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Abstract: Photolyase is an enzyme that catalyzes photorepair of thymine dimers in UV damaged DNA by
electron-transfer reaction. We docked a thymine dimer to photolyase catalytic site, using crystal structure
coordinates of the substrate-free enzyme fiéscherichia coli studied molecular dynamics of the system,

and calculated the electron-transfer matrix element between the lowest unoccupied molecular orbitals of flavin

and the dimer. We find that the rms transfer matrix

element along the dynamic trajectory is about, 6 cm

which is consistent with the experimentally determined rate of transfer. In the average configuration the docked
thymine dimer is sitting deep in the catalytic site, and approaches the adenine of FAD withrH@i@éarbonyl

groups. The average distance between the flavin and the base pair is less than 3 A. The electron-transfer
mechanism utilizes the unusual conformation of FAD in photolyases, in which the isoalloxazine ring of the
flavin and the adenine are in close proximity, and the peculiar features of the docked orientation of the dimer.
The calculations show that despite the short distance between the donor and acceptor complexes, the electron-
transfer mechanism between the flavin and the thymine bases is not direct, but indirect, with the adenine

acting as an intermediate.

1. Introduction

Far-UV light is harmful to genetic stability of DNA in which
it can produce several different types of photochemical modi-
fications! The dimerization of two adjacent pyrimidine bases

is the most common defect. DNA photolyases are enzymes that

catalyze photorepair of DNA. These proteins bind to the

damaged part of DNA and cause its repair when exposed to

UV —visible light (photoreactivation). A central step of this
repair mechanism is the transfer of an electron from one of the
two cofactors of DNA photolyase, an excited flavin molecule
(*FADH 7), to the pyrimidine dimer. As a consequence of this

electron-transfer reaction, the two bonds between the pyrimidine
bases break up. Upon dimer splitting the electron is transferred

back to the oxidized flavin, and the enzyme and the repaired
DNA dissociate. The present knowledge of the mechanism of
light-induced repair of DNA by photolyase is summarized in
several review article¥:*

The crystal structures of photolyase frdgscherichia cof
andAnacystis nidularfshave been recently resolved. However
the structure of DNA/photolyase complex is unknown at present.

Several amino acid residues that are involved in different aspects

of the enzymatic function have been tested by site-directed
mutagenesi$:® Substrate-enzyme binding has been studied
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for nativé!® and syntheti€-12 substrates. It was found that the
enzyme binds specifically to UV-irradiated DNA in a sequence-
independent way regardless of whether the DNA is in the
superhelical, open circular, or linear form or whether the DNA
is single or double stranded. This latter result strongly suggests
that the enzyme predominantly recognizes the dimer rather than
any distortion of the helix9

The repair reaction involves the catalytic cofactor in photo-
lyase, FADH . The first excited singlet state *FADH formed
by a direct absorption of a photon or by energy transfer from
the second chromophore (MTHF in the folate and 8-HDF in
the deazaflavin class), initiates the splitting of RyrPyr by
electron transfer. The natural substrate for photolyase is
Pyr<>Pyr in a duplex DNA. Even though with smaller affinity,
however, photolyase also binds to dinucleotide thymine dimers
and splits them with the same quantum yield as in the
oligonucleotide forni3

The rate and efficiency of single electron transfer from
*FADH ~ to Pyr<>Pyr have been investigated by time-resolved
fluorescence, absorbante!® and EPR spectroscopiésThe
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rate of the primary electron transfer is found to depend on the with maximal coupling have the values of the matrix element
nature of the pyrimidine diméf.In E. coli photolyase the rate  about 30 cm?. In the average configuration the docked thymine
at 275 K is 18° s71 for the case of a thyminrethymine dimer dimer is sitting deep in the catalytic site, with the distance
and three times faster for a uraciiracil dimer. The mixed between the flavin and the base pair less than 3 A. This
dimer T<>U acts like the symmetric thymine dimer, and the configuration resembles the one that was recently proposed by
U<>T like the symmetric uracil dime Park et af

The similarity of quantum yields for the dinucleotide and On the basis of these results and our study of rigid body
oligonucletide forms of a pyrimidine dimer implies that the docking modeling of the DNA/photolyase complex (data not
dimer has the same position in the enzymes active site in bothpresented), we conclude that, in order for T dimer built
cases? Under this assumption it is possible to separate DNA in a DNA duplex to assume the position found for the model
binding and dimer recognition by photolyase from the electron- T<>T dinucleotide, a significant deformation of the damaged
transfer process by considering a pyrimidine dimer dinucleotide strand in the DNA/photolyase complex is necessary. This finding
as the substrate. With knowledge of the asymmetry in structure supports the recently supplied evidence to the proposal that the
and polarity of the binding pocket from the crystal struct§re ~ T<>T dimer flips out of the double-stranded DNA structure
and the measured rates of electron trankfét;!” conclusions upon photolyase binding before the repair redox chemistry
concerning the binding geometry of the pyrimidine dimer should occurg® and the results of a recent molecular dynamics

be possible. simulation study!
In recent works the binding of DNA photolyase to model The paper is structured as follows. In the next section, the
pyrimidine dimer dinucleotidé8 and oligonucleotidéd was methods of the determination of the docked orientation, mo-

studied with molecular dynamics simulations. The simulated lecular dynamics simulations, and calculation of the transfer

enzyme-substrate complexes showed no close contacts betweermatrix element are described. In section 3, docking configura-

the damaged base pair and the FAD cofactor. The minimum tions are discussed, donor and acceptor states are identified,

van der Waals contacs i5 A for a bare <>T dimer and 9 A and estimated values for the coupling constants are given as

for the dinucleotid&’ The closest contact reported in ref 21 is  function of the docked configuration and the donor and acceptor

