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ABSTRACT We describe the results of a series of theoretical calculations of electron transfer pathways between Trp306 and
*FADHz in the Escherichia coli DNA photolyase molecule, using the method of interatomic tunneling currents. It is found that
there are two conformationally orthogonal tryptophans, Trp359 and Trp382, between donor and acceptor that play a crucial role
in the pathways of the electron transfer process. The pathways depend vitally on the aromaticity of tryptophans and the flavin
molecule. The results of this calculation suggest that the major pathway of the electron transfer is due to a set of overlapping
orthogonal p-rings, which starts from the donor Trp306, runs through Trp359 and Trp382, and finally reaches the flavin group
of the acceptor complex, FADH.

INTRODUCTION

Far-UV light (200–300 nm) is harmful to the biological
function of DNA. Its action results in the formation of
cyclobutane thymine dimers, which are the major photo-
products in the damaged DNA by UV irradiation (Harm,
1980; Sancar, 1994; Kim and Sancar, 1993; Heelis et al.,
1995). A cyclobutane thymine dimer is created by the
linkage of two neighboring thymine bases via C5-C5 and
C6-C6 atoms. The lost of aromaticity of these dimerized
thymines weakens the hydrogen bonding between base
pairs. In addition, the cyclobutane bond perturbs the struc-
ture of DNA, thus creating a “kink” in the helical axis
(Husain et al., 1988; Miaskiewicz et al., 1996). This lesion
will further block replication and transcription, which leads
to cytotoxic and mutagenic effects (Harm, 1980).

To maintain genetic stability, cells protect themselves
against these types of damage by several repair mecha-
nisms. One of these mechanisms is photoreactivation (Kim
and Sancar, 1993; Sancar, 1994, 1996). A photoreactivating
enzyme, DNA photolyase, selectively binds to a damaged
part of DNA, absorbs lower-energy photons of near-UV and
visible light (300–500 nm), and reverses the dimer into
individual thymines (Sancar, 1994). Photolyases and their
homologs are widespread in nature; the mechanism of their
action and their biological function are subjects of intense
research (Kanai et al., 1997; Todo et al., 1996; O¨ zer et al.,
1995).

Recently, the crystal structure of DNA photolyase from
Escherichia colihas been resolved (Park et al., 1995).E.
coli photolyase is a monomeric protein of 471 amino acids.
It includes two noncovalently attached cofactors.E. coli is
regarded as a folate class enzyme that contains the blue

light harvest cofactor, 5,10-methenyltetrahydrofolylpoly-
glutamate (MTHF) (Johnson et al., 1988). The other cata-
lytic cofactor is 7,8-didemethyl-8-hydroxy-5-deazaribofla-
vin (FADH2) (Payne et al., 1987). From the crystal
structure of photolyase, a U-shaped FADH2 is located in a
“hole” that may act like the active site accessible for dock-
ing with the dimer.

Current data support the following major steps in the
photorepair mechanism. Photolyase selectively binds to the
dimer in a light-independent step (Sancar et al., 1985; Kim
and Sancar, 1991), and the MTHF cofactor absorbs a blue
light photon and then excites FADH2, by energy transfer
(Kim et al., 1993; Payne et al., 1987). The excited FADH2,
*FADH2, transfers an electron to split the dimer (Kim et
al., 1993; Payne et al., 1987; Kim and Sancar, 1993), the
electron is transferred back to photolyase, and the intact
DNA dissociates. There are variations in the mechanism for
splitting the dimer. From experiment, for example, it is
known that Trp277 can absorb a 280-nm photon and thereby
split the dimer by a direct electron transfer (ET) reaction
(Kim et al., 1992).

Under purification conditions, the flavin molecule oxi-
dizes into the neutral form and becomes catalytically inert.
Under the irradiation with white light, however, the photol-
yase regains its ability to reduce the dimer (Kim and Sancar,
1993). It has been suggested that the return of the activity of
photolyase is due to a Trp306-to-*FADH z electron transfer.
The evidence for this mechanism comes from time-resolved
electron paramagnetic resonance experiments (Kim et al.,
1993) and site-specific mutagenesis studies (Li et al., 1991).

