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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 (C> U > 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 mol-1, based on triplet energy transfer studies involving acetophenone and 3-methoxyacetophenone.
Determination of the triplet energy gaps between all mononucleotides, to within 1 kJ mol-1, has allowed an estimation
of the absolute values of CMP (321 kJ mol-1), UMP (320 kJ mol-1), GMP (317 kJ mol-1), 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 guanosine-adenosine system, there is no evidence of electron transfer andnet triplet 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

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-
quences of DNA irradiation. In the photoexcitation of DNA,
processes originating from the first excited singlet state domi-
nate. In particular, a quantum yield for internal conversion of
almost unity provides a high degree of self-protection.1 Im-
portant processes, such as photoionization, have been shown
to arise from the singlet excited state,2-6 but the very short
lifetimes of these species (picosecond range at room tempera-
ture1) complicates their experimental study. However, for the
same reason, bimolecular reactions are less likely to involve
the singlet state. Consequently, despite the fact that triplet state
formation has a low quantum yield (<0.01 in water2,7-9), the
longer-lived triplet state is of interest when considering excited

state DNA chemistry. For example, it is known that the
important cyclobutylpyrimidine dimer photoproduct can be
formedVia triplet state intermediacy.10,11

Literature concerning the photoexcitation of DNA at low
temperatures suggests that facile intramolecular triplet energy
transfer may occur between adjacent nucleic acid bases.12,13For
chemical processes which involve the triplet state, intramolecular
energy transfer will render the site of initial photoexcitation less
important than the relative order of the base triplet energies and
the sequence of nucleic acid bases; that is, energy transfer will
continue along the strand until an energy minimum is reached.7,12

Such interpretations are hampered by the limited information
available on the triplet states of purines and pyrimidines and
triplet interactions between neighboring bases on a DNA
strand.8,9,14-20 Despite their obvious importance, neither the
absolute triplet energy values nor their relative order have been
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determined for physiologically relevant conditions. Literature
values21 are available only for blue-edge phosphorescence
measurements at 77 K in rigid media.
We have recently presented22 comprehensive absorption

spectra and an approximate energy level ordering of the triplet
states of guanosine (GMP), adenosine (AMP), uridine (UMP),
cytidine (CMP), and thymidine (TMP) monophosphates. The
latter was obtained using sensitized triplet energy bracketing
techniques. However, due to a lack of suitable high-energy
triplet state sensitizers, the specific order of triplet energies for
the mononucleotides could not be determined, other than that
TMP was clearly the lowest, as expected. In experiments
involving the purines GMP or AMP, reaction with acetone triplet
led not only to triplet energy transfer but also to formation of
the nucleotide radical cation which rapidly deprotonated at
physiological pH to form the neutral radical. This confirmed
that guanine is the most easily oxidized of the bases,4 under
comparable conditions, and highlighted the potential problems
of using ketone sensitization of DNA to infer triplet excited
state chemistry.23,24

Having observed both energy and electron transfer processes
in acetone sensitization of mononucleotides in our previous work
characterizing base triplet states, we have now turned our
attention to triplet state processes which occurbetweendifferent
bases. A full rationalization of the interactions between any
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.
Studies are described here in which the fate of triplet

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 changes
to those predicted in computer simulation programs. This is
made possible by accurate knowledge of the triplet state22 and
radical4,25,26 absorption spectra of the individual mononucle-
otides. The interaction between base triplets is shown here to
be completely dependent on the specific base pair involved, their
respective triplet energies, and oxidation potentials, and it leads
to general conclusions concerning the dependence of DNA
photochemistry on the base sequence and the generation of
specific photoproducts at particularly favorable sequences.

Experimental Section

Chemicals. Uridine 5′-monophosphate (UMP), thymidine 5′-
monophosphate (TMP), cytidine 5′-monophosphate (CMP), adenosine
5′-monophosphate (AMP), and guanosine 5′-monophosphate (GMP)
were obtained from Sigma Chemical Co. (St. Louis, MO) and used
without further purification. Acetone (Ac), acetophenone (AP), and

