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a b s t r a c t

Multiple-magnetic field (9.4, 14.1 and 21.1 T) measurements of 13C spin–lattice and spin–spin relaxation
rates, the heteronuclear Overhauser enhancement and cross-correlated relaxation rates (CCRRs) in the
methylene groups are reported for c-cyclodextrin in water/dimethylsulfoxide solution at 323 and
343 K. The CCRRs are obtained from differences in the initial relaxation rates of the components of the
CH2 triplet in the 13C spectra. The relaxation data are analyzed using the Lipari–Szabo approach and a
novel modification of the two-site jump model. According to the latter model, inclusion of the dipolar
(CH,CH

0
) cross-correlated longitudinal and transverse relaxation is important for estimating the rate of

the conformational jumps in the hydroxymethyl group. Using the dynamic information from the jump
model, we have also used the differences in the initial relaxation rates for the triplet components to esti-
mate the anisotropy of the chemical shielding tensor.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

In liquid state NMR, cross-correlated spin relaxation or relaxa-
tion interference phenomena can provide valuable information
about molecular structure and dynamics. These effects have been
known for long time [1–4] and are experimentally often observed
as differential line widths or line intensities in J-coupled multiplets
in NMR spectra. The cross-correlated relaxation phenomena arise
through correlated fluctuations of different interactions and can
be described in terms of polarization or coherence transfers [5–
9]. Not least, these phenomena have during recent decades found
important applications in NMR studies of the dynamics and struc-
ture of proteins and other biological molecules [10–12]. One of the
groupings of interest are methylene groups, 13CH2, commonly
studied in uniformly 13C-labeled proteins [6,13–20].

In a recent communication, we described a simple experimental
methodology for studies of cross-correlated relaxation, suitable for
methylene groups in smaller molecules and possible to use at nat-
ural abundance [21]. We have also applied these methods on some
reasonably rigid molecules and investigated the consistency of the
cross-correlated relaxation data with conventional heteronuclear
relaxation properties (spin–lattice and spin–spin relaxation rates,
nuclear Overhauser enhancement) for different molecules. The
conventional relaxation data can also be referred to as auto-corre-
lated relaxation parameters. Here, we turn our interest towards
carbohydrates and their internal dynamics. Application of cross-
correlated relaxation rates brings an additional tool for the struc-
ture determination and dynamical studies of carbohydrates. It ap-
ll rights reserved.
pears especially suitable for studies of local conformational
dynamics in oligosaccharides. We use here c-cyclodextrin (c-CD)
as a model system (Scheme 1). c-CD is a cyclic oligomer consisting
of eight glucose residues which form a shallow truncated molecu-
lar cone of almost perfectly symmetrical structure [22].

The dynamics of cyclodextrins has earlier been studied by
Kowalewski and Widmalm [23], using conventional 13C relaxation
parameters at several magnetic fields. In this study, we combine
the conventional 13C relaxation data with the longitudinal and
transverse cross-correlated relaxation rates (CCRRs) and explore
the possibilities that these extended experimental data sets offer
in order to obtain a better understanding of important local confor-
mational dynamics. This additional dynamics of exocyclic methy-
lene group has been mentioned by McCain and Markley [24]. We
studied previously the conformational dynamics of hydroxymethyl
group, using cross-correlated relaxation rates, in a monosaccharide
methyl-b-D-glucopyranoside [25] using a somewhat different
experimental approach.

Interpretation of relaxation data, both conventional and CCRRs,
requires appropriate dynamic models [26–29]. The task of inter-
preting relaxation data is reasonably simple for molecules which
can be considered as rigid bodies undergoing rotational diffusion
in small steps [21]. The presence of large-amplitude internal mo-
tions complicates the situation very significantly. In many cases,
one chooses to use a simple model combining isotropic global
reorientation by rotational diffusion with rapid and anisotropic lo-
cal motions, developed independently by several groups [30–33]
and widely known as the Lipari–Szabo model-free approach. In
the investigation of methyl-b-D-glucopyranoside [25], we have
used a ‘‘hybrid” model, where the Lipari–Szabo model was used
for auto-correlated relaxation processes, while the cross-correlated

mailto:jk@physc.su.se
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


C5
O

H

O

HO

C6

OH

OH

OH

8

Scheme 1.

2 L. Ghalebani et al. / Journal of Magnetic Resonance 195 (2008) 1–8
relaxation data were described by a jump model. In this study, we
present a modified dynamic model which seems to function in a
more consistent way.

The present article is organized in the following manner. Sec-
tion 2 covers a brief theory. Section 3 deals with the experiments
and explains how various relaxation parameters are obtained. In
section 4, the experimental auto- and cross-correlated relaxation
parameters are interpreted according to different motional models
and the results are discussed.

2. Theory

The carbon-13 relaxation in methylene group (AMX or AX2 spin
system) is usually dominated by the pairwise dipole–dipole inter-
action between the carbon nucleus and the two protons. At high
magnetic fields, the chemical shielding anisotropy (CSA) can also
act as a source of relaxation, in particular for the cross-correlated
relaxation rates.

The longitudinal relaxation in a multiple-spin system is conve-
niently described in terms of magnetization modes, m, and the
relaxation superoperator, C [7,34]:

dm ðtÞ=dt ¼ �CDm ð1Þ

where Dm indicates deviation of the expectation values from equi-
librium. The expanded form of Eq. (1) and a similar equation of mo-
tion related to transverse relaxation were provided in our previous
article [21].

