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Abstract: In this work, it is shown that the incorporation of an 8-deuteroguanine (G*) moiety in DNA-
oligomers allows for direct determination at 77 K of (i) the location of holes (i.e., the radical site) within
dsDNA at specibc base sites, even within stacks of G, as well as (ii) the protonation state of the hole at
that site. These bndings are based on our work and demonstrate that selective deuteration at C-8 on a
guanine moiety in dGuo results in an ESR signal from the guanine cation radical (G*¥) which is easily
distinguishable from that of the undeuterated guanine cation radical (G¥). G*¥ is also found to be easily
distinguishable from its conjugate base, the N1-deprotonated radical, G*(- H)¥. Our ESR results clearly
establish that at 77 K (i) one-electron oxidized guanine in double stranded DNA-oligomers exists as the
deprotonated neutral radical G(- H)¥ as a result of facile proton transfer to the hydrogen bonded cytosine
and (ii) the hole is preferentially located at the 5’-end in several ds DNA-oligomers with a GGG sequence.

Introduction

Hole transfer through DNA has fostered intensive cross
disciplinary interest as a result of both its fundamental signib-
cance and growing practical ustd. Experimental studies
employing a variety of techniques including UVisible
excitation followed by gel electrophoresist | or X-ray
irradiation followed by electron spin resonance (ESR) in DNA
systems including single crystals of DNA-oligonucleotidés;®
cyclic voltametry?37-®and time-resolved techniques such as
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pulse radiolysis and Rash photoly$i¢® 1* have established
unequivocally that, during charge transfer processes in double
stranded DNA, guanine is the primary site of OholeO localization,
i.e., site of electron loss. These results are in agreement with
the theoretically predicted ionization potential value of guanine
in the G:C base pair systetn.’

The efbciency (rate and extent) of the hole transfer processes
between guanine moieties in DNA is controlled by two
important proton transfer processes: (i) the intrabase proton
transfer process within the GE base pair®®° 1115 17 gnd
(i) the proton transfer processes between thé:G¥%ase pair
and the surrounding watéf:*® Intrabase pair proton transfer
leads to separation of charge from spin (see Scheme 1), and
thus, these intrabase pair proton transfer processes have been
proposed to slow or stop the hole transféf° 2 Such proton
transfer processes will strongly depend on tikg pf the ion-
radical involved? *® The [K, of a cation radical is invariably
found to be lower than the parent compound. For example, the
pK, of guanine (N1 H) is reported as 9.6 in aqueous solution
at ambient temperature, while the correspondig pf the
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Scheme 1. Schematic Representation of Prototropic Equilibria in the G¥ :C Pair

C Ge' C(+H*)* G(-H)e.

guanine cation radical (G¥is ca.3.92'°Based upon thelf, Thus, in stacked environments, there are two very important
values of G¥ (ca. 3.9) and C(H) (ca. 4.5), Steenken had questions regarding oxidative hole formation in DNA prior to
estimated the equilibrium constant for this intrabase proton any subsequent reactions: (i) What is the protonation state of
transfer processeq between (C:GY and (Cf- H"):G(- H)¥) the hole? (ii) Where is the site of radical localization in (G)
to beca. 2.5% ** This value ofKe, suggests that, at ambient sequences?

temperature, the base pair (G) in DNA would have only We have recently found that selective incorporation of
partial proton transfer and both cation radical (30%) and deyterium (D) at C-8 on guanine in dGuo [8-D-dG)oG*]
deprotonated neutral radical (70%) forms would exist. There yedquces the C-8-H proton hyperbne couplingaf8 G to the
exists extensive discussion in the literafufe® *” regarding C-8-D coupling ofca. 1.2 G, thereby narrowing the spectral
the protonation state of the base pair (C)c¥heoretical studies  idith and improving spectral resolutié®3 Owing to the
have treated this issue of intrabase proton transfer along thecollapse of the anisotropic C-8-H hyperbne coupling, the ESR
N- H bond (Scheme 1) in the gas phase at the standard statejgna| from the 8-D-dGuo cation radical (G¥ecame easily
(298 K, 1 atm) and have shown tha§ (proton transfer) ca. distinguishable from that of the cation radical {G¥n the

0 cal/mol/K and! G (proton transfer)) 1.4 kcal/mol:= ** undeuterated dGLS:*°Furthermore, the ESR spectrum of G*¥
However, until now, no debnitive experiments had been g 5150 distinguishable from the N1-deprotonated neutral radical,
performed to show evidence of intrabase proton transfer in the G*(- H)¥, owing to their different line shape, line width, and

