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Abstract Two uridine 2’,3’-cyclic monophosphate
(cUMP) derivatives, 5’-deoxy (DcUMP) and 5’-O-me-
thyl (McUMP), were studied by means of quantum
chemical methods. Aqueous solvent effects were esti-
mated based on the isodensity-surface polarized-con-
tinuum model (IPCM). Gas phase calculations revealed
only slight energy differences between the syn- and anti-
conformers of both compounds: the relative energies of
the syn-structure are —0.9 and 0.2 kcal mol~' for
DcUMP and McUMP, respectively. According to the
results from the IPCM calculations, however, both syn-
conformers become about 14 kcal mol™' more stable in
aqueous solution than their corresponding anti-struc-
tures. Additionally, the effects of a countercation and
protonation on DcUMP were studied, revealing that the
syn-structure is also favored over the anti-one for these
systems.

Keywords cUMP - syn-anti-conformations - C-H--O
hydrogen bond - DFT method

Introduction

The analysis of structural properties of nucleic-acid con-
stituents is of great importance for understanding their
biological function. Even more exciting, for any biomo-
lecular system, is the analysis of the relationship between
structure and energy. So far, many experimental mea-
surements and theoretical analyses have been undertaken
to study the molecular structure of elementary building
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blocks of nucleic acids. [1,2,3,4] Although X-ray or NMR
experiments provide the most valuable information about
the structure of nucleic acids, they are unable to reveal the
energy differences between their various forms. The
application of modern computational methods can
overcome this limitation, serving as a convenient way to
unravel the essential links between conformational and
energetic properties.

It is generally accepted that hydrogen bonding plays
a key role in biomolecular structure and function. [5]
This is certainly the most important type of interaction
observed in DNA and RNA. [6] From a large set of
hydrogen bonds, C-H-+O hydrogen bonding deserves
particular attention. Although it is less common and
usually weaker than others, its importance in the context
of biomolecules should not be underestimated. As has
been shown, [7, 8] this type of bonding may be a dom-
inant structural feature, in many biomolecules in gen-
eral, and in nucleotides in particular.

So far, much attention has been given to the con-
formational behavior of deoxyribonucleosides and
ribonucleosides in their most typical conformations.
There are many examples of spectroscopic and crystal-
lographic studies concerning this topic. [9,10] They have
also been thoroughly studied using empirical, as well as
non-empirical calculations. [11,12] Unlike the above-
mentioned deoxyribonucleosides and ribonucleosides,
their cyclic analogues have not been studied in as much
detail, even though the biological role of these molecules
is very important. According to the position of oxygen
atoms, we can distinguish two major types of cyclic
nucleotides: 3’,5" and 2’,3" (see Fig. 1). Molecules of the
first type are involved in a series of regulatory and
hormonal cellular mechanisms, while the second ones
were established as a kinetically competent intermediates
in the mechanism of Rnase A catalyzed hydrolysis of
RNA. Contrary to rather rigid 3’,5-cyclic nucleotides,
the 2’,3’-cyclic ones are characterized by an extraordi-
nary conformational flexibility, which is suspected to be
functionally important for the specific behavior of Rnase
A. Certainly, the orientation of a nucleobase around the



206

R =H (DcUMP) O
R = OCH; (McUMP) O
N .
Mok Seko o LK
15 0L}, H SN0
Y A%
O
O O
\P/
2 N\ -
a o7 Yo

Fig. 1 Chemical formulas of cyclic nucleotides in their ionic forms:
uridine 2’,3’-cyclic monophosphate (a) and uridine 3’,5"-cyclic
monophosphate (b). The major conformational angles of ribonu-
cleotides are shown

glycosidic bond is an essential factor, since an anti-ori-
entated nucleobase is responsible for the proper recog-
nition in the active center of the enzyme. [13] It has long
been suggested that the anti-orientation is favored
because of steric hindrance between the base and sugar
in the syn-orientation. Quite surprisingly, early X-ray
and NMR experiments showed that, in the case of 2’,3’-
cyclic nucleotides, the situation may look different. [14]
The results suggested the preference of the syn-orienta-
tion over the anti-one. A possible connection between
these two facts, however, still remains unknown. In
order to explain this, a more complete structural study
of 2’,3’-cyclic nucleotides is required.