Under certain conditions, the relaxation equations can be sim-
plified. The ‘‘standard” relaxation parameters, T�1

1 , T�1
2 and NOE

factor (1 + g) can then be expressed as [29]:

T�1
1DD ¼ ðnH=4Þ JCH xH � xCð Þ þ 3 JCHðxCÞ þ 6JCHðxH þ xCÞf g

ð2Þ
T�1

2DD ¼ T�1
1qDD ¼ nH=8ð Þf4JCHð0Þ þ JCH xH � xCð Þ þ 3JCH xCð Þ

þ 6JCH xHð Þ þ 6JCH xH þ xCð Þg
ð3Þ

g ¼ cH=cCð Þ 6JCH xH þ xCð Þ � JCH xH � xCð Þ
JCH xH � xCð Þ þ 3JCH xCð Þ þ 6JCH xH þ xCð Þ ð4Þ

where nH is the number of protons directly bonded to the carbon
(nH = 2 for a methylene group), and JCH(x) is the carbon–proton
dipolar auto-correlation spectral density function, evaluated at
combinations of carbon-13 and proton Larmor frequencies. Other
mechanisms than dipole–dipole (DD) interaction are neglected in
the case of auto-correlated relaxation (vide infra).

The transfer of longitudinal carbon-Zeeman order into the
three-spin order and the corresponding transfer under carbon-
spin-lock conditions are described by two cross-correlated dipolar
relaxation rates. These two types of CCRRs are related to dynamic
parameters via spectral densities according to [5,14,29,35]:

Clong
ab ¼ 2JabðxCÞ ð5Þ

Cspin-lock
ab ¼ 4

3
Jabðx1Þ þ JabðxCÞ �

4
3

Jabð0Þ þ JabðxCÞ ð6Þ
where x1 is the strength of the spin-lock field, expressed in the
angular frequency units. This quantity is much smaller than the Lar-
mor frequencies, which motivates the approximate equality in the
last part of Eq. (6). Following Daragan [36], we consider the motion
of two vectors a and b, which can be defined as unit vectors directed
along the CH bond in the case of dipolar relaxation. In the case of
transfer between the Zeeman order and the longitudinal two-spin
order (and corresponding processes under spin-lock conditions),
we encounter dipolar-CSA cross-correlated relaxation rates. These
involve analogous expressions with one of the vectors directed
along the principal axis of the CSA tensor, assumed to be of axial
symmetry. When a – b, JabðxÞ ¼ JCH;CH0 ðxÞ or JCH,C(x) represent
cross-correlated spectral density for interference between the two
dipolar interactions and a dipolar interaction and CSA, respectively.

The next issue to consider is the form of the spectral densities.
This depends on the model we choose. The simplest model treats
c-CD as a rigid spherical molecule reorienting isotropically in its
environment by small-step rotational diffusion. In this simple ap-
proach, called the spherical top model, we have only one dynami-
cal parameter (one rotational correlation time sM) and the spectral
densities have the following form: [21,29,37].

JaðxÞ ¼ ð2=5ÞnDD2
CH

sM

1 þ x2s2
M

ð7Þ

JabðxÞ ¼ ð3=10ÞnDD
CHnDD

CH0 ð1=2Þ 3 cos2 Hab � 1
� � sM

1 þ x2s2
M

� �
ð8Þ

where nDD
IS ¼ l0

4p

� � cIcS�h
r3

IS

� �
is the dipolar coupling constant (DCC), l0 is

the permeability of a vacuum, ⁄ is the Planck’s constant, sM is the
unique rotational correlation time, rIS is the distance between two
spins and Hab denotes the angle between the principal axes of
the two interactions (here, HCH, CH0 is the angle between the two
dipolar vectors CH and CH0). Given the cylindrical (rather than
spherical) symmetry of the molecule, it might be more appropriate
to treat c-CD as a symmetric top. However, inspection of the relax-
ation data in the previous carbon-13 relaxation study of cyclodex-
trins from our laboratory does not motivate this complication [23].

A rigid molecule treatment of carbohydrates is in general not a
good approximation, as some internal motions influence both the
endocyclic carbons of methine groups and the exocyclic carbons
of the methylene groups. In earlier work on carbohydrates from
our laboratory, we have commonly used the Lipari–Szabo model
free approach [32,33] for analyzing the data for both the CH and
CH2 groups [25,38,39]. The spectral density function is obtained
by considering two types of motions, a rapid local motion and a
slower global motion. The auto- and cross-correlated spectral den-
sity functions in this model are [40]:

JaðxÞ ¼ ð2=5ÞnDD2
CH

S2
CHsM

1 þ x2s2
M

þ
1 � S2

CH

� �
s

1 þ x2s2

0
@

1
A ð9Þ

JabðxÞ ¼ ð3=10ÞnDD
CHnDD

CH0 ð1=2Þ 3 cos2 Hab � 1
� �

� SCHSCH0sM

1 þ x2s2
M

þ 1 � SCHSCH0ð Þs
1 þ x2s2

� �
ð10Þ

Here, the overall reorientation of the molecule is described by a glo-
bal correlation time, sM, and the local fast motion is characterized
by a local correlation time se and auto- and cross-correlation order
parameter S2

CH and SCHSCH0 , which reflects the spatial restriction of
the local motion. The symbol s is related to the correlation times
by: s�1 ¼ s�1

M þ s�1
e .

