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Abstract The UV-light damage specific DNA glycosylase fr@hlorella virus strain PBCV-1 (pyri-

midine dimer glycosylase; PDG) incises DNA at sites containing UV-induced thymidine dimers by
catalyzing the breakage of the N-C-1’ glycosyl boAd the amino acid sequence of PDG is 41 %
identical to that of T4 endonlease V (Endo V)and potential key active site residues are conserved,

we used coordinates from a crystal structure of an Endo V complexed with DNA contagiésya
cyclobutane thymidine-dimer as a template to model a similar complex of PDG. Quantum mechanical
calculations of the damaged base pair and the distance geometry based program DIAMOD were used to
generate a PDG/DNA model whose backbone root mean square deviation (RMSD) to the Endo V/DNA
structure was 0.5 A, 0.5 A, and 0.8 A for DNA, protein, and the whole complex, respectively. To better
understand structural details that could account for differences in activity of the two enzymes, molecu-
lar dynamics simulations were used to follow protein-DNA interactions in an aqueous environment.
The simulations of the Endo V/DNA complex indicate new roles for Arg22 and Arg26 in the active site

in recognizing irregular pairing and maintaining the strand separation needed for incision of the dam-
aged basesThe model for the PDG/DNA complex and simulations thereof indicate a similar mecha-
nism for DNA binding by this enzyme despite significant differences in residues maintaining the flipped-
out adenine and strand separation in the area of damage. According to our model, PDG’s increased
affinity for substrate is probably due to a higher surface charge. Further, reduced packing density in the
active site could account for PDG's activity on trans-syn Il cyclobutane dimers.

Keywords Endonuclease V, DNA glycosylases, Repair of damaged DNA, Flipped out base, DIAMOD,
Protein-DNA recognition
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tify residues that alter haemagglutinin binding.[19,20] In this
paper, we use improved variants of these initial programs to
) ) ) _ calculate a model structure for PDG based on the crystal struc-
Better understanding of the enzymes involved in repair @fe of Endo V. Molecular dynamics simulations of both the

damaged DNA is useful for developing treatments for digyystal structure of the Endo V complex and our model struc-
eases in which cellular repair mechanisms are absent or fife were then used to determine residues potentially respon-
paired.[1-3] Precise definition of their substrate bindingpje for the glycosylase’s distinct substrate specificity. These
mechanism can aid in designing inhibitors of these enzymggylecular movies” can offer tantalizing clues to how these

to use when their activity limits the effectiveness of chemgnzymes establish their catalytic platform within damaged
therapy.[4] Several enzymes have been identified that reggija_

damaged bases by nucleotide excision pathways.[5] One of

the most extensively studied of those catalyzing the first step

in this pathway is the thymidine dimer specific endonucle=

asé from bacteriophage T¢@Endo V).[6-12] Theenzymatic Methods

mechanism of base removal and strand cleavage has been

worked out at the atomic level, based on extensive mutagen- _

esis studies to document residues in its actitee[7]and a Protein sequence alignment

crystal structure of the enzyme with its DNA substrate at

below 3A resolution.[11] Most of the residues indicated bihe amino acid sequence of PDG fr@hlorella virus [14]

mutagenesis to affect the aitly of Endo V arelocated at and Endo V(Glu23GIn) were aligned with the program

the DNA/protein interface. As has been determined for séltUSTALW [21] (Figurel). Theamino acid sequence of

eral other DNA modifying enzymes,[18hdo V “flips out” PDG is approximately 41 % identical and 65 % similar to

an (adenine) base from the ordered helical structure on @t of Endo V.Residues known to be in the active site of

opposite strand from the damadmhes_ Tis space in the EndoV (particularly the N-terminal residue Thr2 and the area

DNA is occupied by protein residues which cleave the N-@tound Glu23) and areas critical for the recognition of the

1' glycosidic bond joining the base to the sugar phosphgy&lobutane PD are highly conserved in PDG. In this paper,

backbone.[8] the sequence numbering system for PDG/DNA is the same
Recently, an enzyme with 41 % sequence identity to Er@ithat for the Endo V complex. Twoditibnal residues in

V was found in extacts of Chlorella cells infected with the PDG have been numbered Lys45’ and Val&ENA is num-

Chlorellavirus strain, PBCV-1, and the cloned product showered from 5’ to 3', with the strand containing the PD num-

to protect bacterial cells against UV radiation.[14,15] Redlered 201-213 and the opposite strand 214-226. Nucleic ac-

dues important for the actiy of Endo V are conserved inids are referred to by the one-letter code followed by the resi-

theChlorella UV-glycosylase. The two recombinant enzymeélue number (e.g. A221 is the “flipped out” adenine).

