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Abstract: This study aims to provide information on the fate of triplet energy in DNA by considering the triplet-
mediated reactions which occur between nucleic acid bases in solution, at room temperature. Following sensitization
of base triplet states by acetone, the subsequent photophysics and photochemistry are highly dependent on the nature
of the nucleotide pair under study. By establishing the direction of triplet energy transfer between pairs of
mononucleotides, the relative triplet energy ordering was determined under physiologically relevant conditions, i.e.
aqueous solution at room temperature. This order(© > G > A > T) is in agreement with that previously
reported which was obtained at 77 K in rigid media. The absolute value for TMP triplet energy has been estimated
as 310 kJ molt, based on triplet energy transfer studies involving acetophenone and 3-methoxyacetophenone.
Determination of the triplet energy gaps between all mononucleotides, to within 1 k3, imas allowed an estimation

of the absolute values of CMP (321 kJ myl UMP (320 kJ mot?), GMP (317 kJ motl), and AMP (314 kJ

mol~1). The energy gaps between the triplet states are smaller than those reported at low temperature. This allows
triplet energy transfer equilibria to be established in which a significant proportion of both triplets is present, unless
thymine is present, in which case the dominant process is triplet energy transfer to the thymine. In any purine/
pyrimidine (not thymine) pair, electron transfer from purine to pyrimidine is significant, producing the purine radical
cation, which rapidly deprotonates to give the neutral radical. This process is most efficient for the guanosine
uracil combination and our evidence suggests that it is the purine triplet state which initiates the electron transfer. In
the guanosineadenosine system, there is no evidence of electron transferettriplet energy transfer is low due

to a small triplet energy gap. This results in a relatively high proportion of both triplet states being observed in the
equilibrium. These results show that DNA photochemistry should be highly sequence dependent and may have
significance regarding the existence of “hot spots” in DNA photoproduct formation.

Introduction state DNA chemistry. For example, it is known that the
important cyclobutylpyrimidine dimer photoproduct can be
formed via triplet state intermediacif:1!

Literature concerning the photoexcitation of DNA at low
temperatures suggests that facile intramolecular triplet energy

The photochemistry of DNA has been the subject of
widespread experimental study but its complexity has resulted
in a lack of a comprehensive description; many factors are

known to be of importance in dictating the eventual conse- ) . ;
e o transfer may occur between adjacent nucleic acid b&séBor
guences of DNA irradiation. In the photoexcitation of DNA, : o ; .
. chemical processes which involve the triplet state, intramolecular

processes originating from the first excited singlet state domi- - . A o
nate. In particular, a quantum yield for internal conversion of energy transfer will render the site of initial phqtoexcﬂaﬂop less
almo.st unit roviaes a hiah dearee of self-nrotecfiofm- important than the relative order of the base triplet energies and
portant prozel?sses such ag photgoionization %ave been showrt1he sequence of nucleic acio_l bases; that i;,_energ_y transfer will
to arise from the ginglet excited sta&te, but ’the very short continue along th_e strand until an energy minimum |s.rea6héd_.
lifetimes of these species (picosecond ,range at room tempera-suc.h mterpretaﬂons are hampered by the I|m|teq mfprmaﬂon
turet) complicates their experimental study. However, for the a\_/a|lab_|e on the triplet states of_punn(_es and pyrimidines and
. . o T triplet interactions between neighboring bases on a DNA
same reason, bimolecular reactions are less likely to involve strandB91429 Despite their obvious importance. neither the
the singlet state. Consequently, despite the fact that triplet state - P Import ’
formation has a low quantum yield<Q.01 in watet™9), the absolute triplet energy values nor their relative order have been

longer-lived triplet state is of interest when considering excited  (8) Salet, C.; Bensasson, RhotochemPhotobiol 1975 22, 231-235.
(9) Salet, C.; Bensasson, R. V.; Becker, R.PhotochemPhotobiol
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determined for physiologically relevant conditions. Literature 3-methoxyacetophenone (3MAP) were of the highest purity available
value#! are available only for blue-edge phosphorescence from Aldrich (Milwaukee, WI) and were used without further purifica-
measurements at 77 K in rigid media. tion.
We have recently presenf@dcomprehensive absorption Laser Flash Photolysis. The laser flash photolysis apparatus was
X . e o
spectra and an approximate eneray level ordering of the triplet essentially as prewqusly describ€d® The ex_utatlon source for the
s?ates of guanosirr)1r()a (GMP) adeng)s/,ine (AMP) urgi]dine (UMFI;) laser flash photolysis was a Lambda Physik EMG 103 MSC XeCl

. . excimer laser emitting 8 ns duration pulses at 308 nm. As acetone
cytidine (CMP), and thymidine (TMP) monophosphates. The was shown previously to be of sufficiently high triplet energy to

latter was obtained using sensitized triplet energy bracketing gensitize the triplet states of all the mononucleotides with rate constants
techniques. However, due to a lack of suitable high-energy k,. = 1.9+ 0.7 x 10° M1 s, it was used for the same purpose in

triplet state sensitizers, the specific order of triplet energies for these experiments. Acetone absorption was 8:802 (i.e.~1.0 M)

the mononucleotides could not be determined, other than thatat the laser excitation wavelength (308 nm), where direct absorption
TMP was clearly the lowest, as expected. In experiments by mononucleotides is negligible. The laser energies were attenuated
involving the purines GMP or AMP, reaction with acetone triplet to =18 mJ cm? pulse'* through the use of neutral density filters and

led not only to triplet energy transfer but also to formation of the variation in laser energy from flash to flash was wit#i&%. Data

the nucleotide radical cation which rapidly deprotonated at acquisition was controlled by a Macintosh Quadra 630 computer using
programs written using the LabView 3 software package in conjunction

thgtségoulggliﬁzl IZ Htffg ﬁggttgzsri};u&%irzidécg;' tl';lt—e hls &ggg?ed with NB-GPIB_and LAB-NB bogrds (N_ational Ins_truments, TX).

