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ABSTRACT

Conformational properties of a UV-damaged DNA
decamer containing a cis.syn cyclobutane thymine
dimer (PD) have been investigated by molecular
dynamics (MD) simulations. Results from MD simula-
tions of the damaged decamer DNA show a kink of
[21.7° at the PD damaged site and a disruption of H
bonding between the 5 '-thymine of the PD and its
complementary adenine. However, no extra-helical
flipping ofthe 3 '-adenine complementary to the PD was
observed. Comparison to two undamaged DNA
decamers, one with the same sequence and the other
with an AT replacing the TT sequence, indicates that
these properties are specific to the damaged DNA.
Essential dynamics (ED) derived from the MD trajec-
tories of the three DNAs show that the backbone
phosphate between the two adenines complementary
to the PD of the damaged DNA has considerably larger
mobility than the rest of the molecule and occurs only
in the damaged DNA. As observed in the crystal
structure of T4 endonuclease V in a complex with the
damaged DNA, the interaction of the enzyme with the
damaged DNA can lead to bending along the flexible
joint and to induction of adenine flipping into an
extra-helical position. Such motions may play an
important role in damage recognition by repair
enzymes.

INTRODUCTION

non-target DNA by electrostatic unidimensional diffusion, as
indicated by the salt dependence of the processive component of
enzymatic catalysi€?). The interaction becomes specific upon
encounter of the enzyme with the target PD. The enzyme
catalyzes excision of the damage by two distinct processes. First,
it hydrolyzes the glycosyl bond on theside of the PDJ), then

the enzyme proceeds to incise the phosphodiester bond at the 3
position of the abasic site throu@kelimination, resulting in an
a,B-unsaturated aldehyde and atésminal monophosphate
(4,5). Mutational studies of the enzyme established that the
N-terminus acts as the nucleophile and Glu23 is important in
enzymatic activity§). Arg3, Arg22, Arg26, Arg117 and Lys121
have been demonstrated to participate in non-target recognition
(6-8). It appears that the enzymatic mechanism is reasonably well
understood and represents a rather general mechanism in base
excision repair.

In contrast to the enzymatic mechanism, the selectivity of
damage recognition is still sketchy. Certain aspects of damage
recognition could be inferred from the crystal structure of the
enzyme $-11) and the enzyme—DNA complekd). The central
depression in the protein is surrounded by four lysines and five
arginines, generating a strong positive potential on the surface of
the protein. This observation is fully consistent with the
electrostatic mechanism of non-specific recognition of undam-
aged DNA. Determination of the crystal structure of the complex
between endonuclease V and damaged DN rovided an
additional range of observations about the DNA—protein interac-
tion. As predicted by a previous studyg), the protein interacts
with the DNA in the minor groove. The protein in the complex

Ultraviolet light produces cyclobutane-type pyrimidine dimer)as a very similar structure to the free enzyme. The only
(PD) in DNA. Such lesions can cause mutations and they stronglybstantial differences occur in the positions of two arginines
correlate with UV-induced cancer. T4 endonuclease V is a rep&hkrg22 and Arg26), a loop on the opposite side of the recognition

