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Abstract The canonical (keto) and rare (enol) tautomers

of uracil and 5-bromouracil in clusters comprising 50 and

100 water molecules (nanodroplets) were studied using

density functional theory. The geometries of the various

complexes were optimized at two different levels of theory,

BLYP/6-31G(d,p) and B3LYP/6-31G(d,p). Tautomeriza-

tion energies were computed using the BLYP, B3LYP and

M05-2X density functionals. The gas-phase tautomeriza-

tion energies of uracil and 5-bromouracil are very similar,

favoring the keto tautomer. However, in the hydrated

phase, the tautomeric preference of 5-bromouracil is

reversed. This result is obtained for all four sets of clusters

(BLYP or B3LYP optimized, containing 50 or 100 water

clusters) and at all levels of theory employed, and indicates

that a bromine atom in the 5-position considerably

increases the proportion of the hydroxyl group present in

uracil.

Keywords Mutagenicity � Uracil � 5-Bromouracil �
Water cluster � DFT � Tautomerization

1 Introduction

Mutations are changes in the nucleotide sequence of the

genetic material (DNA or RNA), which can result in the

modification of the amino acid sequence of the protein

encoded by the gene. The vast majority of mutations do not

affect the fitness of the organism; moreover, DNA repair

mechanisms can reverse many changes before they become

permanent mutations. However, some mutations do have

an effect on the organism’s fitness, and these are believed

to be the underlying mechanism of natural selection.

In general, the fidelity of the translation of the nucleic

acids is maintained by specific Watson–Crick hydrogen

bonds (H-bonds) between bases on opposite strands in the

DNA double helix. In the canonical DNA structure, ade-

nine (A) binds to thymine (T) and cytosine (C) binds to

guanine (G). Uracil (U) takes the place of thymine in RNA.

The incorporation of unusual bases or base analogs into the

DNA structure may cause spontaneous mutations. For

example, the nonstandard nucleic acid base 5-bromouracil

(5BrU) acts as a thymine base analog in DNA and can

induce DNA mutation. Generally, uracil occurs in the keto

form in the double helix [1], but it may also exist in other

noncanonical tautomeric forms [2–9]. Freese [10] sug-

gested that the mutagenic activity of 5BrU originates from
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the existence of enol tautomers of 5BrU. The existence of

such tautomers is supported by experimental results that

show that a bromine in the 5-position considerably

increases the acidity of the uracil and the proportion of the

enol tautomer present in 1-methyluracil [11]. Hu et al. [12]

have used the presumed existence of 5BrU enol tautomers

to hypothesize a mechanism for the mutagenic activity of

5BrU, which mutates G–C to A–T and A–T to G–C (see

Fig. 1). According to this mechanism, the substitution of T

by 5BrU in an A–T base pair is followed by keto ? enol

tautomerization of 5BrU leading to an A-5BrU(enol) base

pair. As 5BrU(enol) prefers to pair with G [13], replication

produces an A–T and G-5BrU(enol) base pair. In the next

replication cycle the G-5BrU(enol) base pair replicates into

G–C and G-5BrU(enol) base pairs, completing the muta-

tion from A–T to G–C. Tautomerization of G-5BrU(enol)

to G(enol)-5BrU yields G(enol)-T and A-5BrU base pairs,

which are repaired to A–T by DNA repair mechanisms, and

this route therefore does not lead to mutation.

In the current paper, we focus on the tautomerization step

from 5BrU(keto) to 5BrU(enol), and do not consider the

other crucial steps in the mutagenic mechanism proposed by

Hu et al. If the proposed mechanism is valid, then the tau-

tomerization must be easier for 5BrU than for U. Several

studies found that the tautomerization process is highly

unfavorable in the gas phase for both U and 5BrU [7, 8, 12,

14–16]. Hu et al. [12, 17] studied the effect of water on the

tautomerization energies of U and 5BrU. They distin-

guished two different water-binding regions, labeled S1 and

S2. S1 is the region separated from other regions by lines

going through the N3–H and C4=O bonds and S2 is the

region between lines through the C5–H (or C5–Br) and

C4=O bonds (see Fig. 2 for the atom labeling). A water

molecule located in S1 increases the stability of the enol

tautomers of U and 5BrU, whereas a water molecule located

in S2 decreases it. Thus, water molecules in the S2 region

apparently protect the base from tautomerizing to the enol

form. As the presence of the bromine atom in 5BrU prevents

water from entering the S2 region, the protection induced by

water molecules in this region is prohibited in 5BrU. Hu

et al. [12] concluded that 5BrU is, therefore, more likely to

form an enol tautomer than U, an assumption required

for the proposed keto ? enol tautomerization mutation

mechanism. Additional results obtained by Hu et al.

strengthening the proposed mechanism are (1) that

5BrU(enol) prefers to pair with G rather than A, (2) that

G-5BrU(enol) and G(enol)-5BrU have similar stabilities, so

that the probability of forming a G-5BrU(enol) base pair is

sufficiently high. If this would not be the case, then tauto-

merization to GC would not occur (see Fig. 1). The tauto-

merization mechanism was, however, deemed unlikely by

Hobza et al. [15], primarily on the basis of free-energy

calculations in the gas-phase, a single-water hydrated

environment and bulk water (modeled by a continuum

solvation method). In all three environments the keto tau-

tomer of both U and 5BrU is strongly favored over the enol

form. Hobza et al. considered several different singly-

hydrated U and 5BrU structures and found that the water

molecule only has a small effect on the energy difference

between the keto and enol tautomers. In addition, the

interaction energy was computed to be larger for the keto

form of U than the corresponding 5BrU tautomer when a

water molecule was placed in the S2 region, countering Hu

et al.’s finding that the presence of a bromine atom in 5BrU

prevents water from entering this region. Some of the

results obtained by Hu et al. were computed at the rather

limited HF/STO-3G level of theory, and may therefore not

be reliable. Higher-level calculations conducted by Hobza

et al. [15], employing B3LYP/6-31G(d,p) and MP2/

6-31G(d,p) calculations at B3LYP/6-31G(d,p) optimized

geometries, indicate that the G(enol)-5BrU base pair is

preferred over the G-5BrU(enol) base pair, which would

mean that the conversion to G–C does not happen. The

tautomeric preference of the G-5BrU base pair, however,

seems to be dependent on the particular level of theory

employed (B3LYP vs. MP2; gas phase vs. hydrated envi-

ronment), though the best calculations by Hobza et al. [15]A
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Fig. 1 The keto ? enol tautomerization mechanism of 5BrU muta-