To our knowledge, there is no such study using the-
oretical methods. Therefore, in this paper, we have
undertaken a computational investigation of the struc-
ture and energetics of two modified uridine 2’,3’-cyclic
monophosphate (see Fig. 1a) derivatives: DcUMP and
McUMP. The material presented is part of a more
complex study devoted to a series of modified cUMPs to
be reported in a forthcoming publication.

Computational methods

All quantum-chemical calculations presented in this
paper were performed with the Gaussian03 code [15] at

the DFT level of theory, using the hybrid functional
B3LYP. [16,17] In the course of final geometry optimi-
zation and normal-mode calculations, the split-valence
basis sets of 6-31G [18] and 6-311G, [19] augmented
with diffuse and polarization functions were used. It is
generally accepted that the inclusion of at least one set of
diffuse functions is necessary for a proper description of
hydrogen-bonded, anionic systems. [20,21] Population
analyses using the Mulliken, [22] CHELPG (charges
from electrostatic potentials using a grid-based method),
[23] and NPA (natural population analysis) [24] schemes
were carried out.

The solvent effect was estimated based on a static
isodensity-surface polarized-continuum model (IPCM).
[25] The choice of method was based on initial trials,
using the Onsager model, which, in our opinion, led to
significantly underestimated values of solvation energy
(especially for the molecular anion). The geometries
optimized in the gas phase were taken for single point
energy calculations in solution. In such an approach,
solvent molecules are not explicitly taken into account.
Rather, they are only the source of a continuum field
determined by the dielectric constant. Nevertheless, such
an approximation proved to provide a valuable insight
into the solvation effects.

The pseudorotation phase angle P (0°-360°) and the
maximum puckering amplitude v.,, were calculated
according to Altona et al. [26] The endocyclic torsional
angles vg-v4 were defined as in Fig. 1b. Conformations of
ribose moieties (see Table 1) were characterized using
the E and T notation as shown in Fig. 2.

In order to find the global energy minima of both
compounds, potential energy surfaces were calculated at
the B3LYP/6-31G(d) level of theory. The torsional an-
gles y (0O4’-C1’-N1-C2) and y (C3’-C4’-C5-05’) were
varied from 0° to 360°, in 15-degree increments. The
final geometries were located by full energy optimiza-
tions, starting from the lowest energy conformations
obtained during this discrete sampling. In addition, the
zero-point vibrational energy (ZPE) was added to check
whether it changes the energy order. The initial ribose
conformation was C3’-endo—typical for the A form of
RNA. Two alternative puckering modes of a five-

Table 1 Selected geometrical parameters of DcUMP and McUMP in various minimum energy conformations

Model Compound Conformation % Y 1 P / ribose Vimax

DcUMP synjendo 64.8 - - 96.4/°E 35.5
synjexo 66.7 - - 53.7/3E 29.5
anti/endo —118.2 - - 84.9/°F 40.0
antifexo —112.2 - - 69.4/ 3E 39.1

McUMP syn/endo 65.1 80.2 47.0 96.0/ "E 38.6
synfexo 66.8 78.4 47.2 703/ “E 36.6
antifendo —142.2 —179.1 53.3 229/ °E 30.1
antifexo UNSTABLE

72(04’-C1’-N1-C2),y(C3’-C4’-C5’-05"),
O(C4’-C5"-05'-C¢6’),
in degrees; P—pseudorotation phase angle,

in degrees; ribose—conformation of the ribose moiety (see also Figure 2)
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Fig. 2 Pseudorotation wheel of the ribose ring. Each point on the
circle represents a specific value of the pseudorotation angle
P. Shaded regions indicate most typical conformations found in A-
and B-type helices. E and *E correspond to C2’-endo and C3’-endo,
respectively

membered phosphodiester ring were assumed. Accord-
ing to the position of the phosphorus atom in respect of
the sugar ring, endo- and exo-forms were distinguished
(see Fig. 3).

