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Methylation of a cytidine deaminase inhibitor, 1-(3-D-ribofuranosyl)-2-pyrimidone (i.e., zebularine (zeb)),
which produces 1-(3-D-ribofuranosyl)-5-methyl-2-pyrimidinone (d5), has been investigated using density
functional theory models. The optimized structures of zeb and d5 and the valence orbitals primarily responsible
for the methylation in d5 are presented using state-of-the-art interactive (on a computer or online) three-
dimensional (3D) graphics in a portable document format (pdf) file, 3D-PDF (http://www.web3d.org/x3d/
vrml/). The facility to embed 3D molecular structures into pdf documents has been developed jointly at
Swinburne University of Technology and the National Computational Infrastructure, the Australian National
University. The methyl fragment in the base moiety shows little effect on the sugar puckering but apparently
affects anisotropic properties, such as condensed Fukui functions. Binding energy spectra, both valence space
and core space, are noticeably affected; in particular, in the outer-valence space (e.g., I[P < 20 eV). The
methyl fragment delocalizes and diffuses into almost all valence space, but orbitals 8 (57a, IP = 12.57 eV),
18 (47a, IP = 14.70 eV), and 37 (28a, IP = 22.15 eV) are identified as fingerprint for the methyl fragment.
In the inner shell, however, the impact of the methyl can be localized and identified by chemical shift. A
small, global, red shift is found for the O—K, N—K and sugar C—K spectra, whereas the base C—K spectrum

exhibits apparent methyl-related changes.

1. Introduction

Cytidine deaminases (CDAs) are widespread in microorgan-
isms,? plants,® and animals.*> It (CDA) plays an important role
in the catalysis of hydrolytic deamination of cytidine to uridine.
Pyrimidin-2-one nucleosides have been reported as inhibitors
of enzyme CDAs.%” Experimental and theoretical methods have
been applied to study CDAs as well as inhibitor interactions
with enzymes.®~!* Zebularine (zeb or 1-(-D-ribofuranosyl)-2-
pyrimidone), a cytidine analogue, was evaluated for its antitumor
properties'® and also found to be an effective inhibitor of CDAs.
It was primarily synthesized as a bacteriostatic agent'® nearly
three decades ago. Later, biochemical investigations established
that zeb is a potent inhibitor of CDAs,” and it acts as a
competitive inhibitor of CDAs with a dissociation constant (Kj)
of 1.2 x 107!> M, roughly 8 orders of magnitude lower than
the value of the substrate (cytidine) concentration (Kp).!”
Pharmacokinetics studies have reported that zeb causes low
bioavailability in rodents and extremely low bioavailability in
the rhesus monkey.'® Moreover, zeb has been identified as a
novel mechanism-based inhibitor of DNA methylation, form-
ing a covalent complex with DNA methyl transferases,"
depleting human DNMT1? and involving the epigenetic silenc-
ing of tumor suppressor genes.?! Although compared to other
antitumor drugs such as 5-azacytidine, zeb has a considerably
reduced potency, the favorable chemical stability of zeb
facilitates oral administration and makes it such a promising
candidate for reversing DNA methylation with minimal toxic-
ity.??
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Modulation of histone modification (acetylation, phosphory-
lation, and methylation) and DNA methylation are the principal
driving forces behind the phenomenon of epigenetics.?’™>
Although histone modification is restricted to the eukarya, in
organisms ranging from bacteriophage to human, differential
DNA methylation has been co-opted for the regulation of genetic
transactions, including transcription, imprinting, and recombina-
tion, and classically provides a barrier to host-specific restriction
endonucleases.?6™?