Experimentally it has been shown that the neutral radical
form of FADH can be excited by absorption of a photon to
produce *FADHz (;510 nm), and *FADHz can be reduced
to the catalytic active form *FADH2 by Trp306, which is
located close to the surface of the enzyme and;14 Å away
from the flavin. Trp306 is not the closest tryptophan to
FADH and, given the large distance from the flavin, is not
directly coupled to FADH. This suggests that there are
intermediates (virtual or real) between Trp306 and FADH
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that would be interesting to identify. Several pathways for
this electron transfer can be proposed on the basis of the
crystal structure (Park et al., 1995). However, the qualitative
visual analysis is ambiguous, because there are gaps in the
tertiary structure and there are no direct secondary struc-
tures that connect Trp306 to FADH. Moreover, unlike other
cases of electron transfer in proteins, such as azurin or
cytochromec (Casimiro et al., 1993; Langen et al., 1995;
Onuchic et al., 1992), photolyase lacks metal atoms serving
as well-defined donor and acceptor sites. This also adds to
the uncertainty of assigning the tunneling path in the qual-
itative analysis.

In this paper, we describe results of theoretical calcula-
tions of ET pathways between Trp306 and FADH with the
recently developed method of atomic tunneling currents
(Stuchebrukhov, 1996). We find that two conformationally
orthogonal tryptophans, Trp359 and Trp382, between donor
and acceptor play a crucial role in the pathways of electron
transfer. The pathways depend vitally on the aromaticity of
tryptophans and the flavin molecule. The results of this
calculation suggest that the major pathway of the electron
transfer is through a set of orthogonalp-rings that starts
from the donor Trp306, runs through Trp359 and Trp382, and
finally reaches the acceptor complex, FADH, through one
of the methyl groups of the flavin molecule.

This paper is structured as follows. The first section is an
overview of Marcus’s theory of electron transfer (Marcus
and Sutin, 1985) and computational methods for evaluating
the rate constant by a semiempirical extended Hu¨ckel
method. In the second section we introduce the pruning
technique, the purpose of which is to identify the most
important amino acids in the protein (Gehlen et al., 1996).
These amino acids constitute the tunneling pathway at the
amino acid level of resolution. In the third section we
describe the method of atomic tunneling currents, which
yields the atomic details of electron transfer pathways be-
tween Trp306 and FADH. In the last section, we discuss
results and propose further steps of theoretical analysis of
the function of photolyase.

THEORETICAL BACKGROUND

Rate of ET reaction

The rate of an electron transfer (ET) reaction is given by a
product of electronic and nuclear factors (Marcus and Sutin,
1985; Kuznetsov, 1995):

kET 5
2p

\
uTDAu2rFC. (1)

In this expression,TDA is the electronic coupling of donor
and acceptor complexes, andrFC is the Franck-Condon
density of states. According to Marcus’s theory, electron
transfer occurs when a favorable thermal fluctuation of the
polar solvent environment or that of the nuclear coordinates
of the donor and acceptor complexes shifts the donor and
acceptor electronic states into resonance. Such a resonance

is the transition state for the ET reaction. The factorrFC in
the above formula is proportional to the frequency of the
occurrence of the transition state in the system, and the
electronic factoruTDAu2 determines the probability that once
at the transition state an electron transfer will occur.

The nuclear factorrFC depends on the reorganization
energyl, the driving force of the reactionDG0, and the
temperatureT and, in the classical approximation, is given
by the well-known Marcus expression:

rFC 5
1

Î4plkBT
expS2~DG0 1 l!2

4lkBT D. (2)

The electronic coupling is determined by the structure of the
protein medium intervening between donor and acceptor
complexes and by their distance. When donor and acceptor
are not in direct van der Waals contact, certain structural
units of the protein, which are usually close to a straight line
connecting donor and acceptor, play the role of the bridge
for electron transfer. When the bridging elements are not
real intermediates, the electronic coupling is due to super-
exchange (McConnell, 1961). In such a case the long-
distance electron transfer between donor and acceptor oc-
curs via quantum mechanical tunneling, and the bridging
elements provide important virtual intermediates in super-
exchange coupling. Superexchange has been identified as
the major mechanism for long-distance electron coupling in
proteins (Onuchic et al., 1992; Casimiro et al., 1993; Lan-
gen et al., 1995). The sequence of virtual intermediate
transitions constitutes the tunneling pathway.

