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Abstract: Charge separation and radical transfer in DNA photolyase from Escherichia coli is investigated
by computing electrostatic free energies from a solution of the Poisson—Boltzmann equation. For the initial
charge separation 450 meV are available. According to recent experiments [Aubert et al. Nature 2000,
405, 586—590] the flavin receives an electron from the proximal tryptophan W382, which consequently
forms a cationic radical WH**382. The radical state is subsequently transferred along the triad W382—
W359—W306 of conserved tryptophans. The radical transfer to the intermediate tryptophan W359 is nearly
isoenergetic (58 meV uphill); the radical transfer from the intermediate W359 to the distal W306 is 200
meV downhill in energy, funneling and stabilizing the radical state at W306. The resulting cationic radical
WH**306 is further stabilized by deprotonation, yielding the neutral radical W*306, which is 214 meV below
WH*"306. The time scale of the charge recombination process yielding back the resting enzyme with FADH®
is governed by reprotonation of W306, with a calculated lifetime of 1.2 ms that correlates well with the
measured lifetime of 17 ms. In photolyase from Anacystis nidulans the radical state is partially transferred
to a tyrosine [Aubert et al. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 5423—5427]. In photolyase from
Escherichia coli, there is a tyrosine (Y464) close to the distal tryptophan W306 that could play this role.
We show that this tyrosine cannot be involved in radical transfer, because the electron transfer from tyrosine
to W306 is much too endergonic (750 meV) and a direct hydrogen transfer is likely too slow. Coupling of
specific charge states of the tryptophan triad with protonation patterns of titratable residues of photolyase
is small.

Introduction . 1

His44

Photolyase is a DNA repair protein, that reverses cyclobu- lAsp374 l
tane-pyrimidine dimer (CPD) defects that are generated by UV/ His1sg folic acrg. |
vis light through photoinduced electron transfer (ET). This t
enzyme, found in many organisms from bacteria to eukaryotes, —¥ _ GI3ss g gHis20d |
is a single-chain protein consisting of 471 residues. Although, i ' \‘k Arg360 ,'
photolyases were biochemically and functionally characterized " Y ——},Aspsoz I
more than 10 years ad@,the reaction catalyzed by photolyase \ B "( ,’
was revealed in atomic detail only after crystal structures from “ Trp382  Trp359 YASP“" !
Escherichia coli (E. col and from Anacystis nidulangA. H.O } Lys3s3 4 m /
nidulang* became available. Photolyase frdincoli contains 2 : ‘\ Trp306, e
two cofactors, flavin adenine dinucleotide (FAD) functioning I’ f H,0
as the redox catalyst, and 5,10-methenyltetrahydrofolate (MTHF), /I "r;sp354 Tyrdsd ‘\
which acts as light-harvesting chromophore (Figure 1). @Hism \
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Figure 1. Structure of the cofactors FADH, folic acid, and the tryptophan
triad W382-W359-W306 in DNA photolyase. The solvent boundary of
photolyase is displayed by a dashed line. The hydrogen atoms relevant for
deprotonation of the tryptophans and Tyr464 are explicitly indicated.
Titratable residues that are close to the tryptophan triad and that vary their
protonation state with a change in the charge state of the tryptophans are
also shown. The figure was generated with MOLSCR3PT.

In the resting state of the DNA photolyase fré&ncoli, flavin
is typically in the semireduced radical state FADWKnhich is
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catalytically inert. lllumination with UV/vis light converts the
flavin to the reduced form FADH In this photoactivation
reaction, it was observed that an electronic excitation is
transferred within 200 ps from MTHF to flavin with 60%
efficiency.? In the excited state, the flavin (FADH takes up
an electron, resulting in a positively charged tryptophan VW306
whose edge-to-edge distance to flavin is about 15 A. The
solvent-accessible W306 remains in the radical $tafth a
lifetime of about 10 ms, limited by back transfet.Thus, it
stabilizes the active state of the anionic flavin FADHN
photolyase fromA. nidulans the radical state resides to 40%
on a tyrosiné.

Radical states of amino acids play a key role in a number of
enzymatic reaction® In these enzymes the radical state may

of WH*+306.25 The 15 A distance between flavin and W306 is
bridged by two other tryptophans, W382 and W359, which
together with W306 form a triad of tryptophans, see Figure 1.
Sequence comparisons of DNA photolyase from different
species show that the triad of tryptophans is conserved. In
photolyase fromA. nidulansthis triad comprises the chain of
tryptophans W396W367—W314, which are shifted in se-
guence number by 8 units as compared to the sequenge of
coli photolyase. In photolyase from. nidulanstyrosine Y468

is closest to W314 at a distance of 8.6 A. The next closest
tyrosine is more than 13 A away from W314. In photolyase
from E. coli we find that tyrosine Y464 is closest to the
corresponding tryptophan W306 at a distance of only 3.6 A.
Tyrosine Y464 in photolyase fror&. coli is buried, whereas

be transferred over large distances as for instance in class lthe corresponding tyrosine Y468 in photolyase frammidulans
ribonucleotide reductase (RNR), where the transfer occurs fromis on the surface. To answer the question why tyrosine Y464,

a tyrosyl radical to a cysteine over a distance of 35-&In

principle, the radical character of one molecular group can be
transported to another group by ET or by hydrogen transfer. In
the low dielectric medium of a protein, a hydrogen-transfer

although it is very close to W306, is not involved in the process
of radical transfer for photolyase froE coli, we consider the
radical state of this tyrosine also in our investigations.