after similar purification fronEscherichia coli both recog-

nize cis-syncyclobutane pyrimidine dimers (PD) and effect

glycolytic cleavage via formation of an imino (Schiff basdjlomology modeling of the PDG/DNA complex

intermediate with damaged DNA that can be trapped by add-

ing NaBH,. They differ in that the PDG enzyme is also ad¥e used the crystal structure Bhdo V Glu23GIn mutant

tive on DNA substrates containing a trans-syn Il PD, whig®mplexed with a duplex DNA substrate containing a cis-

is not recognized by Endo V, and that PDG binds its substrs@ cylcobutane PD determined at 2.75 A resolution (entry

better at a higher salt concentration.[16] lvas in the Protein Data BaifR?]) as a template structure.
As PDG cleaves the same substrates and has high resfuiedistance geometry based program DIAMOD [23,24] was

identity to Endo V particularly around the DNA binding/sed to calculate the homology model of PDG.

site,[16] we can assume these enzymes share a basic catBistance and dihedral angle constraints were extracted

lytic mechanism and common protein fgk¥,18] We have from the x-ray crystal coordinates (after regularization of the

developed a series of programs that use distance geometsjrtecture, meaning all bond lengths and angles were converted

prepare 3D models for protein sequences, based on the kntswihe standard values used in the library of DIAMOD). For

structure of homologous @eins. hese have been used téhe DNA, distance constraints were extracted between all the

develop a model of the measles virus receptor CD46 and ide@avy atoms of a base and the heavy atoms in those bases

Introduction

* This enzyme and PDG are more properly called glycosyla&e&bbreviations used: pyrimidine dimer (P@hlorella UV-

with AP-lyase activity; both excise the damaged base paifgcosylase (PDG); thymidine dimer specific endonuclease
in a two step mechanism that begins with cleavage of thefddm bacteriophage T4 (Endo V); Molecular dynamics (MD),

C-1' bond of the base to the sugar backbone, in a reactmdius of gyration (RG); root mean square deviation (RMSD)
with a Schiff base intermediate and subsequent nucleophilic

cleavage of the phosphate backbone.
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which are equal or more than 4 bases away within each stréred residues involved. In addition, angle constraints were
and between P, CC/', and G of each base pair betweerextracted for each strand of the DNA substrate and those three
strands. For the pyrimidine dimer P[Xhe distances betweernregions of the protein. The constraint ranges for the dihedral
the G and G of one thymine and O,, G, and G of the angles were%and 10 for the DNA and the protein, respec-
other thymine were extracted. The x-ray coordinates of ttieely.

PD in the crystal structure &ndo V were added to the li- DIAMOD distance geometry calculations in torsion an-
brary of DIAMOD so as to reproduce that local conformafe space were carried out on a SGI/R10000 workstation and
tion in our model a Cray J90. A modified target function for a violated distance

Additional distance constraints were extracted from tlgenstraint was constructed to prevent large violations of dis-
Endo V coordinates for the three regions of high identity tmnce constraints from dominating the non-linear fit proce-
the two proteins: Thr2-Arg36 (51 %), lle46-11e86 (48%), andure.[23] Finally, 50 PDG/DNA structures were calculated
Aspl03-Alal26 (50 %). The resulting distance constrairftem random initial conformationg’he minimizations were
include the G-C, distances for residues 2 or more apart apérformed with 37 levels for the variable target func-
the G,-C, distances between residues 3 or more apart in etioh,[25,26] where the final minimization level covers all dis-
of the three regions, and thg-C, distances between resitance constraints.
dues in different regions which are identical in the two pro-
teins. Distances less than or equal to 16 A between the P
atoms of the DNA and Catoms of the protein within the Molecular dynamics simulations
three regions of the PDG sequence were used to constrain
the relative position of protein and DNA substiatthe com- The model resulting from the DIAMOD calculations was then
plex. The resulting approximately 6000 distance constraieisergy minimized with the CHARMM polar hydrogen force
were used to set the limits of permissible distances betwéetd parameters [27] in vacuum for 500 steps, keeping back-

1 11 21 31 41
PBCV-1 MTRVNLVPVQ ELADQHLMAE FRELKMIPKA LARSLRTQSS EKILKKIPSK
EndoV TRINLTLVS ELADQHLMAE YRQLPRVFGA VRKHVANGKR VRDFK-ISPT

