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Abstract: The three-dimensional structure &scherichia coliDNA photolyase and molecular dynamics
simulations using the AMBER force field were used to construct a model of the erzgubstrate complex.

Three different dinucleotides with cyclobutane pyrimidine dimefs<¢T, T<>U, and U<>T), two
conformations of a single-stranded DNA nonamer, and a duplex DNA dodecamer containingtfelesion

were studied. The results are in good agreement with available experimental data and provide a structural
rationalization for the results of ethylation studies, the measurement of the relative rates of electron transfer
for different dinucleotides complexed to the enzyme, and the similar binding constaiits fof containing

single stranded and duplex DNA. The results support the base-flipping mechanism suggested earlier. The
proposed active-site model reveals three types of interactions: (i) ion-pair interactions at the rim of the active
site between the positively charged residues on the enzyme surfac®®(4um®42 Arg®®’, and Ly45) and

the deoxyribophosphate immediatelytd the dimer as well as the three deoxyribophosphates on' thide}

(i) polar interactions between G(f and the NH function of the'Jase of the dimer as well as a hydrogen

bond between the C-4 carbonyl on thebse of the dimer with TA§4 and (iii) hydrophobic interactions
between Trg’” and Tr84 and the nonpolar cyclobutane moiety of the dimer, thus shielding the radical anion
intermediate of the DNA repair from electrophilic attack. In this model, the distance between the redox active
FADH cofactor and the dimer is too large to account for the observed rates of electron transfer. Rather, the
results suggest an electron transfer mediated byrtegstems of the aromatic residues Frpand TrF84

Introduction

[o]
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The principal damage in DNA caused by ultraviolet radiation UvBoruve )\ s s
is the formation of cyclobutane pyrimidine dimers (CPD).

Irradiation of two adjacent thymine bas&sin the DNA with o 32&&?«_;2{““

light of wavelengths between 260 and 320 nm inducest&]2 ° L9 L, ﬁ
cycloaddition to form thecis,syncyclobutane thymine dimer ~ Ros0”  “o—b—o oPosA ROsPO °‘Pe° Vopdm
T<>T?! (Figure 1). These covalently linked dimers block cell 0® . 3' side §'side
replication and transcription, therefore causing cell death. It is

also widely accepted that the presencd ef>T?2 and another T T<>T

of the minor photoproducts, the-@ photoadduct,are major Figure 1. Formation and cycloreversion of tiees,synthymine dimer.
causes for basal and squamous cell skin cancers in humans.

Skin cancer is now the most common form of cancer in the US The number of patients has been steadily rising over the last
with an estimated 1.4 million diagnosed cases in the US dlone. 20 years. A further increase is to be expected due to the rapid
depletion of the earth’s protective ozone layer. It is therefore
* Author to whom correspondence may be addressed. E-mail: wiest.1@ not surprising that the formation and the further fatd ef>T
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remarkable enzymes achieve a true repair through an electronsurface around the active site limits the number of possible

transfer catalyzed [2- 2] cycloreversion ofT <>T.6 Photo-

relative orientations of the enzyme and the substrate. Here, we

lyases have been found in many organisms from all three report a model of the three-dimensional structure of the en-

biological kingdoms, but their presence in humans is still a
matter of debaté® They are monomeric proteins with a
molecular weight between 55 and 65 kD and contain two
noncovalently bound cofactors. One of them, a 1,5-dihydroflavin
adenine dinucleotide (FADH common to all known photo-
lyases, is positioned in the active site of the enzyme. The
completely reduced form, FADH acts as the electron donor

zyme-substrate complex that is in agreement with the available
experimental data. After an outline of the methods used for
model building and refinement, we will discuss the binding of

several different cyclobutane pyrimidine dimers to the active
site. We will then present our results for the binding of both a
single strand and duplex DNA fragment containing a>T

to DNA photolyase with and without base flipping. Finally, we

in the electron-transfer step. The other cofactor, which is either will discuss the implications for other DNA photolyases.

methenyltetrahydrofolate (MTHF) or 8-hydroxy-5-deazaflavine
(8-HDF), depending on the organism from which the DNA

photolyase was isolated, acts as a light-harvesting antenna and

transfers the light energy through arbter-type energy transfer
to the FADH cofactor. Photolyases bind single- or double-
stranded DNA containing <>T with binding constants of 1§
M and 107° M, respectively. Other photoadducts are bound less
tightly, but the dinucleotide oT <>T is bound with aKp of
10~* M.® Substrate binding is essentially independent of the
DNA sequencé®1!

The structure of DNA photolyase fromascherichia coli a

Computational Methods

Model Building and Refinement. All calculations were performed
using the AMBER force fiel#® as implemented in Biosym’s DIS-
COVERS3, with a nonbonded atom-based cutoff of 9.5 A and a distance-
dependent dielectric constant of 1.0. A combination of steepest descent
and Polak-Ribiere conjugate gradient minimizers with a 0.001 kcal/
mol convergence criterion was used in all final minimizations. All MD
simulations were run in a canonical ensemble using a Verlet velocity
integrator with a 1-fs time step.

