is the corresponding effective correlation time

(equation 7, vide infra). In the case of very rapid intra-
molecular processes where q

%
;q

#
(q

#
, overall tumbling

time), only S2 is accessible from relaxation data whereas in
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the case of conformational fluctuations comparable in rate
with molecular reorientation (1(q

%
/q

#
(10) both para-

meters are relaxation active [5].
Fairly different representations of internal motions of

sugars have been reported based on NMR relaxation data
[6] and/or MD studies [7]. In the present work, simulations
of several types of experimental relaxation parameters with
the model-free spectral densities have been evaluated in an
attempt to obtain a unified description of the internal
dynamics of carbohydrates.

Material and methods

Compounds 1 (galacturonic acid dimer), 2 (b-ethyllacto-
side), 3 (pentassacharide related to inulin) have been
described in previous studies [2g] and the synthesis of
(per-2,3-di-O-benzyl-per-6-O-(2-methoxy)-6-naphthoyl)-b-
cyclodextrin 4 has been reported recently [8], Figure 1.

N.M.R. Spectroscopy

The spectral assignments of compounds 1, 2, and 3 have
been reported and that of 4 will be given in a separate
account. Proton relaxation data were acquired at 400.13
MHz as previously described [9]. NOESY spectra were
acquired with mixing times of 0 and 1 (0.4 for 4) s. The
recycle time was set to 5]¹

1
in order to obtain a symmetri-

cal normalized NOESY volume matrix. Diagonal and
cross-peak intensities were evaluated from the summed
u

1
sub-spectra contributing to a specific signal. 13C ¹

1
measurements were acquired using the inversion-recovery
sequence (180-q-90- FID). Heteronuclear nOes were meas-
ured with the inverse-gated technique. Finally, the DANTE-
Z sequence [10] was used for the selective pulse in the
measurements of selective proton longitudinal relaxation
rates.

Simulations of relaxation data

The following expressions for the model-free spectral densit-
ies were used in order to obtain the plots in Figures 2—7.
100.6 MHz carbon relaxation parameters were simulated
for methane carbons with a carbon-proton bond-length of
1.11 As whereas the 400.13 MHz relaxation data have been
simulated for two spins separated by 2.45 As .
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Figure 1. Schematic drawing of carbohydrates 1–4.
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Figure 2. Plots of 400.13 MHz proton cross-relaxation rates, rk,l , as a function of sc established with the model-free spectral densities. The values of
the angular order parameter, S2

ang , were 0.9 (left) and 0.7 (right) and the values of se were as follows: 1 (dotted), 10 (dashed), 50 (steeple), 100 (solid),
200 (thin dots) and 800 (thin solid) ps. The plot for a rigid molecule is given in bold.

Figure 3. Plots of 400.13 MHz T S
1 /T NS

1 ratios as a function of sc established with the model-free spectra densities. The values of the dynamic
parameters are the same as in Figure 2.
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where the proton spectral density is as follows:
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where K"0.1 c2
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#
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and K@"0.1c4

H
+2.
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Figure 4. Plots of the 100.6 MHz carbon longitudinal relaxation times, T1, as a function of sc established with the model-free spectral densities. The
values of the dynamic parameters are the same as in Figure 2.

Figure 5. Plots of the 100.6 MHZ heteronuclear nOes as a function of sc established with the model-free spectral densities. The values of the dynamic
parameters are the same as in Figure 2.
Results and discussion

A widely-used approach for establishing a physical
motional model consists of least-squares fitting of the relax-
ation data of spins that are separated by a fixed internuclear
distance with the appropriate spectral densities (eg C—H
groups, methylene protons, ortho protons of an aromatic
ring) [11]. These NMR data, which are independent of
molecular geometry, mainly reflect molecular dynamics. On
the basis of multi-field relaxation measurements, it is
possible to evaluate q

#
, S2, and eventually q

%
(when q

%
and

q
#
are occurring on comparable timescales).
We have recently reported a related method [12] wherein
theoretical NOESY volumes are least-squares fitted to all
available experimental NOESY data (both diagonal and
cross-peak volumes). In this protocol, structural groups are
defined (methylene groups, cyclic protons of a common ring
etc), which then share an average value of S2

!/'
and q

%
. The

physical models thus generated are considered to be viable if
they are also able to reproduce the available carbon relax-
ation data.

When this approach was applied to a variety of disac-
charides two distinct types of motional models emerged
[12]. In the first model, A, order parameters were fairly
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Figure 6. Plots of 400.13 MHz proton spectral densities, 6J2(2x) (top) and —1J0(0) bottom), established with the model-free spectral densities. The
contribution of the first term is given in bold and the values of the order parameter, S2, were 0.9 (left) and 0.7 (right). The second term is indicated with
the same key as in Figure 2.