As suggested previouslythe electron is first transferred from

mechanism can be advantageous, since it saves the energy,o nearest tryptophan W382 to flavin in about 30 ps. Then,

required for charge separation. Therefore, in RNR this radical
transport mechanism is under discussidH.In photolyase, the

ET process is photoactivated. Therefore, there is enough energ
available to initialize the charge separation process. However

advantage. The transfer of a neutral hydrogen would require

no charge reorganization energy as is needed for an ET, althougha

in the low dielectric medium of a protein, the reorganization
energy for an ET is small, and the barriers that a transferred
hydrogen has to overcome may be large.

To clarify these points the mechanism of photoactivation was
recently studied folE. coli photolyase at pH= 7.4 by time-
resolved absorption changes after selective excitation of FADH
in the pico- to millisecond time regimé It was found that after
light excitation the tryptophanyl radical W#B06 (H denotes
the N1 proton of the indole ring as indicated in Figure 1.) forms
in less than 10 ns, a time that is instrument limited. The cationic
radical WH*306 deprotonates to the neutral radicaB06 with
a time constant of 300 ns. Finally, the radicat3@6 relaxes
exponentially with a time constant of 17 ms due to charge
recombination. The recombination kinetics is strongly acceler-
ated at lower pH. Hence, Y806 needs to be protonated before
recombination. A radical transfer to the nearby tyrosine Y464
(Figure 1), which would be analogous to a tyrosine in the
photolyase fromA. nidulans was not observed.

A closer inspection of the ET reaction shows that the excited-
state FADH* decays in about 30 ps, long before the formation

(5) Kim, S.-T.; Heelis, P. F.; Okamura, T.; Hirata, Y.; Mataga, N.; Sancar, A.
Biochemistry1991, 30, 11262-11270.
(6) Kim, S.-T.; Sancar, A.; Essenmacher, C.; Babcock, @roc. Natl. Acad.
Sci. U.S.A1993 90, 8023-8027.
(7) Heelis, P. F; Okamura, T.; Sancar,Biochemistryl99Q 29, 5694-5698.
(8) Li, Y. F.; Heelis, P. F; Sancar, Aiochemistry1991, 30, 6322-6329.
(9) Aubert, C.; Mathis, P.; Eker, A. P. M.; Brettel, Rroc. Natl. Acad. Sci.
U.S.A.1999 96, 5423-5427.
(10) Stubbe, J.; van der Donk, W. &hem. Re. 1998 98, 705-762.
(11) Uhlin, U.; Eklund, H.Nature 1994 370, 533-539.
(12) Sjoberg, B. M.Structure1994 2, 793-796.
(13) Siegbahn, P. E. M.; Blomberg, M. R. A. Crabtree, R.THeor. Chem.
Acc. 1997 97, 289-300.
(14) Page, C. C.; Moser, C. C.; Chen, X.; Dutton, PNature1999 402 47—
52

(15) Aubert, C.; Vos, M. H.; Mathis, P.; Brettel, Wature 2000 405 586—
590.
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the electron is transferred along the triad W38¥359-W306,
enerating the cationic radical W¥#806 in less than 10 ns.
ote that the formation of the tryptophan radical could not be

s 'resolved in time. Hence, the ET process may also proceed much
here also a hydrogen transfer mechanism may have some;

aster than in 10 n¥ The deprotonation of WH306 is
estimated to yield a decrease in free energy of about 200 meV
t pH= 7.415 assuming a g, = 4 for WH".1617 This energy
decrease is essential to prevent a fast charge recombination and
stabilizes the FADH state. Computations with the pathway
method also unraveled that the electron is transferred along the
tryptophan triad®

In this contribution, we further support and complete the
model of radical transfer and stabilization in DNA photolyase
by calculating the energetics of the redox and protonation states
of FAD and the tryptophan residues. For this purpose, we
evaluated the electrostatic energies of all relevant charge states
of the titratable and redox-active groups in photolyase by solving
the linear PoissonBoltzmann equation and calculated the
Boltzmann weighted probabilities for the different charge states
of FAD and the tryptophan triad. With this method we recently
contributed to the understanding of the ET and proton uptake
events at the secondary quinong &} bacterial photosynthetic
reaction center¥ 21

Methods

Theoretical Background. The redox potentials of the FAD and the
tryptophan residues in photolyase were determined by averaging over
all protonation states of all other titratable groups. The probali#ity
of a variably charged group to be protonated or oxidized can be
expressed by a thermodynamic average over all possible charge patterns,

(16) Tommos, C.; Skalicky, J. J.; Pilloud, D. L.; Wand, A. J.; Dutton, P. L.
Biochemistry1999 38, 9495-9507.

(17) Solar, S.; Getoff, G.; Surdhar, P. S.; Armstrong, D. A.; Singh].Ahys.
Chem 1991, 95, 3636-3643.

(18) Cheung, M. S.; Daizadeh, I.; Stuchebrukhov, A. A.; Heelis, Biéphys.
J. 1999 76, 1241-1249.

(19) Rabenstein, B.; Ullmann, G. M.; Knapp, E. \Biochemistry1998 37,
2488-2495.

(20) Rabenstein, B.; Ullmann, G. M.; Knapp, E. \Biochemistry200Q 39,
1048710496.

