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Abstract: The interaction between 2'-deoxyadenosine and the model antitumor drug menadione has been
studied in organic solvent and in micellar medium. The aim of the work is to elucidate the mechanism of
this drug—nucleoside interaction and to determine the environmental effects. Laser flash photolysis and
magnetic field effect are used to detect the transients and their spin states. The results indicate that H
atom transfer and electron transfer are the operative mechanisms depending upon the medium.

Introduction identified that reduce it in the hydroquinone fofrnit.is well-
) . . ) known that cell-mediated reduction of MQ produces reactive

A very interesting recent problem is to find out the role of =,y qen species and a dose-dependent increase in intracellular
electron transfer in drugDNA interactiort and H atom transfer [Ca2t].2° The latter increase is related to the oxidizing chemistry
in antioxidant-DNA interaction? In this paper, we report the  jnitiated by triplet MQ.
f!rst observation of magnetic field effect .(MFE) on the interac- In living systems, the master molecule DNA has been found
tion be_ztvvleen anucleoside {deoxyade_nosme. ADS)/DNA base sensitive to UV radiation. The detrimental effect may be caused
(adenine: ADE) and a model for qumone_drugs used in cqncerby two ways: (1) direct photoexcitation of the DNA which in
cher‘gotherapy (2-methyl 1,4-ne_1phthoqum_qne or menadlone:the excited-state undergoes changes, e.g., formation of pyrimi-
MQ)* where H atom transfer is competitive with electron dine dimersi! and (2) DNA in the ground state interacts with

transfer. Over the past few decades, MFEshave been  ,noiher excited molecuf@ The molecule MQ and its bisulfite
extensively utilized to study primary photochemical processes, \yere found to be efficient photosensitizers for cell killing when

viz., the electron transfer and H atom transfer. However, only .o mmalian cells are exposed to near UV. The same authors
a few reports of MFE have been published on the biochemically 1o orted that thymine is an important site for the photooxidation
important processér in biomolecular environmentsPho- by MQ.2 Single-strand breakage was also reported for the
toinduced electron transfer or H atom abstraction produces asupercoiled DNA. Therefore, nucleic acids may be a site for
radical ion pair (RIP) or radical pair (RP) where the conversion |atpg] damage induced by photooxidation of MQ. However,
between singlet (S) and triplet {J To) states takes place by  pelvin et all2 reported photooxidation of ADS and DNA by
electron-nuclear hyperfine interactiott® An external magnetic MQ in aqueous medium that results in cross-linking and also
field removes the degeneracy of the With S and | thereby strand breakage. The base damage caused by MQ was also
reducing the intersystem crossing. The overall effect is the reported by Douki and Cadét.Extensive DNA damage was
increase in the population of the initial spin state. The model found for human leukemic cells exposed to MQTherefore,
antitumor drug MQ has several other biological importances, it is a very important task to elucidate a possible mechanism
and in a number of cases electron-transfer pathway wasfor the interaction between this model drug and any nucleoside
established to operate. Three distinct MQ reductases have beer DNA base. In our experiment, laser flash photolysis and MFE
are utilized to rationalize the physical nature of this interaction

T Present address: Acharyya Prafulla Chandra Ray Polytechnic, Kolkata jn organic solvent and in micellar medium (sodium dodecyl
700 032, India.
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Figure 1. Transient absorption spectra generated by laser flash photolysis Figure 2. Normalized OD traces at 380 nm obtained by laser flash
(A = 355 nm, after lus) of (1) MQ (0.1 mM), ) and (2) MQ (0.1 mM) photolysis £ = 355 nm) of (1) MQ (0.1 mM) and (2) MQ (0.1 mM) and
and ADS (2 mM) Q) in acetonitrile. ADS (2 mM) in acetonitrile

sulfate: SDS). We have compared our results with those absorption above 510 nm result from this radical cation? The
obtained in aqueous solutidd. one-electron oxidation of ADE and its derivatives were
studied earlier by using the powerful oxidant SO' It was
found that, with adenine nucleosides and nucleotidesy; SO

