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ACTIVATION BARRIERS IN PHOTOSENSITIZED PYRIMIDINE

DIMER SPLITTING

SANG-TAE KIM AND SETH D. ROSE*
Department of Chemistry, Arizona State University, Tempe, AZ 85287-1604, USA

Pyrimidine dimers, which form by a symmetry allowed (x2+ x2) photocycloaddition reaction, are subject to
photosensitized cycloreversion by electron donors, such as indoles. In a linked dimer—indole system, photoinitiated
electron transfer occurs intramolecularly from indole to dimer to produce a charge-separated species (dimer -
indole*’). This species undergoes cycloreversion in competition with back electron transfer. Studies of the
temperature dependence and solvent dependence of this competition have allowed the relative values of the activation
parameters for the competing processes to be determined. In water (5-65 °C) the free energy of activation of splitting
minus that of back electron transfer (AAG * = AGY, — AGi.) was found to be 1-3 kcalmol™'. The enthalpy of
activation difference (AAH *) was found (o be 1-1 kcalmol™' and the entropy of activation difference (AAS *) was
found to be —0-51 calmol ' K~'. In EPA (diethyl ether—isopentane—ethanol, 5:5:2; —85 to 25 °C) the value of
AAG™ remained the same, but the entropy and enthalpy contributions were different (AAH* =0-72 kcal mol ™ ';
AAS* = —1:8 calmol~'K™!). The results have been interpreted in terms of the effect of the polarity of the solvent
on the transition states for the two competing processes. Enthalpy effects retard splitting more in water than in EPA,
whereas entropy effects favor back electron transfer more in EPA than in water. Potential implications of these results

for the mechanism of enzymatic photocycloreversion of pyrimidine dimers in DNA are considered.

INTRODUCTION

Pyrimidine dimers form in DNA exposed to the ultra-
violet component of solar radiation in a symmetry
allowed (7%+ 72) photocycloaddition reaction.! The
dimers are deleterious in vivo® and are substrates for
several classes of repair enzymes. Members of one such
class of enzymes, the photolyases, catalyze cyclo-
reversion of the dimer to two pyrimidine nucleotides.?
The photolyases effect cycloreversion by utilization of
near-UV and visible light,** a remarkable phenomenon
that has evoked much interest in the mechanism of the
cycloreversion. It is believed that the photolyases
achieve dimer cycloreversion by photoinitiated electron
transfer from an enzyme-bound sensitizer to the
dimer 1°+3%3¢3¢ 15 produce the dimer radical anion, the
species that actually splits. ®

Numerous ions and molecules have been found to
sensitize pyrimidine dimer splitting in solution.” To
model more closely the natural systems, in which elec-
tron transfer from the enzyme-bound sensitizer to the
enzyme-bound dimer is essentially intramolecular, we
have prepared compounds in which dimers are cova-
lently linked to chromophores capable of photoinitiated
electron transfer.%® In 1, for example, a dimer is linked
to 5-methoxyindole, which absorbs light and transfers an

* Author for correspondence.

0894-3230/90/090581—-06%05.00
© 1990 by John Wiley & Sons, Ltd.

electron to the dimer. The resulting dimer radical anion
in the charge-separated species (dimer ™ "—indole™ ") can
then undergo cycloreversion, which ultimately yields 2.
Alternatively, the dimer radical anion can transfer an
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electron to the covalently linked indole radical cation.
In dimer—indoles such as 1, however, back electron
transfer limits the guantum yield of intramolecularly
photosensitized splitting (® =0-1).°

In a previous study,®® we found that the dimer
radical anion in the charge-separated species faced
thermal barriers to splitting that were insurmountable
at 77 K. To examine the competition between back elec-
tron transfer and dimer radical anion splitting, we have
measured splitting efficiency of 1 in EPA and in water
over a wide range of temperatures. The results have
allowed the activation enthalpies and entropies for back
electron transfer and splitting in two solvents to be
compared. From the activation parameters, a semi-
quantitative energy diagram depicting the alternative
fates of dimer radical anions in the charge-separated
species has been constructed. These studies revealed
features of the transition states for splitting and back
electron transfer and have potential implications for the
enzyme-catalyzed cycloreversion reaction.