The crystal structure of DNA photolyase frdm coli was obtained

member of the MTHF class, has recently been determined by from the Brookhaven Protein Database (structure code 1DNP). Hy-

X-ray crystallography? The overall structure consists of five
parallel-strands, 2@ helices, and five short;ghelices which

are organized in three major domains. One domain is formed

by thep-strands and foun helices that bind the second cofactor,

MTHF. The other two, formed by the helical structures, are
separated by a hole in the otherwise relatively flat protein
surface. This hole, containing the noncovalentely bound flavine

drogens were added, and the potentials of the cofactors were set to
match known atoms within the AMBER force field (see Supporting
Information). The DNA photolyase model was then surrounded by a
5-A layer of water and refined using restrained minimization, followed
by a 3-ps MD simulation and unrestrained minimization. As a model
for the photodamaged DNA, we used a dinucleotide contaifiing T

and the adjacent deoxyribophosphates as well as a single strand DNA
nonamer CGAAK>TCGC.T<>T was introduced by changing the

cofactor, approximates the dimensions of a CPD and constitutesatom types at the C5/Cand C6/C6 positions to “CT” atom type of

the putative binding site. The rim of the binding site is positively
charged (Aré?5, Arg34? and Arg®’), whereas the interior is
uncharged and consists of relatively hydrophobic amino acid
residues (PHECS Valr’® Trp?”’, Tyr8l, Met*5, Trp3®4 and
Alad%?). The hole lies in the middle of a series of solvent-

exposed, positively charged amino acid residues designed to

bind to the phosphate backbone of DNA.

The three-dimensional structure of the enzyrsabstrate
complex of DNA photolyase is not available. This is unfortunate
since this information could provide insights into some key

AMBER and adjusting the parameters for bond lengths, angles, and
torsions according to the values reported in previous theoretical
studiest**> All nonstandard parameters used are listed in the Supporting
Information. The validity of these parameters was tested by constructing
the previously studied (CGCGAAT>TCGCG) (CGCGAATTCGCG)
DNA duplex in the B-form with sodium counterions in 4 & x 61 A

x 61 A waterbox with periodic boundary conditions. The surrounding
water was equilibrated and the initially used constrains on the Watson
Crick pairing in the duplex were gradually removed as described
earlie®® until a completely minimized structure was obtained. After
70 ps of MD simulations, followed by another minimization, we

questions such as the mode of substrate recognition, the electrombtained a structure with a £20° kink in the DNA strand. This is in

transfer from the FADH cofactor to thE<>T lesion, and the
question of how the enzyme copes with the highly reactive
radical anion intermediate. Knowledge of the relative orientation
of the substrate in the active site at a molecular level could
increase our knowledge of this unique DNA repair enzyme. The
wealth of information available from the X-ray structure and
from binding studies can be exploited with the use of molecular
modeling. DNA photolyase is particularly suitable for such a
docking study because the position of the active site is known
and the pronounced electrostatic pattern of the solvent-expose

(7) (&) Li, Y. F.; Kim, S.-T.; Sancar, AProc. Natl. Acad. Sci. U.S.A.
1993 90, 4389-4393. (b) Ley, R. DProc. Natl. Acad. Sci. U.S.A993
90, 4337.

(8) (a) Sutherland, B. M.; Bennet, P. Yroc. Natl. Acad. Sci. U.S.A.
1995 92, 9732-9736. (b) deGruijl, F. R.; Roza, L1. Photochem. Photobiol.
B: Biol. 1991, 10, 367—-371.

(9) (&) Kim, S.-T.; Sancar, APhotochem Photobioll993 57, 895—
904. (b) Sancar, G. B.; Smith, F. W.; Sancar,Biochemistry1985 24,
1849-1855. (c) Husain, |.; Sancar, Alucleic Acids Resl987, 15, 1109-
1120.

(10) Myles, G. M.; VanHouten, B.; Sancar, Nucleic Acids Resl987,
15, 1227-1243.

(11) Payne, G.; Sancar, Biochemistryl99Q 29, 7715-7727.

(12) (a) Park, H.-W.; Kim, S.-T.; Sancar, A.; DeisenhoferSgdience
1995 268 1866-1872. (b) Park, H.-W.; Sancar, A.; Deisenhofer].Mol.
Biol. 1993 231, 1122-1123.

good agreement with the results from considerably longer MD studies
by Spector et al® who obtained a 22°ink. Another recent study of

the same dodecamer by Miaskiewicz gave an overall kink b%°.17

It can therefore be concluded that, for the system studied here, there
are only small differences between the results obtained by the versions
of the AMBER force field used here and in earlier studfes.
Experimentally, early gel electrophoresis studies indicated a bend of
approximately 30, while newer electrophoresis and NMR experiments
found a smaller kink of 7#9°.18

d (13) Weiner, S. J.; Kollman, P. A.; Case, D.; Singh, U. C.; Ghio, C,;

Alague, G., Profecta, S., Jr.; Weiner, P. X.Am. Chem. S0d.984 106,
765-784.

