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cis-2-Butene-1,4-dial represents a microsomal metabolite of furan, an industrially important chemical found in
cigarette smoke, air pollution, and also in canned or jarred food. It is expected to be a human carcinogen. Aim.
Investigation of an effect of cis-2-butene-1,4-dial on the 2'-deoxyguanosine which is a model of DNA site. Me-
thods. Optimization of reaction species molecular structures, spectral parameters and Gibbs free energy cal-
culations were performed using Gaussian09 program. Systems of differential equations for kinetics generation
were solved using Mathcadl5 program. Results. The predicted mechanism of the reaction of cis-2-butene-1,4-
dial with 2'-deoxyguanosine consists of four-step process formation of four diastereomeric primary adducts and
further base-mediated five-step transformation of the primary adducts to the secondary one. The reaction kine-
tics, which allows defining the concentration change of any reaction species was calculated. Conclusions. Un-
der physiological conditions the interaction between cis-2-butene-1,4-dial and 2'-deoxyguanosine leads to the
formation of a stable adduct which could be responsible for the furan genotoxicity.

Keywords: furan, DNA, DFT, mechanism, kinetics.

Introduction. Furan is widely used in industry. It is an
important environmental compound found in food,
cigarette smoke, and air pollution [1, 2]. In organism it
undergoes oxidation by cytochrome P450 forming cis-
2-butene-1,4-dial (BDA), which mediates the furan to-
xic effects [3].

The mechanism of furan carcinogenesis is not well-
understood. BDA has been shown to induce the DNA
single-strand breaks and cross-links in cells [4]. Inves-
tigations of DNA adducts can provide insight into the
mechanisms of carcinogenesis and toxicity. The experi-
mental studies have shown that the microsomal metabo-
lite of furan, BDA, reacts with dCyd to form an oxadi-
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azabicyclooctaimine adduct and with dAdo and dGuo
that initially forms ethano adducts. Those adducts are
rearranged, which leads to the formation of ethenoacet-
aldehyde adducts [5-7].

Our previous studies have shed light on the mecha-
nism of formation of dAdo-BDA adducts [8]. The cur-
rent study describes the mechanism and kinetics of in-
teraction of BDA with dGuo. The experimental studies
have shown that the products of the BDA initial reac-
tion are relatively unstable with a half-life smaller than
4 h and decompose to multiple unidentified compounds
[6, 7]. There are two possible pathways that could re-
sult from the reaction of BDA at both the N1 and N2
positions of dGuo (Scheme). Spectral analysis allows
identifying the major primary and secondary reaction
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products, which are diastereomeric hemiacetal forms
of 3-(2'-deoxy-p-D-erythropentafuranosyl)-3,5,6,7-tet-
rahydro-6-hydroxy-7-(ethane-2"-al)-9H-imidazo[1,2-
o Jpurine-9-one and 3-(2'-deoxy-f-D-erythropentafura-
nosyl)imidazo-7-(ethane-2"-al)[ 1,2-a ]purine-9-one, res-
pectively [6, 7]. These structures correspond to the path-
way A. A proposed reaction mechanism involves an
initial nucleophilic attack of exocyclic nitrogen atom
N, of dGuo on the C, atom of BDA. Then 1,4-addition
of the adjacent endocyclic nitrogen atom N, of dGuo to
the double bond of the remaining o, B-unsaturated alde-
hyde occurs.

The final step represents a subsequent attack of the
hydroxyl group on the second aldehyde group to form the
primary dGuo-BDA adducts. Further, these adducts un-
dergo transformation to the secondary product by the de-
hydration reaction.

The aim of the present work is the investigation of the
mechanism, thermodynamics and kinetics of the prima-
ry and secondary dGuo-BDA adducts formation.

Materials and methods. All the calculations were
performed using the Gaussian09 program package [9].
The relevant stationary points (reagents, intermediates,
transition states, and products) were fully optimized at
the M05-2X/6-311+G(d) level [10]. A water molecule
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was used as a catalyst when it was necessary. Single-
point calculations in aqueous solution were carried out
at the gas-phase-optimized geometry for the adducts
and corresponding transition states using PCM at the
MO06-2X/6-311++G(d,p) level of theory. The relevant
stationary points (reagents, intermediates, transition sta-
tes, and products) were fully optimized at the PCM/M06-
2X/6-311++G(d,p) level in case of base-catalyzed me-
chanism.