I~ ) - Unless otherwise stated, experiments involved nitrogen saturated,
comparable conditions, and highlighted the potential problems 5qyeous solutions of 4.0 mM total mononucleotide concentration. A
of using ketone sensitization of DNA to infer triplet excited flow-through system was used to ensure irradiation of a fresh sample
state chemistrg3-24 of solution with each laser pulse. Based on measured kinetic

Having observed both energy and electron transfer processeparameters, it was calculated that 4.0 mM nucleotide quenches 98.2%
in acetone sensitization of mononucleotides in our previous work of the acetone triplet states. Experiments were carried out in both un-
characterizing base triplet states, we have now turned ourbuffered and buffered (S0 mM potassium phosphate/HCI;=pF.5)
attention to triplet state processes which odzetweerdifferent aqueous solution; no significant difference was found between the two
bases. A full rationalization of the interactions between any systems.
possible combination of two nucleic acid bases, following triplet
state formation, should make it possible to infer the conse-

quences of photoexcitation in a longer DNA strand. In the simplest possible triplet energy transfer experiments

Studies are described here in which the fate of triplet (eq 1),selectie excitation is used to form onX*, which then
excitation energy has been studied in systems containing pairs

of mononucleotides in neutral, aqueous solution at room
temperature. The fate of the initial triplet excitation energy has

been determined by monitoring time-resolved changes in

transient absorption spectra and comparing the observed change§ansfers energy to an acceptor Y. Such processes are routinely
to those predicted in computer simulation programs. This is monitored by transient absorption spectroscopy. The similarity

made possible by accurate knowledge of the triplet %tated in ground state absorption spectra of nucleic acid B&ses
radicaf25.26 absorption spectra of the individual mononucle- and thelr!nherent[y Iqw quantum yields of triplet stat.e formgtlon
otides. The interaction between base triplets is shown here to(®1) on direct excitatiofi”® make such an approach impractical
be completely dependent on the specific base pair involved, theirfOr the study of two bases, X and Y. Acetone sensitization of
respective triplet energies, and oxidation potentials, and it leadsnucleotide triplet states (Scheme 1) has therefore been used to
to general conclusions concerning the dependence of DNA

photochemistry on the base sequence and the generation oPcheme 1

specific photoproducts at particularly favorable sequences. X kae(X) 4 3X*

Results

X TS 3 L Syx 4 (1)

Experimental Section acetone % 3acetone*

Chemicals. Uridine 5-monophosphate (UMP), thymidine’-5
monophosphate (TMP), cytidiné-Baonophosphate (CMP), adenosine
5'-monophosphate (AMP), and guanosirer®nophosphate (GMP)
were obtained from Sigma Chemical Co. (St. Louis, MO) and used facilitate the study of the transient absorption spectra and
without further purification. Acetone (Ac), acetophenone (AP), and associated decay kinetics for mixed pairs of mononucleotides.
In this case a step is added in which the triplet states of the

YkaN 3y

(16) Arce, R.; Rivera, 1. PhotochemPhotobiol, A: Chem 1989 49,

210237, bases X* and °Y*) are sensitized by the higher energy
(17) Zuo, Z.; Yao, S.; Luo, J.; Wang, W.; Zhang, J.; Lin, Bl sensitizer, acetone. Acetone hasba of unity3? and a high
PhotochemPhotobiol B: Biol. 1992 15, 215-222. (337 kJ mot?) triplet energy3® so that all of the individual

(18) Li, H.-C.; Yao, S.-D.; Zuo, Z.-H.; Wang, W.-F.; Zhang, J.-S.; Lin,

N.-Y. 3. PhotochemPhotobiol B: Biol. 1995 28, 65-70. mononucleotides react with the_lacialtogze tnplet state with high
(19) Ganer, H.PhotochemPhotobiol 199Q 52 (5), 935-948. rate constantskhc ~ 2.0 x 10° M1 s7%).22 This approach has
(20) Ganer, H.J. PhotochemPhotobiol B: Biol. 1990 5, 359-377.

(21) Fisher, G. J.; Johns, H. E. Fhotochemistry and Photobiology of (27) Aveline, B.; Hasan, T.; Redmond, R. Whotochem Photobiol

Nucleic AcidsVol. I, Chemistry; Wang, S. Y., Ed.; Academic Press: New 1994 59, 328-335.

York, 1976; pp 225294. (28) Krieg, M.; Srichai, M. B.; Redmond, R. VBiochim Biophys Acta
(22) Gut, I. G.; Wood, P. D.; Redmond, R. \#.Am Chem Soc 1996 1993 1151, 168-174.

118 2366-2373. (29) Daniels, M.; Hauswirth, WSciencel971, 171, 675-677.

(23) Adam, W.; Saha-Moller, C. R.; Schonberger, A.; Berger, M.; Cadet, (30) Vigny, P.C. R. Acad Sci Ser. D 1971, 272, 3206-3209.

J. PhotochemPhotobiol 1995 62, 231-238. (31) Vigny, P.; Duguesne, MPhotochemPhotobiol 1974 20, 15-25.
(24) Epe, B.; Henzl, H.; Adam, W.; Saha-N&r, C. R. Nucleic Acids (32) Borkman, R. F.; Kearns, D. R.Am Chem Soc 1966 88, 34676~

Res 1993 21, (4), 863-869. 3475.

