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Oxidized cytosine product 5-hydroxyuracil has been shown to be the major chemical precursor for the
GC to AT transition, the most frequent substitution mutation observed in aerobic organisms. We have
calculated the interaction energy of base-pair formation involving uracil or 5-hydroxyuracil, which is
formed in cells by oxidative deamination of cytosine, bound to any of the natural DNA bases, A, C, G,
and T, and discuss the effects of the hydroxyl group in this respect. The base-pair geometries and
energies were calculated using the 6-311G(dp) basis set under four conditions: using density functional
theory (DFT) without out basis set super-position error (BSSE) correction, using DFT with BSSE
correction of geometries and energies, using Møller–Plesset second order perturbation theory (MP2)
without BSSE correction, and using MP2 with BSSE geometry and energy correction. We find that the
hydroxyl group of 5-HO-U (relative to U) has little effect on the base-pairs with A, C or one
conformation of T, while making a substantial energy difference in base-pairs involving G or a different
conformation of T. For most of the complexes studied, the BSSE-corrected energies at the DFT and
MP2 levels of theory agreed to within 0.5 kcal.

Introduction

Exposure to reactive oxidation species and subsequent DNA
damage has been linked to cancer, aging, rheumatoid arthritis
and other diseases.1,2 Oxidized cytosine products have been shown
to be major chemical precursors in DNA for GC to AT transition
mutations,3,4,5 the most abundant base substitution mutation
observed in aerobic organisms.6,7,8 Cytosine oxidation gives rise
to a number of products (Scheme 1),9 including 5,6-dihydroxy-
5,6-dihydrocytosine (1), which can be dehydrated to form 4-

Scheme 1 Oxidative deamination pathways converting cytosine to
5-hydroxyuracil, 5-OH-U (4).
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amino-5-hydroxypyrimidine-2-one (5-OH-C) (2) or deaminated
to form 5,6-dihydroxy-5,6-dihydrouracil (3). Dehydration and
deamination of (1) yields 5-hydroxy-2,4(1H,3H)-pyrimidinedione
(4), (called 5-hydroxyuracil (5-OH-U) when incorporated in
nucleotides or DNA) the most mutagenic product of cytosine
oxidation. Both (3) and (4) have been detected in human cells
after oxidative damage to DNA at levels comparable to those of 8-
oxoguanine, the most frequently observed oxidized purine product
in DNA.10 In humans, at least four enzymes excise 5-OH-U from
damaged DNA, suggesting that 5-OH-U is produced in significant
amounts in the human genome that requires multiple enzymes
for its repair.11,12 Their presence indicates that 5-hydroxyuracil is
produced in significant amounts within cells.

The chemical structure of 5-hydroxyuracil is very similar to
that of thymidine, suggesting that it would form a normal
Watson–Crick (WC) base-pair with adenine (Fig. 1). Although
(4) can undergo a keto–enol tautomerism via a 1,3 hydrogen
shift mechanism, the enol form is expected to be more stable
because the C5–C6 double bond is conjugated. UV absorption
studies showed that 5-OH-U and 5-OH-C retain the enol rather
than the keto configuration.13 Although there is no evidence that
C gets mispaired with 5-OH-U in-vivo, G, T, and A residues
are incorporated, at different frequencies, opposite to 5-OH-U
by mammalian DNA polymerases during DNA replication.14 To
understand the base-pairing preferences of 5-OH-U during DNA
replication, we are studying the interaction energy of base-pair
formation of 5-OH-U with other DNA bases.

Ab initio methods have been widely used to study DNA base
stacking and base-pair interactions, and have been the subject
of several excellent reviews.15,16,17 More recent reports concerning
AT base-pair patterns,18 uracil flexibility,19 tandem GU base-pair
patterns (studied by NMR20 or quantum mechanics21) or more
general base-pair interaction energies22 may interest the reader.
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Fig. 1 Geometric arrangements of the base-pairs studied.

