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MOLECULAR MODELLING OF 2′-OH MEDIATED
HYDROGEN BONDING IN RIBONUCLEOS(T)IDES

BY NMR CONSTRAINED AM1 AND MMX
CALCULATIONS

Parag Acharya, Irina Velikian, Sandipta Acharya,
and Jyoti Chattopadhyaya∗

Department of Bioorganic Chemistry, Box 581, Biomedical Centre,
University of Uppsala, S-751 23 Uppsala, Sweden

ABSTRACT

The intra- and intermolecular hydrogen bonding (�G◦
298K ≈ 2 kcal mol−1) of

2′-OH in nucleos(t)ides has been reported by the temperature- and concentrat-
ion-dependent NMR study in conjunction with dihedral dependence of the
NMR derived both endo (3JH,H)- and exocyclic (3JH,OH) coupling constants,
nOe contacts and lineshape analyses of hydroxyl protons for EtpA (1), 3′-dA
(2), rA (3), 2′-dA (4) [Fig. 1] in DMSO-d6 at 500 MHz.

The 2′-hydroxyl group has a major structural implications in RNA recognition,
processing and catalytic properties (1a). Clearly, the nature of involvement of the 2′-
OH group in the intra- and intermolecular hydrogen bonding (1b) in nucleos(t)ides
will determine its chemical reactivity in the biological systems. The downfield shift
of the hydroxyl protons [δOH] for 1–4 with lowering of temperature (Table 1) has
been correlated with the strength of the H-bonding (2a). In 1, the electron withdraw-
ing effect of the vicinal 3′-ethylphosphate as well as intramolecular 2′-O-H···O3′

H-bonding (as evident by 16 line multiplicity of the non-equivalent methylene pro-
tons, vide infra) makes its δ2′OHeq to resonate most downfield (7.305 ppm) compared
to δ2′OHax in 2 (5.584 ppm) and δ2′OHeq in 3 (5.365 ppm) at 298 K. According to

∗Corresponding author. Fax: (+46) 185-54-495; E-mail: Jyoti.Chattopadhyaya@BioorgChem.uu.se

1211

Copyright C© 2001 by Marcel Dekker, Inc. www.dekker.com

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
4
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

1212 ACHARYA ET AL.

Figure 1. The schematic representation of the bias of the dymanic two-state pseudorotational equi-
librium between the North-type (N, C2′-exo -C3′-endo) and the South-type (S, C3′-exo-C2′-endo)
(3a) pseudorotamers of the sugar moeity for EtpA (1), 3′-dA (2), rA (3), 2′-dA (4) and torsion (�)
around C2′/3′-O bond viz. �1 = �H2′-C2′-O-H and �2 = �H3′-C3′-O-H except in 1 where the torsion
across C3′-O3′ bond is actually ε− [C4′-C3′-O3′-P].

Karplus equation (2b), four dihedral [i.e. �H-C-O-H] solutions are possible for each
of the 3JH,OH (Table 2 and Fig. 2): two in the cisoid domain (±30◦ to ±80◦) and
two in the transoid domain (±120◦ to ±150◦). For 1, the non-equivalent methylene
protons (3b) of 3′-ethyphosphate moiety in DMSO-d6 shows (<338 K) the pres-
ence of the intramolecular [2′-OH···O3′] H-bonding promoting non-isochornacity,
which collapses at a high temperature when H-bonding melts. The 3JH2′,OH of
4.2 Hz and 6.1 Hz at 288 K for 1 and 3 respectively, characterize the unique
solution of geometry optimized [with semi-empirical AM1 calculation as imple-
mented in Gaussian 98 (4)] �H2′,OH in the positive transoid region, i.e. proximity
towards O3′ (Fig. 2), thereby showing the presence of intramolecular 2′O-H..O3′

Table 1. The Temperature Dependent Chemical Shifta (δ, in ppm) of 2′-, 3′- and 5′-OH for EtpA
(1), 3′-dA (2), rA (3) and 2′-dA (4) in DMSO-d6 at 500 MHz

Adenosine-3′- 3′-deoxy 2′-deoxy
Ethylphosphate Adenosine Adenosine Adenosine

(EtpA) (3′-dA) (rA) (2′-dA)
TEMP
(K) δ2 ′OH δ5 ′OH δ2′OH δ5′OH δ2′OH δ3′OH δ5′OH δ3′OH δ5′OH

288 7.322 5.539 5.620 5.135 5.410 5.155 5.397 5.279 5.217
298 7.305 5.497 5.584 5.088 5.365 5.106 5.341 5.246 5.167
368 7.020 5.182 5.316 4.732 5.063 4.762 4.946 4.987 4.789

aChemical shifts at the three representative temperatures (288 K, 298 K and 368 K) have only been
shown.
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Figure 2. The torsional hyperspace for �H-C-O-H as calculated from 3JH,OH (Table 2) using the
Karplus equation 3JH,OH = 10.4 cos2 � − 1.5 cos � + 0.2 (2b) and also showing the relative proximity
of the 2′- and 3′-OH at different torsional orientations. The �H-C-O-H of the 2′-OHeq with S-type
sugar conformation in positive transoid domain corresponds to the closest proximity to the neihbour-
ing O3′.

H-bonding (�G◦
298K : 1.8 kcal mol−1 for 1 and 2.0 kcal mol−1 for 3). However,

3JH2′,OH of 4.3 Hz for 2 and 3JH3′,OH of 3.8 Hz for 4 indicate an extended min-
ima of −124.0◦ ≤ �H2′,OH ≤ 45.2◦ for 2 and −121.4◦ ≤ �H3′,OH ≤ 121.4◦ for 4
at 288 K, thereby suggesting a flexible flip-flop nature of the solvated 2′-OHax in
2 and 3′-OHax in 4 due to the absence of any intramolecular interaction.