(25) Steenken, SChem Rev. 1989 89, 503-520. (33) Murov, S. L.Handbook of photochemistryvarcel Dekker Inc.:

(26) Steenken, Free Radical Commuril992 16 (6), 349-379. New York, 1973.
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the advantage of generating nucleotide triplet states in suf-
ficiently high concentrations (typically in the region of a1
in these studies) to allow their observation by transient absorp-
tion spectroscopy. However, the valueskaf(X) and kac(Y)
do not permitselectie excitation of one base in the presence
the other. This situation is analogous to pulse radiolysis studies
in organic solvents where the initially formed triplet state of
the solvent acts as the energy donor for the study of triplet
interactions of multisolute systerf&:36 In such situations, it
is usually possible to effect selective excitation by using
concentrations of X and Y which differ by a factor of 100. In
the current study, this is not feasible due to the high self-
guenching rate constants ((6:4.0) x 10® M~ s71)22 of the
mononucleotide triplet states: i.e. if [Y& [X], triplet energy
transfer from X to Y will not compete with self-quenching by
ground state X (Scheme 2). Consequently, the best way of Figure 1. Corrected triplettriplet absorption spectra of GMFAJ,
AMP (O), CMP (»), TMP (®), and UMP ®). Insert: Transient
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Scheme 2 absorption spectra of GMR®] and AMP () neutral radicals.
X k()7 X ¥ X S . . .
0 direction,k; andk;). In our experiments with equimolar X and
3acetone* X s 3y Y, K will depend only onAE.
Triplet energies can be accurately determined by monitoring
Y ker(N 3y 4 x the kinetics of either the approach to or the decay of triplet

energy transfer equilibria involving standard sensitiZ&r#
monitoring triplet energy transfer in these systems is by Howevgr, it proyed impractical to use this kinetic apprpach to
consideration of the time-dependent transient absorption spectrgl€termine the triplet energy levels for the mononucleotides due
as described below. to (a) spectral overlap and relative absorption coefficients of
Our previous work confirmed that the mononucleotide triplet  the respective triplettriplet absorptions which prevent dis-

states are relatively close in energy at room temperature in cfimination, (b) complications in analysis of the decay kinetics
aqueous solutions. Rate constants for energy transfer betweer@Ssociated with significant self-quenching, and (c) the suspected
two triplet states3X* and 3Y* (eq 2), and hence the equilibrium involvement of electron transfer in the quenching process for
triplet state concentrations, depend only on the triplet energy SOMe combinationsv{de infra).

gap,AEr, and are given by the Sandros equation (e¥{ 8)here Rather than carry out kinetic analyses at a few wavelengths,
kmax iS the optimum rate constant for the syst&mThe values ~ an alternative approach is to analyze the complete time

of k; andk; differ because the energy transfer between X and Y dependent transient absorption spectra of such systems in terms
is either “uphill” or “downhill” in terms of energy and sAEr of contributions from the individual components. The transient

is either positive (uphill) or negative (downhill). absorption spectra of mononucleotide mixtures will comprise
the absorption characteristics of the two individual mononucle-

3 ke 3 otide triplet states and any other transient species which are
Xr+ Y =X+ (2) formed. Its time evolution will be determined by kinetic

parameters of the processes which occur in the system as a

_AEL/RT whole. For reasons outlined above, if only 1:1 mixtures are

ker(energy transfery Kmar A3) emplpygd, thgn the propprtion of each triplet state present at

@ AEMRT 4 4 equilibrium will depend directly o\Er. In order to carry out

this procedure, the triplet absorption spectra of the individual

AE; = —RTInK (4) mononucleotide triplet states were used as the reference data.

For comparison, these are reproduced in Figure 1, together with

If AEr = 12 kJ mot™, the equilibrium constant, Kz 127 (from ~ the residual purine neutral radical absorptihs.

eqg 4) and back energy transfer is negligible. As the energy

Transient Absorption Spectra. Transient absorption spectra

gap decreases, so the contribution from back transfer (and hencdvere obtained for all possible 1:1 combinations of the five

the equilibrium concentration ofX*) increases. When the
triplet states are isoenergetle,= ki = knaf2. As the excited

mononucleotides in deaerated, aqueous solution. The spectra
were obtained under identical experimental condifidas those

state concentrations are much smaller than the ground state§MPloyed to obtain the individual mononucleotide spectra, thus

(IX] =[Y] =2 mM; [3X*] and [3Y*] < 50uM), the equilibrium

making all spectra directly comparable. The time-dependent

constantK (eq 2), for our system is determined by the ground change in the transient absorption was_the sum of two firs_t-
state concentrations and the relative triplet state energies (whichOrder processes: a growth due to reaction of both bases with

in turn determine the rate constants for energy transfer in each@cetone triplet, followed by a decay. The rate constant for the
latter process was independent of monitoring wavelength.

Electron transfer to acetone triplet was seen to occur in
significant yields for the purines. In these cases, the triplet
absorption decayed to reveal the relevant purine neutral radical,

(34) Gorman, A. A.; Hamblett, I.; Harrison, R. J. Am Chem Soc
1984 106, 6952-6955.

(35) Gorman, A. A.; Hamblett, |.; Irvine, M.; Raby, P.; Standen, M. C;
Yeates, SJ. Am Chem Soc 1985 107, 4404-4411.

(36) Kira, A.; Thomas, J. KJ. Phys Chem 1974 78 (2), 196-199.