C:G¥ base pair as shown in Scheme 1. g, values®® Hence, in this work, we incorporate 8-D-dGuo (G*)
It is well-established that GG and GGG sites are more easily i sequences of ss and ds DNA (e.g, TG*T and

oxidized than isolated guanine siteg. Thus, during oxidative d[G*CG*CG*CG*C],) and, based on their ESR spectra, directly
hole transfer processes in DII?\zlaA“ GG and GGG sites are oty oyide evidence of the protonation state of the hole at
spots for localization of the hofe.” A number of experimental  gpacibcally labeled guanine sites in these sequences. Moreover,
and theoretlcallstuldles suggest that t_herg is a marked preferencgwing to clear and observable difference in the ESR spectra of
for hole localization at the ‘8G site in GG and GGG Gy and G¥ as well as that of GX H)¥ and G( H)¥, we bnd

- 4,18 24 . )
sequences. In GGG sequences, there was g‘éignzﬁe for that a hole on the G* is easily distinguishable from a hole on
a small extent of hole localization at the central"G: G. Thus, we demonstrate that this novel method provides for

However, these experimental studies were carried out in aqueOU§pe girect determination of the location of holes within dsDNA
solution at ambient temperature. Therefore, the Pnal site for ,; specibc guanine sites, even within stacks of G at 77 K (i.e.,
the hole localization was determined after the temperature-

dependent hopping of the hole and subsequent reactions at sites
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eV) than that for the formation of A¥n A:T (0.10 eV)!* 1726 23) ffﬂge"’ E. M. Basko, D. MJ. Am. Chem. S02001, 123 114418
Consequently, the GXC base pair has a signiPcantly different (24) Senthilkumar, K.; Grozema, F. C.; Guerra, C. F.; Bickelhaupt, F. M.;
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are predicted to readily undergo reorganization and localize the A.: lannuzzi, M.; Parrinello, MChems Eur. J.2004 10, 484604852
charge (i.e., hole) to a single G, whereas adenine stacks would(26) Adhikary, A.; Kumar, A.; Khanduri, D.; Sevilla, M. Dl. Am. Chem.

tend to delocalize the hole. Of course, solvent polarization Soc.200§ 130, 10282010292 _
i d th i f di . limi hp f (27) Conwell, E. M,; Bloch, S. M.; McLaughlin, P. M.; Basko, D. M1.Am.
effects and the effects of surrounding ions limit the extent o Chem. S0c2007 129, 917509181

delocalization within the stack.?® ?® However, there are no (28 Conwell, E. M.Proc. Natl. Acad. Sci. U.S.2005 102, 87958799
direct experimental results identifying the actual location of the (29) Adhikary, A; Kumar, A.; Becker, D.; Sevilla, M. DJ. Phys. Chem.

. S ; . B 2006 110, 24171924180
hole in stretches of guanine in a ds DNA oligomer prior to the (30) Adhikary, A.; Malkhasian, A. Y. S.; Collins, S.; Koppen, J.; Becker,

temperature-dependent hopping and subsequent reactions, e.g., * D.: Sevilla, M. D.Nucleic Acids Re<2005 33, 55535564
8-0x0-G formation, while recent work in our laboratory has (31) (a) Huang, X,; Yu, P.; LeProust, E.; Gao,Nucleic Acids Re<.997,

; ; i ati i 25, 4758D4763. (b) OONeill, M. A.; Barton, J.JXAm. Chem. Soc.
given evidence for hole delocalization in A stacks even at a 2004 126, 13234D13235

low temperature range (7754 KY*° where the temperature- (32) Adhikary, A.; Becker, D.; Collins, S.; Koppen, J.; Sevilla, M. D.
dependent hopping of the hole does not ocur. Nucleic Acids Re2006 34, 15011511
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before the temperature-dependent hopping of the hole) as well Glassy Sample PreparationAccording to our previous works,
as their state of protonation. homogeneous solutions (7.5 M LiCl,D) of dGuo, G*, and the
DNA-oligomers were thoroughly bubbled with nitrogen to remove
oxygen?>26:29.30.3234 Trangparent glassy samples were then
prepared drawing the solution into 4 mm Suprasil quartz tubes (cat.
Compounds. 2’-Deoxyguanosine (dGuo) and lithium chloride no. 734-PQ-8, WILMAD Glass Co., Inc., Buena, NJ) followed by
(99% anhydrous, SigmaUltra) were obtained from Sigma Chemical cooling to 77 K. We note that these samples at low temperatures
Company (St Louis, MO). Potassium persulfate (crystal) was are not crystalline solids but are glassy homogeneous supercooled

