Biophysical Journal Volume 76 March 1999 1241-1249 1241
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ABSTRACT We describe the results of a series of theoretical calculations of electron transfer pathways between Trp°® and

*FADH  in the Escherichia coli DNA photolyase molecule, using the method of interatomic tunneling currents. It is found that
there are two conformationally orthogonal tryptophans, Trp3®® and Trp®®2, 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 m-rings, which starts from the donor Trp3°®, runs through Trp®°° and Trp®®2, and finally reaches the flavin group
of the acceptor complex, FADH.

INTRODUCTION

Far-UV light (200—300 nm) is harmful to the biological light harvest cofactor, 5,10-methenyltetrahydrofolylpoly-
function of DNA. Its action results in the formation of glutamate (MTHF) (Johnson et al., 1988). The other cata-
cyclobutane thymine dimers, which are the major photodytic cofactor is 7,8-didemethyl-8-hydroxy-5-deazaribofla-
products in the damaged DNA by UV irradiation (Harm, vin (FADH™) (Payne et al., 1987). From the crystal
1980; Sancar, 1994; Kim and Sancar, 1993; Heelis et alstructure of photolyase, a U-shaped FADK located in a
1995). A cyclobutane thymine dimer is created by the“hole” that may act like the active site accessible for dock-
linkage of two neighboring thymine bases via C5-C5 anding with the dimer.
C6-C6 atoms. The lost of aromaticity of these dimerized Current data support the following major steps in the
thymines weakens the hydrogen bonding between basgghotorepair mechanism. Photolyase selectively binds to the
pairs. In addition, the cyclobutane bond perturbs the strucdimer in a light-independent step (Sancar et al., 1985; Kim
ture of DNA, thus creating a “kink” in the helical axis and Sancar, 1991), and the MTHF cofactor absorbs a blue
(Husain et al., 1988; Miaskiewicz et al., 1996). This lesionlight photon and then excites FADH by energy transfer
will further block replication and transcription, which leads (Kim et al., 1993; Payne et al., 1987). The excited FADH
to cytotoxic and mutagenic effects (Harm, 1980). *FADH ~, transfers an electron to split the dimer (Kim et

To maintain genetic stability, cells protect themselvesal., 1993; Payne et al., 1987; Kim and Sancar, 1993), the
against these types of damage by several repair mechalectron is transferred back to photolyase, and the intact
nisms. One of these mechanisms is photoreactivation (KinDNA dissociates. There are variations in the mechanism for
and Sancar, 1993; Sancar, 1994, 1996). A photoreactivatingplitting the dimer. From experiment, for example, it is
enzyme, DNA photolyase, selectively binds to a damagednown that Trg’’ can absorb a 280-nm photon and thereby
part of DNA, absorbs lower-energy photons of near-UV andsplit the dimer by a direct electron transfer (ET) reaction
visible light (300-500 nm), and reverses the dimer into(Kim et al., 1992).
individual thymines (Sancar, 1994). Photolyases and their Under purification conditions, the flavin molecule oxi-
homologs are widespread in nature; the mechanism of theiizes into the neutral form and becomes catalytically inert.
action and their biological function are subjects of intenseUnder the irradiation with white light, however, the photol-
research (Kanai et al., 1997; Todo et al., 199@g0et al.,  yase regains its ability to reduce the dimer (Kim and Sancar,
1995). 1993). It has been suggested that the return of the activity of

Recently, the crystal structure of DNA photolyase from photolyase is due to a Tiff-to-*FADH" electron transfer.
Escherichia colihas been resolved (Park et al., 1998).  The evidence for this mechanism comes from time-resolved
coli photolyase is a monomeric protein of 471 amino acidselectron paramagnetic resonance experiments (Kim et al.,
It includes two noncovalently attached cofactdgs.coliis ~ 1993) and site-specific mutagenesis studies (Li et al., 1991).
regarded as a folate class enzyme that contains the blue Experimentally it has been shown that the neutral radical
form of FADH can be excited by absorption of a photon to
Received for publication 15 May 1998 and in final form 9 November 1998 produce *FADH (~510 nm), and *FADHcan be reduced

to the catalytic active form *FADH by Trp*°¢, which is

Address reprint requests to Dr. A. A. Stuchebrukhov, Department of
Chemistry, University of California, One Shields Avenue, Davis, CA located close to the surface of the enzyme asieh A away

