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ABSTRACT: The discovery that β-propiolactone (BPL), once a commercially important chemical, causes various tumors in
experimental animals has led to a significant decrease in its use. However, owing to its efficacy this possible human carcinogen
remains to be utilized in vaccines for inactivation of viruses. The focus of the current study was to uncover the mechanisms of β-
propiolactone reactions with both nucleobases and glutathione (GSH) through computer simulations based on quantum chemical
methods. Our results, in accordance with in vitro studies, show that among all nucleobases guanine most readily forms adducts with
BPL through SN2 reaction mechanism. Acquired activation energies with incorporated solvent effects reveal that alkylation
represents an energetically more favorable reaction than acylation for all nucleobases. Comparison of activation free energies of
glutathione and guanine reactions with BPL suggest that glutathione may represent an efficient natural scavenger of BPL. Therefore,
glutathione present in the organism may provide protection to the DNA and thus prevent BPL’s genotoxicity, mutagenicity, and
possibly even carcinogenicity.

1. INTRODUCTION

As β-propiolactone is reported to cause tumors in experimental
animals in various different tissues and by several different
routes of exposure, International Agency For Research On
Cancer has listed it in group 2A as a possible human
carcinogen.1−3 In the 1950s, BPL represented a commercially
important chemical in the manufacture of acrylic acid.1−3

Additionally, it was used for sterilization of surgical instru-
ments, blood plasma, tissue grafts, milk, water, nutrient broth,
and enzymes.2−5 BPL’s sporicidal action was also used against
vegetative bacteria, pathogenic fungi, and viruses.2−5 Even
though its use strongly decreased since it was listed as a
possible human carcinogen, BPL, owing to its efficiency,
continues to be used in vaccines for inactivation of
viruses.1,5−11 On the basis of experimental trials, it has been
concluded that propiolactone represents a human carcino-
gen.12 The results have shown the generation of tumors in
several tissues and from different administration routes.12

Therefore, several health care workers may be exposed to this
dangerous chemical along with the employees in various
organic synthetic industries.1,12

Direct exposure to BPL, in addition to probable
carcinogenicity, brings severe irritations to several systems,
including skin burns and permanent damage to the eye, liver,
and kidney.5 Even at a single administered dose, BPL is shown
to be highly tumorigenic, genotoxic, and carcinogenic in
experimental animals.12 At higher doses it even causes death.12

Acute exposure to BPL needs to be limited to 0.1 mg/L as
higher doses, can cause toxicity.12 However, the threshold
value is set to 0.5 ppm for daily work time (8 h) as chronic
exposure to higher values may cause severe irritation.13,14 On
the other hand, the Henry Ford Hospital transfusion tests
reported absolutely no chronic toxic effects from their infusion
of β-propiolactone-pretreated plasma into human volunteers.5

In mammals, BPL is fortunately quickly hydrolyzed to 3-
hydroxy-propionic acid that shows no carcinogenic effects.5,12

Moreover, with chloride ions, it is metabolized, especially in
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blood plasma, to 3-chloropropionic acid that similarly shows
no tumor-initiating activities.12 Thus, there is a large
probability that in the case of transfusion tests BPL reacted
with plasma proteins ahead of the infusion of pretreated
plasma to the volunteers and consequentially in its metabolized
form could not cause carcinogenic damage to the organism.
Carcinogenicity of BPL seems to be strongly connected with
its reactivity as a (mono)alkylating agent.12 That is presumably
why hydrolytic and metabolic products show no carcinogenic
effects. The only exception is an adduct of BPL with cysteine
that shows carcinogenic activity, although a very weak one.15

Carcinogenic activity of BPL starts with alkylations or
acylations of nucleobases that can lead to DNA damage like
depurination mutations and resulting A to T transversions.
The half-life of BPL in water at 25 °C is 3 h; fortunately, in

the body (where various nucleophiles are present) it is
presumably much shorter.2,16 BPL preferentially reacts with
the extracellular water and nucleophiles, with only a small
portion reaching the intracellular macromolecules, particularly
the nuclear components.15 However, if it reaches the
biopolymers, then BPL was shown in vitro and in vivo to

bind to the proteins, DNA as well as RNA of mouse skin.10,17

The SN2 reaction mechanism is proposed for the reactions of
nucleophilic centers with BPL.16,18 Several in vitro studies have
shown that the main product of BPL’s reaction with DNA is 7-
(2-carboxyethyl)guanine (7-CEG) represented in Scheme
1(a), although adducts of other nucleobases are formed as
well.16,19−21 Even though the majority of the monoalkylating
agents cause only point mutations, BPL is in addition capable
of cross-linking the DNA and linking the proteins to the
DNA22 as well as of inflicting chromosomal changes.23 All
listed reactions could possibly play a role in the oncogenesis.22

After Roe and Glendenning17 discovered that BPL exerts
carcinogenesis when in contact with mouse skin, investigation
of its reactivity and genotoxicity increased tremendously.
Roberts and Warwick24 performed in vitro reactions of BPL
with guanosine, deoxyguanylic acid, and RNA. The same
product was isolated in all those reactions; 7-(2-carboxyethyl)-
guanine (7-CEG). Colburn et al.25 subsequently isolated an
additional product 7,9-di(2-carboxyethyl)-guanine, a dialky-
lated product which formed in the same manner as 7-CEG, but
at longer reaction times. In vivo experiments16 confirmed that