Figure 7. Plots of 100.6 MHz carbon longitudinal relaxation times, T1, established with the model-free spectral densities. The contribution of the first
term is given in bold and the values of the angular order parameter, S2

ang, were 0.9 (left) and 0.7 (right). The second term is indicated with the same key
as in Figure 2.
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high, '0.9 and the effective correlation time for the inter-
nal motion was very fast ((10 ps). In the second model, B,
order parameters were much lower and the internal motion
occurred on a timescale comparable to that of overall
motion (50—200 ps). Truncated model-free spectral densities
(only the first term in equations 3 and 6) would be appropri-
ate for A which corresponds to a fairly rigid molecule
whereas the complete expression would be required for more
flexible structures such as those associated with model B.

In order to visualize the effect of internal motion on
laboratory-frame NMR relaxation parameters, data have
been simulated for two protons separated by 2.45 As
[ie typical vicinal axial/equatorial protons of sugars]
(Figures 2 and 3) and a methane carbon with C—H bond and
length of 1.11 As (Figures 4 and 5). In the following dis-
cussion S2 will be used to designate order parameters but in
the case of homonuclear relaxation data, it is tacitly under-
stood that S2 is to be replaced by S2

!/'
. Parameters have been

plotted as a function of q
#

for an almost rigid model
(S2"0.9, plots on the left) and for a more flexible one
(S2"0.7, plots on the right). Six q

%
values between 1 and 800

picoseconds have been considered (see the key) and for
comparative purposes, the rigid molecule parameters are
given as a function of q

#
in bold on all plots.

Two types of relaxation parameters have been con-
sidered, ones which are a linear function of spectral densit-
ies, P1 (proton cross-relaxation rates, Figure 2, and carbon
longitudinal relaxation rates, Figure 4), and ones which are
a function of the ratios of spectral densities, P2 (proton
¹ S

1
/¹NS

1
ratios where S stands for selective and NS stands

for non-selective, Figure 3, and carbon nOe factors, Figure
5). From Figures 2 and 4, it can be seen that the first
category of relaxation parameters is very sensitive to the
S2 value and as the amplitude of motion increases (ie when
S2 decreases) the influence of the rate of internal motion
becomes important (contribution of the second term of the
spectral densities). In contrast, the second category of relax-
ation parameters, Figures 3 and 5, is fairly insensitive to the
S2 value for very fast internal motion (q

%
(50 ps). However,

in the case of less restricted motion (S2"0.7) which is
occurring at a comparable rate to that of overall tumbling,
a large influence on simulated data is observed (plots on the
right).

Finally, the comparison of q
#
values extracted from these

two types of relaxation data gives an indication of the
amplitude of internal motion. For model A, relaxation para-
meters (P1) which are a linear function of spectral densities
will be approximately equal to the product, S2 · (P1-rigid)
whereas relaxation parameters (P2) which are a function of
the ratio of spectral densities will be equal to (P2-rigid) as, in
this case, in the corresponding expressions (equations 2 or 5)
S2 cancels out. The situation is less straight-forward for
model B but a large discrepancy in the q

#
values extracted

from the two types of relaxation data strongly suggest the
presence of internal dynamics. Such comparisons have been
recommended for the detection of internal motion [2a,g].

Carbon ¹
1

values for compound 1 have been collected in
Table 1. These data are very homogeneous indicating iso-
tropic overall reorientation and either the absence of inter-
nal motion or uniform internal dynamics. The q

#
value for

a rigid molecule (S2"1) is 0.12 ns and, as can be seen in
Figure 4, this value must be increased (0.15—0.18 ns) for
a model with moderate amplitude (S2"0.8) of internal
motion. Comparison of the experimental NOESY data
(bold), Table 2 with those calculated for either a rigid (italics)
or a moderately-flexible (third value; S2"0.8, q

%
"0.14 ns)

model indicates reasonable agreement with the fit being
slightly better for the latter model (see encased values). It is
to be noted that relaxation due to sources other than intra-
molecular dipole-dipole has been ignored and, therefore, the
theoretical volumes should be slightly larger than the ex-
perimental ones. Inspection of the theoretical plots for the
carbon ¹

1
s and proton cross-relaxation rates shows, that

upon simultaneously increasing S2 and decreasing q
#
, one

would undoubtedly obtain a continuum of models between
A and B capable of reproducing a given P1 data set.

