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Introduction. This communication presents multi-
field, variable-temperature 13C NMR relaxation data of
amylose in dimethyl sulfoxide and inulin in water
solutions in an attempt to describe quantitatively their
dynamics by employing various theoretical time cor-
relation functions (TCF) or dynamic models. The second
goal of this report is the discrimination of the various
models used to describe the dynamics of amylose by
extending the relaxation data set with respect to earlier
relaxation measurements!—3 carried out at one temper-
ature. On the basis of the present relaxation data, a
critical evaluation of the various dynamic models has
been made regarding their ability to describe the chain
segmental motions and internal rotation of the exocyclic
hydroxymethyl groups of the two polysaccharides.

Experimental Section. Samples of potato amylose
from Aldrich (Mw = 8.3 x 105, [5] = 104.7 mL/g), 10%
(w/v) in (CH3)9S0O-dg, and inulin from Sigma (M, = 5.1
x 103, [yl = 17 mL/g), 4% (w/v) in D20, were used in
the present study.

13C relaxation and NOE measurements were con-
ducted with Bruker AC200, AC300, and AM400 spec-
trometers operating at 50.3, 75.4, and 100.5 MHz,
respectively, for carbon-13 under broad-band proton
decoupling. Experimental details for measuring 13C T,
Ts, and NOE are reported elsewhere.l? The sample
temperature was controlled to within £1 °C by means
of precalibrated thermocouples in the probe inserts.

All numerical calculations and fits to experimental
data of amylose and inulin were achieved by using the
Moldyn program* modified to include the aforemen-
tioned models. Details for the optimization procedure
and other aspects of the program as well as details of
fitting procedures to the experimental relaxation data
have been described in refs 1-3.

Results and Discussion. All the unimodal TCF’s
[log(y2),5 diamond-lattice models,%7 and conformational
models?®), as well as those reported in ref 2, which take
explicitly into consideration the helix-like nature of the
amylose in solution, failed to account for the experi-
mental relaxation parameters, NT;, NTs (N being the
number of protons attached to the carbon atom under
consideration), and NOE, at the minimum in the curves
of NT, as a function of temperature for the backbone
carbons of amylose and inulin. However, the bimodal
TCF developed by Dejean de la Batie, Laupretre, and
Monnerie® (DLM) proved to be a reasonable basis for
the interpretation of the relaxation data of the backbone
carbons of amylose and inulin at various temperatures
and magnetic fields. The best fit NT;, NTs, and NOE
data for the C-1 carbon of amylose and the C-3 carbon
of inulin (Figure 1) are shown graphically in Figures 2
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Figure 1. Structures of the principal repeat units of amylose
and inulin,
0.40
b (@)
" .
030 -
. *
¢ A
~ oz20f \A\‘___‘_/
0.10 -
0.00 . . . .
225 252 279 3.06 333 360
1000/T K
020 000/T_ (K™
(<))
L
8
3
015
[
- otof d
EN
005 N
0.00 . : : .
225 252 279 306 333 360
1000/T K™}
3.00
r(c)
2.50 [
}.
§ 2,00 |
b * A ®
10 b ¢
L
i .
100 . . . s
225 252 279 306 333 360
1000/T (<™

Figure 2. Temperature dependence of the experimental and
calculated relaxation data of the the C-1 carbon of amylose at
(@) 50, (a) 75, and (#) 100 MHz: (a) NT4, (b) NT., and (c) NOE
data. Solid curves correspond to the DLM model fitting.

and 3, respectively. It is seen from these plots that good
agreement between experimental and calculated values
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Figure 3. Temperature dependence of the experimental and
calculated relaxation data of the C-3 carbon of amylose at (®)
50, (a) 75, and (¢) 100 MHz: (a) NT; and (b) NOE data. Solid
curves correspond to the DLM model fitting.

is obtained from this model throughout the entire
temperature range studied. In all cases, the percent
difference between the experimental and calculated
values was within the experimental error (£10%) of the
relaxation measurements. Similar good fittings were
obtained for the remaining ring carbons of the two
biopolymers (not shown).