95616. Tel.: 530-752-7778; Fax: 530-752-8995; E-mail: stuchebr@chemffom the flavin. Trp% is nOF the closest tryptopha_n to
ucdavis.edu. FADH and, given the large distance from the flavin, is not

© 1999 by the Biophysical Society directly coupled to FADH. This suggests that there are
0006-3495/99/03/1241/09  $2.00 intermediates (virtual or real) between ¥tpand FADH




1242 Biophysical Journal Volume 76 March 1999

that would be interesting to identify. Several pathways foris the transition state for the ET reaction. The fagigg in

this electron transfer can be proposed on the basis of thie above formula is proportional to the frequency of the
crystal structure (Park et al., 1995). However, the qualitativeoccurrence of the transition state in the system, and the
visual analysis is ambiguous, because there are gaps in tleéectronic factofTy,|* determines the probability that once
tertiary structure and there are no direct secondary struat the transition state an electron transfer will occur.

tures that connect T#3° to FADH. Moreover, unlike other The nuclear factolpec depends on the reorganization
cases of electron transfer in proteins, such as azurin ognergy\, the driving force of the reactionG° and the
cytochromec (Casimiro et al., 1993; Langen et al., 1995; temperaturel and, in the classical approximation, is given
Onuchic et al., 1992), photolyase lacks metal atoms servingy the well-known Marcus expression:

as well-defined donor and acceptor sites. This also adds to

the uncertainty of assigning the tunneling path in the qual- 1 ox —(AG° + ))? o
itative analysis. Prc = AmakaT kg T

In this paper, we describe results of theoretical calcula-
tions of ET pathways between T and FADH with the  The electronic coupling is determined by the structure of the
recently developed method of atomic tunneling currentgrotein medium intervening between donor and acceptor
(Stuchebrukhov, 1996). We find that two conformationally complexes and by their distance. When donor and acceptor
orthogonal tryptophans, Tip® and Trpg®2 between donor are not in direct van der Waals contact, certain structural
and acceptor play a crucial role in the pathways of electronunits of the protein, which are usually close to a straight line
transfer. The pathways depend vitally on the aromaticity ofconnecting donor and acceptor, play the role of the bridge
tryptophans and the flavin molecule. The results of thisfor electron transfer. When the bridging elements are not
calculation suggest that the major pathway of the electromieal intermediates, the electronic coupling is due to super-
transfer is through a set of orthogonairings that starts exchange (McConnell, 1961). In such a case the long-
from the donor Trp°, runs through TrP° and Trp®2 and  distance electron transfer between donor and acceptor oc-
finally reaches the acceptor complex, FADH, through onecurs via quantum mechanical tunneling, and the bridging
of the methyl groups of the flavin molecule. elements provide important virtual intermediates in super-

This paper is structured as follows. The first section is arexchange coupling. Superexchange has been identified as
overview of Marcus’s theory of electron transfer (Marcusthe major mechanism for long-distance electron coupling in
and Sutin, 1985) and computational methods for evaluatingroteins (Onuchic et al., 1992; Casimiro et al., 1993; Lan-
the rate constant by a semiempirical extendedckél gen et al., 1995). The sequence of virtual intermediate
method. In the second section we introduce the pruningransitions constitutes the tunneling pathway.
technique, the purpose of which is to identify the most The superexchange coupling matrix elemg&gf can be
important amino acids in the protein (Gehlen et al., 1996)¢evaluated by using the perturbation theory expression (see,
These amino acids constitute the tunneling pathway at théor example, Stuchebrukhov, 1997):
amino acid level of resolution. In the third section we
describe the method of atomic tunneling currents, which Toa = 2 VaGiVig, (3)
yields the atomic details of electron transfer pathways be- L
tween Trg% and FADH. In the last section, we discuss
results and propose further steps of theoretical analysis
the function of photolyase.

a/]yhere V, and V4 are the couplings of the donor and
acceptor electronic states to the bridge statgsandG; is

the electronic Green’s function of the bridge. The above
expression only gives an approximate value of the coupling
THEORETICAL BACKGROUND 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
The rate of an electron transfer (ET) reaction is given by ainity (Katz and Stuchebrukhov, 1998). The above expres-
product of electronic and nuclear factors (Marcus and Sutingion can be evaluated if the Hamiltonian of the system is
1985; Kuznetsov, 1995): known.