enzyme specific for PD which is encoded by thed&dVgene

surface (residues 83—-91) and a loop near the C-terminus (residues

and consists of 138 amino acid$. (The enzyme associates in a125-130). The two arginines are observed to come close to the PD
non-specific way with DNA that does not contain PD. It scanand the C-terminus loop partially overlaps with the WYKYY
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sequence, which was demonstrated to play a role in DNA bindirkhe equilibrated densities were 0.989 gidor DNA |, 0.983
(14-16). g/cm® for DNA 1l and 0.981 g/cihfor DNA IlIl. The density
An important discovery in the complex is the flipped outstabilized within 7—10 ps. The final box sizes were: DNA |, 70.729
adenine complementary to thetymine of the PD. The adenine x 59.451x 60.158 &; DNA II, 70.660x 59.916x 59.913 &,
is positioned in a cavity made up of mostly polar residues (Tyr2DNA I, 71.076 x 59.683x 59.878 &. Production runs were
Asp87, Thr89, GIn71 and GIn91), but forms no hydrogen bondserformed at 300 K and constant volume for 500 ps. The
with any polar atoms. Interestingly, molecular dynamics simularajectory was recorded every 20 fs. The simulations were
tions of a PD-containing DNA show that hydrogen bondingxecuted on a DEC A600 Workstation at the National Institute of
between the adenine and the complementahyine of the PD  Radiological Sciences (NIRS).
is grossly perturbed.{). Also, the DNA has a substantial kink in
the helical axis near the PD, but of a smaller magnitude than DNéssential dynamics of DNA
in the complex. This suggests a possible mechanism of base _ . i
flipping as an element of recognition of DNA damage. Interactiod he method of essential dynamics (EDF)(extracts essential
of the protein with DNA may produce an enhanced kink whicilegrees of freedom in molecular motions from a MD trajectory.
could facilitate base flipping. These essential degrees of freedom correspond to correlated
To explore the relationship between the kinked structure/ibrational modes or collective motions of groups of atoms in
perturbed hydrogen bonding and base flipping we applied tH¥rmal mode analysi?§). The translational motions of MD
method of essential dynamics (ED)8)( to reveal dynamic trajectories are removed by a translation to the average geometri-
motions that could be responsible for base flipping. Such ! center of the molecule and the rotational motions are removed
approach has been applied previously to study structure—functiBh @ least squares fit superimposition on a reference structure. To
relations in proteins. The method identified several principgtxamine the correlated motions a covariance matrix, constructed
concerted motions among atoms of the active site of the protefiom the trajectories, is defined as
and attributed these motions to function of the enzyirBe?Q). Mij = [0 — Xi0)(§ —Xjo) I 1

wherex; are the separatgy,z coordinates of atoms in DNA arg
MATERIALS AND METHODS are the average coordinates derived from the trajectary.
designates time averaging over a specified period, which is usually
taken from the stabilized portion of the simulation. Diagonalization

Three DNA decamers were simulated in this work; two nativ@’ [h€ covariance matrix yields a set of eigenvectors and
DNA sequences and one with a thymine dimer (TAT). Th(%genvalues. ('jl'hr? elgenvecltors indicate thehdlrg_ctlclms of motions of
sequence of DNA | was d(GCGGATGGCGnd of DNA |l fe ﬁtoms an It e eigenvalues represent t fe h'Sp acement variance
d(GCGGTTGGCG). DNA Ili had the same sequence as pnaof the particular eigenvector. Projection of the trajectory on a

Il but the two thymines were replaced with a TAT representing tr%u‘ucular eigenvector shows the time-dependent motions that the

PD. These are the same sequences as those investigated by s perform in the particular vibrational mode. A time average
by Leeet al (23) of the projection shows the contribution or components of the

mic vibrations to this mode of concerted motion.

e applied EDZ6) to native DNA | and DNA Il and damaged
NA IlIl. Each DNA consists of 630 atoms. Trajectories of those
30 atoms from 200 to 420 ps were used (11 050 frames). We used
final structure after heating to 300 K as the reference structure.
applied ED to two cases: (i) all atoms except hydrogens (a
ofal of 404 atoms); (ii) only phosphorus atoms (a total of 18

P . atoms). An SGI Workstation at the University of Leeds and a DEC

g;gsri)gtfigr:eopf(tlﬁg E Iizt:]gseirntr:valtg t;?ntu?;tﬁiiehgge;(;g%%r\%atAGOO Workstation at the NIRS were used for ED calculations.

different profile and may contribute better stability to the
trajectory. The DNA was solvated by a rectangular box of TIP3RESULTS
water with a cut-off of 18 A and an exclusion distance of 2.9 4\/]
from the oxygen and 2.1 A from the hydrogen of the water. This
procedure yielded 7973 water molecules for DNA I, 7995 foiThe MD trajectories of the three DNA sequences, DNAs I-llI,
DNA 1l and 7960 for DNA III. produce three different structures and their trajectories exhibit a
All the calculations were performed with AMBER 4.1. somewhat different behavior. A qualitative difference between
Periodic boundary conditions were applied with a cut-off of 12 Ahem can be observed from plate images produced in the interval
for the van der Waals interactions and the Particle Ewald Meg20-350 ps with the program Dials_and_Winda2.(To focus
method was used to calculate the electrostatic interactions. on the difference in the area of the thymine dimer (in DNA 111)
Initially the DNA was kept frozen and only the water molecules-igure1 shows the plate images for the three DNAs in the same
were minimized. This was followed by a minimization of theview, such that the T5-A16 and T6-A15 base pairs are in the plane
entire system. Initial velocities were assigned from a Maxweliaaf the figure. It can be seen from Figdrénhat during this time
distribution at 30 K and the system was heated at constant voluperiod the conformation of the three DNAs does not change
to 300 K over a period of 10 ps with a coupling constant of 0.2 pmuch. DNA | and DNA 1l show normal pairing of all bases,
To equilibrate the density of the system a constant pressure Mihereas DNA 1l shows distorted base pairing around the
run was performed at 300 K with a coupling constant of 0.4 pghymine dimer. It is not apparent from this presentation that DNA