** *k Kk kkkkkkkkkk * *
1 —
| I

50 60 70 80 89
PBCV-1 FTLNTGHVLF FYDKGKYLQQ RYDEIVVELV DRGYKINVDA KLDPDNVMTG
Endo V FILGAGHVTF FYDKLEFLRK RQIELIAECL KRGFNIK-DT TVQDISDIPQ

* * ******** * ** * ****

99 109 119 129
PBCV-1 EWYNDYTPTE DAFNIIRARI AEKIAMKPSF YRFTKAKTSN N
Endo V EFRGDYIPHE ASIAISQARL DEKIAQRPTW YKYYGKAIYA

*  kk k% * ** *kkk *
_

DNA: (strand 1: 201~213) 5-ATCGCG T "TGCGCT-3
(strand 2: 226~214) 3-AGCGCAACGCGAT-5

Figure 1 Sequence alignment of Endo V and PDG indicéathe sequence of PDG was numbered so as to agree with Endo
ing identical (stars) and similar (dots) residues (as used Vh with two additional residues in PDG labeled Lys45' and
Clustal W). Théhomology modeling was based on three axal86'. The DNA strands (bottom) are numbered from 5' to 3',
eas of high identity between the two proteins (solid baras shown, and the position of the cyclobutane cis-syn thymi-
Threea-helical areas in Endo V are indicated as gray bargline dimer is indicated by ~.
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bone atoms fixed in position, followed by another 500 stepsble 1 Geometry and revised force field parameters for the
after restraints were removed. The stereochemical qualitycEsyn cyclobutane pyrimidine dimer (PD) used in the en-
the structure was checked with PROCHECK [28] . The baakgy minimization and MD simulations. Atom partial charges
bone dihedral angles of most residues (98.4 %) in the prot@j were: N1:-0.11; C4: 0.30; C5: -0.07; C5A: 0.07; C6:
were within the allowed regions of the Ramachandran pl6tl1l. The PD geometry was obtained fiminitio optimiza-
the peptide bond planarity, the number of bad non-bondauh with the 6-31G* basis set for the N-methanolated model
interactionsthe a-carbon tetrahedral distortions and the hyystem. The atom types, fiar charges and force constants
drogen bond energies were all within standard deviationsware adopted from the CHARMM polar hydrogen force field.
a structure with assumed resolution of 2 A. This structure

was used for subsequent MD simulation in a water enviroq- 1 Aan?

ment. ThePDG/DNA complex was solvated first in a cubic gles k, (kcal-mol-deg) 0 (deg)

box of water. Water molecules with close contacts to the
ute atoms (within 2.8 A) were excluded from the soluti
All water molecules beyond 10 A from the heavy solute

oms were deleted. The initial configuration of the syst
consisted of 2015 atoms from the protein/DNA complex a

2485 water molecules.

The X-PLOR program [29] with the CHARMM polar
hydrogen force field parameters [27] was used for molecu
dynamics simulations of the solvated PDG/DNA comple
For thecis-synUV-induced PD, modified atom types, parti
charges, and force field parameters were prepared for
simulations The geometry of a N-methanolated model mok

ecule with PD conformation was optimizedith AM1 [30]

s@5.ca-csa 116 108.8

°¢s-c5-c5A 116 113.8
£5-C6-C5A 116 1135
réda-cs-cs 116 114.1
4-C5-C6 116 1155
C5-C4-N3 116 118.7

using MOPAC93 [31] followed by Hartree-Fock calculations

with the 6-31G* basis set. [32] All revised parameters for

-C4-04 86 121.4
-C5-C6 116 90.5
5-C6-C6 116 89.5
5.C6-N1 116 115.7
N1-C1 70 115.2
4-N1-C6 70 1253
C6-C6-N1 116 114.8
Bnds k, (kcal-moti-A?) r, (A)
C5-C5A 201 1.53
Ca-C5 201 151
C5-C5 201 158
C5-C6 201 155
C6-C6 201 158
C6-N1 300 1.45

cis-syn cyclobutane PD are given in TahlgVater molecules
were treated as TIP3P resid|as]