6 A and occurs at the ribose side chain of the catalytic cofactor. orbitals. Results of molecular dynamics simulations and calcula-

Consequently an electron-transfer pathway mediated by thetion of matrix element along the molecular dynamics trajectories

m-systems of Tyr281 and Trp277 or by Trp384 was proposed. are also presented. Finally, implications of the results obtained
In this paper, we address the question of the docking and open questions are indicated.

configuration of the thymine dimer and the mechanism of

electron transfer with a different theoretical approach. We 2. Methods

Calqulate the electronic Cgupling matr.ix element bEt.Ween the 2.1. Docking. The X-ray structure of the pyrimidine dimer

flavin molecule and the dimer bound in the active site of the photolyase complex is not known. We model the binding geometry of

enzyme and evaluate the likelihood of a particular model of 3 gimer in the active site of DNA photolyase using a combination of

binding by comparing the maximum electron-transfer rate the docking procedure with DOCK 4.0 progré&# and molecular
possible for the coupling obtained with experimental dafehe dynamics simulation.

DOCK 4.0 prograrf®2is used for the prediction of global In the docking procedure, the crystallographic coordinates of the
features of the bound configuration of the dimer. Then, chain A of the enzynfewithout water and those of a thymine dimer
molecular dynamics simulation is used to study dynamic obtained with a molecular dynamics simulafibof a piece of damaged
behavior of the enzymedimer complex obtained in the docking ~ DNA were used. . o

procedure. Water is included in the simulation. The coupling _ The DOCK program generates many possible orientations of the
matrix element is calculated and averaged along the dynamicdlmerwnhln the catalytic site of th_e enzyme. These conflguratlons are
trajectory. The simulation is done for all four combinations of scored using several schemes designed to measure steric and/or chemical

thvmi d ib . der t its with complementarity of the recepteligand complex. The scores are used
ymine and uracil bases In order 1o compare our results With v, oy/gjuate the likelihood of a given orientation of the dimer in the

the results of a recent experiméhthat revealed a weak  capaiytic site.
dependence of the reaction rate on the nature of dimer. Specifically, the DOCK program matches the shape of the ligand
We find that the electron-transfer mechanism utilizes the with that of the receptor’s binding site. The active site is composed of
unusual conformation of FAD in photolyases, which brings the the amino acids of DNA photolyase in the vicinity of the catalytic
isoalloxazine ring of the flavin and adenine in close proxim- cofactor FAD, i.e., of all amino acids that have at least one heavy atom
ity,56-24and the peculiar features of the docked orientation of Within a given radius of any heavy atom of FAD. The shape of the
the dimer. The calculations show that despite the close proximity active site is determined by the water accessible surface of this part of
between the donor and acceptor complexes, the electron-transfefl® Proteirt’2 DOCK models the probable binding sites, i.e., the
mechanism between the flavin and the thymine bases is notconcave parts of this surface, by filling them with mutually overlapping

. A . - ; . . spheres. The centers of these spheres constitute possible positions of
direct, but indirect, with the adenine acting as an intermediate. ligand atoms in the binding site. Docking consists of finding reasonable

Water plays significant role in the process by modifying the 5iings between ligand atoms and sphere centers and orienting the
dynamic behavior of the system. ligand in the binding site in a way that the root-mean-square (rms)
The rms transfer matrix element along the molecular dynam- distance of all pairs is minimized. The docking procedure assumes that
ics trajectory is about 6 cm, which is consistent with the  the receptor is rigid. For details of the procedure we refer to the papers
experimentally determined rate of transfer, while configurations written on DOCK, e.g. the refs 29 and 30 and the DOCK ma#ual.
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In addition to rms distance score, DOCK calculates the nonbonded simulations were calculated for singlet ground states of both FADH
energy as a sum of the Coulombic and van der Waals interactions, and thymine dimer. Since Mulliken charges do not reproduce electro-
using a precomputed grid in the vicinity of the binding $é? For static potentials of molecules very wéll,additional charge fitting
this purpose, hydrogen atoms have been added to the coordinate filegpprocedure was performed using the program RESRyhich is a part
and partial charges have been assigned using the Insightll préigram of Amber 5.0, as recommendéd.
assuming pH= 7. The protonation results in negatively charged Water was added as follows. At first, the dimer was taken out of
aspartate and glutamate and positively charged lysine and argininethe structure and water molecules were added inside and around the
residues. All other amino acids are neutral. For docking procedure binding pocket. Minimization of potential energy of this system was
ESFP® force field was used. performed, during which the bonds not involving hydrogen atoms were
The primary purpose of the docking procedure is to obtain a correct relaxed. After the minimization step, the equilibration of the system
global orientation of the dimer in the catalytic site. This configuration was performed, starting with zero kinetic energy and ending with the
is used then as a starting point for the following molecular dynamics kinetic energy of atoms corresponding to temperalure300 K. Then
simulation. It is important to notice that we are looking for configura- a molecular dynamics run with constant temperailire 300 K was
tions that lead to the observed rate of electron transfer between theperformed. During the equilibration and molecular dynamics runs all
flavin cofactor and the dimer. Therefore the scoring of various bonds in the system were constrained.
configurations includes not only the binding energy but also the strength  After the equilibration and MD simulation of water in the catalytic
of electronic coupling. The main idea of our docking analysis is to site, the dimer was added to the system. It was positioned as predicted
look among the configurations that have high binding energy for the by the docking procedure, and those water molecules that had significant
one that leads to the largest transfer matrix element. In this way we overlap with the atoms of the dimer were removed.
find the global orientation of the dimer. The docking model then is After addition of the dimer to the catalytic site containing water, as
further improved in the molecular simulation, as described below. The described above, the energy minimization was performed again. Here
unusually high electron-transfer r&té%17of the order of 1&° s72, the again, the bonds that do not involve hydrogen atoms were relaxed.
efficiency of electron transfer, and the fact that the dimer in the binding The structure obtained as a result of the energy minimization was used
pocket has no other role than to accept an electron make us believethen as the starting point for the equilibration run. From this stage on,

