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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 of the 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

Ultraviolet light produces cyclobutane-type pyrimidine dimers
(PD) in DNA. Such lesions can cause mutations and they strongly
correlate with UV-induced cancer. T4 endonuclease V is a repair
enzyme specific for PD which is encoded by the T4 denV gene
and consists of 138 amino acids (1). The enzyme associates in a
non-specific way with DNA that does not contain PD. It scans

non-target DNA by electrostatic unidimensional diffusion, as
indicated by the salt dependence of the processive component of
enzymatic catalysis (2). 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 the 5′-side of the PD (3), then
the enzyme proceeds to incise the phosphodiester bond at the 3′
position of the abasic site through β-elimination, resulting in an
α,β-unsaturated aldehyde and a 5′-terminal monophosphate
(4,5). Mutational studies of the enzyme established that the
N-terminus acts as the nucleophile and Glu23 is important in
enzymatic activity (6). 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 (9–11) and the enzyme–DNA complex (12). 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 DNA (12) provided an
additional range of observations about the DNA–protein interac-
tion. As predicted by a previous study (13), the protein interacts
with the DNA in the minor groove. The protein in the complex
has a very similar structure to the free enzyme. The only
substantial differences occur in the positions of two arginines
(Arg22 and Arg26), a loop on the opposite side of the recognition
surface (residues 83–91) and a loop near the C-terminus (residues
125–130). The two arginines are observed to come close to the PD
and the C-terminus loop partially overlaps with the WYKYY
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sequence, which was demonstrated to play a role in DNA binding
(14–16).

An important discovery in the complex is the flipped out
adenine complementary to the 5′ thymine of the PD. The adenine
is positioned in a cavity made up of mostly polar residues (Tyr21,
Asp87, Thr89, Gln71 and Gln91), but forms no hydrogen bonds
with any polar atoms. Interestingly, molecular dynamics simula-
tions of a PD-containing DNA show that hydrogen bonding
between the adenine and the complementary 5′ thymine of the PD
is grossly perturbed (17). Also, the DNA has a substantial kink in
the helical axis near the PD, but of a smaller magnitude than DNA
in the complex. This suggests a possible mechanism of base
flipping as an element of recognition of DNA damage. Interaction
of the protein with DNA may produce an enhanced kink which
could facilitate base flipping.

To explore the relationship between the kinked structure,
perturbed hydrogen bonding and base flipping we applied the
method of essential dynamics (ED) (18) to reveal dynamic
motions that could be responsible for base flipping. Such an
approach has been applied previously to study structure–function
relations in proteins. The method identified several principal
concerted motions among atoms of the active site of the protein
and attributed these motions to function of the enzyme (19–22).

MATERIALS AND METHODS

Molecular dynamics (MD) simulation of DNA

Three DNA decamers were simulated in this work; two native
DNA sequences and one with a thymine dimer (T^T). The
sequence of DNA I was d(GCGGATGGCG)2 and of DNA II
d(GCGGTTGGCG)2. DNA III had the same sequence as DNA
II but the two thymines were replaced with a T^T representing the
PD. These are the same sequences as those investigated by NMR
by Lee et al. (23).

The native DNA sequences were constructed as idealized
B-DNA structures using the NUCGEN module of AMBER 4.1
(24). The coordinates and partial charges of PD in DNA III were
the same as those of Miaskiewicz (17). To neutralize the DNA,
18 K+ ions were placed 5 Å from the phosphorus atom on the
bisector of the O-P-O angle. The van der Waals parameters of the
K+ ions were the same as those of Na+. However, because the
mass of the K+ ion is larger than that of Na+ the kinetic energy
distribution of the K+ ions in MD simulations has a somewhat
different profile and may contribute better stability to the
trajectory. The DNA was solvated by a rectangular box of TIP3P
water with a cut-off of 18 Å and an exclusion distance of 2.9 Å
from the oxygen and 2.1 Å from the hydrogen of the water. This
procedure yielded 7973 water molecules for DNA I, 7995 for
DNA II and 7960 for DNA III.