Rate of ET reaction

2 5
ker = h [Toalprc @) Extended Hiickel Hamiltonian
In this expressionT, is the electronic coupling of donor In the present calculation the semiempirical extended
and acceptor complexes, anpg: is the Franck-Condon Hickel method is employed. For a given set of atomic
density of states. According to Marcus’s theory, electroncoordinates of the protein (taken from the crystallographic
transfer occurs when a favorable thermal fluctuation of thedata), the Hamiltonian matrix is constructed in the follow-
polar solvent environment or that of the nuclear coordinateéng way. Each atom is assigned a number of Slater-type
of the donor and acceptor complexes shifts the donor andtomic orbitals. Only valence states are considered. Hydro-
acceptor electronic states into resonance. Such a resonarmgen has ons orbital, and the other atoms have four (ane
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and threep) orbitals. Because there are no metal atoms irand
photolyase, nal orbitals are involved in the calculation. )

The ionization potentials of these valence states are the &) = 2 ”’h‘a|1>! (6)
diagonal matrix elements of the HamiltoniaH; = I;. ]

These values, as well as parameters of radial Slater-typghich are embedded in the protein medium and weakly

functions_ for the orbitals, were taken from a standard exjnteract with each other via mutual coupling to the bridge.
tended Hgkel program (Whangbo et al., 1976). The atomic

basis set is not orthogonal, and the corresponding overlap
matrix §; is calculated for a given set of atomic coordinatesPROTEIN PRUNING

of the protein. The nondiagonal matrix elements of the : —
o . . The electronic communication between donor and acceptor
Hamiltonian matrix are calculated using Wolfsberg-Helm-

h e complexes (Trp°® and FADH, respectively) is mediated by
olz parameterization: ) ’ .
a small number of structural units (amino acids) of the
Hi + H; protein. The goal of the procedure described in this section
Hj KSI(Z)’ (4) s to identify those important units. The method used is the
following. We calculate the electronic coupling for the
where§; is the corresponding element of the overlap ma-whole protein and then eliminate those amino acids that are
trix, the empirical parametéf is chosen to be 1.75, aittl,  not affecting the electronic coupling. The numerical strat-
andHj; are the potential energies of stateandj, respec-  egy usually involves two steps (Gehlen et al., 1996): protein
tively. The interaction of the atomic sites is short-ranged truncation and protein pruning. Below we describe a nu-
and therefore both the Hamiltonian and the overlap matricegerical procedure for the calculation of the electronic cou-
are sparse. The dimensionality of these matrices in thgling matrix element and those for truncation and protein
systems in this study is-20,000. pruning.

Donor, acceptor, and bridge orbitals Full protein calculation

In the calculation, all atoms in the whole protein are sub-, the extended Eekel model the coupling coefficients of

divided into donor, bridge, and acceptor complexes. Thene gonor and acceptor states to the bridge are given by
donor complex is composed of the side-chain structure of

Trp3° and a segment of the peptide backbone (NHHC Vo = (@H - E9)i), Vg=(|(H-ES|d), (7)
CO). The acceptor is a noncovalently attached FADH mol- ) . L )
ecule. The other atoms in the protein are considered to b&¥N€re€Ey is the tunneling energy, which in our calculations
part of the bridge. The analysis of the donor—bridge—accepto\“’aS setat-12 eV, the energy of both donor and accgptor
model is similar to that of our previous work (Daizadeh etStates. These expressions can be evaluated by using the
al., 1997; Gehlen et al., 1996). The only difference betweergXPansion coefficients of thie ) and|a ) states (Egs. 5 and
photolyase and the previously analyzed Ru-modified cyto®) and the elements of the Hamiltonian and the overlap
chromec and azurin molecules, in which electron transferMatrices in the atomic basis set. The electronic Green’s
occurs between metal ions, is that in the present case tHENCtion matrix elements are
donor and acceptor complexes are polyatomic. G = (ES— H) ™. 8)