The assemblies were minimized prior to dynamics runs to
relax the local strain in the initial configurations. Five hun-
dred steps of conjugated gradient minimization were per-
formed with all heavy atoms fixed, and then 500 minimiza-
tion steps followed without constraintéNonbonding inter-
actions were cut off at 10 A. To prevent water evaporating
during the MD simulation runs, a harmonic potential with a
2.0 kcal mot force constant was used to restrain the water
molecules in the 4 A outer shell. All simulations used a 0.001
ps time step and assumed a constant dielectricCofAll
hydrogen-involved bonds were constrained by the SHAKE
algorithm [34] with a tolerance of 2x00-5nm. The MD simu-
lations on the entire system started with assigned random
velocities and gradually warmed up to 300 K using 20 K
temperature steps of 3is. The temperature was held by
means of the Berendsen coupling algorithm [35] with a cou-

Figure 2 Protein and DNA backbone superposition of thgling constant of 0.2 p5 An additional 50 ps equilibration
PDG/DNA model obtained from homology modeling usifgllowed to stabilize the system. During heating and equili-
DIAMOD calculations (thick line) on the Endo V/DNA cryspration runs for PDG/DNA system, H-bonding distance con-

tal structure (thin line)
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Table 2 RMSD and potential energy values for the initialable 3 Positively charged protein side chains in the dynamic
DIAMOD generated model and the dynamic average confareraged structures that are closer than 6.5 A to the nega-

mation of the PDG/DNA complex tively charged DNA phosphate backbone
Model [a] Dynamic- Endo DNA PDG DNA
mean [b]
Arg3 T208 Arg3 C209
RMSD (A) [c] Arg22 T207 Arg22 A221
Backbone atoms 0.4 3.4 Arg26 A220 Lys29 G211
Heavy atoms 0.7 3.9 Lys33 C212 C212
Energy (kcal-mol?) Lys86 C222 Arg33 G211
Total -1334.6 -1418.7 Lys121 T207 Lys84 G224
Bond 28.2 29.0 T208 Argl17 T207
Angle 322.9 274.7 Arg125 A226 Lys121 G206
Dihedral 383.5 335.7 Lys130 G225 Lys125 A226
Improper 36.5 42.1 Argl31 G225
VDW -2081.4 -2085.5 Lys133 V224
Electrostatic[d] -24.3 -32.8 G225

[a] Energy-minimized conformation of the model structure
from DIAMOD calculations. It
[b] Energy-minimized conformation averaged over all strun!‘-es" s
tures between 150 and 300 ps.
c] The refeence conformation was the model structure -
'Eh]e PDG/DNA complex. %odel structure of PDG/PD containing DNA
d] A dielectric constant of 80 was used for energy minimiza- , .
'Eio]n. 9y Well defined structures were obtained from DIAMOD calcu-
lations with the homology-derived distance and angle con-
straints The mean global RMSD for the narrow bundle of 40
; . ; ; the 50 structures was 1.3 A for all heavy atoms (0.5 A if
straints for base pairs in DNA were applied with square-wgrl .
potential at 2.0 + 0.3 A, and then were removed during tﬂPR’] bchkg?Sﬁl:totmstare fog]snaté)r Jh\e//gé?\(lzkboneolgl\gsgs
MD simulations No such constraints were used during simu- ed 08 At ‘Eﬁf ure to' € gtﬁ hol are u. I T
lations of the Endo V/DNA complex. A 300 ps simulatioh” and ©. or » Protein, and the whole compiex, re-
was performed at 300 K as production runs. Configuratio?r@ecnve'y' The structure with the lowest target function valge
were recorded every 0.5 ps in the bundle of models was chosen for molecular dynamics
For MD simulations .of thé PD-DNA alone in an aqueo imulations. Figure 3hows the backbone superposition of
environment, the starting configuration was that in the En s PDG/DNA mod_el with the Endo V/DNA grystgl struc-
V crystal complex, with the A221 flipped out. A 15 A wate re. The three helical segments are nearly identical in the
shell with 5 A outer layer of water molecules constrain (';/BgA mgdle! andéhe :Enldo \_//E_)lNAtcri/ﬁtaIIEstéucyre, atnoll
was used for the 500 ps simulations at 300 K. Configurati s model 1S particularly simiiar to the Endo V crysta
were recorded every 1 ps. structure in the helix-loop-helix between Thr37-Lys60. Some
The dynamic averaged structures for both complexes wypgations between the mpdel and th? template are obseryed
obtained by averaging the coordinates of the structure in'gy nhe Ieis c;;ser\ée\c} Irggllons, espema!y around the two in-
frames between 150 and 300 ps, followed by 200 energy mitfirons Lys4s and va (see Figure 1).
mization steps with all heavy atoms fixed, 200 steps with
backbone atoms fixed, and 1000 steps with no constraints bal sh f the simulated
the dynamic averaged structures all water molecules w&@bal shape of the simulated structures

removed and a constant dielectric of 80 was used for the en- . . .
ergy minimizations. MD simulations (300 ps) using X-PLOR started from the