All stationary points were further characterized as
minima with all real frequencies, or as transition states
with the only one imaginary frequency, by computa-
tions of analytic harmonic vibrational frequencies at
the same theory level as geometry optimization.

UV-Vis spectra of dGuo and dGuo-BDA adducts
were simulated at the PCM/MO05-2X/6-311+G(d) level.
NMR spectra of products were calculated applying M06-
2X method that uses gauge independent atomic orbitals
(GIAO) NMR computational formalism and PCM sol-
vation model.

Uni- and bi-molecular rate constants were calcula-
ted according to the equations:

AGF

BT (s (1)

uni = h
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ky = kl ’
h
where k is the Boltzmann constant; 7— temperature; s —
Planck constant; AG,” — Gibbs free energy; R —universal
gas constant; ¢ — transformation coefficient equal to one
mol -L™".

The rate constants k,,, and k,, calculated using the
equations (1) and (2) were applied to predict the rate of
reagents' decay and the rate of accumulation of pro-
ducts and intermediates that are presented in the Sche-
me. For this purpose the system of differential equa-
tions having the following general form described be-
low (the real form of differential equations is presented

in Supporting Information) has been solved.
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The systems of kinetic equations (3) were solved by
using a Mathcad 15 program. The initial concentrations
of dGuo and BDA (corresponding to experimental data)
are equal to 5 mmol/L and 25 mmol/L, respectively, and
the temperature is 37 °C.

Results and discussion. At the beginning of our
study we have calculated UV-Vis and NMR spectra of
dGuo adducts of BDA and compared them with the avai-
lable experimental data to verify the structure of pro-
ducts. The calculated and experimental spectra are si-
milar, that supports the structures of the products which
were proposed by experimentalists. It should be noted
that the UV-Vis spectra of primary products are iden-
tical, indicating that these products are isomers. They
display an absorption maximum at 223 nm and a slight
shoulder at 237 nm (exp. 250.9 and 275 nm) (Fig. S1,
SI). The major product of their decomposition has a
UV-Vis spectrum with A, at 208 and 240 nm (exp.
229 and 284 nm) (Fig. S1, SI). The calculated “C and
'H chemical shifts for primary dGuo adducts of cis-2-
butene-1,4-dial in DMSO are also in good correspon-
dence with the experimental NMR spectra (Tables S1,
S2). The structural characterization of the secondary
product by 'H NMR was complicated due to its instabili-
ty. To circumvent this problem, methoxyamine deriva-

tives of secondary dGuo-BDA adduct were synthesi-
zed and their spectra were obtained (Scheme S1). The-
se spectra are in a good correspondence with our calcu-
lated results (Table S3).

Reaction mechanism of the primary 2'-deoxyguano-
sine adducts of cis-2-butene-1,4-dial formation. At the
first step of the reaction the exocyclic atom N, of dGuo
attacks the carbonyl C, atom of BDA. As a result two
stereoisomeric intermediates (INT1 and INT2) arise
(Fig. 1). The Gibbs free energies for this step are about
33 kcal/mol. The formed intermediates are characteri-
zed by similar stability and are slightly more stable than
reagents.

Next step of the reaction is a lactam-lactim tauto-
merization of intermediates INT1 and INT2 into their
tautomers INT3 and INT4 (Fig. 1). It occurs rapidly
and needs only about 15 kcal/mol Gibbs free activation
energy. This isomerisation facilitates further five-mem-
bered cycle formation. The cycle closure in intermedia-
tes INT3 and INT4 leads to stable stereomeric interme-
diates INTS5-INTS, which are more than 12 kcal/mol stab-
ler than their corresponding ring-opened forms (Fig. 1).
The activation free energy barrier for these processes is
21-25 kcal/mol.

The intermediates INT6 and INTS8 have functional
groups which are situated close together that provide fa-
cilities for further cyclization. While INT6 and INT13
intermediates do not undergo cyclization because of ste-
ric separation of these functional groups. Furan cycle
closing in intermediates INT6 and INTS results in the
formation of products PR11 and PR12, and products
PR13 and PR14, respectively (Fig. 2). These four dia-
stereomeric products are reported as primary dGuo-
BDA adducts, have the same stability and differ by ori-
entation of five-membered furan cycle and hydroxyl
group. The Gibbs free energy activation barriers for
these pathways are 22.20-27.41 kcal/mol.

