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In this paper we report on calculations of the activation free energy for a chemical reaction between ethylene
oxide and guanine. Ethylene oxide is biologically relevant per se and is also a model compound for numerous
ultimate carcinogens. Calculations were performed on the medium-high ab initio, DFT, and semiempirical
MO levels. Effects of solvation were considered using the Langevine dipole method and solvent reaction
field method of Tomasi and co-workers. The calculated activation free energies are in reasonable agreement
with the experimental value.

1. Introduction

Carcinogenesis is a complex pathological process where
normal cells become neoplastic. In most of the cases the process
is associated with chemical modification of DNA. Chemical
modification of DNA can be associated with viruses, photo-
chemical reactions, and reactions induced by chemicals.1-4 If
the chemicals are hormones or their metabolites, then they are
referred to as endogenous carcinogens.5,6 If they come from the
environment, they are referred to as exogenous carcinogens.
Polyaromatic hydrocarbons (PAHs) are exogenous carcinogens
that are typically highly carcinogenic. To be precise, they are
not carcinogenic per se, but are metabolized to carcinogenic
substances that react with DNA, typically with guanine at
position N7.7-9 A typical metabolite of PAH is in its epoxidized
form. The former substances are called procarcinogens, while
the metabolites are called ultimate carcinogens. This transforma-
tion is catalyzed by cytochrome P450. The ultimate carcinogen
alkylates DNA, typically guanine at position N7, although other
alkylation sites are reported.7 Alkylation is followed by other
reactions, depurination being a typical example.

Ethylene oxide (ETO) is the smallest model for the PAH
ultimate carcinogens.10-12 ETO is used for medical equipment
sterilization and hospital disinfection and as a fumigant for
spices and pharmaceutical products. It is also an intermediate
in the synthesis of ethylene glycol, glycol ether, and nonionic
surface-active agents.13 Ethylene oxide is a direct alkylating
agent which can react with nucleophilic sites in DNA and
proteins and is therefore mutagenic, cytotoxic, and carcinogenic.7

As previously mentioned, the N7 of guanine is the major site
of ETO alkylation7-9,14 (see Scheme 1). It is well established
that the rate-limiting step for reaction of the ultimate carcinogens
of the epoxy type with the nucleophilic sites of DNA and
proteins is the epoxide ring opening.15 The intermediate picks
up the proton from the aqueous environment, which is believed
to be a fast step.16

The kinetics of guanine alkylation was studied experimen-
tally,17 and the determined free energy of activation was 24.66
kcal/mol, which corresponds to a rate constant of 4.44× 10-6

s-1. Pauwels and Veulemans17 performed a kinetic study of

DNA alkylation at the guanine N7 site by ethylene oxide. The
reaction rate constant has been determined in a whole blood
solution. HPLC in conjunction with UV spectroscopy was used
to measure the time-dependent concentrations of the adducts.
Only the N7 adduct of Gua and ethylene oxide was detected.
Moreover, they demonstrated that alkylation of the N-terminal
valine of hemoglobin by ethylene oxide is about 3 orders of
magnitude faster, but this reaction is irrelevant in the context
of carcinogenesis. The second-order rate constant was deter-
mined, from which the activation free energy was calculated.
Realistic simulation of the chemical reactivity of nucleic acids
in aqueous solution is a challenge for computational chemistry.

In this study, we calculated the activation free energy for
alkylation of guanine by ethylene oxide and compared it to the
experimental free energy of activation. We applied the ab initio,
DFT, and semiempirical MO methods. The effects of solvation
were included by using the solvent reaction field level of Tomasi
and co-workers18 and Langevin dipole method of Florian and
Warshel.19 Moreover, the solution effects in conjuction with the
semiempirical MO methods were studied on the AM1-SM1 and
PM3-SM3 levels.

The organization of this paper is as follows. In section 2 the
applied computational methods are described, while in section
3 the results are collected, and the discussion is in section 4.

2. Computational Methods

For calculation of the Born-Oppenheimer hypersurface and
consequently the rate constant for the reaction between ethylene
oxide and guanine, we performed DFT, ab initio Hartree-Fock,
and semiempirical MO calculations. The distance between the
carbon atom of the ethylene oxide linked to N7 of guanine was
chosen to be the reaction coordinate. We optimized all degrees
of freedom except the fixed value of the reaction coordinate
for each calculation; the highest energy point on this path
represents the approximation of the transition state. For the
reactants a full geometry optimization was performed. The
transition state was refined by the methodology built in Gaussian
03.22 The difference between the energy of the transition state
and the reactants is the activation energy. For the reactants and
transition state we performed vibrational analysis in the
harmonic approximation. For reactants all frequencies were real,
while the transition state had one imaginary frequency predicted
by all levels of theory.
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As suggested by a reviewer we considered also the product
structure and energy. The same procedure was used as for the
reactants except that we performed the calculations only on the
selected levels of theory.