Materials and Methods

purchased Mallinckrodt, Inc. (Paris, KY). 8-D-dGuo (&*°was solutions, which, upon annealing, soften to allow for molecular
synthesized according to the procedure of Huang €faby migration and solution phase chemistRf629203234 7|l of these
dissolving dGuo in RO in the presence of triethylamine (TEA) glassy samples are stored at 77 K in Tel3on containers in the dark.
(Fischer Scientibc, NJ) and by warming the solution at 66°C I -Irradiation and Storage of Irradiated Samples. The Tef3on

for 16 h. Employing a Bruker 200 MHz NMR spectrometer, in containers containing the glassy samples of dGuo, G*, and DNA-
G*, the degree of deuteration was found to486% by 1D signal oligomers were placed in a 400 mL Styrofoam dewar under liquid
integration. nitrogen (77 K). We have performédirradiation of these glassy

The phosphoramidite of G* was synthesized by Glen Research, samples with the help of a model 109-GR 9 irradiator containing
VA. Starting with this phosphoramidite of G* the ds DNA & shielded®Co source. Following our work glassy samples of
sequences d[G*CG*CG*CG*G]d[G*GGCCC}, d[GG*GCCC}, dGuo, G*, and all the oligonucleotides containing a number of bases
d[GGG*CCC}, were synthesized (Midland Certibed, TX) and Up to 4 were -irradiated {’Co) with an absorbed dose of 2.5 kGy
desalted and dried for this work. Moreover, again employing the at 77 K. For glassy samples of oligonucleotides containing a number
phosphoramidite of G*, the ds DNA oligomers d[TG*GGCCGA] of bases higher than 4, the absorbed dose was 5 kGy at *7 K.
d[TGG*GCCCAL, d[TGGG*CCCA}L were synthesized, desalted, These! -irradiated samples were stored at 77 K in the dark.
HPLC-puribped, and dried (Midland Certibed, TX). The unlabeled ~ Formation of One-Electron Oxidized dGuo, G* and DNA-
ds DNA oligomers, viz. d[GCGCGCGgand d[GGGCCGC]which Oligomers via Thermal Annealing and Storage of These Samples.
were desalted and dried, were also obtained from Midland Certibed, Following our previous works, the one-electron oxidized dGuo and
TX. All the compounds were used without any further puribcation. the one-electron oxidized DNA-oligomers were produced via
Our analyses showed (see Supporting Information Figure S1) thatannealing in the dark in a variable temperature assembly (Air
the extent of G* incorporation in each of the DNA-oligomers which Products) in the temperature range 1480 K employing cooled
were not HPLC-puribed, e.g., TG*T, d[G*CG*CG*CG*¢] nitrogen gas* We have annealed samples for- 13 min in the
d[G*GGCCC}, d[GG*GCCC}L, and d[GGG*CCC], were found dark at 155 2 K which softens the aqueousAD) glass facilitating
to beca.80%. On the other hand, HPLC-puribed oligos were found molecular migration of G¥ . Cl,¥ one-electron oxidizes the solute
to retainca.50% G* instead ota.80% (see Supporting Information  with concomitant decrease of the ESR spectrum ¢¥ Qlith a
Figure S1). These values were accounted for in the analyses of thesimultaneous increase in ESR spectrum of a one-electron oxidized
ESR spectra. guanine moiety in dGuo, G*, or DNA-oligomet§:2°:26.29.30,.3234

Preparation of Solutions of dGuo and G*. Following our After annealing, these samples were immediately immersed in liquid
earlier works with DNA-nucleosides and nucleotides, the solutions nitrogen (77 K) and stored in TeRon containers at 77 K in the dark
of dGuo and G* were prepared by dissolvieg. 3 mg of the before ESR studies began.
compound in 1 mL of 7.5 M LiCl in RO along withca.5 mg of Electron Spin ResonanceThe ESR spectra of theserradiated
K,S,0s which serves as an electron scavefigétthereby eliminat and subsequently annealed samples were recorded at 77 K and at
ing the probability of formation of anion radicals in our system. 40 dB (20puW) using a Varian Century Series ESR spectrometer