(14) (a) Rao, S. U.; Keepers, J. W.; Kollman, P.Mucleic Acids Res.
1984 12, 4789-4807. (b) Kim, S.-H.; Pearlman, D. A.; Holbrook, S. R.;
Pirkle, D. In Molecular Basics of Cancer, Part A: Macromolecular
Structure, Carcinogens, and Oncogenkiss: New York, 1985; pp 143
152.

(15) Wiest, O.; Largoza, Alnternet J. Sci-Biol. Chem.1997, 1.

(16) Spector, T. I.; Cheatham, T. E.; Kollman, P.JAAm. Chem. Soc.
1997, 119, 7095-7104.

(17) Miaskiewicz, K.; Miller, J.; Cooney, M.; Osman, R. Am. Chem.
Soc.1996 118 9156-9163.

(18) (a) Husain, I.; Griffith, J.; Sancar, Rroc. Natl. Acad. Sci.U.S.A.
1988 85, 2558-2562. (b) Wang, C.-1.; Taylor, J.-SProc. Natl. Acad.
Sci.U.S.A.199], 88, 9072-9076. (c) Kim, J.-K.; Patel, D.; Choi, B.-S.
Photochem. Photobioll995 62, 44—50. (d) McAteer, K.; Jing, Y.; Kao,
J.; Taylor, J.-S.; Kennedy, M. Al. Mol. Biol. 1998 282, 1013-1032.



Complex of DNA Photolyase and Photodamaged DNA

Docking Procedures.Initial docking studies were performed on a
truncated model of the enzyme using residues-203 and the FADH
cofactor. This approximately corresponds to the residues within 10 A
of the active site. Connoly surfaces of the enzyme and the DNA piece
with approximate electrostatic potentials projected on the surfaces were
generated by the DELPHI module of the Biosym software. By using

these surfaces and the electrostatic and van der Waals interaction grid

generated by the DOCKING module of Biosym, the DNA piece was
manually docked with the enzyme active site. Approximately 30
different relative orientations were considered in the manual docking.
Once a local minimum was found, the truncated enzyme was replaced
by the full enzyme, and a minimization using all AMBER interaction
terms was performed. The backbone of the enzyme was fixed, and only
amino acids near the putative active site (#&fgArg3*? Arg®®’, Val?™,
Trp?™, Tyr?8, Met**5, Trp®®4 and the FADH cofactor}?2were allowed

to move freely. This procedure was followed both for CGAAFTCGC
nonamer, and for & <>T with adjacent deoxyribophosphate groups.
The best relative dinucleotideenzyme and DNA-enzyme complexes
were chosen for a considerably longer dynamics procedure. This longer

J. Am. Chem. Soc., Vol. 121, No. 2251299
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procedure consisted of sequence of unconstrained minimization of the rigyre 2. Active site of the low-energy enzymesubstrate complex
complete enzyme, & 10-ps MD run at 298 K, followed by 80 ps of ‘model. The dinucleotide containifg<>T is shown in ball-and-stick
equilibration at 350 K2 After this preparatory phase, data were representation, charged amino acid residues on the surface of the
collected every 5 ps for 120 ps at 350 K. The relatively high temperature enzyme as CPK models, nonpolar amino acid residues are shown in

was chosen to enable the system to overcome barriers toward lowerype representation, and the FADH cofactor is shown as a wiredrawing.
energy structures. The simulation was then finished by another 10-ps

MD simulation at 298 K and unconstrained minimization of all atoms  the active site. By refining the starting structures as described

in the low energy structure obtained in the MD simulations.

Although the relatively short MD simulation time of 200 ps is too
short to allow for a comprehensive exploration of the conformational
space, the pronounced electrostatic pattern around the active site an
the fact that we arrived at the same structures from approximately 30
quite different starting structures indicates that the number of substan-
tially different local minima is fairly limited. In addition, we will show
in this paper that the proposed model is in good agreement with the
available experimental data. We therefore conclude that the model is
at the very least semiquantitatively correct and provides the structural
basis for the interpretation of the mode of binding.

Results and Discussion

The Enzyme-Dinucleotide Model. We used the known
three-dimensional structure of DNA photolyase fr&mncoli to
construct a model of the enzymeubstrate complex. This
structure had been refined to a resolution of 2.3R40.172)
with the position of only one out of 471 amino acids undefined.
After the addition of the hydrogen atoms and water molecules,
this structure was minimized as described above. Comparison
of the atom positions in the fully minimized structure with the
original X-ray data gave a rms displacement of 1.004 A for the
entire enzyme. Most of the differences occurred by the move-
ment of side chains of amino acids near the surface, since thes
have the greatest amount of freedom. Very little movement
occurred to the backbone itself.