Chemically, zebularine, or 1-(3-D-ribofuranosyl)-2-pyrimi-
done, is composed of a sugar moiety linked to a pyrimidine
base. It differs from its nucleoside analog cytidine only in its
lack of the —NH, group at the C(4) position of the pyrimidine
ring. Compared to its metabolites, such as uridine, uracil,
dihydrouracil, S-ureidipropionic acid, and S-alanine, its large
energy gap between the highest occupied molecular orbital and
lowest unoccupied molecular orbital (HOMO—LUMO) makes
zebularine kinetically inert.*3! In addition, zeb is utilized as a
cytosine (C) analog while incorporating into DNA strands. It
pairs with the opposite guanine (G) and, hence, forms one less
hydrogen bond in the G:Z pair in relation to the G:C pair, due
to the absence of a —NH, at the C(4) position of the pyrimidine
base.?!

Methylation of 1-(f-D-ribofuranosyl)-2-pyrimidone (zebu-
larine) produces 1-(3-D-ribofuranosyl)-5-methyl-2-pyrimidinone
(d5). It can be considered a modified thymine derivative.>3* A
study of 5-methyl cytidine derivatives in mammalian enzymes
reported a lower rate of deamination, which may be due to the
steric consideration.” In a DNA decamer, d5 substituted for
thymidine was found to affect the overall behavior of DNA
strands due to local perturbation.** Recently, theoretical inves-
tigation of 5-methyl-2-pyrimidinone (SM2P) (base alone) was
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carried out to analyze its fluorescence behavior.*® To our
knowledge, very little structural and energetic information is
available for d5. In this study, the impact of methylation on
zeb is investigated with respect to the geometric and electronic
properties of d5, which are presented in a state-of-the-art
interactive (on computer or online) 3D-PDF. The latter is the
outcome of a recent project we developed in the past few
months. According to L. Page, 3D-PDF will be a “significant
milestone” in 2009, and similar techniques will be employed
in Nature >

2. Computational Details and Generation of 3D-PDF.
Geometric structures of zeb and d5 in their ground electronic
states (XA!) were produced using optimization in isolation,
followed by frequency calculations to ensure that the structures
are true minima without negative frequencies. Becke’s three-
parameter-hybrid (B3LYP) density functional theory (DFT)
method was employed in the optimization, together with a
correlation-consistent, polarized valence, triple-§, cc-pVTZ,
basis set. Appropriate quantum mechanical models, such as
B3LYP/aug-cc-pVTZ, OVGF/TZVP, SAOP/et-pVQZ* (for
valence shell), and LB94/et-pVQZ*® (for core shell), are
employed to produce molecular electrostatic potentials, Hirshfeld
charges, Fukui functions and binding energy spectra. Here, the
aug-cc-pVTZ and TZVP are Gaussian basis sets, but et-pVQZ
is an even-tempered slater-type basis set.

Atomic-site-specific electron charges based on the Hirshfeld
scheme***! were calculated on the basis of the LB94/et-pVQZ
wave functions. Hirshfeld charges were obtained by subtracting
the integral of the density associated with atom A from the
corresponding nuclear charge, Z,.*

PA(r)

QIZirShfdd — ZA _ r)pmolecule(r) dr (1)

p promolecule(

The condensed Fukui functions for electrophilic attack (f )
were calculated following a procedure as previously described
in Saha et al.** and Zhu et al.** All calculations were performed
using computational chemistry programs, such as Gaussian03,*
Gamess,*® and ADF.*’ Sugar puckering of the nucleoside pair,
zeb and d5, was performed using the method proposed in ref
48 for pseudorotational analyses.

In this paper, we use a new 3D feature in the ubiquitous
portable document format (pdf), 3D-PDF. Using 3D-PDF, it is
possible to embed 3D imagery within a pdf file, in which the
readers are able to manipulate 3D structures on their computers
or online to observe the structures interactively. No additional
3D-rendering software is required, since the 3D information has
been already integrated within the pdf document. The 3D-PDF
file can be displayed on any computer with up-to-date Adobe
Acrobat software (a pdf viewer) installed.