If the generalized order parameter is high, the global correlation
time is not too long and the local correlation time is short, then the
second term in the parentheses in Eqs. (9) and (10) can be ne-
glected. We then talk about the truncated Lipari–Szabo model.
The truncated Lipari–Szabo model is fully equivalent to the ‘‘rigid
body with DCC scaling” approach, where one uses Eqs. (7) and
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(8) but allows the DCC to attain a reduced value. The spherical top
model with scaling of the DCC (or of the effective carbon-proton
distance) has been applied in a study of hexamethylene tetramine
(HMTA) [37]. The scaled distance came out somewhat longer than
the equilibrium bond length, which was possible to explain in
terms of vibrational averaging effects. This approach to dipolar
relaxation has also been found useful by other authors [21,24].

Another dynamic model of interest in the present work de-
scribes a specific motional process in terms of random jumps. This
model allows a simple description of local conformational changes,
an important issue in structural and dynamical NMR studies of c-
cyclodextrin where we deal with the conformational dynamics of
the hydroxymethyl group (the x-torsion). One of the goals of the
present paper is to investigate in which way the cross-correlated
relaxation measurements can provide new information on that to-
pic. The three different staggered conformations of the cyclodex-
trin are illustrated in Fig. 1.

One can in principle consider the conformational exchange pro-
cess as a three-site or a two-site jump. Using earlier evidence
[25,41,42], the two-site jump seems to be a better choice. The
use of jump models to probe the local dynamic and conformational
motion in methylene groups has been discussed by Ernst and Ernst
and by Daragan et al. [14,36]. Considering an internal motion and
an overall isotropic rotation, the spectral densities for the two-site
jump model take the form:

JabðxÞ ¼ Cnanb

X
m

aab
m JmðxÞ ð11Þ

JmðxÞ ¼ 1 � 4Pð1 � PÞ sin2ðmcjÞ
h i

sM= 1 þ sMxð Þ2
� �

þ 4Pð1 � PÞ sin2ðmcjÞs0= 1 þ s0xð Þ2
� �

ð12Þ

The constant C is equal to (2/5) for auto and (3/10) for cross-corre-
lated spectral densities, ni is the relevant interaction strength, the
symbol s0 represents s0�1 ¼ s�1

M þ s�1
j , where sM is the global cor-

relation time, sj is the jump correlation time (inverse jump rate)
[36], P is the population of one of the rotamers, cj is the jump
half-angle (the jump occurs between + cj and �cj) and the coeffi-
cients aab

m , with m = 0,1,2, can be expressed as follows:

aab
0 ¼ P2ðcos haÞP2ðcos hbÞ

aab
1 ¼ 3 cos ha cos hb sin ha sin hb cosð/a � /bÞ

aab
2 ¼ ð3=4Þ sin2 ha sin2 hb cosð2/a � 2/bÞ

ð13Þ

P2(x) = 1/2(3x2 � 1) is the second order Legendre polynomial. The
angles ha and hb are the polar angles (angles which vectors a and
b make with the jump axis) and (/a � /b) is the angle between
the projections of the principal axes of the two interactions on
the plane perpendicular to the jump axis (C5–C6 bond in the case
of c-CD). We can take advantage of the following property of coef-
ficients aab

m to determine Hab for comparison with other models:

aab
0 þ aab

1 þ aab
2 ¼ P2ðcos HabÞ ð14Þ

The angles ha and hb should not be confused with the Hab angle be-
tween the two principal axes, introduced in Eq. (8).

In both the Lipari–Szabo and the two-site jump models, one
considers two types of motion. We propose here a generalization
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Fig. 1. Rotamers in cyclodextrins around the C5–C6 axis.
of the two-site jump model, which in a simplified way includes
three types of motion: the global reorientation, the conformational
two-site jumps of the hydroxymethyl group and a rapid local mo-
tion averaging down (scaling down) the dipole–dipole interaction.
The three motions are assumed to be statistically independent. The
rapid local motion refers to vibrations/librations and is assumed to
follow the same assumptions as those leading to the truncated
Lipari–Szabo model or to the spherical rigid rotor with DCC scaling.
The interesting conformational exchange process is treated explic-
itly as a jump process, which can in principle occur on the time
scale similar to that of the overall reorientation. This model yields
the spectral density expressions in Eqs. ((11)–(14)), but now allow-
ing the dipolar coupling constants to be reduced in magnitude by
the rapid local motions.

It is worthwhile to mention here that, in addition to the primary
13C spin relaxation mechanism (the dipole interaction with its
bonded proton), the influence of CSA on spin dynamics cannot be
neglected at high magnetic fields, especially in the case of cross-
correlated relaxation rates. For the DD/CSA cross-correlated inter-
action, the second interfering mechanism is CSA and the cross-cor-
related spectral density in Eq. (13) takes the following form:

JabðxÞ ¼ �ð4=5ÞnDD
CHnCSA

C

X
m

aab
m JmðxÞ ð15Þ

All parameters have the same definition as in Eqs. ((11)–(14)), the
only difference is replacing one dipolar coupling constant by the
CSA interaction strength. The symbol Hab denotes here the angle
between the CH dipole and the principal axes of CSA tensor for
the DD/CSA cross-correlated relaxation. The coefficient
nCSA

C ¼ xCDr is the CSA interaction strength. We shall come back
to the definition of Dr later in the discussion section.