The DLM model? is an effective modification of the
conformational jump model developed by Hall, Webber,
and Helfand® (HWH) by taking into consideration local
anisotropic motion described by a fast libration of the
C—H vectors in addition to segmental motion. The
composite TCF of the DLM model and its Fourier
transform, the spectral density, are given in the original
paper.® In this model, the time scale of chain segmental
motion is set by two parameters, 79 and 71, the correla-
tion times in the HWH model describing single and
cooperative transitions, respectively. The librational
motion of the C—H vector has been described? in terms
of a fast, anisotropic motion occurring with correlation
time 77 inside a cone of half-angle ©, the axis of which
coincides with the rest position of the C—H vector. For
this model, the values of the fitting parameters are
shown in Table 1. The simulated values for the angle
© are 21.5° for the anomeric C-1 carbon and 27°, on the
average, for the remaining ring carbons of amylose. The
different values of © explain the fact that the NT; (and
NTy) values of the C-1 ring carbon are different from
those of the other ring carbons, the latter being similar
within experimental error. This observation supports
earlier conclusions® that these two carbon sites do not
experience the same local dynamics. The smaller ©
value for the anomeric carbon indicates a greater steric
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Table 1. Simulation Parameters of the DLM and
Restricted Diffusion Models Used To Describe the
Backbone Segmental Motion and Internal Rotation of
Amylose and Inulin in Solutions

amylose inulin

T1 Ti T1 Ti
t (°C) (1071%g) (107%s) 4° (107105) (10710s) 4°

25 45.73 0.67 37 17.54 0.42 62
35 13.82 0.34 71
40 39.28 0.54 39

45 10.85 0.28 81
55 7.92 0.25 93
60 24.38 045 46

65 5.91 0.21 107
75 447 0.20 102
80 14.13 0.32 52

85 3.41 0.13 135
100 9.28 0.20 55

120 5.85 0.18 57

10/11 7 2

71/T2 100 90

E, (kJ mol™1) 22 14 25 16

corr coeff 0.99 0.97 0.99 0.98

hindrance to the librational motion of the corresponding
equatorial C—H vector relative to that of the axial
vectors in the remaining ring sites. Shortening the
C-1-0-1 and C-1-0-5 bonds relative to the remaining
C—0 bonds observed in the crystal structure of amy-
losel? and other a-glucopyranosides!! appears to be a
major cause for restricting the amplitude of the local
libration at the anomeric carbon.

The C-3, C-4, and C-5 ring carbons of inulin are
characterized by different NT; values. These differ-
ences, which are well outside the experimental error,
indicate different local dynamics at the three ring
carbon sites as expected from the pseudorotational
concept linked to furanose rings.!2 This is reflected in
the calculated © values for the librational motion of the
corresponding C—H vectors, which are 26, 29, and 33°
for the C-3—H-3, C-4—H-4, and C-5—H-5 vectors, re-
spectively. The trend in the © values, which reflects
the different magnitude of the steric hindrance to the
librational motion on going from the C-3 to C-5 carbon
sites, may be attributed to the relative position of the
three C—H vectors with respect to the backbone chain
of inulin. Experimental!3~15 and theoreticall316 studies
on inulin have shown that the C-4—H-4 and C-5—-H-5
vectors are progressively more remote from the main
chain of inulin than the C-3—H-3 vector, and hence they
experience a lesser steric hindrance from nonbonded
interactions to their librational motion. Another expla-
nation of the observed differentials in the librational
angles of the various ring C~H vectors of inulin could
be the presence of an intramolecular hydrogen-bonding
arrangement within the fructofuranosyl ring of inulin.
It has been found in the solid state!® that a plausible
arrangement could involve intramolecular hydrogen
bonding of OH-3 with the glycosidic linkage oxygen O-1
(strong), OH-3 with OH-4 (weak), and OH-6 with the
ring oxygen O-5 (strong). However in solution, because
of intermolecular association (solute—sclvent) and ring
flexibility, such intramolecular interactions are likely
modified. In particular, the possible rotamer distribu-
tion (gauche—gauche, gauche—trans, and trans—gauche)
around the C-5—C-6 bond could prevent the existence
of the hydrogen bonding between the OH-6 hydroxyl and
the O-5 oxygen. Nevertheless, the possible occurrence
of intramolecular interactions of different intensity
could explain the variation observed in the half-angles
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for the librational motions of the C-3—H-3 and C-4-
H-4 vectors relative to the C-5—H-5 vector.

The 71 values derived from fitting the experimental
relaxation data for the ring carbons of amylose and
inulin (Figures 2 and 3) with the DLM model are
compiled in Table 1. These values when adjusted for
the difference in solvent viscosity, indicate that the
segmental motion of inulin is by a factor 2—3 faster than
that of amylose at all temperatures, except perhaps at
25 °C. From Figure 1, which shows the structures of
amylose and inulin, one may conclude that the —C—
O-CH;—C linkages connecting the inulin rings offer
somewhat greater motional freedom than the simple
C—0-C connecting the amylose rings. Plots of the
logarithms of these values as a function of 1/T (K) show
linear correlations, in the temperature range studied,
yielding apparent activation energies, E,, of 22 kJ mol™!
for amylose in dimethyl sulfoxide and 25 kJ mol~! for
inulin in water solutions. The activation energy, E*,
of the conformational transitions associated with the 7;
correlation time can be estimated from the equation E*
= E, — AH,, assuming that Kramers theory!’ at the
high-friction limit is valid for these polysaccharides. AH,
is the activation energy for the viscous flow and is 13
kJ mol~! for dimethyl sulfoxide and 15 kJ mol~! for
water. This leads to values of barrier heights E* of 9
and 10 kJ mol~! for amylose and inulin, respectively.
These values are similar to those for typical vinyl
polymers, for which activation energies for segmental
motion of about one barrier height have been observed.
Activation energies of about one barrier crossing are
commensurate with a type 2* transition according to
Helfand’s terminology.!®