In this case, an additional computational step is required. ! !
The donor and acceptor molecular orbitals are some linedn actual calculations the inversion of the matrix is avoided
combinations of the atomic orbitals of the respective com-by rewriting the expression for electronic coupling in terms
plexes. These combinations are determined in a separatd the transition amplitudeR;:
extended Hakel calculation. In this case the broken chain
of the backbone of Tr¥® was modified by adding H and Toa = 2 VaR, 9)
OH to form -NH2 and -COOQOH termini. The donor molec- !
ular orbital is the HOMO of Tr¥. The accepting orbital of \here the unknown transition amplitudes are computed by
*FADH' is the HOMO-1 of FADH, which becomes singly solving the system of linear equations:
occupied upon the excitation of the molecule. (The singly
occupied HOMO of FADH lies ~1 eV higher than the Vg = E(Eosi — HpR. (10)
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, n® and n7, are used to construct the zeroth-order dono
and acceptor electronic states,

_The implementation of the method is described in detail by
IDaiza\deh 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
[y = > ndi) (5) operations, extremely large systems can be treated with this
i method.
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Protein truncation: tunneling tube acceptor states evaluated within the extendetckidl

o I L idl th s of th model. The matrix element convergedrat= 10 A, which
urgoafin trqncaﬂon Is to rapidly remove those parts o es;uggested that all of the important amino acids are localized
original protein molecule that are not important for the

. ~within the truncated protein. The truncation procedure is an
electron transfer process. Because most of the amino aci %(tremely useful first step in reducing the protein to a

are spatially far away frqm the electron transfer pathwa.‘yrelatively small object, which is further subjected to pruning
they are expected to be irrelevant to the electron tunnelin escribed in the next section

mechanism. The portion of the protein relevant to the tun-

neling mechanism is chosen as follows. A cylinder of cross-

sectional radiuRR with an axis defined by a straight line . . . . .

connecting donor and acceptor is created. The cylinder i&mino acid tunneling spectra and protein pruning

capped on both sides with hemispheres of the same rRdius | the pruning procedure, the importance of individual

All amino acids that have at least one atom inside of theymino acids is examined, and unimportant amino acids are

cylinder are retained, and others are removed from theemoved from the molecule. When an amino acid is re-

original molecule; thus a truncated protein is created. moved, the ruptured ends of the polypeptide backbone of
The remaining structure is modified by adding hydrogenshe remaining structure are modified by adding hydrogens

to N or C termini on the ruptured ends of the peptide chaing the -NH and -CO termini to make -N+dr -COH groups,

yielding -NH, or -COH termini, respectively. An extended respectively. The importance of individual amino acids is
Hickel evaluation of the matrix element for this truncatedeyaluated with a parametey,:

protein is then performed with the method of transition

amplitudes. The goal is to find the minimum radRisf this

tube such that the matrix element of the full protein can be p. = ‘
reproduced. All matrix elements shown in Fig. 1 were

computed with the method of transition amplitudes, a8 are T is the tunneling matrix element of the system

given by Egs. 7, 9-10 with a tunneling energy-o12 eV, calculated with one amino acidremoved from the protein.
which roughly corresponds to the energy of donor andThis value is compared with the reference tunneling matrix
element of the full proteinT,. The procedure is repeated
until all amino acids have been examined. It is clear that if
Truncation Convergence an amino acid is important, then ipg will be on the order
Native Photolyase of unity. All unimportant amino acids will have small values
0.032 ‘ ‘ ‘ of p,,. In the pruning procedure, an amino acid is removed
permanently from the molecule if the valuemfis smaller
E=-120eV than some threshold valup,,, which in our calculations
/ was set at 0.1. The matrix elements were calculated as

Té?&) - TDA
Toa

. (11)

0.030 : described in the previous section.
— ., The spectrum of values qf,,, 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 ¥#pto-
FADH transition in photolyase is shown. There are two
large peaks on T3° and Trp®? wherep, 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 Trp®® and acceptor FADH. The closest distance
between donor and T#p, Trp**® and Trp®? and Trp®?
0.024 . and the flavin molecule, is-3 A. 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°frp
0.022 ‘ . ‘ ‘ ‘ and Trp°° are nearly perpendicular. On the other side, the
20 40 6.0 8.0 10.0 120 140 normal vectors of TrF? and flavin are also nearly orthog-
Radius of Truncated Tube/Angstroms onal. There is no doubt that in a real system at room
FIGURE 1 Convergence of the tunneling matrix element with the radius€ MP€Tature, this geometry will be dlsto_rteql by therma_\l
of the truncation tube. Protein truncation reveals that the matrix element ifluctuations of the protein structure, resulting in some vari-
fully converged at about 10 A. ation of the tunneling paths. However, it is unlikely that

