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ABSTRACT 

The enzyme DNA photolyase mediates the repair of py- 
rimidine dimers. This repair step, a net retro [2+2] re- 
action, proceeds through either the cation or anion rad- 
ical of the pyrimidine dimer. In order to understand how 
electron transfer makes the repair process possible, its 
energetics have been examined by photothermal beam 
deflection calorimetry, fluorescence quenching and quan- 
tum yield studies. The enthalpy for the cleavage reaction 
of cis-syn 1,3-dimethylthymine dimer itself was found to 
be -19 kcaYmol. In addition, from the redox potentials, 
the enthalpies for the cleavage reactions of the dimer cat- 
ion radical and the anion radical were determined to be 
-19 kcaYmol and -28 kcaYmol, respectively. 

INTRODUCTION 

Sunlight-induced damage to DNA is becoming more prev- 
alent with the depletion of the ozone layer (1). The most 
lethal type of damage is pyrimidine dimerization, and the 
most prevalent of the pyrimidine dimers are thymine-thy- 
mine dimers. These are formed by a formal [2+2] cycload- 
dition between the 5,6 double bonds of adjacent thymines. 
In single-celled organisms this damage is reversed by ex- 
posure to near UVhisible light, and is catalyzed by the en- 
zyme DNA photolyase (2-5). The initial step in the repair 
pathway is proposed to be a photoinduced single electron 
transfer from the enzyme to the dimer (6-10). The splitting 
of the dimer anion radical is very rapid, having a lifetime of 
500 ns (1 1). Electron transfer from the dimer to the enzyme 
has also been suggested as a possible pathway (12-14). Al- 
though the lifetime of the dimer cation radical is not known, 
high quantum efficiencies observed in model systems sug- 
gest that it could occur on a similar timescale (15-16). In 
either case, the rate of photorepair is accelerated by electron 
transfer. 

To understand the rate acceleration produced by electron 
transfer, the energetics of the bond-cleaving step have been 
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examined. Reported herein are cleavage enthalpies for 1,3- 
dimethylthymine dimer (DMT> <DMT)t, its anion radical 
and its cation radical. In each case, the cleavage was found 
to be exothermic. 

Given the reduction potentials of the dimer and the mono- 
mer, along with the enthalpy of cleavage of the dimer 
(AHneutral), the enthalpy of cleavage of the anion radical of 
the dimer (AHmion) can be calculated. The reduction potential 
for the dimer (-2.6 V) and the monomer (-2.2 V) have 
been determined from fluorescence quenching experiments 
(17). The enthalpy change for the cleavage of the cation 
radical (AHcation) can also be determined in the same way, 
using the oxidation potentials for the monomer and dimer 
(12). These have been determined to be + 1450 mV for both 
monomer and dimer. The only unknown quantity is AHneulral 
(18). 

Diogo et al. have used combustion calorimetry to deter- 
mine the corresponding value for a uracil photodimer (19). 
Their compound contains a methylene bridge linking the N3 
positions of the two monomer units. The AHneuual of this 
compound was found to be -26 kcaYmo1, but because the 
redox potentials for this derivative were not measured it is 
not possible to determine the enthalpy of the ion radical 
cleavage. Others have estimated that for unlinked systems 
AHneuud should be as low as - 12 kcdmol (18). 

MATERIALS AND METHODS 
Synthesis. 1.3-Dimethylthymine (DMT) was synthesized as previ- 
ously described (20). The DMT< >DMT was obtained by irradiating 
a 1 mM frozen aqueous DMT solution with a medium-pressure Hg 
lamp filtered with vycor glass. The cis-syn dimer was isolated from 
the reaction mixture by flash chromatography on silica gel eluted 
with 60:40 ethyl acetate : hexane. The dimer was recrystallized from 
methanol. The structure was confirmed by IH nuclear magnetic res- 
onance (NMR) (21). Trimethylbenzidine (TMB) was used from Al- 
drich without further purification. CH,CN was used from Aldrich 
and purified by distillation. 