Results and discussion
Molecular anion in vacuo

As mentioned above, 2’,3’-cyclic nucleotides belong to a
structurally flexible group of biomolecules. Because of

Fig. 3 Possible conformations
of the cyclic phosphate ring as
observed in DcUMP. The endo
form is stabilized by the
interactions between O2P and
H1’ and H2'. The exo form is
more prone to interact with the
aqueous environment (vide
infra)
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their many degrees of freedom, a wide range of geome-
tries and more than one minimum-energy conformation
are allowed. Therefore, the energies and selected geo-
metrical parameters of only four main conformers (see
Figs. 4 and 5) are shown in Tables 1 and 2, respectively.
As can be seen, for the isolated systems, all endo- forms
are more stable than the exo-ones. For DcUMP, the
global minimum, the syn/endo-form is 0.9 kcal mol ™!
lower in energy than the corresponding anti/endo-form
and approximately 1 and 3 kcal mol™' lower than syn/
exo and anti/exo, respectively. For McUMP, the most
stable form is antifendo, but the syn/endo-conformer is
only 0.2 kcal mol™! higher in energy. The anti/exo-
conformation seems to be energetically disfavored, since
during optimization it undergoes a spontaneous transi-
tion to the aforementioned anti/endo-conformation (see
Fig. 3).

Even though the relative energy differences between
syn- and anti-structures are very small for the endo-type
conformers, it is noteworthy that they correspond to
well-defined minima and the energetic barrier of con-
version between them would be as high as 6.5 and
7.3 kcal mol™' for DcUMP and McUMP, respectively.
This estimation is based on the results of the initial
calculations of energy as a function of dihedral angle y
(data not shown). The resultant energy profiles allowed
us to evaluate the magnitude of the intrinsic torsional
energy barrier between syn- and anti-conformers at the
above level.

It is well known that environmental effects play an
important role in the conformational flexibility of
nucleotides. The presence of water and metal ions is
widely known to affect the energetics of the phospho-
diester moiety. The -electrostatic repulsion between
phosphate groups is reduced because of the high
dielectric constant of water and the influence of hy-
drated counterions. [6]

endo



208

Fig. 4 Gas phase optimized
structures of anti (left) and syn
(right) DcUMP. Both
structures are in endo form

Fig. 5 Gas phase optimized
structures of anti (left) and syn
(right) McUMP. Both
structures are in endo form

Table 2 Relative energy values (kcal mol™!) and dipole moments (debye) of DcUMP and McUMP in various minimum energy con-

formations obtained at the DFT level of theory

Model Compound Conformation Dipole Moment AEg, AE,q
IPCM Onsager

DcUMP synfendo 9.53 0.0" 8.3 2.6
synjexo 12.59 3.0 0.0 0.6
antijendo 11.45 0.9 13.5 0.6
antilexo 11.97 1.1 14.2 0.0°

McUMP syn/endo 10.67 0.2 11.5 4.0
synjexo 13.78 4.6 0.0° 0.0
antilendo 13.24 0.0¢ 13.6 3.9
antifexo UNSTABLE

calculated at B3LYP/6-31+ + G(d,p)*absolute energy of —1326.65882927 hartree;’absolute energy of —1326.78812974 hartree; absolute
energy of —1326.67317483 hartree;%absolute energy of —1441.17890700 hartree;°absolute energy of —1441.29493723 hartree;labsolute

energy of —1441.19536298 hartree

Molecular anion in solution

To characterize the effect of aqueous solvation, the rel-
ative energies of the different geometries were studied in
the aqueous phase represented by the IPCM reaction-
field model. As expected, the relative energies of the
different geometries changed upon the inclusion of the
aqueous environment. In fact, the energy differences
between the various conformers increased upon going to
the aqueous phase. Compared to the gas-phase results, a
significant stabilization due to solvation was found for
the syn/exo-conformers of both DcUMP and McUMP.

The energy differences between syn- and anti-con-
formers increased to 14.2 kcal mol™' in the case of
DcUMP and 13.6 kcal mol™! in the case of McUMP.
The calculated values of the dipole moments (see Ta-
ble 2) can serve as an explanation of this observation.
Since both conformers have the largest dipole mo-
ments, the dipole-induced dipole interactions are more
attractive, which in turn stabilizes them in the solvent.
Moreover, in the case of exo-puckered phosphate
rings, both oxygen atoms are more exposed to the
solvent and therefore more susceptible to hydrogen
bonding.