The compounds MQ, ADS, and SDS were purchased from Sigma has g high preference for interaction with the base part rather
and ADE from Sisco Research Laboratory (India). Spectroscopic gradethan with the sugar unit. However, the $Oreaction pro-

acetonitrile (AN), tetrahydrofuran (THF), and triple distilled water were duces one-electron oxidized and deprotonated species. The
used as solvents. All the solutions were deoxygenated by passing pured tonati h by th P duct P )
argon before experiment. eprotonation was shown Dby € conductance measure-

The nanosecond laser flash photolysis setup (Applied Photophysics) MeNtst®*? It was concluded that the primary product of one-
used (Nd:YAG laser, DCR 11, Spectra Physics) has been described€/€ctron oxidation (radical cation) has a very short lifetime in
elsewheré® The samples were excited by a 355 nm laser pulse (fwhm the aqueous solution and a very rapid deprotonation occurs.
= 8 ns). A pulsed xenon lamp (250 W) was used to record the Melvin et all3 identified the absorption at 550 nm as a result
absorption spectra of the transients produced. The signals were displayedf an N-6 deprotonated radical of ADS. The question arises
by an oscilloscope (FLUKE PM3394B, 200 MHz). Subsequent data whether the same arguments hold for the radical cation in
transfer_ to a computer was done by RS232 interface and ana_tlyzed byAN. Deprotonation from the N-6 radical cation has been
Fluke view Comblscope §o_ftware (SW33W). The software Origin 5.0 found to take place in single crystals even at BRhis implies
was used to give curve fitting. that the reaction has a very high intrinsic driving force.
Results and Discussion Therefore, the absorption above 510 nm in AN solution is also
due to the N-6 deprotonated radical of ADS. This clearly
establishes that an electron transfer has taken place between
the TMQ and the ground-state ADS. The following reactions
are believed to occur

Experimental Section

Laser Flash Photolysis in AN.Argon-saturated solutions of
MQ and a mixture of MQ, ADS in AN are irradiated separately
by a 355 nm laser pulse. The transient absorption spectra
obtained are shown in Figure 1. The spectrum obtained from
the excitation of MQ solution represents the-T absorption

1 3
of MQ. The maximum is at 370 nm with a hump at around MQ— "MQ* —"MQ*
510 nm. The spectrum obtained by us is quite similar to that 3MQ* + ADS— MQ"~ + ADS""
obtained for naphthoquinone (NPQ) in AN where the hump is
absent? ADS" — H'— ADS’
The transient absorption spectrum obtained from the flash
photolysis of MQ in the presence of ADS shows a maxi- It was reported that the N-6, N-6-dimethyladenosine radical

mum in the same region, but the absorption is significantly cation shows absorption in the same region as #Bowever,
enhanced (Figure 1). The spectrum is quite different in the region for ADS, N-6 deprotonation is possible as the N atom is linked
above 510 nm where a significant absorption appears in thewith the H atom and not with the methyl group.

presence of ADS. In contrast,—TT absorption of MQ is The traces of absorbance change with time are shown
insignificant in this region. The results are similar to those in Figure 2. For both wavelengths 380 and 550 nm, the pres-
obtained in the aqueous solutiérbut with a small blue shift ence of ADS slows the decay. This implies the formation of a
in the maximum. This is attributed to the lower polarity of AN. longer lifetime species. The decay rate constants are shown in
The absorption at 370 nm emerges from the presence cf MQ Table 1.

formed by electron transfer. If electron transfer takes place, the
radical cation ADS" should also be produced. Does the (7 fgng%dg'l'-?z\{g?aj" M.; Sase, M.; Shizuka, # Chem. Soc., Faraday Trans.