Molecular dynamics (MD) simulation of DNA

The native DNA sequences were constructed as idealiz
B-DNA structures using the NUCGEN module of AMBER 4.1
(24). The coordinates and partial charges of PD in DNA Il wer
the same as those of Miaskiewidz); To neutralize the DNA,
18 K* ions were placed 5 A from the phosphorus atom on tl‘g/e
bisector of the O-P-O angle. The van der Waals parameters of
K* ions were the same as those of Ndowever, because the

olecular dynamics



Figure 1. Plate image output from the program ‘Dials_and_Windows’ (27).
The three panels) DNA |, (b) DNA Il and ) DNA Ill show structures every
10 ps from 200 to 350 ps.
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Figure 2. Root mean square deviation of DNA structures measured from a
reference at = 0 ps of the MD run.

The energies of the different systems stabilized rather quickly,
as they reach a constant value within 20 ps. A similar analysis of
the changes in structural parameters as a function of time shows
that the structures of the DNAs stabilize at a slower rate. The root
mean square (r.m.s.) deviation of the DNA structures along the
trajectory with respect to the initial structure after equilibration
are shown in Figur@. DNA | stabilized only after 200 ps at a
r.m.s. deviation of 3.980.61 A (200-420 ps), whereas DNA I
stabilized after only 100 ps at a r.m.s. deviation of 3.084 A.
Within the 500 ps simulation time presented in this work DNA I
oscillates, but the average r.m.s. deviation is smallest at a value of
3.08+0.51 A

In general the backbone torsional angles of the three DNA
sequences show that they belong to the B-DNA class. Similar
results were obtained in previous simulations of a dodecamer
with a different sequencel(), suggesting that the distortion
introduced by the thymine dimer is local and rather small. With
the exception of the backbone angles around the PD, the values
of the torsional angles do not differ significantly among the
sequences. Tablé summarizes the average values and their
fluctuations as measured by the standard deviation. Because some
backbone torsional angles near the PD were significantly changed
from the average they were not included in the averaging. The
main change appears in the glycosydic dihedral gpgtePD5,
which is larger by 6% than the average values of this angle in
other sites. This places the conformation of thtayamine of the
PD as highanti, in good agreement with NMR resul8). The
other difference in DNA 1l is observed in the pseudorotation
angle. The changes are localized near the PD, showing values
around Ctendo(136.3+ 31.6) for PD5 and near Géndo(80.1
+ 21.2) for PD6. Also, the sugar of the complementary adenine
Al4 is found mostly in the CEndoconformation.

Local conformational changes induced by the thymine dimer
can be seen in the intrabase parameters. These describe the
relative position of the two bases in a base pair and are expressec
as stagger (STG), buckle (BKL), propeller twist (PRP) and
opening (OPN)Z7). These parameters are shown in Fiared.

The negative STG of —1.3 A, the large positive BKL of 2ad

the large negative PRP of -4&re the consequence of formation
of the cyclobutane ring that brings the thymines together on the
side of the major groove. An important change is the increase in
the OPN parameter near the PD. This parameter is increased to 7

lll has a significant kink around the PD (see below), but thand possibly reports breaking of hydrogen bonds between the

helical axis appears to be consistently bent towards the PD.

adenines and the thymines of the PD (see below). The local
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Figure 3. Intra-base parametew 6tagger (STG; Al buckle angle (BKL?), (c) propeller twist angle (PRP) and ¢l) opening angle (OPN) of each base step:
1 corresponds to base pair G1-C20 and the rest follow in sequence.