We started our investigations by the manual docking of a
dinucleotide containind <>T into the active site. The position
of the active site is well-established by the position of the FADH
cofactor. Furthermore, Park et &k pointed out that the
phosphate backbone of the damaged DNA strand most likely
runs parallel to a streak of positive charge which runs along

o

above, all structures converged independently of the starting
structure to one of two low-energy conformations. These were
ubjected to full energy minimization without constraints,
llowed by MD simulations to yield the two final structures.
Figure 2 shows a detailed view of the active site of the lower-
energy model.

Two types of interactions between the dinucleotide and the
enzyme become apparent in this structure. The deoxyribophos-
phate backbone on thé Side of theT <>T lesion interacts
strongly with Arg*2and Arg?®’, which almost trap the phosphate
group, effectively restricting any degrees of freedom. The
phosphate on the' 3ide has similarly strong interactions with
Lys! With the adjacent phosphate groups essentially anchored
by these two interaction3,<>T can only rotate along the axis
between the two arginines and 1X§% These strong interactions
are consistent with the findings that alkylation of either the 3
or the B phosphates immediately adjacenflte >T decreases
binding2° In addition, we also found ion-pair interactions be-
tween Arg?6 and the phosphate group linking the two thymines.
Since experimental evidence suggests that this phosphate group
is not important for binding, we assume that it is well-solvated
in the actual enzymesubstrate complex. Due to its position
outside the active site, we do not anticipate a major influence

%f this interaction on the orientation @<>T in the active

site.

In addition to these mostly ion-pair interaction outside and
at the rim of the active site, we also obtained several nonpolar
and dipolar interactions within the active site. Our model shows
a polar contact between the side chain of &land the N3 of
the thymine on the'Jide as well as a possible hydrogen bond
between Trg#4 and the carbonyl function at C4 of thé thase
of theT <>T. This hydrogen bond could stabilize the localized

the surface of the photolyase over the active site. These previousharge in the radical anion, thus lowering the redox potential

studies allowed us to limit the manual docking studies to
approximately 30 orientations for the dinucleotigghotolyase
interactions for a reasonable exploration of the possible binding

of T<>T. Similar effects of hydrogen bonding on reduction
potentials have been observed for a number of small model
system&! The T<>T in the active site is in contact with the

modes. These starting structures were chosen to explorewyg tryptophans, T7 and Tr#84, which create a fairly

numerous different relative orientations of the dinucleotide in

hydrophobic binding pocket for the CPD. This hydrophobic

(19) This equilibration time is similar to the one chosen in another recent
MD study of E. coli photolyase: Hahn, J.; Michel-Beyerle, M.-E.; s,
N. J. Mol. Model199§ 4, 73—82.

(20) (a) Husain, |.; Sancar, G.; Holbrook, S.; Sancar) ABiol. Chem.
1987 262, 13188-13197. Compare also: (b) Liuzzi, M.; Weinfield, M.;
Paterson, MJ. Biol. Chem1989 264, 6355-6363.
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pocket is presumably required not only to interact with the
hydrophobic cyclobutane moiety of the molecule but also to
shield the highly reactive radical anion intermediates from
electrophilic attack.

Itis interesting to note that there are no close contacts betwee
the T<>T and the FADH cofactor. The smallest distance,
between the C5 on the ®ase of theT <>T and the ribose

side chain, is larger than 6 A, whereas the smallest distance

betweenT <>T and the redox active isoalloxazine ring system
is around 10 A. This distance changes very litt#(3 A) during
the 120 ps of data collectici. Several attempts to locate a

structure with a smaller distance have not been successful, sincq

such a structure would require the disruption of the strong ion-

pair interactions on the surface of the enzyme. Reoptimization

of any of these structures therefore led back to the original

Sanders and Wiest
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ggometry. A direct electron transfer over this relatively large Figure 3. Overlay of the relative positions of thé<>T (gold), T <>T
distance should therefore be much slower than the observed(bme), andT <>U dimers (red) in the active-site model. The deoxy-

overall rate constant for repair of tie<>T lesion of 5x 1(°.%3
Instead, our model supports an earlier proposal by Kim étal.,
according to which the electron transfer is mediated by the
m-systems of Tyi! and Trg?” or by Trp®®4 Both pathways
are possible in our enzymesubstrate complex model. Such a
mediation of electron transfer by thesystems of aromatic

ribophosphate backbone has been removed for clarity.

