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Pseudorotation of the sugar moiety in pyrimidine
nucleosides occurs on the same time-scale as the overall
tumbling: 2H NMR relaxation time study
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ABSTRACT: The molecular motions of specifically deuterated thymidines 1-5a and two C-3-deuterated allofura-
noses 6 and 7 were studied through temperature-dependent H and !3C relaxation times. Deuterium relaxation
times in 1-5a were found in the range 20—270 ms between 278 and 358 K, respectively. Interpretation of deuterium
T, relaxation time, which is dominated by quadrupole mechanism, gave the effective rotational correlation time
() in the range from 62.5 ps in 2',6-diDT (4) to 117.5 ps in 6-DT (3) at 278 K. The 7 values are reduced to 9.3 ps
in 2,6-diDT (4) to 16 ps in 6-DT (3) at 358 K. The 7., values for 6 and 7 are 93.9 and 100.4 ps, respectively, at 278
K, and are reduced to 19.8 and 22.6 ps, respectively, at 328 K. A deuterium quadrupole coupling constant (e>qQ/h)
of 167 kHz was calculated from *H and '*C relaxation times in 2’-DT (1). Arrhenius-type analysis of temperature-
dependent deuterium 7, relaxation times in 1-7 gave apparent activation energies in the range 20-23 (+0.9) kJ
mol ~'. Deuterium in anh-6-DT (5a) served as a reference for the evaluation of the activation energy of the overall
molecular reorientation in the conformationally free counterparts 1-4 due to the fact that rotation across y and
N =S8 repuckering are prevented by its structure. The comparison of the apparent activation energies from the
conformationally free nucleosides 1-4 with those from the constrained analogue 5a and abasic sugars 6 and 7
suggests that their internal local motions are heavily coupled with the overall molecular reorientation, thus pre-
venting the estimation of the pseudorotation energy barrier. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Natural nucleosides consist of a heterocyclic nucleobase
and a D-ribo or 2'-deoxy-D-ribofuranose moiety which
are covalently linked by a heteroatom of the heterocycle
to the C-1' of the sugar (i.e. anomeric centre) in a f-
configuration.! From numerous x-ray studies it is
known that ribofuranose moieties in natural nucleosides
adopt predominantly two distinct north (N) and south
(S) conformational families."'> From a large collection
of NMR data in solution it is well established that the
sugar moieties of nucleos(t)ides are involved in a two-
state conformational equilibrium between N and S con-
formations which are dynamically interconverting in
solution. The hypothesis of the two-state model in solu-
tion has been experimentally evidenced by the NMR
observations of two distinctly identifiable and dynami-
cally interconverting N and S conformations of the
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sugar moieties in oligonucleotides as in B=2Z DNA3*°
A=2Z RNA3*¢ or A-form=B-form lariat RNA3*f
transitions. Assuming that the two-state model is valid,
we have shown* that the conformation of the sugar in
nucleos(t)ides is driven by the balance of stereoelec-
tronic and steric effects. We found* that the strength of
the stereoelectronic forces is dictated by protonated/
neutral/deprotonated state of the nucleobase, which is
in turn dictated by the pD of the medium. For -p-2',3'-
dideoxy-,** B-D-2-deoxy-,*" B-D-ribo-N-nucleosides,*"
B-D-ribo-C-nucleosides** and «-D-2',3'-dideoxy-** and
a-D-2'-deoxyribo-N-nucleosides*® the pDs at the inflec-
tion points of the sigmoidal plots of pD-dependent AG°
of N=S equilibria correspond to the pK,s of the
nucleobases. This confirmed that the pentofuranose
moiety in nucleos(t)ides is indeed engaged in a two-state
equilibrium in D, O solution.