The superexchange coupling matrix elementTDA can be
evaluated by using the perturbation theory expression (see,
for example, Stuchebrukhov, 1997):

TDA 5 O
ij

VaiGijVjd, (3)

where Vai and Vjd are the couplings of the donor and
acceptor electronic states to the bridge states,i, j, andGij is
the electronic Green’s function of the bridge. The above
expression only gives an approximate value of the coupling
matrix element—in the derivation it is assumed that the
coupling to the bridge is small. Typically, however, a more
exact treatment gives a correction factor on the order of
unity (Katz and Stuchebrukhov, 1998). The above expres-
sion can be evaluated if the Hamiltonian of the system is
known.

Extended Hückel Hamiltonian

In the present calculation the semiempirical extended
Hückel method is employed. For a given set of atomic
coordinates of the protein (taken from the crystallographic
data), the Hamiltonian matrix is constructed in the follow-
ing way. Each atom is assigned a number of Slater-type
atomic orbitals. Only valence states are considered. Hydro-
gen has ones orbital, and the other atoms have four (ones
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and threep) orbitals. Because there are no metal atoms in
photolyase, nod orbitals are involved in the calculation.

The ionization potentials of these valence states are the
diagonal matrix elements of the Hamiltonian,Hii 5 I i.
These values, as well as parameters of radial Slater-type
functions for the orbitals, were taken from a standard ex-
tended Hu¨ckel program (Whangbo et al., 1976). The atomic
basis set is not orthogonal, and the corresponding overlap
matrix Sij is calculated for a given set of atomic coordinates
of the protein. The nondiagonal matrix elements of the
Hamiltonian matrix are calculated using Wolfsberg-Helm-
holz parameterization:

Hij 5 KSijSHii 1 Hjj

2 D, (4)

whereSij is the corresponding element of the overlap ma-
trix, the empirical parameterK is chosen to be 1.75, andHii

andHjj are the potential energies of statesi and j, respec-
tively. The interaction of the atomic sites is short-ranged,
and therefore both the Hamiltonian and the overlap matrices
are sparse. The dimensionality of these matrices in the
systems in this study is;20,000.

Donor, acceptor, and bridge orbitals

In the calculation, all atoms in the whole protein are sub-
divided into donor, bridge, and acceptor complexes. The
donor complex is composed of the side-chain structure of
Trp306 and a segment of the peptide backbone (NH-CaH-
CO). The acceptor is a noncovalently attached FADH mol-
ecule. The other atoms in the protein are considered to be
part of the bridge. The analysis of the donor-bridge-acceptor
model is similar to that of our previous work (Daizadeh et
al., 1997; Gehlen et al., 1996). The only difference between
photolyase and the previously analyzed Ru-modified cyto-
chromec and azurin molecules, in which electron transfer
occurs between metal ions, is that in the present case the
donor and acceptor complexes are polyatomic.

In this case, an additional computational step is required.
The donor and acceptor molecular orbitals are some linear
combinations of the atomic orbitals of the respective com-
plexes. These combinations are determined in a separate
extended Hu¨ckel calculation. In this case the broken chain
of the backbone of Trp306 was modified by adding H and
OH to form -NH2 and -COOH termini. The donor molec-
ular orbital is the HOMO of Trp306. The accepting orbital of
*FADH z is the HOMO-1 of FADHz, which becomes singly
occupied upon the excitation of the molecule. (The singly
occupied HOMO of FADHz lies ;1 eV higher than the
ground state of the tryptophan and therefore is not likely to
become an accepting orbital in this reaction.)

The coefficients of expansions of these molecular orbit-
als,hi

d andhj
a, are used to construct the zeroth-order donor

and acceptor electronic states,

ud& 5 O
i

hi
dui& (5)

and

ua& 5 O
j

hj
auj&, (6)

which are embedded in the protein medium and weakly
interact with each other via mutual coupling to the bridge.

PROTEIN PRUNING

The electronic communication between donor and acceptor
complexes (Trp306 and FADHz, respectively) is mediated by
a small number of structural units (amino acids) of the
protein. The goal of the procedure described in this section
is to identify those important units. The method used is the
following. We calculate the electronic coupling for the
whole protein and then eliminate those amino acids that are
not affecting the electronic coupling. The numerical strat-
egy usually involves two steps (Gehlen et al., 1996): protein
truncation and protein pruning. Below we describe a nu-
merical procedure for the calculation of the electronic cou-
pling matrix element and those for truncation and protein
pruning.