that the enzyme binds the substrate in a way that optimizes the electron-all bonds in the system were constrained.

transfer rate.

2.2. Molecular Dynamics Simulation. Following the docking
procedure that determined the global orientation of the dimer in the
catalytic site, the molecular dynamics (MD) simulation of the system
was performed with the simulation package Amber®83The protein

was substituted by its active site (see subsection 3.6). In all stages of

the simulation, the movable parts were the dimer, FAD in the binding

At first, the equilibration lasting 100 ps was performed, starting with
zero kinetic energy and finishing with kinetic energy of atoms
corresponding to temperatufe= 300 K. Following the last equilibra-
tion procedure, the main molecular dynamics run with constant
temperaturel = 300 K was performed. It lasted 1 ns.

The procedure outlined above was carried out for all four dimers:
T<>T; T<>U; U<>T,; U<>U. The partial charges for all dimers

pocket, and the added water molecules. Other enzyme atoms were nowere taken to be equal to those for¥T, and the partial charge on

allowed to move. The initial structure was the one obtained in the
docking procedure.

The molecular dynamics simulation was performed using the
Amber94 force field?® The MD force field requires partial charges to

the hydrogen atoms that replaced the methyl groups of the thymines
were taken to be equal to the charges on these methyl groups.

2.3. Electronic Coupling.In this calculation, the electronic structure
of the protein was described within the semiempirical extendéazkelu

be assigned to the atoms of the system. The partial charges to the atom&1ethod®? The states of the valence electrons are represented in this
of protein and of water molecules were assigned automatically by the Method by single: Slater-type atomic orbitals

XLEaP program (part of Amber 5.0). For dimer and FAD an ab initio

guantum chemical calculation was performed, using the Gaussian94

package® These calculations were performed with the restricted
Hartree-Fock method using the 6-31G* basis set. The charges for MD
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Heren is the main quantum numbeg,is the Slater exponeng, is

the angular part for a given angular momentusind magnetic quantum
numberm, N is the normalization constant, ands the distance from

the atomic nucleus. The diagonal elements of the Hamiltonian are the

empirical valence shell ionization potentials. The nondiagonal matrix
elements are given by the Wolfsbergelmholtz expression

Hi + H;

H 2

i = K§; (2

with K = 1.75. Slater exponents and valence shell ionization potentials
are taken from the ref 43 and are listed in Table 1.

The coupling between donor and acceptor electronic siBtéand
|AOwith overlapSya is given by the matrix elemett*

Hpa — ESa
1- SDAZ

(40) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys.
Chem.1993 97, 10269.

(41) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Kollman, P. A. Am.
Chem. Soc1993 115 9620.

(42) Yates, KHuckel Molecular Orbital TheoryAcademic Press: New
York, 1978.

(43) Alvarez, STables of Parameters for Extendeddtel Calculations
Universitat de Barcelona: Barcelona, Spain, Dec 1995.

(44) Daizadeh, I.; Gehlen, J. N.; Stuchebrukhov, AJAChem. Phys.
1997, 106, 5658.

(45) Newton, M. D.Chem. Re. 1991, 91, 767.