Scheme 1. Proposed Mechanism of (a) the Alkylation Reaction between β-Propiolactone and Methylguanine Giving Rise to
the Main 7-(2-Carboxyethyl)methylguanine Adduct; (b) the Acylation Reaction between β-Propiolactone and Methylguanine;
(c) the Alkylation Reaction between β-Propiolactone and the Ionized Form of Glutathione; and (d) the Acylation Reaction
between β-Propiolactone and the Ionized Form of Glutathione
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reacting β-propiolactone with both DNA and RNA yields 7-
CEG in the enol form. Later Mate et colleagues additionally
isolated 1-(2-carboxyethyl)-adenine (l-CEA),19 3-(2-carbox-
yethyl)-thymine (3-CET),20 and 3-(2-carboxyethyl)-cytosine
(3-CEC)21 in the reactions of calf thymus or mouse liver DNA
with BPL.
Since only alkylation products were isolated in the reactions

of BPL with nucleic acids, Helmminki26 investigated the
alkylation reactions of several additional lactones with nucleic
acids. BPL proved to be the most reactive lactone, about 50−
100 times more reactive than the second in reactivity (β-
butyrolactone). The reaction rate decreased from the smallest
residues of nucleic acids (nucleobases) toward the largest
(double-stranded DNA). Like that in previous studies the main
alkylation sites were N-1 of adenosine, N-3 of cytidine, and N-
7 of guanosine. The author26 thus suggested that the
carcinogenic potency of lactones correlates with their reactivity
rather than with the specificity of the adducts formed.
Findings of Uittenbogaard et al.7 were very similar to the

exception of the reaction with guanine, where the second
observed adduct was deoxyguanosine-N-7-carboxyethylated
with hydrolyzed imidazole ring; and the reaction of BPL
with cytidine, which resulted also in the formation of N-(2-
carboxyethyl) cytidine. These inconsistencies with previous
studies the authors7 attributed to the low BPL concentration
that is normally used for inactivation of viruses.
An in vitro study by Dijkstra27 showed surprising results;

BPL produced equal amounts of the alkylation and acylation
products with glutathione. This directed us to study the
kinetics of both acylation and alkylation reactions of BPL with
nucleobases, focusing on ΔG⧧, the activation free energy of the
rate-limiting step of the reaction, that is directly related to the
carcinogenicity of β-propiolactone. Moreover, we investigated
the reactions of BPL with glutathione that represents one of
the major compounds involved in the cellular detoxification
process, protecting the cells against xenobiotic agents
generating oxidative stress.28−30 Glutathione can scavenge
free radicals, reduce peroxides, or be conjugated with
electrophilic compounds.28 Thus, glutathione provides the
cells with multiple defense mechanisms not only against the
reactive oxygen species but also against their toxic products.28

However, glutathione and its catabolites may eventually lead to
the formation of reactive oxygen species and free radicals, as
seen in the case of metal ion-mediated reactions.29 All in all, we
must regard GSH as a major factor in the regulation of cell
cycle, proliferation, and apoptosis, therefore various mecha-
nisms serve to accomplish its biological roles.29 Consequently,
we decided to explore the kinetics of alkylation and acylation
reactions of BPL with glutathione as well. We wanted to see (i)
whether alkylation and acylation reactions are indeed energeti-
cally similar and thus equally plausible and (ii) if these
reactions are more favorable than the competing genotoxic
reactions of BPL with different nucleobases. The proposed
mechanisms for the alkylation and acylation reactions of BPL
with either guanine or glutathione are depicted in Scheme 1.
In this study, the activation free energies for the reactions of

BPL with either nucleobases or glutathione were obtained
using computer simulations based on the quantum chemical
methods. The calculations were performed on the methylated
nucleobases as the methyl group represents a good
replacement for the deoxyribose part of the DNA back-
bone.31−34 Our objective was to determine which of the
reactions (acylation or alkylation) is more favorable and

whether the reaction of BPL with glutathione is more favorable
than the competing reaction of BPL with the most reactive
nucleobase. The latter can provide an answer to whether
glutathione represents a successful natural scavenger of BPL
and is, therefore, able to prevent BPL’s genotoxicity and
carcinogenicity.

2. COMPUTATIONAL METHODS
All our calculations were carried out on the CROW computer cluster
located at the National Institute of Chemistry in Ljubljana.35,36 The
Born−Oppenheimer hypersurfaces of the alkylation and acylation
reactions of β-propiolactone with nucleobases and with glutathione
were obtained by performing several ab initio, DFT, and semi-
empirical MO calculations with the Gaussian 09 suite of programs.37

From ab initio calculations, the Hartree−Fock (HF) and the
Møller−Plesset perturbation theory of the second-order (MP2) level
of theory, were employed. Among DFT methods the B3LYP, M06-
2X, and mPWPW91 were chosen. Both, ab initio and DFT
calculations applied flexible basis sets 6-31G(d), 6-31+G(d,p), and
6-311++G(d,p). Finally, the semiempirical MO methods AM1 and
PM3 were used.