(21) Rabenstein, B.; Knapp, E. VBiophysical J 2001 In press.
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which for N variably charged groups of two different charge states are to suitable model systems, which provide the reference values. For
2N, yielding titratable amino acid side chains, these model systems are the
corresponding isolated amino acids in agueous solution, where the basic
and acidic groups of the backbone are acetylated and amidated,
respectively. The electrostatic energies of the model systems were
matched with the corresponding experimentkl, palues. For these
computations, a dielectric constantepf= 4 inside andss = 80 outside

of the considered molecular systems was used. For the protein the ionic
strength 100 mM with an ion exclusion layef » A and a solvent
probe radius of 1.4 A were used. The redox potential of the solvent
was set toEso = 0 mV.

The number of variably charged molecular groups in photolyase is
167. These are too many for a direct evaluation of the Boltzmann
averaged sums (1). Therefore, a Monte Carlo (MC) titration method
with Metropolis sampling was employed, for which we used our own
program Karlsberd® It is based on the same method as the MCTI
program from Beroza et &.but has additional featur@sKarlsberg
is freely available under the GNU public license from our web server
(http://Nlie.chemie.fu-berlin.de/karlsberg/). We used the same protocol
of MC moves as in previous applicatioffs

All residues known to be titratable: C- and N-terminus, Asp, Glu,
Arg, Lys, Cys, Tyr and His were treated as such. In addition also the
The mutual interaction energi&s,, of the titratable groupg andv diphosphoric acid (DPA) as part of FAD, and the oxidized tryptophan
refer to the charge pattern, where all other variably charged groups of (WH*") and tyrosine (Yki") were considered titratable. MHTF involves
the molecular system are unprotonated or reduced, respectively. Mutualtwo acidic groups, which we treated as independent titratable groups.
interactions of variably charged groups in the unprotonated (reduced) One group is equivalent to the side chain of glutamate, the other to the
state and interactions with background charges of nonvariably chargedC-terminal end group. The tryptophan triad, the nearby tyrosine Y464,

1Z
0= =S X" exp-G"/RT)
Wm 22
with

2N

Zexp(—G(")/R'l)

n=

z= 1)

whereT is the absolute temperature aRdhe universal gas constant.
The charge state of groupfor the charge patterm] is characterized

by the integex™, which adopts the value 0 if grouypis unprotonated

or reduced (negative charge state), or 1 if protonated or oxidized
(positive charge state). The total free ene@fy of the charge pattern

(n) of the molecular system under consideration is given as

G(n) —

N N
Z[xf?’AGL”” + 5 X xw,,] @)

=

groups are accounted for by the intrinsic free enel@'[". A detailed

and the pair of states FADHFADH™ from flavin were considered to

description of these energy terms and the way they are calculated bybe redox-active.

solving the linear PoisserBoltzmann equation (LPBE) can be found
in a recent review articl&

For most titratable groups, the correspondiig palues were listed
by Ullmann and Knapp? For tryptophan, we used the redox potential

The free energy difference between the positive and negative chargeof 1.07 V as reference value in aqueous solution. This value was

states of the variably charged molecular graugepending on pH value
and redox potential of the solveRt, is defined in terms of the ratio
of probabilities that this group is charged or uncharged according to

&0
AG,(pH Es) = ~RTIn——— 3

1-x,0
With this free energy difference, th&Kpvalue of a titratable group
in the protein environment can be written as

AG,(pH Egy)

protei — _
PKE:PHEs) = PH — —25m70

4
For a redox-active group, the standard redox potential of the group
in the protein environment can be written as

AG,(PHEso)

EEYOtEir(pHIEsol) = ESO| + F

®)
whereF is the Faraday constant.

Note that electrostatic free energies, which are calculated by this
machinery refer to the thermodynamic equilibrium of the considered

molecular system. Thus, structural relaxation processes, which are slow
on the time scale of the considered ET processes and may occur in

proteins are not included. Nevertheless, all of the electronic polariz-
ablility, which is instantaneous, and the conventional nuclear polariz-
ability of molecular systems, that is, the reorientation of charged and

polar groups, which occurs in the subpicosecond time scale is considered(23

appropriately by using a dielectric constantpf= 4 inside the protein.
Calculating Protonation and Redox Patterns of Variably Charged

Groups. In the present approach, charge patterns of molecular systems

measured at pH values below 3, where the redox potential becomes
pH-independent because tryptophan remains protoA&tedr the
oxidized tryptophan (WH), we took K, = 41617 From experimental
data at low pH, the redox potential of tyrosine was estimated to be
above 1.35 L6 We used the value of 1.376 V, derived by extrapolating
experimental data to pH values below2, where tyrosine remains
protonated. The oxidized tyrosine (YH has K, = —2.2626FAD was
considered to consist of two independent variably charged groups, DPA
and flavin. In aqueous solution the redox potential of flavin referring
to the pair FADH/FADH™ is not known with certainty, since thekp

of the pair FADH/FADH™ is with 6.7 close to the neutral pH 7
where the measurement of the redox potential was perfofhtédit

this pH, FADH will be partially protonated and the measured
(estimated) redox potential of FADIdmounting to—167 me\?’ (—124
meV?®) can only be considered as an upper limit. As an estimate we
will assume the value-200 meV. We will discuss how the energetics
of the radical transfer will change, if this value is varied. In agreement
with experiments we did not consider a change of the protonation state
of flavin.'® For the DPA group of FAD nolf, value was available. As
estimate we took g, values from the corresponding free DPAvhere

the equilibrium between the pair of protonation states {RIEP—O—
PR®0;H)%(0:ROP—0O—PR2OzH)~ and (HQROP—O—PRA0s)/
(OsROP—O—PR?03)2 is described by K, = 6 and 8, respectively.
There are two different states of DPA with chargel, namely,
(OsROP-0O—-PRAO;H)~ and (HQROP—-O—PR?03)~, which are not
equivalent due to the different substituents of DPA as part of FAD

) Ullmann, G. M.J. Phys. Chem. B00Q 104, 6293-6301.