All RMSD values were calculated with MOLMOL [36], DVAMOD generated model of PDG/DNA, or from the crys-
which was also used to create the molecular graphics gfe-coordinates fothe Endo V/DNAcomplex The initial
sented in this paper. conflgurathn of the PDG/DNA with a 10 A water shell is

shown in Figure 3Backbone RMSD plots for the complete
MD simulations of both complexes are shown in Figure 4a
In both simulations the RMSDs maintained a steady average
value (i.e., reached a stable structure) only after 100 ps, com-
parable to results with unrestrained MD of photodamaged
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Figure 3 The initial configu-
ration of the PDG/DNA com-
plex (model structure sur-
rounded by a ~10 A water
shell) used for the molecular
dynamics simulation

DNA in aqueous solution [37] using the Cornell et[8B] charged DNA phosphate backbone in the PDG complex than
force field The steady state average RMSD backbone val-Endo V. Most of these interactions are near the C terminus
ues to the starting conformations for Endo V/DNA and PD@f the protein. Our model indicates that the PDG complex
DNA were 2.6 A and 3.4 A respectively. The higher relatighould have higher salt stability than the Endo V one.
deviation of the PDG complex from its initial structure dur-
ing the simulation suggests that some protein/DNA contacts
may be sub-optimal in the initial model. Table 2 summariz®kjor areas of contact between protein and DNA
the RMSD and energy values for the initial and dynamic av-
eraged structures of the PDG complex. The MD simulations allow us to categorize the major inter-
Figure 4b shows the dynamic fluctuations of the radius &ftions between the protein and DNA in stable and transient
gyration (RG) averaged over all heavy atoms of each caimteractions. Protein residues lying less than 8 A from the
plex. The RG values for both complexes during the simul®NA in both complexes for the initial and dynamics aver-
tions are similar, indicating that the PDG/DNA model hasaged conformations were determined using MOLMOL [36]
global shape similar to that ¢fie Endo V/DNAcomplex (Figure 6). For the Endo V/DNA, most of the short contacts
The dynamic RG values f@&ndo V/DNA are 0.2 A higher seen in the crystal structure are conserved during the MD
than for the corresponding X-ray structure, which is in keegimulations (Figure 6a, left and right); these include amino
ing with results for MD simulations of other proteins.[39] acids inferred by mutational analysis to participate in DNA
binding and catalysis as discussed below. The four major ar-
eas of the protein close to the DNA (Bndo V, esidues
Charge distributions on the surface of PDG Thr2, Arg3 and GIn15-Arg26, Lys33, His34, Gly55-Tyr61,
GIn71, Gly82-GIn91 and GIn124-Lys130) are similarly lo-
Figure 5 shows the charge distributions on the surface of tag¢ed in the PDG complex’s initial and dynamic averaged
dynamic averaged structures for Endo V and PDG. The latkucture (Figure 6b, left and right).
of the negatively charged group near the PD in the Endo VThe dynamic averaged structures (right) indicate far more
complex is due to the Glu23GIn mtitew. Thehigher sur- close contacts between DNA and protein than the crystal or
face positive charge (indicated by blue color) in PDG is evirodel structures (left) do. There are 602 contacts within 3.5A
dent. As Table 3 showthere are more electrostatic interacrom the DNA in the Endo V crystal structu435 for the
tions less than 6.5 A between the protein and the negatiieG complex model, compared to 1023 and 1102 respec-
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Figure 4 Fluctuationsin (a) (a)

the backbone RMSD and (b)
the radius of gyration (RG)
during the 300 ps MD trajec- 4.0 - N
tories for the Endo V and L |
PDG complexes i '
g 3.0 -
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tively in the dynamic averaged structures. The time courseBzfse pairing adjacent to the pyrimidine dimer

formation of some of these contacts throughout the simula-

tions, a measure of their stability, and their possible roleRigure 7 shows the distances between atoms in the CG base

establishing a transition state structure for each enzyme gaigs adjacent to the PD which should be involved in Watson-

discussed below. Crick hydrogen bonds in normal B-DNA as a function of
simulation time. The CG base pair to the 5' end of the dimer
(Figure?, first two columns) is much more unstable in the
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Figure 5 Charge distributions on the surfaces of the dynamiiwely. The PD and flipped out bases are yellow. Note that
averaged structures fdendo V/DNA (left), and PDG/DNA due to mutation of Glu23 to GIn in the crystal structure of
(right). Residues with positive (Arg and Lys) and negati#ndo V/DNA, there is no peak of negative charge near the
(Asp and Glu) charges are shown in blue and red resp&D.