The intermediates INTS5-INT8 may be transformed
to the secondary dGuo-BDA product PR15 by two-step
pathway. The first step is a dehydration which leads to
isomeric intermediates INT9 and INT10. The second
one is amine imine isomerization. Both these processes
have Gibbs free activation energy in a range of 31-36
kcal/mol.

Summarizing calculated results, the general profile
of the change of Gibbs free energy along the reaction
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Fig. 1. PCM/MO06-2X/6-311++G(d,p)//M05-2X/6-311+G(d) level computer generated initial pathways of 2'-deoxyguanosine reaction with cis-

2-butene-1,4-dial, corresponding Gibbs free energy diagram

coordinate that starts from the reactants and ends at the
products is presented in Fig. S3. The first step of the re-
action is rate-limiting for the primary products forma-
tion. On the basis of the obtained results, one may con-
clude that the primary adducts are formed faster than
the secondary product, however, the latter is more stab-
le than the primary ones. That supports the experimen-
tal data according to which at the beginning of the reac-
tion the primary products are detected. While the secon-
dary dGuo product was also isolated from the reaction
mixtures of dGuo and BDA incubated for24 hat 37 °C.

To describe kinetics of the whole processes shown
in the Figs 1-2 the values of Gibbs free energy barriers
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(with application of a single scaling factor which results
in 29 % decreasing of all energies) have been converted
to the set of rate constants. Such rate constants are pre-
sented in Supporting Information in the Table S3 along
with the kinetic equations (Scheme S1) which describe
the chemical process displayed in Figs 1-2. Such ap-
proach has been successfully used in our previous kine-
tic study of dAdo-BDA adducts formation. Kinetic plots
allow analysis the reaction course with time. The obser-
ved and computationally predicted kinetics are shown
in Fig. 3. As one can see the decrease in dGuo levels is
greater than the increase in adduct levels. This is explai-
ned by the multiple products formation under the reac-
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Fig. 3. Kinetic plot of the primary dGuo adducts of cis-2-butene-1,4-
dial (PR11-PR14) formation reaction calculated at 37 °C at the PCM/
MO06-2X/6-311++G(d,p)//M05-2X/6-311+G(d) level, ® — dGuo (calc.);
@ —dGuo (exp.); X —PR11-PR14 (calc.); A —primary adducts (exp.)
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tion conditions. The calculated results show a good ag-
reement with the experimental data for the dGuo trans-
formation while they predict slower increase of the pri-
mary products concentration than the measured one.
That arises perhaps due to underestimation of the stabi-
lity of primary products compare to those of intermedia-
tes (see Fig. 2).

The analysis of kinetic plot allows us to determine a
relative amount of each isomer in the mixture. Accor-

ding to HPLC analyses the reaction generated two new
closely eluting peaks. NMR analysis of each peak indi-
cated that each one contained two co-eluting isomers at
aratio of 1:2. As can be seen from Fig. S4 the major iso-
mers in each pair are PR11 and PR14. Our calculations
also support the formation of significant amount of the
secondary product after 24 h of reaction proceeding
(see Fig. S5).

Reaction mechanism of primary — secondary dia-
stereomeric adducts transformation. It is also interes-
ting to consider the conversion of primary dGuo-BDA
adducts to secondary one since we have the experimen-
tal data related to their half life, which amount to 2.2
and 3.4 h for two pair of isomers. We have found that
the transformation may occur in three steps. The proton
transfer from nitrogen to oxygen atom in primary pro-
ducts (PR11-PR14) is accompanied by furan cycle ope-
ning and results in the intermediates INT16 and INT17
formation (Fig. 4). The dehydration of these interme-
diates leads to intermediates INT9 and INT10, which
isomerize to product PR15. It should be mention that
primary products may be converted to secondary one
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through their ring-opened forms (INT6 and INTS).
However, a thorough analysis of the corresponding
Gibbs free energy diagram evidences that these path-
ways are hard to realize due to the high free activation
barriers (Fig. 4). Since half-lives of the primary adducts
lengthened with decreasing pH, we have studied a base-
catalyzed mechanism for their transformation.