genicity proposed by Hu et al. [12]. The asterisk indicates the enol

tautomeric form. The dashed lines represent DNA replication. The

boxed base pairs indicate mutation
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(X = H) and 5-bromouracil (X = Br)
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[employing relative free energies in water calculated at

the MP2/6-31G(d,p)//B3LYP/6-31G(d,p) level] indicate a

preference for the G(enol)-5BrU base pair. This result is in

agreement with MP2/6-31G(d,p) optimized results in vacuo

conducted by two of us [18], which also showed that the

G-5BrU(enol) base pair is energetically less favorable than

the G(enol)-5BrU base pair. As the keto ? enol tauto-

merization of 5BrU is the critical step in the proposed

mutation mechanism, the conclusion by Hobza et al. that the

probability of the enolization process is essentially negli-

gible appears to be a strong argument against this mutation

model.

However, continuum solvation models, as used in the

work by Hobza et al., neither describe the explicit inter-

actions between the water molecules and the solute nor

those between the water molecules themselves, which may

be important to reliably describe the tautomeric preferences

of U and 5BrU. In addition, continuum solvation models

are known to miss some of the microscopic processes

induced by solvation, such as charge transfer. On the other

hand, when using models that include explicit water

molecules one is faced with the challenges of including a

sufficiently large number of water molecules to describe

bulk water. Previous calculations on uracil and thymine

complexes comprising 11 water molecules [19] and cyto-

sine and adenine complexes comprising 14 and 16 water

molecules, respectively [20], indicated that the limited-size

water clusters used in these calculations do not accurately

model bulk water. Thus, larger water clusters are required

to obtain reliable results. A recent molecular dynamics

study of RNA base pairs in a nanodroplet showed that base

pairs exist at a stability minimum when solvated in

between 20 and 100 water molecules, and that the stability

of RNA base pairs observed in bulk water was reproduced

as the number of water molecules increased above 100

[21]. For single bases the number of water molecules

required to mimic bulk water is expected to be much

smaller, and in initial research on the hydration of U and

5BrU we employed water clusters consisting of 50 water

molecules [22]. For the alanine amino acid, this cluster size

was found to accommodate two hydration shells [23], and

should, therefore, be sufficient to approach the bulk water

limit. In our work employing clusters comprising 50 water

molecules it was found that the tautomeric preference of

5BrU is greatly affected by aqueous hydration; the pres-

ence of the shell of explicit water molecules reverses the

tautomeric preference of 5BrU, rendering the rare tautomer

to be preferred over the canonical form in aqueous solu-

tion. In the current study, even larger water clusters (con-

sisting of 100 water molecules) were employed, and the

formation energies of the hydrated complexes of the keto

and enol tautomeric forms of U and 5BrU were determined

at several different levels of theory. Even though the details

of the interactions in the complexes differ between the two

cluster sizes and depend on the calculation method

employed, the basic conclusion remains the same; in

aqueous solution, the rare tautomer of 5BrU is preferred

over the canonical form.

2 Theoretical calculations

2.1 Geometry optimization

In the current work, the geometry optimizations of the keto

and enol forms of U and 5BrU in nanodroplets consisting of

50 or 100 water molecules were carried out at the density

functional theory (DFT) level employing the BLYP [24, 25]

and B3LYP [24–27] functionals and the 6-31G(d,p) basis

set. The enol tautomer considered is the one where the

hydrogen attached to N3 in the canonical form has trans-

ferred to the O4 oxygen atom (see Fig. 2), as this tautomer

can be built into DNA and RNA without significant dis-

tortion; it is essentially a cytosine analog, which can bind

with guanine through three strong hydrogen bonds. To

obtain the optimized structures of the various complexes,

the following steps were followed. First, Monte–Carlo

(MC) simulations of the bases in the presence of 400 water

molecules were performed in the canonical (NVT) ensem-

ble using Metropolis sampling [28]. The MC simulations

were performed employing the physical cluster theory [29,

30] at 298 K with the aim to obtain reasonable starting

structures for the DFT calculations, with an equal distri-

bution of water molecules around the base. The simulations

employed the refined semiempirical potential functions

suggested by Poltev and colleagues [31–33]. The statistical

error (dispersion value) was calculated with a precision of

±0.005. Complexes with favorable (e.g., H-bonded) ori-

entations of the water molecules were then used to obtain

starting structures for the DFT calculations. The 50 or 100

water molecules closest to the center-of-mass of the base

were selected and the resulting complexes were first opti-

mized with DMol [34], using the BLYP functional and a

DNP (double numerical plus polarization) basis set.

Numerical basis sets are more effective for the optimization

of large systems [35, 36], and the DMol calculations

enabled us to get close to the optimal structure of the

minima considered within a reasonable time. The geometry

optimizations were then continued with Gaussian [37] at the

BLYP/6-31G(d,p) and B3LYP/6-31G(d,p) levels of theory.