(37) Sandros, KActa ChemScand 1964 18, 2355-2374. (39) All solutions were optically matched at the excitation wavelength

(38) Acetone is of sufficiently high triplet energy for energy transfer to and laser energies were kept constant throughout. The optical path was
the bases to occur at optimum rates and it was assumed that a value of 2.Gdentical for all of the experiments described. These practical considerations
x 10° M1 s71, typical of the rate constants determined under the present and knowledge of the energy transfer rates together make it possible to
conditions, corresponded feax for the present system. compare directly the 4 mM mononucleotide solutions used in this study.
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Figure 2. Transient absorption spectra (with residual radical absorption Figure 3. Transient decay profiles at 380 nm obtained following 308-
subtracted) obtained following 308-nm excitation of a deaerated aqueousnm excitation of a deaerated, aqueous solution of acetone£O[B8)
solution of acetone (OB= 0.68) containing GMP and AMP (2 mM containing GMP alone (2 mM®), CMP alone (2 mMQ), and GMP
each) at delays of 1.48), 2.8 ©), and 4.6us (a) following the laser and CMP (2 mM each;a). A theoretical combination of the two

pulse. individual mononucleotide absorptions in the ratio of the respective
values ofkac?? (i.e. the anticipated absorption of the 1:1 mixture in the
formed by rapid deprotonation of the radical catf8nThe absence of energy transfer between the bases) is shown for comparison

neutral radical absorptions decayed slowig second-order (a).

kinetics over hundreds of microseconds. Decay of the radical

was negligible on the time scale of triplet decay. were compared to those of the combinations (2 mM each) of
In the transient absorption spectra of the GMP/AMP system, two mononucleotides. In the absence of energy transfer, the

maxima were observed which corresponded to the respectiveamplitude of the transient absorption of the combination will

mononucleotide triplet states (Figure 2). The absorptions at bothdepend only on the relative values k.. A deviation from

380 and 450 nm decayeth exponential kinetics with the same this is good evidence for interbase energy transfer. Experiments

rate constantips= 1.0 x 10° s1) at all wavelengths. Thisis confirmed the occurrence of energy transfer (Figure 3). The

in contrast with the two isolated mononucleotides which have ONly combination which gave rise to essentially 100% of only

self-quenching rate constants which differ by a factor of 5 and ©n€ triplet state in these experiments was TMP/CMP. In this

hence significantly different decay rates at equal concentrations, €2S€. both the amplitude of absorption and the time-dependent

The triplets were efficiently quenched by oxygen and decayed _cli_ﬁcay prolfilg we.ret(;:]ssintiarlwly identical to those of TMP alfong.
to leave a radical-like absorption, presumably comprising e conclusion is that for this pair, reverse energy transfer is

iai i 1
contributions from both purines. No evidence was found of negligible. This suggests an energy gap~di2 kJ mof™ or

additional electron transfer between these two nucleotides. Ourmo'e between CMP and TMP which is entirely consistent with
; ; ; ; ; . . the phosphorescence déta.
experimental evidence is consistent with rapid establishment

of a triplet energy transfer equilibrium for many of the 1:1 In theory, this type of experiment provides a way of
mixtures. The observed decay is thus that of the triplet determining the energy gaps between the triplet states since the

L i ; ; absorption amplitude reflects the equilibrium concentrations of
e.qumbrllum. Slmplg ob;ervat|on of the absorptlon.s of both the two triplet states. Involvement of competing processes other
triplets is only possible W,'th the GMP/AMP system since these than triplet energy transfer makes the analysis more complex.
two are the only combination for which triplet absorption o example, at 380 nm the amplitude of the absorption of GMP/
maxima are well separated and the absorption coefficients arec\p shows that net energy transfer occurs in the direction of
of comparable magnitude. GMP (Figure 3). However, other experimentsde infra)
While qualitative consideration of the spectral form revealed ndicated that the reaction 88MP* with CMP (and also with
obvious trends in some systems (e.g. in GMP/TMP energy ymp) also involves electron transfer. Clearly, a much more
transfer was Cleal’ly in the direction of TMP), most combinations accurate consideration of the Systems was necessary, one which
could not be easily interpreted in such a way. For example, comprisedall relevant processes and which took into account
the disparity in the values of the maximum absorption coef- not only the shape of the absorption spectra but also the
ficients of SGMP* (13 200 M™* cm™*) and 3CMP* (850 M™* amplitude and time dependence. Therefore a computer model-
cmY) illustrates that although the shape of the absorption spectraing program was written, based on our knowledge of the
(with residual absorption subtracted) of the 1:1 combination reactions involved. The program uses values determined for
strongly resembled that 86MP*, the presence of a significant  the relevant kinetic parameters to obtain accurate information
concentration ofCMP* at equilibrium could not be discounted.  aboutAFEr.
This problem was accentuated by the fact that in the sensitization Modeling of Acetone Sensitization of Mixed Mononucle-
experiments carried out in this study, the rate of energy transfer, otide Systems. Our study of acetone-sensitized mononucleotide
from the higher energy base to the lower, is expected to occurtriplet states has enabled us to describe fully the reactions

with similar rates as the initial sensitization step, i.e. §X]Y] occurring in the 1:1 mononucleotide systems (Scheme 3). In
andkac(X) is comparable tdker(Y). this schemeka is the rate constant for reaction with acetone
Confirmation of Triplet Energy Transfer between Bases. triplet, kq is that for natural decay, ardy corresponds to self-

To confirm that triplet energy transfer was indeed taking place, quenching. 3XMP* is higher in energy thalfYMP* and so
the transient absorptions of each mononucleotide triplet (4 mM) triplet energy transfer between the two is accordingly “forward”
(40) The K4 values for G and A are given by Steenken (refs 25 and (k) and “reverse” k). A computer program was written to