By using picosecond spectroscopy, they found that the rate of
electron transfer to eithéd<>U or U<>T is faster than the
rate of electron transfer to eith&r<>U or T<>T. They
suggested that the position 8 >U in the enzyme-substrate

amino acid residues is analogous to that by a number of othercomplex is less favorable for electron transfer than the one of

redox active biomolecules most notably the photosynthetic

U<>T. The methyl group in the'®ase of thelT <>T would

reaction center. The experimental evidence for the involvement gjter the position of the base, thus decreasing the rate of electron

of these residues is, however, inconsistent. Site-directed mu-

tagenesis of T” in E. coli photolyase changes the binding

transfer. The importance of the position of tHé&se indicates,
in accordance with earlier finding8,that the electron in the

constant of the enzyme but does not have a significant effect radical anion is localized in the' Bather than in the '3pase.

on electron transfet In contrast, mutagenesis of A3 the

To study the applicability of our model to these findings, we

equivalent residue in yeast photolyase, reduced the quantumcgicylated the enzymesubstrate complex models for the

yield by a factor of 38 Recently, a model qualitatively similar

T<>U andU<>T dinucleotides. An overlay of the results is

to the one proposed here was obtained by docking a pyrimidine shown in Figure 3. Removal of the methyl group in théase

dimer to a model of the experimentally not yet determined
active-site structure of yeast photoly&$elnfortunately, no site-
directed mutagenesis results are available for®tin E. coli
photolyase.

In addition to the enzymedinucleotide model discussed

results in a clockwise rotation of thé<>T dinucleotide, shown

in gold, thus bringing the'%ase closer to TE* In theT<>U
system, shown in red, the steric repulsion of the methyl group
with Arg®*2 backbone leads to a-8.0° counterclockwise
rotation of the CPD. Th& <>T dinucleotide, shown in blue,

above, a second low-energy structure could be located throughlies approximately between the two. It is interesting to note that

the MD—minimization protocol. This structure results from a
flip of the direction of the DNA. When the dimer is reversed in
the 3—5' direction, similar ion-pair interactions between the

the smaller distance between thé @yrimidine and Trg®*
correlates with the experimentally observed higher rate of
electron transfer. This could indicate that T&bis more

deoxyribophosphate backbone and the positively charged aminomportant than Trp/” in the alternative pathway. The relative
acid residues on the surface are obtained, but other interactionsositions of the CPD as a function of substitution at C-5 is

in the active site are not as favorable. In particular, the contactstherefore in good agreement with the observed behavior,

between the CPD and T4ff and TrF84 are disrupted since the
CPD is rotated by almost 180n the active site, resulting in

indicating that the different rate constants of electron transfer
are indeed due to changes in the electronic coupling matrix

steric repulsion of the tryptophans and the methyl groups of elementv between the FADH cofactor arft< > T, as suggested

T<>T. Therefore, and because this orientation of The>T

does not reproduce the experimental results of the alkylation

studies (also see below)this model was not further pursued.
In a recent study of four different CPDs, Langenbacher et al.
showed that DNA photolyase activity depends on the subsfrate.

(21) (a) Breinlinger, E. W.; Niemz, A.; Rotello, V. Ml. Am. Chem.
Soc.1995 117, 5379-5380. (b) Ge, Y.; Lilienthal, R. R., Smith, D. K.
Am. Chem. Sod 996 118 3976-3977.

(22) Measured from N1 of the isoalloxazine ring to C5Tof>T.

(23) Heelis, P. F., Okamura, T.; SancarBlochemistry199Q 29, 5694~
5698 and ref 6c.

(24) (a) Kim, S.-T.; Heelis, P. F.; Sancar, Methods Enzymoll995
258319-343. For a related model of a putative electron transfer from®Frp
to FADH, compare: Cheung, M. S.; Daizadeh, |.; Stuchebrukhov, A. A.;
Helis, P. F.Biophys. J.1999 76, 1241-1249.

(25) Li, Y. W.; Sancar, ABiochemistry199Q 29, 5698-5706.

(26) Baer, M. E.; Sancar, G. B. Biol. Chem1993 268 16717-16724.

(27) Vande Berg, B. J.; Sancar, G. B.Biol. Chem1998 273 20276~
20284.

earlier?®

The Enzyme-Single Strand DNA Model. To study the
influence of the DNA backbone on the structure of our model
of the enzyme-substrate complex, we investigated the interac-
tion of a nine-nucleotide strand of DNA (CGAAT>TCGC)
with DNA photolyase. There have been several studies showing
that DNA photolyase binds and repairs single- and double-
stranded DNA equally wef30 It is widely accepted that the
mode of binding for single- and double-stranded DNA is very
similar and that there are few contacts between the enzyme and
the DNA strand opposite th& <>T lesion®.9.12a31Sjngle-

(28) Langenbacher, T.; Zhao, X.; Bieser, G.; Heelis, P.; Sancar, A.;
Michel-Beyerle, M.J. Am. Chem. S0d.997, 119, 10532-10536.

(29) Pouwels, P. J.; Hartman, R. F.; Rose, S.; KapteirRldatochem.
Photobiol. 1995 61, 575-583.

