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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 Mathcad15 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-

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-�-D-erythropentafuranosyl)-3,5,6,7-tet-

rahydro-6-hydroxy-7-(ethane-2''-al)-9H-imidazo[1,2-

�]purine-9-one and 3-(2'-deoxy-�-D-erythropentafura-

nosyl)imidazo-7-(ethane-2''-al)[1,2-�]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

N2 of dGuo on the C1 atom of BDA. Then 1,4-addition

of the adjacent endocyclic nitrogen atom N1 of dGuo to

the double bond of the remaining�,�-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

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

M06-2X/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/M05-2X/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:
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(s–1); (1)
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(L � mol–1 � s–1), (2)

where k is the Boltzmann constant; T – temperature; h –

Planck constant; 	GT
# – Gibbs free energy; R – universal

gas constant; c – transformation coefficient equal to one

mol � L–1.

The rate constants kuni and kbi 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.

dn

dt
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. (3)

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 oC.

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 �max at 208 and 240 nm (exp.

229 and 284 nm) (Fig. S1, SI). The calculated 13C and
1H 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 1H 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 N2 of dGuo

attacks the carbonyl C1 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 INT5-INT8, 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 INT8 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 INT8 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 INT5-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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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 for 24 h at 37 °C.

To describe kinetics of the whole processes shown

in the Figs 1–2 the values of Gibbs free energy barriers

(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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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

a ratio 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 INT8).

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

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-�]purine-9-one (PR11–PR14) and

3- (2'-deoxy-�-D-erythropentafuranosyl)imidazo-7-(etha-

ne-2''-al)[1,2-�]purine-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 C1 atom of BDA, further cycliza-

tion by addition of the adjacent endocyclic nitrogen
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atom N3 of dGuo to the double bond of the remaining�,

�-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.
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Âçàºìîä³ÿ 2'-äåçîêñèãóàíîçèíó ç öèñ-2-áóòåí-1,4-ä³àëåì:

îá÷èñëþâàëüíèé ï³äõ³ä äî àíàë³çó áàãàòîñòóïåíåâèõ

õ³ì³÷íèõ ðåàêö³é

Ë. Ê. Câÿòåíêî , Ë. Ã. Ãîðá, Ä. Ì. Ãîâîðóí, ª. Ëåùèíñüêèé

Ðåçþìå

öèñ-2-Áóòåí-1,4-ä³àëü º ì³êðîñîìíèì ìåòàáîë³òîì ôóðàíó – ïðî-
ìèñëîâî âàæëèâîãî õ³ì³êàòó, âèÿâëåíîãî â ñèãàðåòíîìó äèì³, çà-
áðóäíåíîìó ïîâ³òð³, à òàêîæ, ³íîä³, â êîíñåðâîâàíèõ àáî áàíêî-
âèõ ïðîäóêòàõ. Éîãî ââàæàþòü ïîòåíö³éíèì êàíöåðîãåíîì äëÿ
ëþäèíè. Ìåòà. Äîñë³äèòè âïëèâ öèñ-2-áóòåí-1,4-ä³àëþ íà 2'-äå-
çîêñèãóàíîçèí – ìîäåëüíèé ôðàãìåíò ÄÍÊ. Ìåòîäè. Îïòèì³çà-
ö³þ ñòðóêòóðè ó÷àñíèê³â ðåàêö³¿, ðîçðàõóíêè ñïåêòðàëüíèõ ïàðà-
ìåòð³â ³ â³ëüíî¿ åíåðã³¿ Ã³ááñà âèêîíàíî â ïðîãðàì³ Gaussian09.
Ñèñòåìè äèôåðåíö³éíèõ ð³âíÿíü äëÿ îòðèìàííÿ ê³íåòè÷íèõ äàíèõ
âèð³øóâàëè ç âèêîðèñòàííÿì ïðîãðàìè Mathcad15. Ðåçóëüòàòè.
Ïðîãíîçîâàíèé ìåõàí³çì ðåàêö³¿ öèñ-2-áóòåí-1,4-ä³àëþ ç 2'-äåçîê-
ñèãóàíîçèíîì ðåàë³çóºòüñÿ ó ÷îòèðè ñòàä³¿, ïðîòÿãîì ÿêèõ óòâî-
ðþþòüñÿ ÷îòèðè ä³àñòåðåî³çîìåðíèõ ïåðâèííèõ àäóêòè, ç íàñòóï-
íîþ ï’ÿòèñòàä³éíîþ òðàíñôîðìàö³ºþ, êàòàë³çîâàíîþ îñíîâàìè,
ïåðâèííèõ àäóêò³â ó âòîðèíí³. Ðîçðàõîâàíî ê³íåòèêó ðåàêö³¿, ùî
äîçâîëÿº âèçíà÷àòè çì³íè êîíöåíòðàö³¿ áóäü-ÿêîãî ó÷àñíèêà ðå-
àêö³¿. Âèñíîâêè. Çà ô³ç³îëîã³÷íèõ óìîâ âçàºìîä³ÿ ì³æ öèñ-2-áó-
òåí-1,4-ä³àëåì ³ 2'-äåçîêñèãóàíîçèíîì ïðèçâîäèòü äî óòâîðåííÿ
ñòàá³ëüíîãî àäóêòà, ÿêèé ìîæå â³äïîâ³äàòè çà ãåíîòîêñè÷í³ñòü
ôóðàíó.