Quantum yield. Photolysis of TMB in the presence of 
DMT<>DMT was carried out using 313 nm light from a 200 W 
Hg lamp. Concentrations of DMT< >DMT were varied from 5 mM 
to 30 mM. Concentrations of TMB were kept at >lo-’ M to avoid 
self-quenching. The input energy was measured by sampling 10% 

?Abbreviations: BET, back electron transfer; DMT, 1,3-dimethyl- 
thymine; DMT< >DMT, 1.3-dimethylthymine dimer; HBP, 2-hy- 
droxybenzophenone; PBD, photothermal beam deflection calorim- 
etry; SET, single electron transfer; TMB, tetramethylbenzidine. 
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Figure 1. Tetramethylbenzidine (TMB), cis-syn 1.3-dimethylthy- 
mine (DMT) and 1.3 dimethylthymine dimer (DMT< >DMT). The 
E&for TMB is -3.17 eV and the reduction potentials are -2.2 V 
(DMT) and -2.6 V (DMT< >DMT). 

of the incident light with a photodiode. The light intensity and the 
response of the photodiode were measured using a standard acti- 
nometer system, potassium ferrioxalate (22). The progress of the 
reaction was monitored by high-performance liquid chromatography 
(HPLC), which detects for the appearance of monomer. The quan- 
tum yields (aT) were obtained from the slope of a plot of monomer 
yield versus number of photons absorbed. 

Photothermal beam defection calorimetry (PBD) apparatus. The 
pump beam is the output of a XeCl excimer laser (308 nm, 10 ns 
pulse width). The probe beam is a cw He-Ne laser with 0.5 mW 
nominal output. The pump and probe beam are counterpropagated 
through the center of the sample cell. A solution filter (2-hydroxy- 
benzophenone [HBP]) is used to adjust the pump beam intensity. 
The excimer output power (excitation energy) is measured by a 
joulemeter (1-6 ml). The alignment is maximized before each set 
of experiments by using a test sample of HBP in CH3CN. The signal 
is detected by the deflection of the probe beam onto a split photo- 
diode. This causes a current difference between the two halves of 
the photodiode. This current difference is amplified and transferred 
to a wideband digital oscilloscope. The signal is averaged and trans- 
ferred to a microcomputer for further analysis. All samples are 
purged with nitrogen to remove dissolved oxygen. 

RESULTS AND DISCUSSION 
DMT<>DMT is used as a model system for pyrimidine 
dimers (Py< >Py). Tetramethylbenzidine sensitizes the 
cleavage of these dimers via a photoinduced electron transfer 
reaction. The excited singlet state of TMB donates an elec- 
tron, which initiates the splitting reaction (Fig. 2). Irradiation 
of TMB in the presence of DMT<>DMT has been shown 
to result in clean splitting of the latter into DMT with no 
detectable side products (23). 

In contrast to its photochemical liability, DMTSDMT is 
found to be thermally stable. To test this DMTIDMT so- 
lutions were heated for 60 days at 100"C, which caused less 
than 0.1% conversion to DMT. This gives an extrapolated 
lifetime of >4100 years under these conditions. 

To determine the AH,,,,,, for the cleavage of DMTSDMT, 
the quantum efficiency (+cleavage) for cleavage must be first 
calculated. According to Fig. 2, the overall cleavage quan- 
tum yield (aT) depends on the rate of cleavage (kspli,) and 
the cleavage efficiency (+cleavage). This can be described by: 

Equation 1 can be simplified to: 

hv DhITcDMT +. I -. 
'TMB. TMB + DMToDMT 

4 k, I kq I 
TMB * 

i 
TMB + 2DMT 

Figure 2. A scheme of possible reactions of TMB with 
DMT< >DMT. 

(2) 

where 7 is the lifetime of the excited state sensitizer (TMB). 
The overall quantum yield (QT) can be determined from a 
plot of monomer yield versus photons absorbed. A plot of 
1/aT versus l/(Py<>Py) is shown in Fig. 3. The reciprocal 
of the intercept gives +cleavage. which equals 0.12. 

Knowing the cleavage efficiency of DMT< >DMT, the 
AH of breaking of the cyclobutane ring was determined. This 
was accomplished using time-resolved PBD. In brief, this 
technique involves a short, focused pulse of laser light (308 
nm) that is used to initiate a photochemical reaction. The 
heat produced from the reaction creates a local hot zone in 
the sample, which in turn creates a change in the index of 
refraction. This change deflects a probe beam from an He-Ne 
laser, which is focused antiparallel to the excitation beam. 
The angle by which the probe beam is deflected is related 
to the energy released. The deflection of the probe beam is 
detected using a position sensitive photodiode (24.25). 