26) as 3.9 and<1.0, respectively, significantly below our typical pH mOdel this serieg of reactions using an appropriate series of
conditions (7.6-8.0). differential equations (eqs-3).
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Scheme 3

hv, 308 nm
acetone —— — » 3acetone*

KMP; kAc(X) m\
X+ YMP+
XMP; k(

3XMP* —= 3YMP*

acetone

XMP; ksq(X) YMP; ksq(Y)

ka(X) ka(Y)

XMP XMP YMP YMP

di® acetone*]

p (— kd(Ac)[ acetone?*]

— Kk (X)[XMP][ *acetone*]
— ko (Y)[YMP])[ acetone*] (5)

diPXMPY]

G KacX)XMPY *acetone*](1—

ra(‘x)) -
KeOPXMPH] — ko (X)[*XMP*[XMP] —
k[PXMP*[YMP] -+ k[2YMP*][XMP] (6)

3 *
% = kno(Y)[YMP][ *acetone*](1— @,(Y)) —
k(NPYMP*] — k(V)[*YMP*][YMP] +
k[>XMP*[YMP] — k[*YMP*][XMP] (7)
d[xrad] 3
G = KacX)XMP][ *acetone ., (X) (8)
d[Yrad] 3
G = Kac(Y)[YMP][ *acetone b, {Y) 9)

We have previously determined the quantum yields of purine
radical cation formationia reaction with acetone tripletaq,
as 0.31 for GMP and 0.09 for AME. To account for radical
formation in the model, it was assumed that the quantum yield
of triplet formation,¢r, is equal to 1— ¢rag Appropriate terms
were included in the differential equations f&XMP*] and
[BYMP*] (egs 6 and 7). The corresponding formation of purine
radical is similarly taken into consideration through eqs 8 and

9. This species exhibits negligible decay on the time scale of
P 49 y The dependent changes therein.

interest and so this process is not included in the model.

self-quenching reaction of the bases does not give rise to any

additional absorption.

Rate constantsa. andksq were previously determined for
all mononucleotide’d and these values were used for the model.
The observed decays (i.eks(+ ksdXMP])) of the isolated

mononucleotide triplet states were measured and the values wer
used in the model. The program also requires values to be input

for mononucleotide ground state concentrations (usually 2 mM),
decay rate ofacetone* (measured as 1:410° s71), and an
estimation of the energy gap between the two triplet stAEs,

Wood and Redmond

contributions. Starting with a known value for the acetone
triplet concentration, and all others set to zero, the equations
determine thehangesn the populations which occur between
successive 10-ns intervals (the formation of acetone triplet state
is assumed to occur prior to any of the steps in Scheme 3). In
this way, arrays of transient state populations versus time are
constructed. The theoretical transient absorption spectra can
thus be derived, at any time after the laser pulse, by summing
the product of the population and absorption coefficient of each
transient,j, at each wavelength (eq 10).

AAQL) = (10)

J
> Gei(A)
1

This process was repeated for varidSr values to produce a
series ofAEr-dependent theoretical spectra. Correlation of the
best-fit theoretical spectra with the experimentally obtained
spectra enables an estimation of the actual triplet energy gap.
The logarithmic nature of the relationship between the energy
gap and the corresponding equilibrium constant (eq 4) results
in a higher rate of change in the latter as the energy gap
approaches zero. Consequently, for small energy gap$q0

kJ mol%, as are thought to be involved here), the spectral
differences are more pronounced and thus easier to resolve with
a small experimental error. For energy differences of greater
than~12.6 kJ mot? (3 kcal moi1), the equilibrium constant

is greater than 100. In such cases, the energy transfer is
effectively irreversible and the spectrum at equilibrium will be
that of the acceptor triplet alone. In such cases, it is only
possible to place a lower limit on the energy gap. For systems
in which the triplet states have absorption maxima which are
well separated and have comparablevalues, it should be
possible to resolve gaps up to this limit. For the current systems,
we estimate that gaps which are smaller than 10 kJ fedn

be resolved.

The modeling program was initially validated by generating
theoretical spectra for the individual mononucleotide triplet
states and comparing these to the experimental spectra. In the
cases of GMP and AMP, the known significance of electron
transfer from purine to acetone triplet was included in the model.
The conversion of the initial radical cation into the deprotonated
neutral radical is rapi¥2% and has negligible contribution to
the absorptions. This was confirmed by the correlations
obtained for GMP and AMP; theoretical and experimental
spectra show very similar levels of absorption and time-
For all five mononucleotides,
agreement between predicted and experimental spectra was
excellent as shown b§GMP* and 3TMP* in Figure 441 |t
should be emphasized that the experimental spectra were
obtained independently of the measurements of triplet absorption
coefficients andDb,,q Values used in the model. Therefore, the
gxcellent agreement between the two sets of spectra is strong
evidence for the validity of the modeling program.