3-methoxyacetophenone (3MAP) were of the highest purity available
from Aldrich (Milwaukee, WI) and were used without further purifica-
tion.
Laser Flash Photolysis. The laser flash photolysis apparatus was

essentially as previously described.27,28 The excitation source for the
laser flash photolysis was a Lambda Physik EMG 103 MSC XeCl
excimer laser emitting 8 ns duration pulses at 308 nm. As acetone
was shown previously to be of sufficiently high triplet energy to
sensitize the triplet states of all the mononucleotides with rate constants
kAc ) 1.9( 0.7× 109 M-1 s-1, it was used for the same purpose in
these experiments. Acetone absorption was 0.68( 0.02 (i.e.∼1.0 M)
at the laser excitation wavelength (308 nm), where direct absorption
by mononucleotides is negligible. The laser energies were attenuated
to e18 mJ cm-2 pulse-1 through the use of neutral density filters and
the variation in laser energy from flash to flash was within(5%. Data
acquisition was controlled by a Macintosh Quadra 630 computer using
programs written using the LabView 3 software package in conjunction
with NB-GPIB and LAB-NB boards (National Instruments, TX).
Unless otherwise stated, experiments involved nitrogen saturated,
aqueous solutions of 4.0 mM total mononucleotide concentration. A
flow-through system was used to ensure irradiation of a fresh sample
of solution with each laser pulse. Based on measured kinetic
parameters, it was calculated that 4.0 mM nucleotide quenches 98.2%
of the acetone triplet states. Experiments were carried out in both un-
buffered and buffered (50 mM potassium phosphate/HCl; pH) 7.5)
aqueous solution; no significant difference was found between the two
systems.

Results

In the simplest possible triplet energy transfer experiments
(eq 1),selectiVeexcitation is used to form only3X*, which then

transfers energy to an acceptor Y. Such processes are routinely
monitored by transient absorption spectroscopy. The similarity
in ground state absorption spectra of nucleic acid bases29-31

and their inherently low quantum yields of triplet state formation
(ΦT) on direct excitation2,7-9 make such an approach impractical
for the study of two bases, X and Y. Acetone sensitization of
nucleotide triplet states (Scheme 1) has therefore been used to

facilitate the study of the transient absorption spectra and
associated decay kinetics for mixed pairs of mononucleotides.
In this case a step is added in which the triplet states of the
bases (3X* and 3Y*) are sensitized by the higher energy
sensitizer, acetone. Acetone has aΦT of unity32 and a high
(337 kJ mol-1) triplet energy,33 so that all of the individual
mononucleotides react with the acetone triplet state with high
rate constants (kAc ≈ 2.0× 109 M-1 s-1).22 This approach has

(16) Arce, R.; Rivera, J.J. Photochem. Photobiol., A: Chem. 1989, 49,
219-237.

(17) Zuo, Z.; Yao, S.; Luo, J.; Wang, W.; Zhang, J.; Lin, N.J.
Photochem. Photobiol. B: Biol. 1992, 15, 215-222.

(18) Li, H.-C.; Yao, S.-D.; Zuo, Z.-H.; Wang, W.-F.; Zhang, J.-S.; Lin,
N.-Y. J. Photochem. Photobiol. B: Biol. 1995, 28, 65-70.

(19) Görner, H.Photochem. Photobiol. 1990, 52 (5), 935-948.
(20) Görner, H.J. Photochem. Photobiol. B: Biol. 1990, 5, 359-377.
(21) Fisher, G. J.; Johns, H. E. InPhotochemistry and Photobiology of

Nucleic Acids; Vol. I, Chemistry; Wang, S. Y., Ed.; Academic Press: New
York, 1976; pp 225-294.

(22) Gut, I. G.; Wood, P. D.; Redmond, R. W.J. Am. Chem. Soc. 1996,
118, 2366-2373.

(23) Adam, W.; Saha-Moller, C. R.; Schonberger, A.; Berger, M.; Cadet,
J.Photochem. Photobiol. 1995, 62, 231-238.

(24) Epe, B.; Henzl, H.; Adam, W.; Saha-Mo¨ller, C. R.Nucleic Acids
Res. 1993, 21, (4), 863-869.

(25) Steenken, S.Chem. ReV. 1989, 89, 503-520.
(26) Steenken, S.Free Radical Commun. 1992, 16 (6), 349-379.

(27) Aveline, B.; Hasan, T.; Redmond, R. W.Photochem. Photobiol.
1994, 59, 328-335.

(28) Krieg, M.; Srichai, M. B.; Redmond, R. W.Biochim. Biophys. Acta
1993, 1151, 168-174.