We define S as the slope of the plot of signal intensity 
(d) vs excitation energy (mV). This is compared to a plot 
obtained from HBP obtained under identical conditions of 
solvent, sample absorbance and so on. The HBP rapidly con- 
verts 100% of its excitation energy into heat through internal 
conversion and therefore acts as a standard (26). The non- 
radiative efficiency can be calculated from Eq. 3: 

1 
-- l +  l x  1 _ -  

@T +cleavage +cIcavagekplir7 (PY' <PY) 

(3) 

where a is the nonradiative efficiency and Eexc is the exci- 
tation energy (92.8 kcaVmol). E, and +,are the single energy 
and the fluorescence quantum yield. These values for TMB 

10 20 M 40 50 
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Figure 3. A double reciprocal plot of the cleavage quantum yield 
of DMT<>DMT. The reaction is sensitized by TMB in CH,CN. 
The aT is determined from a plot of cleavage of dimer versus pho- 
tons absorbed. 
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Figure 4. PDC signals for 2-HBP (solid circles) and TMB (open 
squares) as a function of excitation energy. In both cases the solvent 
is CH3CN and the sample optical density at 308 nm is 0.3. 

are 3.60 eV and 0.38 (22). The aTMB/aHBp calculated from 
Eq. 3 is 0.66. 

PBD measurements were carried out on optically matched 
solutions of TMB and HBP. The results are shown in Fig. 4. 

(4) 

The ratio of the slopes from Fig. 4 is 0.62. This means, from 
the PBD analysis, that 62% of the photonic energy absorbed 
is given off as heat. This can be compared to the nonradia- 
tive efficiency (a) calculated from Eq. 3. Thus, aTMB/aHBp 

obtained from PBD analysis is in good agreement with that 
calculated from the literature quantum yield in Eq. 3. 

Next, we investigated the behavior of TMB in the pres- 
ence of DMT. DMT quenches the fluorescence of TMB via 
an electron transfer mechanism. There is rapid single elec- 
tron transfer (SET) followed by a subsequent back electron 
transfer (BET). There is no net photochemistry, so as the 
quenching efficiency (oq) approaches unity, a approaches 
1.0. Figure 5 shows the increase in the slope (S) with in- 
creasing [DMT]. This increase is caused because of the elec- 
tron transfer from TMB to DMT, which reduces the amount 
of fluorescence. The quenching efficiency of DMT at given 
concentration of quencher, oq, can be calculated from the 
PBD data from Eq. 5: 

where S k B  is the slope of TMB at a given concentration of 
DMT. DMT does not absorb light at 308 nm. Thus, its direct 
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Figure 5. PDC signal amplitude as a function of excitation energy 
for TMB and various concentrations of DMT (10, 40, 80 mM). All 
samples are purged with nitrogen to avoid oxygen quenching. 

Table 1. Quenching efficiencies (+q) of DMT and DMT 8 DMT 
measured for both PBD and fluorescence quenching 

Quench- +qDMT +,DMT 
er 4 ,DMT 4,DMT 8 D M T  @DMT 

(mM) fluorescence PDC fluorescence PDC 

0 0.00 0.00 0.00 0.00 
10 0.52 0.50 0.37 0.44 
40 0.81 0.79 0.70 0.71 
80 0.89 0.87 0.82 0.89 

absorption does not contribute to the signal. The quenching 
efficiency can also be independently calculated from fluo- 
rescence quenching experiments by Eq. 6: 

The Stern-Volmer quenching constants (&T) measured from 
fluorescence quenching experiments for the monomer and 
dimer are 110 M-' and 59 M-I, respectively. A comparison 
of the oq calculated from Eq. 6 and those equations mea- 
sured by PBD are given in Table l for both the monomer 
and dimer. The quenching efficiency measured from PBD 
and fluorescence quenching are in agreement. 

Finally, PBD was used to analyze the splitting of 
DMT<>DMT. The waveform, shown in Fig. 6, shows 
TMB with various concentrations of DMT<>DMT. The 
waveform obtained in the absence of DMT< >DMT shows 
prompt heat release, followed by a slow heat release. The 
fast component is assigned to the nonradiative relaxation of 
ITMB via internal conversion and intersystem crossing pro- 
cesses. The slow component is assigned to the decay of 
3TMB. A lifetime of 9 p s  was obtained for 3TMB by fitting 
the slow component to a first order exponential growth func- 
tion. 

Three important features are observed in these waveforms. 
First, the slow heat release from 3TMB decreases with in- 
creasing dimer concentrations. This is because ITMB is 
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Figure 6. Photothermal beam deflection waveforms from XeCl laser 
(308 nm, 10 ns, 3.2 ml, 1 mm diameter) irradiation in the absence 
and presence of dimethylthymine dimers (DMT< >DMT) in 
Ch3CN. Deflection was measured using a 0.5 mW, He-Ne laser 
beam. The initial spike is due to an acoustic pressure wave, which 
is accompanied by the excitation of the sample. 
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Figure 8. Amount of stored energy in cyclobutyl bonds in 1.3- 
dimethylthymine (DMT). Theoretical slope for 80 mM 
DMT< >DMT was calculated using +,, for 80 mM DMT. 