EXPERIMENTAL

General. The synthesis of the linked dimer—indole
used in this study (1) has been reported.®® EPA
consisted of diethyl ether—isopentane—ethanol (5:5:2,

viv).

Quantum yield measurements. Splitting quantum
yields were measured as follows. For 1 dissolved in
water, photolysis was carried out with an Oriel deep UV
source consisting of a Model 68811 power supply,
500-W Hg—Xe short arc lamp and fused silica, four-
element condenser. The beam was focused onto the
entrance slit of a Jarrel-Ash 0-25-m monochromator
equipped with a ruled grating (2360 grooves mm™')
blazed at 300nm. The light beam leaving the
monochromator was focused on a quartz cuvet
containing a stirred solution of 1. In the photolysis
carried out at 25 °C, the beam was split with a quartz
plate to allow simultaneous irradiation of 1 and a
ferrioxalate actinometer solution. The solutions were
irradiated at 304 nm (1+6 nm bandwidth). The extent of
dimer splitting was determined from the increase in
absorbance of the solution at 276 nm.®* To obtain
quantum yields of dimer splitting at 5, 45 and 65 °C,
the absorbance at 276 nm was monitored at intervals of
30s of irradiation and the data were plotted as
In(A — Ax)/(Ap — Aw) versus time. Comparison of the
slopes to the slope from a photolysis that was carried
out at 25 °C allowed quantum yields at the three other
temperatures to be evaluated.

For 1 dissolved in EPA, the light source was a 500-W
high-pressure Xe arc lamp with a Princeton Applied
Research Model 301 power supply. The light beam was
focused onto the entrance slit of a Jobin-Yvon Model
M-25 holographic grating monochromator. Photolyses

at 300 nm (15 nm bandwidth) were carried out for
45 min at 25, —10, ~70 and —85°C. Samples of 1
dissolved in EPA (A300 = 0-228) were placed in a quartz
tube (3 mm i.d.), which in turn was placed in a quartz
Dewar vessel containing a bath equilibrated at the
desired temperature. The baths used were ethylene
glycol-CO; (- 10 °C), isopropanol-CO; (- 70 °C) and
diethyl ether—CO; (-85 °C). The shape of the Dewar
vessel prevented solid CO, from obstructing the light
beam. The irradiation was periodically interrupted to
allow agitation of the bath to maintain a uniform
temperature. Temperatures were measured with a
Weksler thermometer (range — 100 to 50 °C) that was
checked against a calibrated thermocouple. The
thermometer was inserted into the space to be occupied
by the quartz tube when the irradiation was performed.

A solution of 1 in EPA at 25 °C was also irradiated
at 304 nm with the Hg—Xe deep UV source, which
allowed the quantum yield of splitting to be determined
by comparison to the value obtained for 1 in water at
the same temperature. The quantum vyields for the
irradiation of 1in EPA at various temperatures with the
Xe source were then calculated from the value
determined for 1 in EPA at 25°C with the Hg—Xe
source.

Fluorescence emission measurements. Fluorescence
emission measurements were carried out on 1 and
5-methoxytryptophol with instruments described
previously®® and vyielded intensities F and Fo,
respectively. For 1 dissolved in EPA, the excitation
wavelength was 300 nm. For 1 dissolved in water, the
fluorescence intensity was monitored with excitation at
304 nm.

RESULTS

Splitting quantum yields and fluorescence intensity

Dimer splitting by 1 during steady-state irradiation at
304 nm followed first-order kinetics, as evidenced by
the linearity of the semi-logarithmic plot shown in
Figure 1. This ensured that under these conditions only
intramolecular photosensitization was occurring. In a
typical experiment (25°C, water) the absorbance at
276 nm increased from Ao =0-118 to As =0-391. The
values of &, in water and in EPA at various
temperatures are given in Table 1. The measured
fluorescence intensity ratios for 1 and S5-methoxy-
tryptophol are also given in Table 1.