The contributions of the first (bold) and second (see key)
terms of the model-free spectral densities to proton cross-
relaxation rates, Figure 6, and to carbon longitudinal
relaxation rates, Figure 7, have been plotted separately as
a function of q

#
for S2 values of 0.9 (left) and 0.7 (right). In the

case of disaccharides, q
#

values are in the 0.1—0.2 ns range.
For the carbon data, in going from model B to model
A (where S2 increases and q

#
decreases), a decrease in the

contribution of the second term of the model-free spectral
densities is compensated by an increase in the first term. For
proton cross-relaxation rates of disaccharides the situation
is more complicated. Here, a decrease in the second term of
6 · J (2u) is offset by an increase in the first term of !1 · J(0)
(which becomes less negative) and an increase in the first
term of 6 · J (2u). It is noteworthy that for an S2 value of 0.7,
the contribution of the second term in Figure 6 is larger
than that of the first term for q

#
values larger than 0.8 ns.

These values of the tumbling time still correspond to fairly
Table 1. 100.6 MHz Carbon longitudinal relaxation times of 1.

Carbon C1@ C2@ C3@ C4@ C5@ C1 C2 C3 C4 C5

T1(s) 0.40 0.39 0.43 0.43 0.41 0.44 0.40 0.45 0.41 0.43
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Table 2. Theoreticala and experimental normalized NOESY volumes (in bold) for compound 1 in D2O at 296 K (400.13MHz
— internal ref.: DMSO).

1H 1@@ 2@@ 3@@ 4@@ 5@@ 1 2 3 4 5

0.416 20.061 20.007 20.002 20.056
1@@ 0.398 [0.051 [0.002 [0.003 [0.055

0.440 [0.062 [0.002 [0.003 [0.059
0.580 [0.008 [0.006 [0.007 [0.008 [0.008 [0.004

2@@ 0.548 [0.013 [0.003 [0.002 [0.002 [0.002 0
0.641 [0.015 [0.003 [0.002 [0.002 [0.002 0

3@@ 0.470 20.045 20.039 20.011
0.470 [0.047 [0.032 [0.005
0.536 [0.053 [0.036 [0.006

4@@ 0.450 20.034 20.005
0.488 [0.044 [0.001
0.561 [0.049 [0.001

0.460 20.019
5@@ 0.452 [0.019

0.512 [0.021

1 0.601 20.056 20.010 20.002
0.593 [0.058 [0.003 [0.005
0.696 [0.006 [0.003 [0.006

2 0.510 20.003 20.007 20.007
0.495 [0.012 [0.002 [0.002
0.564 [0.012 [0.002 [0.002

3 0.450 20.035 20.047
0.458 [0.038 [0.043
0.512 [0.041 [0.048

4 0.290 20.041
0.336 [0.035
0.356 [0.038

0.480
5 0.488

0.552

a Theoretical volumes simulated for the rigid model sc"1.2 10—10s (in Italics), and for flexible model sc"1.8 10~10 s; se"1.44 10~10 s and
S2

ang"0.85–0.89 (normal).
small biomolecules but, of course, J (0) already dominates
proton relaxation.

In the case of compound 1, two arguments in favour of
the B model can be advanced. On the one hand, calculations
of S2 from in vacuo molecular dynamics trajectories lead to
values in the 0.75—0.8 range [12]. On the other hand, a pre-
vious study of the internal dynamics of 1 based on compari-
son of q

#
values simulated for both carbon ¹

1
s and the

proton ¹ S
1
/¹ NS

1
ratios (0.24 ns as compared to 0.33 ns at

10 °C) strongly suggested that the B model was the more
appropriate one [2g].

A similar observation regarding the NMR relaxation
data of sucrose (compound 2) has been made recently [12].
All the experimental data can be reproduced with either
A or B (associated with q

%
values in the 50—100 ps range)
type models as described above. In this work, order para-
meters were calculated from a nanosecond condensed-phase
molecular dynamics trajectory and these theoretical data
were in excellent agreement with a flexible B-type model.
Again, comparison of q

#
values simulated for both carbon

¹ S
1

and the proton ¹ S
1
/¹ NS

1
ratios (0.28 ns as compared to

0.29—0.58 ns at 4 °C) also pointed to a B-type model [2g].
Carbon relaxation data (¹

1
s and nOe factors) for the

pentasaccharide, 3, have been collected in Table 3 (from top
to bottom of Figure 1, the fructofuranose residues of 3 are
referred to as f @@@, f @@, f @ and f ). From Figures 4 and 5 it can be
seen, that for a given overall tumbling time, nOe factors
increase when the rate of motion approaches q

#
. Under these

conditions 1/¹
1

decreases. If one places the centre of
gravity of 3 in the middle of the chain, then the relaxation
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Table 3 100.6MHz Carbon relaxation dataa for compound 3.