An assessment of a range of density functionals for the

prediction of the geometries and relative energies of water

hexamers showed that all density functionals tested (which

included B3LYP) could reproduce the MP2 geometries well

[38], and we, therefore, expect B3LYP to yield reasonable

geometries for the hydrated clusters of U and 5BrU.
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2.2 Calculation of the formation energies

The formation energies were computed at the BLYP/6-

31G(d,p), B3LYP/6-31G(d,p), B3LYP/6-31??G(d,p) and

M05-2X/6-31G(d,p) levels of theory, using the BLYP/6-

31G(d,p) and B3LYP/6-31G(d,p) optimized geometries.

Our choice of functionals was stimulated by the following

considerations. M05-2X [39] is a highly parameterized

meta-hybrid density functional designed to yield broad

applicability in chemistry. It has been shown to give much

improved results for noncovalent as well as dispersion-

dominated interactions [40–44], and was among the func-

tionals that yielded the most accurate energies for water

hexamers [38]. M05-2X is, therefore, expected to yield the

most accurate results of the three functionals employed.

The hybrid B3LYP functional is by far the most popular

functional, representing about 80% of the total occurrences

of density functionals in the literature over 1990–2006

[40], and it is, therefore, desirable to compare its perfor-

mance to the more elaborate M05-2X functional. BLYP is

a gradient-corrected nonhybrid functional, and therefore

the least expensive computationally.

The formation energies were corrected for basis set

superposition error (BSSE) using the counterpoise (CP)

procedure [45]. The CP-corrected formation energy of a

cluster BWn (B : U(keto), U(enol), 5BrU(keto) or

5BrU(enol); W : water; n = 50 or 100) follows from:

DECP
BWn ¼ E

fBWng
BWn ðBWnÞ � E

fBWng
B ðBWn)

�
Xn

i¼1

E
fBWng
Wi

ðBWn)þ Edef
B þ Edef

W þ DEgas
keto!enol

ð1Þ

where Edef
B is the base deformation energy, corresponding

to the energy required to bring the base from its

equilibrium geometry to the geometry it adopts in the

complex, and DEdef
W is the sum of the water deformation

energies:

Edef
X ¼ E

fXg
X ðBWn)� E

fXg
X ðX) X ¼ B or Wi ð2Þ

Edef
W ¼

Xn

i¼1

Edef
Wi

ð3Þ

The subscripts indicate the molecular system; the

superscripts (in curly brackets) indicate the basis set used

in the energy evaluation, i.e., the basis set of the base, {B},

the basis set of a water molecule, {Wi}, or the basis set of

the entire system, {BWn}; in round brackets is indicated

whether the calculation is done at the optimized geometry

of the entire system (BWn), or at the monomer-optimized

geometry (X). DEgas
keto!enol accounts for the gas-phase

stability difference of the keto and enol forms of the base:

DEgas
keto!enol ¼ E

fBg
B ðBÞ � E

fBg
BðketoÞðB(keto)) ð4Þ

Note that this energy quantity is zero for the keto tautomer,

i.e., when B = U(keto) or 5BrU(keto), and only has a

nonzero value when B = U(enol) or 5BrU(enol).

Valiron and Mayer [46] argued that the counterpoise

scheme described above does not account for so-called

higher-order BSSE effects, and proposed a hierarchical

counterpoise scheme for N-body clusters. However,

Salvador and Szczęśniak [47] found that the two counter-

poise schemes lead to very similar results of the counter-

poise correction for the hydrogen fluoride trimer and

tetramer, and concluded that the conventional scheme is

preferred due to the significant extra computational cost

required for the hierarchical counterpoise scheme.

In our previous letter on the tautomerization of hydrated

uracil and 5-bromouracil [22], DEgas(keto ? enol) was

absorbed into the base deformation energy term. Also note

that we have computed the energies required to compute

the formation energies using Gaussian’s ‘‘tight’’ conver-

gence criteria for the self-consistent field (SCF) procedure,

with the result that there are some small differences

between the values presented in the current work and those

reported in Ref. [22].

2.3 Decomposition of the formation energies

In previous work [19, 20, 22], the formation energy was

split into two contributions: the base–water interaction

energy, describing the interaction between the base B and

the water cluster Wn, and the water–water interaction,

corresponding to the formation energy of the water cluster,

at the geometry of the BWn complex. The base and water

deformation energies were included in the base–water and

water–water interaction energies, respectively, so that the

sum of the water–water and base–water interaction ener-

gies was identical to the CP-corrected formation energy of

the BWn complex. In the current paper, we do not incor-

porate the deformation energies in the base–water and

water–water interaction energies, but consider them sepa-

rately. This allows us to discuss the individual contribu-

tions to the tautomerization energies. The formation energy

can then be decomposed according to the following

equation:

DCP
BWn ¼ DECP

B�ðWnÞ þ DECP
Wn þ Edef

B þ Edef
W þ DE

gas
keto!enol

ð5Þ

The base–water interaction energy follows from:

DECP
B�ðWnÞ ¼ E

fBWng
BWn ðBWn)� E

fBWng
B ðBWn)

� E
fBWng
ðWnÞ ðBWn) ð6Þ
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whereas the water–water interaction follows from:

DECP
Wn ¼ E

fBWng
ðWnÞ ðBWn)�

Xn

i¼1

E
fBWng
Wi

ðBWn) ð7Þ

Note that calculating the contributions to the formation

energy requires 2n ? 4 energy evaluations (n = 50 or 100)

for each of the four different bases: the calculation of the

complex energy, E
fBWng
BWn ðBWn); the calculation of the

energy of the water cluster in the complex basis set,

E
fBWng
ðWnÞ ðBWn); the calculation of the energy of the base in

its own basis set, E
fBg
B ðBWn), and in the complex basis set,

E
fBWng
B ðBWn); and n calculations of the energy of a water

molecule in its own basis set, E
fWig
Wi
ðBWn), and in the

complex basis set, E
fBWng
Wi

ðBWn). In addition, the energies

of the optimized bases and an optimized water molecule,

E
fBg
B ðB) and E

fWig
Wi
ðWiÞ are required. All calculations

described in Sects. 2.2 and 2.3 were done with Gaussian 03

[37] and used the ‘‘tight’’ convergence criteria for the self-

consistent field procedure.