(18) Steenken, SChem. Re. 1989 89, 503.
(16) Aich, S.; Basu, SJ. Chem. Soc., Faraday Trank995 91, 1593. (19) Vieira, A. J. S. C.; Steenken, $. Phys. Chem1987, 91, 4138.
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Table 1. Decay Rate Constants at Two Different Wavelengths for 0.08
MQ (0.1 mM), MQ (0.1 mM), and ADS (2 mM) in AN
rate constant rate constant
wavelenth (MQ) (MQ +ADS) 0.064
(nm) (s (s
380 Ix 100 2.8x 10°
550 8.6x 10 3.5x 10°
o 0.04
o
The decay rate constants are not much different for 380 and
550 nm. This is probably due to the greater absorbance of 0.02
MQ*~ so that its tail part remains in the region of ADS
absorption. All the above results suggest that, in an environment
of lesser polarity than water, MQ can interact with ADS by 0.00
electron transfer. It was reported that in an aqueous medium
electron transfer between DNA antIQ yields a base radical Wavelength (nm)
cation and to a minor extent sugar phosphate radiéaléis Figure 3. Transient absorption spectra generated by laser flash photolysis

encourages us to perform experiments separately with the DNA(;)=M?£?55(OWZH, ahl;lt)ef %SXB SE\%ZGOKAS) 5"?0333(3?‘ l\(/ll()? l\(/IOQZ(O-i/I ;nl\{l)oaégTT,
e H .Z2m an m al y .Z2m at 0. ,

base ADE where t_he Sl.Jgar.un.lt is absent. Thg spectrum obtalneogInd (4) MQ (0.2 mM) and ADS (4 mM) at 0.08 T magnetic field.

for MQ and ADE is quite similar to that obtained for MQ and

ADS (not shown). This proves that also, in AN, the major 450 amplifies the hump. This implies that ADS enhances

participant in electron transfer is the DNA base rather than the | atom abstraction more in SDS. The question arises why does

sugar unit. ; ADS participate in H atom abstraction in micelle, while electron
Amada et al’ reported that, for NPQ, a small amount of H transfer is the dominating pathway in organic solvent and in

atom abstraction is possible from the solvent AN which iS 41613 \We feel that the contributing factors are more than one.
known as an inert solvent for substrate like benzophenone. For|, 4 polar solvent (AN or water), a radical ion (formed by

dimethylnaphthoquinone, no such H-atom abstraction was
obvious. Becker and Nataraf&neported that H atom abstrac-  jnierior of an SDS micelle. However, in the less polar solvent

tion occurs in the triplen,7* state of quinones even from  tyE  neither electron transfer nor the H atom transfer was
benzene. The radical NPQHproduced by H atom abstraction,  gyjigent. The micellar environment is essential for H atom

has the maximum almost in the same position as NPRUt a8 yansfer. It was reported earlier that the interbase proton transfer
small hump appears near 400 nm. However, for our system MQ, ¢o1q compete with the electron transfer along the DNA Hilix.
the hump is not as prominent as that for NPQ. It should be rpg \yas attributed to H bonding between the bases that brings
kept in mind that a small percentage of H atom abstraction is (e molecules in suitable geometry where a little displacement
not impossible. However, in the presence of ADS, the major o the bridging proton leads to proton transfer. We feel that a
contributing pathway is electron transfer as the Spectrum gjmijar mechanism is operative for H atom transfer between
produced is more like that of MQ. ADS and MQ. These molecules may form an H bond where

Laser Flash Photolysis in SDS.Having established an o participating groups are NHADS) and CO (MQ). It is
electron-transfer pathway betweéMQ and ADS/ADE, we \yeji.known that two molecules forming an H bond in a less
searched whether electron transfer is possible for these substrate'§0|ar environment loses the strength of H bonding in an aqueous

in the micellar medium. Micellar media are unique in the sense o dium24 In aqueous solution, the solver1Q and solvent

that these provide a cage environment for the RPS/RIPS thusapg jnteraction predominate, and H bonding with the solvent
restricting their separation into free ions. We have carried out i tayored. Therefore, H atom transfer is not significant in water.
our experiments in 5% SDS. Micellar medium in this case brings The solvent AN is also polar where dipefdipole interactions