3. Experimental

NMR experiments were performed on a sample of 77 mM solu-
tion of c-cyclodextrin in a 7:3 molar ratio mixture of D2O and
DMSO-d6. The solvents D2O and DMSO-d6, obtained from Cam-
bridge Isotope Laboratories, Inc., and c-cyclodextrin provided by
Fluka, were used without further purification. The solution was
transferred to a 5-mm and a 10-mm NMR tube and sealed under
vacuum after removing the dissolved gas using repeatedly ultra-
sonic bath and mild evacuation. The 10-mm tube sample was used
for CCRR measurements at 9.4 and 14.1 T, while the conventional
relaxation experiments at these fields and all measurements at
21.1 Tesla were performed on the 5-mm sample.

The experiments were carried out at two temperatures, 50 and
70 �C, and three magnetic fields. Experiments at 9.4 T were per-
formed on a Bruker Avance 400 spectrometer, equipped with
broadband (BBO) 5-mm and 10-mm probeheads. A Varian Inova
600 spectrometer equipped with a 5-mm HCX and a 10-mm broad-
band probehead was used to carry out experiments at 14.1 Tesla.
Measurements at 21.1 Tesla were performed on a Bruker Avance
900 instrument, equipped with a TCI cryoprobe. The sample tem-
perature was calibrated carefully using methanol or ethylene gly-
col chemical shift thermometers [43], while the temperature was
regulated by means of the standard variable temperature control-
lers provided by the instrument manufacturers.

The carbon-13 spin-lattice relaxation time (T1) was measured
under proton decoupling, using the inversion-recovery method
with 10–12 different delays. The spin-lattice relaxation time in
the rotating frame (T1q) was measured with the spin-lock field
strength of 3.7 kHz at the two lower fields, while 1 kHz was em-
ployed at 21.1 Tesla. In all cases, the carbon carrier frequency
was set close to resonance. We have taken advantage of the fact
that, in the absence of chemical exchange on the microsecond
timescale, T1q is equivalent to T2 [44,45]. The nuclear Overhauser
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enhancements (NOE) were determined using the dynamic NOE
(DNOE) technique described previously [21,46]. The recycle delay
of about five times the longest T1 was used in the inversion-recov-
ery and spin-lock experiments, while it was about 10T1 in the NOE
experiments. Broadband proton decoupling during acquisition was
performed using the Waltz-16 scheme, with a typical decoupler
90� pulse duration of about 100 ls. The line broadening of 3–
5 Hz was applied before evaluating line intensities. The three-
parameter and the two-parameter exponential fitting routines pro-
vided by the instrument manufacturers were used for evaluating
the spin-lattice relaxation rate and T1q respectively. The carbon-
13 90� pulse duration was about 7 ls (5 mm probe) and about
15 ls (10 mm probe) at 9.4 Tesla; the corresponding values were
13 and 15 ls at 14.1 T, while the carbon-13 90� pulse duration
on the TCI probe at 21.1 T was about 12 ls. The spectral width
was typically around 60 ppm; the acquisition time was 1.2 s and
the number of transients 128–512 at the two lower fields. At
21.1 T, the acquisition time was 0.2 s and the number of scan
was 32–64. The accuracy of the T1, T1q and NOE data is estimated
to be better than 3, 5 and 5%, respectively. All the experiments
were repeated at least twice and average values are reported.

The nuclear spin relaxation rates associated with cross-corre-
lated dipole–dipole interactions were measured using the simple
method explained in our previous article [21]. For the longitudinal
case, we used the simple carbon-13 inversion-recovery experiment
without proton decoupling [6,14,16,47–49]. For the CCRR experi-
ments, a 10 Hz line broadening was used. Selected traces from pro-
ton-coupled inversion recovery experiment on c-CD are
demonstrated in Fig. 2. It is obvious from the spectra that the three
lines relax with different rates. As noted previously, the dipolar
cross-correlation spectral densities can be derived from standard
proton-coupled 13C inversion-recovery NMR relaxation experi-
ments [7,16,36] by measuring initial relaxation rates for the inner
(Wi) and outer (Wo, average value for left and right) lines of the
methylene group triplet as defined by following equation:
Fig. 2. Selected traces from the proton coupled 13C inversion- recovery experiment
on c-CD.
CDD=DD
CH; CH0 ¼ ð1=2ÞðWo � W iÞ

where Wo ¼ ð1=2ÞðWL
o þ WR

oÞ
ð16Þ

Relaxation delays were chosen from some ms to about half T1. In
addition, one long delay was included to provide a reference spec-
trum. The number of transient was about 2000 (at 9.4 and 14.1 T),
while 512 scans were sufficient in order to provide excellent sig-
nal-to-noise ratio using the cryo-probe at 21.1 T. Other experimen-
tal parameters were the same as in the proton-decoupled T1

measurements.
Fig. 3 shows selected traces from proton coupled spin-lock

experiment on c-CD. In analogy with the case of the longitudinal
relaxation, the transverse relaxation was studied by simple spin-
lock experiments in the presence of spin–spin couplings. After an
initial 90� carbon-13 pulse, the transmitter phase was switched
by 90� and a long, weak (cB1/2p � 3 kHz at the lower two fields,
�1 kHz at 21.1 Tesla) carbon-13 pulse of variable length, s, fol-
lowed. During the s delay, the transverse cross-correlated relaxa-
tion process transferred some of the transverse magnetization
into the double antiphase term. Subsequent detection of the FID
and the Fourier transformation resulted in spectra displaying s –
dependent multiplet asymmetries.