2.4 Calculation of tautomerization energies

The keto ? enol tautomerization energies were computed

as the difference between the formation energies of the

enol and keto forms of U-Wn or 5BrU-Wn. Like the for-

mation energies, the tautomerization energies can be

decomposed into individual energy contributions (i.e.,

contributions from the base and water deformation, base–

water and water–water interaction and gas-phase tauto-

merization energy):

DEketo!enol ¼ DEdef
B þ DEdef

W þ DDEB�ðWnÞ þ DDEðWnÞ

þ DEgas
keto!enol ð8Þ

3 Results

3.1 Tautomerization energies

The tautomerization energies are given in Table 1. It can

be seen that the gas-phase tautomerization energies are all

positive, and very similar in magnitude (between 45 and

50 kJ/mol) for U and 5BrU, in agreement with earlier

studies [7, 8, 12, 14–16]. The gas-phase tautomerization

energies computed with the various DFT methods are also

in good agreement with Placenza and Grimme’s QCISD(T)

value of 46.4 kJ/mol [8]. In contrast to the gas-phase

results, the tautomerization energies are positive for

hydrated U, but negative for hydrated 5BrU, for all meth-

ods and for both cluster sizes employed. Thus, hydration

reverses the tautomeric preference of 5BrU, rendering the

rare tautomeric form to be preferred over the canonical

form.

For the complexes hydrated by 50 water molecules, the

largest contribution to the tautomerization energies comes

from the change in the base–water interaction from the keto

to the enol form, favoring the enol form over the keto form

for both U and 5BrU. The DDECP
B�ðWnÞ values are more

negative for U than for 5BrU; nevertheless, U prefers the

keto tautomer. Table 1 shows that this is to a large extent

due to DDECP
Wn, which favors the keto form of U. In con-

trast, for 5BrU this energy quantity is negative, reinforcing

the preference for the enol tautomer. These results indicate

that, in the 50-water clusters, the preference of 5BrU for

the enol tautomer is largely due to the favorable change

in the water–water interaction from the keto to the enol

tautomer for this base.

For the complexes hydrated by 100 water molecules the

relative importance of the contributions to the tautomeri-

zation energies is somewhat different. Also for these

complexes the base–water interaction favors the enol form

of both U and 5BrU. However, the preference for the enol

form is now much larger for 5BrU than for U. Like for the

50-water complexes, in the larger clusters the water–water

interaction favors the keto form of U, whereas it favors the

enol form of 5BrU. The differences in the water–water

interaction are, however, much smaller than for the

50-water complexes. For U, the base–water preference for

the enol tautomer is largely cancelled by the water–water

preference for the keto tautomer, and the tautomerization

energies of hydrated U are similar to the corresponding

gas-phase values. For 5BrU, on the other hand, both the

base–water and water–water interactions favor the enol

tautomer. Thus, the main cause of the different tautomeric

preferences of U and 5BrU appears to be due to the dif-

ferences in the contributions from both the water–water

and the base–water interaction.

The formation energies of the bases hydrated by 50 and

100 water molecules, as well as their energy components,

are shown in Tables 2 and 3, respectively. The water–water

interaction per water molecule, shown in the column

labeled DECP
Wn/n, is slightly larger in the 100-water clusters

(by up to *5 kJ/mol), irrespective of whether the water

deformation energies are included in the water–water

interaction energy. In contrast, the base–water interaction

energies are generally smaller in the larger clusters (except

in some cases for the keto form of U). This indicates that

the waters can form a more efficient water structure in the

larger clusters; the formation of this more efficient water

network appears to be energetically preferred over posi-

tioning the water molecules such that the water–base

interactions are maximized.

The M05-2X base–water and water–water interaction

energies, as well as the M05-2X formation energies are

larger than the corresponding BLYP and B3LYP results

(see Tables 2, 3). This is likely due to the better description
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of the intermolecular interactions (and particularly, the

description of the dispersion interaction) by the M05-2X

functional. Trends in the different contributions to the

formation energies and tautomerization energies are, in

general, similar for the three functionals employed.

3.2 The water network in the 50- and 100-water

clusters

To attempt to explain the different magnitudes of the

energy contributions in the 50- and 100-water clusters we

compared the water network in the different clusters. The

distribution of the water molecules in layers around the

central base in the complexes optimized with B3LYP/6-

31G(d,p) is shown in Table 4. The layers were defined by

spheres with their centers coinciding with the geometric

center of the base. A comparison of the water distribution

in the B-W50 and B-W100 clusters reveals that the smaller

clusters (except the enol 5BrU cluster) contain more water

molecules in the 5–6 Å layer than the 100-water clusters.

Similarly, summing the water molecules in the layers

nearest the central base shows that the smaller clusters

(again except the enol 5BrU cluster) contain more water

molecules within 6 Å of the geometric center of the base.