Fast transitions between N and S states occur in
solution on a nanosecond time-scale at ambient tem-
perature, which results in the time-averaged NMR
coupling constants and chemical shifts of sugar moieties
in nucleosides.!™* The N=S§ pseudorotational equi-
librium of the sugar moiety is in solution energetically
(AG®) controlled by various competing stereoelectronic
effects (AH®) which are determined by the stereochemi-
cal position of the heterocyclic base, CH,OH group and
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other substituents on the «- or f-face of the sugar
moiety, and also by the entropy of the system (AS°).*
The 2-OH and 3-OH drive the N=S pseudo-
rotational equilibrium through the tendency to adopt a
gauche arrangement of C-2’—0-2" and C-3'—O-3
bonds with C-1"—0-4" and C-4'—O0O-4' bonds, respec-
tively. The heterocyclic base in N-nucleosides drives the
two-state N—==S pseudorotational equilibrium of the
constituent f-D-pentofuranosyl moieties by the anom-
eric effect (i.e. electronic interaction between one of the
lone-pair orbitals of O-4" and the ¢* orbital of the gly-
cosidic bond), which places the aglycone in the pseudo-
axial orientation (i.e. N-type conformation).*

Only a few studies have attempted to quantitate
experimentally the activation energy of the furanose
ring in nucleosides.”~® The analysis of the '*C NMR
relaxation measurements has shown that the average
activation energy is 20 + 2 kJ mol ™! for purine nucleo-
sides.’ Interpretation of longitudinal !3C relaxation
rates as a function of the reciprocal of temperature
showed that the possible formation of an H-bond
between 5-OH and the base in liquid ammonia makes
internal motions of pyrimidine nucleosides slow in com-
parison with rotational diffusion of the whole molecule.
This supposed H-bonding interaction raised the appar-
ent activation energies for uridine and cytosine nucleo-
sides above 25 kJ mol ~1.°

13C NMR relaxation parameters are often utilized in
studies of dynamics because the relaxation of proton-
ated carbons is dominated by dipolar interactions with
the attached proton(s).’ The analysis of temperature-
dependent !3C longitudinal relaxation times, however,
suffers from the following limitations: (1) the C—H dis-
tances have to be known very accurately and (2) the
dipolar interaction has to dominate 7; relaxation of
particular tertiary or secondary carbon on the pentofu-
ranose moiety. On the other hand, deuterium is a quad-
rupole nucleus!®'° and relaxes via a completely
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independent mechanism to !3C, providing means of
defining molecular dynamics without doubtful assump-
tions (e.g. bond distances from x-ray crystal structure
are characterized with standard deviations around
+0.01 A). Proton was specifically replaced by deute-
rium in a series of thymidine nucleosides 1-5a and two
abasic allofuranoses 6 and 7 (Scheme 1) in order to
obtain an insight into their dynamic characteristics.

The stereochemical position of deuterium in different
locations of nucleosides 1-5a and sugars 6 and 7 is
expected to be sensitive to the overall molecular reori-
entation and also to local internal motions such as a
rapid interconversion between different pentofuranose
puckering forms, reorientations of the nucleobase and
4-CH,OH group. Deuterium in anh-6-DT (5a) is
expected to monitor primarily the energy barrier for the
overall molecular reorientation because rotation across
¢ and N =S repuckering are prevented by its structure.
In this way, anh-6-DT (5a) will serve as a reference com-
pound for the evaluation of activation energy of the
overall tumbling also in the conformationally free
counterparts 1-4. Deuterium labels in 1-4 in compari-
son with 5a undergo internal rotational motions that
are coupled to the overall reorientation. We wish to
evaluate individual contributions from the relative acti-
vation energy barriers of pseudorotation, rotation
across y and overall tumbling in pyrimidine nucleosides
with the comparative analysis of temperature-dependent
2H relaxation rates in 1-5. The abasic allofuranoses 6
and 7 lack one rotational degree of freedom in compari-
son with 1-4 and therefore deuterium atoms bound to
C-3 are expected to demonstrate how molecular
motions change in the absence of heterocyclic base. The
N =S pseudorotational equilibria in 6 and 7 are con-
formationally constrained by the fused isopropylidene
moiety and are therefore expected to undergo very
limited (if any) repuckering in comparison to nucleo-
sides 1-4.
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RESULTS AND DISCUSSION