Embedding 3D images into a pdf document could be done
using recently released Adobe Acrobat 9 Pro-Extended. It can
either convert virtually any computer-aided design (CAD) files
into a pdf document or capture a 3D model from any 3D CAD
applications that support OpenGL (standard graphics language
for 3D models). We used the former approach and saved each
molecular scene in the virtual reality modeling language
(VRML) format.*>>® VRML is a text file format that can be
visualized by VRML viewers and can be edited in text or VRML
editors; that is, the VRML format gives more control over the
3D scene for advanced users. The 3D-PDF technique used in
the present study in principle is similar to those recently
employed by Barnes and Fluke®' and Kumar et al.”> However,
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the latter used either s2plot’’ or Adode Acrobat 3D Toolkit,>?
both of which are technically the same as the one we used, for
the creation of 3D-PDF.

In the present study, VRML files were prepared using
Jamberoo,> an open-source program for displaying, analyzing,
and editing molecular systems, that was developed at the
National Computational Infrastructure at the Australian National
University. Jamberoo uses Java3d application programming
interface (API)**% for high-performance 3D graphics. In Java3d,
a collection of objects to be rendered forms hierarchical tree
structures or scene graphs. A program module for Jamberoo
has been developed that takes Java3d scene graphs as input,
explores the scene graph path, and produces graphs that are
nearly equivalent to the VRML with the same geometric shapes
(spheres, cylinders, surfaces, etc.), geometric transformations,
and appearance properties (colors, material attributes, and
lighting, etc.).

3. Results and Discussion

3.1. Molecular Structures in 3D-PDF. Chemical structures
and nomenclature of 1-(8-D-ribofuranosyl)-2-pyrimidone (zeb)
and 1-(B-D-ribofuranosyl)-5-methyl-2-pyrimidinone (d5) are
given in Figure 1a, together with their state-of-the-art interactive
3D structures in Figure 1b. To view the 3D structures of zeb
and d5 interactively on a computer (it requires Adobe Acrobat
8.1 or above), the readers can double click Figure 1b on a
personal computer where the pdf file is stored, and the buttons
will be displayed once they are activated. Chemically, zeb and
d5 differ only by a methyl fragment attached at the C(5) position
of the pyrimidine base ring in d5, which shows clearly in their
3D structures.

Optimized geometric and conformational parameters of the
nucleoside pair are presented in Table 1. Addition of the methyl
(CH;) group does not impose significant isotropic changes to
their geometries. For example, small relaxations in bond lengths
are observed in d5 with respect to zeb, which compensates
within the aromatic ring so that the perimeters>® of the hexagon
(R¢) and the sugar pentagon (Rs) rings of the species remain
unchanged; that is, 8.25 A for hexagons and 7.49 A for
pentagons. However, anisotropic properties, such as bond angles,
dihedral angles, and dipole moments (u), exhibit variations
between the analogs. For example, the total dipole moment of
zeb (6.81 D) has been reduced (6.75 D) in d5 due to the
additional methyl fragment, whereas the pseudorotational angle
(P) reduces ~6°.

Structural details can help us to understand the relationship
between conformations and biological activities of a molecule.
The glycosyl torsion angle (y), (O(4")—C(1")—N(1)—C(2)),
which determines orientations of the base and sugar in a
nucleoside, exhibits an anti orientation for both zeb and d5. It
is also seen geometrically that addition of a methyl fragment
in the base moiety of zeb causes a certain local perturbation
but does not change the orientation of the sugar moiety
significantly. For example, the torsional angle (y), (C(3")—C(4")—
C(5")—0(5")), which describes orientation of the 5’-hydroxyl
group relative to the sugar ring, exhibits only a minor change
of 0.71°. Moreover, sugar puckering in d5 and zeb also receives
only small perturbations from their south orientation, as shown
by a small relaxation of the pseudorotational angles and
puckering amplitude, v,,. The present results agree well with
statistical findings from NMR37® and X-ray*® for nucleoside
analogs;* that is, the glycosyl torsion angle in the anti range
and the sugar puckering in the south are the necessary orientation
for biological activity® of nucleosides for the purpose of a strong
interaction.
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Figure 1. Two-dimensional (2D, a) and three-dimensional (3D, b) structures and nomenclature of 1-(5-D-ribofuranosyl)-2-pyrimidone (zeb) and
1-(-D-ribofuranosyl)-5-methyl-2-pyrimidinone (d5) with Hirshfeld charges in parentheses of the 2D structures. Double click the 3D structures

(part b) on a computer or online to activate the interactive 3D structures.