= ®

TDA




1060 J. Am. Chem. Soc., Vol. 122, No. 6, 2000 Antony et al.

Table 1. Parameters for Extended ekel Calculatiof® with
Valence Shell lonization Potentialbli() in eV and Slater Exponents

(&) inau

Hii ¢
atom sheln S p S p

H 1 —13.6 1.3

C 2 —-214 —-11.4 1.625 1.625
N 2 —26.0 —-13.4 1.950 1.950
o 2 -32.3 —14.8 2.275 2.275
P 3 —18.6 —-14.0 1.75 1.30
S 3 —20.0 -11.0 2.122 1.827

Toa is the half-energy splitting between two delocalized eigenstates ' i
|y+Oand|y-Owhich result from diagonalization &f in a configuration
when the state®and|ACare in resonance and have common energy
E. When there is no resonan¢BJand|Alktates can be approximated

by two corresponding eigenstates of the entire system. These two =¥,
eigenstates are identified by projecting all eigenstates of the systemw 3
onto zeroth-order donor and acceptor stdsand |al] which are B ™
obtained by diagonalization of the isolated donor and acceptor
complexes, respectively. The donor and acceptor complexes are
predefined sets of atoms, on which the stai®Sand|ACare likely to

be localized. Usually, the overlap of only one of the eigenstates of the
entire system with zeroth-order stat2lor |allis close to unity, while

all other eigenstates have nearly zero overlaps. The interaction of the
zeroth-order donor and acceptor states with the protein environment
results only in their slight delocalization. However, this delocalization _. . .

causes the effective interaction between the donor and acceptor stateé.:'gure 1. The structure found in docking.

Since the effective coupling between the donor and acceptor statesThe surface here is chosen as a sphere around the donor complex, with
is of the order of -30 cnT* and small on the scale of molecular orbital  radius sufficiently large so that it includes most of the electron density
energies (order of 1 eV), the nuclear configurations of the system in donor state but excludes most of electron density in acceptor state.
derived from its crystal structure or from MD simulation are unlikely
to be in a transition state fulfilling the resonance condition of electron 3. Results and Discussion
tunneling. In electron-transfer reactions, the donor and acceptor states . . . . .
are brought into resonance by the motion of the protein atoms and 3-1. Docking. The global orientation of the dimer in the
fluctuations of the solvent. Here we model the former effect by adding catalytic site of photolyase obtained with the docking procedure
energies to the Hamiltonians of the donor or/and acceptor complexes.is shown in Figure 1. In this section we describe the details of
The additional energies give rise to a shift of the electronic spectra of this configuration and the way how it was obtained.
the donor and acceptor complexes. In particular, si@teand|Alare First, to assess the performance of DOCK on our system,
shifted and eventually brought into resonance. The splitting between ye removed the catalytic cofactor FAD from the crystal structure
delocalized statey+[Jand |y-Oformed from [DOand |ADat the and redocked it to the apoenzyme. We find that the DOCK
transition state gives the accurate value of electronic couffing. program can indeed find a correct position of the FAD in the

_ The search for the transition state in ET reaction can be computa- o \,ume nocket, provided that the spheres that model the binding
tionally costly, since it involves multiple diagonalization of the whole ~ _. ! .
site and other input parameters are chosen appropriately. The

protein (or at least a large representative part of it). An alternative h f dtob . ffici
method to calculate the electronic coupling, which requires only one ENETgy score, however, was found to be an insuificient measure

diagonalization, is the method of tunneling curretitd? No precise for the quality of a docking orientation, because the receptor in
resonance betweg®and |Alliis needed in this method. Instead itis DOCK is assumed to be rigid and the interaction energy is
sufficient to adjust their zeroth-order approximatiofdfJand |al] In estimated only in a rough manner. We concluded that to
this method the matrix of interatomic tunneling currents is defined by determine the correct orientation when the docking is done on
an unknown structure, additional guiding information is needed.
In our case the electronic coupling strength was used for this

Z Z Joig = A z z (Hoig — ESsi qJ)(CqJ i pi) ) purpose.

1P Jea <P Ied The experiment4-16.17show that electron transfer to a dimer
HerecP andc” are the molecular orbital expansion coefficients of the ?hoqgr;g Indt.hte pocke; ots\;:urs mthda.l very hlgt[lhrat]((la. Thls lnldlcaltes
donor and acceptor states, respectively, Bnslthe tunneling energy, at the distancey between the Ime.r ar! N .aVIn molecuie
which was taken to be equal to average of the energies of donor and®f FAD, where the donor wave function is localized, should be

acceptor states. The elemeds; andJ,q describe the probability flux ~ €qual, or close, to that of van der Waals contact.

between atomic orbitalpiCand |gjlJand the respective atompsandq Among the Ilkely configurations that we determined with the
during electron tunneling process. The tunneling matrix element is rigid ligand receptor docking, the distance between the dimer
related to the total tunneling flux through a dividing surf&&eby and the flaviny g, ranges from 2.5 to 5.5 A. Most of orientations,
in which the dimer approaches the flavin within less than 3 A,
Toa=—h mMZ, ;3 3o (5) have a positive energy score. We find, however, that for some
orientations the repulsion originates only from a few unfavorable

van der Waals overlaps. For a flexible ligand in a flexible
(46) Katz, D. J.; Stuchebrukhov, A. A. Chem. Physl998 109, 4960.