Endo V complex (Figure 7a) than in the PDG model (FiguRhe2l (in PDG) is in close valer Waals contact with the
7b). In both complexes, the base pairs 3' to the catalytic cdrase during a substantial time, the hydroxgugr of Tyr21
plex are also disturbed, and the disturbance seems to pralmes not form an H-bond in Endo V. The non-polar interac-
gate through to the next base pair (Figure 7 a and b, last tisa of Pro25 in Endo V has been assumed by the aliphatic
columns). arm of Lys25 in PDG. A221 lies within a few angstrom of

Detailed inspection of the MD simulation run identifiedsIn71, Thr89 and GIn91 in Endo V. The terminal amides of
the side chains of GIn 18/et18 and Ag22 which could the two glutamines come alternatively close to the ring (Fig-
disturb the G206-C222 pairing at the 5' end of the dimer. Time 8a) but do not establish stable hydrogen bonding
guanidinium moiety of the Arg26 side chain extends in the In the PDG model, A221 forms a stable H-bond with the
opposite direction andyith Thr2, interferes with the basehydroxyl group of Jr71, and the sidehains of Asn86, Asp87
pairing of G209-C219 base pair and possibly the subsequamd Lys25 are all within 3.5A of the base (Figure 8b). Our
C-G pair (last columns of Figure 7a). In PDG, Arg22 fornmaodel predicts that the extra-helical base in the PDG model
less contacts with the G206-C222 pair, which is more stalddess mobile than in the Endo V complex. Figure 9a illus-
than in the EndoV structure (Figure 7b, first columns). Met2@tes the polar environment of the extra-helical base A221
lies outside the cleft, closer to the flipped out adenine, andour PDG model.
the base pairing 3' to the PD is less disturbed (Figure 7b, last
columns).

Active site dynamics

Residues in the pocket for the flipped out base Amino acids involved in recognition and catalytic function
in both enzymes Thr2, Arg3, His16, Glu20, Arg22, Glu23,
In Figure 8 we monitor some important interactions betweks within the pocket of the DNA near the PD as shown in
the extra-helical base A221 and protein residues during Eigures 9b and 9¢n both complexes, His16, which is a pos-
dynamics run. Most of the stable interactions are hydroplsible proton donor in the lyase reaction (His16Arg mutants
bic in both complexes, but we also could identify some st#-Endo V haveenhanced non-target DNA binding but di-
ble hydrogen bonds in the PDG/DNA complex. Both Tyr2hiinished catalytic activity [40]), remains behind the phos-
Phe21 in Endo V/PDG are near the base A221, but whenghate backbone d82207. Thenon-flipped base A220 is able
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b

Figure 6 Protein side chains lying within 8.0 A of the DNAures (obtained as described in Methods). Distances <3.5 A
for: (a) Endo V,and (b) PDG; plots (generated withare indicated with black boxes; the boxes become progres-
MOLMOL) to the left are for the X-ray or model structuresively lighter with increasing distance.

respectively, and to the right for the dynamic averaged struc-
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Figure 7 Distances between H-bond pairs (from top to bo€205:G223, G206:C222; G209:C219, C210:G218) at both
tom: O6---H42, H1---N3, and H22---02) as a function of tisides of the PD for (a) Endo V/DNA and (b) PDG/DNA.
during the MD simulation for the CG pairs (from left to right:

to pair with either T207 or T208 (Figures 9b, 9c ), but show®20. Many of the interactions of Arg26 with the DNA back-
greater flexibility in the PDG complex. This suggests thabne in Endo V are assumed Gyn15 and Arg22As the
packing density near the PD is less in the PDG complex tlsmulation progresses, the Met26 side chain moves away from
in Endo V, and may account for PDG'’s ability to accept sutiie active site. Another difference between Endo V and PDG
strates containing rans-synll cyclobutane dimer. near the active site is due to the substitution Glu23GIn in
The main difference in amino acid residues near the PEisdo V that wasiecessary to obtain stable co-crystals. Our
the replacement of Pro25-Arg26 in Endo V to Lys25-MetZmulations indicate two H-bonds at the active site inthe PDG
in PDG. In the active site of PDG (Figure9c) Met26, at theodel to Glu23 which forms 2 stable H-bonds with Arg3
equivalent sequence position of Arg26 in Endo V, is close(OE3—-HH22) and Arg22 (OE1-HH11) (Figure 9c).
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Figure 8 Distances as a
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A hydrophobic region near the C-terminus is closer to thein binding both non-target and substrate DNA.[45] While the