(29) Daniels, M.; Hauswirth, W.Science1971, 171, 675-677.
(30) Vigny, P.C. R. Acad. Sci. Ser. D 1971, 272, 3206-3209.
(31) Vigny, P.; Duquesne, M.Photochem. Photobiol. 1974, 20, 15-25.
(32) Borkman, R. F.; Kearns, D. R.J. Am.Chem. Soc. 1966, 88, 34676-

3475.
(33) Murov, S. L.Handbook of photochemistry; Marcel Dekker Inc.:

New York, 1973.

X98
hν, isc 3X* 98

Y 3Y* + X (1)

Scheme 1

acetone
hν, 308 nm

isc
3acetone*

X,kAc(X)

Y,kAc(Y)

3X*

3Y*

Triplet State Interactions between Nucleic Acid Bases J. Am. Chem. Soc., Vol. 118, No. 18, 19964257



the advantage of generating nucleotide triplet states in suf-
ficiently high concentrations (typically in the region of 50µM
in these studies) to allow their observation by transient absorp-
tion spectroscopy. However, the values ofkAc(X) and kAc(Y)
do not permitselectiVe 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 systems.34-36 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-
quenching rate constants ((0.4-4.0)× 108 M-1 s-1)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

monitoring triplet energy transfer in these systems is by
consideration of the time-dependent transient absorption spectra
as described below.
Our previous work22 confirmed that the mononucleotide triplet

states are relatively close in energy at room temperature in
aqueous solutions. Rate constants for energy transfer between
two triplet states,3X* and 3Y* (eq 2), and hence the equilibrium
triplet state concentrations, depend only on the triplet energy
gap,∆ET, and are given by the Sandros equation (eq 3),37where
kmax is the optimum rate constant for the system.38 The values
of kf andkr differ because the energy transfer between X and Y
is either “uphill” or “downhill” in terms of energy and so∆ET
is either positive (uphill) or negative (downhill).

If ∆ET g 12 kJ mol-1, the equilibrium constant, K,g127 (from
eq 4) and back energy transfer is negligible. As the energy
gap decreases, so the contribution from back transfer (and hence
the equilibrium concentration of3X*) increases. When the
triplet states are isoenergetic,kr ) kf ) kmax/2. As the excited
state concentrations are much smaller than the ground states
([X] ) [Y] ) 2 mM; [3X*] and [3Y*] < 50µM), the equilibrium
constant,K (eq 2), for our system is determined by the ground
state concentrations and the relative triplet state energies (which
in turn determine the rate constants for energy transfer in each

direction,kf andkr). In our experiments with equimolar X and
Y, K will depend only on∆ET.
Triplet energies can be accurately determined by monitoring

the kinetics of either the approach to or the decay of triplet
energy transfer equilibria involving standard sensitizers.34-36

However, it proved impractical to use this kinetic approach to
determine the triplet energy levels for the mononucleotides due
to (a) spectral overlap and relative absorption coefficients of
the respective triplet-triplet absorptions which prevent dis-
crimination, (b) complications in analysis of the decay kinetics
associated with significant self-quenching, and (c) the suspected
involvement of electron transfer in the quenching process for
some combinations (Vide infra).
Rather than carry out kinetic analyses at a few wavelengths,

an alternative approach is to analyze the complete time
dependent transient absorption spectra of such systems in terms
of contributions from the individual components. The transient
absorption spectra of mononucleotide mixtures will comprise
the absorption characteristics of the two individual mononucle-
otide triplet states and any other transient species which are
formed. Its time evolution will be determined by kinetic
parameters of the processes which occur in the system as a
whole. For reasons outlined above, if only 1:1 mixtures are
employed, then the proportion of each triplet state present at
equilibrium will depend directly on∆ET. In order to carry out
this procedure, the triplet absorption spectra of the individual
mononucleotide triplet states were used as the reference data.
For comparison, these are reproduced in Figure 1, together with
the residual purine neutral radical absorptions.22

Transient Absorption Spectra. Transient absorption spectra
were obtained for all possible 1:1 combinations of the five
mononucleotides in deaerated, aqueous solution. The spectra
were obtained under identical experimental conditions39 as those
employed to obtain the individual mononucleotide spectra, thus
making all spectra directly comparable. The time-dependent
change in the transient absorption was the sum of two first-
order processes: a growth due to reaction of both bases with
acetone 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,
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× 109 M-1 s-1, typical of the rate constants determined under the present
conditions, corresponded tokmax for the present system.