164:£38 162439 164+38 162439 16040 160£40 The structural changes described so far can b i
S3+£16 52415 55416 52415 50+£17 5116 9 e attributed to the

215451 219453 217451 223453 225457 224+54 steric distortion introduced by the thymine dimer. In a previous
106443 111+44 116+45 122443 117+43 113+47 simulation of another sequence that contained a thymine dimer
(17) we observed that one of the hydrogen bonds between
adenine and the complementary PD on thside was signifi-

changes produced by the PD also affect interbase paramet%%m}’ disrupted by the structural dl_stort|ons in the DNA. Th|_s
which describe the relative shift (SHF), tilt (TLT) and roll (ROL) @denine has been observed to be flipped out by the protein in a
of one base pair with respect to the other. A large positive SHF éPmplex between the repair enzyme endonuclease V and
0.85 A at the PD step (the value at the TT step of DNA Il is —0.1d4amaged DNA. We have therefore investigated the nature of the
R), alarge positive TLT of 18(5° in DNA Il) and a large positive hydrogen bond disruption to gain a better understanding of the
ROL of 38 (3.8 in DNA II) were observed in DNA IL. relation between weakening of the hydrogen bond and flipping of
Finally, these local changes lead to a kinked structure, whidR€e adenine into an extra-helical position. We have calculated the
can be described by the axis base pair parameter. Significghstribution of distances between donor and acceptor of a
changes were observed in the tip of the axis (TIP) and, ifydrogen bond of each base pair in DNA Il and DNA Il along
particular, in the polar angles of the axis with respect tg-the the trajectory. The fraction of hydrogen bond disruption was
plane (AIN) (the long axis of DNA is positioned alongstrexis)  calculated as all the occurrences in which the hydrogen bond
and to thex—z plane (ATP) of the PD5-A16 and PD6-A15 basedistance was larger than the average + 1 SD observed in DNA 11
pairs. When compared with DNA Il the AIN wa$ Birger and The results presented in Figuie show that on average 10% of
ATP 20 larger in DNA lIl. Thus the kink angle at the thymine the time hydrogen bonds are dissociated beyond the specified
dimer was estimated to be 21iid terms of vector sum of the two distance in normal hydrogen bonding pairs. However, near the
angles AIN and ATP. The present result is in agreement with otlrymine dimer 50% of the distances between PD5 and A16 in
previous result that the average curvature magnitude increasedyA Ill are greater than the distance of a normal hydrogen bond,

Table 1.Average backbone torsional angkSP) 21° at the PD site compared with a native dodecamer using a
global DNA curvature analysi& (). Interestingly, approximately
DNAI DNATI DNA IIT the same kink/bend angle was suggested in two oligonucleotides
Angle Is s Is 18 Is IS with different sequences, i.e. the decamer d(GCGGT TG CG)
i A
5 10432 10733 10832 114%32 111434 11134 in the present work End the dodecawer ﬂ(C(?CGAAT TCGCE)
e 180+42 186+49 177+41 187450 195457 191455 in our previous work7). It seems that the distortion produced
¢ 260+59 25767 258+59 243+67 237+77 243+74 by the thymine dimer is a local property that does not depend on
@ 278%63 257+67 279+63 27663 276+63 275%63 DNA sequence.
8
7
X
¢
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Figure 4. (a) Fraction of distances between hydrogen bond donor and acceptor atoms in DNA Il and DNA |l at each base pair stepowgéstitzana the sum
of the average and 1 SD of the distances at each base step of Oy titential energy component of the hydrogen bond estimated from the distances according
to equatior? (29).

that of T5-A16 in DNA 1. The N(1).H(3)-N(3) hydrogen bond i sgen! 22 01
of PD5-A16 is stretched byD.4 A on average and it was
calculated thdfB2% of the time this hydrogen bond exceeded the
specified distance. To estimate the energetic loss due to disruption
of this hydrogen bond we calculated the average of the potential
energy with a hydrogen bonding function of the form

E = Ck12— D10 2

where C = 7557 and D = 2385 for the I hydrogen bond and
C =10238 and D = 3071 for the HNC hydrogen bond©). The o n T00 50 300

results are presented in Figule Clearly, the hydrogen bond Eigenvector index

between PD5 and Al6 is weakened by 25% in DNA Il as

compared with DNA Il. The potential energy of the

N(1)...H(3)-N(3) hydrogen bond is smaller (-0.23 kcal/mol) by Figure 5. Cumulative eigenvalues (Mnof DNA |, DNA Il and DNA Il as a
[56.8% than that of other hydrogen bonds, which ardunction of the eigenvector index.