3.2. Hirshfeld Charges and Fukui Indices. Atomic charges
are important anisotropic properties to trace behavior of atoms
in molecules. Hirshfeld charges of zeb and d5 are presented in
parentheses along with the structures given in Figure la. The
results show that the N sites and the O sites are electron donors
(negative charges) because they possess large electron densities,
whereas all the C sites are electron acceptors with positive
charges except at the C(5) site. Here, site C(5) possesses
negative charges because this site connects with the methyl
group C(7) in d5. This observation agrees with that of cytidine*
and other pyrimidine nucleic acids previously studied.***' Within
the same species, the oxygen sites attract more intensive electron
charges than the nitrogen sites. It is noted that the ketone
0O(2)=C(2) double bond is strongly polarized in both zeb and
dS. Although varied Hirshfeld charges are found, depending on
a specific site, the carbon sites on the sugar ring are all positive,
whereas the site-specific Hirshfeld charges, Q(H), on the base
vary significantly, either positively or negatively. Comparing
the Hirshfeld charges between zeb and d5, all atomic sites in
the nucleoside pair do not change much, except the methyl
branch connected at the C(5) site, which is the only negative
Q(H) charged carbon site in d5 and zeb. The negative Q(H) of
zeb (—0.06) at C(5) is largely reduced when the methyl fragment
(d5, —0.01) is attached.

Condensed Fukui functions f~, which is one of the useful
descriptors to monitor electrophilic behavior of a specific site
in a molecule, are given in Figure 2. Here, the atomic sites with
primes (") are associated with sugar; otherwise, with the base.
Distributions of the site-specific Fukui functions of the pair can
be divided into three regions: that is, an inactive region with

f~ <0.03, a moderately active region with 0.03 < f~ < 0.06,
and an active region with f~ > 0.06, as separated by the dashed
lines in this figure. In general, the sugar sites are less active
than the base sites. The sugar sites are associated with either
inactive or moderately active regions, whereas the base sites
are dominated by either active or moderately active f ~ regions
in this figure. It is noted that only one exception is the sugar
O(2’), which is a very active site on the sugar ring. Apart from
0O(2"), all sites—C(5), O(2), and N(3)—which locate in the active
[~ region either possess large negative Q(H)s or directly connect
with the methyl (C(5)). The oxygen sites on the sugar represent
the most diverse Fukui functions in this figure, spanning into
all three regions with inactive, moderately active, and active
Fukui functions, f . This suggests that the electrophilic reac-
tivities of these oxygen atoms are quite different from one
another. In addition, when the methyl group is attached, all
carbon sites do not exhibit apparent changes in electrophilic
reactivity behavior, except for C(5), and all noncarbon sites split
obviously in their Fukui functions, except for O(3’), indicating
electrophilic activities of the noncarbon sites in zeb are very
different from those in dS.