Correlation of Mixed Mononucleotide Transient Absorp-
tion Spectra with Theoretical Models. Each of the experi-
mental absorption spectra for mixed mononucleotide systems

Desp|te its apparent Comp|ex|ty the On|y unknown parameters was Compared toa range of model Spectra obtained by variation

in Scheme 3 aré andk.. If 1:1 mixtures of mononucleotide
are used, these depend only AEr and can be calculated for
a range of hypothetical energy gaps using the Sandros ectfation

(41)3GMP* was used to normalize the acetone triplet state concentration
for the correlations. The value of4c*] used in the model was varied
until the amplitudes of the theoretickbMP* absorption spectra matched

(eq 3) as described above. Therefore, the only variable in the experimental amplitudes (varyingAc*] did not affect theshapeof the

model of Scheme 3 iAEr.
The obsewedtransient absorption in mixed mononucleotide
systems is simply the sum of the individual transient absorption

spectra). This value offpc*] (47 uM) was then kept constant for the
generation of the other four triplet absorption spectra, since samples were
optically matched and the same number of acetone triplet states would be
formed in each solution.
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Figure 4. (a) Transient absorption spectra obtained following 308- g6 5. (a) Transient absorption spectra obtained following 308-
nm excitation of a deaerated, aqueous solution of acetone<0IB8) nm excitation of a deaerated, agueous solution of acetone<£0B8)

containing GMP (2 mM) at delays of 1.@J, 2.8 (©), 4.6 (a), and containing GMP and TMP (2 mM each) at delays of 18§,(5.2 ),
15.6 us (a) following the laser pulse, and (b) the corresponding g g ) and 15.6us (») following the laser pulse. These are compared
theoretical spectra obtaineth computer simulation of acetone triplet to the(;retical spectra for the same time delays which correspond to
sensitization of GMP (2 mM) at the same time delays. (c) Transient triplet energy gaps of (b) 6, (c) 4, and (d) 11 kJ mol The latter

absorption spe_ctra obtained following 308-nm'e>_<C|tat|on of a deaerated, represents the value previously determined at low temperure.
aqueous solution of acetone (GD0.68) containing TMP (2 mM) at

delays of 1.4@), 2.8 ©), 4.6 (&), and 15.6us (») following the laser
pulse, and (d) the corresponding theoretical spectra obtaifed Nucleotide Group I Combinations Group 1I Combinations
computer simulation of acetone triplet sensitization of TMP (2 mM) at | £ A
the same time delays. g cMp ——
= 1kJ
& UMP —— 4K 6kJ
of AEr in the model. The individual base pairings fell into & . lz.SkJ
two distinct groups: those which could be modeled accurately | 2 GMP —— - - i
by considering only triplet energy transfer between bases, and rf AMP —— B 61
those for which a good correlation could not be obtained using | & i
this model. & T™MP ——
(a) Group I: GMP/TMP; GMP/AMP; AMP/TMP; CMP/

TMP; CMP/UMP' For these combinations, 900‘?' correlations Figure 6. Relative triplet energy diagram showing the triplet energy
were achieved for energy transfer alone, allowikr to be gaps deduced in this study for Group | (i.e. interbase triplet energy
determined, as described. Due to the logarithmic relationship transfer only) and Group Il (i.e. interbase triplet energy and electron
between the energy gap and the equilibrium constant (eq 4)transfer) combinations of mononucleotides.
small energy gaps can be more accurately kJ) determined;
in all cases it was clear that a small deviation from the correct o i
energy gap led to a significant mismatch of the theoretical
spectra. Figure 5 illustrates the case of GMP/TMP. The values _ . |
obtained for the Group | energy gaps are shown Figure 6.

(b) Group II: CMP/GMP; CMP/AMP; UMP/GMP; UMP/
AMP. The best spectral correlations which could be obtaine
for these combinations all displayed the same trend in their
mismatch with the experimental data: the experimental spectra
exhibited more purine radical absorption350 nm) and less
purine triplet absorptionX350 nm) than could be accounted
for by the model. This strongly suggested that base triplet states
were being replaced by radicals in the system. In other words, *%, s w5 w2 o 5 0 15 2
interbase reactions also resulted in radical formation, a process
not accounted for in the computer model (Scheme 3).
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Figure 7. Transient decay profiles at 380 nm obtained following 308-

Confirmation of Electron Transfer from Purine to Pyrim- itati fad ted luti f acetone-QI8)
. X . . . nm excitation of a deaeratea aqueous solution of aceton
idine. All five mononucleotides quench acetone triplet with a containing () GMP (4 m\®), AMP (4 mM: O), and GMP and AMP

_similar rate constant. For the purines, some of this _quenchi_ng (2 mM each:a) and (b) GMP (4 mM®), UMP (4 mM:O), and GMP
involves electron transfer. Experiments were carried out in o4 ymp (2 MM eacha). A theoretical combination of the two
which solutions of a single mononucleotide (4.0 mM) were mononucleotide absorptions in the ratio of the respective valukgsf
compared to pairs of mononucleotides (2.0 mM each, i.e. 4 MM is shown for both cases\}.

total), in terms of the absorption amplitude produced. For

purines, in the absence of additional radical formation steps, absorption amplitude was approximately double that seen for
the amplitude of radical absorption in a 1:1 mixture should 4.0 mM GMP alone UMP* has negligible absorption at the
depend on the relative valueskpf.. This was found to be the  monitoring wavelength; Figure 7b). The enhanced residual
case for the GMP/AMP (Figure 7a) and GMP/TMP systems. absorption results from a triplet state mediated electron transfer
However, for a 1:1 mixture of GMP and UMP, the residual reaction between GMP and UMP.
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A similar result was obtained with GMP and CMP. The level
of absorption at 380 nm was found to remain approximately
constant for the 1:1 mixturéMP* alone gave rise to negligible
residual absorption; Figure 3). Again, the explanation is electron
transfer, this time from GMP to CMP, although the smaller
magnitude of the observed absorption changes suggests that th
process is more favorable in the GMP/UMP system.

In experiments involving AMP with UMP or CMP, enhanced
radical formation was also observed but the effect was not as
large as that observed for GMP. This is consistent with both
the relative quantum yields for electron transfer from GMP and
AMP to acetone triplet and the conclusion of Steenkeal.*
that adenosine is less easily semi-oxidized than guanosine.