The less flexibility of the donor 2′-OH in the intramolecular H-bonding in
3 is due to the loss of conformational freedom compared to the acceptor 3′-
OH, which is evident from their respective −T�S‡ : [−T�S‡]2′-OH = −17.9 kJ
mol−1 and [−T�S‡]3′−OH = −19.8 kJ mol−1 at 298 K. The existence of weak
long range 4JH2′,OH3′ in 3 (i.e. W conformation of H2′-C2′-C3′-O3′-H) indicates the

Figure 3. The plot of hydroxyl chemical shifts (δOH, in ppm) at 298 K as a function of volume of
D2O (in µL) added in the DMSO-d6 solution of 3.
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Figure 4. The activation enthalpy (�H ‡) and entropy (�S‡) were calculated respectively from
slope and intercept of the plot of ln kexch, measured from the lineshape analyses, as a function of
inverse of the temperature and the free energy of activation �G‡ at 298K (∼=�G◦

298K for H-bonding)
by using the equation viz. �G‡ = �H ‡ − T�S‡ on the basis of reaction rate theory (2d,e). Panel
(A) shows the plot of the [ln kexch]2′-OH for 1, 2 and 3 as a function of the inverse of the temperature
(1000/T, in K−1) giving straight line with slope = −0.93 (σ = ±0.08), intercept = 6.04 (σ = ±0.23)
and R = 0.96 for 1; slope = −0.73 (σ = ±0.03), intercept = 5.53 (σ = ±0.08) and R = 0.99 for 2;
slope = −1.15 (σ = ±0.06), intercept = 7.22 (σ = ±0.19) and R = 0.98 for 3. Panel (B) shows the
plot of the [ln kexch]3′-OH for 3 and 4 as a function of the inverse of the temperature (1000/T, in K−1)
giving straight line with slope = −1.46 (σ = ±0.08), intervcept = 8.01 (σ = ±0.24) and R = 0.98
for 3; slope = −1.69 (σ = ±0.13), intercept = 8.92 (σ = ±0.42) and R = 0.97 for 4.

non-plausibility of the negative values in the cisoid and transoid domains (Fig. 2)
among the all possible solutions of �H3′,OH. So for 3JH3′,OH of 4.5 Hz and 3JH2′,OH of
6.1 Hz at 288 K in 3, the NMR constrained torsional hyperspace scan shows the en-
ergy minima of the �H2′,OH involving 2′-OHeq at 133.2◦, and for �H3′,OH involving
3′-OHeq at two distinct orientations of 44◦ and 125.1◦, thereby showing H-bond-
accepting 3′-OH is less restricted than that of H-bond-donating 2′-OH. The slow
addition of D2O in the DMSO-d6 solution of 3 (50 mM/L) shows the relative change
of δOH as �δ2′-OH = 0.024 ppm <�δ3′-OH = 0.031 ppm < �δ5′-OH = 0.040 ppm
(Fig. 3) which indicates the relative accessibility of water molecule at 2′- vis-a-vis
3′-OH compared to 5′-OH. Thus, in 3, the poorer accessibility of water at 2′-OH
show that it is the proton donor in the 2′-O-H···O3′ intramolecular H-bonding. Be-
sides, the ROESY spectra [Fig. 6] at 298 K for 3 in DMSO-d6 shows a clear nOe
contacts of water with both 2′ and 3′-OH. This suggesting the presence of the water
bridge (2c) between the 2′/3′-OH and DMSO-d6, supporting the energy minimized
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Figure 5. The mimicking model of the dynamic intra- as well as intermolecular H-bond in 3,
which in turn reflects the energetic preference for 2′-OH. Both the 2′- and 3′-OH in 3 are brigded
with two molecules of water which are in turn intermolecularly attached to the DMSO-d6. The
energy minimization has been performed with SYBYL (v. 6.2) based on the Tripos Force Field with
constraining endocyclic sugar torsion (from PSEUROT analyses (3)) along with 3JH,OH derived energy
minimised �H2′,OH, �H3′,HO (at 298 K) and keeping the d2′OH...O3′ as 2.25 A

❛

. The experimental ROESY
contacts for both 2′- and 3′-OH to water also support the calculated inter-atomic distances between
the hydroxyl group and the DMSO-d6 for this energy minimized structure.

water solvated structure for 3 (Fig. 5) as perhaps the most viable model, although
it is not the most energy minimized structure.

The NMR constrained conformational grid search for the energy minima of
d2′OH···O3′ for 1 and 3 using SYBYL (v. 6.2), based on the Tripos Force Field
and conjugate gradiant method, could however clearly indicate a long non-linear
intramolecular H-bonded bridge and considerably smaller / O-H···O3′ bond angle
(1b) over the temperature range studied [2.2 A

❛

(288 K) ≤ d2′OH...O3′ ≤ 2.75 A
❛

(368 K)
and 113.6◦ (288 K)≤ / O-H··O3′ ≤ 93◦ (368 K)], thereby suggesting a relatively
weaker 2′-OH···O3′ H-bond in both of them. The �G◦

298K for such weak non-linear

Figure 6. ROESY specturm of 3 (50 mM/L) in DMSO-d6 at 298 K in 500 MHz. The cross peak of
both 2′-OH and 3′-OH with HOD, present in DMSO-d6, shows the proof of proposed water bridge.
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H-bonding involving 2′- and 3′-OH in 1–4, as calculated from the lineshape analyses
of the hydroxyl resonances are close to the ∼2 kcal mol−1.
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