Full protein calculation

In the extended Hu¨ckel model the coupling coefficients of
the donor and acceptor states to the bridge are given by

Vai 5 ^au~H 2 E0S!ui&, Vjd 5 ^ju~H 2 E0S!ud&, (7)

whereE0 is the tunneling energy, which in our calculations
was set at212 eV, the energy of both donor and acceptor
states. These expressions can be evaluated by using the
expansion coefficients of theud & andua & states (Eqs. 5 and
6) and the elements of the Hamiltonian and the overlap
matrices in the atomic basis set. The electronic Green’s
function matrix elements are

Gij 5 ~E0S2 H!ij
21. (8)

In actual calculations the inversion of the matrix is avoided
by rewriting the expression for electronic coupling in terms
of the transition amplitudesRi:

TDA 5 O
i

VaiRi, (9)

where the unknown transition amplitudes are computed by
solving the system of linear equations:

Vjd 5 O
i

~E0Sji 2 Hji!Ri. (10)

The implementation of the method is described in detail by
Daizadeh et al. (1997). Because the Hamiltonian and the
overlap matrices are sparse, and the numerical procedure of
evaluating the matrix element involves only basic linear
operations, extremely large systems can be treated with this
method.

Cheung et al. Electron Transfer in Photolyase 1243



Protein truncation: tunneling tube

Our goal in truncation is to rapidly remove those parts of the
original protein molecule that are not important for the
electron transfer process. Because most of the amino acids
are spatially far away from the electron transfer pathway,
they are expected to be irrelevant to the electron tunneling
mechanism. The portion of the protein relevant to the tun-
neling mechanism is chosen as follows. A cylinder of cross-
sectional radiusR with an axis defined by a straight line
connecting donor and acceptor is created. The cylinder is
capped on both sides with hemispheres of the same radiusR.
All amino acids that have at least one atom inside of the
cylinder are retained, and others are removed from the
original molecule; thus a truncated protein is created.

The remaining structure is modified by adding hydrogens
to N or C termini on the ruptured ends of the peptide chain,
yielding -NH2 or -COH termini, respectively. An extended
Hückel evaluation of the matrix element for this truncated
protein is then performed with the method of transition
amplitudes. The goal is to find the minimum radiusRof this
tube such that the matrix element of the full protein can be
reproduced. All matrix elements shown in Fig. 1 were
computed with the method of transition amplitudes, as
given by Eqs. 7, 9–10 with a tunneling energy of212 eV,
which roughly corresponds to the energy of donor and

acceptor states evaluated within the extended Hu¨ckel
model. The matrix element converged atR . 10 Å, which
suggested that all of the important amino acids are localized
within the truncated protein. The truncation procedure is an
extremely useful first step in reducing the protein to a
relatively small object, which is further subjected to pruning
described in the next section.

Amino acid tunneling spectra and protein pruning

In the pruning procedure, the importance of individual
amino acids is examined, and unimportant amino acids are
removed from the molecule. When an amino acid is re-
moved, the ruptured ends of the polypeptide backbone of
the remaining structure are modified by adding hydrogens
to the -NH and -CO termini to make -NH2 or -COH groups,
respectively. The importance of individual amino acids is
evaluated with a parameterpa:

pa 5 UTDA
~a! 2 TDA

TDA
U. (11)

Here TDA
(a) is the tunneling matrix element of the system

calculated with one amino acida removed from the protein.
This value is compared with the reference tunneling matrix
element of the full protein,TDA. The procedure is repeated
until all amino acids have been examined. It is clear that if
an amino acid is important, then itspa will be on the order
of unity. All unimportant amino acids will have small values
of pa. In the pruning procedure, an amino acid is removed
permanently from the molecule if the value ofpa is smaller
than some threshold value,pcut, which in our calculations
was set at 0.1. The matrix elements were calculated as
described in the previous section.

The spectrum of values ofpa, which we refer to as the
amino acid tunneling spectrum, gives information about the
most important amino acids and therefore elucidates the
pathway of electron transfer at the “amino acid resolution.”
In Fig. 2 the amino acid tunneling spectrum of Trp306-to-
FADH transition in photolyase is shown. There are two
large peaks on Trp359 and Trp382 wherepi is over 0.5. This
result indicates that the major electron transfer pathway
intensively relies on these two particular amino acids.