DcUMP with counter cation

In order to gain insight into the role of metal ions
around cUMP derivatives, an electrically neutral system
(DcUMP) with a sodium cation was selected. Na™*
certainly the most common counterion observed in nu-
cleic acids. Even though its interactions with the phos-
phate groups are known to occur through specific
complexation with water molecules, [6] the results of
some previous calculations [27] validated the choice of
Na " for a proper description of the long-range elec-
trostatic effects.

The results obtained are shown in Table 3. As shown
in Fig. 6, two alternative positions of metal ion were
established:

— (anti I and syn) in the same plane as O1P-P-O2P and
similarly distant (2.22 A) from O1P and O2P

— (anti II) in the same plane as O2P-P-O2’ and between
O2P and O2 (O2P-Na distance equal to 2.16 A, Na-
02 distance equal to 2.21 A and O2P-Na-O2 angle
equal to 139.8°)

Even though anti II was the lowest-energy structure
in the gas phase, it turned out to be significantly less
stable when solvent effects were taken into account. A
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brief examination of some major geometrical parameters
(1E conformation of the sugar ring and y=-151.3°) re-
veals a considerable structural distortion of anti II as
compared to the other anti-conformers. This unfavor-
able geometry might be responsible for its remarkable
destabilization in aqueous solution.

In addition, a complete set of Mulliken, NPA, and
CHELPG partial atomic charges is presented in
Tables 4 and 5. As it is clearly seen and has been noted
previously, [28] the atomic charges obtained with dif-
ferent methods vary appreciably. However, we include
them for the sake of comparison, since they provide a
general view of the tendency of the global charge
redistribution after the inclusion of the metal ion into
the system.

Protonated neutral form of DcUMP

An alternative way of neutralizing the negative charge of
the phosphate group can be achieved simply by pro-
tonation of one of the oxygen atoms. At first, the ener-
getic preferences of the protonation sites were tested in
the gas phase. As seen from Table 3, there is a negligible
difference in energy between the O1P and O2P proton-
ated forms of DcUMP (0.1 kcal mol~' for both con-

Table 3 Relative energy values (kcal mol™') and dipole moments (debye) of DcUMP in different neutralized forms obtained at the DFT

level of theory

Model Compound Conformation Dipole Moment AEg, AE,q
IPCM IPCM Onsager
DcUMP syn Na* 9.34 7.3 4.7 0.0¢ 0.0° 1.2
anti Na™ I 8.30 8.6 5.6 20.7 5.2 34
11 6.43 0.0* 0.0 32.1 23.9 0.0°
syn H' oip 0.78 0.0 0.08 0.0" 0.0' 0.0
o2p 3.91 0.1 0.3
anti H* olP 5.72 2.7 2.3 16.7 16.7 1.3
o2p 4.82 2.6 2.2

#Ccalculated at B3LYP/6-31G(d);
bdecalculated at B3LYP/6-31+ +G(d,p)
absolute energy of —1488.89426397 hartree;
Pabsolute energy of —1488.94983126 hartree;
“absolute energy of —1489.01576171 hartree;
dabsolute energy of —1489.06050865 hartree;

Fig. 6 Aqueous phase
optimized structures of anti

(I and II) and syn (right)
DcUMP neutralized by Na™
cation. The dashed lines point
at the closest oxygen atoms (see
text)