Modification of the Computer Model to Include Interbase
Electron Transfer. Having confirmed that additional electron
transfer is significant for the purirgyrimidine systems (thy-
mine excepted), it was necessary to incorporate this reaction
into the computer model. For this purpose, it was assumed that
the additional electron transfer occurred from purine triplet to
pyrimidine ground state (eq 11; see Discussion). Pyrimidine
radical anions are also formed in this reaction, which are likely
rapidly protonated, but the absorption coefficient of these species
is more than a factor of 5 lower than that of the deprotonated
purine radical cations in the spectral region of interdst(

320 nm¥4#2and the absorption arising from pyrimidine-derived

radicals is assumed to be negligible compared to the absorption

of the various triplet states and purine-derived radicals in the
system. In all of the Group Il combinations, the purine triplet
state is lower in energy and correspond$X&P* in Scheme
3. Additional terms were added to the differential equations to
account for depletion oty MP* and formation of purine radical
cation via this route; egs 7 and 9 in the model were replaced
with eqs 12 and 13.

*Purt + Pyr— Pur’ + Pyr~ (11)
diPYMP#]
g = kaNIYMP][ *acetone*](1— ®@,.(Y)) —

k(NPYMP*] — k(V)[*YMP¥[YMP] +
K[PXMPH[YMP] — (k. + k)[2YMP*][XMP] (12)

diY.od
da

ka(Y)[YMP][ *acetone*p,, (Y) +
k[2YMP*][XMP] (13)

For these systems, in addition to an estimatioABf, the model
requires the rate constant for interbase electron trarigféror

involves the purine triplet, since it is the absorption of this
species which is quenched and the process was not significan
for combinations containing TMP whef@MP* formation is
highly favored, e.g. GMP and TMP.

By varying AEr andk; for each nucleotide combination, it

Wood and Redmond
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Figure 8. (a) Transient absorption spectra obtained following 308-
nm excitation of a deaerated, aqueous solution of acetone{QB8)
containing GMP and UMP (2 mM each) at delays of 283,(3.8 ©),

and 15.6us (a) following the laser pulse. The spectra are compared
to theoretical spectra for the same time delays which correspond to
AE:/k; combinations of (b) 2 kJ mot/3.5 x 10° Mt s7%, (c) 0 kJ
mol~%3.5 x 10®* M~* s, and (d) 3 kJ mol*/no electron transfer. The
latter represents the value previously determined at low tempefature.

The involvement of two independent variabldd&r andk;,
necessitated a way of checking the accuracy of the correlations.
This was achieved as follows. Experimental spectra were
obtained for 1:3 and 3:1 mixtures of GMP and UMP. Using
the values ofAEr and k; determined for the 1:1 mixture,
theoretical spectra were generated for the 3:1 and 1:3 mixtures.
The mononucleotide ground state concentrations were the only
parameters which were varied in the model. Agreement
between theory and experiment for both the 3:1 and the 1:3
mixtures was excellent, thus confirming the accuracy ofAke
value. This check was also carried out successfully for the
Group | combination, GMP and AMP.

Determination of Absolute Triplet Energies. Having
established the values ofEr for all mononucleotide combina-
tions, the determination of the absolute value for only one triplet
energy allows all the other energies to be put on an absolute
scale. Based on triplet energy bracketing experim&iiig|P
triplet energy was estimated to be between 300 and 310 kJ
mol~%. Careful quenching experiments confirmed that ac-
etophenone (AFET = 310 kJ mot1)*3 transferred triplet energy
to TMP with a rate constant of 20 10® M~1s™L. In contrast,
TMP did not quench the triplet state of 3-methoxyacetophenone
(BMAP; Er = 303 kJ mol1)*3 at concentrations of TMP up to
10.0 mM. The natural decay of the 3MAP triplet state was 1.2
x 1P s71. A factor of 2 increase in this decay in the presence

f TMP would be easily detectable and so the rate constant for

guenching of 3MAP triplet by TMP must be less than k2

Yo Mtst,

The triplet energy ofTMP* must be low enough to allow
significant energy transfer from AP triplet, but high enough to

was possible to obtain good correlations in all cases (the energyPr€Vent significant energy transfer from 3MAP triplet. Con-

gaps are summarized in Figure 6). For example, the correlation
for GMP/UMP (Figure 8) is only accurate for an energy gap of
2.5 kJ mot? (in good agreement with the phosphorescence
value) and a rate constant for electron transfer8f5 x 108
M~1s™1 Changing either of these significantly had the result
that either the radical or the triplet absorption was inaccurate
compared to experiment.

sideration of the Sandros equation (eq 3) indicates that the only
conclusion which is consistent with these observations is TMP
triplet state being approximately isoenergetic with that of AP
and hence~7 kJ mol? above that of 3SMAP. Therefore, the
triplet energy of TMP is estimated as 310 kJ ol Based on

the energy gaps obtained by spectral correlation (Figure 6), the
triplet energies of CMP, UMP, GMP, AMP, and TMP are

(42) Steenken, S.; Telo, J. P.; Novais, H. M.; Candeias, LJ. Am
Chem Soc 1992 114 4701-4709.