2H and '3C relaxation times

The deuterium and carbon spin—lattice relaxation times
(T,) were measured and analyzed in order to obtain an
insight into molecular flexibility resulting from the rapid
overall tumbling of nucleosides 1-5 and also internal
conformational transitions including the intercon-
version between two low-energy N and S pseudo-
rotamers. The observed relaxation rate is given in
general by a reciprocal sum of the T; values from
various contributing mechanisms such as dipole—dipole
(T®P), spin rotation (T5F), chemical shift anisotropy
(T$®*), quadrupolar (T,9) and other (T{™F®R) mecha-
nisms:°
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In the case of 2H, the relaxation of which is domi-
nated by the quadrupolar mechanism (ie. T,9), the
spin—lattice relaxation time T; can be directly related to
molecular motion.’~!° The relationship between T2
and correlation time with the assumption of cylindrical
symmetry of the electric field gradient tensor is given by

1 32 <e2qQ>2
S5 )

T2 2
where (e2qQ/h) is the quadrupole coupling constant and
for sp®> C—2H bonds is in the range 130-200 kHz'° and

@
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¢ is the correlation time describing the reorientation of
the relaxation vector. For nucleosides which undergo
anisotropic motions . should consist of components of
motion about various axes and also internal motions.
We did not attempt to extract all the rotational com-
ponents from the relaxation data and the approx-
imation was made that 7. is replaced by an effective
correlation time 7. The experimental longitudinal (7;)
relaxation times for deuterium atoms in 1-7 were mea-
sured in the temperature range 278-358 k in 5 K steps
(Tables 1 and 2). We also determined T, relaxation
times and found that they are identical with T, values at
a particular temperature, which proves that both
nucleosides 1-5a and sugars 6 and 7 undergo the
motions in the extreme narrowing limit with wr, < 1.
The effective rotational correlation time (t.5) was calcu-
lated for 1-7 from deuterium 7; with the use of Eqn (2)
in the temperature range 278-358 K (Tables 1 and 2).
At 278 K the overall molecular motion of 1-5a is char-
acterized by 7. in the range from 62.5 ps in 4 to 117.5
ps in 3. The 7 values are reduced with the increase in
temperature to 9.3 psin 4 to 16 ps in 3 at 358 K (Table
1). The 7., values of 6 and 7 are 93.9 and 100.4 ps,
respectively, at 278 K, which are reduced to 19.8 and
22.6 ps, respectively, at 328 K (Table 2). The compari-
son of T; relaxation times and 7. values in 1-5a (Table
1) and sugars 6 and 7 (Table 2) shows that they are very
similar at a particular temperature. It can be noted that
molecular weights for 1-5a and sugars 6 and 7 differ by
only ca. 20 units, which suggests that their rotational
tumblings are expected to be comparable. On the other
hand, 7. is insensitive to the absence of heterocyclic

Table 1. Longitudinal deuterium T, relaxation times (ms) and effective correlation times (ps) for specifically sugar
or nucleobase labelled thymidines 1-5a as a function of temperature

2',6-diDT (4)
2-DT (1) 2"-DT (2) 6-DT (3) anh-6-DT (5a)
[D-21] [D-27] [D-6] [D-6]] [D-21] [D-6]

T(K) T Tesf T Tesf T; Teff T; Teff T; Tesf T; Tesf
278 24.6 101.0 24.5 101.2 21.1 117.5 24.1 102.9 39.7 62.5 27.0 91.9
283 29.7 834 29.9 82.9 25.7 96.5 28.9 85.8 47.1 52.7
288 372 66.6 38.5 64.4 31.0 80.0 372 66.7 50.6 49.0 43.1 57.5
293 443 56.0 444 55.9 36.9 67.2 46.7 53.1 68.0 36.5
298 53.6 46.3 55.1 45.0 42.8 579 50.8 48.8 77.4 320 55.7 44.5
303 619 40.1 61.6 40.3 48.9 50.7 58.2 42.6 91.7 27.0
308 70.6 35.1 72.3 34.3 56.2 44.1 68.3 36.3 92.9 26.7 78.0 31.8
313 82.5 30.1 81.9 30.3 63.6 39.0 71.5 34.7 103.4 24.0
318 939 26.4 94.9 26.1 72.4 34.3 71.5 320 121.6 20.4 101.9 243
323 107.8 23.0 106.9 232 80.1 31.0 89.8 27.6 1384 17.9
328 122.0 20.3 121.5 20.4 91.4 27.1 106.4 233 151.7 16.3 111.6 22.2
333 133.8 18.5 136.0 18.2 101.4 24.5 117.0 21.2 172.5 144
338 149.1 16.6 151.6 16.4 111.7 222 1224 20.3 188.4 13.2 142.5 174
343 162.6 15.3 167.2 14.8 124.3 20.0 131.2 18.9 187.5 13.2
348 179.6 13.8 186.6 13.3 133.8 18.5 145.3 17.1 2314 10.7 175.3 14.1
353 199.2 124 201.0 12.3 144.8 17.1 171.7 144 241.5 10.3
358 216.5 11.5 220.5 11.2 156.5 15.8 183.3 13.5 268.1 9.3 191.5 13.0