The ratio 1o/r; appears to decrease from amylose to
inulin (Table 1), indicating that single conformational
transitions associated with damping play a greater role
on going from amylose to inulin biopolymer. Another
interesting observation is the fact that the 7i/75 ratio
decreases from amylose to inulin (Table 1), reflecting a
decrease in the rate of the librational motion of the
backbone C—H vectors from amylose to inulin. This
result is in agreement with the observed best fit half-
angles, ©, of the librational motion, which increases on
the average from 24° for amylose to 29° for inulin. A
smaller half-angle corresponds to a shorter correlation
time for the librational motion.!?

Figure 4 shows plots of logiNT/we) vs loglwcri(T],
reflecting the frequency—temperature superposition of
the NT; data of amylose and inulin collected at different
Larmor frequencies as suggested recently by Guillermo
et al.20 and others.!'®21 Data from three Larmor fre-
quencies superpose very well over the entire tempera-
ture range. The success of such a superposition dem-
onstrates that all motional time constants contributing
to spin relaxation are proportional to 71(7T) and justifies
attempts to fit the data to the TCF of the DLM model,
the shape of which is independent of temperature.

It should be noted that the DLM model was not
successful in reproducing the relaxation data of the
backbone methylene C-1 carbon of inulin, unless the
conic half-angle ® was allowed to be an adjustable
parameter at each temperature. However, as suggested
by Dejean de la Batie et al.? and verified through
Brownian dynamics simulation by Adolf et al.,?? this
librational motion, occurring on the time scale of
picoseconds, arises from motion within dihedral poten-
tial wells, and hence it must be only very weakly
dependent on the environment. Furthermore, this
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Figure 4. Frequency—temperature superposition of the back-
bone NT, data for (a) amylose and (b) inulin.

motion is too rapid to reflect thermally activated pro-
cesses.?! Therefore, © is expected to be independent of
the temperature. This assumption is supported experi-
mentally by the relaxation time ratios, T4(C-i)/T1(C-1)
(i = 3—5), of the C-1 carbon (moderated by two protons)
and the C-3, C-4, and C-5 ring carbons, which are less
than the theoretical value of 2, and they remain es-
sentially constant over the whole temperature range
studied. For instance, the relaxation time ratios at 200
MHz, corresponding to the C-3, C-4, and C-5 ring
carbons, were found to be 1.52 £+ 0.09, 1.65 + 0.07, and
1.82 £ 0.09, respectively. Apparently, internal rotations
about the C—0—C-1-C bonds of the linkage contribute
to the relaxation of the backbone methylene C-1 carbon.

The internal motion of the hydroxymethy! groups of
amylose and inulin about the exocyclic C-5—C-6 bonds
superimposed on segmental motion could not be de-
scribed by assuming free rotation of 360° about this
bond. Composite TCF’s23 based on the HWH model and
the Woessner equations?® for stochastic diffusion and
jump processes did not reproduce the experimental data
for the C-6 carbon of amylose and inulin. This internal
motion is expected to be of restricted amplitude owing
to possible intramolecular and/or intermolecular hydro-
gen bonding, unfavorable nonbonded, and electrostatic
interactions. For this reason, two other TCF’s describ-
ing internal motion of restricted amplitude were used
in the present analysis. The first model, the internal
two-state jump model, developed by London,?? describes
internal jumps between two stable states, A and B, with
lifetimes 74 and tg. This motion of amplitude 2y G.e.,
jumps in between —y and +y), assumed to be indepen-
dent, is superimposed on segmental motion that may
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Figure 5. Temperature dependence of the experimental and calculated relaxation data of the exocyclic C-6 carbons of amylose
and inulin at (@) 50, (a) 75, and (¢) 100 MHz: (a) NT4, (b) NT5, and (c) NOE data for amylose; (d) NT; and (e) NOE data for
inulin. Solid curves correspond to the restricted diffusion model fitting.

be described by the HWH model. The composite TCF
of this model is given explicitly in ref 3. The second
model for the movement of the hydroxymethyl group is
“restricted-amplitude internal diffusion”, i.e., continuous
movement of O-6 between two limiting values of y (2y
is the amplitude of the restricted diffusion about the
C-5—C-6 bond). Restricted diffusion about a single axis
has been solved analytically,?6:27 and the resulting TCF
can be combined with the TCF of the HWH model to
give a new composite TCF,® which incorporates the
correlation time, 7;, associated with internal motion and
the allowed range of motion, 2.