In order to obtain the activation energy of the reactions, we had to
locate the reactant and transition state structures. The structure of
BPL was obtained from ChemSpider38 and subsequently geometri-
cally optimized in Gaussian 09 suite of programs37 at the HF 6-
31G(d) level of theory. Whereas the structures of nucleobases were
built in Molden39 and subsequently geometrically optimized in
Gaussian 09 suite of programs37 at the HF 6-31G(d) level of theory.
For the starting reactant structure we combined the optimized
reactive species structures so that the distance between the bond-
forming atoms was around 3 Å. Subsequently, geometry optimization
was performed in order to obtain the structure lying in the true
minimum of the potential energy surface. For the evaluation of the
located reactant-state structure the vibrational analysis in the
harmonic approximation was performed, ensuring only real
frequencies had been obtained. This obtained optimized structure
of the reactants was then subjected to a relaxed potential surface scan
along the reaction coordinate to uncover an approximate structure of
the transition state. Among scanned structures, the one with the
highest energy was chosen as the starting point for the Berny
algorithm40 to locate the optimized transition state structure. A
vibrational analysis in the harmonic approximation was performed,
ensuring a single imaginary frequency was obtained for each transition
state. For the proposed SN2 reaction mechanism this coordinate
coincides with the bond formation between the reactive species and
with the bond cleavage in the BPL ring. The activation energy
represents the energy difference between the obtained transition and
reactant states.

To include the solvent effects in the form of hydration free energies
of reactant and transition states the self-consistent reaction field−
polarizable continuum model (SCRF- PCM) method of Tomasi and
co-workers,41 as well as the Langevin dipoles (LD) model of Florian
and Warshel,42 were employed. For the semiempirical MO methods
AM1 and PM3, the AM1 SM1 and PM3 SM3 hydration models43

were used. Merz−Kollman partial atomic charges were obtained by
the restrained electrostatic potential fit (RESP) procedure provided in
Gaussian 09 suite of programs37 on the electrostatic potentials
obtained by ab initio and DFT methods and served as an input for the
LD model implemented in the ChemSol program.44 The calculations
for AM1 SM1 and PM3 SM3 hydration models were performed by
the AMSOL 5.4.1. program of Truhlar and colleagues.43

In order to evaluate the validity of our computational results, a
comparison with the experimental free energy of BPL alkylation was
made. Manso and colleagues40 investigated the alkylation reaction of
BPL with 4-(p-nitrobenzyl)pyridine (NBP) that is used as a substitute
for guanine nucleobase. From the reaction rate constant based on the
Eyring transition state theory, they calculated the activation
parameters for NBP alkylation by BPL. The experimental estimate
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of the corresponding activation free energy ΔG⧧ amounts to 20.8 ±
0.5 kcal/mol.

3. RESULTS AND DISCUSSION
3.1. Alkylation of Guanine. Several in vitro studies have

shown that among nucleobases guanine most readily forms
adducts with BPL.19−21,24,25 The calculated activation energies
for the alkylation of methylguanine with BPL in the gas phase
and solvated with the SCRF, LD, and AMSOL models, lowest
vibrational frequencies of reactant states, imaginary vibrational
frequencies of transition states, and corresponding distances
between the reactive centers are collected in Table 1.
From the acquired gas-phase activation energies presented in

Table 1, we can conclude that the convergence in terms of

basis set size was reached at all levels of theory. Variation
among the acquired reactant and transition state structures was
relatively low as can be seen through highly similar distances
between the reactive centers. Larger values of dR compared to
dTS are consistent with the much weaker intermolecular forces
in the reactant state and with the consequently much shallower
potential hypersurface. Activation barrier in the gas-phase
ranges from 43 kcal/mol using the Hartree−Fock theory level
and lowered to around 38 kcal/mol using DFT levels, with the
exception of B3LYP method that provided as low as 33 kcal/
mol in conjunction with the flexible basis set 6-311++G(d,p)
level. On the contrary, the results of semiempirical methods
AM1 and PM3 yielded the highest activation energies of about
52 kcal/mol.

Table 1. Activation Free Energies for the Formation of the Main 7-(2-Carboxyethyl)methylguanine Adduct Calculated with
Different Methodsa