) Beroza, P.; Fredkin, D. R.; Okamura, M. Y.; Feher,Réoc. Natl. Acad.
Sci. U.S.A1991, 88, 5804-5808.

(25) DeFelippis, M. R.; Murthy, C. P.; Broitman, F.; Weinraub, D.; Faraggi,

M.; Klapper, M. H.J. Phys. Chem1991, 95, 3416-3419.

(24

were determined by calculating the electrostatic energy differences of (26) Dix%n, W. T.; Murphy, DJ. Chem. Soc., Faraday Trarkd76 272 1221—

individual variably charged groups in the protein environment relative

(22) Ulimann, G. M.; Knapp, E. WEur. Biophys. J1999 28, 533-551.

(27) Miller, F. Top. Curr. Chem1983 108 71—109.
(28) Anderson, R. FBiochim. Biophys. Actd983 722, 158-162.
(29) stryer, L. 1988iochemistry appendix C (Freeman, New York).
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(RW, R@) and the protein environment. The program ME&Bvailable is given in ref 19. We consider a total of 3855 non-hydrogen atoms of
to calculate the electrostatic energies of titratable groups in different photolyase. An all atom representation of DNA photolyase (total number
protonation states cannot handle titratable groups with more than two of atoms 7589) was obtained by adding all hydrogen atoms with the
protonation states. To find out whether the protonation equilibrium of HBUILD command of CHARMM222:3¢ Subsequently, the hydrogen

DPA is inclined toward the protonation states DPBPA~2 or toward atom positions were energetically minimized with the CHARMM22
DPAYDPA-, we considered both equilibria separately and described force field keeping all other atoms fixed.

the two different protonation states of DPAn the same way as we To compute the electrostatic energies, we solved the LPBE for DNA
did it for histidine. photolyase with a three-step grid focusing procedure starting from a

Atomic Partial Charges. Using an appropriate set of charges is 162 A cube lattice with a grid spacing of 2.0 A, followed by a 101 A
critical to obtain reliable values of electrostatic energies. A proper choice cube with 1.0 A grid spacing and finally a 22.75 A cube with a grid
of charges is also a matter of experience. Most of the charges that wespacing of 0.25 A. The two lattices of lower resolution were centered
used in the present application were used successfully before to calculateyith respect to the geometric center of photolyase. The lattices with
redox potentials of cofactors in proteit’$!-3*Additional charges that  highest resolution were centered at the corresponding variably charged
were needed for computations of electrostatic energies in this applicationgroups. More technical details on the computation of the electrostatic
were computed with procedures that we used in such applications energiesG™, eq 2, for the different charge patterms 6f a molecular
before. system by solving the LPBE are given elsewh@re.

The atomic partial charges of the amino acids including the charged
and neutral states of the titratable residues were taken from the Results and Discussion
CHARMM22 parameter sét But, for some of the titratable residues ) ) )

(Arg, Lys, Cys, Tyr) charges are only available in standard protonation. ~ Protonation Pattern of Titratable Groups in Photolyase,
For these residues, we took atomic partial charges as calculated andexcept Tryptophans of the Triad. Except for histidines, which
used before in ref 33. The charge distributions of FAD (including the are mostly neutral, most of the titratable groups in DNA
DPA group) and MTHF (including the two acidic groups) were photolyase are at pk 7.4 in the standard protonation state,
calculated with the HartreeFock method from GAUSSIAN8using that is, the basic residues are charged positive and the acidic
the 6-31G* basis set. The atomic partial charges were obtained from ragidues are charged negative. Folic acid is situated on the
the electronic wave functions by adjusting the electrostatic potential surface of photolyase opposite to flavin. Its two acidic groups
in_the neighborhood of the molecules with the Mekoliman are fully exposed to the solvent and are therefore found to be
approach® The atomic partial charges of FAD and MTHF and of all . .

both unprotonated. At pH= 7, the DPA group is singly

titratable residues, whose charges were not available yet, are given in . .
Table S1 of the Supporting Information. protonated in aqueous solution but was found fully deprotonated

Preparing the Coordinates of Photolyase and Solving the LPBE. in DNA photolyase. The stabilization of the two unit negative
DNA photolyase fronE. coli possesses 471 residues, and two cofactors charges at the DPA group in photolyase is accomplished by
one FAD and one MTHF. Atomic coordinates are available for both optimally orienting the polar groups in the neighborhood. These
molecules (chain A and B) in the unit cell of the photolyase crystals are the backbone NH groups of Trp271, Ser235, Ser238,
(PDB code 1dnp). Root-mean-square deviations between non-hydrogen_eu237, Arg236 and the side chain OH groups of Ser235,
atoms of chain A and B from the crystal structure of photolyase are Tyr222, and Thr234, which form hydrogen bonds with the
for all atoms 0.33 A and for the atqms of the fgnctionally relevant phosphoric oxygens. The titratable residues in nonstandard
Eé’r']ec‘;“'iegégﬁzijgep:?égﬁﬁ dailﬁacisslsfycega:; ';"g:: t{n%oci f‘sc’;gl' partial protonation state that varies with the charge state of the

' y Ytryptophan triad are Glu274, Asp354, Asp374, Lys454, N-

assume that our conclusions will be valid for chain B as well. Atomic . L .
coordinates of the two last residues at the C-terminus are not available.termmus’ and four histidines (H44, H199, H294, H453). Their