Calculation of the Born-Oppenheimer surface for chemical
reactions is not a trivial task. It is generally believed that one
needs relatively flexible basis sets and inclusion of electron
correlation. The ab initio calculations were performed on the
Hartree-Fock level in conjunction with the following basis
sets: 6-31G(d), 6-31+G(d,p), 6-311++G(d,p), and 6-311++G-
(2d,2p). Calculations beyond the Hartree-Fock level (e.g., MP2)
were not possible because of the large size of the system.
Therefore, we considered the DFT method B3LYP that has the
exchange functional introduced by Becke20 and the correlation
functional introduced by Lee, Yang, and Parr.21 Basis sets
6-31G(d), 6-31+G(d,p), 6-311++G(d,p), and 6-311++G(2d,-
2p) were used. In addition, we applied the semiempirical MO
methods AM1 and PM3. The latter two methods we applied
because of their low CPU cost, which allows for QM/MM
applications and thermal averaging. We are aware that DFT
methods also have significant empirical character; nevertheless,
they include to some extent electron correlation.

The free energy of hydration for the reactants and transition
state was calculated with two methods, the solvent reaction field
(SCRF) of Tomasi and co-workers18 and the Langevin dipole
(LD) method parametrized by Flo´rian and Warshel.19 The SCRF
method was applied on all DFT and ab initio levels. In LD
calculations, Merz-Kollman atomic charges were determined
for each level of theory.

DFT, ab initio, and semiempirical MO calculations and
Tomasi’s free energies of hydration were performed and
determined by the Gaussian 03 suite of programs,22 while the
LD calculations were performed using the LD program ChemSol
2.1.19 The AM1-SM1 and PM3-SM3 calculations were per-

formed by the program AMSOL-5.4.1.34 All calculations were
performed on a cluster of Linux-based PCs running AMD
Athlon processors at 700 MHz. We estimated that about 47 days
of single-processor CPU time was used.

3. Results

The calculated activation energies, zero point energies, and
data for the imaginary frequencies are collected in Table 1. The
free energies of hydration calculated by the solvent reaction
field are represented in Table 2. The Langevin-dipole-calculated
free energies of hydration are collected in Table 3. The AM1-
SM1- and PM3-SM3-calculated free energies of hydration are
shown in Table 4. Tables 2-4 also include the calculated free
energies of activation.

From Table 1 it is evident that for ab initio HF calculations
of the barrier height we achieved convergence in terms of the
basis set size. It looks like the addition of a diffuse function on
heavy atoms and polarization functions on both heavy atoms
and hydrogens is crucial for prediction of the reaction barrier.
The predicted Hartree-Fock level barrier is between 49 and
53 kcal/mol.

Application of DFT drastically reduces the barrier. Again the
barrier does not change anymore with the addition of basis
functions when polarization functions are used on heavy atoms
and hydrogens, while diffuse functions are only on heavy atoms.

Semiempirical MO methods AM1 and PM3 yield barriers
comparable to those of the HF level. It was demonstrated that
the PM3 method performs well for energetics associated with
the reaction catalyzed by xylose isomerase.23 Table 1 also shows
that the zero-point vibrational energy correction of the reaction
barrier is almost negligible. In addition, one can see from Table
1 that the DFT-calculated BO surfaces are shallower than the
HF-calculated surfaces, which is reflected in the absolute values
of the zero-point vibrational energies.

SCHEME 1: Guanine Alkylation by Ethylene Oxide

TABLE 1: Calculated Energies of Activation for Reaction between Ethylene Oxide and Guanine Using Different Methods

method
Eq a

(kcal/mol)
ZPE(TS)b

(kcal/mol)
ZPE(R)c

(kcal/mol)
∆ZPEd

(kcal/mol)
ωi

e

(cm-1)

CN
distancef

(Å)