Preparation of Solution of DNA-Oligomers.As per our works operating at 9.2 GHz with an E-4531 dual cavity, 9-in. magnet
with DNA-oligomers}®26-3334 15 mg of each DNA-oligomer  and with a 200 mW Klystron. For beld calibration, we have used
were dissolved in 0.35 mL of 7.5 M LiCl in 0 at room FremyOs salg(center of the spectrun)) 2.0056,Ay) 13.09 G)
temperature and the solutions were incubated for denaturation atas per our previous works;?s:26:29.30.3234
60- 70 °C for 10 min. Subsequently, these solutions were slowly  Analyses of ESR SpectraFollowing our previous work® each

annealed to room temperature for renaturation, @n@®.5 3 mg spectrum has been stored in a 1000-point array with Peld calibration
of K;S,05 were added to each solution as an electron scavenger.marks from the three ESR lines of the FremyOs salt. We have estimated
pD Adjustments. Following our previous work*°with dGuo the fraction that a particular radical contributes to the overall ESR

and G*, and with dAdG?*2pH/pD values of the solutions of dGuo  spectrum by employing doubly integrated areas of brst derivative ESR
and G* have been adjusted by quick addition of an adequate amountspectra. The fractional contribution of the radicals in each experimental
(in pL) of 1 M NaOH o 1 M HCI in D,O under ice-cooled ESR was obtained by use of programs developed in our laboratory
conditions. pH papers were employed for pD measurements of thes ESRADSUB, ESRPLAY) by btting benchmark spectra to the ESR
solutions. signal of interest via linear least-squares anafsi€:3*In these

In our experimental system (i.e., in homogeneous aqueous glassegnalyses an error functioRYis employed as a test for goodness of bt
at low temperature), it has been observed that radicals show similarfrom the sum of the differences between the squares in heights of the
properties as found in aqueous solutions at room temperature; e.g. experimentally obtained spectrum and that of the simulated spectrum
the K, of G¥ (dGuo) has been found to ba.5 in aqueous glasses ~ obtained employing the benchmark specta) ( [{(" Yex(i))?} -
at 150 K2#29-3%nd this value is justa. 1 to 1.5 units higher than  {(" Ysin(1))2}]). To estimate the error limits in our analyses, nonopti-
the K, value of 3.9 of G¥ in aqueous solution at room  mized bts were generated and the value of the eRjowés plotted

temperaturé: ** This modest difference in thekp value of G¥ against the fraction of the contributing radical benchmark spectra (see
results likely from the high ionic strength and low temperature for Supporting Information Figure S2 as an example). On this basis, we
these glassy systems. have estimated the error limit of our analyseg d9%.

The dsDNA-oligomers in homogeneous aqueous glasses at low . Following our previous work, we have subtracted a small singlet
temperature are reported to be in the B-conformatin. OspikeO from irradiated quartzgay 2.0006 from the recorded
spectra before analyses.

(33) Adhikary, A.; Kumar, A.; Sevilla, M. DRadiat. Res2006 165, 479D Results and Discussion
484, o . . o
(34) Adhikary, A.; Collins, S.; Khanduri, D.: Sevilla, M. D. Phys. Chem. The organization of this paper is as follows: (i) We Prst

B 2007 111, 7415D7421 present evidence that the ESR spectra of pa¥s vs G*¥,
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W 1
A ff‘ dGuo B N dGuo
| \ 8-D-dGuo /Y G*=8D-dGuo
o flJ [ .
/ I (-H) ] | G*(-H) 8-D-dGuo (G*)
7/ ? J/an
- jA 1 O /A A‘} A o
T\ y | ° A 50%G*(-H)* + 50%G*s*
/'!’ /7
I\ / pDca. 3 /1
/ /

d[G*CG*CG*CG*C],
a

100% G*(-H)»

Figure 2. ESR spectra of (A) G*¥(black) and G*¢ H)¥ (red) obtained
from glassy (7.5 M LiCl in BO) samples of G* [G* 8-D-dGuo, 96% D]

(3 mg/mL)2°3°(B) One-electron oxidized ss oligomer, TG*T, (4.5 mg/
mL) in blue after subtraction of 20% of the GH)¥ spectrum (to account

for 80% 8-deuteration level (see Supporting Information Figure S1). In part
B, the match between the experimentally observed spectrum of one-electron
oxidized TG*T (blue) with that of the simulated (pink) spectrum obtained
using the spectra of G*¥and G*¢ H)¥ shown in (A) as benchmarks indicate
that, for one-electron oxidized TG*T at pD 5, G*&¥nd G*¢ H)¥ are present

in equal amounts. (C) Spectrum of the one-electron oxidized ds DNA
oligomer d[G*CG*CG*CG*C}, (2 mg/mL) after subtraction of 20% of the