Molecular Electrostatic Potentials (MEPs). Molecular
electrostatic potentials (MEPs) of zeb and d5 are presented in
Figure 3a—d, with parts a and b being the projection on the
“base plane” formed by C(5)—N(3)—N(1), whereas parts ¢ and
dare the projection onthe “sugar plane” formed by C(1')—O(4")—C(4").
Similarities and differences can be seen clearly in the two-
dimensional MEPs. For example, in Figure 3a and b, some local
density contributed by methyl is observed. Interestingly, al-
though the MEPs in the base region show similarities, the MEPs
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TABLE 1: Comparison of Geometric and Sugar Puckering
Parameters of 1-(f-p-Ribofuranosyl)-2-pyrimidone (zeb) and
1-(3-p-Ribofuranosyl)-5-methyl-2-pyrimidinone (d5) Using
the B3LYP/cc-pVTZ Model

parameters zeb d5
bond length, A (selected)

N()—C(2) 1.439 1.430
N@3)=C(4) 1.301 1.299
C4)—C(5) 1.416 1.424
C(6)—N(1) 1.352 1.359
N(H—C(1") 1.450 1.450
C(2")—C(3") 1.540 1.542
C(3)—C#) 1.543 1.545
C(4)—0(4) 1.439 1.436
0O(4")—C(1") 1.424 1.425

ring perimeters, A
R¢* 8.25 8.25
Rs* 7.49 7.49

dihedral angles, deg
C(2)—-N(1)—C(1))—C(2") 114.85 117.05
N(1)—C(1")—04’—C(4") —160.81 —163.25
C(6)—N(1)—C(1)—C(2") —66.04 —63.44
C(1)—C(2)—C(3")—C4") —30.20 —27.69
C(1)—0(4")—C@4)—C@3") 17.33 21.58

dipole moment, D
u 6.81 6.75

pseudorotational parameters, deg
2(0(4)-C(1")-N(1)—C(2))

y (C(3")-C(4")-C(5)-0(5")) —65.81 —65.10
pseudorotational angle, P’, deg 137.07 (south)  131.23 (south)
puckering amplitude, v, deg 41.24 42.01
type PYR, Cl™-exo  PYR, Cl’-exo

—129.20 (anti) —127.37 (anti)

@ Ring perimeters. See ref 56. ” See ref 48, where P = ((v4 — v,)
— (v3s — v))((2*%v2*(sin 36° + sin 72°)); vmax = abs((v)/(cos P)).
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Figure 2. Site-specific condensed Fukui function variation between

1-(f-D-ribofuranosyl)-2-pyrimidone (zeb) and 1-(f-D-ribofuranosyl)-

5-methyl-2-pyrimidinone (d5) based on the LB94/et-pVQZ model. The

variations are the results of methylation.

on the sugar ring are quite different. For example, the C(5")H,
moiety connecting at the C(4’) position in zeb contributes
significantly to the “base plane”. Through the “sugar plane” in
Figure 3c and d, the methyl group in d5 reduces the pseudoro-
tational angle (P) by an apparent 6° so that the MEP closes the
loop at C(1”) position in the “sugar plane” and builds up at O(4").
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In addition, the methyl opens up the MEP gap along the
C(4)—C(5")—0(5") chain.

Valence Ionization Spectra. Valence ionization potentials
(IPs) directly connect the valence electronic structure of a
molecule with the molecular orbital theory. Ionization potentials
help the understanding of charge mobility along the DNA double
helix. Although experimental photoelectron spectroscopic (PES)
measurements for zeb and d5 in the gas phase are not available
yet, a number of such measurements for pyrimidine nucleosides
and deoxynucleotides have been achieved.>% Accurate theo-
retical calculations for other IPs of biomolecules the size of
nucleosides or nucleotides still present a challenge for other
IPs rather than the IP of the HOMO. And most IPs for larger
molecules come from semiempirically estimated results rather
than from being accurately quantum mechanically calculated.
Ab initio methods such as MP2 are hardly applied to calculate
IPs of nucleosides with a reasonably large basis set, and MP2
suffers from spin contamination.®* In addition to the same
problem as MP2, the outer valence green function (OVGF)
model®*® cannot be extended to the inner valence shell. A
number of DFT models, such as B3LYP, etc., suffer less from
spin contamination than MP2, but self-energy erroris significant.5%*