[(3-0.40 kcal/mol. The other hydrogen bond of PD5-A16 and the

two hydrogen bonds of PD6-A15 were the same as those of the )

T5 and T6 steps of DNA II. These observations are in agreemé&@ often be accounted for by a few low frequency eigenvectors
with previous results1() and suggest that weakening of the(25) with large eigenvalues. The cumulative sum of the eigen-
hydrogen bond may give rise to easier base flipping. These resiffdues is a convenient way of expressing this property. The
do not provide evidence on whether this process can occemulative sum as a function of the number of eigenvalues
spontaneously, but it is clear that if the protein induces ba&€rived from the ED analysis of the trajectories of all atoms
flipping it should be easier to extrude a base whose hydrog&¥cept the hydrogens (404 atoms) of the three DNAs are shown

bonding has been weakened by the structural changes produbehigures. It can be seen that concerted motions specified by the
by the thymine dimer. first six eigenvectors can account faF5% of the overall

fluctuations, which are expressed by the asymptotic cumulative
values. Clearly, DNA Il is the most flexible of the three, with an
asymptotic value of 5.649 rfixfollowed by DNA IIl with a value
The structural distortions in DNA Ill and partial disruption of theof 4.118 nrd and DNA |, which is the most rigid, with a value of
hydrogen bond between PD5 and its complementary adeniBet48 nm. The difference between DNA Il and DNA | can be
suggest that PD-containing DNA may have increased flexibilitypartly explained by the estimated base pair stacking enetg)es (
We have therefore analyzed the three DNA sequences simulafBte estimated base pair stacking energies of the central 4 bp,
in this work using the method of EDE). In particular, we were 5-GTTG (DNA Il) and 3-GATG (DNA I), were calculated as
interested in the question of whether the vibrational properties 618.52 and —22.95 kcal/mol respectively.
the damaged DNA suggest a mechanism by which the adenind’he reduced flexibility in DNA 1l is consistent with the
complementary to PD5 could flip into an extra-helical positionintroduction of a constraint in the form of a cyclobutane ring in
ED can be used to analyze the concerted motions of mactbe PD, but it does not provide a detailed description of the
molecules as well as their overall flexibility based on a MOluctuational properties along the DNA sequence or in the
trajectory. Concerted motions, in direction, among atoms asebgroups of the DNA, i.e. bases, sugars and phosphates. To
expressed by the eigenvectors of the covariance matrix and #i@alyze in detail concerted motions of the components along the
extent of concerted fluctational motion described by eackequence of the DNA we have calculated atomic fluctuations in
eigenvector is expressed by the eigenvalue. It has been shown thatfirst two eigenvectors. The results are displayed in F&jure
a large portion of the overall fluctuations of the macromolecul@ which atom numbers 1-202 belong to the leading strand (in

~

UYL

4.118

Cumlative eigenvectors

O=NWAUOO
|
|
|

Essential dynamics
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DNA Il this strand contains the PD) and 203-404 to the 2) DNA |
complementary strand. Large fluctuations indicated by sharp 0.02 —
peaks usually appear at the positions of phosphates, with much L
smaller fluctuatpns at the positions of sugars. Bases show the AAAR AL AR
smallest fluctuations. DNA | (Fig6a) shows large concerted G5CG GA TG GCGCS5GIC CAT CICGC
fluctuations, mostly at the end of the DNA duplex, suggesting a *’
bending motion as well as a certain degree of fraying at the ends.
Similar fluctuational features are seen in DNA Il (F6b), but

their size is larger than in DNA I. This is consistent with the fact 0.005 -
that DNA Il is more flexible than DNA |, as was demonstrated by Pk W
the asymptotic values of the cumulative sums of the eigenvalues N ik ¥ "
(Fig. 5). DNA I, in addition to a similar general appearance of 0O 50 100 150 200 250 300 350 400
large fluctuation at the ends, shows a new feature §EjgThe No. of atoms

phosphate that bridges the adenines complementary to the PD b) DNA Il

(A15 and A16) shows a very large fluctuation in the first 0.02
eigenvector, as indicated by the sharp peak at this position. This
indicates that the fluctuation of the bridging phosphate is strongly  “g 015 AAAAAAA A AAAALARL rfLu
correlated with the fluctuations at the ends of the DNA, G5CGET TGGLGCSGCC AACICEE
suggesting coupling between movement of the phosphate and a
bending motion.