Recently, we reported that 5-OH-U forms stable base-pairs with
the four standard DNA bases, A, C, G, and T, based on NMR
spectroscopy, UV-melting experiments, and low level ab initio
studies.23 The reported ordering of base-pair stabilities, namely
G : 5-OH-U > A : 5-OH-U > C : 5-OH-U > T : 5-OH-U,
is analogous to the ordering of base-pairs involving thymine
when in comparable conformations.17 The NMR data indicated
that for all four 5-OH-U mismatches studied, all of the bases
remain in the normal anti configuration about the glycosidic
bond, the imino protons were protected from solvent exchange by
hydrogen bonding, and that the base-pair between C and 5-OH-
U was less stable, or more dynamic, than the base-pairs formed
between 5-OH-U and A, G, or T. In the C: 5-OH-U base-pair
the NMR spectral line broadening of the H3-imino hydrogen was
rationalized by the inter-conversion between two equally stable,
twisted conformations. The two bases were twisted ±40◦ relative
to each other in order to relieve the electrostatic repulsion between
the cytosine O2 and 5-OH-U O2 carbonyl oxygen atoms. In this
report, using higher theory levels, we contrast the interaction

energies of uracil and 5-OH-U. Because NMR data17 indicated that
all of the base-pairs remained in the anti conformation, we have
not calculated the base-pair energies for the syn conformations
in which the 5-hydroxy group would be involved in the base-
pairing hydrogen bonds. Although the 5-hydroxy substitution
would influence base stacking interactions and may form water or
cation bridges, these subjects were not investigated in this study.

Results and discussion

The energies and geometries of the base-pairs of 5-hydroxy-uracil
(5-OH-U) with the standard DNA bases were calculated at the HF
and DFT levels of theory using the 6-311G(d,p) basis set (data not
shown) starting with bases attached to ribose and methyl-capped
phosphate moieties (i.e. methyl-capped nucleotides). These calcu-
lations were repeated using bases in which the N1 (pyrimidines) or
N9 (purines) nitrogen atoms were capped with a methyl group in
place of the C1′ carbon atom. Although removal of the phosphate
and sugar moieties significantly changed the absolute energies of
the bases and their complexes, the calculations indicated a constant
interaction energy change of −0.2 kcal mol−1 at the DFT level,
presumably due to the large distance of the these atoms from
the H-bonding atoms. Therefore, all subsequent calculations were
performed using the 6-311G(d,p) basis set and the N-methylated
forms of the bases (Fig. 1).

Among the standard DNA bases, 5-OH-U forms the strongest
base-pair with guanine (Table 1) at all levels tested, and the bond
distances determined (Table 2) in the MP2-BSSE-free calculation,
1.883 Å (O6–H3) and 1.860 (H1–O2)Å, are among the shortest
distances observed. The interaction energy of the G: 5-OH-
U base-pair is −13.8 and −16.7 kcal mol−1 at the HF and
DFT(B3LYP) levels of theory, respectively, when calculated using
the full nucleotides. This change of −2.9 kcal mol−1 between the

Table 1 Hydrogen bond strengthsa (kcal mol−1) of uracil and 5-hydroxy-
uracil bases paired with standard DNA bases and comparison to standard
Watson–Crick (WC) GC and AT base-pairs

Base-pair DEDFT DEDFT,BSSE DEMP2 DEMP2,BSSE

G · C WC −28.3 −27.8 −28.0 −24.9
G · 5-OH-U −16.9 −15.8 −18.0 −14.9
G · U −15.4 −14.1 −16.5 −13.4
A · 5-OH-U −15.2 −13.4 −17.5 −13.3
A · U −15.2 −13.2 −17.2 −12.9
A · T WC −15.1 −13.1 −17.2 −12.9
C · 5-OH-U −13.4 −12.1 −15.4 −12.2
C · U −13.7 −12.4 −15.3 −12.0
T · 5-OH-U(2) −13.2 −11.5 −14.4 −10.9
T · U(2) −12.1 −10.2 −13.3 −9.8
T · 5-OH-U(1) −12.5 −10.6 −13.4 −10.2
T · U(1) −12.3 −10.5 −13.4 −9.9

a All present calculations used the 6-311G(d,p) basis set and the geometries
were optimized at the theory level indicated. DFT was performed with
B3LYP, and the BSSE geometry optimizations used the counterpoise
method as described in experimental methods. The BSSE-free optimized
interaction energies include deformation energies, and they are therefore
equal to the complexation energies of the dimers. For the BSSE-
contaminated calculations (DEDFT and DEEMP2), neither the geometry nor
the energy have been corrected for BSSE. For the BSSE-free calculations
(DEDFT,BSSE and DEEMP2,BSSE), both the geometries and the energies have
been corrected for BSSE. No thermal or zero point energy corrections
have been made.
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Table 2 Hydrogen bond distances of structures shown in Fig. 1 calculated at different levels of theory