In the present study, valence ionization spectra of zeb and
d5 are calculated quantum mechanically using established
models, such as the DFT-based statistically averaged orbital
potential (SAOP), SAOP/et-pVQZ?” and OVGF/TZVP.%>% The
SAOP/et-pVQZ model has been proven®”%+7 as an accurate
DFT-based model for outer valence space as well as inner
valence space.®® Figure 4 compares the vertical IP results for
zeb and dS, calculated using the SAOP/et-pVQZ and OVGF/
TZVP models. The negative orbital energies (—¢;) produced by
the B3LYP/aug-cc-pVTZ model are also given in this figure as
a reference® to indicate the improvement that the other models
have offered.

Figure 4 provides an interesting IP pattern for the nucleoside
analogs as well as the quantum mechanical models. The energies
increase when the hole moves toward the inner valence shell;
that is, the more inward the hole, the larger the energy that is
required to ionize the bound electron. After taking consideration
of three methyl molecular orbitals (MO, note: HOMO as MO1),
that is, MO8, MO18, and MO37 in d5 (as marked in the figure)
in the valence space, the IP patterns produced by the SAOP/
et-pVQZ and OVGF/TZVP models are consistent except for
the HOMOs, which represents a sharp change of vertical IPs
compared to other outer valence IPs. It has been a known fact
that the SAOP/et-pVQZ model does not produce very accurate
first IPs.%77%7! In addition, the vertical IPs larger than 20 eV
may be subject to satellite shake-ups and shake-offs,”> which
may be partly considered in the SAOP model from the statistical
orbital average. It is seen in Figure 4 that the vertical IPs
produced by the SAOP/et-pVQZ and OVGF/TZVP models
agree well in the outer valence space (IP < 20 eV), except for
the outermost valence orbitals of IP < 13 eV, as marked by a
vertical dashed line in the figure. The SAOP model continues
producing consistent IPs into the inner valence space where the
OVGF model ceases (at MO31). Indeed, all three orbitals exhibit
methyl-dominant electron density distributions (shown in the
insert 3D orbitals), which largely concentrate on the base moiety
of the nucleosides.

Valence binding energy spectra of molecules depend not only
on their binding energies but also on the distribution or
intensities of the ionized states in the region. Figure Sa compares
the simulated PES of zeb and d5 on the basis of the SAOP/et-
pVQZ model (with a fwhm of 0.40 eV). From a spectral point
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Figure 3. MEP of 1-(f-D-ribofuranosyl)-2-pyrimidone (zeb) and 1-(3-b-ribofuranosyl)-5-methyl-2-pyrimidinone (d5) projected onto the base plane
of C(5)—N(3)—N(1) (a, b) and sugar plane of C(1")—0(4")—C(4’) (c, d). Calculations are based on the B3LYP/aug-cc-pVTZ model.
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Figure 4. Valence vertical ionization potentials of 1-(3-D-ribofuranosyl)-2-pyrimidone and 1-(3-D-ribofuranosyl)-5-methly-2-pyrimidinone, generated
using SAOP/et-pVQZ, OVGF/TZVP, and B3LYP/aug-cc-pVTZ. The nomenclature starts from HOMO as MO1 and inward. The differences indicate
species dependency (by color) and model dependency (by symbol), which could be separated by orbitals or energy regions. Double click the insert
orbitals, MO8, MO18, and MO37 on a computer or online to activate the interactive 3D structures.

of view, the inner valence shell of the nucleoside pair exhibits
certain similarities; in particular, in the region above 25 eV.
The outer valence region of the spectra, however, is quite
different. The more intensive IP distribution incorporated with

the Gaussian line shape function employed in the simulation
contributes to the apparent differences in the PES in the energy
region of IP < 25 eV. It is seen that the energy gaps
(AEnomo-Lumo) between the highest occupied molecular orbital
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Figure 5. (a) Valence electron spectra of zeb (lower) and d5 (upper)
based on the SAOP/et-pVQZ model. Inner-valence region (IP > 19
eV) indicates global energies shift, but outer-valence region reveals
differences in orbital distribution and density. The vertical bars are
primary methyl-dependent orbitals (black) and secondary methyl-
dependent orbitals (red). (b) Orbital-based valence ionization energy
differential spectrum of zeb and d5 due to the methyl attachment.
Calculations are based on SAOP/et-pVQZ. The nomenclature starts
from HOMO as MO1. That is, for zeb, HOMO is MO1 or 60a, whereas
for d5, HOMO is MO1 or 64a.

