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The reduction potential of DNA photolyase in the absence of
substrate is measured to be 16 mV vs NHE, which is significantly
higher than estimates of-500 to-200 mV currently used in the
literature.1-5 This reduction potential increases by 65 mV upon
substrate binding. This is the first measurement of a reduction
potential for this class of DNA-repair enzymes.

DNA photolyase uses a light-driven electron transfer (ET) process
to repair cyclobutane pyrimidine dimers (CPD), the most common
type of photodamage, on DNA.6 The FAD cofactor present in the
enzyme has three possible oxidation states, FAD (fully oxidized),
FADH• (neutral semiquinone), and FADH- (fully reduced). The
active enzyme requires FADH-, but the enzyme is isolated as the
FADH• species.

Two ET processes occur in the enzyme: photoinduced DNA
repair of substrate by the active form and photoreduction of the
neutral semiquinone to the fully reduced active enzyme. In the
catalytic cycle, FADH- donates an electron to the CPD substrate
upon excitation, forming FADH• and radical CPD anion. The CPD
anion radical spontaneously forms monomer base and base anion
radical with presumable electron transfer back to FADH-. Con-
troversy exists for the exact ET pathway and the full recovery of
the FADH- species.6-8 In the photoreduction process, the FADH•

state is photoreduced to FADH- with Trp306 as the terminal electron
donor, but the biological significance of this process is unclear.6,7

Controversy also exists to the exact ET pathway with both Trp382

and Phe366 cation radicals identified as potential ET intermedi-
ates.1,6,9,10 In the absence of external electron donors, charge
recombination occurs on a millisecond time scale,1,3,11,12but a recent
study reported nanosecond charge recombination under aerobic
conditions.9 The CPD electric dipole moment also affects the ET
process, presumably by modifying the electronic structure of the
flavin cofactor.3,13,14The determination ofEm(FADH-/FADH•) is
a significant advancement and will allow for more realistic
calculations and modeling of the ET processes and for tests of the
viability of different pathways.

A wide range of reduction potentials are found in the literature
for flavoproteins.15 The reduction potential is strongly affected by
the polarity of the binding pocket, electrostatic effects,π-π
interactions, FAD conformation, and hydrogen bonding.16-20 The
original estimated reduction potential21 of -500 mV to-330 mV
for DNA photolyase was based upon the observation that the
FADH- state reacts with oxygen and that the lowest observed
reduction potential for a flavoprotein is around-500 mV. Since
that estimate, the reduction potential of the oxygen/superoxide
couple has been revised upward from-0.33 to-0.137 V.22

We examined the reduction potential for the reaction between
the neutral semiquinone and fully reduced forms of the enzyme:
FADH• + 1 e- f FADH-, using a redox titration in the presence
of mediators as described by Dutton.23 The concentration of FADH•

was measured by monitoring absorption of FADH• at 625 nm.12

Nernst plots of typical data are shown in Figure 1 for enzyme
solution alone along with enzyme solution containing a 10 times
excess of UV-p(dT)10, a UV-irradiated polythymidylate decamer.
The least-squares fit is denoted by the line for each case. The
midpoint potential of photolyase in the absence of substrate is
16 ( 6 mV vs NHE (average of eight data sets, error given is the
standard deviation), and the enzyme in the presence of excess
substrate has a midpoint potential of 81( 8 mV (average of five
data sets, error given is the standard deviation). We also measured
a midpoint potential of 28( 2 mV (average of two data sets) in
the presence of a 10-fold excess of undamaged p(dT)10. Both slopes
shown in Figure 1 (65( 5 mV for enzyme alone, 62( 6 mV for
enzyme with substrate) are consistent with one electron transfer.
We did not see any indication of the fully oxidized state in our
absorption spectra, and we have not attempted to measure the
second reduction potential for the flavin; the enzyme stability
significantly decreases upon further oxidation under the conditions
used.

The standard reduction potential of (FADH-/FADH•) is slightly
higher than that of the (O2•-/O2) couple, and∆G° ) 15 kJ and
K ) 1.9× 10-3 for the reaction between O2 and FADH- at 10°C.
The oxidation will still readily occur due to the instability of the
superoxide ion. Since the resulting O2

•- will react readily with
surrounding molecules and the O2 concentration is constant, the
FADH- will be driven toward FADH• in the presence of oxygen.
With substrate bound,∆G° ) 21 kJ, andK ) 1.3 × 10-4, and
FADH- is more resistant to air oxidation.