All the calculations were performed with AMBER 4.1.
Periodic boundary conditions were applied with a cut-off of 12 Å
for the van der Waals interactions and the Particle Ewald Mesh
method was used to calculate the electrostatic interactions.

Initially the DNA was kept frozen and only the water molecules
were minimized. This was followed by a minimization of the
entire system. Initial velocities were assigned from a Maxwelian
distribution at 30 K and the system was heated at constant volume
to 300 K over a period of 10 ps with a coupling constant of 0.2 ps.
To equilibrate the density of the system a constant pressure MD
run was performed at 300 K with a coupling constant of 0.4 ps.

The equilibrated densities were 0.989 g/cm3 for DNA I, 0.983
g/cm3 for DNA II and 0.981 g/cm3 for DNA III. The density
stabilized within 7–10 ps. The final box sizes were: DNA I, 70.729
× 59.451 × 60.158 Å3; DNA II, 70.660 × 59.916 × 59.913 Å3;
DNA III, 71.076 × 59.683 × 59.878 Å3. Production runs were
performed at 300 K and constant volume for 500 ps. The
trajectory was recorded every 20 fs. The simulations were
executed on a DEC A600 Workstation at the National Institute of
Radiological Sciences (NIRS).

Essential dynamics of DNA

The method of essential dynamics (ED) (18) extracts essential
degrees of freedom in molecular motions from a MD trajectory.
These essential degrees of freedom correspond to correlated
vibrational modes or collective motions of groups of atoms in
normal mode analysis (25). The translational motions of MD
trajectories are removed by a translation to the average geometri-
cal center of the molecule and the rotational motions are removed
by a least squares fit superimposition on a reference structure. To
examine the correlated motions a covariance matrix, constructed
from the trajectories, is defined as

Mij  = 〈(xi – xio)(xj – xjo)〉 1

where xi are the separate x,y,z coordinates of atoms in DNA and xio
are the average coordinates derived from the trajectory. 〈〉
designates time averaging over a specified period, which is usually
taken from the stabilized portion of the simulation. Diagonalization
of the covariance matrix yields a set of eigenvectors and
eigenvalues. The eigenvectors indicate the directions of motions of
the atoms and the eigenvalues represent the displacement variance
of the particular eigenvector. Projection of the trajectory on a
particular eigenvector shows the time-dependent motions that the
atoms perform in the particular vibrational mode. A time average
of the projection shows the contribution or components of the
atomic vibrations to this mode of concerted motion.

We applied ED (26) to native DNA I and DNA II and damaged
DNA III. Each DNA consists of 630 atoms. Trajectories of those
630 atoms from 200 to 420 ps were used (11 050 frames). We used
the final structure after heating to 300 K as the reference structure.
We applied ED to two cases: (i) all atoms except hydrogens (a
total of 404 atoms); (ii) only phosphorus atoms (a total of 18
atoms). An SGI Workstation at the University of Leeds and a DEC
A600 Workstation at the NIRS were used for ED calculations.

RESULTS

Molecular dynamics

The MD trajectories of the three DNA sequences, DNAs I–III,
produce three different structures and their trajectories exhibit a
somewhat different behavior. A qualitative difference between
them can be observed from plate images produced in the interval
220–350 ps with the program Dials_and_Windows (27). To focus
on the difference in the area of the thymine dimer (in DNA III)
Figure 1 shows the plate images for the three DNAs in the same
view, such that the T5-A16 and T6-A15 base pairs are in the plane
of the figure. It can be seen from Figure 1 that during this time
period the conformation of the three DNAs does not change
much. DNA I and DNA II show normal pairing of all bases,
whereas DNA III shows distorted base pairing around the
thymine dimer. It is not apparent from this presentation that DNA
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Figure 1. Plate image output from the program ‘Dials_and_Windows’ (27).
The three panels (a) DNA I, (b) DNA II and (c) DNA III show structures every
10 ps from 200 to 350 ps.

III has a significant kink around the PD (see below), but the
helical axis appears to be consistently bent towards the PD.