and lowest unoccupied molecular orbital of the molecule pair
differ by as much as 0.25 eV. For example, the AEgomo-Lumo
is given by 3.35 eV for zeb but reduces to 3.10 eV for d5 in
the present calculation. The reduction of the HOMO—LUMO
gap in d5 indicates that methyl is capable of activating the
nucleoside, which may contribute to the potency if it is used as
a drug.

To further monitor the methyl effect in the entire valence
shell, the orbital-based differential IP spectrum, which corre-
sponds to the orbital-based vertical IPs of dS with respect to
zeb (i.e., AIP = IP(d5) — IP(zeb)), are given in Figure 5b. Three
large IPs of MO8, MOI18, and MO37 in this figure are
contributed primarily by the methyl moiety in d5. However,
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the IP differential spectrum clearly indicates that methyl effects
in the valence space are delocalized: almost all valence orbitals
of d5 are more or less affected by the methyl group. The
majority of valence orbital IP differences are negative, and
therefore, to reduce the total electronic energy of d5. From an
energy point of view, the IP differential spectrum between zeb
and d5 due to methyl attachment is less different from the IP
spectrum between two didehydrodeoxycytidine nucleoside
isomer pairs, 1’,2’-didehydro-3",4"-deoxycytidine and 3’,4’-
didehydro-2’,4’-deoxycytidine,®” which differ by only the posi-
tion of a C=C double bond in the sugar ring. Apart from the
methyl-dominant MOS8, MO18, and MO37 orbitals, a group of
secondary orbitals can be found in this figure as the HOMO,
MO13, MO21, MO27, MO34, MO36, and MO40 (IAIPI > 0.2
eV). The primary and secondary methyl-related orbitals are
marked in the valence binding energy spectra of Figure 5a as
vertical bars. It is these orbitals that are the dominant sources
of variations in the spectrum of d5, unlike small molecules, such
as L-alanine,” in which the methyl group contributes to four
clearly identifiable orbitals in alanine with respect to glycine.
However, as shown in Figure 5, contribution from the methyl
group in d5 diffuses over the valence space, particularly the
outer valence space.

Core Binding Energy Spectra. Nucleosides are large
molecules in quantum mechanics. As seen in the previous
section, the methylation effect is delocalized into a large number
of orbitals in the valence space. The complex electronic
structural changes brought in by the methyl group affect almost
all valence orbitals. However, a more localized picture of methyl
effects in the inner shell can be observed. Figure 6 provides
the simulated core binding energy spectra of the molecule pair,
based on the LB94/et-pVQZ model. An energy resolution
(fwhm) of 0.40 eV, which is the same resolution employed in
the simulation of the PES for cytidine,” is employed in the
simulated spectra. Because methyl does not have other non-
hydrogen atoms other than C, the O—K and N—K spectra of
zeb and d5 are nearly identical, with only subtle global red shifts
in d5. The double-bonded O—K site, O(2), of the ketone in the
base is well-separated from the single-bonded sugar O—K sites
(as labeled by primes). In the sugar O—K sites, the O(2’) site is
separated from other sugar O—K sites, as noted in their very
different condensed Fukui functions in previous sections. The
N—K spectra exhibit a simple structure with well-separated N(3)
and N(1) peaks, which are associated with the imino (—N=)
and amino (—N—) N—K sites, respectively, as noted in a study
of cytidine by Wang.” The O—K and N—K spectra indicate
that the chemical environment of a double bond is different from
a single bond.