As it is obvious from the spectra in Figs. 2 and 3, also the two
outer lines relax at different rates: the right outer line relaxes fas-
ter than the left one. The cross-correlation between the carbon-
hydrogen dipolar interaction and the carbon CSA tensor is respon-
sible for this difference [36]. The longitudinal and transverse DD/
CSA cross-correlated rate constants were determined from the
same proton-coupled carbon-13 inversion-recovery and spin lock
experiments, using the difference between the initial relaxation
rates of two outer lines of the 13C multiplet and employing the fol-
lowing equation [15,16,36]:

CDD=CSA
CH; C ¼ ð1=2ÞðWL

o � WR
oÞ ð17Þ

All the least-squares fits were performed using MATLAB routines
written in-house.
Fig. 3. Selected traces from the proton coupled 13C spin-lock experiment on c-CD.



Table 3
Least-squares fitting of conventional relaxation data for methine and methylene
groups

Methine Methylene

Temperature (K) 323 343 323 343

(a) Isotropic reorientation with DCC scaling
sM(ns) 1.61(0.1) 0.87(0.07) 1.27(0.04) 0.73(0.10)
rCH(pm) 112.4(0.6) 113(0.5) 116(0.3) 117(1)
SD 4.4 3.1 5.3 2.4

(b) Lipari–Szabo model free approach
sM(ns) 1.69(0.08) 0.91(0.09) 1.32 (0.08) 0.78(0.09)
se(ps) 30(29) 7(44) 11(17) 9(22)
S2 0.84(0.02) 0.78(0.05) 0.70(0.03) 0.62(0.05)
SD 7.6 5.5 7.9 4.6

Standard deviation (SD) is in percent.
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4. Results and discussion

The measurements for hydroxymethyl group as well as for the
ring methine carbons were carried out at three fields (9.4, 14.1
and 21.1 T) and two temperatures (323 and 343 K). The elevated
temperatures were chosen in order to limit the width of the reso-
nance lines. The experimental ‘‘conventional” relaxation parame-
ters for the methine carbons are listed in Table 1.

The small NOE (1 + g less than 3) and unequal (and field-depen-
dent) T�1

1 and T�1
2 demonstrate that the measurements are outside

the extreme narrowing regime for c-CD at both temperatures,
which is reasonable given the size of an eight residue sugar and
the use of a relatively viscous solvent mixture. The frequency-
dependent relaxation data can thus be interpreted quantitatively
by employing Eqs. (2)–(4), together with an appropriate dynamic
model. Table 2 summarizes the conventional 13C relaxation param-
eters (T�1

1 , T�1
2 , NOE) and the cross-correlated relaxation rates,

Clong
CH; CH0 ; Cspin�lock

CH; CH0 ;C
long
CH; C and Cspin�lock

CH; C for the methylene carbon.
To characterize the solution state dynamics of c-CD, the exper-

imental data for methine carbons were first fitted using the spher-
ical top model with adjustable DCC, equivalent to the truncated
Lipari–Szabo approach. All ring carbons were considered as
dynamically equivalent [23]. The results from these least-square
fittings are collected in Table 3 (fit a). Uncertainties estimated by
a Monte Carlo procedure are represented by the numbers in paren-
theses. Reasonable overall correlation times of 1.6 ns (at 323 K)
and 0.9 ns (at 343 K) and a CH distance of 113 pm were obtained.
This sM was also used as an initial point for fitting the methylene
group data using the two-site jump model. We shall come back
to this point later.

The Lipari–Szabo approach was also applied to the conventional
methine carbon relaxation data to obtain the overall correlation
time sM, the order parameter S2 and the fast local internal correla-
tion time se (fitting results in Table 3 (b). A dipolar coupling con-
stant of 22.8 kHz corresponding to a fixed CH distance
(rCH = 1.098 Å) was used. The value of sM equal to 1.7 ns obtained
from Lipari–Szabo approach and 1.6 ns from isotropic model with
DCC scaling at 323 K are in good agreement with each other and
seems to be reasonable in comparison to the 1.23 ns at 322 K ob-
tained in Kowalewski and Widmalm [23], by taking into account
the higher concentration of c-CD in the present work. The order
Table 1
Relaxation parameters for ring carbons in c-cyclodextrin, all rates are in s�1

Magnetic field (T) 9.4 14.1 21.1

Temperature (K) 323 343 323 343 323 343
T�1

1 4.68 4.76 2.91 3.29 1.72 2.17
T�1

2 8.97 6.50 7.87 5.03 - -
1 + g 1.35 1.49 1.31 1.41 1.26 1.28

Table 2
Relaxation parameters for methylene group carbons in c-cyclodextrin, all rates are in
s�1