* The spin-lattice relaxation time T; (+10%) was calculated by using intensity and area fits, which showed deviation of ca. 5%. 7. was
calculated with the use of Eqn (2) with a deuterium quadrupole coupling constant (e2qQ/h) of 165 kHz.

© 1998 John Wiley & Sons, Ltd.
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Table 2. Longitudinal deuterium T, relaxation times
(ms) and effective correlation times (ps) for specifically
deuterated 6 and 7 as a function of temperature

6 7
T(K) T, Teff T Teff
278 26.4 939 24.7 100.4
288 39.7 62.5 36.1 68.7
298 56.2 44.1 50.0 49.6
308 77.1 322 66.2 37.5
318 99.0 25.1 88.7 28.0
328 125.5 19.8 109.6 22.6
338 155.1 16.0 — —

* T, (£10%) and 7, are given in units of ms and ps, respectively. 7.¢
was calculated with the use of Eqn (2) with an e?qQ/h of 165 kHz.

aglycone in 6 and 7 in comparison with 1-5a.

The relaxation of '3C, which is the most common
nucleus in studies of molecular dynamics by NMR, is
dominated by dipolar interactions with bonded protons
(T?P).° The T, dipole-dipole !3C relaxation time is

735

under the extreme narrowing conditions (w7 < 1) inter-
preted by the equation
1 _N vy’
P

3)

An’rsy Feit
where N is the number of attached hydrogens and r.y is
the C—H bond distance. Longitudinal 3C relaxation
times were collected as a function of temperature in the
range 278-358 K for 2'-DT (1, Table 3) and anh-T (5b,
Table 4). It is evident that the T, values in 2’-DT (1) at
278 K are very similar for the sugar carbon atoms C-1’,
C-3" and C-4' and also C-6 within the limits of experi-
mental error. In the case of C-5 the relaxation time
data become comparable when we take into account
that it is a secondary carbon and therefore two protons
participate in dipole interactions which determine T
[Eqn (3)]. The effective rotational correlation time in
2-DT (1) and anh-T (5b) was calculated from T, of *3C
with the use of Eqn (3) in the temperature range
278-358 K (Tables 3 and 4, respectively). The overall
molecular motion of 2'-DT (1) at 278 K is characterized
by 7. in the range from 89.8 ps (C-3') to 122.2 ps (C-4'),
and is reduced to values in the range from 9.5 ps (C-3')

Table 3. '3C longitudinal (T,) relaxation times (s) of secondary and tertiary carbon atoms and effec-
tive correlation times (ps) as a function of temperature for 2-DT (1)

[C-11] [C-21] [C-3] [C-4] [C-5] [C-6]

T (K) T Tesf T T; Tesf T Teff T Teff T; Tesf
278 0.38 115.8 0.48 0.49 89.8 0.36 122.2 0.20 110.0 0.36 109.2
283 0.64 68.7 0.71 0.76 579 0.57 77.2 0.32 68.7 0.40 98.3
288 0.73 60.3 0.83 1.02 43.1 0.64 68.7 0.36 61.1 0.63 62.4
293 0.87 50.6 1.02 1.18 37.3 0.75 58.7 041 53.6 0.75 524
298 0.94 46.8 1.10 1.44 30.5 0.99 444 0.48 458 0.87 45.2
303 1.23 35.8 1.56 1.67 26.3 1.07 41.1 0.64 344 0.91 43.2
308 1.35 32.6 1.58 1.84 239 1.21 36.4 0.63 349 1.14 34.5
313 1.42 31.0 1.67 2.03 21.7 1.40 314 0.81 27.2 1.21 325
318 1.82 242 2.17 2.53 174 1.67 26.3 0.89 24.7 1.23 320
328 2.08 21.1 3.02 2.92 15.1 1.96 224 1.02 21.6 1.66 23.7
338 2.56 17.2 2.96 395 11.1 2.39 18.4 1.54 14.3 2.15 18.3
348 3.25 13.5 4.03 4.62 9.5 2.89 152 1.87 11.8 3.01 13.1