method/basis set
ΔGgas

⧧

(kcal/mol)b
ΔΔGhydr

SCRF

(kcal/mol)c
ΔGSCRF

⧧

(kcal/mol)d
ΔGLD

⧧

(kcal/mol)e
ΔGAMSOL

⧧

(kcal/mol)f
ωTS

(I cm−1)g
ωR

(cm−1)h
dTS
(Å)i

dR
(Å)j

AM1 51.86 34.57 772 7 1.88 4.99
PM3 52.17 19.38 793 6 1.84 4.34
HF/6-31 G(d) 45.10 −19.8 25.30 15.56 551 19 1.99 3.42
HF/6-31+ G(d,p) 42.72 −20.66 22.06 11.83 533 17 2.02 3.50
HF/6-311++ G(d,p) 43.31 −20.86 22.45 12.06 542 16 2.03 3.50
B3LYP/6-31 G(d) 37.07 −18.53 18.54 8.90 469 20 1.90 3.34
B3LYP/6-31+ G(d,p) 33.53 −19.21 14.32 1.75 470 7 1.95 3.45
B3LYP/6-311++ G(d,p) 33.32 −18.00 14.33 2.04 463 10 1.95 3.44
MP2/6-31 G(d) 44.12 −24.31 19.81 16.78 634 10 1.85 3.46
MP2/6-31+ G(d,p) 42.08 −26.59 15.49 11.69 632 13 2.03 3.44
MP2/6-311++G(d,p) 42.81 −25.21 21.96 11.11 652 10 1.88 3.44
M06-2X/6-31 G(d) 42.63 −16.98 25.65 14.05 625 26 1.88 3.42
M06-2X/6-31+ G(d,p) 39.98 −19.62 20.36 8.26 631 19 1.91 3.15
M06-2X/6-311++ G(d,p) 40.14 −19.39 20.75 8.34 638 20 1.91 3.17
mPWPW91/6-31 G(d) 40.53 −18.52 22.01 12.03 609 19 1.89 3.27
mPWPW91/6-31+G(d,p) 38.06 −19.07 18.99 6.75 586 16 1.92 3.33
mPWPW91/6-311++ G(d,p) 38.20 −18.98 19.22 7.20 587 15 1.92 3.32

aExperimental value for 4-(p-nitrobenzyl)pyridine alkylation by BPL: ΔG⧧ = 20.8 ± 0.5 kcal/mol. bGas-phase activation energy. cHydration free
energy of the transition state minus hydration free energy of the reactant state obtained by the SCRF-PCM method. dActivation free energy
obtained by the SCRF-PCM method. eActivation free energy obtained by the LD method. fActivation free energy obtained by the AM1-SM1 and
PM3-SM3 methods. gThe imaginary frequency corresponding to the transition state. hThe lowest vibrational frequency corresponding to the
reactant state. iThe distance between the reacting N7 atom of methylguanine and the BPL β carbon atom in the transition state structure. jThe
distance between the reacting N7 atom of methylguanine and the BPL β carbon atom in the reactant state structure.

Figure 1. Structure of (a) the reactant state and (b) the transition state for the methylguanine alkylation by BPL as predicted using the M06-2X/6-
311++G(d,p) level of theory. Carbon atoms are depicted in gray, oxygen atoms in red, nitrogen atoms in blue, and hydrogen atoms in white color.
The orange dotted lines and the values represent the distances between reactive centers (dR and dTS) in angstroms.
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As biological processes take place in a solution and the
experiment chosen for the evaluation of our results also
proceeds in a solution, we performed another series of
calculations where the solvation effects were incorporated.
For all the solvation models and all the theory levels, ΔΔGhydr
is negative, meaning that the transition state is better solvated
than the reactant state. Consequently, solvent lowers the
activation barrier and thus accelerates the reaction in
accordance with the zwitterionic-like nature of the transition
state and only polar nature of the reactant state. According to
the SCRF-PCM model, activation free energies in water
medium are around 23 kcal/mol using the Hartree−Fock
theory level and lower to around 20 kcal/mol using DFT
levels. Similarly, as in the gas phase, the result of the B3LYP
method is the lowest, yielding approximately 14 kcal/mol in
conjunction with the flexible 6-311++G(d,p) basis set. The
result acquired by M06-2X method is identical to the
experimentally determined one. Therefore, for all future
comparisons we have focused on the results obtained with
this theory level. Hartree−Fock and MP2 theory levels slightly

overestimate the activation barrier, whereas DFT levels slightly
underestimate. Our results are in accordance with the tests
performed by the developers of the M06-class (and, earlier,
M05-class) functionals as they recommend M06-2X for the
main group thermochemistry and kinetics.45 The structures of
the reactant and the transition state for the alkylation of
guanine with BPL are depicted in Figure 1.
The values of activation free energies obtained by the

Langevine dipoles implicit solvation model are significantly
underestimated for about 10 kcal/mol compared to those
provided by the SCRF-PCM model, regardless of the theory
level. Solvation model AMSOL for semiempirical methods
resumed in Table 1 provided two very different results. The
AM1 method gave a significantly overestimated activation free
energy (more than 10 kcal/mol higher compared to the ones
obtained by the SCRF-PCM method), however, the PM3
method gave a result very similar to those obtained with DFT
methods using the SCRF-PCM model. Its value fits very well
to the experimentally determined one.

Figure 2. Structure of (a) the most abundant lactam tautomeric form of (methyl)thymine and (b) the lactim tautomeric form used in our
simulations. Carbon atoms are depicted in gray, oxygen atoms in red, nitrogen atoms in blue, and hydrogen atoms in white color.

Table 2. Comparison of SCRF-PCM and LD Activation Free Energies for BPL Alkylation of Methylated Nucleobases

guanined (kcal/mol) adenine(kcal/mol) cytosine(kcal/mol) thymine(kcal/mol)