(39) All solutions were optically matched at the excitation wavelength
and laser energies were kept constant throughout. The optical path was
identical for all of the experiments described. These practical considerations
and knowledge of the energy transfer rates together make it possible to
compare directly the 4 mM mononucleotide solutions used in this study.
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∆ET ) -RT ln K (4)

Figure 1. Corrected triplet-triplet absorption spectra of GMP (2),
AMP (O), CMP (4), TMP (b), and UMP (9). Insert: Transient
absorption spectra of GMP (b) and AMP (O) neutral radicals.
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formed by rapid deprotonation of the radical cation.40 The
neutral radical absorptions decayed slowlyVia second-order
kinetics over hundreds of microseconds. Decay of the radical
was negligible on the time scale of triplet decay.
In the transient absorption spectra of the GMP/AMP system,

maxima were observed which corresponded to the respective
mononucleotide triplet states (Figure 2). The absorptions at both
380 and 450 nm decayedVia exponential kinetics with the same
rate constant (kobs) 1.0× 106 s-1) at all wavelengths. This is
in contrast with the two isolated mononucleotides which have
self-quenching rate constants which differ by a factor of 5 and
hence significantly different decay rates at equal concentrations.
The triplets were efficiently quenched by oxygen and decayed
to leave a radical-like absorption, presumably comprising
contributions from both purines. No evidence was found of
additional electron transfer between these two nucleotides. Our
experimental evidence is consistent with rapid establishment
of a triplet energy transfer equilibrium for many of the 1:1
mixtures. The observed decay is thus that of the triplet
equilibrium. Simple observation of the absorptions of both
triplets is only possible with the GMP/AMP system since these
two are the only combination for which triplet absorption
maxima are well separated and the absorption coefficients are
of comparable magnitude.
While qualitative consideration of the spectral form revealed

obvious trends in some systems (e.g. in GMP/TMP energy
transfer was clearly in the direction of TMP), most combinations
could not be easily interpreted in such a way. For example,
the disparity in the values of the maximum absorption coef-
ficients of 3GMP* (13 200 M-1 cm-1) and3CMP* (850 M-1

cm-1) illustrates that although the shape of the absorption spectra
(with residual absorption subtracted) of the 1:1 combination
strongly resembled that of3GMP*, the presence of a significant
concentration of3CMP* at equilibrium could not be discounted.
This problem was accentuated by the fact that in the sensitization
experiments carried out in this study, the rate of energy transfer,
from the higher energy base to the lower, is expected to occur
with similar rates as the initial sensitization step, i.e. [X]) [Y]
andkAc(X) is comparable tokET(Y).
Confirmation of Triplet Energy Transfer between Bases.

To confirm that triplet energy transfer was indeed taking place,
the transient absorptions of each mononucleotide triplet (4 mM)

were compared to those of the combinations (2 mM each) of
two mononucleotides. In the absence of energy transfer, the
amplitude of the transient absorption of the combination will
depend only on the relative values ofkAc. A deviation from
this is good evidence for interbase energy transfer. Experiments
confirmed the occurrence of energy transfer (Figure 3). The
only combination which gave rise to essentially 100% of only
one triplet state in these experiments was TMP/CMP. In this
case, both the amplitude of absorption and the time-dependent
decay profile were essentially identical to those of TMP alone.
The conclusion is that for this pair, reverse energy transfer is
negligible. This suggests an energy gap of∼12 kJ mol-1 or
more between CMP and TMP which is entirely consistent with
the phosphorescence data.21

In theory, this type of experiment provides a way of
determining the energy gaps between the triplet states since the
absorption amplitude reflects the equilibrium concentrations of
the two triplet states. Involvement of competing processes other
than triplet energy transfer makes the analysis more complex.
For example, at 380 nm the amplitude of the absorption of GMP/
CMP shows that net energy transfer occurs in the direction of
GMP (Figure 3). However, other experiments (Vide infra)
indicated that the reaction of3GMP* with CMP (and also with
UMP) also involves electron transfer. Clearly, a much more
accurate consideration of the systems was necessary, one which
comprisedall relevant processes and which took into account
not only the shape of the absorption spectra but also the
amplitude and time dependence. Therefore a computer model-
ing program was written, based on our knowledge of the
reactions involved. The program uses values determined for
the relevant kinetic parameters to obtain accurate information
about∆ET.
Modeling of Acetone Sensitization of Mixed Mononucle-