The increase in midpoint potential upon substrate binding is not
unexpected. Jordan and Jorns reported increased stability of fully
reduced enzyme in the presence of oxygen when the substrate was
present.24 We have found several examples in the literature of
substrate-induced redox changes in flavoproteins with changes that
range from 10 to 160 mV.25-31 For example, the 160 mV decrease
in theEm(FADH-/FAD) in D-amino acid oxidase has been attributed
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Figure 1. Nernst Plot of photolyase with and without UV-p(dT)10. Each
data set is a single experiment with the error bars calculated from least-
squares analysis. Each sample contained 15µM photolyase with 50µΜ of
each mediator, 0.29 M K2SO4, 35 mM Hepes, pH 7.0 at 10°C. TheR2

values for the enzyme alone and enzyme with substrate are 0.98 and 0.96,
respectively.
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to a neutralization of a positive charge in the flavin binding pocket
that occurs with binding of negatively charged substrate.25 Acyl-
CoA dehydrogenase also experiences a 100 mV increase in
Em(FADH-/FAD) upon substrate binding that appears to be due to
a decrease in electron density near the isoalloxazine ring, a change
in the polarity of the cofactor binding pocket.32 Changes inπ-π
interactions, FAD conformation, and/or hydrogen bonding that occur
upon substrate binding are also expected to affect the reduction
potential. In our specific case, the FADH- state appears to be
stabilized relative to the semiquinone state by the substrate binding.
The most likely candidate is an alteration of hydrogen bonding;
we have published evidence that the hydrogen bonding to the
cofactor changes upon substrate binding.13

In terms of the thermodynamics of the catalytic cycle, our
measured value ofEm(FADH-/FADH•) decreases the energy gap
between the CPD-bound FADH- singlet excited state and the
FADH• - CPD•- intermediate by ca. 0.4 eV compared to the value
estimated earlier.33 Our findings also prompted us to reevaluate
our earlier calculations on the charge-recombination process fol-
lowing FADH• photoreduction: FADH- + Trp306

• + H+ f
FADH• + Trp306.3 By usingEm(TrpH/Trp•) ) 0.86 V at pH 7.034

and a 1.75 ratio between the rate of charge recombination of
photolyase in the absence and presence of UV-p(dT)10,3 we find
∆G° ) -0.844 eV for photolyase and∆G° ) -0.779 eV for the
enzyme-substrate complex. The reorganization energy,λ, for
protein electron-transfer usually ranges from 0.7 to 1.0 eV,35-37

and by assuming that substrate binding affects neither the electronic
coupling between reactants and products nor their reorganization
energies, we estimate thatλ ) 1.44 eV. This large value suggests
that concerted electron-proton transfer may occur.38 We ascribe
the large reorganization energy mainly to the protonation of Trp306

during charge recombination with a smaller contribution from FAD
of which the isoalloxazine ring transforms from a butterfly shape
(FADH-) to a more planar conformation (FADH•).39 This analysis
suggests that charge recombination occurs in the normal region.

The positive change in∆G° upon substrate binding is opposite
in sign to our earlier estimate of the effect of the substrate electric
dipole on the charge recombination.3 These calculations were based
on a computer model of the enzyme-substrate complex.40 The
recent crystal structure ofAnacystis nidulansin complex with
repaired-DNA shows that a different computer model of the
complex is more accurate.41,42Preliminary calculations on the basis
of this new structural information yield a change in∆G° of +210
meV due to the interaction with the substrate electric dipole
(substrate electric field at FAD cofactor of about 1.0× 108 V/m).14

Although this value is larger than the one determined from the
change in reduction potential, the fact that both have the same sign
is an excellent qualitative result at this point.

In summary, we measure the midpoint potential of DNA
photolyase to be much greater than estimated in the literature and
that the reduction potential increases by 65 mV upon substrate
binding. This modulation in reduction potential has only a minor
effect on the ET processes.35-37 The physiological relevance appears
to be an increase in stability of the catalytic form of the enzyme
with respect to oxidation.
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