a special situation, as it was shown by Sakaguchi and Hayashi,, MQ and ADS exist. This may reduce the possibility of H
that SDS transfers an H atom to M@Later, the same research  ponding between MQ and ADS. Nowick et al. found that the
group observed electron/H atom transfer to MQ in SDS in the pase pairing between adenine and thymine derivatives occurs
presence of another radical, 4-(lauroylamino) TEMB@was in SDS due to H bonding and hydrophobiciin an aqueous

our aim to study whether ADS or ADE can compete for electron e qiym, no such base pairing was evident. The micelle not only
transfer where the H atom transfer channel is open. Figure 3, ides the nonpolar environment but also enhances the local
shows the transient absorption spectra obtained by irradiating concentration of MQ and ADS in its interior. It is quite plausible
separately MQ in SDS, a mixture of MQ and ADS in SDS with 4t the higher concentration makes possible the H bonding
a 355 nm laser pulse. The hump at 420 nm is a signature of thejneraction and H atom transfer. In other words, the micellar
formation of MQH. Since the absorption maximum of MQH  gpyironment forces MQ and ADS to form an H bond which
is very close to that of the radical anion of MQH it is not breaks in polar and homogeneous environments due to solvent
wise to identify the former only by the absorption maximum j,ieraction and dilution. Moreover, it may happen that ADS

when there is a definite probability of the formation of the latter 4qsfers an H atom to MQ indirectly through SDS. The
species. The presence of ADS not only enhances the maXim“mfoIIowing reactions are believed to occur

electron transfer) is more stabilized than that in the hydrophobic

(20) Vieira, A. J. S. C.; Steenken, $. Am. Chem. S0d.987, 109, 7441.

(21) Becker, R. S.; Natarajan, L. . Phys. Chem1993 97, 344. (24) Stahl, J.; Jencks, W. B. Am. Chem. Sod.986 108 4196.
(22) sakaguchi, Y.; Hayashi, H. Phys. Chem1984 88, 1437. (25) Nowick, J. S.; Chen, J. S.; Noronha, &.Am. Chem. Sod993 115
(23) Chen, J.; Mori, Y.; Sakaguchi, Y.; Hayashi, Mol. Phys.2002 100, 1355. 7636.
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MQ—"MQ* —*MQ* M ]
°*MQ + RH (SDS)— *MQH" + R’ @)
"MQ + ADS — *MQH" + ADS’ @) "
R'+ ADS — RH (SDS)+ ADS’ 4) °-1°'_
RH + *MQ — further reactions B) 5 °% 4
*(MQH* "ADS) <> (MQH" *ADS) (6) S o6 3
“(MQH"'R) == (MQH" "R) M o
Y(MQH* "ADS) — products (8) 0'02_' 2
Y(MQH" *R) — products (9) ] 1
0.00 1 , T . : i ; . : ' 6

Itis well-known that H bonding is a function of concentration
of the participating molecules. Generally, intermolecular H
bonding is reduced on dilution. To understand the role of H Figure 4. Normalized O. D. traces obtained by laser flash photolysis (
bonding in our system, we have carried out experiments in three fnSA%”a% 'Rggu(iorlfM?Z’t gDTS (%f) (I\l/I)QNg Z(Osz')“a'\ﬁ)oaég TT 'a(rzu)j ’z/zll?l\%z
different concentrations of ADS (10 mM, 4 mM, and 0.8 mM). (0.2 mM) and ADS (4 mM) at 0.08 T magnetic field.