Methyl effects on the C—K spectrum of d5 with respect to
zeb are also revealed in Figure 6. It indicates that the core shell
of the species is different but related. The energy ordering and
positions of sugar carbons exhibit small variations. For example,
the energy ordering of the sugar Cls sites is given by C(5’) <
C@) < C2) < C@3) < C((") in the energy region of
291.1—292.5 eV for both zeb and d5. The fact that the sugar
Cls sites are more congested than the base Cls sites indicates
that the sugar carbons are chemically more similar to one another
due to the single bonds in the sugar moiety. The ketone carbon,
C(2), always locates as the highest binding energy peak in the
spectra, which makes C(2) the most difficult site to ionize.
Energy ordering of the Cls sites in the base, which is (C(7),
methyl carbon) < C(5) < C(4) < C(6) < C(2), remains unchanged
in zeb and dS. However, the positions of the Cls sites shift
apparently in order to accommodate the methyl carbon, C(7), a



Downloaded by AUSTRALIAN NATIONAL UNIV on September 3, 2009 | http://pubs.acs.org

Publication Date (Web): July 29, 2009 | doi: 10.1021/jp901678g

11502 J. Phys. Chem. B, Vol. 113, No. 33, 2009

16 —

12

Density of states

Selvam et al.

Core Orbital Energies (eV)

Density of states

cassasmemmEmeenn==
e

N-K

w2

P—— Y

ol T

el

d
I

I
402 404

16 —

Density of states

T T T
405 406

Core Orbital Energies (eV)

c4 C2'

v T
290 291

T ¥ T
292 293

Core orbital energies (eV)

Figure 6. Comparison of the O—K, N—K, and C—K binding energy spectra of zeb and d5, simulated using LB94/et-pVQZ calculation with a

fwhm of 0.40 eV.

site which directly connects on the C(5) site. The C(5) site and
its neighbors C(6) and C(4) shift in opposite directions; that is,
C(5) exhibits a blue shift (toward larger energy), whereas C(6)
and C(4) result in red shift (toward lower energy). Finally, the
addition of methyl splits the peak formed by C(6) and C(5"),
indicating that their similar chemical environment in zeb no
more exists in d5, as seen in this figure.

Conclusions

Geometric and electronic impact of the methyl group with
respect to two related nucleoside drugs, 1-(3-D-ribofuranosyl)-
2-pyrimidone (zebularine) and its methylated analog, 1-(3-D-
ribofuranosyl)-5-methyl-2-pyrimidinone (d5), have been studied
quantum mechanically using density functional theory models.
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Methylation of Zebularine

To obtain a thorough insight of the structures and methyl-
dominated orbitals in 3D space, a state-of-the-art interactive 3D
graph in a portable document format (pdf) file, 3D-PDF, is
developed and presented (Figures 1 and 4). It is found that
methyl attachment has small effects on the geometries and sugar
puckering. However, electronic properties, such as condensed
Fukui functions, change more apparently. In the valence space,
the methyl fragment affects binding energy spectra more
significantly in the outer-valence region rather than in the inner-
valence space. The methyl effects, however, are more delocal-
ized and diffused into the valence space, which is quite different
from the methyl effects in smaller molecules, such as
alanine—glycine.”® However, the ionization energy differential
spectrum between zeb and d5 exhibits less significant changes
in valence energy than a didehydrodeoxycytidine nucleoside
pair, which differs only by the location of a C=C double bond
in the sugar ring. The impact of methyl in the inner shell can
be observed in the nucleic base or the sugar. It is found in the
present study that the methyl group affects core binding energy
spectra of the nucleoside pair with small global red shifts for
the O—K, N—K, and sugar C—K spectra, whereas methyl affects
the C—K spectrum of the base carbon sites locally with respect
to the sites that directly connect to methyl.
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