(47) Stuchebrukhov, A. AJ. Chem. Phys1997 107, 6495 receptor, only a slight deformation would be necessary to
(48) Stuchebrukhov, A. AJ. Chem. Phys1996 105, 10819. accommodate the dimer into almost the same orientation without
(49) Stuchebrukhov, A. AJ. Phys. Chem1996 100, 8424. any atomic overlaps.
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Full Energy along the Trajectory
Dynamics of the FADH ™ and T<>T Dimer in Water
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Figure 2. Full energy along the dynamics trajectory. Figure 4. Geometric structure of the donor complex.

procedure, and next 1000 ps the main molecular dynamics run.
The graphs of total energy along the dynamics trajectories of
systems with three other dimers are similar.
ACCEPTOR A characteristic relative orientation of redox cofactors and
the nearest water molecules in the molecular dynamics simula-
tion is shown in Figure 3. The average position of the dimer
along the dynamic trajectory slightly shifts out of the FAD
pocket, compared with the structure found in docking, Figure
1. The average distances between the oxygens cF@#4
carbonyl groups and the AN6 atom of adenine are now about
2.9 A with variance of about 0.15 A (Bhymine) and 3.9 A
with variance of about 0.30 A (3hymine), while in the initial
structure they are equal to 2.4 and 2.6 A, respectively. For other
three dimers the distances between the oxygen of @45
O4 carbonyl group and the AN6 atom of adenine are ap-
proximately the same, while the distances between the oxygen
on the 3 C4=04 carbonyl group and the AN6 atom of adenine
differ by values of up to 1.4 A. The average closest distance
Figure 3. Characteristic geometry of redox cofactors in the MD between >T dimer and FAD is now about 2.5 A, and the
simulation. closest contact is established between the hydrogen atoms on
the C8m methyl group of the FAD and those on the methyl
For all orientations with4 below 3 A the atoms involved in group of the 3thymine.
the closest contact are two hydrogens of the C8m methyl group Most of the added water molecules are located outside of
of the flavin and the methyl group of thetBymine (for notation the binding pocket, and only few of them get inside the pocket.
see Figure 3). We find that once the thymine dimer approachesNo water molecules were found right between the dimer and
the flavin to almost van der Waals contact, its orientation in FAD, but some of them are located rather close to the dimer
the binding site becomes more or less fixed. For larger in most of the structures obtained in MD simulations, from 5
intermolecular distances,q;, the dimer can assume many to 8 water molecules were found with7 A of theoxygen of
orientations. Interestingly, in all these configurations the closest C4=04 carbonyl group on'3hymine. For other three dimers
contact with FAD is established by thetBymine methyl group, similar results were obtained.
while the electron-transfer rate is affected by thetlymine 3.3. Electronic Structure of FAD. The catalytic cofactor of
methyl group of the dimer. photolyase is a flavin adenine dinucleofidEAD). It is bound
Using both rigid and flexible docking and utilizing different  to the enzyme in a U-shaped conformation, opening a hole on
options provided by DOCK, we finally found a structure which the flat surface of the helical domain of the proteifio be
approaches the flavin within 2.8 A and has the largest coupling catalytically active, the cofactor has to be in the reduced form
strength. This structure, shown in Figure 1, was used as theFADH~ and in its excited singlet stat& Here we describe the
starting point for the MD simulation. electronic structure of the system in extendedckal ap-
3.2. Molecular Dynamics Simulation.Molecular dynamics  proximation. For the geometry we use the crystal structure data
simulation was performed as described in the Methods section.of DNA photolyase fronE. coli with hydrogen atoms added
The behavior of the total energy of the system with T by the Insightll prograidf (see Figure 4).
dimer in the binding site along the dynamics trajectory is shown  The highest occupied and lowest unoccupied molecular
in Figure 2. The first 100 ps represents the equilibration orpitals of FAD are localized either on the flavin or on the
(50) Kim, S.-T.; Sancar, A.; Essenbacher, C.; Babcock, ®rac. Natl. adenine and resemble closely the corresponding states calculated
Acad. Sci. U.S.A1993 90, 8023. for each entity separately (see Figure 5). The highest occupied
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-7.60 (150) 673 (49 ~6.64 (58)
768 (88) 768 (149) ~7.60 (62) “9)  -6.96(105)
-7.92 (87) ~7.92 (148) 7.05 {104)
~8.21 (86) ~8.21 (147)
834 (146) ~8.34 (61)
-8.76 (35) -8.69 (145) -8.69 (60)
LUMO LuMo ~8.76 (144) LUMO
853 (48) 843 (57)
-8.86 (103)
~9.84 (59)* LMo -8:87 (102)
HOMO _10.77 (84) HOMO _10.77 (143) -10.03 (47) _LUMO 19,01 (s6)
LUMO _ 10.28(35)
~12.04 (142) HOMO
~12.04 (83) 12,06 (141) ~12.07 (58)
T 1215 (140 -12.15 (57)
(140) _HOMO _11 75 (46)
) ) _HOMO _15 05 (101) _HOMO 1507 (54)
Flavin FADH™ Adenine ~12.31 (100)
Figure 5. Electronic structure of FAD in the extendedtkel
approximation for the crystal structure geometry with correlation  Thymine 5 T<>T Thymine 3’