“absolute energy of —1488.95458198 hartree;
fabsolute energy of —1327.10573204 hartree;
€absolute energy of —1327.17095670 hartree;
habsolute energy of —1327.15310268 hartree;
labsolute energy of —1327.22424170 hartree;
Jabsolute energy of —1327.17019415 hartree

anti 11
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Table 4 Point charges derived

from Mulliken (MPA), natural syn-DcUMP syn-DcUMP Na*

population analysis (NPA) and

analyses
H5"” 0.128 0.202 0.045 0.139 0.210 0.067
H5” 0.118 0.199 0.071 0.134 0.210 0.091
H5 0.128 0.200 0.080 0.146 0.212 0.094
Cc5 —0.656 —0.582 —0.316 —0.521 —0.586 —0.315
cq4 0.120 0.092 0.372 0.337 0.105 0.306
H4 0.146 0.210 0.017 0.129 0.194 0.022
o4 —0.389 —0.619 —0.498 —0.383 —0.607 —0.469
Ccr 0.108 0.294 0.186 —0.068 0.317 0.300
HY 0.159 0.223 0.135 0.116 0.197 0.051
N1 0.176 —0.486 —0.211 0.134 —0.499 —0.335
Co6 0.352 0.117 0.135 0.144 0.099 0.161
Ho6 0.123 0.220 0.111 0.111 0.214 0.118
C5 —0.114 —0.377 —0.503 —0.109 —0.354 —0.490
H5 0.093 0.228 0.166 0.109 0.238 0.178
C4 0.390 0.652 0.850 0.363 0.654 0.846
04 —0.526 —0.640 —0.646 —0.483 —0.603 —0.598
N3 —0.520 —0.645 —0.707 —0.529 —0.638 —0.692
H3 0.267 0.414 0.354 0.283 0.422 0.366
C2 0.631 0.843 0.817 0.661 0.843 0.831
02 —0.493 —0.634 —0.607 —0.495 —0.644 —0.617
C¥ 0.135 0.099 0.397 —0.070 0.096 0.441
H3’ 0.067 0.182 —0.037 0.133 0.222 0.007
CcY —0.487 0.085 0.187 —0.298 0.096 0.301
H2’ 0.106 0.205 0.035 0.130 0.212 —0.011
02 —0.498 —0.835 —0.587 —0.496 —0.840 —0.579
oy —0.491 —0.838 —0.613 —0.483 —0.830 —0.612
P 1.280 2.484 1.326 1.656 2.495 1.316
o1p —0.590 —1.125 —0.746 —0.644 —1.197 —0.803
o2p —0.763 —1.170 —0.814 —0.722 —1.205 —0.829
Na - - - 0.576 0.967 0.853

formers). Therefore, for the purpose of the IPCM cal-
culations, only two lowest energy forms of each con-
former were chosen. The relative energy difference
changed from 2.7 kcal mol™' to 12 kcal mol~' upon
inclusion of aqueous environment. As in previous cases,
the syn-conformer again proved to be more stable than
anti-one.

As far as geometry changes are concerned, the most
important structural features can be summarized as
follows:

(i) Syn-conformation of the nucleobase: The most dis-
tinct structural feature of both derivatives, different
from observed in other pyrimidine nucleotides, is the
syn-conformation of their glycosidic bonds, which
corresponds to a torsional angle y~65° (see Table 1)

(i1) Atypical sugar conformation: Another important
conformational parameter is the pucker of the ri-
bofuranose moiety. The phase angles of pseudoro-
tation, P, are listed in the Table 1. Almost all values
lie outside the preferred range of (ribo)nucleotides,
i.e., P=340°-40° for the C3’-endo and P=140°-200°
for the C2’-endo. The only exception is antifendo-
DcUMP, which preserved its original 3-endo con-
formation. Sugar rings in the rest of cyclic nucleo-
tides are considerably flattened compared with those
of the normal nucleotide sugar rings. This is, most
likely, a consequence of the rigidity imposed upon

(iif)

(iv)

them by the cyclic ester linkage. Interestingly, the
calculated maximum puckering amplitudes are not
significantly different from the average value of 38.6
observed in standard sugars. [3] Only the syn/exo-
conformer of DcUMP has a v,,,,, value lower than 30.
Conformational coupling in the bicyclic system:
There is an evident connection between the puck-
ering modes of sugar and phosphate moieties (see
Table 1)—the endo form of cyclic phosphate exists
with the °E form of the ribose, the exo-one with 4E.
In the case of an endo-puckered phosphate ring, the
O2P oxygen atom is involved in interactions with
adjacent H(1’) and H(4) atoms. The interatomic
distances range from 2.33 A to 2.79 A and the P-
O1P bond length is 0.02 A longer than the corre-
sponding bond length in exo conformer.