Parameter a-Glcp b-Frucf

C1–C5b C6 C1 C3–C5 b C6

f 1.12 0.92 (0.00)d

g 1.26 (0.03) 1.42 f @@c 1.11 0.96 (0.03)e 1.13f

f @#f @@@ 1.04 (0.04)e

f 0.26 0.24 (0.00)d 0.34
NT1 0.29 (0.01) 0.34c f @@c 0.27 0.23 (0.01)e 0.36g

f @#f @@@ 0.28, 0.35 0.27 (0.02)e

a Averaged values for two experiments.
b Averaged values for carbons C1 (C3 for b-Frucf) to C5; standard deviation in brackets.
c f @ and f @@ can be reversed.
d Average deviation(0.005.
e Averaged values for C3 and C4.
f Averaged value for all C6.
g Averaged value for f @, f @@, f @@@.

Table 4. 100.6 MHz Relaxation dataa,b for anomeric carbons of compound 4.

Parameter C1(1) C1(2) C1(3) C1(4) C1(5) C1(6) C1(7) Average
SD

g 0.45 0.50 0.53 0.53 0.53 0.63 0.47 0.07
T1 0.18 0.17 0.17 0.17 0.15 0.17 0.15 0.07

a T1 values are the average of two experiments.
b g values are the average of four experiments.
data can be explained by considering that internal motion
will increase from the centre of gravity outwards. The
experimental values of the nOe factor are effectively higher
for the Glcp (1.26) and f @@@ Fruf rings (1.04) with respect to
the f (0.92) and f @@ (0.96) ones. Similarly, the carbon ¹

1
s are

lowest for the internal rings (0.23 and 0.24 s) with respect to
the outer residues (0.29 and 0.27 s). The spread in nOe
factors strongly suggests that internal motion is occurring
on a similar time-scale to that of molecular reorientation.
However, overall tumbling is tacitly assumed to be isotropic
in the above reasoning and anisotropic overall motion
would be expected to lead to variations in the carbon
¹

1
and nOe values. Insufficient data have been collected to

determine the nature of overall tumbling and the only
argument which supports isotropic tumbling is the fact that
the experimental relaxation data are very homogeneous
within a given ring.

The modified b-cyclodextrin, 4, has a very spherical
shape, Figure 8a,b, and here overall tumbling can be safely
assumed to be isotropic. This carbohydrate exhibits two
stable conformations at room temperature, both a symmet-
rical form (C

7
) with seven equivalent sugar residues and an

asymmetrical form (C
1
) with seven distinct glucose rings. An

appreciable exchange rate is not observed at temperatures
below 100 °C. The conformational analysis of this molecule
will be reported elsewhere and, in the following discussion,
only data for the unsymmetrical conformer are given. The
corresponding carbon relaxation data for the anomeric car-
bons (¹

1
s and nOe factors) have been collected in Table 4.

The average ¹
1

value for all the anomeric carbons (0.16 s,
7 data points) is only slightly lower the average ¹

1
value for

the totality of methine sugar carbons (0.18 s, 35 data points)
and the latter value was used to establish a physical model.
The corresponding 1/¹

1
value is compatible with a fairly

wide spread of q
#
values (0.9 to 1.6 ns) due to the shape of the

plot in Figure 4.
The large variation in nOe factors (0.45—0.63) clearly

implies that the correlation time for internal motion is
comparable to that of tumbling. It is interesting to note that
the longest q

#
value that is compatible with the average nOe

factor value is roughly 0.7 ns and thus no physical motional
model based on very fast internal motion will be compatible
for both sets of carbon data. Indeed, in the case of very rapid
internal motion the nOe factor is insensitive to variations in
S2. Moreover, in order to account for the spread in nOe
factors not only must q

%
be analogous to q

#
but also the

amplitude of internal dynamics must vary considerably.
Preliminary simulations of NOESY volumes (data not
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Figure 8. Optimized conformer of 4 viewed from above (left, the
glucosyl atoms are presented as space-filled models) and from the side.

given) of 4 have narrowed the range of acceptable q
#
values

considerably (0.8—1.0 ns).

Conclusions

Physical motional models have been established for com-
pounds 1–4 from carbon relaxation data. In the case of
disaccharides, two distincts types of models have emerged: an
almost rigid model for which internal motion was considered
to be extremely fast (picosecond timescale) and a more
flexible one for which internal motion was considered to be
slower (0.1—0.8 ns timescale). For larger molecules only the
latter model can explain the experimental data.

In parallel, molecular dynamics calculations of order
parameters of sugar [2f, 12] and the carbohydrate moieties
in nucleic acids [14] have suggested that the second model
is the more appropriate one. Moreover, several groups have
reported correlation times for the internal motion of carbo-
hydrates exocyclic groups [15, 16] and desoxyribose resi-
dues in nucleic acids [17] based on NMR relaxation data
which also corroborate the second model. Finally, the
simulations of relaxation data in the present work, which
are representative of small-to-medium sized molecules, have
shown that, for q

#
values of less than 3 ns, the second term of

the model-free spectral densities can only be neglected for
very restricted internal motion.
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