G(- H)¥ spectrum (to account for 80% 8-deuteration level (see Supporting
Information Figure S1), again with G*(H)¥ from A in red superimposed.
The match of green and red spectra in (C) clearly shows that one-electron
Figure 1. ESR spectra found for (A) guanine cation radicals*(GX¥') oxidized guanine in ds DNA oligomer d[G*CG*CG*CG*glexists as

and (B) deprotonated guanine neutral radicals (@, G*¢ H)¥). These G*(- H)¥. One-electron oxidation of the monomer and the DNA-oligomers
radicals were produced by £ZI oxidation of dGuo (3 mg/mL) (blue) and of  were carried out via thermal annealing at 155 K. All spectra were recorded
G* (3 mg/mL) [G*) 8-D-dGuo, 96%D] (red) at pD©s.3 and 9 in 7.5 M at 77 K. Line shape and value differences between G*¥nd G*¢ H)¥

LiCl glasses in RO in the presence of 46,05 (5 mg/mL) as an electron allow for this analysis.

scavengef?3°The one-electron oxidation by £ was carried out via thermal

annealing at 155 K in the dark. Parts A and B clearly show that deuteration at . . .
C8 replaces the C-8-H proton hyperbne coupling foan8 G in G¥ and in narrows the ESR spectral width and improves spectral resolution

its N1-deprotonated neutral radical -G{)¥ with aca. 1.2 G (C-8-D coupling) in the deuterated species G*#nd G*¢ H)¥ in accord with

thereby narrowing the ESR spectral width and improving the spectral resolution our previous work®2%2C|t is evident from Figure 1A and B

in the deuterated species, G*#nd G*¢ H)¥. Part C shows that, in dGuo,  that, owing to the substantially smaller C-8-D hyperbne

G¥ (black) is not clearly distinguishable from Gl)¥, whereas part D 4 plings, the ESR signal from G*hecomes easily distin-

represents that, in G*, owing to the smaller C-8-D coupling,"Gb¥ack) is .

readily distinguishable from its N1-deprotonated neutral radical, &) (red), gU'Shable from that of G¥ Further, as a result of the €&

because of their different line shapes, line widths, gnualues. All spectra proton hyperbne coupling, the ESR spectrum of &¥dGuo

were recorded at 77 K. The three triangular calibration markers in this Pgure is not clearly distinguishable from that of its N1-deprotonated

and in the other Pgures represent positions of FremyOs salt resonances (thfaytral radical, G(H)¥ (see Figure 1C), whereas the spectrum

gﬁgtgg?ﬁéﬁvi?oé éfose’ and each of three markers is separated ffom ¢ i is clearly distinguishable from its N1-deprotonated
neutral radical, G*( H)¥, because of different line shapes, line

G(- H)¥ vs G*¢ H)¥ andG*¥" vs G*(- H)¥are each distin-  widths, andg, values (2.0045 (G*¥ vs 2.0041 (G*{ H)¥)f°

guishable from each other in nucleotides. (ii) We then show (see Figure 1D). These differences in the ESR spectra of one-

these differences in ESR spectra allow the determination of the electron oxidized guanine monomers formed the basis of our

protonation state of one-electron oxidized guanine in ss and dsESR spectral studies by employing G* incorporated into DNA-

DNA-oligomers. (iii) Finally, recognizing that the hole in ds oligomers to elucidate the protonation state of the hole and its

DNA is in the form of G(- H)¥ we then use the spectra of localization.

G(- H)¥ and G*(- H)¥ obtained from the ds DNA-oligomers Protonation State of G¥ in ss and in ds DNA Oligomers.

as benchmarks to analyze the spectra of the ds DNA-oligomersThe ESR spectra of G*¥(black) and its N1-deprotonated

containing GGG sequences and assign the position of the holeradical, G*¢ H)¥ (red), both from the nucleoside, dGuo, from

in these oligomers. Figure 1D are repeated in Figure 2A and are employed as
Distinction between (G¥ and G*¥) and (G(- H)¥ and benchmarks for the analyses of the subsequent spectra of

G*(- H)¥) in NucleosidesFollowing the procedure of Huang et  ssDNA-oligomer (Figure 2B) and dsDNA-oligomer (Figure 2C).

al.2*we have synthesized 8-D-dGuo (G*) in our laboratoty? In Figure 2B and C, we present the ESR spectra of