Magnetic field (T) 9.4 14.1 21.1

Temperature (K) 323 343 323 343 323 343
T�1

1 8.10 7.46 5.33 5.44 3.18 3.65
T�1

2 13.33 9.33 11.76 7.68 9.02 6.46
1 + g 1.43 1.63 1.33 1.51 1.25 1.33
Clong

CH; CH0 �1.98 �1.58 �1.27 �1.19 �0.72 �0.83

Cspin-lock
CH; CH0 �3.55 �2.16 �3.34 �1.87 �2.79 �1.71

Clong
CH; C �0.72 �0.64 �0.74 �0.71 �0.65 �0.75

Cspin-lock
CH; C �1.47 �0.71 �2.38 �0.85 �2.74 �1.63
parameter S2 = 0.82 ± 0.04 at 323 K for the ring carbons is also close
to the previously reported value S2 = 0.81 ± 0.01at 322 K. Table 3
includes also the results from similar fitting procedures for the
methylene group. Both kinds of fitting yield here a shorter overall
correlation time than for the methine moieties, which again is in
agreement with earlier work [23]. In addition, the Lipari–Szabo fit-
ting gives a smaller order parameter, while the isotropic reorienta-
tion model results in a longer effective CH distance (or in a lower
dipolar coupling constant, nDD

IS ). The CH distance obtained in this
case is even longer than the effective internuclear distance for
the methylene groups in HMTA molecule (rCH = 114.2 pm) [37].
The overall correlation times determined by both models are in
agreement within the range of error. The temperature dependence
of sM and se is in all cases reasonable, both correlation times de-
crease with increasing temperature. However, the uncertainties
in se are large in all cases, as usually observed [25,39].

The emphasis in the present work is on the use of the dipolar
CCRR data, along with the conventional relaxation parameters. In
the first step of the analysis, we have thus investigated the effects
of including the dipolar CCRRs in the above-mentioned fitting pro-
cedures for the methylene group. We used the Lipari–Szabo model
and optimized simultaneously four parameters: sM, S2, se and
HCHCH0 . We performed also a three parameter (sM, HCHCH0 and rCH)
fitting, while using the isotropic reorientation with DCC scaling
model. The results from these least-squares fittings are gathered
in Table 4 (fit a and b). The correlation times and order-parameters
agree with the results from the fitting without CCRRs (fit a and b
for the methylene group in Table 3), in most cases within the range
of Monte Carlo errors, demonstrating the consistency of the con-
ventional relaxation data and the CCRRs. An additional structural
parameter, HCHCH0 , the angle between the two dipolar interactions,
was also determined. The angle HCHCH0 of about 115� deviates
somewhat from the tetrahedral angle, 109.5�, which may indicate
the effect of internal motion. The analysis of the CCRRs in the
Table 4
Results of least-squares fitting for the methylene group, including the dipolar CCRRs,
we assume that for auto-relaxation S2

CH ¼ SCHSCH0

(a) Lipari–Szabo model free approach

T (K) sM (ns) se (ps) SCHSCH0 HCHCH0 SD

323 1.42(0.04) 14(13) 0.69(0.02) 115(0.3) 6.2
343 0.82(0.04) 16(19) 0.64(0.04) 115(0.4) 5.0

(b) Isotropic reorientation with DCC scaling

T(K) sM (ns) rCH (pm) — HCHCH0 SD

323 1.37(0.06) 116(0.3) — 116(0.5) 5.9
343 0.78(0.03) 117(0.5) — 115(0.2) 2.8

HCHCH0 is in degrees, SD in percent.
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CH2 groups in HMTA led also to the angle between the principal
axes of the two interactions somewhat larger than the tetrahedral
angle [21,37].

Next, we report the fittings (including and excluding the dipolar
CCRRs) to what we believe is a more realistic model, including two-
site jumps and the DCC scaling, Eqs. ((11)–(14)). As noted in the the-
ory section, this model may be expected suitable for investigating
the conformational motion of the hydroxymethyl group. Some
more parameters enter the model, and all of them are not fully inde-
pendent of each other in the statistical sense. Therefore, we use
throughout fixed values of the polar angles ha and hb, set to the tet-
rahedral values, 70.5�. Even with these assumptions, performing
simultaneous fitting of all the remaining parameters is not without
problems. We have therefore decided to perform the analysis in
steps. The fitting strategy was very similar for the data including
and excluding the CCRRs. First, we have assumed an ‘‘ideal” two-
site jump angle cj = 60� and used the overall correlation time sM

from the isotropic rotor with DCC scaling fitting for the methine
carbons. The fitted values of the inverse jump rate, sj, the effective
CH distance, rCH, and the population P are shown in Table 5, entries
a (without CCRRs) and b (with CCRRs). For the case when the CCRRs
were included, the fitting also yielded (/a � /b). For given values of
ha,hb, and (/a � /b), the angle between the two dipolar interactions
HCHCH0 can be obtained from Eq. (14). We list this latter angle in Ta-
ble 5, in order to facilitate comparison with Table 4.

Using these values as a starting point, we then applied a step-
by-step adjustment of one of the parameters (cj, sM) at a time, to-
gether with sj, rCH and P (as well as (/a � /b) if the CCRRs were in-
cluded). Table 5 contains the result obtained in this procedure.
Indices ‘‘c” and ‘‘e” refer to a set of parameters resulting from only
the conventional relaxation data and the parameter set denoted by
index ‘‘d” and ‘‘f” correspond to the relaxation data set including
the DD/DD CCRRs. Finally, we have also fitted all parameters in
the Table, indices ‘‘g” and ‘‘h”.