Since these are far away from the flavin of FAD and the tryptophan Protonation patterns at pH 7.4 are listed in Table 1. From

triad, we can safely ignore them. All crystal waters were removed, since these residues, only Glu274 and Asp374 are not too far from
the positions of their hydrogen atoms are particularly uncertain. Their FADH, but none of these residues is close to the tryptophan
influence is accounted for by cavities of high dielectric medium that triad (Figure 1). The acidic group of Glu274 is on the surface
are formed in their absence. A more thorough discussion of this point of photolyase but is nevertheless partially protonated. This is
due to the double negative charge of the DPA group in the

(30) Bashford, D.; Karplus, MJ. Phys. Chem1983 95, 9557-9561. . . .
(31) Popovic, D. M.; Zaric, S. D.: Rabenstein, B. Knapp, E.JVAm. Chem. _nelghborhood of Glu274. Asp354 vanes_the most with a f:har_19e
S0c.2001, 123 6040-6053. in the charge state of the tryptophan triad, although it is with

(32) MacKerell, A. D., Jr.; Bashford, D.; Bellot, M.; Dunbrack, R. L., Jr.; .
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; Joseph- &1 edge-to-edge distance of 10.9 A to W382 and 10-7_A to
McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.;. \W306 not very close to any of the three tryptophans (Figure

Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodholm, B.; Reiher, W. E., IlI; Ll . . K
Roux, B.. Schlenkrich, M.. Smith, J. C.: Stote, R. Straub, J.: Watanabe, 1)- Only four of the 15 histidines in photolyase (displayed in

g/'d;ngiséégi_egvg%-Kuczera, J.; Yin, D.; Karplus, Ml. Phys. Cheml998 Figure 1) vary their protonation pattern with a change in the
(33) Vagedes, P.; Rabenstein, B.; Aquist, J.; Marelius, J.; Knapp, . \Am. charge state of the tryptophan triad. Only one of them, His294
Chem. S0c200Q 122, 12254-12262. is close to the intermediate tryptophan W359 (6.1 A edge-to-

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. L . .
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, €dge distance). The fact that none of the titratable residues
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, i i _
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, COUpIeS S,trongly with the different Charg,e s.tates of the tryp
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; tophan triad accounts for a low reorganization energy of the
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; i
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, ET processes between the t_ryptophan triad. The calculated total
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;  charge of photolyase (see Figure 3) and the sum of charges from
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, : H H : :
C.Y.: Nanayakkara, A.. Gonzalez, C.; Chaliacombe. M.; Gill, P. M. W.: the tryptophan triad and the nine reS|d_ues displayed in Table 1
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, (last two columns) agree well for the different charge states of
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(35) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Cheml99Q 11, (36) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J;
431-439. Swaminathan, S.; Karplus, M. Comput. Cheml983 4, 187-217.
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Table 1. Nonstandard Protonation Probability of Residues in DNA Photolyase?

i i i ; reduced  total
charge state Glu Asp  Asp Lys N- His4 His199 His294 His453 sumof  sum of
of photolyase 274 354 374 454 term double O € double O € double O € double O €  protons® protons®

FADH WH+WHWH 0.385 0.626 0.016 0.701 0.277 0.807 0.003 0.189 0.339 0.239 0.422 0.004 0.555 0.441 0.045 0.772 0.182 0.196 0.23
FADH"WHWH**WH 0.504 0.771 0.033 0.677 0.282 0.838 0.003 0.160 0.370 0.242 0.387 0.001 0.419 0.580 0.033 0.754 0.213 0.505 0.51
FADH"WHWH WH** 0.565 0.777 0.057 0.684 0.280 0.851 0.002 0.147 0.375 0.238 0.387 0.009 0.663 0.328 0.030 0.762 0.208 0.624 0.66
FADH"WH WH W* 0.595 0.894 0.059 0.676 0.271 0.861 0.002 0.137 0.373 0.240 0.387 0.014 0.692 0.294 0.022 0.764—0.233 —0.22
FADH"WHW* WH 0.586 0.916 0.062 0.678 0.273 0.849 0.002 0.149 0.368 0.252 0.380 0.012 0.660 0.328 0.015 0.771—-0.245 -0.20
FADH"W*WH WH 0.617 0.908 0.063 0.678 0.275 0.969 0.002 0.129 0.382 0.376 0.242 0.012 0.688 0.300 0.018 0.768—0.288 —0.16
FADH"WHWH WH 0.221 0.869 0.000 0.679 0.275 0.671 0.004 0.325 0.258 0.260 0.482 0.009 0.645 0.346 0.022 0.762 0.216 0.000 0.00

aWith the exception of histidines, we listed all titratable residues of photolyase, which deviate by at least 0.05 unit charges from the standtiooh proto
state at pH= 7.4. From the 15 histidines we listed only those four whose protonation probabilities vary by more than 0.05. The small deviations between
the total sum and the reduced sum of protons demonstrates that the main contribution to changes in the total charge of photolyase is due to these nine
residues® Sum of protonation probabilities of the nine listed titratable groups including the protons in the tryptophan triad relative to the sum of the ground-
state FADH WH WH WH probabilities, which iy po = 3.004.¢ Sum of all protons in photolyase relative to the sum of protons in the ground-state +ADH
WH WH WH.