DNA in the dynamic averaged structures crystal structure showed this area to be relatively distant from
the DNA, the dynamic averaged structure tftr Endo V

Glycosylases and other repair enzymes scan DNA [41] ic@mplex indicates 46 possible contacts less than 3.5A from

fashion similar to that described in detail for restriction eArg125; Trp128 lies near 35 different atoms of G204, C205,

zymes.[42] Logically, residues involved in binding non-taf5206, G223, C224G225 andA226. In the PDG complex

get DNA to initiate scanning will be located at the prote@verage structure, this area of the protein (the side chains of

surface. We used the GETAREA program [43, 44], devélys125, Ser127, Tyr12@&nd Arg130) is near the same areas

oped in this group to locate three major areas with side chaihghe DNA (Figure9d). There are 5possible close DNA

having a high degree of surface exposure in the crystal stre@atacts for Arg130 alone, 5 % of those for the whole pro-

tures of the fre€ndo V potein and three mtants. hese tein. Theside tains of Argl117, ¥s121 (Figure 9c), and

were: many (but not all) positively charged residues withifyr129 (Figure 9d) lie close to the phosphates behind the

the first 45 amino acids, Asn84, Lys86, and a 12 amino aflB, further stabilizing the DNA/protein interaction.

stretch around Trp128 that contains many aromatic residues.

As discussed above, many of these surface exposed residues

form specific DNA contacts with the active site. On the Othﬁfscussion

hand, the residues surrounding the flipped out base in the

complex have little or no surface exposure in the free pro- . . .
tein.p P pThe primary result of this work is a model, based on sequence

Previous NMR and mutational studies of Endo V ind|dentity to Endo V, for PDG binding to damaged DNA (Fig-
cated that the aromatic regioroand Tp128 was involved Uré 2), that is stable throughout dynamic simulations and can
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(@) (b)

(€) (d)

Figure 9 View of (a) surrounding pocket of the flipped ownd (d) binding sites near the C-terminus of PDG in the dy-

baseA221 in the dynamic averaged conformation for PD@amic averaged conformation for PDG/DNA complex. The

DNA; (b) the active site of Endo V in dynamic averaged cddNA is green, while the PD and flipped out base (A221) are
formation for Endo V/DNA; (c) the recognition and catalytigellow. The backbone and side chains of protein are blue and
sites in the dynamic averaged conformation for PDG/DNfed respectively
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explain PDG's catalytic activitiesSThe MD simulations of another and highly surface exposed, while in the crystal struc-
this model and the Endo V/DNA crystal structure allow us tore of the complex, they lie within the hole in the DNA and
suggest roles for amino acids that are consistent with mysaint to opposite sides of the dimer. These two arginines ac-
genesis studies and NMR of the interaction of the inactigeunt for 105 (10 %) of the distances less than 3.5A between
Glu23GIn mutant of EndoV with its substrate in solution.[4%Jrotein and DNA atoms in the dynamic averaged structure of
We were able to quantitate many of the similarities and difie Endo V complex. The Arg22 guanidinium group extends
ferences in the two structures by following the changes in theo the G206-C222 pair (Figure 3ig). The oveall mobil-
distance between key amino acids and areas of the DNA &y & both structures throughout the simulations, coupled with
function of simulation time. its exposure in the free Endo V, suggest that this long charged
side chain could probe for base stacking irregularities during
the scanning. Successful intercalation near the PD could be
The higher surface charge of PDG could account for the the driving force for expulsion of A221. The other active site
salt stability of the complex residues would then move into the gap, forcing the DNA fur-
ther apart and accentuating any preexisting backbone defor-
Endo Vhas been shown to be processive in its action, i.emations.
completes its reaction before releasing its substrate.While NMR studies of free oligonucleotides containing a
Processivity is a good indication of how tightly an active efis-syndimer indicate that the structure is B-form DNA, both
zyme binds to substrates, as DNA binding constants can ahlglight bend (9° [46], 22° [47]) in the DNA and irregular
be determined accurately for non-active nucleases or for nbase stacking are indicated.[48] Our simulations suggest that
cleavable substrates.[41] Mutants of Endo V with reduckath enzymes recognize and then, by binding, exaggerate
processivity in then vitro assay, even if they appear to havéhese deviations in the back bone and base pair interactions
a higher catalytic rate, generally cannot restore UV resita-push the adenine out of the DNA and establish the cata-
ance to repair deficier.coli strains.[40] While Endo V be- lytic complex. In keeping with their important role in our
comes distributive at salt concentrations greater than 40mnpdel, mutagenesis of Arg3, Arg22 or Arg26 in Endo V low-
PDG retains processivity to concentrations greater thelis DNA binding, catalytic activity and the protein’s ability
100mM.[16] The model for PDG indicates a higher surfate increase the survival of repair @ént E. coli subjected
positive charge than for Endo V (Figure 5) and more chargedJV irradiation.[11,40]
interactions with the DNA backbone (Table 3), consistent
with its ability to bind substrate tightly even at higher ionic
strength. Mutants that could provide more information about this
model