To emphasize fluctuations at positions of phosphate we have
applied ED to the 18 phosphates only. The atomic fluctuations in 0.005
the first two eigenvectors are presented in Figdoe each base Wit
pair step. In the panels of Figurethe upper curves show the
leading strand and the lower curves the complementary strand (to
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separate the curves the sign of the values in this strand has been No. of atoms

changed). Differences in the patterns of concerted fluctuations c) DNA Il NARIComp 12380
between DNA | and DNA Il suggests that even small differences 0.02 T T T

in sequence of the base pairs (here the central partis AT or TT) < H B MH HL\/"Hﬁ'Hﬂ\ :
may cause quite a difference in concerted motions. DNA Il has € 0.015 |G e 6 G POPG ‘G AT Aok W
a concerted motion at thé-énd of both strands, while in DNA b :

[l this concerted motion appears at tHeeB8d of both strands. S oo

Again, a sharp peak is observed at the phosphate between A15 §

and A16, suggesting that asymmetrical concerted fluctuations g L\n \ \
between each strand of the DNA Il duplex may be produced by ~ 8§ ©-005 {7 \\Tf f ' A

the thymine dimer and partially disrupted hydrogen bonding. It is .‘_,,f"'-.,- (\«"’ M} s\w ALY T it
possible that this flexibility may be important for recognition of 05 50 100 1;0 550 250 3:00' 350 200
the damaged site by the repair enzyme. No. of atoms

DISCUSSION
Figure 6. Component (n@) of concerted motions of 404 atoms @ DNA |,

This work represents an attempt to generalize the nature of DN&) DNA Il and €) DNA Il along the directions of eigenvectors 1 (solid line)

; ; U ; nd 2 (dotted line). The zipper pattern shows the position of phosphorus atoms
distortions prOduced by a CyClObUtane pyrlmldlne dimer and td?ls a sharp peak, sugars the next lower shoulder and bases the bottom line.

derive the changes in dynam_ic properties of the da_maged DN‘&Iumbers 1-202 belong to the leading strand (in DNA IIl this strand contains
The sequences of DNA studied in this work are different fromihe PD) and 203-404 to the complementary strand.

those studied in our previous wofk/f and by others3(), yet the
distortions produced by the thymine dimer appear to be very
similar. It appears that the thymine dimer produces changeshave previously demonstrated that on average both normal DNA
DNA that are localized to the vicinity of the lesion. They can band DNA with a thymine dimer are bent. However, the
summarized by two major changes: one is bending of the DNAirectionality of bending in a thymine dimer-containing DNA is
the other is disruption of a hydrogen bond. skewed, whereas that of normal DNA is not. Such behavior is
Bending of the DNA is clearly produced by formation of thefully consistent with formation of two C-C bonds in the major
cyclobutane ring, which draws one thymine to the other from groove of DNA, giving rise to the observed directionality and to
distance ofB.5 A in normal DNA to a bonding distance of 1.5 A.a small compression of the major groove and widening of the
Such a structure also moves the O4 and N3-H3 groups whiatinor groove.
participate in hydrogen bonding to their complementary adeninesDisruption of the hydrogen bond is more difficult to under-
closer to each other. The consequence of these changest@nd. It is clear that the same hydrogen bond is disrupted
distortion of the helical axis. The extent of this bending isegardless of sequence, confirming the suggestion that the
directional, as can be seen from the different values of AIN ardhanges are very local and do not depend on DNA sequence.
ATP, which were 8and 20 respectively. This difference is quite Since formation of a cyclobutane would align the two thymines
important, as was demonstrated in our previous wbrk (We  and virtually abolish the natural twist in a right-handed DNA,
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Figure 7. Component (n@) of concerted motions of phosphatesan@NA I, (b) DNA Il and ) DNA Il along the directions of eigenvectors 1 (solid line) and 2
(dotted line). The numbers of P atoms are those of the leading strand. The component of the complementary P atoms asgalive/nases.

