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We report evidence for the effect of the substrate electric field
on charge recombination in the DNA repair enzyBEscherichia
coli photolyase. Our results support the hypothesis that such an
electric field can enhance the electron transfer (ET) from the enzyme
to its substraté.

E. coliphotolyase is a blue-light photoreceptor and uses a light-
driven electron-transfer mechanism to repair cyclobutane pyrimidine
dimers (CPD) of DNA2 The active enzyme contains a fully reduced
flavin adenine dinucleotide (FADH, which is located at the bottom
of the substrate-binding cavi®f It forms a strong complex with
CPD-containing DNA, which helps to stabilize FADH4S Its
affinity for undamaged DNA is 5 orders in magnitude wealer.
The distance between FADHand the CPD lesion has been
estimated from van der Waals contactt@5 A136-9 In oxidized
enzyme, MacFarlane and Stanley showed that the CPD binds
sufficiently close to FAD for its electric dipole moment to induce
an electrochromic shift of the FAD energy levélshey proposed
that this electric field could affect the ET between excitedDH~
and CPD in the DNA repair process. We showed recently that in
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Figure 1. Transient absorption changes at 580 nm in80 photolyase
(black line) and its complex with UV-p(dTy (red line) at pH 7.4 (A), 6.5
(B), and 5.4 (C). Inset: Photolyase in the absence (black line) and presence
(red line) of undamaged p(di)at pH= 7.4.
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Table 1. Substrate Electric Field Effect on Time Constants of
Charge Recombination (7) and the Electrochomic Shift in DNA
Photolyase

the unaltered enzyme, which contains a neutral radical semiquinone
(FADH"),011 the substrate electric field also perturbs the energy
levels and vibrational frequencies of FADIH E. coli photolyasé?
FADH" is an inactive form of the enzyme but can be activated
to FADH- by photoreduction with Trps as final electron
donor?11:13-1618There is no evidence that this process plays a role
in DNA repair in vivo218 The precise photoreduction mechanism
is still a point of controversy. Several researchers favor super-
exchange ET between excited FAD&hd Tros?1° while others
propose an electron-hopping model with Jgpas the primary
electron donor and Tggy as an ET intermediaté:1” Mutation of
Trpssz to phenylalanine to resolve this controversy has given
conflicting resultg:17:18In the absence of external electron donors,
charge recombination occurs on a millisecond time stelle!>16
FADH™ + Trpsog + HT — FADH* + TrpHzpe Since FADH in
the unaltered enzyme is sensitive to the substrate electric field and
undergoes photoinduced ET, it is an excellent system to test whethe
the substrate electric field can affect ETEncoli DNA photolyase.
Figure 1 shows the charge recombination kinetics of FADH
and Trpog in E. coli DNA photolyase and its complex with UV-
p(dT);o monitored at 580 nm at pH 7.4, 6.5, and ®Zhe negative
signal is due to ground-state bleaching of FADWhich recovers

r

pH 7~ (ms)? 7" (ms)° Tt AE (cm=Y)°
7.4 10.2+ 0.3 17.8+ 0.4 1.75+ 0.06 82+ gd
6.5 4.5+ 0.2 5.7+ 0.7 1.3+ 0.2 79+ 6
5.4 0.66+ 0.03 0.75+ 0.02 1.1+ 0.1 89+ 6

aWithout substrate? With substrate¢ Electrochromic shiftd Reference
12.

factor of 1.3, and at pH 5.4 the effect is negligible (Table 1). The
substrate electric field is still present at the lower pH values as
indicated by the electrochromic shift of thgt8 S, transition, which
has a similar value as at pH 7.4 (Table!d Y he initial amplitude
of the kinetic traces is virtually unchanged in the presence of
substrate, indicating that the yield of the initial charge separation
is relatively unaffected by its electric field. The presence of 12-
fold excess undamaged d(pd¥loes not affect the charge recom-
bination kinetics in photolyase.
We will analyze our results by using the semiclassical model of
electron transfer with the ET ratk, given by?2
_ |4 (AG® +2)°
N kT e AT

@)

upon charge recombination. The charge recombination accelerates

at lower pH, consistent with previous studi€&sWe measured
monoexponential charge recombination kinetics, and the time

whereh is Planck’s constankg is Boltzmann’s constanf, is the
temperature is the reorganization energhiag is the electronic

constants are listed in Table 1. The same kinetics are observed atoupling matrix element, andG® the free energy change. Boxer