0.028 - 1

-1

Tp/em

0.026

T
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Amino Acid Tunneling Spectrum Diabatic donor and acceptor states

Native Photolyase In contrast to the matrix element evaluation, the calculation

10 ‘ 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
08 | Trp359 / 1 eigenstates that correspond to so-called diabatic donor and
Trp382 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
06 1 1 donor and acceptor complexes with the local protein envi-
ronment. (Rigorously speaking, the electronic eigenstates
a? 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 orbit@ls and |a)
Asp358 Asn37p Glvas1 are the zeroth-order approximations for diabatic dot[a))r,!

. Y and acceptoriA), states. These diabatic states can be iden-
02 ¢ 11357 ] tified by projecting all eigenstatéa) of the pruned protein
Ala37 / GIn383 onto the donor and acceptor orbitdt, and|a), and select-

ing two eigenstates that have maximum overlap with the

sﬂ j v \A donor and acceptor molecular orbitals:

0 "3 350 375 400 |(d|D)| = max,[{d[A)] (12)

Amino Acid Number in Primary Sequence

E

“Tunn

=-120eV

cut

and

FIGURE 2 Ami_no aciq tunngling spgctrum of nati\_/e photolyase. It is |(a|A>| — max\|(a|)\>|. (13)

seen that only nine amino acids contribute substantially to the tunneling

process with &, fi The coefficients of expansion of the donor and acceptor
states in terms of the atomic basis of the protein can then be
determined:

thermal fluctuations will destroy the major features of the Dy = 3 CPli) (14)
amino acid tunneling path obtained in the calculation. Fur- i '
ther insights into the mechanism of electron transfer in this
system can be obtained with the method of tunneling curand
rents, which we discuss in the next section. With this Al

’ A =2, C)). 15
method the tunneling pathways can be examined with A JE J“> (15)

“atomic resolution.”
These coefficientsCP andeA, are used in the calculations

of the atomic tunneling currents.

TUNNELING CURRENTS AND PATHWAYS

. . . . Interatomic tunneling currents: atomic resolution
Once the most important amino acids constituting the tun;

; X i - of the tunneling pathway in photolyase

neling pathway have been identified, further, more detailed

analysis can be carried out with the method of interatomicThe tunneling current between two particular orbitals on
tunneling currents. This method allows one to get insight€ighboring atoma andb during the tunneling transition is
into the atomic details of the tunneling process, that is, tdiefined by (Stuchebrukhov, 1997)

determine which atoms of the protein are involved in pro- 1

moting the tunneling electron and to what extent, and to i = 7 (Hain — EoSup)(C4CH — C2CH),  (16)
determine the tunneling pathways at the atomic level of

resolution. The method is described in detail by Stuchebrukwhere in the notation of the atomic states we have intro-
hov (1996, 1997). Here we discuss the main expressionduced a second index referring to different atoms, so that,
that are used in the calculation and present the results fdor example, the double indead refers to theth orbital on
photolyase. theath atom. The two statg®) and|A) are assumed to have
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the same tunneling ener@y. In the calculation, an external Electron Transfer in Photolyase
electric field was applied to shift staté®) and |A) from

their initial positions to bring them close to a resonance. 34 .
This shift of the energies of donor and acceptor states is Trp306
simulation of the effect of the polar solvent and local (Donor)
molecular environment in an ET reaction (Marcus and Su-
tin, 1985).