Figure 2. Root mean square deviation of DNA structures measured from a
reference at t = 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 Figure 2. DNA I stabilized only after 200 ps at a
r.m.s. deviation of 3.93 ± 0.61 Å (200–420 ps), whereas DNA III
stabilized after only 100 ps at a r.m.s. deviation of 3.76 ± 0.34 Å.
Within the 500 ps simulation time presented in this work DNA II
oscillates, but the average r.m.s. deviation is smallest at a value of
3.08 ± 0.51 Å.

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 sequence (17), 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. Table 1 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 angle χ at PD5,
which is larger by 64� than the average values of this angle in
other sites. This places the conformation of the 5′ thymine of the
PD as high-anti, in good agreement with NMR results (28). The
other difference in DNA III is observed in the pseudorotation
angle. The changes are localized near the PD, showing values
around C1′-endo (136.3 ± 31.6) for PD5 and near O4′-endo (80.1
± 21.2) for PD6. Also, the sugar of the complementary adenine
A14 is found mostly in the C1′-endo conformation.

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 expressed
as stagger (STG), buckle (BKL), propeller twist (PRP) and
opening (OPN) (27). These parameters are shown in Figure 3a–d.
The negative STG of –1.3 Å, the large positive BKL of 25� and
the large negative PRP of –45� are 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�

and possibly reports breaking of hydrogen bonds between the
adenines and the thymines of the PD (see below). The local
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Figure 3.  Intra-base parameters (a) stagger (STG; Å) (b) buckle angle (BKL; �), (c) propeller twist angle (PRP; �) and (d) opening angle (OPN; �) of each base step:
1 corresponds to base pair G1-C20 and the rest follow in sequence.

Table 1. Average backbone torsional angle (±SD)

changes produced by the PD also affect interbase parameters
which describe the relative shift (SHF), tilt (TLT) and roll (ROL)
of one base pair with respect to the other. A large positive SHF of
0.85 Å at the PD step (the value at the TT step of DNA II is –0.14
Å), a large positive TLT of 18� (5� in DNA II) and a large positive
ROL of 38� (3.8� in DNA II) were observed in DNA III.

Finally, these local changes lead to a kinked structure, which
can be described by the axis base pair parameter. Significant
changes were observed in the tip of the axis (TIP) and, in
particular, in the polar angles of the axis with respect to the y–z
plane (AIN) (the long axis of DNA is positioned along the x-axis)
and to the x–z plane (ATP) of the PD5-A16 and PD6-A15 base
pairs. When compared with DNA II the AIN was 8� larger and
ATP 20� larger in DNA III. Thus the kink angle at the thymine
dimer was estimated to be 21.7� in terms of vector sum of the two
angles AIN and ATP. The present result is in agreement with our
previous result that the average curvature magnitude increased by

21� at the PD site compared with a native dodecamer using a
global DNA curvature analysis (17). Interestingly, approximately
the same kink/bend angle was suggested in two oligonucleotides
with different sequences, i.e. the decamer d(GCGGT^TGGCG)2
in the present work and the dodecamer d(CGCGAAT^TCGCG)2
in our previous work (17). It seems that the distortion produced
by the thymine dimer is a local property that does not depend on
DNA sequence.

The structural changes described so far can be attributed to the
steric distortion introduced by the thymine dimer. In a previous
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 the 5′-side was signifi-
cantly disrupted by the structural distortions in the DNA. This
adenine has been observed to be flipped out by the protein in a
complex between the repair enzyme endonuclease V and
damaged DNA. We have therefore investigated the nature of the
hydrogen bond disruption to gain a better understanding of the
relation between weakening of the hydrogen bond and flipping of
the adenine into an extra-helical position. We have calculated the
distribution of distances between donor and acceptor of a
hydrogen bond of each base pair in DNA II and DNA III along
the trajectory. The fraction of hydrogen bond disruption was
calculated as all the occurrences in which the hydrogen bond
distance was larger than the average + 1 SD observed in DNA II.
The results presented in Figure 4a show that on average 10% of
the time hydrogen bonds are dissociated beyond the specified
distance in normal hydrogen bonding pairs. However, near the
thymine dimer 50% of the distances between PD5 and A16 in
DNA III are greater than the distance of a normal hydrogen bond,
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Figure 4. (a) Fraction of distances between hydrogen bond donor and acceptor atoms in DNA III and DNA II at each base pair step which are longer than the sum
of the average and 1 SD of the distances at each base step of DNA II. (b) Potential energy component of the hydrogen bond estimated from the distances according
to equation 2 (29).