The base-mediated decomposition of primary pro-
ducts consists of five steps. The proton abstraction from
nitrogen atom by hydroxide ions leads to intermediates
INT18-INT21 (Fig. 5). Further transformation of these
intermediates passes through furan ring opening and re-
sults in the formation of intermediates INT22—INT25,
which isomerize to intermediate INT26 by the intermo-
lecular proton transfer. The dehydration of intermedia-
te INT26 leads to intermediate INT27 which converts
to the secondary product PR15 by the proton attaching
to a nitrogen atom. The rate limiting step for the process
is dehydration with free activation barrier of 26.35 kcal/
mol. Base-catalyzed dehydration appears to be more rea-
listic compared to water-catalyzed mechanism, that is in
agreement with the experimental data [7]. The kinetics
of the base-catalyzed dehydration has been calculated
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using a single scaling factor for reducing the Gibbs free
energy barriers by 17 %. The computationally predicted
kinetic plots of products and intermediates are shown in
Fig. 6 and Fig. S6 (as Supporting Information), respecti-
vely. As can be seen from the Fig.6 the calculated half
lives of the primary adducts are in good agreement with
the experimental values.

Conclusions. The mechanism of interaction of dGuo
with BDA has been proposed based on the computatio-
nal studies. The suggested reaction pathways along with
the simulated UV-Vis and NMR spectra indicate that
the primary and secondary dGuo reaction products pre-
sent hemiacetal forms of 3-(2'-deoxy--D-erthyropenta-
furanosyl)-3,5,6,7-tetrahydro-6-hydroxy-7-(ethane-2"-
al)-9H-imidazo[1,2-a Jpurine-9-one (PR11-PR14) and
3- (2'-deoxy-p-D-erythropentafuranosyl)imidazo-7-(etha-
ne-2"-al)[1,2-a Jpurine-9-one (PR15), respectively, which
is in agreement with the experimental results. The pri-
mary products formation is a four-step process with an
initial attack as a rate-limiting step. The process passes
through the initial reaction of the exocyclic nitrogen N2
atom of dGuo with the C, atom of BDA, further cycliza-
tion by addition of the adjacent endocyclic nitrogen
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atom N, of dGuo to the double bond of the remaining a.,
B-unsaturated aldehyde, and final cyclization by an at-
tack of the hydroxyl on the second aldehyde group. Re-
placement of the last step by two other steps (dehydra-
tion and isomerization) results in formation of the secon-

dary product (PR15). Base-mediated five-step transfor-
mation of the primary adducts to the secondary one in-
volves proton abstraction by hydroxide ion, furan ring
opening, isomerization, water abstraction and proton at-
tachment. Kinetic plots for these processes have been
obtained by construction and solving the corresponding
kinetic equations. The calculated mechanism of forma-
tion of primary dGuo-BDA adducts is similar to one for
interaction of dAdo with BDA. While transformation of
primary products to a secondary one needs a base cata-
lyst for dGuo-BDA adducts and passes through an acid-
catalyzed process in case of dAdo-BDA products. The
obtained results are in good agreement with the experi-
mental data and demonstrate that under mild, biological
conditions BDA reacts with dGuo to form multiple pro-
ducts which could be responsible for furan mutagenesis.
Funding. This work was supported by the CREST
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B3aemonis 2'-ne30kcuryanosuny 3 yuc-2-0yren-1,4-nianem:
00YHUCITIOBATILHUMN MiJIX1J1 10 aHali3y 0ararocTyeHeBUX

XIMIYHUX peakiiit
JI. K. Cesrenko , JI. I'. I'op6, [I. M. 'oBopyH, €. JlemuHcbKuii