These two amino acids are located on the axis between
donor Trp306 and acceptor FADH. The closest distance
between donor and Trp359, Trp359 and Trp382, and Trp382

and the flavin molecule, is;3 Å. Their orientation, as given
by the crystal structure, is very interesting. The two indole
groups appear to be nearly symmetrical along the main axis
between donor and acceptor. The normal vectors of Trp306

and Trp359 are nearly perpendicular. On the other side, the
normal vectors of Trp382 and flavin are also nearly orthog-
onal. There is no doubt that in a real system at room
temperature, this geometry will be distorted by thermal
fluctuations of the protein structure, resulting in some vari-
ation of the tunneling paths. However, it is unlikely that

FIGURE 1 Convergence of the tunneling matrix element with the radius
of the truncation tube. Protein truncation reveals that the matrix element is
fully converged at about 10 Å.
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thermal fluctuations will destroy the major features of the
amino acid tunneling path obtained in the calculation. Fur-
ther insights into the mechanism of electron transfer in this
system can be obtained with the method of tunneling cur-
rents, which we discuss in the next section. With this
method the tunneling pathways can be examined with
“atomic resolution.”

TUNNELING CURRENTS AND PATHWAYS

Once the most important amino acids constituting the tun-
neling pathway have been identified, further, more detailed
analysis can be carried out with the method of interatomic
tunneling currents. This method allows one to get insight
into the atomic details of the tunneling process, that is, to
determine which atoms of the protein are involved in pro-
moting the tunneling electron and to what extent, and to
determine the tunneling pathways at the atomic level of
resolution. The method is described in detail by Stuchebruk-
hov (1996, 1997). Here we discuss the main expressions
that are used in the calculation and present the results for
photolyase.

Diabatic donor and acceptor states

In contrast to the matrix element evaluation, the calculation
of the tunneling currents involves a diagonalization proce-
dure. Because the pruned protein is relatively small, diago-
nalization can be easily performed and the eigenstates of the
system found. The key role in the analysis is played by two
eigenstates that correspond to so-called diabatic donor and
acceptor electronic states. These states are formed as a result
of partial delocalization of the donor and acceptor orbitals
(found as eigenstates of isolated donor and acceptor com-
plexes) in the medium because of the interaction of the
donor and acceptor complexes with the local protein envi-
ronment. (Rigorously speaking, the electronic eigenstates
determined at fixed nuclear coordinates are usually called
adiabatic states. However, when there is no significant
mixing of the donor and acceptor states, the localized adi-
abatic eigenstates practically coincide with the diabatic
states (Newton, 1991)). The molecular orbitalsud& and ua&
are the zeroth-order approximations for diabatic donor,uD&,
and acceptor,uA&, states. These diabatic states can be iden-
tified by projecting all eigenstatesul& of the pruned protein
onto the donor and acceptor orbitals,ud& andua&, and select-
ing two eigenstates that have maximum overlap with the
donor and acceptor molecular orbitals:

u^duD&u 5 maxlu^dul&u (12)

and

u^auA&u 5 maxlu^aul&u. (13)

The coefficients of expansion of the donor and acceptor
states in terms of the atomic basis of the protein can then be
determined:

uD& 5 O
i

Ci
Dui& (14)

and

uA& 5 O
j

Cj
Auj&. (15)

These coefficients,Ci
D andCj

A, are used in the calculations
of the atomic tunneling currents.

Interatomic tunneling currents: atomic resolution
of the tunneling pathway in photolyase

The tunneling current between two particular orbitals on
neighboring atomsa andb during the tunneling transition is
defined by (Stuchebrukhov, 1997)

Jai,bj 5
1

\
~Hai,bj 2 E0Sai,bj!~Cai

ACbj
D 2 Cai

DCbj
A!, (16)

where in the notation of the atomic states we have intro-
duced a second index referring to different atoms, so that,
for example, the double indexai refers to theith orbital on
theath atom. The two statesuD& anduA& are assumed to have

FIGURE 2 Amino acid tunneling spectrum of native photolyase. It is
seen that only nine amino acids contribute substantially to the tunneling
process with apa ñ
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the same tunneling energyE0. In the calculation, an external
electric field was applied to shift statesuD& and uA& from
their initial positions to bring them close to a resonance.
This shift of the energies of donor and acceptor states is a
simulation of the effect of the polar solvent and local
molecular environment in an ET reaction (Marcus and Su-
tin, 1985).