"- 
0 I 2 3 4 5  6 

Excilation Enersy (nd) 

Figure 7. PDC signal versus excitation energy for HBP, TMB and 
80 mM DMT< >DMT. 

quenched by DMT< >DMT, therefore less 3TMB is formed 
in the presence of DMT<>DMT. Second, the lifetime of 
3TMB is independent of dimer concentration. DMT< >DMT 
does not quench 'TMB, therefore the triplet lifetime is un- 
changed. And finally, the total heat released increases with 
increasing dimer concentration. This observation is consis- 
tent with Fig. 2 because DMT< >DMT quenches ITMB and 
consequently decreases the fluorescence from ITMB, there- 
fore more nonradiative relaxation is observed. Finally, the 
chemical reaction, splitting of DMT< >DMT, also contrib- 
utes to the signal. 

The total energy was measured at various dimer concen- 
trations (Fig. 7). If I+q is substituted into Eq. 5 for the various 
concentrations of quencher, then the contribution of the heat 
evolved from the splitting of DMT<>DMT can be calcu- 
lated. For example, the slope of HBP, which gives back all 
photonic energy as heat, is 92.8 kcaYmo1. The slope for 80 
mM DMT<>DMT, when compared to HBP, is 88.1 
kcal/mol. If the I+q for 80 mM DMT<>DMT from fluores- 
cence quenching is inserted into Eq. 5, then equals 85 
kcaYmol (Fig. 8). The average AH,,, for splitting of the di- 
mer to form the monomer is -3.0 kcaYmol. This number is 
divided by the quantum efficiency of cleavage of splitting, 
+cleavage, to give AH = -25 kcaYmo1. It should be noted that 
this value corresponds to the overall conversion (i.e. neutral 
DMT<>DMT to neutral DMT). Because AHobs is a ther- 
modynamic quantity, it is independent of the mechanism that 
connects the products and reactants. Therefore, it gives no 
direct information about the intermediate ion radicals. 

To obtain an accurate AHneulrd. the contribution of the re- 
action volume change must be calculated. There are two pos- 
sible contributions to the volume change in a photoinduced 
reaction in solution. First is the expansion of the medium 
upon the release of heat by a radiationless process. Second, 
there is a structural volume change (AVsl), which is the dif- 
ference in molar volume between the products and the re- 
actants. The molar volume change for the breaking of two 
C-C bonds is typically 20 mL/mol (27). This was taken as 
a reasonable estimate for the AV,, of DMT<>DMT. The 
AH for neutral dimer splitting can be calculated from Eq. 7: 

AHneutral = AHobs - - Avslp - - - 19 kcaYmol (7) 

where p is the cubic expansion coefficient, C, is the specific 
heat capacity and p is the density (28). This volume contri- 
bution is subtracted from the AHob, leaving AHnculrd = -19 

PCP 

kcaYmol for the neutral dimer splitting. From the thermo- 
dynamic cycle in Fig. 9, AHmion is -28 kcaYmol and AHcaIion 
is -19 kcaYmol. 

Photothermal beam deflection calorimetry is a useful tech- 
nique for measuring microscopic real-time heat release in 
solution. The AH for neutral DMT< >DMT + 2 DMT was 
found to be -19 kcal/mol. This is in reasonable agreement 
with data from Begley's dimer (-26 kcaYmo1). It should be 
noted that Begley's dimer has a linking group connecting 
the N3 position of each uracil residue. The differences in 
the enthalpies may be a result of the additional ring strain 
from this linker group. This value is also comparable to the 
estimate of Heelis et al. (18). 

The fragmentation of cyclobutane is endothermic (+ 18 
kcaYmol) in contrast to the exothermic fragmentation of 
DMT< >DMT (- 19 kcal/mol). The exothermicity of 
DMT<>DMT fragmentation reflects both the loss of strain 
and the formation of the conjugated 5.6 double bond. This 
suggests that the reaction is effectively irreversible. The neu- 
tral-neutral reaction is only slightly less exothermic than that 
of the anion radical, by 9 kcal/mol. This value suggests that 

. 
DMToDMT - 

Figure 9. Thermodynamic cycle for the cleavage reaction. The re- 
duction potentials for the cis,syn dimer (Kd3-) and the monomer 
(EZoma) of 1.3-dimethylthymine were determined by fluorescence 
quenching rates (16). Analysis for the radical cation cleavage is anal- 
ogous, in this case the oxidation potentials for the dimer and mono- 
mer are +1450 mV (16). maicing A&,,,, = AH,,, = -19 
kcaymol. 
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the increase is not the only reason for facile cleavage. Other 
factors, such as localization of the odd electron density, near 
the cyclobutyl ring, weaken the C-C bond of the cyclobutyl 
ring. 
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