otide Systems.Our study of acetone-sensitized mononucleotide
triplet states has enabled us to describe fully the reactions
occurring in the 1:1 mononucleotide systems (Scheme 3). In
this scheme,kAc is the rate constant for reaction with acetone
triplet, kd is that for natural decay, andksq corresponds to self-
quenching. 3XMP* is higher in energy than3YMP* and so
triplet energy transfer between the two is accordingly “forward”
(kf) and “reverse” (kr). A computer program was written to
model this series of reactions using an appropriate series of
differential equations (eqs 5-9).

(40) The pKa values for G•+ and A•+ are given by Steenken (refs 25 and
26) as 3.9 ande1.0, respectively, significantly below our typical pH
conditions (7.0-8.0).

Figure 2. Transient absorption spectra (with residual radical absorption
subtracted) obtained following 308-nm excitation of a deaerated aqueous
solution of acetone (OD) 0.68) containing GMP and AMP (2 mM
each) at delays of 1.4 (b), 2.8 (O), and 4.6µs (2) following the laser
pulse.

Figure 3. Transient decay profiles at 380 nm obtained following 308-
nm excitation of a deaerated, aqueous solution of acetone (OD) 0.68)
containing GMP alone (2 mM;b), CMP alone (2 mM;O), and GMP
and CMP (2 mM each;4). A theoretical combination of the two
individual mononucleotide absorptions in the ratio of the respective
values ofkAc22 (i.e. the anticipated absorption of the 1:1 mixture in the
absence of energy transfer between the bases) is shown for comparison
(2).

Triplet State Interactions between Nucleic Acid Bases J. Am. Chem. Soc., Vol. 118, No. 18, 19964259



We have previously determined the quantum yields of purine
radical cation formationVia reaction with acetone triplet,φrad,
as 0.31 for GMP and 0.09 for AMP.22 To account for radical
formation in the model, it was assumed that the quantum yield
of triplet formation,φT, is equal to 1- φrad. Appropriate terms
were included in the differential equations for [3XMP*] and
[3YMP*] (eqs 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
interest and so this process is not included in the model. The
self-quenching reaction of the bases does not give rise to any
additional absorption.
Rate constants,kAc andksq, were previously determined for

all mononucleotides22 and these values were used for the model.
The observed decays (i.e. (kd + ksq[XMP])) of the isolated
mononucleotide triplet states were measured and the values were
used in the model. The program also requires values to be input
for mononucleotide ground state concentrations (usually 2 mM),
decay rate of3acetone* (measured as 1.4× 105 s-1), and an
estimation of the energy gap between the two triplet states,∆ET.
Despite its apparent complexity, the only unknown parameters

in Scheme 3 arekf andkr. If 1:1 mixtures of mononucleotide
are used, these depend only on∆ET and can be calculated for
a range of hypothetical energy gaps using the Sandros equation37

(eq 3) as described above. Therefore, the only variable in the
model of Scheme 3 is∆ET.
TheobserVed transient absorption in mixed mononucleotide

systems is simply the sum of the individual transient absorption

contributions. Starting with a known value for the acetone
triplet concentration, and all others set to zero, the equations
determine thechangesin 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).

This process was repeated for various∆ET values to produce a
series of∆ET-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 gaps (0-10
kJ mol-1, 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 mol-1 (3 kcal mol-1), 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 comparableε values, 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 mol-1 can
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 rapid25,26 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-
dependent changes therein. For all five mononucleotides,
agreement between predicted and experimental spectra was
excellent as shown by3GMP* and 3TMP* in Figure 4.41 It
should be emphasized that the experimental spectra were
obtained independently of the measurements of triplet absorption
coefficients andΦrad values used in the model. Therefore, the
excellent 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
was compared to a range of model spectra obtained by variation

(41) 3GMP* was used to normalize the acetone triplet state concentration
for the correlations. The value of [3Ac*] used in the model was varied
until the amplitudes of the theoretical3GMP* absorption spectra matched
experimental amplitudes (varying [3Ac*] did not affect theshapeof the
spectra). This value of [3Ac*] (47 µM) 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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of ∆ET in the model. The individual base pairings fell into
two distinct groups: those which could be modeled accurately
by considering only triplet energy transfer between bases, and
those for which a good correlation could not be obtained using
this model.
(a) Group I: GMP/TMP; GMP/AMP; AMP/TMP; CMP/