(30) Jorns, M. S.; Sancar, G. B.; Sancar, Biochemistry1985 24,
1856-1861.
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Figure 4. Complex of DNA photolyase with the approximate electrostatic potential projected onto the Connolly surface, complexed to a nine-base
single strand DNA piece. ThE<>T fragment is shown in gold.

stranded DNA should therefore be a good model for the occur on the 3side of the lesion and include an arginine
biologically relevant DNA duplex. We began our studies with interacting with the phosphodiester bond immediatelio3he

a single-stranded DNA piece containifig<>T in the same dimer. Other interactions occur with the second, third, and fourth
position it occupies in a double helix. Since in this orientation phosphodiester groupst® the dimer and between a tryptophan
T<>T is pointing away from the enzyme, the interactions and the second phosphodiester groupoSthe dimer.

between the ph0t0|yase active site and the thymine dimer itself Husain et al. repor[ed that ethy|a’[ing any one of the three
were poor. Following a protocol of manual docking, minimiza- phosphodiester bonds on thesRle of theT <>T lesion reduces
tion, molecular dynamics, and reminimization, we obtained the the binding?° In contrast, only ethylation of the phosphate bond

structure shown in Figure 4. In this representation, ®e>T  jmmediately 5to T<>T interferes with binding. The origin
lesion is highlighted in gold. The'Zide of the nonamer is  of these findings are readily apparent from our model. It can
positioned right of the lesion, the Side is to the left. be seen from Figure 4 that strong surface interactions occur in

It is noteworthy that, although obtained independently from our system between the second and third phosphodiester bonds
the results of the interactions in dinucleoticenzyme system, 3 to T<>T and the enzyme. The distances from the phosphate
the interactions between the deoxyribophosphate backbone ofgroups on either side af<>T to the surface-exposed residues
the nine-nucleotide strand of DNA and the solvent-exposed of the enzyme are both less than 2 A. The distances of the
surface of the enzyme are essentially identical to the interactionssecond and third deoxyribophosphates on thede of T<>T
discussed earlier. As in the dinucleotidenzyme system, strong  to the enzyme surface residues are approximately 3 and 6 A,
interactions occurred between the phosphate groups on eithefespectively. Consequently, ethylation of any of the three
side of the dimer with Argf” and Arg*? and Lys$%4 More phosphates on the 3ide will interfere with binding by dis-
favorable overall interactions were obtained when the phosphateruption of the ion-pair interactions on the surface. In comparison,
group immediately 5to the T<>T lesion was paired with  only the phosphodiester immediately to thesile of T<>T
Arg®*7and Arg*2than when the 'hosphate group was. These has significant surface contacts in our model, whereas the
are exactly the same results we obtained in the dinuclestide remaining part of the DNA strand has no surface contacts.
enzyme system, similar to the interactions shown in Figure 2. Ethylation of these phosphate bonds is therefore expected to
In analogy to the systems discussed earlier, further interactionshave only a small effect on binding.

occur between Ag°and the phosphate group immediatety 3 In this model, the dimer is situated over the active site but
to theT <>T lesion and between Aff and the phosphodiester  mayes few contacts in the active site and is shifted in the 5
group connecting the two thymines. direction when compared with the dimegnzyme system. The

Such surface interactions in DNA repair enzymes are not phosphate group of the DNA strand immediatelycthe dimer
unprecedented. T4 endonuclease V is a DNA repair enzymejies directly over Arg®’, while in the dinucleotide enzyme
from bacteriophage T4 which catalyzes the first step of a system, the Sphosphate group was located further down into
thymine dimer-specific base excision. Vassylyev et al. deter- the active site and is in contact with Af (compare Figure
mined the crystal structure of the enzyfmibstrate complex 7). This shift is further demonstrated by the interactions that
and analyzed the role of surface contacts for binding and repair occur between AR§¢ and the phosphate groupt® the dimer.
of T<>T.32This system has interactions similar to those which This same amino acid residue interacts with the phosphate group
occur in our model of the enzymesubstrate. Most interactions  |inking the two thymines in the dinucleotidenzyme system.

(31) Sancar, G. BMutat, Res1990 236, 147—160. Asa consequence of this shift, the contacts of the dimer t&/Trp

(32) Vassylyev, D.; Kashiwagi, T.; Mikami, Y.; Ariyoshi, M.; lwai, S.; ~ and Trg®4are disrupted, and the dimer is even further removed
Ohtsuka, E.; Morikawa, KCell 1995 83, 773-782. from the redox active center. This shift may in part be the result
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Figure 5. Complex of DNA photolyase with the approximate electrostatic potential projected onto the Connolly surface, complexed to a nine base
single-stranded DNA piece. The<>T fragment, shown in gold, has been flipped out of the original position.

of the additional interactions on thé &ide of the DNA single and Lys%4 Inside the active site, interactions occur between
strand which are not present in the dinucleotigbotolyase the carbonyl oxygen in the C4 position on tHesigle and Trg#*
model. and between the carbonyl oxygen in the' @dsition on the 5