At the lowest concentration (0.8 mM), absorbance of MQH

(at 380 nm) is minimum. This result can be explained by the slower (Figure 4) accompanied by an enhanced absorption in
concept of H bonding; i.e., lowering of concentration reduces the spectrum (Figure 3). The MFE is present also in the absence
H bonding and the consequent H atom transfer. However, of ADS, which was reported by Sakaguchi and HaydsHihe
molecular recognition by hydrophobic interaction cannot be formation of a spin correlated radical paiMQH* R*) (reaction
ruled out. It is possible that, at lower concentration, a lesser 2) explains this MFE (reaction 7). However, the maximum MFE
number of ADS molecules are available for the interaction with is observed in the presence of ADS. It is also noteworthy that
MQ reducing H atom transfer. The absence of H atom transfer the nature of decay profiles (at 380 nm) of MQI$ quite

or electron transfer in THF does not rule out the importance of different in the presence of ADS, particularly when a magnetic
hydrophobic interaction. The cage environment brings the field is applied. This implies that the RP formed in the presence
molecules much closer (due to hydrophobic interaction) com- of ADS responds differently to an external magnetic field. For
pared with that for the homogeneous solution thus increasing H atom transfer, MQMis formed irrespective of the presence
the probability of H atom transfer. It is known that electron of ADS. The latter not only opens another channel for its
transfer can take place over a long distaffc&herefore, in a formation, but a different radical (N-6 centered adenosine) is
homogeneous environment (AN or water), the model erug formed simultaneously. It is possible that ADS transfers a H
nucleoside interaction can take place by electron transfer. Weatom indirectly through SDS (reaction 4). However, the indirect
feel that both H bonding and hydrophobic interactions are way of ADS formation cannot explain the results as, in that
responsible for molecular recognition in micelle and in fact, case, it should have no spin correlation with MQMoreover,
they are cooperative. The molecules MQ and ADS enter the the indirect mechanism should quench the MFE as the spin
micelle due to hydrophobic interaction where the closeness correlation between Rand MQH is to be lost. Consequently
between them makes possible the H bond and H atom transfer MFE is not explainable with the idea of indirect transfer of a H

Since, the sugar unit is present in ADS, it is quite plausible atom. This suggests that the direct H atom transfer takes place
that the main source of H atom is the deoxyriobose moiety. from ADS to MQ (reaction 3). The decay of MQiepends
However, it was reported that the quenching of triplet MQ with  on the spin evolution within the RRMQH* “ADS). In addition
deoxyribose is relatively a slow proce®dt should be kept in to this, MFE establishes the triplet spin state of these transients;
mind that this conclusion was drawn from the study in water i.e., H atom transfer takes place in the triplet stéte.
and not in the micelle. It is possible that the cage environment  In the presence of an external magnetic field, the decay of
of the SDS may enhance the H atom transfer rate from the sugarRP is expected to be biexponenfidi,e., the following equation
unit. If H atom transfer takes place from the deoxyribose unit, is obeyed for the change in absorbar(
it would generate a sugar-centered radical. In reality, the
transient absorption spectrum shows the presence of an N-6 A(t) = I exp(kit) + Isexp(—kd)
centered radical. To realize the role of the adenine moiety, we
performed an experiment with the DNA base ADE. Interest- Whereks and ks are the respective rate constants for the fast
ingly, in this case also, the H atom transfer is evident as the and slow components of the decay profiles. The fast compo-
absorption of MQHiis still detectable. nent of this equation corresponds to the RP decay in the

Magnetic Field Effect. In the presence of an external micellar cage, while the slower one is due to the reaction of

magnetic field, the decay of the transient at 380 nm becomesthe escaped radicals. On giving a biexponential fit to curves 3
and 4 (Figure 4), thé values obtained are 32 1(° s! and

Time (us)

(26) Electron-Transfer From Isolated Molecules to Biomoleculgstner, J.,
Bixon, M., Eds.; Advances in Chemical Physics 106; Prigogine, I., Rice, (28) Aich, S.; Basu, SJ. Phys. Chem. A998 102, 722.
S. A, Series Eds.; John Wiley & Sons, Inc: New York, 1999. (29) Wakasa, M.; Hayashi, H.; Mikami, Y.; Takeda, X.Phys. Chem1995
(27) Fisher, G. J.; Land, E. Photochem. Photobioll983 37, 27. 99, 13181.