The total tunneling current between two atoasndb is

a sum of currents between all orbitals of these two atoms Trp359

Trp306—>FADH

Jap= E E Jai,bj- (17) 20

icajeb Trp3g2 FADH

(Acceptor)

Analysis of the matrix of interatomic currents, yields
detailed information about the structure of the tunneling¥,
flow and allows for a description of the tunneling pathways 4
in a rigorous and quantitative fashion. The absolute value o g
the currentd,, is proportional to the probability that the
tunneling electron on the way from donor to acceptor will
pass from a given atorto atomb. The positive sign od,,
means that the current is directed frdmto 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:

J; = E,Ja,b- (18)
b

Counts

0.0 - a3 . e I i ey N,
0 100 200 300 400 500 600

The total current]] through an atoma is a sum of all Atom Number in Pruned Molecule

currents flowing into it. The prime on the sum means that

only positive currents from the neighboring atomsare ~ FIGURE T3 Tulf_‘”e””g Ctounlfs it” tge ﬁf“ofﬁm el'lec”on “ansgetr 0

selected, l'e"_a” term,s in the S,um are. pOSItﬂé@o > 0. For g:/(gzzz nf:qurmg ‘t:icr)I:J:sSﬂzZte; t?mr?élingi?ecrt)roynsslﬁl );):ggzsgi?/gn acl)tome
atoms of the intervening protein medium, the total currenty, jis way from the donor to the acceptor complex. It is seen that the major
J.=J3 +J;,is zero, meaning that the current flowing into contributors are atoms from the donor and acceptor complexes and the
atoma, J;f, equals in absolute value and is opposite in signTrp**°and TrF*?amino acids. The tunneling counts can be greater that 1.0

to that of the current flowing out],, according to conser- I they involve circular currents (see text).

vation of electric charge. The numerical value of the total

currentJ; is proportional to the average number of times,, . . .
. . - . their corresponding tunneling counts) (Eg. 19). If we zoom
that the tunneling electron will pass a given atom on its way;

4 . - in on the atomic detail of the electron transfer pathways, we
from donor to acceptof\,. The proportionality coefficient - . .
S . . ; . obtain Fig. 5, which shows the details of how electrons flow
coincides with the value of the tunneling matrix element:

through a set of aromatic structures starting from the indole
w3t group of the donor TP, then to Trp°° and Trp®? and
N, = ol (19) finally reaching the flavin group of the acceptor FADH.
Thus we see that the electron transfer pathway between
This number, which we call the tunneling count, can beTrp3°® and FADH in photolyase involves the intermediate
greater than unity because the tunneling flow can includeromatic amino acids Tfp° and Trp® These amino acids

circular currents (Stuchebrukhov, 1996, 1997). provide the bridge between donor and acceptor by a set of
In Fig. 3, the distribution of the tunneling couns for orthogonally overlappeer rings.
electron transfer between T} and FADH for a 6-A In the past, the tunneling pathway for this electron trans-

truncated tube of photolyase at the tunneling energyd2  fer in photolyase has been probed experimentally in site-
eV is shown. The tunneling currents are seen to be mostigirected mutagenesis studies by replacing the tryptophans
localized on the donor TA3®, Trp®>®°, Trp®®? and acceptor with phenylalanines (Li et al., 1991). To investigate the
FADH, which is in agreement with the amino acids selecteceffect of mutations, we artificially modified the native pho-
from the pruning technique. It is also seen that the tunnelingolyase molecule into W359F and W382F mutants by using
electron passes through some atoms several times on its wé#ye computer modeling program SCWRL (SCRWL stands
from donor to acceptor. In Fig. 4, atoms and their half-bondgor side-chain placement with a rotamer library) (Bower et
are colored in red, with intensity proportional to the totalal., 1997). The two mutants where pruned as discussed in
atomic tunneling current flowing through each atom (or tothe previous section, and then we performed the current
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Currents in E. coli Photolyase

Erpm =-12.0 eV

Trp306
(Donor)

Trp359

FADH
(Acceptor)

FIGURE 4 Total tunneling currents in nati& coli photolyase at a tunneling energy 6f.2.0 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.