The poor dimeractive-site interactions obtained by this side of T<>T and Asg®. In this system, T<>T lies
model give further support to the proposal by Park et al. that intermediate to the other two systems. It is buried deeper in the
T<>T flips out of the DNA strand upon binding to the active site than th& <>T in the base-stacked DNA system, as
enzyme!?2 Such a base flip has been observed in a number of would be expected. However, the distance between the redox
DNA—protein complexed including the complex of T4  active FADH cofactor and <>T is still larger than that in the
endonuclease and thymine dimer containing DRANd has  dinucleotide-enzyme systenT <>T in the flipped out DNA-
been shown to occur in the case of the yeast photo/dBeis ~ enzyme system is again shifted toward tHed&ection as
flip is easily possible because of the locally disrupted Watson compared to the position @< >T in the dinucleotide-enzyme

Crick base pairing in the damaged DNA. In the endonuclease system but not as far as theshift which occurred in the normal
T4 complex, the base opposite the lesion moves out of the pNA—enzyme system.

normal double strand position, whereas in the DNA photolyase,
T<>T needs to move out of its original position in order to
enter the active site. By studying a model with a dimer “flipped
out” from the DNA helix, we decided to study a system which tion of a very similar binding of single-stranded and duplex

incorporated features of both the dinucleotide and the single- DNA. For this purpose, the same 12 base pair duplex (GCGCT-

stranded nonamer systems described above. Initially, we con- .
strained the dihedral angles on the deoxyribophosphate backbonérAAGCGc) (CGCGAAT=>TCGCCG) described above was

around theT <>T lesion to cause a flip of the lesion out of its chosen to allow comparisons with the results from earlier

o o -y . work!416.17and from our validation studies. TAHe<>T lesion
original position in the duplex (for definition of the dihedral . L ; .
angles and values chosen, see Supporting Information). Thisas flipped out by restraining the appropriate dihedral angles.

results in a single-stranded DNA system whereTtie- T lesion Additional restraints were used to enforce base pairing on the

is displaced from the position it would occupy in a normal 3 side of theT<>T lesion. Several cycles of minimization

duplex DNA. This system was then manually docked into the and the gradual removal of restraints led to a duplex structure
active site using the position of tiE<>T dinucleotide as a with reasonable base pairing and good base stacking on the

guide. After restrained minimization, the restraints were re- strand opposite .Of the lesion. This structure was then superim-
moved, and the model was subjected to the MD protocol P0S€d on the single strand DNAnzyme model and, after

described above. The overall structure of the final enzyme €moval of the single strand, subjected to the minimization
DNA complex is shown in Figure 5 in a slightly different MD —minimization protocol as described above. Figure 6 shows

orientation than the one shown in Figure 4. Theige of the a side view of the final structure. In this representation, the 5

The Enzyme—-Double Strand DNA Model. Finally, we
examined the interaction of a double-stranded DNA containing
the T<>T lesion with DNA photolyase to test the assump-

nonamer is again positioned to the right of fhe>T lesion, side of the strand containing tie<>T dimer is shown on the

highlighted in gold. right, and the 3side is on the left. Th& <>T lesion, high-
Similar to those of the other two systems, interactions occur lighted in yellow, is partially hidden in the active site.

between the Sphosphate group and A¥¥ and Arg®” and The most noteworthy feature of this structure is the hole in

between the deoxyribophosphate group on tredz of T<>T the duplex, generated by flipping the dimer out of the position
(33) For recent overviews, see (a) Loyd. R. S.. Cheng3ispolymers |n5|de_the duplex and |nto_ the active site. The base pairs on_t_he

1997, 44, 139-151. (b) Roberts, R. J.; Cheng, Annu. Re. Biochem. opposite strand are unpaired, and the backbone at this position

1998 67, 181-198. does not have any interactions with the enzyme. The overall
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Figure 6. Complex of DNA photolyase with the approximate electrostatic potential projected onto the Connolly surface, complexed to a twelve
base pair double-stranded DNA piece. The>T fragment, shown in yellow and partially hidden in the active site, is flipped out of the original
position.

duplex structure is well-preserved, but the base pairing on the
3 side of the lesion is altered. In contrast, base pairing on the LT = Arg226
5' side as well as the base stacking throughout the complemen-
tary strand is maintained. Similar to the single-strand models
discussed above, the strand containinge>T lesion does

not have strong interactions with the enzyme on theife
beyond the immediate region of the lesion. These results are in
agreement with the experiments of Hussain et al., which gave
very similar binding constants for single- and double-stranded
DNA,?0 thus indicating that there are very few or no contacts
between the enzyme and the complementary strand. It is not
clear at this point whether the alteration of the base pairing on
the 3 side of the lesion is entirely due to the strong interactions
between the duplex and the solvent-exposed amino acids or if
they are in part due to the relatively short simulation time.
However, the finding that the interactions on thesigle lead to Figure 7. Overlay of the relative positions of tHE<>T models of