Note that the U(enol)-W100 cluster contains five more

water molecules in the 0–4 Å layer than the U(enol)-W50

cluster. However, this just reflects some water molecules

close to the 4-Å boundary in these clusters, as can be

deduced from the larger number of water molecules in the

4–5-Å layer in the U(enol)-W50 cluster. In line with the

clusters of the other hydrated bases (except the enol 5BrU

cluster), the U(enol)-W50 cluster contains three more water

molecules within 6 Å of the base than the U(enol)-W100

cluster. A comparison of the B-W50 and B-W100 results of

the B3LYP/6-31G(d,p) optimized complexes (Tables 2, 3)

shows that the base–water interaction energy is more

Table 1 Tautomerization energies and their contributions for the complexes of the base interacting with 50 and 100 water molecules computed

at different levels of theory

System DEdef
B DEdef

W DDECP
B�ðWnÞ DDECP

Wn DEgas
keto!enol DEketo!enol

B-W50

BLYP/6-31G(d,p) optimized structures

BLYP/6-31G(d,p) U-W50 27.7 15.1 -124.7 38.9 50.5 7.6

5BrU-W50 6.2 18.3 -75.6 -61.7 51.4 -61.4

M05-2X/6-31G(d,p) U-W50 33.5 22.3 -108.8 38.0 44.7 29.6

5BrU-W50 8.7 32.9 -59.6 -43.3 47.6 -13.7

B3LYP/6-31G(d,p) optimized structures

B3LYP/6-31G(d,p) U-W50 23.2 10.8 -111.4 42.5 50.9a 16.1

5BrU-W50 4.5 12.6 -71.1 -54.2 52.5a -55.7

B3LYP/6-31??G(d,p) U-W50 21.7 12.2 -103.2 39.6 49.9 20.3

5BrU-W50 3.0 14.3 -65.2 -45.8 48.5 -45.2

M05-2X/6-31G(d,p) U-W50 25.3 12.8 -94.2 44.6 44.7 33.2

5BrU-W50 5.1 17.1 -53.0 -30.9 47.6 -14.0

B-W100

BLYP/6-31G(d,p) optimized structures

BLYP/6-31G(d,p) U-W100 0.3 1.9 -13.3 26.5 50.5 65.9

5BrU-W100 0.6 -3.9 -48.6 -5.5 51.4 -6.0

M05-2X/6-31G(d,p) U-W100 -0.3 3.3 -26.6 30.9 44.7 52.1

5BrU-W100 -0.5 -0.8 -46.2 -14.7 47.6 -14.6

B3LYP/6-31G(d,p) optimized structures

BLYP/6-31G(d,p) U-W100 1.2 11.7 -13.0 4.8 50.5 55.2

5BrU-W100 19.0 2.3 -93.9 -22.7 51.4 -44.0

B3LYP/6-31G(d,p) U-W100 1.1 17.3 -16.3 3.3 50.9 56.3

5BrU-W100 21.6 6.5 -94.6 -22.5 52.5 -36.5

M05-2X/6-31G(d,p) U-W100 1.9 21.0 -27.7 -1.0 44.7 38.9

5BrU-W100 22.8 8.8 -96.6 -1.5 47.6 -18.7

Energies in kJ/mol
a Reference [22] erroneously lists the U-W50 and 5BrU-W50 DEgas

keto!enol values as 49.9 and 48.5 kJ/mol, respectively, which are the B3LYP/6-

31??G(d,p) values
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favorable in the 50-water clusters than in the 100-water

clusters for all bases except the keto form of uracil. (This

result does not change if the base deformation energies are

included in the base–water interaction energies.) It seems

likely that the larger base–water interaction in the smaller

clusters results from the larger number of water molecules

near the central base.

In both cluster sizes, the water structure around the enol

tautomer of 5BrU stretches further from the base as com-

pared to the other bases. The 50-water cluster of the enol

form of 5BrU is the only one of the small clusters with two

water molecules beyond the 9-Å boundary, whereas the

100-water cluster of this base is the only of the large

clusters with one water beyond the 10-Å border.

The total number of water–water H-bonds is surprisingly

similar for the different bases; it ranges from 79 for

5BrU(enol) to 81 for U(keto) in the 50-water clusters and

from 172 for U(enol) to 175 for BrU(keto) in the 100-water

clusters (see Table 4). There is some correlation between

the number of water–water H-bonds and the water–water

interaction energy: U(keto) has the highest number of

water–water H-bonds and the largest water–water interac-

tion energy in the 50-water clusters, whereas in the 100-

water clusters this is the case for the two brominated bases.

However, there is no ultimate relationship between the

number of water–water H-bonds and the magnitude of

the water–water interaction. For example, the 50-water

cluster with the smallest number of water–water H-bonds,

5BrU(enol)-W50, does not have the smallest water–water

interaction energy. As the total number of water–water

H-bonds is so similar in the different clusters, other effects,

like the strength of the individual H-bonds and differences

in H-bond cooperativity, may affect the relative magnitudes

of the water–water interaction energy. This makes it much

more difficult to relate the magnitude of the water–water

interaction to simple measures such as the number of

H-bonds. The water–water interaction decreases from

U(keto) to U(enol) but increases from 5BrU(keto) to

5BrU(enol) for both cluster sizes and all methods employed

(except M05-2X for the 100-water clusters), confirming the

importance of the water–water interaction for an under-

standing of the different tautomeric shifts of U and 5BrU.

3.3 Comparison of the brominated and nonbrominated

bases

Two main trends can be observed in the base–water

interaction energies (Tables 2, 3): (1) they increase from

Table 2 The formation energies and their components of the keto and enol tautomeric forms of the U-W50 and 5BrU-W50 systems computed at