The first observation we make has to do with the structural
parameters, rCH and HCHCH0 . These seem to be rather stable
throughout Table 5. Looking then at the fits with the overall rota-
tional correlation times fixed at the values from the methine car-
bons (fits a–d), we find that they work moderately well. The
most interesting parameter of the model, the inverse jump rate
for the hydroxymethyl group, is estimated to fall in the sub-nano-
second range, somewhat shorter than the estimates based on ultra-
sonic relaxation studies of monosaccharides [50,51]. Including the
CCRRs in the fit (cases b and d) results, at both temperatures, in
Table 5
Least-square fitting for the methylene group using the two-site jump model

T (K)/fit sM (ns) sj (ns) cj

323a 1.61 0.91(0.16) 60
323b 1.61 0.64(0.13) 60
323c 1.61 0.91(0.16) 24(1)
323d 1.61 0.66(0.14) 23(15)
323e 2.41(0.30) 1.24(0.15) 60
323f 1.44(0.06) 0.33(0.15) 60
323g 2.38(0.32) 1.24(0.17) 48(2.4)
323h 1.45(0.06) 0.38(0.18) 17(12)
343a 0.87 0.92(0.68) 60
343b 0.87 0.40(0.22) 60
343c 0.87 0.81(0.57) 35(4)
343d 0.87 0.42(0.25) 21(16)
343e 0.81(0.09) 0.22(0.28) 60
343f 0.80(0.03) 0.14(0.09) 60
343g 0.81(0.11) 0.21(0.27) 69(11)
343h 0.80(0.03) 0.15(0.08) 16(11)

(a) sM from methine carbons, jump angle 60�, only conventional relaxation data. (b) sM f
carbons, only conventional relaxation data. (d) sM from methine carbons, the CCRR data
the CCRR data included. (g) All parameters adjusted, only conventional relaxation data.
Angles are in degrees, SD in percent.
somewhat smaller values of sj. Allowing for adjustment of the
jump angle (compare pairwise a and c or b and d) seems to have
a very small effect on the jump rates (again at both temperatures),
it appears that the variations in the jump angle and the popula-
tions compensate each other.

The fits e � h are interesting. The quality of these fits, expressed
as the standard deviations of the dependent variable (last column
of the table), is generally better than for the a–d fits. In particular
the data at 343 K yields quite small standard deviations. For the
343 K data, allowing adjustment of the overall rotational correla-
tion time leads to stable results for sM, reduced by about 10% com-
pared to the methine carbon values, which is gratifying. The fitted
sj values depend on whether the CCRRs are included or not, but not
on whether the jump angle is fixed or not. In a sense, this again is
encouraging, as it is consistent with our earlier monosaccharide
study [25], where we observed that the CCRRs seemed to be a sen-
sitive measure of the jump processes in a hydroxymethylene moi-
ety. It is also worth pointing out that the uncertainties in the fitted
sj, from the Monte Carlo analysis, are very large if the CCRRs are
omitted and attain more acceptable (though still large) values
when the CCRRs are included. For the 323 K data, allowing adjust-
ment of the overall rotational correlation time leads to quite differ-
ent results for sM (as well as for sj), depending on whether the
CCRRs are included or not. On the other hand, locking the jump an-
gle or treating it as an adjustable parameter (compare pairwise fits
323e and g, 323f and h) does not seem to be important in that case
either. The jump times obtained at both temperatures in fits f or h
are significantly shorter than the values proposed based on ultra-
sonic relaxation in monosaccharides. On the other hand, according
to the preliminary analysis of trajectories from a 30 ns classical MD
simulation for a-cyclodextrin (CSFF force field) in SPCE water, the
jump rate might be as high as about 15 ns�1 (Arnold Maliniak
and Kevin Naidoo, private communication).

At both temperatures, we can notice that the most advanced fits
h produce unrealistically small jump angles. Fits f, with the jump
angle locked at 60�, produce on the other hand a rather unbalanced
distribution of populations between the two sites, but this is per-
haps easier to accept on physical grounds (we note that a 20:1 pop-
ulation ratio corresponds, according to the Boltzmann distribution,
to an energy difference of about 8 kJ mol�1). Pursuing the energet-
ics discussion further and assuming that the rates corresponding to
the fits f and h at the two temperatures are correct, we can esti-
mate the activation energy of about 40 kJ mol�1 for the jump pro-
cess; none of these two energy values seems unreasonable. Thus,
HCHCH0 rCH (pm) P SD

— 115.6(0.2) 0.15(0.01) 4.8
110.0(0.5) 115.4(0.2) 0.11(0.01) 7.0
— 114.6(1.5) 0.37(0.08) 4.2
110.2(0.6) 115.4(0.2) 0.50(0.03) 6.8
— 115.8(0.2) 0.50(0.14) 4.5
110.2(0.5) 115.3(0.3) 0.06(0.02) 7.4
— 115.8(0.2) 0.50(0.15) 4.4
110.2(0.6) 115.2(0.6) 0.51(0.06) 6.3
— 116.5(0.4) 0.17(0.10) 5.5
109.8(1.4) 116.2(0.9) 0.06(0.02) 5.9
— 116.3(1.3) 0.18(0.09) 6.0
109.9(0.6) 116.3 (0.4) 0.50(0.08) 5.2
— 113.1(6.4) 0.15 (0.18) 2.1
109.4(2.6) 115.2(2.0) 0.07(0.04) 2.8
— 112.9(6.9) 0.20(0.20) 4.2
109.5(3.0) 115.5(1.7) 0.50(0.11) 2.0

rom methine carbons, jump angle 60�, the CCRR data included. (c) sM from methine
included. (e) Jump angle 60�, only conventional relaxation data. (f) Jump angle 60�,
(h) All parameters adjusted, the CCRR data included.
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the tentative conclusion based on Table 5 is that we find the fit f
probably most trustworthy. The calculated field-dependences of
all the relaxation rates, using the parameters of the fits f in Table
5 are shown, together with the experimental data, in Fig. 4.