an alteration of the base pairing, whereas no significant changese enzyme-substrate complexes of DNA photolyase with the dinucle-
in the base stacking or pairing are obtained on theide of otide—photolyase complex (red), the flipped-out single strand DNA-
the lesion, is in line with the experimentally observed differences photolyase complex (cyan), the flipped-out duplex DNA-photolyase
of the effect of alkylations on the binding constants. Although complex (yellow), and the single strand DNA-photolyase complex
the experimental and computational results are in good agree-(blue). The deoxyribophosphate backbone has been removed for
ment, the solution structure and dynamics of the uncomplexed clarity.
duplex with the flipped-ouT <>T lesion need to be studied in
more detail to obtain further insight into the effect of base Systems, the dimers in the flipped out systems lie between the
flipping on the structure of DNA and the efficiency of DNA  positions of the other two systems both in its height and in its
repair3* 5' shift. It is noteworthy that the position of the two dimers in
The relative position of thd <>T in the different model the flipped-out single-stranded DNA and in the duplex DNA
systems is summarized in Figure 7, which shows a detailed view occupy very similar positions, reemphasizing the experimentally
of the active site with an overlay of the positions of the dimer observed similarities in the mode of binding in the two systems.
in the dinucleotide-photolyase complex (shown in red), the The T<>T dimers in the flipped-out systems are also turned
position of the dimer in the flipped-out single strand DNA- clockwise between 15 and 26rom the other two dimers, a
photolyase complex (shown in cyan), the position of the dimer position which appears to serve as an intermediary position.
in the flipped-out duplex DNA-photolyase complex (shown in They are closer to the tryptophans than the dimers from either
yellow), and the position of the dimer in the single strand DNA- the dinucleotide-photolyase complex or the DNA-photolyase
photolyase complex (shown in blue). In comparing the dimer complex with theT <>T in its base-stacked position. Concur-
enzyme, DNA-enzyme, and the two flipped out DNAenzyme rently, the entire strand appears to lean away from the tryptophan
- - - _side of the active site, so that the strand lies further away from
(34) For recent experimental work in the area, compare: Butenandt, J.; . . .
Burgdorf, L. T. Carell, T.Angew. Chem., Int. Ed. Eng99 38, 708— the active site than the normal DNA strand, and this forces the
711. dimer closer to the tryptophans.
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Comparison with DNA Photolyase from Anacystis nidu-
lans. After the completion of this study, the three-dimensional
structure of a DNA photolyase from the cyanobacterium
Anacystis nidulanbecame availabl&. Even though this pho-

Sanders and Wiest

otides are rationalized by the steric interaction of the methyl
groups in the 5 position of the dimer with A%§ and Arg*2

The proposed model rationalizes the substrate recognition
through a combination of nonspecific ion-pair interactions

tolyase is a member of the deazaflavin class, the overall structurepetween the solvent-exposed, positively charged residues on the

is nevertheless very close to tlie coli photolyase. Like the

surface of the enzyme and the deoxyribophosphate backbone

active site in most photolyases, the active site of this enzyme of the DNA. Within the active site, specific polar contacts and

shows a particularly high degree of structural similarity, with
only one out of sixteen amino acids interacting with the FADH

hydrogen bonds occur. One side of the active site is rather
nonpolar with aromatic amino acid side chains making hydro-

cofactor changed. We anticipate that the conclusions drawn from phohic contacts with the cyclobutane moiety ot >T. The

our model of thek. colienzyme-substrate complex are equally

applicable here. The almost superimposable relative positions

of the FADH, Tyr®, Trp?86 and Tr% (equivalent to Tyt
Trp?”?, and TrF8in E. coli photolyase) again underlines the

importance of these amino acid residues for the function of the

enzyme. This would be expected if thesystems of the aromatic

amino acid side chains would be essential for electron transfer.
It therefore appears that the proposed model is in good

agreement with the three-dimensional structure of the DNA
photolyase ofAnacystis nidulans

Summary and Conclusion

In this paper, we present a model for the enzyraebstrate
complex ofE. coli DNA photolyase with several dinucleotides
and single-stranded and duplex DNA fragments containing
cyclobutane pyrimidine dimer§<>T. These models provide
structural information to explain previous experimental findings.
The different effects of ethylation of the backbone of the DNA
in the 3 and 5 direction correspond to the pronounced direc-
tionality of binding with the DNA-protein interactions in our
model, extending much further on theside. The different rates
of electron transfer for various cyclobutane pyrimidine dinucle-

(35) (a) Miki, K.; Tamada, T.; Nishida, H.; Inaka, K.; Yasui, A.; deRuiter,
P. E.; Eker, A. P. MJ. Mol. Biol. 1993 233 167-169. (b) Tamada, T.;
Kitadokoro, K.; Higuchi, Y.; Inika, K.; Yasui, A.; de Ruiter, P. E.; Eker,
A. P. M.; Miki, K. Nat. Struct. Biol.1997, 4, 887—-891.

results from the calculations and the high degree of conservation
of these aromatic amino acids also suggest that they have an
important function in preventing an electrophilic attack on the
radical anion intermediate of the reaction and in mediating the
electron transfer from the redox active FADH cofactor through
their z-systems. Site-directed mutagenesis studies of"Trp
Tyr?81 and Tr§%* and determination of the binding constants
and quantum yields for repair by these mutants could provide
experimental evidence for these hypotheses.
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