Both models were able to reproduce the NT1 and NOE
experimental data of the C-6 carbons of amylose and
inulin. However, only the diffusion model was success-
ful in reproducing the experimental NT; data of the
hydroxymethyl carbon of amylose. Also, the restricted

diffusion model is favored for two additional reasons.
First, it requires fewer adjustable parameters than the
two-state jump model in order to fit the data, and
second, the fitting by the latter model resulted in
physically unrealistic values of the correlation times,
which did not follow an Arrhenius-type behavior. It
should be noted that the restricted diffusion model
fulfilled the important criterion2® for its application to
the present analysis; i.e., no discrepancy was found
between the calculated relaxation parameters, NT,
NT,, and NOE, corresponding to a full range of motion
(2y = 360°), and the parameters derived by using the
free internal rotation model.

Figure 5 shows plots of experimental data of the C-6
carbons of amylose and inulin and the best fit obtained
by using the restricted diffusion model. Clearly, the
agreement between the experimental and calculated



7966 Communications to the Editor

values is very good. Table 1 summarizes the optimized
parameters of the diffusion model. The correlation
times, 7, corrected for solvent viscosity are not very
different for amylose and inulin. The Arrhenius plots
of the correlation times, 7i, gave comparable apparent
activation energies of 14 and 16 kJ mol~! for inulin and
amylose, respectively. Internal rotations are restricted
in nature characterized by amplitudes between 120 and
270° for inulin and between 80 and 120° for amylose in
the temperature range of 60 and 95 °C for inulin and
amylose, respectively. The smaller range of the ampli-
tude 2y observed in amylose relative to that in inulin
indicates that the internal rotation of the hydroxy-
methyl group in the former polysaccharide is more
restricted than in the latter macromolecule. Moreover,
the range of the amplitude of internal rotation in
amylose is in agreement with the angular range of 120°
separating the gauche—gauche and gauche—trans con-
formations of the hydroxymethyl group about the exo-
cyclic bond observed in the crystal structures of carbo-
hydrates of the gluco configuration.1%!1 One reviewer
raised the interesting question that there might be two
asymptotic values for the amplitude, y, of the restricted
internal rotation in amylose at the low (~40 °C) and
high temperature (~60 °C) regions (Table 1). However,
this is not the case; apart from the propagated experi-
mental error in the calculated y values, which is
estimated to be +£20%, the discrepancy of about 20° in
the y values is overlapped by the experimental distribu-
tion of the angles O-5—C-5—C-6—0-6 (+60 + 30°, or —60
=+ 30°) observed in the crystal structures of glucopyra-
nosides.!01

Conclusion. In summary, the present study at-
tempted to describe the backbone rearrangement and
the motion of the exocyclic hydroxymethyl group of the
linear polysaccharides amylose and inulin in solutions.
The DLM model and the restricted diffusion model
appear to be a reasonable basis for the present analysis
of the relaxation data. Nevertheless, the TCF of the
DLM model does not contain parameters derived di-
rectly from the specific structural details of the two
polysaccharides. What is needed primarily is the
formulation of a TCF that can be accounted for explicitly
by the geometric constraints of a carbohydrate chain in
terms of torsional angles ¢ and v (and o for 1,6-
linkages). The derivation of such a TCF is in progress
in our laboratory.

A further, more rigorous quantitative description of
the carbohydrate chain dynamics could be performed
by employing the orientational TCF for local dynamics
developed recently by Perico and co-workers?® on the
basis of the optimun Rouse—Zimm approximation (ORZ)
to the generalized Langevin diffusion equation in the
full configurational space. This theory, the so-called
ORZ for local dynamics (ORZLD), involves a structural
matrix which contains all the conformational details of
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the polymer system. It can be calculated either from
the full conformational energy map of the chain or from
rotational isomeric state (RIS) models of different
degrees of sophistication (RIS—ORZ hierarchy). Thus,
the ORZLD model provides the actual form of the TCF,
required to interpret the NMR relaxation data, in terms
of the specific geometry of a carbohydrate chain. More-
over, this model describes bond motions in the central
and end positions of the chain and is able to analyze
short-range stiffness for semiflexible polymers.
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