The radical species, G*¥and G*¢ H)¥, have been produced one-electron-oxidized DNA-oligomers TG*T (blue) (a model
from G* in aqueous glassy samples (7.5 M LiCiD) via one- for ss DNA) and d[G*CG*CG*CG*C} (green) (a model for
electron oxidation of G¥ at pDOsa. 3 and 9, respectivelf->° ds DNA), respectively, at p@a. 5 in 7.5 M LiCl in D,O after
The ESR spectra in Figure 1A show a comparison of the guaninereaction with C¥¢. One-electron oxidation of the DNA-
cation radical for dGuo, G¥lue), with that of the cation radical  oligomers by C¥ was carried out via annealing the glassy
of 8-D-dGuo, G*¥(red), while Figure 1B shows a comparison aqueous samples in the darkcat 155 K.
for the corresponding deprotonated specieskB¥ or G*¢ H)¥ In Figure 2B, the ESR spectrum (blue) of one-electron
in D,O. oxidized TG*T at the native pDc@. 5) of 7.5 M LiCl glass/
The comparisons clearly demonstrate that reduction of the D,O after accounting for the fact that TG*T had incorporation
dGuo C-8-H proton hyperbne coupling frota. 8 G in G¥ of G* at an 80% level (see Supporting Information Figure S1)
and Gf H)¥ toca. 1.2 G (C-8-D coupling) on deuteration is presented. Over this spectrum, we superimpose the best bt
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Table 1. Hole Localization on Guanine as G(- H)¥ in One-Electron
Oxidized d[GGGCCC], and d[TGGGCCCA], by Selective

A Substitution of 8-D-dGuo (i.e., G*)
d[GCGCGCGC],
ds DNA oligomer radical percentages

z[G*CG*CG*CG*C]Z re nature name GH)¥ G(H)¥

A B 5-T and 3-A d[TG*GGCCCA], 55 45
¢ 40%. ... 60% d[TGG*GCCCAL 30 70
d[G*GGCCC], d[TGGG*CCCAL 20 80
D 85%  15% 5-OH and 3-OH d[G*GGCCC} 60 40
d[GG*GCCCl, d[GG*GCCC} 15 85

d[GGG*CCC} 20 80

E 80% 20%
d[GGG*CCC],

clearly established by the very close similarities in spectral
A A A parameters (overall hyperbPne splitting, anisotropic nitrogen

Figure 3. Spectra A and B are the benchmark spectra of B and hyperbne couplings, “n? _Shape' and the center of the spectrum)
G*(- H)¥ (G*) 8-D-dGuo). These spectra are for the glassy samples of in the one-electron oxidized d[GCGCGCGCInd G¢ H)¥
d[GCGCGCGC] and d[G*CG*CG*CG*C}, and are assigned to GH)¥ spectrund® from dGuo (see Supporting Information Figure S3

and G*¢ H)¥. Note that the spectrum in B is 80% 8-deuterated. This {or evidence). We also Pnd that the ESR spectra of one-electron

spectrum is used as the basis function as it self-corrects in our analysis. __. .. Al ]
Spectra C to E are the one-electron oxidized d[GGGG@h G* moieties oxidized ds DNA-oligomers d[GCGCGCGLand d[GGGC

at the 3-end, middle, and ‘%nd of the G stack, respectively. Analyses CClz are identical (see Supporting Information Figure S4). Thus,
using G¢ H)¥ and G*{ H)¥ spectra show that the site of hole localization it can be concluded that irrespective of the occurrence of the

is! 60% at the 5end. We have expressed the radical percentaged®%o guanine moiety in the ds DNA sequence as a continuous stretch

relative error (see Materials and Methods and Supporting Information Figure . . _ P
S2). All the spectra were recorded at 77 K, and the spectra of one-electron(e'g" GGE) or as a single G unit, one-electron oxidation of the

oxidized oligomers shown in (A) to (E) were obtained by thermal annealing guanine moiety in ds DNA would lead to GH)¥ formation.
in the dark at 155 K for 2030 min. Figure 3A and B, therefore, show ESR spectra of Bf¥ and

G*(- H)¥ spectra obtained in the glassy aqueous samples of
spectrum (violet) consisting of 50% G*¥nd 50% G*{ H)¥ d[GCGCGCGC] and d[G*CG*CG*CG*C]}, respectively. These
weighting of double integrated spectra (Figure 2A). The bt spectra are used below as benchmarks ferkg¥ and G*{ H)¥
shows that one-electron oxidized TG*T consists of both"G*¥  to analyze the fractional compositions of-G{)¥ and G*{ H)¥
and G*¢ H)¥ in near equal amounts. The Supporting Informa- in the ESR spectra shown in Figure 3C to E.
tion (Figure S2) gives evidence that the estimates have a 10% In Figure 3C to E, we show the ESR spectra of one-electron

uncertainty. oxidized d[GGGCCG] with G* moieties at the 5 end, the
One-electron oxidized d[G*CG*CG*CG*G]results in an middle, and the 3end of the GGG sequence.