different levels of theory

Level of theory System Edef
B Edef

W DECP
B�ðWnÞ DECP

Wn/n DEgas
keto!enol DECP

BWn

BLYP/6-31G(d,p) optimized structures

BLYP/6-31G(d,p) U(keto)-W50 21.9 176.2 -142.8 -45.7 0.0 -2,230.7

U(enol)-W50 49.6 191.4 -267.5 -44.9 50.5 -2,223.1

5BrU(keto)-W50 33.6 179.6 -150.2 -43.7 0.0 -2,121.2

5BrU(enol)-W50 39.8 197.8 -225.8 -44.9 51.4 -2,182.6

M05-2X/6-31G(d,p) U(keto)-W50 33.9 397.9 -255.8 -53.5 0.0 -2,500.7

U(enol)-W50 67.5 420.2 -364.7 -52.8 44.7 -2,471.1

5BrU(keto)-W50 49.2 390.9 -280.8 -51.6 0.0 -2,420.9

5BrU(enol)-W50 57.9 423.7 -340.4 -52.5 47.6 -2,434.6

B3LYP/6-31G(d,p) optimized structures

B3LYP/6-31G(d,p) U(keto)-W50 20.3 138.9 -169.5 -46.9 0.0 -2,356.0

U(enol)-W50 43.5 149.8 -280.8 -46.1 50.9 -2,339.9

5BrU(keto)-W50 28.1 139.8 -169.9 -44.9 0.0 -2,245.2

5BrU(enol)-W50 32.6 152.4 -241.0 -45.9 52.5 -2,300.8

B3LYP/6-31??G(d,p) U(keto)-W50 17.5 122.6 -149.2 -40.1 0.0 -2,011.9

U(enol)-W50 39.2 134.7 -252.4 -39.3 49.9 -1,991.6

5BrU(keto)-W50 26.8 120.4 -146.6 -38.4 0.0 -1,918.1

5BrU(enol)-W50 29.8 134.7 -211.8 -39.3 48.5 -1,963.3

M05-2X/6-31G(d,p) U(keto)-W50 21.7 189.9 -250.5 -51.0 0.0 -2,589.9

U(enol)-W50 47.0 202.6 -344.7 -50.1 44.7 -2,556.8

5BrU(keto)-W50 30.4 186.8 -268.3 -49.2 0.0 -2,511.1

5BrU(enol)-W50 35.5 203.8 -321.3 -49.8 47.6 -2,525.2

Energies in kJ/mol
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the keto to the enol form for both U and 5BrU and (2) they

tend to be smaller for the brominated bases, particularly for

the enol form (this trend is even clearer when the base–

water deformation energy is summed into the base–water

interaction energy). As a result, the enol form of uracil has

the largest base–water interaction energy.

The bromine atom in the brominated bases is positioned

at the hydrophobic side of uracil (i.e., there are no water

molecules interacting with the 5-hydrogen in uracil). This

suggests the possibility of forming halogen bonds, which

have been proposed as potentially stabilizing interactions in

biological molecules [48]. It has been shown that halogens

can form two kinds of stabilizing interactions with water:

proper halogen bonds (X���Ow; where X is the halogen and

Ow is a water oxygen) and halogen–hydrogen interactions

(X���Hw). Note, however, that the substitution of the

hydrogen in the 5-position by a bromine atom generally

reduces the base–water interaction energy (Tables 2, 3), and

the overall interaction between the bromine and the water

molecules, therefore, does not seem to be favorable. How-

ever, we are interested in the differences between the keto

and enol forms, which may be influenced by halogen–water

interactions. Figures 3 and 4 show the water molecules that

bind to the central base in the 50 and 100-water clusters,

respectively, as well as the water molecules that are in close

proximity to the bromine. In the 50-water clusters of the U

and 5BrU enol tautomers the hydroxyl group is incorpo-

rated into a cooperative water chain, where the OH-group

functions as a water molecule. The waters close to the

bromine do not seem to interact directly with the halogen

atom, but form a water chain around it. In the cluster of the

keto tautomer of 5BrU, the water molecule at the end of this

chain (indicated by an arrow in Fig. 3) appears to form a

halogen–hydrogen interaction [R(Br���Hw) = 2.80 Å;

\(Br���HwOw = 143�)], but the orientation of the other

water molecules seems to be mainly determined by the

formation of a favorable water network in the cluster. The

larger base–water interaction energy in the enol tautomers

of U and 5BrU is presumably mainly caused by the favor-

able water structure formed around the hydroxyl group.

Bromine–water contacts do not seem to contribute to the

preference for the enol tautomer; if anything, they decrease

it. Note that the base–water preference for the enol form is

larger for U than 5BrU (Table 1).

In the 100-water cluster of the keto tautomer of 5BrU,

there appears to be one water molecule with a possible

halogen–hydrogen interaction (R(Br���Hw) = 2.54 Å;

\(Br���HwOw = 133�); the hydrogen pointing to the

Table 3 The formation energies and their components of the keto and enol tautomeric forms of the U-W100 and 5BrU-W100 systems computed