several small adjustments are made to compensate for tthst bridges between the adenines on the complementary strand
undesirable effect. First, the cyclobutane is puckered, whiadkompared with that of the thymine dimer. It is difficult to
allows a certain degree of relative twist of one thymine witlletermine whether this fluctuation is related to partial disruption
respect to the other. Second, the backbone angles shift by a sroéilthe hydrogen bond between PD5 and the complementary
amount to absorb the distortighby [1L0° andd by [(20°. The  adenine. In fact, fluctuations of the base atoms in the first
sugar ring also contributes, by changing its pucker frole@80  eigenvector are larger than those of other bases, but the
to CI-endoand, finally, the base re-orients with respect to thgonnection between the base and the phosphate through the suga
sugar by changing its glycosydic angle fronaafito a highanti  precludes a causal relation. An important observation is that
conformation. These changes are required to re-establish #igtuations in the low frequency eigenvectors are localized to the
Watson—Crick hydrogen bonds, but the success is only partighds of the DNA sequences, suggesting that this eigenvector
The O4..H-N6 bond is successfully restored to its original stategescribes a bending motion. Furthermore, the fact that fluctu-
but the N3-H..N1 hydrogen bond remains partially disrupted.5tions of the phosphates in DNA Il are coordinated with

We estimate that the fraction of intact N3-#l1 hydrogenbond  fi,ctyations of the ends of the DNA suggests that bending is
distances is onlff20-30%, which is in agreement with the coupled to a large phosphate motion.

conclusions of Leet al (23), although it is difficult to estimate g ;ch an analysis leads to an interesting suggestion regarding

from their results a quantitative measure. Our estimate of thgs jmnortance of such fluctuations in damage recognition by
energetic loss associated with partial disruption of the hydrogquair enzymes. The crystal structure of the complex between

bond is of the order of 0.2 kcal/mol, which seems very small t8ndonuc|ease V and DNA shows that DNA is bent near the
be of major significance. However, it is noteworthy that suc(?,gl

estimates are strongly dependent on the choice of the C an m||nte_ dlmgrrhmoiﬁ thantln_ uncombplexed D'\é'la‘ ofbsshweoéantMD |
constants in equatia® Furthermore, the importance of partial > Lél.a |0nsb. usd _eprﬁ ein mayl € resposi S. orthea |f|orr]1a
disruption of the hydrogen bond is not so much in the loss of t eegr Ingnob sne dﬂae rltnh t tre] %%St?iirstr:lssﬁirle.mirIW?:T';JF)l}IOP do itne
energyper se but in the change in vibrational properties of theY9'09€n bond hearine thymine dimer, while ally reducing

DNA (see below). stability of the hydrogen bond, may reduce the force constant for

ED has been used to analyze the collective motions of proteiggnd'ng by a substantial amount. I fact, the observation that the
(19-22), but no known studies have applied this method to thgYdrogen bond is disruptéd0% of the time, i.e. the hydrogen
analysis of mations in DNA. Our ED analysis shows that differerfod distance is longer, supports the suggestion that the energy
sequences of DNA have a different degree of flexibility. DNA |required for this stretching is lower. Since DNA bending is
with an AT sequence, is significantly more rigid than DNA 11,coupled to base pair opening and hydrogen bond disrufstn (

with a TT sequence in the same position. This is consistent witifollows that in PD-containing DNA it will be easier to bend the

a stronger stacking interaction between the bases, which mR{NA and induce extrusion of the adenine into an extra-helical
contribute to a more rigid structure in the AT sequence. It is alg¥Psition. Thus the protein is responsible for base flipping through
clear that introduction of a thymine dimer in place of the TTinduction of additional bending in the damaged DNA. This may
sequence reduces the overall flexibility of DNA I11. In view of thealso be the basis for selectivity of the protein in recognition of
fact that the cyclobutane introduces two additional bonds artlymine dimers, as was recently demonstrated by fluorescence
limits the relative mobilities of the adjacent thymines, this resutudies §3) of DNA with a 2-aminopurine substitution of the

is not surprising. However, a detailed analysis of atomi@denines in positions complementary to the thymines in thymine
fluctuations in the low frequency eigenvectors reveals a distindimers. The data support the suggestion that the base opposite the
difference betwen normal DNA and that with a thymine dimer5' thymine but not that opposite thetBymine of the thymine

DNA 1l shows a distinct large fluctuation in the phosphate grouglimer is flipped by the enzyme.
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It appears that a general mechanism of selectivity emerges frofh
these studies. Not only is bending of the DNA necessary for
surface complementarity. {), but flexibility of the DNAis also 4,
important. Since the energy required for bending of undamaged
DNA from an unbent conformation may be too large to be1
induced by the protein or the random distribution of DNA
bending may present too many possible conformations to seléét

from, the protein is unable to induce such a process in undamaged

DNA. In PD-containing DNA all the required elements are in
place: the DNA is bent in the correct direction and the hydrogei#
bond is partially disrupted, making bending and base flipping alg
easy process.
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