Pestome

yuc-2-bymen-1,4-0ians € mikpocommuum memabonimom gypauy — npo-
MUCTIOB0 BAICIUBO20 XIMIKAMY, GUABLEHO20 8 CUCAPEHOMY OUMI, 3d-
OpyOHeHoMy NOGIMPI, a MAKOJHC, IHOOI, 8 KOHCEPBOBAHUX ADO OAHKO-
sux npooykmax. Hozo esaxcaioms nomenyitinum xanyepozenom ous
moounu. Mema. Jlocrioumu eéniue yuc-2-6ymen-1,4-0ianto na 2'-Oe-
30KCU2yanosun — mooenvrutl ppaemenm JHK. Memoou. Onmumiza-
Yi10 CMpYKmMypu y4acHuKie peakyii, po3spaxyHku cnekmpanibHux napd-
mempig i 6inbHOi enepeii 1ibbca suxkonano 6 npoepami Gaussian09.
Cucmemu OupeperyitiHux pieHsAHb O15i OMPUMAHHS KIHEMUYHUX OAHUX
supiuysanu 3 guxopucmannsim npoepamu Mathcadl5. Pesynomamu.
Ipocnozosanuii mexanizm peaxyii yuc-2-oymen-1,4-diano 3 2'-0e30k-
CUSYAHOZUHOM Peanizyemvcs y yomupu cmaoii, Rpomseom sSKux ymeo-
PIOIOMbCS YOMUPU 0idcmepeoi3oMepHUX NePEUHHUX AOYKMU, 3 HACIYN-
HOW0 N AMUCMaoitiHor mpaHcoopmayiero, Kamaiiz08aHo OCHOBAMU,
nepsuHHuUX adykmie y emopunti. Pospaxoeano Kinemuxy peaxkyii, ujo
00380J14€ GU3HAYAMU 3MIHU KOHYEeHMPayii OyOb-sK020 yHacHuKa pe-
akyii. Bucnoexu. 3a ¢hizionoziunux ymoe 63aemodis midxc yuc-2-0y-
men-1,4-Oianem i 2'-0e30Kcucyano3unom npuzeoounms 00 yYmeopeHHs
cmabinbHo20 adyKma, AKUl Modice 8i0N08i0amu 3a 2eHOMOKCUUHICMY
Qypany.
Kniouosi cnosa: ¢hypan, AHK, DT, mexanizm, Kinemuxa.

BsaumogeiictBue 2'-me3okcuryaHosuHa ¢ yuc-2-0yrteH-1,4-nuanem:
BBIYHMCIIUTEIIBHBIN [TOJIX0/] K aHAIM3Y MHOTOCTYIIEHYATBIX XUMHUYECKUX

peaxiuii
JI. K. Cssresnko, JI. I'. I'op6, . H. 'oBopyH, E. Jleumuackuii

Pestome

yuc-2-bymen-1,4-0uans s1615emcs MUKPOCOMHBIM MeMaboaumom ¢y-
PaHa — NPOMBIUIEHHO BAIICHO20 XUMUKAMA, OOHAPYIHCEHHO20 8 CUed-
pemuom ObiMe, 3aepA3HEeHHOM 6030YXe, d MAKdice, UH020d, 8 KOHCep-
BUPOBANHBIX UNU OAHOUNBIX nPpoOyKkmax. E2o cuumaiom nomenyuans-
HblM Kanyepozenom Ons yenogeka. Leny. Hccneoosams enusnue yuc-
2- 6ymen-1,4-0uansa na 2'-0e30Kcucyano3ut — MoOeIbHblll (hpazmenm
JIHK. Memoowt. Onmumuzayuio cmpykmypul Y4dCmHUKO8 peakyui,
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pacyemvi CREKMPALbHbIX NAPAMempos u c600600HouU 3Hepeuu I ubbca
sbinoansiu 6 npoepamme Gaussian09. Cucmemot oughgepernyuanbHuix
VpasHeHutl 05 NOYHeHUsl KUHeMU4eCKUX OQHHbBIX Peuanu ¢ NOMOWbIO
npoepammul Mathcadl5. Pesynomamut. Peaxyusi yuc-2-0ymen-1,4-
ouans ¢ 2'-0e30Kcu2yano3uHom npoxooum 8 yemvipe cmaouu ¢ ¢op-
MUposanuem yemoipex OUAcmepeousoMepHolX nepeutnbIX a00yKnos
u nocredyroujell, Kamaiuzupyemou OCHOBAHUAMU, NAMUCMAOUUHOU
mpanchopmayueil nepeutHbIX a00yKmos 6o emopuynsie. Paccuuma-
Ha KUHeMUKA peakyuu, 4mo no3eoaem onpeoeams usMeHeHus KoH-
yenmpayuu 1106020 yuacmuuka peaxyuu. Buvteoowt. Ilpu ¢husuono-
2UYeCKUX YCI08UAX 83aumooelicmaue mexcoy yuc-2-oymen-1,4-oua-
nem u 2'- 0e30KCueyaHo3uHoOM npugooum K 00paz08anuio cmabuibHo20
aooyKma, Komopblil MOJ#Cem 0meeuamsy 3d 2eHOMOKCUYHOCTIb hypana.
Knroueswie crnosa: ¢pypan, JHK, DT, mexanusm, Kunemuxa.
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