that histidines are neutral. Considering that folic acid possesses
a total charge of-1 (two negatively charged carboxylates and
a unit positive charge on N6) and FAD in the catalytic active
state (FADH) a total charge of-3 (due to DPA and flavin),
the formal total charge of photolyase-i$ in the resting state
FADH*—WH—-WH-WH-YH and in the four possible charge
separated states FADHWHt—WH—-WH-YH, FADH™—
WH-WH"t*-WH—-YH, FADH —WH-WH—-WH*"—YH, and
FADH —WH—-WH-WH-YH** (Figure 3). Consequently, the
formal total charge is-7 if one of the tryptophans from the
triad or the tyrosine becomes deprotonated. The total charge of
photolyase computed from the distribution of protonation pattern
. ‘ . is close to—5 if all tryptophans from the triad and the tyrosine
4 6 8 10 Y464 are protonated. The calculated total charge diminishes
pH by a fraction of a unit charge, if one of the buried tryptophans
Figure 2. pH dependence of the deprotonation free energy of the Of the tyrosine becomes deprotonated (W388:39; W359:
o e St o1 LB, e s i conespon o o Y464:~0.64) whereas i decreases by amost a un
?hnee;)?-lledseprg;rc]ience in pure water. Flavin is kept in the reduced statg FADH charge_ {0.88) if the solvent—acce_ss@le W306 is deprotonated
as it corresponds to the activated photolyase. For more details see text. (Se€e Figure 3). Hence, the protein tries in part to compensate
for the decrease in charge if a buried tryptophan becomes
the tryptophan triad, indicating that these are the most relevantdeprotonated by an increase in protonation at a number of other
residues responsible for changes of the total charge in pho-residues. This charge compensation is not necessary for the
tolyase. solvent exposed tryptophan W306.
Protonation of Tryptophans from the Triad. In aqueous Redox Potential of Flavin and of Tryptophans from the
solution, an oxidized (positively charged) tryptophan (WH  1yiaq. The redox potential for the redox pair FARIRADH-
deprotonates with = 4 to yield the neutral charge state ¢ fayin is not known with certainty. We estimated it to be

e 16,17 Gj ; ; i _ :
W Since W306 is partially solvent exposed, it is not so —200 meV. The resulting calculated redox potentiak#70

surprising that it behaves similarly as in solution. The calc_ulated meV in photolyase is consistent with a measurement estimating
PKa values are 2 for W306 anet11 and—14 for the buried that the redox potential is between330 and—500 meV3’

tryptophans W359 and w38z, respectively. The complete pH .. 4 tryptophan WH possesses akg = 41617 Thus
dependence of the deprotonation free energy of the '[ryptophan‘,jlbove pH= 4 the oxidation reaction of tryptophan in water is

cation radicals from the triad is exhibited in Figure 2. The pH .~ . : . .
dependence of the deprotonation free energy is approximatelymevnably coupled to a deprotonation reaction, which compli-
cates the interpretation of measurements on the redox potential

linear for W306 and close to the behavior of a fictitious isolated of tryptophan in water. We simulated this pH dependence of
i i h i ical i luti h . ' . o
(noninteracting) tryptophan cation radical in solution (dashed the redox potential of tryptophan in water considering the three

line in Figure 2). The deprotonation free energy of WB882 ) . .
g ) P % states, WH", WH, and W involved in the redox reaction by

and WH*359 is considerably lower than that of the solvent . . o
exposed Wi 306. Hence, the two other tryptophans prefer even using a technique analogous to one employed for histidine. We
used 1.07 V for the redox potential, which is the pH independent

more than W306 to be in the neutral charge state Wis X

behavior is to be expected, since bare charges can be accomy@lué below pH= 31%25The aqueous solution was modeled

modated more easily in a medium of high dielectric constant PY @ dielectric continuum ofe = 80. The resulting pH

than in a medium of low dielectric constant like a protein. dependence (solid line in Figure 4) from the computation of
The difference in protonation energy of the tryptophans from electrostatic energies is very similar to the measured '8&fa.

the triad is also reflected in the variation of the total charge of

photolyase. The formal total charge is computed by using the (37) Heelis, P. F.; Deeble, D. J.; Kim, S. T.; Sancar,lit. J. Radiat. Biol

: . i ! 1992 62, 137-143.
standard protonation state of all titratable residues and assuming3s8) Kraulis, P. JJ. Appl. Crystallogr.1991 24, 946-950.
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Energy scheme for the radical transfer during photoactivation of DNA photolyase from E. coll at pH=7.4

‘ FADH"WHWHWH YH'*+
tolal charge —4 91 (-6)
I FADH *WH WH WH YH

640 + X
58 |FADH WHWH *WH YH 750
FADH WH *WH WH YH total charge —4.76 (-6)
total charge -5.04 (-6)

200
20 304 lFADH‘WH WH WH"YHY
fotalcharge -461 (-6)

l FADH=W WHWH YH I 214
fotalcharge -543 (-7)
l FADH-WH W WH YH }
total charge 547 (-7)
FADH WHWHW YH| 5

T8 (- FADH-WH WHWH ¥~
lotal charge -5.49 (-7) total charge -5.45 {-7)

960

energy [meV)

1360 - X

‘ FADH  WH WH WH YH‘
fotal chaige -5 27 (-6)