Base-pair DFT DFT(BSSE-free) MP2 MP2(BSSE-free)

r1[Å] r2 [Å] r1 [Å] r2 [Å] r1 [Å] r2 [Å] r1 [Å] r2 [Å]
G · C WCb a1.77 1.91 a1.79 1.94 a1.78 1.89 a1.86 1.98
G · 5-OH-U a1.79 a1.80 a1.81 a1.83 a1.77 a1.79 a1.86 a1.88
G · U a1.81 a1.83 a1.84 a1.86 a1.79 a1.84 a1.87 a1.94
A · 5-OH-U 1.80 a1.96 1.84 a1.98 1.77 a1.98 1.87 a2.04
A · U 1.82 a1.93 1.87 a1.94 1.80 a1.95 1.90 a2.01
A · T WC 1.82 a1.93 1.87 a1.94 1.80 a1.95 1.90 a2.01
C · 5-OH-U a1.88 1.94 a1.91 1.99 1.85 a1.90 1.99 a1.99
C · U a1.84 1.95 a1.87 2.01 a1.87 1.88 a1.95 2.01
T · 5-OH-U(2) a1.82 a1.85 a1.86 a1.89 a1.82 a1.84 a1.91 a1.94
T · U(2) a1.86 a1.87 a1.90 a1.90 a1.86 a1.86 a1.95 a1.95
T · 5-OH-U(1) a1.84 a1.89 a1.88 a1.92 a1.83 a1.88 a1.92 a1.98
T · U(1) a1.85 a1.87 a1.89 a1.90 a1.84 a1.86 a1.94 a1.96

a Indicates a hydrogen bond involving a carbonyl group. b r3 = 1.92, 1.94, 1.93 and 2.01* at the DFT, DFT(BSSSE-free), MP2 and MP2(BSSE-free) levels,
respectively.

HF and DFT calculations is typical of those observed (ranging
from −2.9 to −4.1 kcal mol−1) for all of the five complexes
calculated using the full nucleotides. The strength of the G : 5-
OH-U interaction at the MP2 BSSE-free level, −14.9 kcal mol−1,
is 10 kcal mol−1 less stable than the interaction in the Watson–
Crick (WC) G : C base-pair but 1.5 kcal mol−1 more stable than
the G : U mismatch. Thus, the 5-hydroxy substitution stabilizes
the base-pair by 1.5 kcal mol−1.

It is biologically significant that 5-OH-U forms the most stable
base-pair with G, because 5-OH-U arises from the oxidation of
a cytosine. Thus, upon DNA strand separation and replication
the G formerly paired with 5-OH-U will now pair with a C, and
this C will then correctly be incorporated into the daughter strand.
Likewise, the 5-OH-U will most often pair with a G, which will also
correctly be incorporated into the other daughter DNA strand. In
this situation, no mutations will be propagated to the subsequent
generations.

The A : 5-OH-U base-pair is the next most stable base-pair
involving 5-OH-U at all levels studied, having −13.3 kcal mol−1 of
interaction energy in the MP2-BSSE-free calculation. One of the
hydrogen bonds is formed between the adenine H6 hydrogen and
the 5-OH-U O4 oxygen (r1 = 2.044 Å). The second hydrogen
bond is formed between adenine N1 and the 5-OH-U H3
hydrogen atom (r2 = 1.869 Å). The A : 5-OH-U BSSE-free MP2
interaction energy, −13.3 kcal mol−1, is only 0.4 kcal mol−1 less
than the interaction energies of the A : U and A : T base-pairs
(−12.9 kcal mol−1), indicating that the uracil 5-substituent (H,
OH or Me) has little effect on the interaction energy. In contrast,
the 5-hydroxy substituent makes a markedly larger difference
(−1.5 kcal mol−1) when binding with guanine. Because the A :
5-OH-U base-pair is only 1.6 kcal mol−1 less stable than the
G : 5-OH-U base-pair, some formation of A : 5-OH-U would
be expected within the cell. The incorporation of this adenine
opposite to the 5-OH-U would lead to the incorporation of a T in
place of the 5-OH-U in daughter DNA strands. Thus, formation
of the A : 5-OH-U base-pair, if not excised by glycosylases, results
in the G : C to A : T transition mutation observed in cells.