TMP; CMP/UMP. For these combinations, good correlations
were achieved for energy transfer alone, allowing∆ET to be
determined, as described. Due to the logarithmic relationship
between the energy gap and the equilibrium constant (eq 4)
small energy gaps can be more accurately ((1 kJ) determined;
in all cases it was clear that a small deviation from the correct
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 I energy gaps are shown Figure 6.
(b) Group II: CMP/GMP; CMP/AMP; UMP/GMP; UMP/

AMP. The best spectral correlations which could be obtained
for these combinations all displayed the same trend in their
mismatch with the experimental data: the experimental spectra
exhibited more purine radical absorption (<350 nm) and less
purine triplet absorption (>350 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,
interbase reactions also resulted in radical formation, a process
not accounted for in the computer model (Scheme 3).
Confirmation of Electron Transfer from Purine to Pyrim-

idine. All five mononucleotides quench acetone triplet with a
similar rate constant. For the purines, some of this quenching
involves electron transfer. Experiments were carried out in
which solutions of a single mononucleotide (4.0 mM) were
compared to pairs of mononucleotides (2.0 mM each, i.e. 4 mM
total), in terms of the absorption amplitude produced. For
purines, in the absence of additional radical formation steps,
the amplitude of radical absorption in a 1:1 mixture should
depend on the relative values ofkAc. This was found to be the
case for the GMP/AMP (Figure 7a) and GMP/TMP systems.
However, for a 1:1 mixture of GMP and UMP, the residual

absorption amplitude was approximately double that seen for
4.0 mM GMP alone (3UMP* has negligible absorption at the
monitoring wavelength; Figure 7b). The enhanced residual
absorption results from a triplet state mediated electron transfer
reaction between GMP and UMP.

Figure 4. (a) Transient absorption spectra obtained following 308-
nm excitation of a deaerated, aqueous solution of acetone (OD) 0.68)
containing GMP (2 mM) at delays of 1.6 (b), 2.8 (O), 4.6 (2), and
15.6 µs (4) following the laser pulse, and (b) the corresponding
theoretical spectra obtainedVia computer simulation of acetone triplet
sensitization of GMP (2 mM) at the same time delays. (c) Transient
absorption spectra obtained following 308-nm excitation of a deaerated,
aqueous solution of acetone (OD) 0.68) containing TMP (2 mM) at
delays of 1.4 (b), 2.8 (O), 4.6 (2), and 15.6µs (4) following the laser
pulse, and (d) the corresponding theoretical spectra obtainedVia
computer simulation of acetone triplet sensitization of TMP (2 mM) at
the same time delays.

Figure 5. (a) Transient absorption spectra obtained following 308-
nm excitation of a deaerated, aqueous solution of acetone (OD) 0.68)
containing GMP and TMP (2 mM each) at delays of 1.6 (b), 5.2 (O),
9.0 (2), and 15.6µs (4) following the laser pulse. These are compared
to theoretical spectra for the same time delays which correspond to
triplet energy gaps of (b) 6, (c) 4, and (d) 11 kJ mol-1. The latter
represents the value previously determined at low temperature.21

Figure 6. Relative triplet energy diagram showing the triplet energy
gaps deduced in this study for Group I (i.e. interbase triplet energy
transfer only) and Group II (i.e. interbase triplet energy and electron
transfer) combinations of mononucleotides.

Figure 7. Transient decay profiles at 380 nm obtained following 308-
nm excitation of a deaerated aqueous solution of acetone (OD) 0.68)
containing (a) GMP (4 mM;b), AMP (4 mM;O), and GMP and AMP
(2 mM each;2) and (b) GMP (4 mM;b), UMP (4 mM;O), and GMP
and UMP (2 mM each;2). A theoretical combination of the two
mononucleotide absorptions in the ratio of the respective values ofkAc22

is shown for both cases (4).
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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 mixture (3CMP* 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 the
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 Steenkenet al.4

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 purine-pyrimidine 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 interest (λ >
320 nm)4,42and 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 II combinations, the purine triplet
state is lower in energy and corresponds to3YMP* in Scheme
3. Additional terms were added to the differential equations to
account for depletion of3YMP* and formation of purine radical
cationVia this route; eqs 7 and 9 in the model were replaced
with eqs 12 and 13.