Figure 3. Reaction and energy scheme of the redox and protonation states of FAD, the tryptophan triad, and the tyrosine. FADH is photoactivated FADH
— FADH*, the charge separation occurs FABWH — FADH-WH**. We estimated the unknown redox potential of FADbi be X = —200 meV as

explained in text. This value is shifting the energy of the charge-separated state MADH as indicated in the figure. Starting from the state FADYH*",

the radical character is transferred within the tryptophan triad to the distal tryptophan W306. By deprotonation of tryptophanW/t neutral tryptophan

radical is formed. Finally, the radical may be transferred to Tyr464. However, in contrast to photolyage fricimlansthis was not observed for photolyase

from E. coli. Solid lines connecting different states denote changes in electronic state or protonation state (vertical lines) or denote ET processes (more
horizontal lines). The numbers at these lines provide the difference in electrostatic free energies in units of meV between the pairs of aimsrtbeteat

by the lines. Values of total charge and formal charge (in parentheses) are given in the boxes.

particular the case for the solvent exposed tryptophan W306,
where the coupling of the ET with changes of protonation
pattern is screened most efficiently (dashed lines in upper part
of Figure 4). Considering the redox pair WH/Wvolving a
coupled electrorproton transfer also for the tryptophans in
photolyase the pH dependence of the redox potential becomes
very similar to the one of tryptophan in agueous solution (Figure
4). At low pH the values of the redox potentials from the redox
pair WH*/WH and WH/W merge, since deprotonation is not
possible. This merging is observed at pH2 for the solvent
exposed tryptophan W306, but occurs at lower pH for the buried
tryptophans whosely is shifted to smaller values.
Energetics of Charge Separation and Radical Transfer
Involving Flavin and the Tryptophan Triad. The reaction
400 7 7 6 Py 10 12 14 scheme of the charge separation and radical transfer in DNA
pH photolyase is displayed in Figure 3. The electronic excited state
Figure 4. pH dependence of the redox potentials of the three tryptophans in photolyase FADKY IS- estimated to be 2 eV abqve the gr.ound-
in photélyase and in water. (Upper three curves (dashed lines)) pH state FADH'1_5 Assuming that _the redpx p_Otem'al of flavin for
dependence of the redox potential of the three tryptophans from the triad the redox pair FADHFADH™ in solution isX = —200 meV
remaining in the protonated state, i.e., considering the redox pair WH/WH  the energy of the initial charge separated state FARVH""
(Solid line) pH dependence of tryptophan in water calculated by using a \yith the proximal tryptophan W382 is calculated to be 1.560
dielectric medium ot = 80 and allowing the tryptophan to deprotonate at
high pH as it occurs in aqueous solution. The three curves parallel to the eV above the ground state energy. Hence, there are 0.440 eV
solid line exhibit the pH dependence of the redox potential of the tryptophans available for the charge separation process. In the next step, an
from the triad in photolyase by allowing them to deprotonate in the oxidized electron is transferred from the intermediate tryptophan W359
state. (Dashed line) W306; (dotted line) W359; (dastaatted line) W382. to the proximal W382 with a slightly positive reaction energy
The pH dependence of the redox potentials of the tryptophansof +58 meV. The ET from the distal tryptophan W306 to W359
from the triad in photolyase corresponding to the redox pair is calculated to be downhill in energy by200 meV. Finally,
WH**/WH is much weaker than for the redox pair WH/W  the deprotonation of the distal tryptophan occurs at=pH.4
involving the abstraction of a whole hydrogen atom. That is in with a reaction energy that is calculated to b214 meV in
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agreement with an estimate that assumes W306 to behave as in0'° s~%. The reverse ET process leading to charge recombina-

solution?® Since this tryptophan is solvent-exposed, the proton tion is dominated by the endergonic ET process WH3B8H*-

can directly be dumped into the solvent. 306 — WH*"359-WH306. According to eq 6, its rate is
Deprotonation of the Tryptophans from the Triad. The estimated to b eggsrgonioET = 3.2 10 s L. Hence, the cationic

two buried tryptophans may also become deprotonated, althoughryptophany! radical is most of the time localized at W306,

there is no direct pathway for the proton to reach the solvent. which facilitates deprotonation of W306 to stabilize the active

Thus, a deprotonation of the buried tryptophans will be very charge state FADHin photolyase.

slow compared to the ET, which is faster than 10 ns. However, Estimating the Rate of De- and Reprotonation of Trp306.

there could be a hydrogen atom transfer or proton transfer from 1o measured deprotonation rate of WB8D6 at pH= 7.4 is
the intermediate W359 to the distal W306 when the latter is | pT

= 3.3 16 s L1 Assuming that the reprotonation
deprotonated and subsequently from the proximal W382 to the o 9 p

. . ) : process of WB06 is governed by the same activation energy
intermediate W359. The corresponding edge-to-edge dlstancesthe corresponding rate is estimated to@§k= 3316 s+

between the tryptophans are 3.9 and 5.2 A, re_spectively. exp(-0.214 eVkgT) = 840 s Compared to the forward
Hydrogen or proton.transfer betv_vgen W359 and the distal W306 reaction of deprotonation the back reaction may be kinetically
may be possible, since the positions where the hydrogen atornsIowed, since the proton from the partially solvent exposed
binds are lonly 5.1A apt)]art. Tfhe tr_ansfer: r(;]ay be supgor_tehd :y W306 can easily be dumped in the solvent but may not be so
tl:lNl—? crysta vaakt]er_s,c;aa}c one formlngfah 4 rogenh on W'(tj L e readily available as is the proton for the deprotonation process.
A g;%lmho t € indo edrltr;g 0 onerc]) the tryptop Ens anF_t € The electron back-transfer is much faster than the proton uptake

sP t "?‘t.'s situate . etween the two tryptophans (Figure such that the overall rate of charge recombination is dominated
1). One acidic oxygen is close to.the hydrogen of.W359 (3.6 by the proton uptake Y806+ H* — WH++306. This result is
A). The other oxygen is engaged in a salt bridge with Arg360. also supported by the finding that the back-transfer is pH-
The salt bridge may become weaker after a proton transfer fromdependen%5 The calculated rate of proton uptakg — 840