HF/6-31G(d) 53.29 137.35 137.89 -0.54 555 1.85
HF/6-31+G(d,p) 49.72 136.39 136.99 -0.6 545 1.89
HF/6-311++G(d,p) 49.63 135.79 136.32 -0.53 542 1.9
HF/6-311++G(2d,2p) 49.13 136.12 136.57 -0.45 543 1.89
B3LYP/6-31G(d) 33.89 127.17 127 0.17 500 1.79
B3LYP/6-31+G(d,p) 36.46 126.51 127 -0.49 475 1.83
B3LYP/6-311++G(d,p) 36.22 126.02 126.47 -0.45 470 1.84
B3LYP/6-311++G(2d,2p) 36.24 126.25 126.75 -0.5 470 1.83
PM3 47.43 122.58 123.1 -0.52 710 1.84
AM1 53.39 128.16 129.18 -1.02 778 1.82

a Classical activation energy.b Zero-point vibrational energy for the transition state.c Zero-point vibrational energy for the reactants.d Zero-
point energy of the transition state minus zero-point energy of the reactants.e Imaginary frequency value corresponding to the transition state.
f Reaction coordinate values (distances between carbon in the ethylene oxide and nitrogen N7 in the guanine) corresponding to the transition state.

Guanine Alkylation by Ethylene Oxide J. Phys. Chem. A, Vol. 110, No. 17, 20065741



It is interesting to compare the activation energy calculated
as described above with the activation energy obtained by
scanning the CN distance and optimizing all other degrees of
freedom. The “properly” calculated activation energy of 53.29
kcal/mol compares nicely with the activation energy of 53.30
kcal/mol obtained by scanning the CN distance with a series of
constrained minimizations using the HF/6-31G(d) level. The
result gives strong evidence that the reaction can be adequately
described by varying the CN distance.

In Table 2 are collected the free energies of hydration
calculated by the solvent reaction field method of Tomasi and
co-workers. The transition state has a lower free energy of
hydration than the reactants, and therefore, the solvent acceler-
ates the reaction. Reduction of the barrier is between 26 and 29
kcal/mol if one omits the calculations performed by basis set
6-31G(d), which seems to be not fully converged in terms of
the basis set size. The DFT-calculated reduction of the barrier
in terms of the hydration free energies is smaller than the
corresponding HF values. All in all, agreement with the
experimental activation energy of 24.66 kcal/mol is poor. The
DFT/SCRF-calculated activation energy is systematically too
low at about 14 kcal/mol.

In Table 3 are collected the hydration free energies calculated
with Langevin dipoles. Reduction of the barrier relative to the
corresponding SCRF values is small but significant. The HF-
calculated activation free energies together with more flexible

basis sets in conjunction with the LD free energies of hydration
are in almost perfect agreement with the experiment. The
corresponding B3LYP barriers are too low.

The AM1-SM1 and PM3-SM3 results are shown in Table 4.
The transition-state hydration free energies seem to be not
favorable enough, and the result is too high an activation free
energy.

The calculated energies and geometric parameters for the
products are collected in Table 5. Due to the fact that the species
are subject to further reactions, comparison with the experiment
is not possible. We emphasize at this point that the so-obtained
minimum corresponds to the reaction intermediate rather than
the true product. Direct comparison with the experimental data
is therefore not possible.

4. Discussion

In this work we studied a chemical reaction between the
smallest ultimate carcinogen, ethylene oxide, and guanine. The
structures of the transition state, reactants, and products,
calculated on the B3LYP/6-311++G(2d,2p) level, are shown
in Figure 1.

Ethylene oxide is biologically relevant per se and is also a
model compound for numerous ultimate carcinogens. DNA was
truncated to guanine, the chemically relevant part that enters
the reaction. The reaction is a prototype for chemical modifica-
tions of the DNA induced by the ultimate carcinogens that
originate from polyaromatic hydrocarbons.

To our best knowledge, this is the first quantum-chemical
calculation of the activation energy for a chemical reaction
between a part of DNA and an ultimate carcinogen of the epoxy
type. Effects of solvation were calculated using the Langevin
dipole and solvent reaction field methods.