* T, (£10%) and 7. are given in units of s and ps, respectively. 7., was calculated with the use of Eqn (3) with a bond

distance d. ,; of 1.08 A, except for de_¢_y.s = 1.06 A%,

Table 4. '3C longitudinal (T,) relaxation times (s) of secondary and tertiary carbon atoms and effec-
tive correlation times (ps) as a function of temperature for anh-T (5b)

[C-11] [C-27] [C-3] [C-4] [C-5] [C-6]

T (K) T; Teff T, Teff T; Teff T Teff T; Teff T Teff
283 0.55 80.0 047 93.6 0.54 81.5 047 93.6 0.24 91.6 0.41 95.9
308 1.15 38.3 0.97 45.4 1.19 37.0 1.05 419 0.60 36.7 1.07 36.8
333 1.88 234 1.89 233 2.50 17.6 1.89 233 1.27 17.3 2.03 194
358 — — 2.37 18.6 4.62 9.5 2.37 18.6 1.58 139 3.56 11.0

* Ty (£10%) and . are given in units of s and ps, respectively. 7., was calculated with the use of Eqn (3) with a bond

distance d. ; of 1.08 A, except for de ¢ ¢ = 1.06 A%C.

© 1998 John Wiley & Sons, Ltd.
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to 15.2 ps (C-4, see Table 3) at 348 K. In the case of
anh-T (5b), the molecular motion is characterized by 7.
in the range from 80.0 ps (C-1") to 95.9 ps (C-6) at 283 K
(Table 4). The estimates of 7. for anh-T (5b) are
reduced with increase in temperature to values in the
range from 9.5 s (C-3') to 18.6 ps (C-2' and C-4') at 358
K (Table 4).

Deuterium quadrupole coupling constant

The comparison of the corresponding ?H and 3C
relaxation times in 2’-DT (1) enabled us to calculate the
deuterium quadrupole coupling constant.!®17:1° The
effective correlation time (o) from deuterium relax-
ation [eqn (2)] describes the reorientation of the C—?H
vector and can be directly compared with 7, from 13C
dipole—dipole relaxation [Eqn (3)], which is dependent
on the reorientation of the !3C-'H vector. The C-H
bond distance was estimated to be 1.08 A based on ab
initio calculations at the HF/3-21G level.*>° Twelve T,
values of D-2" and carbon atoms in 2’-DT (1) at various
temperatures in the range 278-348 K (see Tables 1 and
3) were used in the calculation of the deuterium quadru-
pole coupling constant (e2qQ/h). The results showed
that (i) the estimates from C-1' (168) kHz, C-4' (161
kHz) and C-5' (171 kHz) are very similar and the
average calculated deuterium quadrupole coupling con-
stant is 167 kHz and (ii) the calculations with C-2’ (185
kHz) and C-3' (198 kHz) gave higher values of quadru-
pole coupling constant which could indicate alternative
relaxation pathways to '3C relaxation other than
dipolar contribution for these two carbons in 2’-DT (1).

Temperature dependence of longitudinal
relaxation times

The experimental longitudinal (7;) relaxation time for
deuterium atoms in 1-7 which were obtained at various
temperatures in the range 278-358 K are given in
Tables 1 and 2. These data show slight variations of T;
relaxation times with the structures of 1-7, whereas
their temperature dependences are nearly identical. The
temperature dependence of T; was evaluated with the
use of an Arrhenius-type equation and we observed that
the straight lines for D-2', D-2” and D-6 in 1-5a are
almost parallel (Fig. 1). The slopes of the best-fit lines
shown in Fig. 1 are directly related to the apparent acti-
vation energy. The estimates of E, were found to be in
the range 20-22 kJ mol ! (Table 5). The temperature
dependence of T; in 6 and 7 [Fig. 1(B)] gave apparent
E, values of 22.9 and 22.7 kJ mol ™!, respectively (Table
5). The E, values show that the comparison of the relax-
ation data of deuterium atoms bound to different parts
of the molecule in 1-5a, which are undergoing reorien-
tation across y and N=S repuckering of the deoxy-
ribose moiety, does not allow dissection of the two
contributions to the internal motion from the overall
molecular tumbling. The macroscopic viscosity of the

© 1998 John Wiley & Sons, Ltd.