that of T5-A16 in DNA II. The N(1)…H(3)-N(3) hydrogen bond
of PD5-A16 is stretched by ∼0.4 Å on average and it was
calculated that ∼82% 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 = C/r12 – D/r10 2

where C = 7557 and D = 2385 for the H…O hydrogen bond and
C = 10238 and D = 3071 for the H…NC hydrogen bond (29). The
results are presented in Figure 4b. Clearly, the hydrogen bond
between PD5 and A16 is weakened by 25% in DNA III as
compared with DNA II. The potential energy of the
N(1)…H(3)-N(3) hydrogen bond is smaller (–0.23 kcal/mol) by
∼56.8% than that of other hydrogen bonds, which are
∼–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 agreement
with previous results (17) and suggest that weakening of the
hydrogen bond may give rise to easier base flipping. These results
do not provide evidence on whether this process can occur
spontaneously, but it is clear that if the protein induces base
flipping it should be easier to extrude a base whose hydrogen
bonding has been weakened by the structural changes produced
by the thymine dimer.

Essential dynamics

The structural distortions in DNA III and partial disruption of the
hydrogen bond between PD5 and its complementary adenine
suggest that PD-containing DNA may have increased flexibility.
We have therefore analyzed the three DNA sequences simulated
in this work using the method of ED (18). In particular, we were
interested in the question of whether the vibrational properties of
the damaged DNA suggest a mechanism by which the adenine
complementary to PD5 could flip into an extra-helical position.

ED can be used to analyze the concerted motions of macro-
molecules as well as their overall flexibility based on a MD
trajectory. Concerted motions, in direction, among atoms are
expressed by the eigenvectors of the covariance matrix and the
extent of concerted fluctational motion described by each
eigenvector is expressed by the eigenvalue. It has been shown that
a large portion of the overall fluctuations of the macromolecule

Figure 5. Cumulative eigenvalues (nm2) of DNA I, DNA II and DNA III as a
function of the eigenvector index.

can often be accounted for by a few low frequency eigenvectors
(25) with large eigenvalues. The cumulative sum of the eigen-
values is a convenient way of expressing this property. The
cumulative sum as a function of the number of eigenvalues
derived from the ED analysis of the trajectories of all atoms
except the hydrogens (404 atoms) of the three DNAs are shown
in Figure 5. It can be seen that concerted motions specified by the
first six eigenvectors can account for ∼75% of the overall
fluctuations, which are expressed by the asymptotic cumulative
values. Clearly, DNA II is the most flexible of the three, with an
asymptotic value of 5.649 nm2, followed by DNA III with a value
of 4.118 nm2 and DNA I, which is the most rigid, with a value of
3.448 nm2. The difference between DNA II and DNA I can be
partly explained by the estimated base pair stacking energies (30).
The estimated base pair stacking energies of the central 4 bp,
5′-GTTG (DNA II) and 5′-GATG (DNA I), were calculated as
–18.52 and –22.95 kcal/mol respectively.