diagram of the highest occupied and lowest unoccupied molecular Figure 7. Electronic structure of the thymine dimer in the extended
orbitals for the whole cofactor with those for the part containing the Hiickel approximation for the structure used in docking with correlation
flavin and the adenine. Orbital energies are given in eV; orbital numbers diagram of the highest occupied and lowest unoccupied molecular
(in parentheses) start with zero. The 59 state on the adenine part hasrbitals of the dimer with those of the &nd the 3thymines. The 55
99% of its amplitude on the phosphate group and is therefore an state on the ‘3thymine has 99% of its amplitude on the phosphate.
artificial state due to the division of the complex.
localized on the isoalloxazine ring, too. The next two unoccupied
molecular orbitals (148 and 149) reside on the benzene ring.
3.4. Electronic Structure of the Thymine Dimer. The initial
geometry of the thymine dimer is taken from the structure
obtained with a molecular dynamics simulation on a segment
of damaged DNA dupléeX (Figure 6). The two highest occupied
(100 and 101) and four lowest unoccupied MO’s (30D5)
are localized on the thymine bases. The four lowest unoccupied
orbitals are grouped in two pairs of closely spaced levels (Figure
7). The doublets are due to mixing of correspondingrbitals
on the individual thymine rings. The LUMO and LUM® 1
of the dimer (102 and 103) are largely combinations of the 48
and 57 orbitals on each entity. The LUMO’s of the individual
rings (47 and 56) are not present in the frontier orbitals of the
dimer, since they are involved in the formation of the covalent
bonds within the cyclobutane ring. The LUMO of the dimer
(202) has its main amplitude at the carbonyl groupss=02
and C4=04. All other atoms have small contribution to the
wave function. The LUMO+ 1 has a similar character.
3.5. Estimate of Electronic Coupling from Experimental
Data. According to the theory of nonadiabatic electron transfer,
the rate is given by

Figure 6. Geometric structure of the acceptor complex.

molecular orbital (HOMO) of the cofactor FAD is well removed

from the other filled orbitals£1.25 eV) and is a flavin orbital. K = 2£|TDA|2PFC (6)
Four of the seven lowest unoccupied molecular orbitals (MO’s) h

are also localized on the flavin; the other three lowest unoc-
cupied MO'’s are adenine orbitals. Since a transition from a state
on the flavin to one of the latter states upon excitation is less (L+ AG )2
probable than a transition to excited flavin orbitals, a state that Prc = 1 exd — ————%
is localized on the flavin is considered to be the initial state of Fe AAkgT 42kgT
the electron-transfer reaction. The adenine states are close in

energy to the states on the flavin and, as will be seen below, Where4 is the reorganization energy addS, is the reaction

serve as bridging intermediates in the process of electron T€€ €nergy. Typical values fdrin proteins arel =1-0.5 eV.
transfer. To estimate an upper limit gf-c, we set the exponential factor

In one-electron approximation, the donor state is represented®dual t0 1 (activationless transfer, maximum rate)TAt 275

by the LUMO of the flavin (144) (compare Figure 5). The K We get
LUMO, together with the next lowest unoccupied orbitals and
the HOMO, is ar-orbital. It has its largest amplitudes at the
C10 atom and the G404 carbonyl group. That is, the main
amplitude of the LUMO resides on the isoalloxazine ring.
The LUMO + 1 of the flavin (147) has its main amplitude
on the carbonyl groups G202 and C404 and is mainly (51) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

The Franck-Condon factor in the classical approximation is

(7)

prc ™ (23—3.2)x 10 *em ™ (8)

For the corresponding rate for DNA photolyase and a thymine
dimer4 of (100 ps)* we expect a coupling strength of at least
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[Tpal = 5—6 cm ! 9) Transfer Matrix Element along the Dynamics Trajectory
Dynamics of FADH™ and T<>T Dimer in Water

Together with the rafé (400 psy! at T = 90K, the exponential 300 ‘

factor in prc is calculated to be exp(260 K/T). Thus, the

expected coupling strength is about 10 wavenumbers or larger. 1
3.6. Transfer Matrix Element. To calculate the transfer |

\
matrix element, either by the method of avoided crossing or by \\
the method of tunneling currents, the Hamiltonian of the entire ~ **° | \
system has to be diagonalized. The complex of the whole protein -,
and a thymine dimer contains 7636 atoms with 19 312 valence |
orbitals. To obtain a system that is accessible to direct .# 1
diagonalization and retain the part that is important for electron ;1 /\ ‘)

g
<

transfer, we substitute the protein by its active site. If the |

polypeptide chain is broken, the N and C terminals are capped /\ |

with H and OH, respectively, using the Insightll progréhf / | /' \ ' \ f \

truncation radius 06 A results in a complex with 44 residues /\ [N \‘} \/\f\«/ TR

(including d d ini LA A LN I
g donor and acceptor complexes), containing 850 atoms oo - " vy, T oo

with 2224 valence orbitals. The structure obtained in that way Time, ps

was also used in the MD simulations. . ) Figure 8. Transfer matrix element along the dynamics trajectory: rms

A number of calculations of electronic coupling were matrix element, 6 ci; variance of matrix element, 5 crh

performed on different structures obtained in the docking

procedure, using different states of FAD and dimer as donor The rms matrix element for theI>T dimer was calculated

and acceptor states. The computed values of the transfer matrixo be equal to 6 cmt with variance of about 5 cri. For other

element were in the range of 1 to 10 thnAs expected, there  dimers these values are as follows: for theTU dimer, the

is a strong dependence of electronic coupling upon the geometryrms matrix element is 7 cmt with variance of about 5 cr;

of the structure and upon the donor and acceptor states choseffor U<>T, 7 and 5 cm?; for U<>U, 7 and 6 cm™. For all

for calculations. The important conclusion from this series of four different dimers the rms matrix element calculated with

calculations is that the dimer has to be in a close contact with LUMO + 1 of the dimer as the acceptor state was somewhat

the FAD in order to obtain the coupling strength consistent with smaller—from 3 cnt! (U<>T) to 5 cnT! (U<>U).