analysis on these pruned systems. We find that*Phe electron transfer is not a rate-limiting step in the photore-
strongly participates in the pathway and is a functionalactivation process, these mutations would not be noticeable.
substitution for Trp>%in the electron transfer process. Sim- In recent experimental studies, however, it was found that
ilarly, we find that Ph&®? s also a functional mutant in the the electron transfer rate constant in these mutants goes up
sense that the tunneling currents are still localized on théy a factor of 2 (@er and Sancar, unpublished results). On
modified amino acid, which plays the role of one of two the other hand, itis clear that because the phenylalanines are
intermediates, in a way similar to that of Fi3in the native  much smaller and their virtual orbitals are much higher in
molecule. These results indicate that electron transfer ienergy than those of tryptophans, these substitutions with-
these systems is strongly dependent on the aromaticity ajut relaxation of the structure of the protein matrix around
the pathway. these sites cannot increase the electronic coupling between
Although we find that the pathway in the mutants looks Trp°® and FADH. This is precisely what our calculations
almost identical to that of the native molecule in the senseshow. It is also unlikely that these substitutions will signif-
that the substituted phenylalanines play the role of intermeicantly change the reorganization energy or the driving
diates in electron transfer, we find, however, thgj,| is  force in this reaction. Therefore, the most likely explanation
significantly smaller. The coupling matrix element for the for the experimental findings of #&r and Sancar is the
native molecule was calculated to be on the order of 5 structural change of the protein matrix induced by the
102 cm™*, which corresponds to a maximum electron mutations, which may result in a decrease in the overall
transfer rate constank.,., on the order of 19s™%, for a  distance between donor and acceptor. To verify this hypoth-
typical reorganization energy of 0.5 eV. The electronicesis, however, further, more detailed studies are needed.
coupling matrix element for the site-directed mutants was
calculated to be smaller by a factor between 5 and 10,
dependlng on th_e conflguratlo_n of the_: site substltuthnsDISCUSSION AND CONCLUSIONS
Despite the drop in the electronic coupling, these mutations
do not completely disrupt the electronic communicationin the present study, we have demonstrated the applicability
between Trp’® and FADH. And if the Trg%to-FADH  of the new computational methods of pruning and inter-
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Tunneling Currents in E. coli Photolyase

FIGURE 5 A closer view of the total tunneling current in the native protein. Analysis, gjives both magnitude and directionality of the tunneling
flow. Circular currents are clearly seen in the $¥pand Tr®? residues, as well as the donor and acceptor complexes.

atomic currents for the analysis of electron transfer pathanalysis of the mutants that were generated in this study
ways in a very large electron transfer system. The newevealed that an increasing number of important amino
methods allowed us to elucidate the long-range electromacids appear to accompany the replacement of tryptophans
transfer pathway between T and FADH in E. coli  with phenylalanines. For example, Af§ in the W359F
photolyase, a molecule that contains more than 7500 atommolecule and Ast#® and Asri’® in the W382F mutant
From our computational results, we find that these pathwayphotolyase become more important than in the native pro-
involve the aromatic rings of two intervening tryptophans,tein (see Fig. 1). Thus, the decrease in size of the aromatic
Trp®*° and Trp®2 whose rings of the indole groups are ring results in greater delocalization of the electron during
oriented favorably to have strong overlaps with donor andhe tunneling process. It can also be interpreted as an
acceptor, respectively. Compared to other electron transféncreasing number of important pathways, according to an
proteins, these pathways do not involve any continuougpproach developed by Beratan and Onuchic (Onuchic et
secondary structures. We find that the replacement of°frp al., 1992).
or Trp*®2 with phenylalanines does not completely destroy Analysis of electron transfer pathways by full implemen-
the electron transfer pathway, but leads to a decrease in thiation of the method of this study is feasible for other large
electronic coupling. redox-related proteins that included either metal atoms or
The pathways analyzed in this paper are in a moleculanonmetallic cofactors, as does photolyase. The method is a
“frozen” state; i.e., the thermal fluctuations were not in- powerful theoretical tool that allows one to analyze quan-
cluded in the calculations. How strongly the details of suchtitatively the electron transfer pathways in proteins at the
pathways will be affected by the thermal fluctuations of theatomic level of resolution. Efforts are currently under way
molecule remains an open question (Daizadeh et al., 1997n this group to elucidate the pathways of electron transfer
It is unlikely, however, that the general features of thefrom the excited flavin cofactor in photolyase to DNA,
pathways found in the present static calculations, that is, thevhich contains a thymine dimer in a photolyase/DNA com-
pathway at the amino acid level of resolution, will be plex, the process central for biological function of the pho-
completely destroyed by the thermal molecular motion. Thdolyase molecule.
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