Evaluation of activation parameters

[rradiation of 1 in water and in EPA at different
temperatures allowed activation parameters to be
assessed as follows. It is assumed that the dimer radicat
anion has two reactions open to it, back electron
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Figure 1. Kinetics of the cycloreversion of 1 to 2

Table 1. Splitting quantum yields ($g,) for 1

and fluorescence intensity ratios (FJ Fp) for 1 (F)

relative to 5-methoxytryptophol (Fo) as a func-
tion of solvent and temperature

F/ Fo q>spl

T(CC) Water EPA  Water EPA

65 0-02 0-13
45 0-04 0-11
25 0-03 0-12 0-10 0-094
5 0-03 0-090
~10 0-17 0-078
-70 0-53 0-031
-85 0-54 0-025

transfer and splitting. The partitioning of dimer radical
anion between these paths depends on their activation
barriers. Based on transition-state theory,® the rate
constants for splitting (ksp1) and back electron transfer
(kver) are related to their respective free energies of
activation by

kspl/kbet:exp[_(AG:pl"AG:;et)/RT] (1)

The rate constants are related to the observed
quantum yield of dimer splitting and the quantum
efficiency of formation of the precursor charge-
separated species ¢css by

ks 1
P, 1= = ¢ ¢css (2)
P kbet + kspl
which can be rearranged to
kspl — q>spl (3)

kbet ¢css - q>spl
If it is assumed that attachment of dimer to indole
simply provides a new decay path (electron transfer %)
for the indole in its excited singlet state, then the

quantum yield of formation of the charge-separated
species (¢css) is related to the observed fluorescence of
1 (F) relative to that of a corresponding indole without
attached dimer (Fp) by*

d)css:l“(F/FO) (4)

Combination of equations (3) and (4) with equation (1)
and conversion to logarithmic form gives

&
In [r_*m] = ~(AGH - AGE)RT  (5)
sp
Finally, substitution of AH* — TAS* for AG* and
rearrangement gives

In q)spl - _ (AH?pl - AHtet)
1 —(F|Fy) — ®sp1 RT
* *
+ (AS spl AS be() (6)

R

Hence the activation parameters for the competing
pathways can be evaluated from measurements of
splitting quantum yield and fluorescence intensity at
various temperatures by plotting the left side of
equation (6) versus 1/7. Data obtained from 1 in water
and in EPA over the temperature ranges 5—65 “C and
—85 to 25 °C, respectively, are plotted in this way in
Figure 2. Also shown are the linear least-squares lines
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Figure 2. Temperature dependence of cycloreversion of 110 2
in water (©) and EPA (o)

* This equation is derived from the following: Fy=ky
(kf+ ka ), F= kfl (kf + kq + ke]) and ¢ = ke‘/(kr+ kg + /('ﬂ),
where the subscript f signifies fluorescence, d non-radiative
decay (other than by electron transfer) and et electron
transfer. The derivation also requiress the use of
FIFy = [tk + ka + ket) — ke[ (ke + ka + ko).
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Table 2. Activation parameters for photolysis of 1 in water

and EPA
AAG*® at 298 K ALH* AAS*
Solvent (kcal mol™ ") (kcal mol™') (calmol™'K™")
Water 13401 111 £0-1 05 +0-25
EPA 1-3+0-1 0-72 +0-03 1-8 +0-1

YAAG* =AGY¥ - AG¥. The activation enthalpy and activation
entropy differences are defined analogously.

through the data (for water, r=0-996; for EPA,
r=0:998). The activation enthalpy differences
(AAH ™) were obtained from the slopes, and the acti-
vation entropy differences (AAS ¥ ) were obtained from
the intercepts. From these values the activation free
energy differences (AAG™*) for 1 in both water and
EPA at 25 °C were calculated. The values of these acti-
vation parameters are given in Table 2.

DISCUSSION

In the linked dimer-—sensitizer system 1, absorption of
light by the indole results in efficient electron transfer to
the covalently linked pyrimidine dimer. The pyrimidine
dimer radical anion thereby formed undergoes either
cycloreversion or back electron transfer. This
mechanism is schematically represented by

D-] —Y 5 D-I*>
1
Koot
Sy D]
D -I*

Py-Py -1 = Py—-Py-I
2

The fact that the quantum yield of splitting is low
(e.g. ®=0-10 in water at room temperature) implies
that back electron transfer is the faster process. From
the activation enthalpy and entropy data (Table 2 and
Fig. 2), the free energy of activation for splitting in
water or EPA at 25 °C was found to be 1-3 kcalmol !
higher than the free energy of activation for back elec-
tron transfer. A semi-quantitative energy diagram