- . ck —

W35.9 to Asp358 and allow the aC|d|c_ group .Of Asp358 to s~ corresponds to a lifetime of about 1.2 ms for the neutral
reorient and contact the empty proton binding site at the indole radical state FADH WH WH W, that compares favorably with
g gf the d|§taI tryptopha.n W306. For the pair W382 and W359 the measured lifetime of 17 ms for the charge separated state
the indole rings are oriented such that the corresponding at pH= 715
hydrogen atom positions are pointing away from each other (see Fr:ossiblé Role of Tyrosine Y464 for Stabilizing the Radical

Figure 1), and no transfer pathway of the hydrogen could be o
recognized by inspection of the crystal structure. The same is State: In contrast to photolyase froi. coli, it was found that

the case for the hydrogen transfer between the pair Y464 and!n Photolyase fromA. nidulans60% the radical state resides at
W306. Calculating the energetics of the deprotonated radical & tryptophan and 40% at. a tyro§|_i’1é|?ryptopha.n W306 in
states of the tryptophan triad, we found that the energy difference photolyase fronk. col, Wh'Ch stabilizes the rqdlcal FADH
is 20 meV between WH359W*306 and W359—WH306 and corresponds to W314 in photolyase frofn nidulans The
45 meV between WH382W+359 and W382—WH359 (see tyrosine closest to Fhis tryptophan is in photolyasg frAm
Figure 3). Hence, a hydrogen atom transfer or a coupled protonnldulansY468 ata dllstance of 8.6 A, Wheregs Y464 is just 3.6
transfer and ET, where the neutral radical state moves fromA away from W306 in photolyase fror. coli. To clarify the

W306 via W359 to W382 is energetically easily possible, but qguestion why in photolyase frorg. coli the radical transfer
kinetically probably very slow. stops at tryptophane W306, we also computed the energetics

Estimating the ET Rates of the Forward and Backward of a possible radical transfer from W306 to Y464. The
Reaction. The ET of the forward reaction was measured to be COresponding ET from YH464 to WH1306 is strongly ender-
faster than 10 n& The overall rate of the forward ET process 9°Nic by 750 meV, since the resulting positively charged

is probably dominated by the weakly endergonic ET from W359 tyrosine YH464" is in contrast to the solvent-exposed W306
to W382. An empirical expression to estimate the rate for buried in the low dielectric medium of the protein. For the same

endergonic ET processes in proteinsTat 300 K isi4 reason the deprotonation' of the charged YH.iIE‘yleIding the
charge neutral state Y46#% strongly exergonic by 969 meV,
log, (k &"deraonicEy — 13 9— such that the charge_ neutral r_adical states308-YH and_
10V T=30(K ' WH306-Y* are nearly isoenergetic (5 meV difference). Using
0.60 — 3.6) —3.1(-|AG| + 4)%/A — |AG|/0.06 (6) eq 6 with the generic value df = 1.0 eV for reorganization
energy and the distand = 3.6 A, the endergonic ET rate is
A corresponding rate expression applicable for exergonic ET estimated to be only 278, which is an order of magnitude
processes is obtained by omitting the last term in expressionsmaller than the rate of charge recombination. Furthermore, the
6.14 With AG = 0.058 eV, an edge-to-edge distance between |ifetime of the cationic radical state YE464 is limited by
the tryptophans W382 and W359bf= 5.2 A, and the generic  glectron back-transfer from WH306 to about ®s. On this
valuel = 1.0 eV for the reorganization energy of ET processes short time scale a proton transfer yielding a deprotonated Y464
in proteins, 1 we obtain k™" = 2.1 10s for the becomes highly unlikely and since this tyrosine is buried a
endergonic ET from W359 to W382. This value of the rate suitable nearby proton acceptor group would be needed to make
constant of the forward ET process is large enough to be the deprotonation process possible. Also a direct hydrogen

consistent with the fact that the tryptophanyl radical W06 transfer is likely to be too slow to compete with charge

appears in less than 10 ns. Using the parameter val(es- recombination process, since the pair Y464 and W306 is
—0.2eV,A=1.0eV andD = 3.9 A, the rate of the exergonic  oriented such that the corresponding hydrogen atom positions
ET from W306 to W359 is estimated to B9M"" = .85 are pointing away from each other (see Figure 1), and no transfer
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pathway of the hydrogen could be recognized by inspection of consistent values for the ET rates. The energy of the cationic
the crystal structure. In photolyase fréfnidulansthe tyrosine radical state of WH306 is lower than the one of W382 and
Y468 closest to the corresponding tryptophan W314 is solvent- W359, presumably since W306 is solvent exposed and can
exposed. As a consequence, we expect that the cationic radicatherefore better accommodate its positive charge, while the
state YHT468 fromA. nidulanshas a much lower energy than energies of the neutral radical state of the tryptophans differ by
has YHT464 fromE. coli such that the lifetime of the cationic  no more than 65 meV. The rate of back reaction is determined
radical state of Y468 is long enough that the neutral radical by a slow reprotonation of W306. The calculated rate of charge
state can be reached. recombination agrees within an order of magnitude with the
measured rate of about 60's'®
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