We demonstrated that the Hartree-Fock-calculated barrier
when combined with the Langevin dipole method for calculation
of hydration free energies gives very good agreement with the
experimental free energy of activation. On the other hand, DFT

TABLE 2: Free Energies of Hydration Calculated by the SCRF Methoda

method
∆Ghydr

SCRF(TS)b

(kcal/mol)
∆Ghydr

SCRF(R)c

(kcal/mol)
∆Ghydr

SCRF(TS - R)d

(kcal/mol)
∆Gq

SCRF
e

(kcal/mol)

HF/6-31G(d) -41.51 -15.89 -25.62 27.13
HF/6-31+G(d,p) -47.04 -18.45 -28.59 20.53
HF/6-311++G(d,p) -45.66 -17.56 -28.1 21
HF/6-311++G(2d,2p) -44.34 -16.71 -27.63 21.05
B3LYP/6-31G(d) -33.86 -13 -20.86 13.2
B3LYP/6-31+G(d,p) -42.44 -16.56 -25.88 10.09
B3LYP/6-311++G(d,p) -41.9 -16.02 -25.88 9.89
B3LYP/6-311++G(2d,2p) -41.16 -15.17 -25.99 9.75

a ∆Gq(exptl) ) 24.66 kcal/mol.kr ) 4.44 × 10-6 s-1. b Free energy of hydration for the transition state.c Free energy of hydration for the
reactants.d Free energy of hydration of the transition state minus free energy of hydration of the reactants.e Free energy of activation calculated
by the SCRF method.

TABLE 3: Calculated Free Energies of Hydration Using the Langevin Dipole Methoda

method
∆Ghydr

LD(TS)b

(kcal/mol)
∆Ghydr

LD(R)c

(kcal/mol)
∆Ghydr

LD(TS - R)d

(kcal/mol)
∆Gq

LD
e

(kcal/mol)

HF/6-31G(d) -45.91 -22.16 -23.75 29
HF/6-31+G(d,p) -48.25 -23.47 -24.78 24.34
HF/6-311++G(d,p) -47.18 -22.7 -24.48 24.62
HF/6-311++G(2d,2p) -45.95 -21.99 -23.96 24.72
B3LYP/6-31G(d) -34.89 -19.87 -15.02 19.04
B3LYP/6-31+G(d,p) -39.69 -21.2 -18.49 17.48
B3LYP/6-311++G(d,p) -39.32 -20.85 -18.47 17.3
B3LYP/6-311++G(2d,2p) -39.58 -20.15 -19.43 16.31

a ∆Gq(exptl) ) 24.66 kcal/mol.kr ) 4.44 × 10-6 s -1 b Free energy of hydration for the transition state.c Free energy of hydration for the
reactants.d Free energy of hydration of the transition state minus free energy of hydration of the reactants.e Free energy of activation obtained by
the Langevin dipole method.

TABLE 4: Calculated Free Energies of Hydration by the
PM3-SM3 and AM1-SM1 Methods

method
∆Ghydr(TS)a

(kcal/mol)
∆Ghydr(R)b

(kcal/mol)
∆Ghydr(TS - R)c

(kcal/mol)
∆Gq d

(kcal/mol)

PM3-SM3 -41.57 -25.3 -16.27 30.64
AM1-SM1 -33.12 -20.76 -12.36 40.01

a Free energy of hydration for the transition state.b Free energy of
hydration for the reactants.c Free energy of hydration for the transition
state minus free energy of hydration for the reactants.d Free energy of
activation calculated by the PM3-SM3 and AM1-SM1 methods.
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calculations predict too low an activation free energy for the
LD and SCRF solvation models. Disagreement between the
experimental and calculated activation free energies can also
be explained by considering only part of the DNA (guanine)
and not treating water and counterions in atomic detail.

Carcinogenesis is a complex biomolecular process involving
many chemical reactions.1 It is therefore a major challenge to
understand and model those reactions. We applied some of the
available methods, and we are aware that there is still room to
apply QM/MM methodology with all-atom representation of
the polar environment and application of thermal averaging.24-30

We have the impression that the B3LYP functional systemati-
cally underestimates the reaction barrier. A possible explanation
is that there were no epoxy species in the parametrization set.
We did not manage to perform the MP2 calculations for this
system, and this is obviously associated with an error in the
Gaussian 03 code. Calculation of the activation energy for this
system beyond the HF level remains a challenge. In addition,
it would be a challenge to test novel DFT functionals32 or to
reparametrize the semiempirical methods as reported by Truhlar
and co-workers.33 Despite the fact that there are no experimental
data available for hydration free energies for the species being

studied, we feel that the LD method outperforms the SCRF
method in calculation of hydration energies. In contrast to the
SCRF method, the LD method involves to a certain extent
specific interactions between the solute and solvent and thermal
averaging.

All in all, we found very good agreement between the
experimental and calculated free energy of activation for
alkylation of guanine by ethylene oxide by a combination of
Hartree-Fock calculation using flexible basis sets and Langevin
dipole calculation of hydration free energies. We are sure that
a calculation of this type will give an important contribution
toward the understanding, prevention, and treatment of can-
cer.1,31
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