at different levels of theory

Level of theory System Edef
B Edef

W DECP
B�ðWnÞ DECP

Wn/n DEgas
keto!enol DECP

BWn

BLYP/6-31G(d,p) optimized structures

BLYP/6-31G(d,p) U(keto)-W100 4.1 241.5 -134.5 -48.1 0.0 -4,694.0

U(enol)-W100 4.4 243.3 -147.8 -47.8 50.5 -4,628.1

5BrU(keto)-W100 4.8 245.5 -84.0 -48.0 0.0 -4,636.9

5BrU(enol)-W100 5.3 241.6 -132.6 -48.1 51.4 -4,643.0

M05-2X/6-31G(d,p) U(keto)-W100 2.2 591.4 -212.6 -55.6 0.0 -5,178.9

U(enol)-W100 1.9 594.7 -239.2 -55.3 44.7 -5,126.9

5BrU(keto)-W100 2.5 591.1 -179.7 -55.5 0.0 -5,133.1

5BrU(enol)-W100 2.0 590.3 -225.9 -55.6 47.6 -5,147.7

B3LYP/6-31G(d,p) optimized structures

BLYP/6-31G(d,p) U(keto)-W100 29.5 186.1 -165.0 -45.7 0.0 -4,516.9

U(enol)-W100 30.8 197.8 -178.0 -45.6 50.5 -4,461.7

5BrU(keto)-W100 22.2 199.6 -75.7 -45.7 0.0 -4,426.8

5BrU(enol)-W100 41.2 201.9 -169.7 -46.0 51.4 -4,470.8

B3LYP/6-31G(d,p) U(keto)-W100 27.1 308.2 -197.3 -49.7 0.0 -4,828.0

U(enol)-W100 28.2 325.5 -213.7 -49.6 50.9 -4,771.7

5BrU(keto)-W100 18.4 322.1 -111.3 -49.7 0.0 -4,742.8

5BrU(enol)-W100 40.0 328.6 -205.9 -49.9 52.5 -4,779.3

M05-2X/6-31G(d,p) U(keto)-W100 28.7 414.0 -268.4 -54.5 0.0 -5,280.0

U(enol)-W100 30.6 435.0 -296.1 -54.6 44.7 -5,241.1

5BrU(keto)-W100 20.4 427.2 -203.9 -54.6 0.0 -5,218.4

5BrU(enol)-W100 43.3 436.0 -300.5 -54.6 47.6 -5,237.1

Energies in kJ/mol
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Table 4 Distribution of the water molecules in layers around the central base in the B3LYP/6-31G(d,p) optimized complexes

Layera B-W50 B-W100

U(keto) U(enol) 5BrU(keto) 5BrU(enol) U(keto) U(enol) 5BrU(keto) 5BrU(enol)

0–4 4 3 4 3 4 8 3 4

4–5 14 13 13 15 12 9 14 10

5–6 16 14 16 8 12 10 10 14

6–7 10 13 12 15 21 22 27 21

7–8 6 7 5 7 25 30 20 24

8–9 0 0 0 2 21 18 21 13

9–10 0 0 0 0 5 3 5 13

b–wb 6 7 7 7 8 8 6 5

w–wc 81 80 80 79 173 172 175 175

Br–wd – – 6 4 – – 4 6

The total number of base–water, water–water and halogen contacts are shown as well
a The inner and outer boundaries of the n1–n2 layer are defined by two spheres with radius n1 and n2 Å, respectively, with the center of the

spheres coinciding with the geometric center of the base. A water molecule was considered to be in the layer when its geometric center fell within

the n1 and n2 boundaries
b Number of base–water H-bonds
c Number of water–water H-bonds in the B3LYP/6-31G(d,p) optimized complexes
d Number halogen contacts close to the bromine. An X–H���O (X = C, N, O) interaction was considered to be a H-bond if R(O���H) \2.3 Å and

\(XH���O) [90�. Halogen contacts were counted if either R(Br���O) \3.37 Å (the sum of the Br and O van der Waals radii) or R(Br���H) \3.05

(the sum of the Br and O van der Waals radii). Those that are considered proper halogen bonds or halogen–hydrogen interactions are indicated by

arrows in Figs. 3 and 4

Fig. 3 Fragments of the B3LYP/6-31G(d,p) optimized structures of

the keto and enol tautomers of U-(H2O)50 and 5BrU-(H2O)50 showing

the water molecules that form H-bonds with the base as well as the

water molecules that are within van der Waals distance of the bromine

atom [R(Br���O) \3.37 Å or R(Br���H) \3.05 Å]. Water molecules

that form halogen–hydrogen interactions are identified by arrows

Fig. 4 Fragments of the B3LYP/6-31G(d,p) optimized structures of

the keto and enol tautomers of U-(H2O)100 and 5BrU-(H2O)100 showing

the water molecules that form H-bonds with the base as well as the

water molecules that are within van der Waals distance of the bromine

atom [R(Br���O) \3.37 Å or R(Br���H) \3.05 Å]. Water molecules that

form halogen–hydrogen interactions are identified by arrows
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bromine is not H-bonding to other water molecules in

the cluster). In the cluster of the enol tautomer, there

are two water molecules with clear halogen–hydrogen

contacts (R(Br���Hw) = 2.39 Å; \(Br���HwOw = 168�;

R(Br���Hw) = 2.57 Å; \(Br���HwOw = 153�). Both waters

also take part in the H-bonding water network, but one of

their hydrogens points to the bromine and does not H-bond

with other water molecules. It is likely that these halogen–

hydrogen interactions enhance the hydrogen bonding in the

water network. Thus, the larger base–water interaction in

the enol form of 5BrU may at least partially be rationalized

with the increase in the strength of the water network due

to halogen–hydrogen interactions.

Hu et al. [12, 17] suggested that the bromine substitution

at position 5 of U may make it more difficult for water

molecules to enter the ‘‘S2’’ region (the space defined by

lines through the C5–H and C4=O bonds), which would

lead to the loss of protection induced by water molecules in

this region. Our optimized structures do not show any

evidence for this mechanism; there are no more water

molecules in the S2 region in U than in 5BrU. In addition,

the S2 water molecules in U do not show the hydrogen-

bonded chain linking C5–H and C4=O as observed in the

U-Wn (n = 1–3) structures optimized by Hu et al., pre-

sumably because of competing interactions with water

molecules within the larger water network in the U-W50

and U-W100 clusters.

4 Discussion and conclusion

We have studied the canonical (keto) and rare (enol) tau-

tomers of U and 5BrU in clusters consisting of 50 and 100

water molecules, optimized at two different levels of

theory, BLYP/6-31G(d,p) and B3LYP/6-31G(d,p). Tauto-

merization energies were computed using the BLYP,

B3LYP and M05-2X density functionals. For all four sets

of clusters (BLYP or B3LYP optimized, containing 50 or

100 water clusters) and at all levels of theory, the keto form

of U is favored over the enol tautomer, whereas this pre-

ference is reversed for 5BrU. In contrast, the gas-phase

tautomerization energies of U and 5BrU are very similar,

favoring the keto tautomer.