experimental data. For intermolecular distandes A or larger The values of electronic coupling obtained for the LUMO

we could not obtain electronic coupling that is larger than 1 on the dimer are consistent with experimentally determined rates

cm, while the experimental value is at least 10¢m of transfer. The absence of the pronounced differences in the
To explore the influence of the donor wave functionTen, values of matrix elements for different dimers is also consistent

beside the LUMO the three next lowest unoccupied molecular with experimental results. Since the variance of the matrix
orbitals of flavin in the initial configuration were considered as element is of the order of the rms value of the matrix element

donor states, too. itself, it is impossible to reliably predict the difference in the
The major finding is that the donor states with maximal averaged matrix elements as small as a factor of 1.7, which
amplitude on the benzene ring of the flavin (LUM® 2 and corresponds to the observed 3-fold difference in the rate.

LUMO + 3) do not have a stronger coupling than the LUMO To check the possible influence of the protein itself on the
and LUMO + 1, which are localized on the isoalloxazine coupling between FAD and the dimer, calculations were
moiety. performed with and without protein. When the protein matrix
The fact that the coupling strength for the wave functions is removed from the structure found in the docking, the coupling
located on the benzene ring, which is displaced 4.9 A from the matrix element changes only by 480% compared with that
isoalloxazine moiety mainly into the direction of the acceptor, of the whole system. The fact that this approximation does not

is not larger than the coupling of the LUMO and LUM© 1 reduce the electronic coupling strength underlines that the
localized on the isoalloxazine is an indication that the electron polypeptide chain does not play a role in the electron-transfer
transfer between the flavin and the dimer is not direct. event.

For the calculation of the matrix element along the dynamics  While the long-range features of the coupling show an
trajectory the method of tunneling currents was used. Sensitivity exponential decay with increasing intermolecular distance, for
analysis (see below) shows that the protein matrix does notdistances between the flavin and the dimer bet® A the
participate in the electron transfer process. Accordingly, only coupling strength is seemingly uncorrelated with the shortest
the FAD, the dimer, and adjacent water molecules were left in closest distanceg;. In particular, for the configuration with the
the structures used for the calculation of matrix element. strongest coupling obtained in the docking procedurerthe

The LUMO of the flavin molecule was chosen as the donor value is 2.8 A, which is nearly 0.5 A larger than that of van der
state in these calculations, while both LUMO and LUMOL Waals contact. This leads to conclusion that the shortest distance
of the dimer were chosen as the acceptor states. The graph obetween the flavin part of FAD and the dimeg;, does not
the matrix element along the dynamics trajectory of IT have much influence on the electronic coupling once the dimer
dimer with the LUMO of the dimer as the acceptor state is is deep in the binding site.
shown in Figure 8. The initial time refers to the beginning of On the other hand, the dependence of matrix element upon
the main molecular dynamics run. The coupling matrix element the distance between the dimer's=€@4 groups, where the
experiences fluctuations with an amplitude in the range of 30 acceptor wave function is mainly localized, and the adenine part
cm~! (maximal value of the matrix element computed with of FAD, rq, is pronounced. This dependence indicates the
LUMO of the dimer as the acceptor state is about 33HmA involvement of the adenine in electronic coupling. In contrast
qualitatively similar behavior was found for all four dimers to the flavin at the bottom of the binding site the adenine is
T<>T, T<>U, U<>T, and U<>U. located closer to the exterior of the protein. Furthermore, the
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adenine atom closest to the €®4 groups is always one of  with the distance between donor and acceptor complexes. We
the two hydrogens at the ANG6 nitrogen atom, allowing the find that, for the matrix element to be consistent with the
formation of a hydrogen bond between the dimer and the experimentally determined rate of electron transféf;’ the
adenine. dimer must occupy a specific position deep inside of the cavity

Thus, we conclude that the adenine has the role of a bridging leading to FADH . In the T<>T configuration with the largest
intermediate in the electron-transfer reaction. Sensitivity analysis coupling strength, the methyl group of the thymirieo8 the
of the matrix element confirms this conclusion. The removal dimer closely approaches the C8m methyl group of the flavin.
of the adenine from the structure obtained in docking leads to In this configuration, the C#04 carbony! groups of the base
a pronounced drop of electronic coupling. pair are in close proximity of the Njof the adenine.