method/basis set ΔGgas
⧧ a ΔGSCRF

⧧ b ΔGLD
⧧ c ΔGgas

⧧ a ΔGSCRF
⧧ b ΔGLD

⧧ c ΔGgas
⧧ a ΔGSCRF

⧧ b ΔGLD
⧧ c ΔGgas

⧧ a ΔGSCRF
⧧ b ΔGLD

⧧ c

AM1 51.86 51.68 52.98 66.96
PM3 52.17 54.29 56.03 94.60
HF/6-31 G(d) 45.10 25.30 15.56 47.14 29.62 22.71 49.18 27.74 19.29 71.71 47.52 41.51
HF/6-31+ G(d,p) 42.72 22.06 11.83 44.72 26.42 19.16 46.84 24.53 13.14 66.91 41.82 34.01
HF/6-311++ G(d,p) 43.31 22.45 12.06 45.12 26.98 19.54 47.11 25.15 13.87 67.16 42.61 34.25
MP2/6-31 G(d) 44.12 19.81 16.78 46.75 25.68 21.97 49.74 24.47 17.09 72.23 42.32 40.25
MP2/6-31+ G(d,p) 42.08 15.49 11.69 44.10 21.53 17.58 47.29 20.08 12.36 66.98 34.91 33.09
MP2/6-311++ G(d,p) 42.81 21.96 10.69 44.23 23.16 18.29 47.88 21.76 13.73 67.61 35.84 34.69
M06-2X/6-31 G(d) 42.63 25.65 14.05 42.26 26.98 19.26 45.74 26.76 17.46 64.34 43.51 37.05
M06-2X/6-31+ G(d,p) 39.98 20.36 8.26 39.28 23.54 15.24 42.94 23.18 12.37 59.54 37.96 29.66
M06-2X/6-311++ G(d,p) 40.14 20.75 8.34 39.08 23.33 15.01 42.58 23.08 12.53 59.58 38.35 28.62
mPWPW91/6-31 G(d) 40.53 22.01 12.03 41.10 25.60 18.07 44.15 24.69 15.25 64.52 44.77 36.33
mPWPW91/6-31+ G(d,p) 38.06 18.99 6.75 38.43 22.53 13.71 41.65 21.44 10.49 59.89 39.33 29.05
mPWPW91/6-311++ G(d,p) 38.20 19.22 7.20 38.27 22.53 14.00 41.37 21.43 10.31 59.76 39.61 27.97

aThe gas-phase activation energy of the alkylation reaction of a specific methylated nucleobase with β-propiolactone. bActivation free energies of
the alkylation reaction between a specific methylated nucleobase and β-propiolactone obtained by the SCRF-PCM method. cActivation free
energies of the alkylation reaction between a specific methylated nucleobase and β-propiolactone obtained by the LD method. dExperimental value:
ΔG⧧ = 20.8 ± 0.5 kcal/mol.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://dx.doi.org/10.1021/acs.chemrestox.9b00389
Chem. Res. Toxicol. 2020, 33, 769−781

773

https://pubs.acs.org/doi/10.1021/acs.chemrestox.9b00389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.9b00389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.9b00389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.9b00389?fig=fig2&ref=pdf
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.9b00389?ref=pdf


3.2. Alkylation of other DNA Bases Compared to
Guanine. Previous in vitro studies have isolated adducts of

BPL with all DNA bases. Therefore, we investigated the
reactions of BPL with all nucleobases (adenine, cytosine,

Figure 3. Structure of (a) the reactant state and (b) the transition state for the nucleophilic attack (alkylation) of BPL by the N3 atom of
methylcytosine as predicted at the M06-2X/6-311++G(d,p) level of theory. The structure of (c) the reactant state and (d) the transition state for
the nucleophilic attack (alkylation) of BPL by the N1 atom of methyladenine as predicted at the M06-2X/6-311++G(d,p) level of theory. The
structure of (e) the reactant state and (f) the transition state for the nucleophilic attack (alkylation) of BPL by the N3 atom of methylthymine as
predicted at the M06-2X/6-311++G(d,p) level of theory. Carbon atoms are depicted in gray, oxygen atoms in red, nitrogen atoms in blue, and
hydrogen atoms in white color. The orange dotted lines and the values represent the distances between reactive centers (dR and dTS) in angstroms.
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guanine, and thymine) in their most abundant tautomeric
forms and with the methyl group bound to the site where in
the DNA deoxyribose is placed. For simulations of thymine
reactions with BPL we primarily applied the most abundant
lactam tautomeric form presented as (a) in Figure 2. However,
this form posed a sterical hindrance for the BPL alkylation due
to the presence of hydrogen at the N3 atom, therefore, we used
another lactim tautomer presented as (b) in Figure 2. Later,
the difference in free energy between both tautomeric forms
was incorporated, so the results provided in Table 2
correspond to the most abundant lactam tautomeric form of
(methyl)thymine. In the Supporting Information (SI) in Table
S10 the activation free energies for BPL alkylation of both
thymine tautomeric forms are provided. The comparison of the
results presented in Table 2 with the yield of nucleobase
adducts isolated from the in vitro reactions is presented later in
this subsection.
According to the gas-phase activation energies, guanine

seems to be the most reactive base toward BPL with the
exception of DFT method M06-2X and the semiempirical
method AM1 that give preference to adenine. The second in
the overall reactivity seems to be adenine, followed by cytosine.
Thymine seems to be by far the least reactive base with its
activation energies higher for about 20 kcal/mol compared to
other bases. However, the differences between other
nucleobases range only from 1 to 4 kcal/mol.
Activation free energies of BPL alkylation of methylated

nucleobases with incorporated solvent effects suggest that the
most reactive nucleobase represents guanine as its activation
barriers are the lowest regardless of the method or solvation
model. Even though gas phase activation barriers of adenine
are lower than those of cytosine, the ones with incorporated
solvent effects show exactly the opposite. Therefore, we believe
that at biological conditions cytosine is more reactive toward
BPL than adenine. Thymine shows the highest reaction
barriers up to 38 kcal/mol at the most accurate M06-2X/6-
311++G(d,p) SCRF-PCM level of theory. Hence, the reaction
of BPL with thymine is very unlikely or it could happen only to
a very low extent.
Consistently with our results, Mate et al.19 discovered that