The total tunneling current between two atomsa andb is
a sum of currents between all orbitals of these two atoms:

Ja,b5 O
i[a

O
j[b

Jai,bj. (17)

Analysis of the matrix of interatomic currentsJab yields
detailed information about the structure of the tunneling
flow and allows for a description of the tunneling pathways
in a rigorous and quantitative fashion. The absolute value of
the currentJab is proportional to the probability that the
tunneling electron on the way from donor to acceptor will
pass from a given atoma to atomb. The positive sign ofJab

means that the current is directed fromb to a; the negative
sign corresponds to the opposite direction of the current.

One particularly useful atomic characteristic of the tun-
neling flow is the total tunneling current through an atom:

Ja
1 5 O

b

9Ja,b. (18)

The total currentJa
1 through an atoma is a sum of all

currents flowing into it. The prime on the sum means that
only positive currents from the neighboring atomsb are
selected, i.e., all terms in the sum are positive,Ja,b. 0. For
atoms of the intervening protein medium, the total current,
Ja 5 Ja

1 1 Ja
2, is zero, meaning that the current flowing into

atoma, Ja
1, equals in absolute value and is opposite in sign

to that of the current flowing out,Ja
2, according to conser-

vation of electric charge. The numerical value of the total
currentJa

1 is proportional to the average number of times
that the tunneling electron will pass a given atom on its way
from donor to acceptor,Na. The proportionality coefficient
coincides with the value of the tunneling matrix element:

Na 5
\Ja

1

uTDAu . (19)

This number, which we call the tunneling count, can be
greater than unity because the tunneling flow can include
circular currents (Stuchebrukhov, 1996, 1997).

In Fig. 3, the distribution of the tunneling countsNa for
electron transfer between Trp306 and FADH for a 6-Å
truncated tube of photolyase at the tunneling energy of212
eV is shown. The tunneling currents are seen to be mostly
localized on the donor Trp306, Trp359, Trp382, and acceptor
FADH, which is in agreement with the amino acids selected
from the pruning technique. It is also seen that the tunneling
electron passes through some atoms several times on its way
from donor to acceptor. In Fig. 4, atoms and their half-bonds
are colored in red, with intensity proportional to the total
atomic tunneling current flowing through each atom (or to

their corresponding tunneling counts) (Eq. 19). If we zoom
in on the atomic detail of the electron transfer pathways, we
obtain Fig. 5, which shows the details of how electrons flow
through a set of aromatic structures starting from the indole
group of the donor Trp306, then to Trp359 and Trp382, and
finally reaching the flavin group of the acceptor FADH.
Thus we see that the electron transfer pathway between
Trp306 and FADH in photolyase involves the intermediate
aromatic amino acids Trp359 and Trp382. These amino acids
provide the bridge between donor and acceptor by a set of
orthogonally overlappedp rings.

In the past, the tunneling pathway for this electron trans-
fer in photolyase has been probed experimentally in site-
directed mutagenesis studies by replacing the tryptophans
with phenylalanines (Li et al., 1991). To investigate the
effect of mutations, we artificially modified the native pho-
tolyase molecule into W359F and W382F mutants by using
the computer modeling program SCWRL (SCRWL stands
for side-chain placement with a rotamer library) (Bower et
al., 1997). The two mutants where pruned as discussed in
the previous section, and then we performed the current

FIGURE 3 Tunneling counts in the Trp306-to-FADH electron transfer
process. Tunneling counts refer to Eq. 19 and physically correspond to the
average number of times that a tunneling electron will pass a given atom
on its way from the donor to the acceptor complex. It is seen that the major
contributors are atoms from the donor and acceptor complexes and the
Trp359and Trp382amino acids. The tunneling counts can be greater that 1.0
if they involve circular currents (see text).
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analysis on these pruned systems. We find that Phe359

strongly participates in the pathway and is a functional
substitution for Trp359 in the electron transfer process. Sim-
ilarly, we find that Phe382 is also a functional mutant in the
sense that the tunneling currents are still localized on the
modified amino acid, which plays the role of one of two
intermediates, in a way similar to that of Trp382 in the native
molecule. These results indicate that electron transfer in
these systems is strongly dependent on the aromaticity of
the pathway.

