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Synopsis. We present molecular mechanics and
molecular dynamics simulations on the dodecanucleotide
d(CGCGAATTCGCG)2, incorporating a cis-syn thymine—
thymine cyclobutane dimer, represented as T[|T, at the TT
site using the all atom force field. Although the starting
optimized structures were essentially kink-free, kinked mod-
els are observed during the molecular dynamics simulations.
Most conformational changes are seen in the sugar puckering
and phosphodiester conformations of residues in and around
the site of photolesion.

Ultraviolet rays damage DNA through photochemical
reactions leading to the formation of cyclobutane dimer
and 6—4 photoadducts. Of these, the former lesion is
dominant in numbers and its frequency of formation has
been correlated to the frequency of mutations within a
single gene.V) In the light of their significance, a number
of physicochemical studies have attempted to elucidate
the structural changes in DNA upon the modification
by these two forms of lesion.?

Molecular modeling studies on cis- syn thymine—
thymine cyclobutane dimer (T[]T) incorporated DNA
have reported both kinked and kink-free models.?%
Here, we present a preliminary report on an extension
of our molecular mechanics investigations by describ-
ing the results of molecular dynamics simulations on
d(CGCGAATTCGCG); incorporating a T[|T cyclobu-
tane dimer replacing TT. The principal goal of these
investigations is to explore the conformational space of
the dodecanucleotide to identify alternative DNA struc-
tures that can accommodate cyclobutane dimers. In
contrast to the earlier studies,” the dynamics simula-
tions show interesting structural alternatives (including
kinked forms) as low energy conformers. The conforma-
tionally constrained thymine dimers induce significant
bending in the dodecanucleotide. Our results provide
useful input to further high resolution solid state and
solution studies.

Methods

The cis-syn cyclobutane dimer was modeled across the
neighboring thymine residues in d(CGCGAATTCGCG),,
in the B-form® as described earlier.’) The oligomer was
then surrounded by the solvated Na™t counterions (¢=0.418
kJmol™! and R*=5.0x10"1° m) placed along the phos-
phate bisector using AMBER.®) The structure was energy
optimized with the all atom force field” until a root mean
square gradient of <0.1 was obtained and equilibrated us-
ing molecular dynamics for 5 ps to 300 K, followed by 80
ps of simulation at 300 K with a time step of 0.001 ps. A

residue based nonbonded cutoff of 15x1071° m was used and
the nonbonded pair list was updated every 20 steps. Struc-
tures were stored every 0.2 ps and analyzed for their torsion
angles and helix parameters. The IUPAC nomenclature®
for nucleic acids are used. According to this nomenclature,
the nucleic acid backbone torsions about the C4'-C5’, C3'-
03', P-03', P-05', 05'-C5’, and C3'-C4’ are referred to
as v, ¢, ¢, o, B, and §, respectively. Throughout this text,
the values of these torsions will be generally described in
terms of gauche™, trans, and gauche’. They correspond to
ranges centered around 60°, 180°, and —60°, respectively.
The glycosidic torsions are represented by x, and their val-
ues are usually referred in terms of anti (ca. —30° to 120°)
and syn (ca. 150° to 250°). The nucleotides are referred to
as CYT1, GUA2 etc. on the photodimer containing strand,
and as CYT1’, GUA2' etc. on the complementary strand.

Results

Table 1 contains the average dihedral angles of the
dodecamer backbone. The C4'-C5' torsion, 7, re-
mains predominantly gauche® for most of the nu-
cleotides. However, this torsion undergoes a transition
gauchet —trans in GUA4, ADE5, and GUA10, as was
also noted in the molecular dynamics simulations of
unmodified DNA.'® In all these three nucleotides, at
the beginning of the simulations (<10 ps), the «y values
range in the gauche’ region. Interestingly, the average
7 value for the thymine dimer region is still gauche®
though a few gauche™ values are observed. The aver-
age C3'-03' torsion remains trans in all the nucleotides,
with the CYC region (3’ ends of ADE6 and ADE6')
exhibiting an average tending towards gauche™. This
observation is in contrast to the corresponding results
on the unmodified oligomers where a nontrivial number
of gauche™ values were seen.%'?

The phosphodiester conformation (¢,a) remains pre-
dominantly (gauche™, gauche™) except for the follow-
ing: The P-03’ torsions (¢) at the 3’ end of THYS8 and
CYTS3 are around trans, while the P-50' (a) torsion
exhibits greater degree of variability. The 3' ends of
GUA4, CYT9, GUA2', and GUA4' have average values
in the trans region for a. The torsion ¢ in THYS, un-
dergoes a transition from trans to gauche™ at around 25
ps into the molecular dynamics simulation. The corre-
sponding variations in { of CYT3 are more significant,
as this torsion flip-flops between the trans and gauche™
regions.