when the BPL-reacted DNA was hydrolyzed for shorter time
(1 h) and at physiological temperature (37 °C), the ratio of
alkylated purines 7-CEG to l-CEA was 3:1, however, when the
hydrolyzation lasted longer (16 h) at a higher temperature
(100 °C) the ratio was reversed pointing to the instability of
the 7-CEG adduct.
Previous in vitro studies were unable to detect alkylation

adducts of BPL with thymine, confirming our results that the
reactivity of thymine with BPL is very low. Segal et al.,20

however, successfully isolated the thymine adduct, although,
the yield was considerably low from 100A units of BPL-reacted
DNA only 3A units of adduct 3-CET were isolated. A year
later it was reported21 that the reaction of BPL with calf
thymus DNA yielded adducts with all DNA bases. Two
methods were employed;21 by the first method the alkylation
reaction was conducted in phosphate buffer at 0−5 °C and pH
7.5 and provided 0.23, 1.00, 0.39, and 0.41 molar ratios of 1-
CEA, 7-CEG, 3-CET, and 3-CEC isolated from BPL-reacted
DNA following perchloric acid hydrolysis. By the second
method, the alkylation reaction was conducted in the water at
37 °C and pH maintained at 7.0−7.5 by adding NaOH, the
isolated molar ratios were 0.10, 1.00, 0.29, and 0.28
respectively. Surprisingly high thymine adduct yields could

possibly be attributed to the reaction of some other thymine
tautomer as opposed to the one used in our study. With the
mentioned exception of thymine, all other in vitro results are
consistent with the findings of our study. This confirms that
guanine represents the most reactive base toward the BPL,
followed by cytosine and adenine. On the basis of our
calculations, thymine is the least reactive nucleobase with BPL,
at least the examined lactim tautomeric form of thymine. The
precise tautomeric form of thymine that gets alkylated at
biological conditions remains to be investigated in future
studies. In Figure 3, the reactant and transition state structures
for the alkylation of cytosine, adenine, and thymine with BPL
obtained by the M06-2X method and the 6-311++G(d,p) basis
set, are presented.

3.3. Alkylation vs Acylation Reactions. It was observed
that only those lactones reactive enough to undergo hydrolysis
in the neutral medium (like BPL) are also able to react with
biological nucleophiles (nucleobases or glutathion) in
vivo.40,46,47 Of great importance is also the knowledge through
which mechanism (alkylation or acylation) those reactions
occur. Considering that the amino bond is harder to cleave
than the β-ketoamide bond, the accepted notion is that
lactones which follow the alkylation reaction (β-lactones such
as BPL, BBL) afford stable DNA adducts and therefore
represent effective carcinogens.46,47 On the contrary, the
lactones undergoing acylation reaction (β-lactone diketene)
that are readily hydrolyzed cannot act as strong carcino-
gens.40,46,47 In the following Table 3, the activation free
energies of alkylation and acylation reactions of methylated
nucleobases with BPL are presented.
Details of obtained activation barriers for the alkylation and

acylation reactions of nucleic bases with BPL in the gas phase
and solvated with the SCRF-PCM, LD, and AMSOL models,
lowest vibrational frequencies of reactant states, imaginary
vibrational frequencies of transition states, and corresponding
distances between the reactive centers like in the case of
guanine alkylation are provided in the SI (Tables S1−S7).
The gas-phase activation energies for guanine and thymine

undoubtedly show that alkylation represents the more
favorable reaction and is thus more plausible than acylation.
In the case of adenine and cytosine, various methods give
different preferences toward acylation and alkylation reactions.
HF and MP2 methods suggest that alkylation is more
favorable, however, all the DFT and semiempirical methods
predict exactly the contrary.
However, the acquired activation free energies with

incorporated solvation effects confirm that alkylation is indeed
energetically more favorable reaction than acylation for all
nucleobases. Although, activation free energies for the
acylation reactions are low enough to occur naturally as well.
Visual inspection of the transition state structures for both

reactions (alkylations and acylations), we observed a trend (for
all theory levels except MP2) that β-propiolactone prefers to
attack the nucleobases perpendicular to the plane of the
specific nucleobase, with the notable exception of guanine
alkylation, where both reactive species (in the transition state)
lie in the same plane. This observed difference may well be the
reason why the alkylation reaction of BPL with guanine
possesses the lowest activation barrier among all simulated
reactions regardless of the theory level. The structure of
guanine, of course, enables such an attack whereas in all other
nucleobases large neighboring groups provide steric hindrance
through the repulsion between the electron clouds. In the
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DNA environment guanine’s transition state structure may be
additionally favored while the steric effects induced by the
presence of the stacked nucleobases hinder perpendicular
attacks of BPL on remaining nucleobases. This may represent
an additional reason for guanine to form the preferred adduct.
Consistently with a plethora of experimental studies, our

results show that BPL represents an effective chemical
carcinogen as it is very reactive toward all nucleobases
especially through the alkylation mechanism that provides
stable DNA adducts. Consequently, we decided to investigate
the potential anticarcinogenic mechanisms as well by reacting

BPL with glutathionethe most abundant natural scavenger
of chemical carcinogens in human cells.