ESR spectrum (Figure 2C) that is identical wihvalues and Analyses of spectra in Figure 3C to 3E shown in Table 1

anisotropic N-couplings as the spectrum for GH)¥ in 8-D- demonstrate that the hole localizes mainly at th&%nd €a.

dGuo after accounting for the fact that the deuteration in the g0os) with lesser amounts at the middle and therd ¢a. 15
DNA-oligomer d[G*CG*CG*CG*Cp was at an 80% level (see - 20%).

.Sup.porting Information Figure Sl). Thus the spectrum shown We note here that the percentages of G¥ and G*{ H)¥

in Figure 2C is the spectrum obtained after subtraction of 20% (see Table 1 and Figure 3) are obtained independently and
of the G¢ H)¥ spectru_m. T.h's result clearly indicates th_at one- separately for each DNA-oligomer. Thus the hole localization
electron oxidized G in this ds DNA environment exists as on G* in each of the three positions in GGG (G*GG, GG*G
GC H)¥. and GGG*) give independent assessments of the distribution.

Thus, these results show that we are able to distinguish the .
. L - The fact that the totals of G*(H)¥ on the three sites vary from
protonation states of one-electron oxidized G in both ss and dsDNA95 10 105% (vs 100% expected) gives some conbdence in the

based on their ESR spectra alone. In ss DNA, the one-electronmetho d
oxidized guanine exists as an equal mixture of @¥d G¢ H)¥. '

In ds DNA, the base pair (GX) in DNA exist as G( H)¥ or, One-_electron qxidation of the isotopically substituted ds

more accurately, as €H"):G(- H)¥ (Scheme 1). DNA oligomers, viz. d[TG*GGCCCA} d[TGG*GCCCA}, and
Site of Hole Localization at G in a ds DNA-Oligomer. d[TGGG*CCCAL} that were HPLC puribed, were carried out as

Employing ESR spectral studies, our aim igicectly identify well. The ESR spectra of these one-electron oxidized ds DNA

the site of hole localization in a series of ds DNA-oligomers of Oligomers were recorded at 77 K, and these spectra were found to

various sequences. As discussed there are no reported direcpe very similar to the corresponding ESR spectra shown in
experimental results identifying the precise location of the hole Figure 3C to E (see Supporting Information Figure S5). Using the
(or, the radical site) in GGG containing DNA oligos. Here, ESR G*(- H)¥ spectrum from HPLC-puriped d[G*CG*CG*CG*C]
work is presented in Figure 3 that shows the site of hole and the G( H)¥ spectrum from d[GCGCGCGL]s benchmarks,
localization can be identiped in such ds DNA-oligomers. the analyses of radical percentages in these oligomers show a clear
We have already assigned the spectrum of one-electronpreference for localization of the hole at tHeGbend (see Table
oxidized d[G*CG*CG*CG*C}, to G*(- H)¥ (see Supporting  1). Note that owing to the further HPLC puribcation the level of
Information Figure S1A and Figure 2C which was corrected deuteration dropped to 50% for these oligos which was accounted
for the 80% deuteration level; Figure 3B shows the uncorrected for in our analyses (see Supporting Information Figure S1). We
spectrum corresponding to Figure 2C). We also assign the also note here that by employing the 61{)¥ spectrum from G*
spectrum (Figure 3A) of the one-electron oxidized ds DNA- (96% deuterated) and the -Gff)¥ spectrum from dGuo as
oligomer d[GCGCGCGG]to G(- H)¥. This assignment is benchmarks, we have obtained percentages of B¥ and
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G(- H)¥ in these ds DNA-oligomers (see Supporting Information) state (298 K, 1.0 atmhy ** predict that S (proton transfer) ca.
and these percentages are found to be very similar to those showi® cal/mol/K and! G (proton transfer) 1.4 kcal/mol. However,
in Table 1. our ESR studies at low temperature clearly demonstrate that the

Therefore, the radical percentages of Gl)¥ and G*{ H)¥ base pair (G¥C) exists as (G{H"):G(- H)¥); i.e., the free energy,
in the GGG sequence are similar for ds DNA-oligomers with ! G, for proton transfer within the base pair (@3 is negative.
and without single nucleotide extension at the ends, &nd This disagreement between our experimental results and previous
3-A (see Table 1). As a result, we conclude that the presencetheoretical work>*¢is small in magnitude and could easily arise
of 5-T and 3-A units in the ds DNA oligomers with GGG  from the neglect of stacking and water interactions in the gas phase
stretches did not alter the preferential location of the hole at calculations®2®
the B-G site in these sequences. (iv) Why is not the hole fully localized at the B-end?lIt is
clear from the results reported here and others that ‘tHead
is the dominant site for hole localizatidf,?* although a