C-H--O intramolecular hydrogen bond: In case of
anti 5’-O-methyl-cUMP, the distance between H(6)
and O(5") is 2.25 A. This distance is less than the
sum of oxygen and hydrogen van der Waals radii,
so a potential hydrogen bond can be assumed.
Additionally, a significant elongation (about
0.03 A) of glycosidic bond in the anti-conformer is
observed, supporting the suggestion of a possible
HB existence. In case of 5’-deoxy-cUMP, the
structure is devoid of the acceptor oxygen atom and
thus the intramolecular H-bond cannot be created.
It seems that, in this case, the major stabilizing
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Table 5 Point charges derived

from Mulliken (MPA), natural anti-DcUMP anti-DcUMP Na ™

population analysis (NPA) and

analyses
H5"” 0.136 0.209 0.056 0.143 0.214 0.072
H5” 0.123 0.202 0.075 0.142 0.215 0.102
H5 0.107 0.187 0.057 0.128 0.200 0.080
Ccs —0.600 —0.580 —0.307 —0.559 —0.584 -0.297
c4 0.191 0.083 0.373 0.242 0.095 0.241
H4' 0.169 0.224 0.034 0.140 0.201 0.059
o4 —0.386 —0.627 —0.531 —0.345 —0.611 —0.443
Cr’ —0.019 0.286 0.182 —0.341 0.290 0.100
HY’ 0.219 0.251 0.153 0.205 0.241 0.154
N1 0.079 —0.490 —0.184 0.094 —0.501 —0.180
C6 0.210 0.105 0.163 0.178 0.089 0.147
Ho 0.134 0.220 0.090 0.136 0.219 0.096
C5 —0.395 —0.373 —0.497 —0.302 —0.350 —-0.478
HS 0.091 0.226 0.164 0.107 0.236 0.179
C4 0.384 0.652 0.821 0.380 0.654 0.822
04 —0.532 —0.639 —0.640 —0.495 —0.605 —0.595
N3 —0.512 —0.647 —0.664 —0.513 —0.642 —0.683
H3 0.272 0.415 0.352 0.284 0.421 0.371
C2 0.751 0.839 0.745 0.763 0.840 0.761
02 —0.468 —0.623 —-0.591 —0.469 —-0.629 —0.589
C3 0.008 0.096 0.346 —0.128 0.096 0.362
H3’ 0.062 0.173 —0.041 0.102 0.196 —0.013
Cc2’ -0.074 0.095 0.288 0.122 0.094 0.317
H2’ 0.076 0.176 —0.047 0.111 0.199 —0.026
02 —0.498 —0.826 —0.566 —0.458 —0.821 —0.499
03 —0.483 —0.835 —0.601 —0.465 —0.826 —0.521
P 1.278 2.479 1.297 1.534 2.491 1.166
o1pP —0.581 —1.123 —0.738 —0.608 —1.186 —0.751
o2pP —0.740 —1.158 —0.792 —0.744 —1.208 —0.816
Na - - - 0.616 0.968 0.863

contribution comes from interactions between the
References

uracil O(2) atom and the H(3") and H(2") atoms of
the sugar moiety.

Conclusions

In this paper, we have presented the results of DFT-
based investigation on the conformational preferences of
two uridine 2’,3’-cyclic monophosphate derivatives. The
most remarkable structural feature revealed during this
investigation is the unusual syn-orientation of the
pyrimidine ring in the both cases analyzed. Although,
for the isolated molecules, the energy differences be-
tween syn- and anti-conformers are small—Iess than
1 kcal mol™', they increase significantly up to 14 kcal
mol~! in aqueous solution. Moreover, for the minimum-
energy gas-phase structures, the endo-type of puckering
of the phosphate ring is observed, while in aqueous
phase the exo-one is preferred. The rationale for such
preferential hydration of the syn/exo-form stems most
likely from their larger dipole moment and favorable
exposure of phosphate oxygens, bearing high negative
charges, capable of binding solvent molecules.
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