The reduced flexibility in DNA III is consistent with the
introduction of a constraint in the form of a cyclobutane ring in
the PD, but it does not provide a detailed description of the
fluctuational properties along the DNA sequence or in the
subgroups of the DNA, i.e. bases, sugars and phosphates. To
analyze in detail concerted motions of the components along the
sequence of the DNA we have calculated atomic fluctuations in
the first two eigenvectors. The results are displayed in Figure 6,
in which atom numbers 1–202 belong to the leading strand (in
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DNA III this strand contains the PD) and 203–404 to the
complementary strand. Large fluctuations indicated by sharp
peaks usually appear at the positions of phosphates, with much
smaller fluctuations at the positions of sugars. Bases show the
smallest fluctuations. DNA I (Fig. 6a) shows large concerted
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 II (Fig. 6b), but
their size is larger than in DNA I. This is consistent with the fact
that DNA II is more flexible than DNA I, as was demonstrated by
the asymptotic values of the cumulative sums of the eigenvalues
(Fig. 5). DNA III, in addition to a similar general appearance of
large fluctuation at the ends, shows a new feature (Fig. 6c). The
phosphate that bridges the adenines complementary to the PD
(A15 and A16) shows a very large fluctuation in the first
eigenvector, as indicated by the sharp peak at this position. This
indicates that the fluctuation of the bridging phosphate is strongly
correlated with the fluctuations at the ends of the DNA,
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
the first two eigenvectors are presented in Figure 7 for each base
pair step. In the panels of Figure 7 the upper curves show the
leading strand and the lower curves the complementary strand (to
separate the curves the sign of the values in this strand has been
changed). Differences in the patterns of concerted fluctuations
between DNA I and DNA II suggests that even small differences
in sequence of the base pairs (here the central part is AT or TT)
may cause quite a difference in concerted motions. DNA II has
a concerted motion at the 5′-end of both strands, while in DNA
III this concerted motion appears at the 3′-end of both strands.
Again, a sharp peak is observed at the phosphate between A15
and A16, suggesting that asymmetrical concerted fluctuations
between each strand of the DNA III duplex may be produced by
the thymine dimer and partially disrupted hydrogen bonding. It is
possible that this flexibility may be important for recognition of
the damaged site by the repair enzyme.

DISCUSSION

This work represents an attempt to generalize the nature of DNA
distortions produced by a cyclobutane pyrimidine dimer and to
derive the changes in dynamic properties of the damaged DNA.
The sequences of DNA studied in this work are different from
those studied in our previous work (17) and by others (31), yet the
distortions produced by the thymine dimer appear to be very
similar. It appears that the thymine dimer produces changes in
DNA that are localized to the vicinity of the lesion. They can be
summarized by two major changes: one is bending of the DNA,
the other is disruption of a hydrogen bond.

Bending of the DNA is clearly produced by formation of the
cyclobutane ring, which draws one thymine to the other from a
distance of ∼3.5 Å in normal DNA to a bonding distance of 1.5 Å.
Such a structure also moves the O4 and N3-H3 groups which
participate in hydrogen bonding to their complementary adenines
closer to each other. The consequence of these changes is
distortion of the helical axis. The extent of this bending is
directional, as can be seen from the different values of AIN and
ATP, which were 8�and 20� respectively. This difference is quite
important, as was demonstrated in our previous work (17). We

Figure 6. Component (nm2) of concerted motions of 404 atoms of (a) DNA I,
(b) DNA II and (c) DNA III along the directions of eigenvectors 1 (solid line)
and 2 (dotted line). The zipper pattern shows the position of phosphorus atoms
as a sharp peak, sugars the next lower shoulder and bases the bottom line.
Numbers 1–202 belong to the leading strand (in DNA III this strand contains
the PD) and 203–404 to the complementary strand.

have previously demonstrated that on average both normal DNA
and DNA with a thymine dimer are bent. However, the
directionality of bending in a thymine dimer-containing DNA is
skewed, whereas that of normal DNA is not. Such behavior is
fully consistent with formation of two C-C bonds in the major
groove of DNA, giving rise to the observed directionality and to
a small compression of the major groove and widening of the
minor groove.

Disruption of the hydrogen bond is more difficult to under-
stand. It is clear that the same hydrogen bond is disrupted
regardless of sequence, confirming the suggestion that the
changes are very local and do not depend on DNA sequence.
Since formation of a cyclobutane would align the two thymines
and virtually abolish the natural twist in a right-handed DNA,
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Figure 7. Component (nm2) of concerted motions of phosphates in (a) DNA I, (b) DNA II and (c) DNA III 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 are shown as negative values.