3.4. Alkylation vs Acylation of Glutathione Compared
to Guanine. From Figure 4, one can see that in the transition
state of alkylation reaction glutathione rearranges circularly as a
result of hydrogen bond formation. For acylation reaction, one
can observe that in the transition state amino acid residues and
the two reactive structures are also closer than in the reactant
state due to a number of hydrogen bonds formed. Although,
this may be an artifact due to the absence of explicit water
molecules in our calculations. In a true aqueous solution, there
would be alternatives to form hydrogen bonds. Such artificially

Figure 4. Structure of (a) the reactant state and (b) the transition state for the nucleophilic attack of the sulfur atom of deprotonated glutathione
on BPL through alkylation reaction as predicted at the HF/6-311++G(d,p) level of theory. The structure of (c) the reactant state and (d) the
transition state for the nucleophilic attack of the sulfur atom of deprotonated glutathione on BPL through acylation reaction as predicted at the
HF/6-311++G(d,p) level of theory. Carbon atoms are depicted in gray, oxygen atoms in red, nitrogen atoms in blue, sulfur atoms in yellow, and
hydrogen atoms in white color. The orange dotted lines and the values represent the distances between reactive centers (dR and dTS) in angstroms.
Yellow horizontal lines represent hydrogen bonds.
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increased compactness when comparing the reactant and the
transition states could then render the transition state free
energies too favorable. In Table 4 the activation free energies
of alkylation and acylation reactions of methylated guanine and
glutathione with BPL are presented.
Details of obtained activation barriers for the glutathione

alkylation and acylation with BPL in the gas phase and solvated
with the SCRF-PCM, LD, and AMSOL models, lowest
vibrational frequencies of reactant states, imaginary vibrational
frequencies of transition states, and corresponding distances
between the reactive centers like in the case of guanine
alkylation are provided in the SI (Tables S8 and S9).
According to the gas-phase activation energies of the

reactions of glutathione with BPL, the alkylation reaction is
more favorable and therefore more plausible than acylation
reaction. Comparison between the reaction of glutathione with
BPL and methylguanine with BPL reveals that glutathione is
significantly more reactive toward BPL than guanine.
On the contrary to the results of the reactions in gas-phase

(vacuum), taking into account solvent effects makes our results
consistent with the Dijkstra’s in vitro study.27 Alkylation and
acylation reactions between BPL and glutathione seem to be
equally probable. As Hartree−Fock and B3LYP favor
alkylation, while other DFT methods, including M06-2X that
best fits the experimental results, favor acylation. Therefore,
the assumption that all carcinogenic lactones (like BPL)
exclusively alkylate nucleophiles (like glutathione) and that all
inactive lactones exclusively acylate nucleophiles is refuted
once more.40,46

Comparison of activation free energies of glutathione’s and
guanine’s alkylation and acylation reactions with BPL suggest
that glutathione may represent an efficient scavenger of BPL as
both reactions have lower activation barriers, with the notable
exception being the results of MP2 and M06-2X methods for
the alkylation reaction which give somewhat higher values for
glutathione than guanine. However, the acylation reaction of
glutathione is still energetically more favorable by these
methods than the alkylation of guanine. All in all, glutathione

may react with BPL through either of the alkylation or
acylation reactions before it reaches the genetic material.
Therefore, glutathione present in the organism can provide
protection to the DNA and thus prevent BPL’s genotoxicity,
mutagenicity, and possibly carcinogenicity.

4. CONCLUSIONS
To the best of our knowledge this is the first study where not
only mechanisms of alkylation were revealed but acylation
reactions as well under identical conditions facilitating a direct
comparison between the two. Thereby we revealed several
transition state structures to provide additional insight into
molecular mechanisms of BPL’s carcinogenicity. In addition to
reactions of BPL with nucleobases the same types of reactions
with a possible natural scavenger molecule glutathione were
simulated.
In accordance with several in vitro studies our results

confirm that guanine represents the most reactive nucleobase
toward BPL, followed by cytosine and adenine. Our
calculations conclusively regard lactim tautomeric form of
thymine as the least reactive nucleobase, in agreement with a
majority of in vitro studies, where the alkylation adducts of
BPL with thymine were only minor or could even not be
detected. However, the study of Segal21 reported notably
higher thymine adduct yields, leading to the presumption that
some other thymine tautomer would have reacted with BPL
instead of the lactim form.
The acquired activation free energies with incorporated

solvation effects suggest that alkylation is indeed an energeti-
cally more favorable reaction than acylation and thus more
probable for all nucleobases. However, the acylation reactions
possess activation barriers low enough to occur naturally as
well.
The geometry of guanine enables β-propiolactone to attack

in the same plane, as opposed to other nucleobases where
sterical hindrance is exerted by neighboring groups which force
BPL to attack perpendicular to the plane of a nucleobase. This
may be the main reason why guanine exhibits the lowest