Additional two relaxation observables, the longitudinal and
transverse dipolar-CSA CCRRs, CDD=CSA

CH; C , were determined from the
coupled inversion-recovery and spin-lock experiments as ex-
plained in experimental section. They are shown as Clong

CH; C and
Cspin�lock

CH; C , respectively, in Table 2. Similar measurements for a CH2

group have earlier been reported by Chenon and Werbelow [13].
Following their approach, we did not use the DD/CSA cross-corre-
lated relaxation rates in our analysis to determine the dynamics.
On the other hand, making use of the dynamical information from
the dipolar relaxation, we estimated the CSA parameters from
these relaxation data.

The longitudinal and transverse DD/CSA CCRRs obtained from
Eq. (17) are related to dynamical parameters by means of spectral
densities according to Eqs. (5) and (6). The cross-correlated spec-
tral densities JCH,C refer to the interference between the CH dipolar
interaction and the carbon-13 CSA tensor. According to Daragan
and Mayo [15,36], the spectral densities have the form of Eq.
(15). The shielding anisotropy, Dr, is normally defined as
Dr = r\ � rk = rzz � (rxx + ryy)/2, with jrzz � risoj > jrxx � risoj >
jryy � risoj and riso = 1/3(rxx + ryy + rzz). We ignored the deviation
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of chemical shielding tensor from axial symmetry to simplify the
evaluation of CSA factor. It can be assumed that the principal com-
ponent of CSA tensor rzz coincides with C6–O bond (Fig. 5) and
makes an angle hZ with the C5–C6 bond (the jump axis). Here,
Hab = HCHC is the angle between the principal axis of CSA tensor
and the CH bond vector, while other parameters have the usual
meaning, as explained in the theory section.

The DD/CSA CCRRs, listed in Table 2, were analyzed applying
the two-site jump model. We fixed all dynamical parameters at
the optimized values obtained from the conventional rates and
DD/DD CCRRs (sM, sj, cj, rCH and P from fit f in Table 5) and deter-
mined the Dr. Since the three angles HCHC, uCH � uZ and hZ are
interrelated, they were in the course of the fitting fixed at the tet-
rahedral values, and only Dr was adjusted. The values of
Dr = 57.9 ± 1.5 at 323 K and Dr = 56.7 ± 1.5 at 343 K are in reason-
able agreement with each other and in the range of the Dr value
obtained for carbon-13 in other sugars [52–54]. The value of Dr
is very sensitive to the value of hZ. When we consider a slightly dif-
ferent angle between the jump axis and the principal axis of the
CSA tensor, i.e. hZ = 115�, the fitting procedure results in the
Dr = 50.6 ± 1.2 at 323 K and Dr = 44.0 ± 1.2 at 343 K.

Having estimated the CSA for the methylene carbon from the
cross-correlated relaxation rates, we can now check the validity
of the assumption that the non-dipolar mechanisms can be ne-
glected for auto-correlated relaxation. We have estimated the
CSA contributions to T�1

1 and T�1
2 for the methylene 13C using the

Dr values above and the Lipari–Szabo model. The highest CSA con-
tribution to a relaxation rate (T�1

2 at 21 T and 323 K) was about 8%
of the DD value. It is our opinion that this contribution is low en-
ough to motivate the simplifying assumption that the non-dipolar
mechanisms can be neglected. An alternative might be an iterative
treatment of dynamics and CSA interaction strength, which we do
not find reasonable.

5. Concluding remarks

Dipole–dipole cross-correlated relaxation rates, CDD=DD
CH;CH0 , in the

methylene group provide possible structural tools as well as
probes for conformational dynamics of hydroxymethyl groups in
c-cyclodextrin. We used the simple experimental schemes based
on the initial rate technique to measure CCRRs. The experimental
data were analyzed using different models. The standard or trun-
cated Lipari–Szabo models allow a reasonable interpretation of
the experimental data. We used also the experimental data sets
to test a novel modification of the two-site jump model for the mo-
tion of the methylene group. We demonstrated that the modified
two-site jump model has certain advantages over the Lipari–Szabo
approach and the scaled isotropic reorientation model for inter-
preting relaxation data including the CCRRs. The auto- and cross-
correlated relaxation data analyzes using two-site jump model
including a scaled DCC or CH distance, yield a reasonably consis-
tent picture of the dynamics. The analysis allows the estimation
of conformer lifetimes of few hundreds of picoseconds, clearly
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shorter than the correlation times for overall motion of the
cyclodextrin.

Finally, we demonstrate that the dipolar-CSA CCRR, CDD=CSA
CH; C , can

be used to evaluate CSA parameters for the methylene group in c-
cyclodextrin. Because of the small value of CSA for the sugar car-
bons, its contribution to the ‘‘standard” relaxation is negligible,
while the DD/CSA cross-correlation provides the possibility of esti-
mation of CSA parameters in solution.
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