Although we find that the pathway in the mutants looks
almost identical to that of the native molecule in the sense
that the substituted phenylalanines play the role of interme-
diates in electron transfer, we find, however, thatuTDAu is
significantly smaller. The coupling matrix element for the
native molecule was calculated to be on the order of 53
1022 cm21, which corresponds to a maximum electron
transfer rate constant,kmax, on the order of 106 s21, for a
typical reorganization energy of 0.5 eV. The electronic
coupling matrix element for the site-directed mutants was
calculated to be smaller by a factor between 5 and 10,
depending on the configuration of the site substitutions.
Despite the drop in the electronic coupling, these mutations
do not completely disrupt the electronic communication
between Trp306 and FADH. And if the Trp306-to-FADH

electron transfer is not a rate-limiting step in the photore-
activation process, these mutations would not be noticeable.
In recent experimental studies, however, it was found that
the electron transfer rate constant in these mutants goes up
by a factor of 2 (Özer and Sancar, unpublished results). On
the other hand, it is clear that because the phenylalanines are
much smaller and their virtual orbitals are much higher in
energy than those of tryptophans, these substitutions with-
out relaxation of the structure of the protein matrix around
these sites cannot increase the electronic coupling between
Trp306 and FADH. This is precisely what our calculations
show. It is also unlikely that these substitutions will signif-
icantly change the reorganization energy or the driving
force in this reaction. Therefore, the most likely explanation
for the experimental findings of O¨ zer and Sancar is the
structural change of the protein matrix induced by the
mutations, which may result in a decrease in the overall
distance between donor and acceptor. To verify this hypoth-
esis, however, further, more detailed studies are needed.

DISCUSSION AND CONCLUSIONS

In the present study, we have demonstrated the applicability
of the new computational methods of pruning and inter-

FIGURE 4 Total tunneling currents in nativeE. coli photolyase at a tunneling energy of212.0 eV. It is seen that the tunneling current is most strongly
located on only four amino acids, which lie directly between donor and acceptor complexes.
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atomic currents for the analysis of electron transfer path-
ways in a very large electron transfer system. The new
methods allowed us to elucidate the long-range electron
transfer pathway between Trp306 and FADH in E. coli
photolyase, a molecule that contains more than 7500 atoms.
From our computational results, we find that these pathways
involve the aromatic rings of two intervening tryptophans,
Trp359 and Trp382, whosep rings of the indole groups are
oriented favorably to have strong overlaps with donor and
acceptor, respectively. Compared to other electron transfer
proteins, these pathways do not involve any continuous
secondary structures. We find that the replacement of Trp359

or Trp382 with phenylalanines does not completely destroy
the electron transfer pathway, but leads to a decrease in the
electronic coupling.

The pathways analyzed in this paper are in a molecular
“frozen” state; i.e., the thermal fluctuations were not in-
cluded in the calculations. How strongly the details of such
pathways will be affected by the thermal fluctuations of the
molecule remains an open question (Daizadeh et al., 1997).
It is unlikely, however, that the general features of the
pathways found in the present static calculations, that is, the
pathway at the amino acid level of resolution, will be
completely destroyed by the thermal molecular motion. The

analysis of the mutants that were generated in this study
revealed that an increasing number of important amino
acids appear to accompany the replacement of tryptophans
with phenylalanines. For example, Arg358 in the W359F
molecule and Asn378 and Asn379 in the W382F mutant
photolyase become more important than in the native pro-
tein (see Fig. 1). Thus, the decrease in size of the aromatic
ring results in greater delocalization of the electron during
the tunneling process. It can also be interpreted as an
increasing number of important pathways, according to an
approach developed by Beratan and Onuchic (Onuchic et
al., 1992).

Analysis of electron transfer pathways by full implemen-
tation of the method of this study is feasible for other large
redox-related proteins that included either metal atoms or
nonmetallic cofactors, as does photolyase. The method is a
powerful theoretical tool that allows one to analyze quan-
titatively the electron transfer pathways in proteins at the
atomic level of resolution. Efforts are currently under way
in this group to elucidate the pathways of electron transfer
from the excited flavin cofactor in photolyase to DNA,
which contains a thymine dimer in a photolyase/DNA com-
plex, the process central for biological function of the pho-
tolyase molecule.

FIGURE 5 A closer view of the total tunneling current in the native protein. Analysis ofJa,b gives both magnitude and directionality of the tunneling
flow. Circular currents are clearly seen in the Trp359 and Trp382 residues, as well as the donor and acceptor complexes.
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