Table 4. Activation Energies of Alkylation and Acylation Reactions of BPL with Glutathione and Methylguanine

glutathione (kcal/mol) guanine (kcal/mol)

alkylation acylation alkylation acylation

method/basis set ΔGgas
⧧ a ΔGSCRF

⧧ b ΔGLD
⧧ c ΔGgas

⧧ d ΔGSCRF
⧧ e ΔGLD

⧧ f ΔGgas
⧧ a ΔGSCRF

⧧ b ΔGLD
⧧ c ΔGgas

⧧ d ΔGSCRF
⧧ e ΔGLD

⧧ f

AM1 5.37 11.96 51.86 46.16
PM3 16.97 16.94 52.17 36.24
HF/6-31 G(d) 22.55 22.20 22.78 37.44 32.88 29.86 45.10 25.30 15.56 59.20 48.20 41.57
HF/6-31+ G(d,p) 20.37 18.93 19.51 35.21 29.86 27.07 42.72 22.06 11.83 58.24 46.37 38.94
HF/6-311++ G(d,p) 20.85 19.24 18.78 35.14 29.91 25.90 43.31 22.45 12.06 58.65 47.11 39.96
MP2/6-31 G(d) 23.16 23.33 25.80 36.30 13.97 31.66 44.12 19.81 16.78 57.67 38.20 40.37
MP2/6-31+ G(d,p) 22.55 18.91 19.75 35.37 7.66 24.96 42.08 15.49 11.69 55.40 33.30 35.04
MP2/6-311++ G(d,p)g 22.00 24.01 22.84 35.16 9.82 24.91 42.81 17.60 10.69 54.62 38.83 34.00
M06-2X/6-31 G(d) 23.57 25.72 27.63 25.97 20.98 19.81 42.63 25.65 14.05 48.29 38.86 34.86
M06-2X/6-31+ G(d,p) 20.62 21.62 30.00 22.99 16.33 22.99 39.98 20.36 8.26 46.86 36.17 29.84
M06-2X/6-311++ G(d,p) 20.37 21.74 22.79 22.92 16.36 15.26 40.14 20.75 8.34 47.32 36.44 29.95
mPWPW91/6-31 G(d) 20.44 21.25 22.54 25.13 20.20 17.35 40.53 22.01 12.03 48.08 38.89 34.28
mPWPW91/6-31+ G(d,p) 18.16 17.84 18.51 9.72 8.58 7.86 38.06 18.99 6.75 46.67 36.50 30.02
mPWPW91/6-311++ G(d,p) 18.38 17.94 19.80 9.91 8.86 8.05 38.20 19.22 7.20 46.67 36.36 29.81

aGas-phase activation energy of the alkylation reaction of glutathione or guanine with β-propiolactone. bActivation free energy of alkylation
obtained by the SCRF-PCM method. cActivation free energy of alkylation obtained by the LD method. dGas-phase activation energy of the
acylation reaction of glutathione or guanine with β-propiolactone. eActivation free energy of acylation obtained by the SCRF-PCM method.
fActivation free energy of acylation obtained by the LD method. gActivation free energy of alkylation obtained by the SCRF-PCM method with
single point calculation from MP2 6-31+G(d,p) structure.
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activation free energies among all nucleobases regardless of the
theory level chosen.
In agreement with Dijkstra’s in vitro study,27 our results with

incorporated solvent effects confirm that alkylation and
acylation reactions between BPL and glutathione seem to be
equally plausible. Moreover, the activation barriers of
glutathione’s reactions with BPL regardless of the mechanism
are lower than the ones for guanine alkylation reaction with
BPL suggesting that glutathione may represent an efficient
scavenger of BPL as it can react with BPL before it damages
the genetic material. Glutathione proved to be reactive enough
for the role of natural scavenger of BPL. However, to represent
a good natural scavenger we must consider other aspects as
well. Presence of glutathione in the nucleus cannot be a hurdle
as it represents the most abundant nonprotein thiol in
mammalian cells,48 present at millimolar concentrations (up
to 10 mM) in most cell types.30,49 Its concentration, therefore,
not only reaches that of nucleobases (averaging to 0,2 until 5
mM)50 but even exceeds it. As glutathione is synthesized in the
cytosol,49 it could even scavenge BPL before it diffuses into the
nucleus. However, glutathione concentrates in the nucleus in
the early phases of cell growth and redistributes uniformly
between nucleus and cytoplasm only when cells reach
confluence.48 To conclude, in all aspects glutathione represents
an excellent candidate for a natural scavenger of BPL.
Glutathione present in the organism, therefore, possesses the
ability to protect the genetic material and hence prevent BPL’s
genotoxicity, mutagenicity, and possibly even carcinogenicity.
The high reactivity of BPL toward all nucleobases revealed

by our study, in accordance with numerous in vitro studies,
especially through the alkylation mechanism that on top
provides stable DNA adducts, confirms that BPL represents an
effective chemical carcinogen. BPL is a monoalkylating agent
meaning that when alkylation reaction occurs its reactivity
decreases to a level where it is no longer carcinogenic. As
glutathione represents not only the crucial low molecular
weight redox buffer that shields nuclear processes against
oxidative stress but also a flexible regulator of genetic and
epigenetic functions,51 it could in certain cellular conditions as
well happen that the concentration of free glutathione would
be too low to sufficiently protect the genetic material. It would,
therefore, be sensible to explore using identical computational
methodology also other potential natural scavengers for
example from the family of polyphenols52−57 that could
provide additional protection from BPL and related carcino-
genic agents. This could lead to the discovery of novel
anticancer drugs that could effectively prevent carcinogenesis.
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