At the MP2-BSSE-free level, the C : 5-OH-U base-pairs are
less stable than the G : 5-OH-U and A : 5-OH-U base-pairs
by 2.7 and 1.1 kcal mol−1, respectively. However, in the two
equally energetic C : 5-OH-U base-pairs, the two bases are

twisted 38 degrees relative to each other in order to minimize
the electrostatic repulsion between the O2 oxygen atoms of C and
5-OH-U. In the context of a DNA duplex, such base twisting
would greatly distort surrounding base-pairs making the overall
interaction significantly less stable than calculated here. Indeed,
both UV-monitored melting experiments and NMR spectroscopy
have shown that among the four DNA bases, cytosine makes
the least stable complex with 5-OH-U in solution. Because of
the twisted nature of these base-pairs, a direct comparison of
the cytosine base-pairs versus the A, G and T base-pairs with
uracil or 5-hydroxy uracil is not appropriate. However, one can
compare the MP2-BSSE-free interaction energies of the C : 5-
OH-U (−12.2 kcal mol−1) and C : U (−12.0 kcal mol−1) base-
pairs. This small energy difference between the 5-substituents,
(−0.2 kcal mol−1) is similar to the change observed in the A :
5-OH-U base-pairs (−0.4 kcal mol−1) but contrasts with the larger
1.5 kcal mol−1 change observed in the G base-pairs.

Thymine can possibly form two base-pairs with 5-OH-U
(Fig. 1). In the most stable arrangement (conformation 2), the
thymine H3 hydrogen forms a hydrogen bond with the O2 oxygen
of 5-OH-U residue (r1 = 1.909 Å), and the H3 hydrogen of 5-OH-
U forms a hydrogen bond with the O4 oxygen of T (r2 = 1.941 Å).
The MP2-BSSE-free interaction energy of this conformation is
−10.9 kcal mol−1, which is significantly less stable than the G :
5-OH-U (−14.9 kcal mol−1) and A : 5-OH-U (−13.3) base-pairs.

In conformation 1 (Fig. 1), the H3 hydrogen of T forms a
hydrogen bond with the O4 oxygen of 5-OH-U (r2 = 1.977) and
the H3 hydrogen of 5-OH-U forms a hydrogen-bond with the T
O2 oxygen atom (r1 = 1.923). The T : 5-OH-U(1) MP2-BSSE-free
interaction energy (−10.2 kcal mol−1) is 0.7 kcal mol−1 less stable
than that for conformation 2. The T : 5-OH-U(1) and TU(1) base-
pair energy difference is negligible (0.2 kcal mol−1). This is similar
to the small changes observed for the 5-OH-U and U base-pairs
with A and C. Interestingly in the other conformation, T : 5-OH-
U(2) is 1.1 kcal mol−1 more stable than T : U(2).

Of the structures studied here, G : 5-OH-U and conformation 2
of T : 5-OH-U are significantly more stable than the corresponding
base-pairs formed with U. In the G-containing base-pairs, the
G : 5-OH-U base-pair is 1.5 kcal mol−1 more stable than the
G : U base-pair. For the T : 5-OH-U(2) base-pair, the 5-hydroxy
substituent stabilizes the interaction by 1.1 kcal mol−1. In both
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of these structures, hydrogen bonds are formed with the uracil
O2 oxygen atom while no hydrogen bonds involve the uracil O4
oxygen atom. In the remaining base-pairs containing A, C or
T in conformation 1, the 5-hydroxy substitution only stabilizes
the base-pairs by 0.4, 0.2 and 0.3 kcal mol−1, respectively. Each
of these structures contain a hydrogen bond to the uracil’s O4
oxygen rather than to the O2 oxygen. Thus, the intra-molecular
hydrogen bonding in 5-OH-U between the hydroxyl proton and
O4 reduces the hydrogen bond strength between O4 and the
proton of the pairing base. However, in both G : 5-OH-U and
T : 5-OH-U(2) the O4 oxygen of 5-OH-U is not involved in
the inter-molecular hydrogen bond, and therefore the 5-OH-U
O4 : OH intra-molecular hydrogen bond will further stabilize the
molecule. In addition, the hydroxyl oxygen adds an extra repulsive
interaction with the hydrogen-bonding oxygen of the other base
when the 5-OH-U O4 oxygen atom is involved in the hydrogen
bond.