A wider gap in the DNA complexed with PDG could We would suggest from the above analysis that a Met26Arg
account for binding to @aranssyn Il cyclobutane PD mutant of PDG would have reduced wityi on trans-synll
dimer substrates. As GIn15 assumes many more roles in PDG

The active sites of PDG and Endo V are similar with resp&gan in Endo V, mutants here with smaller side chains should
to the positioning of catalytic residues (Figure9 b,c). Howave a more drastic effect on PDG’s activity and substrate
ever, the sites do not match exactly and the angle of the PPréference. A GIn15Arg mutant of Endo V had lower cata-
different. One key observation is that the distance betwdgtic activity than the wild type but a lower [{40] Other
the A220 (the non-flipped adenine) and the PD is longer ipteresting mutations would be those affecting base flipping,
the PDG model than in simulations of the Endo V complesuch as converting Leu24 to a charged residue or Asp87 to an
The distance beteen Ag22 and the PD also increases itincharged one in either protein, mutations of Tyr71 in PDG
PDG, and the large side chain of Arg26 is missing from tAe GIn71/GIn91 in Endo V, and mutations at Pro25/Lys25 in
active site. Thus the binding area for the PD would be largendo V and PDG respectively. Finally, mutations near the C-
which may allow the trans-syn Il dimer to fit in the PD@erminus, especially Arg130 in PDG, should have a pro-
catalytic site. nounced effect on binding DNA and possibly on establishing

While these differences could account for the ability #fie catalytic site. The appropriate mutants are now being pre-
PDG to bind tharans-synll PD substrate, it is also possiblgoared and studied in the group of R. Stephen Lloyd at the
that binding of this alternate substrate induces changes inWieévIB.
site that would only be determined from a structure of this
complex.

Conclusions

Arg22 disrupts base pairing near the PD and could be

responsible for pushing out A221 We developed a stable model of the recently isolated PDG

from a Chlorella virus bound to its substrate, based on the
@stal structure of the complex of the closely related Endo

In the crystal structure of free Endo V (PDB entry 2end), t érom T4 bacteriophage bound to a DNA containing a PD,

side chains of Arg22 and Arg26 (Met26 in PDG) are near o
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with the DIAMOD programIn both complexes, the flipped12. Vassylyev, D.G.; Morikawa, KCurr. Opin. Struct. Biol.

out A221 base is loosely held mainly by hydrophobic inter- 1997 7, 103-109.

actions but in a more polar environment in the PDG as cob3. Cheng, X.; BlumenthaR.M. Structure1996 4, 639-

pared to the Endo V poek While many of the amino acid  645.

residues binding to DNA and in the catalytic center are ideb%. Lu, Z.; Li, Y.; Zhang, Y.; Kutish, G.F.; Rock, D.L.; L.,

tical, we were able to identify key differences in the struc- V.E.J. Virology 1995 206, 339-352.

tures that could account for PDG’s unique activity on tHé. Furuta, M.; Schrader, J.O.; Schrader, H.S.; Kokjohn, T.A.;

trans-synll pyrmidine dimer as well as theis-synPD sub- Nyaga, S.; McCullough, A.K.; Lloyd, R.S.; Burbank, D.E.;

strate recognized by both enzymes. Landstein, D.; Lanel..; Van Etten, J.. Appl. Enviro.
Microbiol. 1997 63, 1551-1556.
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