510, 560, and 625 nm (data not shown). At pH 7.4, the charge

and co-workers have extensively investigated the effect of applied

recombination time increases 1.75-fold in the presence of substrateelectric fields on protein ET reactiod$.The electric field can

to 77 = 17.8 +£ 0.4 ms, demonstrating that the substrate electric
field does affect the ET reaction. At pH 6.5 it slows down by a

"New York University.
* Lafayette College.
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perturb both nuclear and electronic terms of €4 dyggesting that

the substrate electric field can potentially affddtg and the
Franck-Condon overlap between the initial and final states, which
is accounted for in the exponential term. Since the substrate electric

10.1021/ja049226i CCC: $27.50 © 2004 American Chemical Society
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field of UV-p(dT),o at the FAD cofactor is relatively weak and the
distance between FAD and Tggrelatively large €13.5 A), it is
unlikely to modify Hag significantly323 The change in the ET
rate most likely arises from modification of the FrargBondon
overlap by the substrate electric field. An applied electric field
modifiesAG® by an energyAU given by: AU = E - Ajie, 2 Where

E is the electric field, andyie is the difference between the dipole
of the products and the dipole of the reactants. At pH 5.4, both
products (FADHTrpH) and reactants (FADJ#Trp) are charge
neutral?*andAU is expected to be very small with no modification
to AG®° andke, as observed in our experiments. At pH 7.4, the
products are still charge neutral, but one of the reactants (FADH
Trp) is negatively charged, and the difference dipole montent

can be defined® Azt = 20T, Whereq is the charge transferred
andre is the charge-transfer vector. For the charge recombination
at pH 7.4, one can estimatdU to be —620 or —185 meV,
depending on electric field strengtB? Therefore, the substrate
electric field can modifyAG® of the charge recombination at pH
7.4 while at pH 5.4 its effect is negligible.

At pH 7.4, En(Trp*/TrpH) was measured to be 0.86%%ywhile
En(FADH/FADH*) in photolyase has been estimated between
—0.33 and-0.5 V2 Therefore AG® for the charge recombination
reaction between FADHand Trpee in photolyase ranges from
—1.19 to—1.36 eV. For protein ET] is between 0.74 and 1.0
eV 2031and the charge recombination occurs in the Marcus inverted
region??2 The amount of change iNG° (AAG®) can be estimated
by using the ratio of 1.75 for the ET rate without and with substrate,
and—120 meV= AAG°® < —35 meV32 These values are 1-5.8
times smaller than the estimated value\df but do have the correct
sign. Two factors may be responsible for this difference. First, the
electric field is produced by an electric dipole, and its strength will
diminish along the ET path, reducingJ. Second, the reorganiza-

tion energy may be underestimated because of reprotonation of (16)

Trpsos For free-energy optimized charge recombinatierhG°
1), AAG®° = —200 meV for a 1.75-fold decrease in ET rétaVith

A being somewhat underestimateéd\G° may be larger and have
a value betweenr-35 and—200 meV. Combined with an over-
estimation ofAU, AAG?® is likely of the same order of magnitude
asAU. Anincrease in ET distance &fR = 0.4 A could also explain

the 1.75-fold change in ET rate but not the pH dependence, because

substrate binding is unaffected by pH.

Our experimental data demonstrate for the first time that the CPD
electric dipole moment affects ET in photolyageJ calculated
from electric field parameters amtAG° estimated from the change

in ET rate are in good agreement, indicating that the substrate

electric dipole is responsible for the observed effect. However,
stabilization of FADH by the substrate electric field is significantly
smaller in the presence of Tgg than in its absenceAlthough
charge recombination is only affected by a factor of 1.75, our data

support the proposal that the substrate electric field may enhance

the physiologically important ET from FADHto the CPD lesioA,
providing a high photoreactivation yield following excitation. The
electric field’s physiological role may be to modifyG® for efficient
productive ET from excited FADHto CPD, so that unproductive

ET to nonsubstrate molecules in the absence of a correct electric (5g)

field that could render photolyase catalytically inactive will be less

favorable, thereby protecting the enzyme against deactivation.

Detailed knowledge of specific ET parameters is required to
determine the effect of the CPD electric field on this physiologically
important ET proce$$?3 and are currently under investigation.

Besides uracil DNA glycosylase, photolyase could be the second

enzyme to utilize its substrate electrostatic field to facilitate DNA
repairs®
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