Both the influence of the distance betweer~&24 carbonyl Analysis of the dynamic behavior of the dimer in the binding
groups of dimers and AN6 atom of the adenine and the pocket shows that the critical parameter governing the strength
sensitivity of the matrix element to the removal of the adenine Of the coupling with FAD is not the distance between the dimer
indicate that the adenine has the role of the bridging intermediateand the edge of the flavin molecule exposed to solvent. The
in the electron-transfer reaction. An analysis of the eigenstatesdistance between the €04 carbonyl groups of the dimer and
of the configurations along the dynamic trajectories also the adenine part of FAD is more important. This and other
confirms this conclusion. The energy of the tunneling electron findings lead us to conclude that the primary electron transfer
is close to that of the lowest unoccupied adenine orbital. This between FADH in DNA photolyase and a thymine dimer
energy varies along the dynamic trajectory. We noticed that the bound in its active site is indirect via the adenine moiety acting
peaks of the matrix element occur when the energy of the as an intermediate.
tunneling electron is particularly close to that of one of the  The proposed electron-transfer mechanism utilizes the unusual
adenine states. The proximity of energies of the transferring conformation of the FADH cofactor specific for photolyases,
electron and the states on the adenine, and the position of then which the isoalloxazine ring and the adenine are in close
adenine with respect to both the dimer and the flavin, leads to proximity;>24this proximity leads to a strong overlap between
an enhanced interaction between the donor and acceptor in théheir 7-systems. Moreover, the dimer is bound in the pocket in
repair reaction. such a way that its LUMO, which has the largest amplitude on

The final remark in this section is on the role of the solvent the C4=04 carbonyl groups, overlaps with the states on the
water molecules in the electron-transfer process in this system.a2denine, too. The strong coupling of the donor and acceptor
There seems to be no correlation between the average value oftates with the same intermediate electronic states of the adenine
the matrix element and the number of water molecules located causes an effective superexchange coupling between donor and
in the catalytic site. And there are no water molecules right acceptor, without the necessity of their direct overlap. This type
between the dimer and the FAD. This leads to the conclusion ©f coupling makes an effective electron transfer to pyrimidine
that water does not play a significant direct role in electronic dimers possible, while protecting the flavin from being oxidized
coupling. However, it does not exclude the possibility that water by other agents. The main role of the protein is to adjust the
may play a role in overall electron transfer by modifying the dimer properly with respect to its catalytic cofactor.
driving force and the reorganization energy of the reaction. Also ~ An immediate consequence of this model is that a mutation
water seems to significantly affect the position of the dimer in Of FAD that destroys the aromaticity of the adenine without
the bining pocket. We performed a molecular dynamics simula- affecting the dimer and cofactor binding properties of photolyase
tion of the system in the absence of solvent water. In the should affect the rate and the quantum yield of the repair. The
configurations obtained in that simulation all dimers, except for essential role of the G404 carbonyl groups of the thymine
T<>T, are on average significantly farther from the FAD than dimer in establishing the effective coupling is reflected in the
in simulations with water. Accordingly, the averaged transfer about 20-fold lower quantum yield of repair for<G-C than
matrix element for these structures was of the order-e21  for T<>T dimers? supposed that both types of pyrimidine
cm~! and much different from that of the<>T pair. Thisis  dimers are bound in a similar way by photolyase.
in worse agreement with experimental data than the results The global configuration of the thymine dimer in the active

obtained with water. site of photolyase that we found in docking and dynamic
simulations has the correct order of magnitude of the electronic
4. Summary and Conclusions coupling between the dimer and FAD. This configuration

) ) qualitatively agrees with the one discussed on the basis of the
In the study of the mechanism of DNA photorepair by active site structure by Park et the position determined is
photolyases, the key questions that need to be answered argygeed correct, then the principal question is how the thymine
those about the structure of the DNA/photolyase complex and gimer gets into the binding site in the configuration described,
the mechanism of electron transfer from the excited FAD® or close to it, when it is part of DNA. Similarity between

the T<>T dimer of the damaged DNA. Using the DOCK 4.0  pqsitions of a dinucleotide dimer and aF T dimer as a part

program;>?*we explored possible configurations of the dimer ot pNA is indicated by experiments on quantum yield of relair
within the active site oE. coli photolyaséand used molecular it similar values in both cases. A recent mutagenesis study
dynamics simulation, which included solvent water, to study i, connection with a modeling assayrovides further experi-
the dynamic behavior of the system. For various positions of yental evidence for this binding mode, which requires a
the dimer within the catalytic site along the dynamic trajectory, significant extra deformation of the damaged strand in the
we calculated electronic coupling between the lowest unoccupiedvicinity of the lesions*

molecular orbitals of the flavin and the dimer. The electronic  The difficulty to model such a singular process as the dimer

structure of the system was treated within the extend&ckelu  fipping out of DNA helix has been recently demonstrated by
approximation.

In principle, electron transfer can occur over long dis- ﬁgt)um"lsg’z%‘%g';ggs"e' J. M.; Warncke, K.; Farid, R. S.; Dutton, P.
tances>>3 The magnitude of electronic coupling and the rate " (53) scott, R. AJBIC 1997 2, 372.

of electron-transfer reactions, however, decrease exponentially (54) Kunkel, T. A.; Wilson, S. HNature 1996 384, 25.
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two molecular dynamics simulation stud@2! The configura- electron-transfer reaction occur in a suboptimal way? If our
tions in which the dimer is in close contact with the FAD conclusions are correct, one of the critical issues in further study
cofactor were not found in these simulations. This can be of the DNA repair mechanism by photolyase will be to
explained by many factors; for example, it could be due to the understand the mechanism of dimer flipping out of DNA.
choice of the initial conditions and the duration of the simulation
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