(43) Carmichael, I.; Hug, G. L. Inlandbook of Organic Photochemistry
Scaianao, J. C., Ed.; CRC Press: Boca Raton, 1989; Vol. |, pp369.
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estimated to be 321, 320, 317, 314, and 310 kJfol carried out at pH= 7—8 and Steenkef concluded that C, T,

respectively. and U have very similar reduction potentiats1(1 V versus
. . NHE) at pH= 8.
Discussion It is difficult to determine experimentally which base triplet

Consideration of the spectral as well as the kinetic and Staté, purine or pyrimidine, is responsible for inducing the
thermodynamic parameters determined in this study allows some€lectron transfer. Analogy with thiacetone*/purine reaction
important conclusions to be drawn concerning the dissipation SUggests that it could be the pyrimidine triplet which abstracts
of triplet energy and the relative triplet energies of the nucleic @n €lectron from the purine. However, this being the case,
acid bases in solution at room temperature. The observedSignificant electron transfer fthymine* would be expected in
behavior depends strongly on the nature of the base pair. Tripletthe purine/thymine combinations. The fact that this was not
energy transfer contributes in all pairs until a triplet energy observed leads us to conclude that electron transfer occurs
equilibrium is rapidly attained. The only combination with a P&tween purine triplet and ground state pyrimidine although
triplet energy gap sufficient for-100% efficient net triplet |nvol\{ement of the. pyrimidine .trlple.t cannot pe. ruled out.
energy transfer was CMP/TMP, which supports the conclusion Despite the L_mcertalnty asto Whlch triplet state is |nvo|ve_d, the
that CMP triplet energy is-10 kJ mott above that of TMP. model remains accurate for one important reason. With the
In contrast, the gaps between CMP, UMP, GMP, and AMP and €xception of thymine, the triplet energies are close enough to
those between GMP or AMP with TMP are smaller since in all Permit establishment_ of triplet energy tr_ansfer equilibria, and
those cases, spectral changes are observed which are consisteffigardiess of which triplet state is remowved electron transfer,
with significant back energy transfer. The energy gaps which N reallty itis theequmprlum whl_ch is quenchgd. Removal .of
have been determined are generally smaller than those obtaineither triplet stateia this route simply results in compensation
at low temperaturé! although the ordering is the same. The from the other base. If the model is modified to include
values obtained are supported by the excellent cross-correlatiorintérbase electron transfer initiated by feimidinetriplet state
of the various mononucleotide combinations (Figure 6). Our "ather than purine triplet state, then the triplet concentration in
results indicate that there is only a total triplet energy range of €d 13 changes and a corresponding correctidq irequired.
~11 kJ mot™ over all five bases (compared to a range of 19 Th€ energy gap remains constant in the correlation.
kJ molL in the literature). The low-temperature data puts the ~ 1h€ current work and the conclusions derived from it apply
thymine triplet 11 kJ mol® below3GMP*. This corresponds 0 solution chemistry of DNA models. The situation in DNA
to an equilibrium with a 85:1 ratio in favor GTTMP*. As will be affected_by the conform_atlonal and structural restrictions.
described earlier, the relationship between energy gap andHowever, the important relationship suggested here between
transient absorption spectrum is such that it is easy to distin- Pyrimidines and purines should be relevant. Triplet energy will
guish, for example, a gap of 11 kJ mélfor GMP/TMP from be dISS.Ipated/la. a pomblngtlorj of energy .transfer between
the gap of 6 kJ moft which was determined (Figure 5). Our nucleotides (which is possible in any d_|rect|on b_etv_ve_en G, A
result corresponds (eq 4) to an equilibrium ratio of 7.5:1. In and C) and electron transfer (from purine to pyrimidine).
other_wor(_:is, at room temperature, thymine is not such an -gncjusions
effective triplet energy sink as would be expected from the low- . o ) . o
temperature energy gaps. If this is extrapolated to DNA, then  Several important insights have been gained into the dissipa-
it permits a more significant contribution from chemistry tion of triplet energy in any pair (_)f_nuclelc acid bases. Electron
originating at other triplet states, such as electron transfer. ~ transfer from purine to pyrimidine has been shown to be

Triplet state mediated electron transfer frépurine* to significant. The order of the triplet energies of the bases which
pyrimidine has been shown to contribute to triplet energy Was obtained at low temperatérieas been confirmed for the
dissipation between appropriate base pairs. It has been proposeHrSt time under more phyS|oIog|caII_y relevant conditions and
that formation of radical cations in DNA promotes strand the energy gaps have been determined. Our results show that
breaks*644 The current work suggests a mechanism, other than these gaps are smaller than t_hose measured at low temperature
photoionization, by which such radicals can be formed and this @nd this has important chemical consequenezs,the estab-
route may well contribute to the formation of strand breaks in ishment of triplet energy transfer equilibria. Experiments are
studies of triplet sensitization of DNA. It is not certain that N Progress involving a range of dinucleotides, i.e. compounds
this triplet mediated electron transfer is ey route by which containing the_ bases toge_ther in pairs covalently_bonded through
additional purine radical cation is formed; Steenken has & Phosphate linkage. This work aims to determine whether the
described the complexities of puriapyrimidine radical reactiv- results and conclusions de§cr|b9d herein for simple systems can
ity in pulse radiolysis and photoionization experime#$26:42 be extrapolated to more biologically relevant molecules.

Howgyer, the evidgnce leads us to conclucje that in thgse Acknowledgment. The authors would like to thank Dr. Brian
sensitized systems, interbase electron transfer is the predommaqg,ogue for his assistance with the computer modeling and Drs
route for enhanced purine radical formation. The pair for which rone (K ochevar and Chris Lambert for helpful discussions. This

this mechanism is most favorable is GMP/UMP. This is \qc was supported by the MFEL program under ONR contract
consistent with the order of one-electron potential redoX nopp14-94-1-0927.

potentials obtained by Jovanovic and SirfficHowever, these
values were measured at pH13. The current study has been JA954340+
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