Table 5. Apparent activation energies of 1-7 in H,O
obtained from semi-logarithmic plots of deuterium T,
relaxation time as a function of reciprocal of tem-
perature

Compound Atom E, (kJ mol %)
2.DT (1) [D-21] 223 (+0.4)
2.DT (2) [D-2"] 224 (+0.4)
6-DT (3) [D-6] 205 (£0.3)

2,6-diDT (4) [D-21] 202 (+0.3)
2,6-diDT (4) [D-6] 20.0 (+0.3)
anh-6-DT (5a) [D-6] 20.0 (+0.9)
6 [D-37 229 (+09)
7 [D-37 227 (+09)

* Calculated from the slopes of straight lines shown in Fig. 1 accord-
ing to the relationship T; = (T}), exp(—E,/RT).

pure water changes in the temperature range of our
study from 1.5 x 1073 at 278 K t0 0.3 x 10 3 kg m™?!
s~! at 358 K. Deuterium T, relaxation times of 1-7
showed no concentration dependence in the range
16-247 mM, which indicates that the effect of associ-
ation of the solute on the correlation times for the
overall molecular tumbling and internal dynamics of
the sugar moiety is negligible. Decreased hydrogen
bonding of the solute molecules with water at elevated
temperature is expected to increase the quadrupole
coupling constant and decrease the correlation time,!°
which should cancel in their effect on T values [Eqn
(2)]. Despite the fact that the polarities of 1-7 are not
equivalent, their temperature-dependent experimental
T, relaxation times are nearly identical within the
experimental error; hence temperature-dependent
changes in solvent viscosity and the viscosity correction
of the relaxation times have little effect on intramolecu-
lar energy barriers.!*>-2° It is noteworthy that removal of
the nucleobase in 6 and 7 gives comparable E, values,
thus showing their insensitivity to the absence of hetero-
cyclic aglycone in 6 and 7 in comparison with 1-5a.

The fact that sugar 7 is conformationally constrained,
as is the sugar moiety in anh-6-DT (5a), and they have
comparable E, values to the corresponding non-
constrained counterparts 6 and 6-DT (3), respectively,
suggests that no contribution to the observed E, in
these compounds comes from the energy of activation
necessary for the interconversions between envelope
and twist forms of five-membered rings. Note that the
pair of 6-DT (3) and anh-6-DT (5a) have comparable E,
and therefore the observed E,s cannot be separated
into the contributions from overall and internal molecu-
lar motions.

Longitudinal *3C relaxation times were measured as
a function of temperature in the range 278-358 K for
2'-DT (1) and anh-T (5b). The plot of InT; as a function
of 1000/T in Fig. 2 shows that there is no difference
between the relaxation behaviour of C-6, sugar carbon
atoms or C-5' in 2'-DT (1, panel A) or anh-T (5b, panel
B) and the straight lines through the experimental data
points are parallel. The slopes of the straight lines in
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Figure 1. Longitudinal deuterium relaxation time as a function of reciprocal of temperature. Straight lines in (A) were
obtained by linear regression and are characterized by the slope of —2.68 (¢ = 0.05) and intercept of 6.0 (¢ = 0.2) for
2'-DT (1), the slope of —2.47 (¢ = 0.04) and intercept of 5.1 (¢ = 0.1) for 6-DT (3), the slope of —2.43 (¢ = 0.04) and
intercept of 5.1 (¢ = 0.1) for [D-6] and the slope of —2.41 (¢ = 0.04) and intercept of 5.4 (¢ = 0.1) for [D-2'] in 2/,6-diDT
(4). Straight lines in (B) were obtained by linear regression and are characterized by the slope of —2.70 (¢ = 0.05) and
intercept of 6.1 (¢ = 0.1) for 2”-DT (2), the slope of —2.40 (¢ = 0.1) and intercept of 5.1 (¢ = 0.3) for anh-6-DT (5a), the
slope of —2.76 (¢ = 0.1) and intercept of 6.35 (¢ = 0.3) for 6 and the slope of —2.73 (¢ = 0.2) and intercept of 6.13

(6 =0.2) for7.