several small adjustments are made to compensate for this
undesirable effect. First, the cyclobutane is puckered, which
allows a certain degree of relative twist of one thymine with
respect to the other. Second, the backbone angles shift by a small
amount to absorb the distortion: β by ∼10� and δ by ∼20�. The
sugar ring also contributes, by changing its pucker from C3′-endo
to C1′-endo and, finally, the base re-orients with respect to the
sugar by changing its glycosydic angle from an anti to a high-anti
conformation. These changes are required to re-establish the
Watson–Crick hydrogen bonds, but the success is only partial.
The O4…H-N6 bond is successfully restored to its original state,
but the N3-H…N1 hydrogen bond remains partially disrupted.
We estimate that the fraction of intact N3-H…N1 hydrogen bond
distances is only ∼20–30%, which is in agreement with the
conclusions of Lee et al. (23), although it is difficult to estimate
from their results a quantitative measure. Our estimate of the
energetic loss associated with partial disruption of the hydrogen
bond is of the order of 0.2 kcal/mol, which seems very small to
be of major significance. However, it is noteworthy that such
estimates are strongly dependent on the choice of the C and D
constants in equation 2. Furthermore, the importance of partial
disruption of the hydrogen bond is not so much in the loss of the
energy per se, but in the change in vibrational properties of the
DNA (see below).

ED has been used to analyze the collective motions of proteins
(19–22), but no known studies have applied this method to the
analysis of motions in DNA. Our ED analysis shows that different
sequences of DNA have a different degree of flexibility. DNA I,
with an AT sequence, is significantly more rigid than DNA II,
with a TT sequence in the same position. This is consistent with
a stronger stacking interaction between the bases, which may
contribute to a more rigid structure in the AT sequence. It is also
clear that introduction of a thymine dimer in place of the TT
sequence reduces the overall flexibility of DNA III. In view of the
fact that the cyclobutane introduces two additional bonds and
limits the relative mobilities of the adjacent thymines, this result
is not surprising. However, a detailed analysis of atomic
fluctuations in the low frequency eigenvectors reveals a distinct
difference betwen normal DNA and that with a thymine dimer.
DNA III shows a distinct large fluctuation in the phosphate group

that bridges between the adenines on the complementary strand
compared with that of the thymine dimer. It is difficult to
determine whether this fluctuation is related to partial disruption
of the hydrogen bond between PD5 and the complementary
adenine. In fact, fluctuations of the base atoms in the first
eigenvector are larger than those of other bases, but the
connection between the base and the phosphate through the sugar
precludes a causal relation. An important observation is that
fluctuations in the low frequency eigenvectors are localized to the
ends of the DNA sequences, suggesting that this eigenvector
describes a bending motion. Furthermore, the fact that fluctu-
ations of the phosphates in DNA III are coordinated with
fluctuations of the ends of the DNA suggests that bending is
coupled to a large phosphate motion.

Such an analysis leads to an interesting suggestion regarding
the importance of such fluctuations in damage recognition by
repair enzymes. The crystal structure of the complex between
endonuclease V and DNA shows that DNA is bent near the
thymine dimer more than in uncomplexed DNA observed in MD
simulations. Thus the protein may be resposible for the additional
bending observed in the crystal structure. Disruption of the
hydrogen bond near the thymine dimer, while minimally reducing
stability of the hydrogen bond, may reduce the force constant for
bending by a substantial amount. In fact, the observation that the
hydrogen bond is disrupted ∼70% of the time, i.e. the hydrogen
bond distance is longer, supports the suggestion that the energy
required for this stretching is lower. Since DNA bending is
coupled to base pair opening and hydrogen bond disruption (32),
if follows that in PD-containing DNA it will be easier to bend the
DNA and induce extrusion of the adenine into an extra-helical
position. Thus the protein is responsible for base flipping through
induction of additional bending in the damaged DNA. This may
also be the basis for selectivity of the protein in recognition of
thymine dimers, as was recently demonstrated by fluorescence
studies (33) of DNA with a 2-aminopurine substitution of the
adenines in positions complementary to the thymines in thymine
dimers. The data support the suggestion that the base opposite the
5′ thymine but not that opposite the 3′ thymine of the thymine
dimer is flipped by the enzyme.
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It appears that a general mechanism of selectivity emerges from
these studies. Not only is bending of the DNA necessary for
surface complementarity (17), but flexibility of the DNA is also
important. Since the energy required for bending of undamaged
DNA from an unbent conformation may be too large to be
induced by the protein or the random distribution of DNA
bending may present too many possible conformations to select
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 hydrogen
bond is partially disrupted, making bending and base flipping an
easy process.
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