Kpt
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Figure 3. Semi-quantitative energy diagram for the two paths available to the charge-separated species’ (D™ '—

1), back electron

transfer (kve) and splitting (k1)
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depicting these mechanistic alternatives is shown in
Fig. 3. The charge-separated species (D~ '—1""), gener-
ated by photoinitiated electron transfer from indole to
dimer, is located centrally on the abscissa. This species
faces two energy barriers, one for back electron
transfer, which regenerates D—I, and one for splitting,
which produces a pyrimidine and a pyrimidine radical
anion (Py—Py ™ '—1"").

Although the free energy differences for splitting and
back electron transfer are the same (within
experimental error) in the two solvents at 25 °C, the
enthalpy and entropy contributions to the free-energy
barriers are not the same for the two solvents. In
water, almost all of the free energy of activation
difference arises from the enthalpy component (1:1
out of 1-3 kcalmol™!). The enthalpic and entropic
contributions to AAG* in EPA, however, are more
nearly equal (AAH™* accounts for 0-72 out of
1-3 kcalmol™!).

Since splitting produces a pyrimidine radical anion in
which charge is more delocalized than in the dimer
radical anion, loss of solvation occurs at the transition
state for splitting. '° This manifests itself in the enthalpy
component of the free energy barrier. The magnitude of
AAH™ is smaller in EPA than water, presumably
because of the lower polarity of the solvent mixture
EPA (even if the most polar component, ethanol, pref-
erentially solvates the charge-separated species).'? We
have previously found that electron delocalization in
the dimer radical anion itself is significant, and this
must mitigate the overall increase in charge delocaliza-
tion that results from splitting.

During splitting, both bond breaking and desolvation
may occur on the same time scale. Back electron
transfer, on the other hand, does not consist simply of
charge annihilation and consequent desolvation at the
transition state. Indeed, if this were the case, back elec-
tron transfer would experience a greater loss of solva-
tion than splitting does, and AAH * would probably be
negative.

Electron-transfer theories formulate an essential
reorganization of solvent and reactants that must occur
prior to electron transfer.!! Such reorganization
arranges solvent and reactant nuclei in such a way that
the energy of the system at the instant of actual electron
transfer is the same whether the electron is on the donor
or on the acceptor. The reorganization of solvent con-
tributes to the free-energy barrier, and it has enthalpic
and entropic components. In the case of 1 in water, the
enthalpic component of the solvent reorganization
energy is apparently 1-1kcalmol™' less than the
enthalpy change due to partial loss of solvation during
splitting.

Entropic effects on splitting and back electron
transfer nearly cancel each other in water
(— TAAS* =0-2 kcalmol~! at 298 K), but are slightly
larger in EPA (— TAAS™* =0-5 kcalmol ™' at 298 K).

This may be a consequence of a higher ordering
required of the less polar solvent mixture (EPA) prior
to the actual electron transfer step.*

These results have potential implications for the
enzyme-catalyzed cycloreversion of dimers in DNA by
the photolyases, a highly efficient process (& = 1)52:»12
that is temperature dependent.*®# We®¢ and others*>*
have suggested that the photolyases prevent back elec-
tron transfer and/or reduce the energy barrier faced by
splitting. % Although specific catalytic steps (i.e.
transfer of the charge away from the primary donor)
might effectively accomplish these results, the degree of
polarity of the active site may also influence splitting
efficiency.

The chromophore pocket of at least one photolyase
is thought to be hydrophobic.>* Based on the results
obtained for 1 in EPA, less polar environments are
expected to favor splitting relative to back electron
transfer via a reduced enthalpy contribution to the split-
ting barrier, but to retard splitting due to promotion of
back electron transfer, as a consequence of entropy
effects.t Whether hydrophobic active sites are tailored
to reduce the enthalpy contribution to the barrier faced
by splitting andfor to counteract the unfavorable
entropy effects associated with splitting relative to back
electron transfer must await further investigation of the
natural systems.