Fig. 2 for each carbon in 2’-DT (1) and anh-T (5b) gave
estimates of apparent E, (Table 6). The average E,
values from the six estimates for 2’'DT (1) and anh-T
(5b) in Table 6 are 23.1 and 21.1 kJ mol ! respectively.
The difference of 2 kJ mol~! is of the order of the
experimental error and does not enable us to dissect
individual intramolecular motions from the overall
tumbling.

The deuterium atoms in 2’-DT (1) and 2"-DT (2 are
in chemically and magnetically non-equivalent posi-
tions. However, the relaxation of C-2—D2’ and C-2'—
D2" vectors shows very similar behaviour. This could
possibly indicate that the pseudorotational energy
barrier is very small. On the other hand, the overall
tumbling of selectively deuterated thymidines 1-5a
might be characterized by the frequency that is compa-

Table 6. Apparent activation energies (kJ mol~') of 2-DT (1) and anh-T (5b) in D,0O
obtained from semi-logarithmic plots of '3C T, relaxation time as a function of reciprocal

of temperature

Compound [C-11] [C-21] [C-31] [C-41] [C-5] [C-6]
2-DT (1)  224(+2)  233(+2) 241(+1)  224(+1) 241(+1)  224(+1)
anh-T (5b)  19.1(+2)  19.1(+2) 241(+1) 183 (+3) 21.6(+3) 241(+1)

© 1998 John Wiley & Sons, Ltd.
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Figure 2. Longitudinal '3C relaxation times as a function of reciprocal of temperature for (A) 2’-DT (1) and (B) anh-T
(5b). For clarity only selected temperature-dependent T, values are shown for C-1' (O), C-2' ({0), C-6 (A) and C-5' () in
both panels. Straight lines were obtained by linear regression and are characterized by the slope of —2.7 (¢ = 0.2) and
intercept of 8.9 (¢ = 0.5) for C-1/, the slope of —2.8 (¢ = 0.2) and intercept of 9.5 (¢ = 0.5) for C-2', the slope of —2.9
(¢ = 0.2) and intercept of 9.9 (¢ = 0.5) for C-3/, the slope of —2.7 (¢ = 0.1) and intercept of 8.9 (¢ = 0.4) for C-4, the
slope of —2.7 (¢ = 0.1) and intercept of 8.9 (¢ = 0.5) for C-6 and the slope of —2.9 (¢ = 0.1) and intercept of 8.2
(¢ = 0.4) for C-5' in 2’-DT (1) and the slope of —2.3 (¢ = 0.2) and intercept of 7.6 (¢ = 0.5) for C-1’, the slope of —2.3
(¢ = 0.2) and intercept of 7.3 (¢ = 0.8) for C-2/, the slope of —2.9 (¢ = 0.1) and intercept of 9.7 (¢ = 0.1) for C-3, the
slope of —2.2 (¢ = 0.3) and intercept of 7.2 (¢ = 0.8) for C-4', the slope of —2.9 (¢ = 0.1) and intercept of 9.4 (¢ = 0.4)
for C-6’ and the slope of —2.6 (¢ = 0.3) and intercept of 7.3 (¢ = 1.1) for C-5' in anh-T (5b).

rable to N to S re-puckering, which would mean that
these two (and possibly other) dynamic events are
heavily mixed. In such a case, the separation of the
overall tumbling, rotation across glycosyl bond as mon-
itored through relaxation of the C-6—D-6 vector and
conformational interconversions on the pseudo-
rotational cycle are not possible.

Several ab initio calculations on nucleosides at
various levels of theory showed two energy wells in the
N and S regions of pseudorotational space.*?! In addi-
tion, the pseudorotational energy profiles***2! showed
energy barriers in the east region of conformational

© 1998 John Wiley & Sons, Ltd.

space between 14.9 and 24.0 kJ mol ~ !, which suggests a
rapid exchange on the NMR time-scale between inter-
converting conformers.