Êëþ÷îâ³ ñëîâà: ôóðàí, ÄÍÊ, ÄÔÒ, ìåõàí³çì, ê³íåòèêà.

Âçàèìîäåéñòâèå 2'-äåçîêñèãóàíîçèíà ñ öèñ-2-áóòåí-1,4-äèàëåì:

âû÷èñëèòåëüíûé ïîäõîä ê àíàëèçó ìíîãîñòóïåí÷àòûõ õèìè÷åñêèõ

ðåàêöèé

Ë. Ê. Câÿòåíêî, Ë. Ã. Ãîðá, Ä. Í. Ãîâîðóí, Å. Ëåùèíñêèé

Ðåçþìå

öèñ-2-Áóòåí-1,4-äèàëü ÿâëÿåòñÿ ìèêðîñîìíûì ìåòàáîëèòîì ôó-
ðàíà – ïðîìûøëåííî âàæíîãî õèìèêàòà, îáíàðóæåííîãî â ñèãà-
ðåòíîì äûìå, çàãðÿçíåííîì âîçäóõå, à òàêæå, èíîãäà, â êîíñåð-
âèðîâàííûõ èëè áàíî÷íûõ ïðîäóêòàõ. Åãî ñ÷èòàþò ïîòåíöèàëü-
íûì êàíöåðîãåíîì äëÿ ÷åëîâåêà. Öåëü. Èññëåäîâàòü âëèÿíèå öèñ-
2- áóòåí-1,4-äèàëÿ íà 2'-äåçîêñèãóàíîçèí – ìîäåëüíûé ôðàãìåíò
ÄÍÊ. Ìåòîäû. Îïòèìèçàöèþ ñòðóêòóðû ó÷àñòíèêîâ ðåàêöèè,

ðàñ÷åòû ñïåêòðàëüíûõ ïàðàìåòðîâ è ñâîáîäíîé ýíåðãèè Ãèááñà
âûïîëíÿëè â ïðîãðàììå Gaussian09. Ñèñòåìû äèôôåðåíöèàëüíûõ
óðàâíåíèé äëÿ ïîëó÷åíèÿ êèíåòè÷åñêèõ äàííûõ ðåøàëè ñ ïîìîùüþ
ïðîãðàììû Mathcad15. Ðåçóëüòàòû. Ðåàêöèÿ öèñ-2-áóòåí-1,4-
äèàëÿ c 2'-äåçîêñèãóàíîçèíîì ïðîõîäèò â ÷åòûðå ñòàäèè ñ ôîð-
ìèðîâàíèåì ÷åòûðåõ äèàñòåðåîèçîìåðíûõ ïåðâè÷íûõ àääóêòîâ
è ïîñëåäóþùåé, êàòàëèçèðóåìîé îñíîâàíèÿìè, ïÿòèñòàäèéíîé
òðàíñôîðìàöèåé ïåðâè÷íûõ àääóêòîâ âî âòîðè÷íûå. Ðàññ÷èòà-
íà êèíåòèêà ðåàêöèè, ÷òî ïîçâîëÿåò îïðåäåëÿòü èçìåíåíèÿ êîí-
öåíòðàöèè ëþáîãî ó÷àñòíèêà ðåàêöèè. Âûâîäû. Ïðè ôèçèîëî-
ãè÷åñêèõ óñëîâèÿõ âçàèìîäåéñòâèå ìåæäó öèñ-2-áóòåí-1,4-äèà-
ëåì è 2'- äåçîêñèãóàíîçèíîì ïðèâîäèò ê îáðàçîâàíèþ ñòàáèëüíîãî
àääóêòà, êîòîðûé ìîæåò îòâå÷àòü çà ãåíîòîêñè÷íîñòü ôóðàíà.

Êëþ÷åâûå ñëîâà: ôóðàí, ÄÍÊ, ÄÔÒ, ìåõàíèçì, êèíåòèêà.
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