ACKNOWLEDGEMENTS

Grateful acknowledgement is made to the donors of
the Petroleum Research Fund, administered by the
American Chemical Society, for support of this

* These inferences must be drawn with caution, however,
because electron transfer may be non-adiabatic.!* For an
adiabatic process the transmission coefficient [which is » in
the transition-state formulation of k= (xksolzmann 7/H)
exp(—AG™*[RT)] is typically taken to be unity, but for a
non-adiabatic process x can be small. As a consequence, the
evaluation of AAS* from the intercept of the plot shown in
Figure 2 will be inaccurate because x.p is different from xper.
In that case xsp and xpe: Will not cancel when the ratio shown
in equation (1) is taken.

T An implicit assumption being made here is that the progres-
sion of polarity from water to EPA is accompanied by a trade-
off between enthalpy and entropy effects, i.e. as one decreases
the other increases, with AAG™® remaining approximately
constant. Extrapolation to what might be a very non-polar
active site is hazardous and is discussed here only as a plausible
implication of the results found for 1. In a natural system the
opposing enthalpy and entropy effects might not, of course, be
of comparable magnitude, as was found for 1 in EPA
(AAH* =0-72 kcalmol™'; — TAAS* =0-54 kcal mol™' at
298 K). Further, the relative magnitude of the opposing effects
for a given active site with a specific polarity might be such as
to cause a preponderance of splitting over back electron
transfer. In other words, AAG* might be considerably less
than the value found for water and EPA.



586 S.-T. KIM AND S. D. ROSE

research. We also thank the Del E. Webb Foundation (1987); (f) G. Payne, P. F. Heelis, B. R. Rohrs and A.
for a grant for the photolysis equipment and Professor Sancar, Biochemistry 26, 7121-7127 (1987).
Devens Gust for helpful discussions. 6. R. F. Hartman, J. R. Van Camp and S. D. Rose, J. Org.

REFERENCES

. (a) S. K. Srivastava and P. C. Mishra, Int. J. Quantum
Chem. 16, 1051-1068 (1979); (b) J. C. Sutherland,
Photochem. Photobiol. 25, 435-440 (1977).

. W. Harm, Biological Effects of Ultraviolet Radiation.
Cambridge University Press, Cambridge (1980).

. A. Sancar and G. B. Sancar, Annu. Rev. Biochem. 57,
29-67 (1988); G. B. Sancar and A. Sancar, Trends
Biochem. Sci. 12, 259261 (1987); C. S. Rupert, in Mole-
cular Mechanisms for Repair of DNA, Part A, edited by
P. C. Hanawalt and R. B. Setlow, pp. 73-87. Plenum
Press, New York (1975); G. B. Sancar, F. W. Smith and
P. F. Heelis, J. Biol. Chem. 262, 1545715465 (1987); R.
G. Johnson and R. H. Haynes, Photochem. Photobiol.
43, 423-428 (1986); A. P. M. Eker, Photochem. Photo-
biol. 32, 593—600 (1980); M. S. Jorns, G. B. Sancar and
A. Sancar, Biochemistry 23, 2673—2679 (1984); A. Sancar
and G. B. Sancar, J. Mol. Biol. 172, 223-227 (1984); A.
Sancar, F. W. Smith and G. B. Sancar, J. Biol. Chem.
259, 6028--6032 (1984); J. C. Sutherland and B. M.
Sutherland, Biophys. J. 15, 435-440 (1975); H. Werbin
and J. J. Madden, Photochem. Photobiol. 25, 421-427
(1977).

. (a) Y. M. Ejima, M. lkenaga and T. Shiroya, Photochem.
Photobiol. 40, 461-464 (1984); (b) J. Jagger, H. Takebe
and J. M. Snow, Photochem. Photobiol. 12, 185-196
(1970); (¢) E. S. Ogut, N. 1. Feng and B. M. Sutherland,
Photochem. Photobiol. 41, 88s (1985); (d) T. Shiroya,
D.E. McElroy and B. M. Sutherland, Photochem.
Photobiol. 40, 749-752 (1984); (¢) B. M. Sutherland, P.
Runge and J. C. Sutherland, Biochemistry 13, 4710—-4714
(1974); (f) M. S. Jorns, E. T. Baldwin, G. B. Sancar and
A. Sancar, J. Biol. Chem. 262, 486—491 (1987); (g) W.
Harm, in Molecular Mechanisms for Repair of DNA,

Chem. 52, 2684-2689 (1987).