10592 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004



Interaction between 2'-Deoxyadenosine and Menadione ARTICLES

Eab/e 2 RVgria}i?(n (I)é ?etcggoRati Cszﬂsl\t/lant (kft)_ ag_d Izie}latixe higher for MQ and ADS (1.7 times) (curve 4) compared with

scape Radical Yle al nm) wi agnetic rFie or Agqueous H : H -

Micellar Solution (SDS) of MQ and ADS MQ alone (curve 3) at 0.08 T which is consistent with the slower
decay of a fast component for the former case.

mi.g”e“c decay relatve radical Interestingly, the field induced change of absorbance of MQH

ield rate constant escape yield ; . .

(tesla) (k) (5) (after 5 us) at 380 nm is maximum for the lowest concentration of ADS
0 38x 10° 10 (0.8 mM) (Figure 5) and minimum for the highest concentration
0.03 2.27% 10P 1.24 of it (10 mM). This implies that at higher concentration, all the
0.08 1.73x 10° 1.66 events of MQ-ADS interaction do not respond to an external

magnetic field. The observation of maximum MFE depends on
the efficient separation of the RPs to a distance where the
exchange interaction is negligible. At higher concentration, a
0054 ° greater number of ADS molecules makes the environment more
crowded thereby hindering this separation. Consequently, the
MFE is reduced at a higher concentration of ADS. Moreover,
H atom exchange between ADS and ADsthe micelle leads

to loss of spin correlation and reduces MFE. Alternatively, at a
higher concentration of ADS, some of the molecules reside in
the aqueous phase where electron transfer is the dominant
pathway. However, the processes occurring in the aqueous phase
are not sensitive to the magnetic field. Since the absorption of
radical anion MQHt is very close to that for the radical MQH

it is not possible to identify a small amount of electron transfer.

a Arbitrarily taken.

0.04+

0.03

O.D.

0.02+

0.014

Conclusion

000 ' r : . We have demonstrated the dependence of model-drug

350 375 400 42 450 nucleoside interaction (MQADS) on environmental conditions.
Wavelength (nm) In polar and homogeneous media, electron transfer takes place

Figure 5. Transient absorption spectra generated by laser flash photolysis while H atom transfer is evident only in an SDS micelle. The

%D:S ?358 'r‘nm'vvl)a:%f %#(S.))";nﬁgﬂ(‘g)OKASQE"(’/S ngqu ;’fa(nlg /’\\A[?s(?(')zsnr]an\z)aeﬂd transient absorption spectrum and decay profiles prove that the

008 T r.‘nagnetic field ). ' ' drug—ngclgosme interaction can be modulgted by an external

magnetic field. The slowness of the decay in the presence of a

1.7 x 1P s71, respectively. This implies that the decay of the magnetic field suggests that H atom transfer takes place in the

radical MQH at 380 nm (within the micelle SDS) for MQ and triplet state. All these results would stimulate future studies on

ADS becomes 1.8 times slower than that for MQ alone at 0.08 drug—DNA interaction in the presence of an external magnetic

T. Moreover, Table 2 depicts the effect of variation of magnetic field.

field on ks and relative radical escape yield for MQ and ADS

in an SDS micelle. It shows that thevalues decrease gradually . )

with increasing magnetic field and simultaneously the relative gengndo?fhsésﬁggriﬂdhSlsjiﬁgog{vi\;\ilgnaflzf argl\(/?;\r’]vlet?]%elzﬂke’\l'

radical escape yield is enhanced. This implies that the conversionc' by d the FI E(/ View Combi P ft\f\]/ f

of the T RP into the S state is retarded in the presence of a ombiscope and the Fluke View L-ombiscope software for our

magnetic field. Therefore, the escape of the radicals is enhanced” Xperiment.

on application of a magnetic field. The escape yield is also JA0490976

Acknowledgment. We sincerely thank Ms. Chitra Raha for

J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004 10593