For these systems, in addition to an estimation of∆ET, the model
requires the rate constant for interbase electron transfer,ki. For
the purpose of the model it was assumed that the latter process
involves the purine triplet, since it is the absorption of this
species which is quenched and the process was not significant
for combinations containing TMP where3TMP* formation is
highly favored, e.g. GMP and TMP.
By varying∆ET andki for each nucleotide combination, it

was possible to obtain good correlations in all cases (the energy
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 mol-1 (in good agreement with the phosphorescence
value) and a rate constant for electron transfer of∼3.5× 108

M-1 s-1. Changing either of these significantly had the result
that either the radical or the triplet absorption was inaccurate
compared to experiment.

The involvement of two independent variables,∆ET andki,
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 of∆ET and ki 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 of the∆ET
value. This check was also carried out successfully for the
Group I combination, GMP and AMP.
Determination of Absolute Triplet Energies. Having

established the values of∆ET 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 experiments,6 TMP
triplet energy was estimated to be between 300 and 310 kJ
mol-1. Careful quenching experiments confirmed that ac-
etophenone (AP;ET ) 310 kJ mol-1)43 transferred triplet energy
to TMP with a rate constant of 2.0× 109 M-1 s-1. In contrast,
TMP did not quench the triplet state of 3-methoxyacetophenone
(3MAP; ET ) 303 kJ mol-1)43 at concentrations of TMP up to
10.0 mM. The natural decay of the 3MAP triplet state was 1.2
× 105 s-1. A factor of 2 increase in this decay in the presence
of TMP would be easily detectable and so the rate constant for
quenching of 3MAP triplet by TMP must be less than 1.2×
107 M-1 s-1.
The triplet energy of3TMP* must be low enough to allow

significant energy transfer from AP triplet, but high enough to
prevent significant energy transfer from 3MAP triplet. Con-
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-1 above that of 3MAP. Therefore, the
triplet energy of TMP is estimated as 310 kJ mol-1. 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, L. P.J. Am.
Chem. Soc. 1992, 114, 4701-4709.

(43) Carmichael, I.; Hug, G. L. InHandbook of Organic Photochemistry;
Scaianao, J. C., Ed.; CRC Press: Boca Raton, 1989; Vol. I, pp 369-404.

3Pur*+ Pyrf Pur•+ + Pyr•- (11)

d[3YMP*]
dt

) kAc(Y)[YMP][
3acetone*](1- Φrad(Y)) -

kd(Y)[
3YMP*] - ksq(Y)[

3YMP*][YMP] +

kf[
3XMP*][YMP] - (kr + ki)[
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d[Yrad]
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ki[
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Figure 8. (a) Transient absorption spectra obtained following 308-
nm excitation of a deaerated, aqueous solution of acetone (OD) 0.68)
containing GMP and UMP (2 mM each) at delays of 2.4 (b), 3.8 (O),
and 15.6µs (2) following the laser pulse. The spectra are compared
to theoretical spectra for the same time delays which correspond to
∆ET/ki combinations of (b) 2 kJ mol-1/3.5 × 108 M-1 s-1, (c) 0 kJ
mol-1/3.5× 108 M-1 s-1, and (d) 3 kJ mol-1/no electron transfer. The
latter represents the value previously determined at low temperature.21
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estimated to be 321, 320, 317, 314, and 310 kJ mol-1,
respectively.