CONCLUSIONS

Specifically deuterated thymidines 1-5a and two C-3
deuterated allofuranoses 6 and 7 served as model com-
pounds with selective probes to define molecular
motions through deuterium relaxation. Deuterium
relaxation times in 1-5a were found in the range 20-270
ms between 278 and 358 K, respectively. Interpretation

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 732-740 (1998)
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of the deuterium T; relaxation time, which is dominated
by a quadrupole mechanism, gave the effective rota-
tional correlation time (t.) in the range from 62.5 ps in
2,6-diDT (4) to 117.5 ps in 6-DT (3) at 278 K. The 7
values are reduced with increase in temperature to
values in the range from 9.3 ps in 2',6-diDT (4) to 16 ps
in 6-DT (3) at 358 K. The 1. values for 6 and 7 are 93.9
and 100.4 ps, respectively, at 278 K, and are reduced to
19.8 and 22.6, respectively, at 328 K. The comparison of
the experimental T, relaxation times and calculated 7
values for 1-5a with those from abasic sugars 6 and 7
shows close similarity at a particular temperature and
allows no dissection into specific local intramolecular
motions.

Through the comparison of 2H and !3C relaxation
times in 2’-DT (1) we calculated the deuterium quadru-
pole coupling constant (e*qQ/h) to be 167 kHz.

The temperature dependence of deuterium T; relax-
ation times in 1-7 gave apparent activation energies in
the range 20-23 kJ mol ~'. Deuterium in anh-6-DT (5a)
gave an estimate of the energy barrier (20.0 + 0.9 kJ
mol~?) for the overall molecular reorientation because
it cannot undergo internal rotations across y and N—=S
repuckering. However, the deuterium labels in 1-4 in
comparison with 5a undergo internal rotational
motions that are heavily coupled to their overall reori-
entation, which prevents dissection of individual experi-
mental E, values into the contributions from activation
energy barriers is pseudo-rotation, rotation across y
and overall tumbling. The apparent activation energy is
insensitive to the absence of the heterocyclic base in
abasic sugars 6 and 7. The comparison of the conforma-
tional dynamics of conformationally free nucleosides
1-4 with the corresponding constrained analogue 35a
and abasic 6 and 7 showed limitations of the analysis of
temperature-dependent deuterium 7, relaxation times
in the study of pseudo-rotation energy barriers. Strong
dynamic coupling of local motions in 1-7 prevents the
dissection and correlation of the structural effects with
the overall reorientation, internal rotations across y and
y or pentofuranose repuckering.

EXPERIMENTAL

The ?H and '3C NMR spectra were recorded at 76.77
and 125.74 MHz, respectively, on a Bruker AMX 500
NMR spectrometer at a magnetic field of 11.7 T. All
deuterium spectra were acquired in H,O at 17 tem-
peratures between 278 and 358 K in 5 K steps at
neutral pH and 0.2 M concentration. The minor con-
centration dependence of T; and T, relaxation times in
the range 16-247 mm was within the limits of experi-
mental error (+10%). Each of the compounds was
lyophilized from H,O three times prior to T; and T,
measurements, which reduced the solvent signal to ca.
50% of the signals from the compounds. All samples
were degassed prior to relaxation time measurements.
The sample temperature was controlled to within ca.
+0.5 K. Trifluoroethanol (8 pl) was used for °F lock.

© 1998 John Wiley & Sons, Ltd.

The 2H NMR measurements were performed under the
following spectral and processing conditions: 2100 Hz
spectral width, 13.5 ps (90°) pulse length, a pulse delay
of 1s, 64 scans, 16 K time domain and line broadening
of 1 Hz prior to Fourier transformation. All T; experi-
ments were carried out using the inversion-recovery
technique, whereas T, was determined with the use of
the CPMG sequence. Pulse lengths of 90° and 180°
were measured prior to recording each data set. Twelve
relaxation delays were utilized in the experiments for
the determination of T; and T,. The fits of area and
intensity of a particular signal were averaged to obtain
the relaxation times at each temperature (the deviation
was below 5%). T, and T, values for ?H and '3*C were
calculated with the aid of Bruker software.
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