. (&) A. A. Lamola, Mol. Photochem. 4, 107—133 (1972);

(b) H. D. Roth and A. A. Lamola, J. Am. Chem. Soc. 94,
1013-1014 (1972); (¢) C. Pac, J. Kubo, T. Majima and H.
Sakurai, Photochem. Photobiol. 36, 273-282 (1982); (d)
S. E. Rokita and C. T. Walsh, J. Am. Chem. Soc. 106,
4589—4595 (1984); (¢) A. G. Cochran, R. Sugasawara and
P. G. Schultz, J. Am. Chem. Soc. 110, 7888—7890 (1988);
C. Walsh, Acc. Chem. Res. 19, 216-221 (1986); M.
Charlier and C. Héléne Photochem. Photobiol. 21, 31-37
(1975); C. Héléne and M. Charlier, Biochem. Biophys.
Res. Commun. 43, 252-257 (1971); C. Héléne and M.
Charlier, Photochem. Photobiol. 25, 429-434 (1977); J.
Chen, C. W. Huang, L. Hinman, M. P. Gordon and
D. A. Deranleau, J. Theor. Biol. 62, 53—67 (1976).

. (a) J. R. Van Camp, T. Young, R. F. Hartman and S. D.

Rose, Photochem. Photobiol. 45, 365-370 (1987); (b)
S. T. Kim and S. D. Rose, Photochem. Photobiol. 47,
725-729 (1988); (c) R. F. Hartman, J. R. Van Camp, T.
Young, S. T. Kim and S. D. Rose, Photochem. Photo-
biol. 43, 81s (1986); (d) T. Young, S. T. Kim, J. R. Van
Camp, R, F. Hartman and S. D. Rose, Photochem. Pho-
tobiol. 48, 635641 (1988); (¢) S. T. Kim, T. Young and
S. D. Rose, 196th National Meeting of the American
Chemical Society. Los Angeles, CA, September 25-30,
1988, abstract 029.

. S. S. Isied, A, Vassilian, J. F. Wishart, C. Creutz, H. A.

Schwarz and N. Sutin, J. Am. Chem. Soc. 110, 635—-638
(1988); N. Sutin, in Supramolecular Photochemistry,
edited by V. Balzani, NATO ASI Series, Series C,
Vol. 214, pp. 73-86. Reidel, Dordrecht (1987); B. S.
Brunschwig, J. Logan, M. D. Newton and N. Sutin, J.
Am. Chem. Soc. 102, 5798—-5809 (1980); M. D. Newton,
Int. J. Quantum Chem., Quantum Chem. Symp. 14,
363-391 (1980); W. P. Jencks, Catalysis in Chemistry and
Enzymology, pp.606—-614. McGraw-Hill, New York
(1969); K. B. Wiberg, Physical Organic Chemistry,
p. 345. Wiley, New York (1964).

Part A, edited by P. C. Hanawalt and R. B. Setlow, 10. J. March, Advanced Organic Chemistry, 3rd ed.,
pp. 89-101. Plenum Press, New York (1975). pp. 316-320. Wiley, New York (1985).

. (a) A. P. M. Eker, J. K. C. Hessels and R. H. Dekker, 11. T. Guarr and G. McLendon, Coord. Chem. Rev. 68, 1-52
Photochem. Photobiol. 44, 197-205 (1986); (b) G. B. (1985); J. 1. McCullough, Chem. Rey. 87, 811-860
Sancar, M. S. Jorns, G. Payne, D. J. Fluke, C. S. Rupert (1987).
and A. Sancar, J. Biol. Chem. 262, 492—498 (1987); (c) S. 12. H. Harm and C. S. Rupert, Muta. Res. 10, 307-318
P. Jordan and M. S. Jorns, Biochemistry 27, 8915-8923 (1970).

(1988); (d) P. F. Heelis, G. Payne and A. Sancar, 13. M. D. Newton and N. Sutin, Annu. Rev. Phys. Chem. 35,

Biochemistry 26, 4634—4640 (1987); (¢) M. S. Jorns, B.
Wang and S. P. Jordan, Biochemistry 26, 6810—6816

437-480 (1984); D. Devault, Q. Rev. Biophys. 13,
387564 (1980).