Discussion

Consideration of the spectral as well as the kinetic and
thermodynamic parameters determined in this study allows some
important conclusions to be drawn concerning the dissipation
of triplet energy and the relative triplet energies of the nucleic
acid bases in solution at room temperature. The observed
behavior depends strongly on the nature of the base pair. Triplet
energy transfer contributes in all pairs until a triplet energy
equilibrium is rapidly attained. The only combination with a
triplet energy gap sufficient for∼100% efficient net triplet
energy transfer was CMP/TMP, which supports the conclusion
that CMP triplet energy is>10 kJ mol-1 above that of TMP.
In contrast, the gaps between CMP, UMP, GMP, and AMP and
those between GMP or AMP with TMP are smaller since in all
those cases, spectral changes are observed which are consistent
with significant back energy transfer. The energy gaps which
have been determined are generally smaller than those obtained
at low temperature,21 although the ordering is the same. The
values obtained are supported by the excellent cross-correlation
of the various mononucleotide combinations (Figure 6). Our
results indicate that there is only a total triplet energy range of
∼11 kJ mol-1 over all five bases (compared to a range of 19
kJ mol-1 in the literature). The low-temperature data puts the
thymine triplet 11 kJ mol-1 below 3GMP*. This corresponds
to an equilibrium with a 85:1 ratio in favor of3TMP*. As
described earlier, the relationship between energy gap and
transient absorption spectrum is such that it is easy to distin-
guish, for example, a gap of 11 kJ mol-1 for GMP/TMP from
the gap of 6 kJ mol-1 which was determined (Figure 5). Our
result corresponds (eq 4) to an equilibrium ratio of 7.5:1. In
other words, at room temperature, thymine is not such an
effective triplet energy sink as would be expected from the low-
temperature energy gaps. If this is extrapolated to DNA, then
it permits a more significant contribution from chemistry
originating at other triplet states, such as electron transfer.
Triplet state mediated electron transfer from3purine* to

pyrimidine has been shown to contribute to triplet energy
dissipation between appropriate base pairs. It has been proposed
that formation of radical cations in DNA promotes strand
breaks.3,6,44 The current work suggests a mechanism, other than
photoionization, by which such radicals can be formed and this
route may well contribute to the formation of strand breaks in
studies of triplet sensitization of DNA. It is not certain that
this triplet mediated electron transfer is theonly route by which
additional purine radical cation is formed; Steenken has
described the complexities of purine-pyrimidine radical reactiv-
ity in pulse radiolysis and photoionization experiments.4,25,26,42

However, the evidence leads us to conclude that in these
sensitized systems, interbase electron transfer is the predominant
route for enhanced purine radical formation. The pair for which
this mechanism is most favorable is GMP/UMP. This is
consistent with the order of one-electron potential redox
potentials obtained by Jovanovic and Simic.45 However, these
values were measured at pH) 13. The current study has been

carried out at pH) 7-8 and Steenken42 concluded that C, T,
and U have very similar reduction potentials (∼1.1 V versus
NHE) at pH) 8.
It is difficult to determine experimentally which base triplet

state, purine or pyrimidine, is responsible for inducing the
electron transfer. Analogy with the3acetone*/purine reaction
suggests that it could be the pyrimidine triplet which abstracts
an electron from the purine. However, this being the case,
significant electron transfer to3thymine* would be expected in
the purine/thymine combinations. The fact that this was not
observed leads us to conclude that electron transfer occurs
between purine triplet and ground state pyrimidine although
involvement of the pyrimidine triplet cannot be ruled out.
Despite the uncertainty as to which triplet state is involved, the
model remains accurate for one important reason. With the
exception of thymine, the triplet energies are close enough to
permit establishment of triplet energy transfer equilibria, and
regardless of which triplet state is removedVia electron transfer,
in reality it is theequilibriumwhich is quenched. Removal of
either triplet stateVia this route simply results in compensation
from the other base. If the model is modified to include
interbase electron transfer initiated by thepyrimidinetriplet state
rather than purine triplet state, then the triplet concentration in
eq 13 changes and a corresponding correction toki is required.
The energy gap remains constant in the correlation.
The current work and the conclusions derived from it apply

to solution chemistry of DNA models. The situation in DNA
will be affected by the conformational and structural restrictions.
However, the important relationship suggested here between
pyrimidines and purines should be relevant. Triplet energy will
be dissipatedVia a combination of energy transfer between
nucleotides (which is possible in any direction between G, A,
and C) and electron transfer (from purine to pyrimidine).

Conclusions

Several important insights have been gained into the dissipa-
tion of triplet energy in any pair of nucleic acid bases. Electron
transfer from purine to pyrimidine has been shown to be
significant. The order of the triplet energies of the bases which
was obtained at low temperature5 has been confirmed for the
first time under more physiologically relevant conditions and
the energy gaps have been determined. Our results show that
these gaps are smaller than those measured at low temperature
and this has important chemical consequences,Viz. the estab-
lishment of triplet energy transfer equilibria. Experiments are
in progress involving a range of dinucleotides, i.e. compounds
containing the bases together in pairs covalently bonded through
a phosphate linkage. This work aims to determine whether the
results and conclusions described herein for simple systems can
be extrapolated to more biologically relevant molecules.
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