Effects of theory level

Under all methods used, the ordering of base-pair energies remains
the same, with the sole exception being the relative energies of the
C : 5-OH-U and CU base-pairs, which differ by 0.3 kcal mol−1 at
most. The DFT calculations without BSSE geometry corrections
typically over-estimate the stabilities of the base-pairs by 1.1–
2.0 kcal mol−1. However, the interaction energy of the G:C base-
pair at the DFT level is over-estimated by only 0.5 kcal mol−1.
When using DFT methods, the BSSE geometry and energy
corrections make a larger difference for the U or 5-OH-U base-
pairs involving either A (1.8 to 2.0 kcal mol−1) or T (1.7 to
1.9 kcal mol−1), than they did for the G (1.1–1.3 kcal mol−1)
or C (1.3 kcal mol−1) base-pairs. The DFT-BSSE-free geometry
optimizations typically lengthen the hydrogen bonds by about
0.03 Å, but the bond increases do range from 0.01–0.06 Å.
Interestingly, the hydrogen bonds that involve a nitrogen atom
are lengthened more by the DFT-BSSE correction compared to
hydrogen bonds that involve an oxygen atom. Thus, the bonds
formed between the H3 amido proton of U or 5-OH-U and the
imino nitrogen of either A or C increase by 0.04 to 0.06 Å, while the
oxygen-containing hydrogen bonds are increased by 0.02–0.04 Å.

Effects of BSSE correction to MP2 calculations

The effects of the BSSE correction are clearly much larger for
the MP2 calculations compared to the DFT calculations. For
the BSSE-contaminated calculations (Table 1: energy columns 1
and 3), neither the geometry nor the energies reported have been
BSSE-corrected. For these entries, the energy was calculated as
the energy of the hydrogen-bonded base-pair minus the energy
of the isolated components. Typically, the BSSE-free geometry
optimization at the MP2 level lowered the interaction energy by
about 3.0 kcal mol−1. The corresponding energy corrections at
the DFT level mostly ranged from 1 to 2 kcal mol−1. A greater
bond lengthening can also be observed in the MP2-BSSE-free
calculations. The BSSE-corrected geometries obtained at the MP2
level have hydrogen bonds lengths that are typically 0.10 Å larger
than those observed in the MP2 BSSE-contaminated base-pair
structures. At the DFT level, these changes were typically one half
as large.

While the BSSE-contaminated-MP2 calculated energies were
significantly lower than the BSSE-contaminated-DFT energies
(except for GC), the energy changes observed after BSSE-free
geometry optimization were significantly larger for the MP2
calculations than for the DFT calculations. Thus, although the
uncorrected DFT and MP2 calculated energies differed by up to
2.3 kcal mol−1, after BSSE-free geometry corrections, the DFT
and MP2 energies generally differed by about 0.5 kcal mol−1 or
less. The differences were slightly larger for the GC WC and G :
5-OH-U base-pairs.

Experimental

All calculations were performed with Gaussian98.24 Calculations
at the RHF level were performed on Silicon Graphics Inc. Fuel
or Octane 2 computers, calculations at the DFT (B3LYP) level
were performed on a 12-node Sun64-SVR-4 computer, and the
MP2/BSSE calculations were performed on the NCSA IBM P690
or Sun64-SVR-4 computers. The full nucleotides consisted of the
base and a ribose sugar in which the 3′- and 5′ oxygens were each
capped by a methyl group. The trimmed nucleotides consisted
of the appropriate base in which the N1 or N9 nitrogen was
capped with a methyl group. Geometry and energy corrections
for basis set superposition error (BSSE) were first calculated
at the DFT theory level and subsequently at the MP2 level of
theory, using the Counterpoise Correction method of Boys and
Bernardi25 implemented in Gaussian98 as outlined by Simon,
Duran and Dannenberg.26 The 6-311G(d,p) basis set was used
for all data reported here. Thermal corrections and zero point
energy corrections were not performed. At this level of theory, the
use of larger basis sets was deemed to be too expensive, and the
dispersion error due to the use of moderately-sized basis sets has
been estimated to be −2.0 to −3.0 kcal mol−1.27

Conclusions

The oxidative product 5-OH-U forms base-pairs with the natural
DNA bases G, A, C and T with MP2-BSSE-free interaction
energies of −14.9, −13.3, −12.2 and −10.9 kcal mol−1, respectively.
This ordering is similar to that observed in analogous base-
pairs with T in place of 5-OH-U,17 although due to the differing
theoretical treatments, the results cannot be directly compared.
The effect of the 5-hydroxy substitution, i.e. 5-OH-U vs U, is
to stabilize the base-pairs with G and T (in conformation 2)
with energy changes of −1.5 and −1.1 kcal mol−1, respectively,
while having a much smaller effect on the energies of base-pairs
with A, C or T in conformation 1, where the base-pairs energy
changes are only −0.4, −0.2 and −0.3 kcal mol−1, respectively,
The BSSE-free DFT and MP2 energies generally agreed within
about 0.5 kcal mol−1, with the exceptions of the G : 5-OH-U
(0.9 kcal mol−1) and GC WC (2.9 kcal mol−1) base-pairs.
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