(i) Sites of Hole Localization and Protonation States of One-  signibcant fraction of the holes are also localized at the middle
Electron Oxidized Guanine in DNA-Oligomers: Our work and 3- end (Table 1). This indicates that the energetic preference
directly Pnds that the hole is preferentially localized at therts for the 8-end is small and that variations in the local environ-
in GGG sequences at 77 K. Our results also show that the hole isment such as counterion placement or structural variafiams
not fully localized to the 5G site. Previous experimental results ~ sufPcient to stabilize the hole at the other sites. We note that
obtained in agqueous solution at room temperétdre® < 2 had there is no evidence for delocalization of the hole in the GGG
previously suggested that in GGG sequences’t@vgould likely stacks. This is in contrast to stacks of A for which some
be the preferential site of hole localization. In those experiments, delocalization of hole is theoretically predicted via charge-
it was the preferential formation of 8-oxo-G at theefid of the resonance interactidii.This difference in the behavior of holes
GGG sequences in ds DNA-oligomers after photo-oxidation that in guanine vs adenine stacks has been theoretically attributed
suggested the preferential hole localization at thensl:® 2% In to the lack of signibpcant nuclear reorganization on formation
agreement theoretical calculations point out that, in a GGG of the adenine cation radic#:*°This allows holes in A stacks
sequence, theend is the most stable st&2*Further, owing to to be shared, whereas in G stacks the larger reorganization
signibcant NRE valu€e$; *” guanine stacks are not predicted to energy causes localization to a single base.
share a charge and are expected to readily undergo reorganiza- (v) Advantage of the TechniqueThe most important feature
tion so as to localize the charge (i.e., hole) on a single G. Our of incorporation of G* (8-deuteroguanine) in oligos is the clear
experiments show no evidence for delocalization of charge as itresolution of the ESR spectra of one-electron oxidized ds DNA
would be expected to markedly alter the ESR spectra. Any oligomers with G* at speciPc sites in GGG. Thus we are able
comparison of 77 K hole localization with 8-oxo-G formation of  to identify directly not only the protonation state of the G moiety
course depends on the kinetics of hole conversion to 8-oxo-G but also the site of localization of the hole in DNA sequences
formation being independent of the base sequence. Experiment$iaving stretches of GOs.
show no such dependence of 8-oxo-G formation on the base
sequencé’ As a consequence, the agreement between our result
regarding sites of hole localization at 77 K with those re$tilté
found at room temperature for the distribution of the formation of
8-0x0-G is reasonable.

(ii) Protonation State of One-Electron Oxidized Guanine
in DNA-Oligomers: We Pnd that one-electron oxidized guanine  Supporting Information Available: Figure S1: Analyses for
is entirely the proton transferred radical ¢0"):G(- H)¥) at  deuteration levels in the G* labeled ds DNA-oligomers. Figure
77 K'in ds DNA. At ambient temperatures, a prototropic  g2: Estimation of relative error regarding btting of the experi-
equilibrium between G¥C and C¢ H"):G(- H)¥ would be  mengally observed spectrum using benchmarks. Figure S3: ESR
established that would still favor the proton transferred SPECIes, snectrum of the guanine neutral radical {&{)¥) from dGuo

as it is the thermodynamically stable state (see Introduction). .4 d[GCGCGCGG] Figure S4: ESR Spectra of the one-

This equilibrium has been proposed by a number of workers as glectron  oxidized dsDNA-oIig(.)merS' d[GGGCGCland

a gating switch to hole transfer along the DNA SFTé'”a-Th? d[GCGCGCGC]. Figure S5: ESR Spectra of the one-electron

g;eaegc?hgft iﬁg\/ ?(l; I(zhils%rarlgg\t/ivol;oro?ug_lg)c()g_h(lzl‘lcI?oilgn\lsg” oxidized ds DNA-oligomers with and without single nucleotide
z ' extension at the ends’-% and 3-A. Analyses: Analyses of the

established that one-electron oxidized guanine must remain in ; S :
its cation radical form to undergo water additi$h 2> Thus, ESR spectra of ds DNA-oliomers shown in Figure S5 using

Steenken®s proposifioht that (Cé H*):G(- H)¥) would be the guqnine neutral radical (6H)¥) from dGuo and guanine neutral

dominant species at ambient temperature is supported by ouradical (G*¢ H)¥) from G*[G*) 8-D-dGuo, 96% deuterated].

work. This material is available free of charge via the Internet at http://
(iii) Prototropic Equilibrium of One-Electron Oxidized pubs.acs.org.

Guanine in DNA-Oligomers: Previous theoretical calculations 359014869

carried out for the base pair (G€) in the gas phase at standard

Conclusion
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