These results differ from previous studies using con-

tinuum solvation models [14, 15], which found that for

both U and 5BrU the keto tautomer is favored in bulk

water. Our results show that the water–water interactions in

the water network play an important role in determining the

tautomeric preferences of U and 5BrU. It is, therefore,

likely that the inclusion of explicit water–water inter-

actions, which are lacking in continuum solvation models,

is required to correctly describe these effects. Recently,

Palafox et al. [49] studied the first hydration shell of two

thymidine nucleosides using MP2 and DFT, and found that

Tomasi’s polarized continuum model (PCM) of solvation

[50–55] considerably underestimates the deformation of

the structure by the water molecules. Thus, the need for

explicit waters may be even more important when

considering larger, more flexible, DNA moieties. Suhai,

Jalkanen and others [56–62] have demonstrated the

requirement for explicit water molecules to reproduce and

interpret vibration absorption (VA), vibrational circular

dichroism (VCD), Raman and Raman optical activity

(ROA) spectra of the alanine dipeptide in aqueous solution.

Experimental NMR data verified that explicit water mol-

ecules are essential to stabilize alanine dipeptide structures

that are not stable in the gas phase [63, 64]. Similarly,

explicit water molecules are needed to stabilize the zwit-

terionic form of the L-alanine amino acid, which is not

stable in the gas phase or in a continuum solvent, and to

capture the main VCD features of methyl lactate in water

[65]. In view of the failure of continuum solvation models

in these examples as well as in the current study, we

advocate the use of explicit water models or combined

explicit/continuum solvation models for the study of bio-

molecules in aqueous solution.

Note that the MC results obtained by Orozco et al. [14]

and by us predict the 5BrU keto form to be favored over the

enol form, in disagreement with our DFT results. However,

this is likely due to the use of semiempirical potential

functions in the MC simulations, which do not account for

effects like polarization and water monomer deformation

during geometry optimization of the system.

The different contributions to the tautomerization ener-

gies are of varying importance in the two differently-sized

clusters. In the 50-water clusters, the preference of 5BrU

for the enol tautomer is largely due to the more favorable

water–water interactions in the cluster around the bromi-

nated base, whereas in the 100-water clusters the different

tautomeric preferences of U and 5BrU are due to differ-

ences in the contributions from both the water–water and

the base–water interaction. The 50-water clusters show a

favorable cooperative coordination of water molecules

around the hydroxyl group in the U and 5BrU enol tau-

tomers, leading to an increased base–water interaction

energy, whereas in the 100-water clusters the larger base–

water interaction in the enol form of 5BrU may result from

the increased strength of the water network due to halogen–

hydrogen interactions. In both cluster sizes, the water

structure around the enol tautomer of 5BrU stretches fur-

ther from the base as compared to the other bases. It,

therefore, appears that differences in the water structure

around the base are (at least partially) responsible for the

favorable tautomeric shift of hydrated 5BrU. We propose

that the preference for the rare tautomeric form of 5BrU is

due to the more efficient incorporation of the hydroxyl
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group in the water network as compared to the carbonyl

group, with additional stabilization of the water shell by

halogen interactions.

The water molecules that bind directly to uracil form

only one H-bond with the base. None of the water mole-

cules show the binding patterns observed in mono and

dihydrated uracil clusters, namely a water molecule form-

ing two H-bonds to the base or a water dimer bridging

different functional groups [7, 12, 16, 66–77]. When more

water molecules are present, they prefer to form small

clusters [19, 20, 71, 75], indicating that water–water

interactions are energetically more favorable than base–

water interactions. Thus, the orientations and positions of

the water molecules in the clusters studied in the present

work are probably mainly determined by the drive to form

a strong H-bond network in the water shell. This appears to

guide the water molecules away from the optimal water

binding sites of uracil. The lack of the strongly bound

water molecules observed in microhydrated clusters

counters Hu et al.’s [12, 17] hypothesis of the protective

effect of water molecules in the S1 binding region.

Our findings do not prove that the mutagenic activity of

5-bromouradine is due to the preference of 5BrU for the

rare enol tautomeric form. In nucleic acids uracil does not

occur in its isolated form, but is connected to a sugar

moiety via its N1 atom. This may have influence on the

water structure surrounding the base, and therefore on the

relative stabilities of the different tautomers of U and

5BrU. Entropic effects may also have some effect on the

results, though we do not expect these to reverse the main

conclusion of the current work. This is supported by pre-

vious work by Hobza et al. [15, 78] which established that

entropy does not significantly affect the relative stability of

the tautomers of U and 5BrU. In addition, Orozco et al.

[14] found that entropic effects play only a minor role in

the keto-enol tautomerism. Hu et al. [79] found that the

presence of Na? ions affects the tautomerization of U and

5BrU; so metal cations may also have to be taken into

account. Another issue to be kept in mind is that all clusters

considered have a very large number of local minima

(resulting from variations in the coordination of the water

molecules around the base), whereas we only considered

one local minimum on each of the potential energy sur-

faces. Ideally, one would use averaged relative stabilities

obtained from ab initio molecular dynamics simulations on

nucleosides (or larger DNA fragments) surrounded by a

large number of explicit water molecules, carried out at

body temperature. Such calculations are not feasible

computationally on today’s computer hardware. The

limited number of local minima used in the current study,

imposed by the computational expense of the geometry

optimizations, introduces some uncertainty in the conclu-

sions reached. However, we stress that despite these

apparent approximations, all calculations on all different

sets of geometries employed (BLYP or B3LYP optimized,

containing 50 or 100 water molecules) give the result that a

bromine atom in the 5-position considerably increases the

proportion of the hydroxyl form present in uracil. Our

results indicate that, at present, the tautomeric mechanism

cannot be ruled out as an explanation of the mutagenic

activity of 5BrU.
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