The P-0O5' torsions at the 3’ ends of GUA4 and
GUA4 spend about 10 and 30 ps, respectively in the



October, 1993]

NOTES 3133

Table 1. Averages of Backbone and Glycosidic Torsion Angles in the Molecular Dynamics
Simulations of d(CGCGAATTCGCG)2, Incorporating a T[]T Cyclobutane Dimer over
a Period of 80 ps

Torsion ¥ € ¢ @ B x (pur)  x (pyr)
angles  (C4-C5') (C3-03) (03-P) (P-05) (05'-C5') (C1'-N9) (C1'-N1)
Averl 85.7 202.5 263.5 265.6 171.8 45.0 60.1
RMSF 20.5 19.8 26.4 41.8 16.1 19.8 20.4
Aver2 72.7 270.5 279.7 53.6
Aver3 171.8 219.3 227.4 131.1

Averl is the average of the torsion angles irrespective of the ranges they lie in. RMSF: Root
mean square fluctuations. Aver2 is the average of the torsion angles excluding the non-standard
ranges. Aver3 is the average of the torsion angles in the non-standard ranges.

In B-DNA, the standard ranges for v, €, {, a, and § are gauchet, trans, gauche™, gauche™, and
trans respectively. The glycosidic torsion is typically in the anti range.

gauche™ region before undergoing transition to the
trans region. The P-O5 torsions at the 3’ ends of
GUAZ2’ spends the first 30 ps in the gauche™ region,
the next 25 ps in the trans region and the subsequent
25 ps back in the gauche™ region. By contrast, the cor-

Table 2.  Average Helix Twists in All the Dinu-
cleotide Steps during the Molecular Dynamics
of d(CGCGAATTCGCG), Incorporating a T[|T
Cyclobutane Dimer over a Period of 80 ps

responding torsion in CYT9 spends all its time in the CYTslt—e(I})U 5 Helz; 1;3;()(1eimt4§rmsf)
trans region. As earlier,”'® the C5'-O5' torsion () is GUA2-CYT3 317 ( 4‘6)
trans throughout the simulations. The glycosidic tor- CYT3-GUA4 38.3 (5.6)
sions are mostly anti (x ranging from —20° to 140°) GUA4-ADES5 31.9 (3.8)
except in THY7 where x varies from 94° to 168°. The ADE5-ADE6 31.6 (4.3)
average values for this torsion vary from 20° to 75° in ADE6-THY7 26.5 (5.3)
all nucleotides except for THY7 where the average is THY7-THY8 22.3 (3.6)
131°. THY8-CYT9 35.6 (3.9)
The furanose sugars demonstrate considerable flexi- CYTI-GUAILO 34.4 (5.0)
. : gars demonsirate consicerable 1ex GUA10-CYT11 32.5 (5.6)
bility, consistent with the observations based on crys- CYT11-GUA12 38.3 (6.7)
tallographic, solution and theoretical studies on various Average 33.3 (5.4)

DNA fragments reported in the literature.'’> A number
of nucleotides have their average sugar puckers spend a
nontrivial percentages of the total simulation times (12
t0 55%) in the O1’ endo region. The sugar in THYS has
the maximum percentage of O1’ endo geometry (55%)
while 17 of the 24 nucleotides spend more than 15%
time in the O1' endo-Cl’ ezo region. As in our ear-
lier reported simulations on the DNA oligomers,®® no
sugar puckers are observed in the higher energy O1’
exo—Cl'endo region. ADES has its sugar geometry
in the C3' endo-C4' ezo region for 79% of the simu-
lation time, while five other sugars spend more than
25% of their time in this region. Fifteen nucleotides
have their sugars with the standard C2' endo geome-
try over more than 50% of the simulation time. This
distribution of sugar geometries is in contrast to the
case of the corresponding simulations on the unmod-
ified oligomers which predominantly exhibit C2' endo
geometry, as found in the starting model.”

The dodecamer models with cyclobutane dimer un-
dergo significant kinking and bending, around the site
of the dimer (Fig. 1) during the molecular dynamics
simulations. These structural variations are consistent
with the calculated average helix twists listed in Table 2.
The average value is ca. 33.3 (n~10.8). Two of the he-
lix repeats (26.5° in the ADE6-THY?7 step and 22.3° in

10.8 (9.3—12.9)

indicated in

Number of residues/turn

Root mean
parentheses.

square fluctuations are

the THY7-THY8 step) overwind the helix leading ef-
fectively to a kink and closely resembling the canonical
A-DNA structure. In the regions removed from the cy-
clobutane dimer, the helix characteristics are predomi-
nantly those of B-DNA. The hydrogen bonding between
the base pairs in regions other than that containing the
T[JT dimer is not significantly altered.

Are the results of our calculations general enough
to be applicable to oligonucleotide sequences consis-
tent of non-self-complementary sequences ? Although
we have not carried out explicit calculations to inves-
tigate the effects of non-self-complementary sequences,
the extents of variations in the DNA conformational
characteristics are suggestive of possible accommoda-
tion of asymmetric sequences within the DNA altered
by photolesion. The key conformational parameters,
the phosphodiester torsions and sugar geometry do ex-
hibit wide variations in the non-cyclobutane dimer part
of the oligonucleotide structures. Such variations are
capable of absorbing non-self-complementary sequences
of bases (unpublished data).
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Fig. 1.
molecular dynamics.

How do the molecular dynamics models stack up
with the biological significance of photolesions and their
recognition by the complexes of repair enzymes ? In
contrast to one of the previously reported molecular
mechanics models, the present studies demonstrate
significant structural changes in the overall DNA dou-
ble helix in addition to the conformational variations
in the dimer region. It is tempting to speculate that
the repair enzymes do recognize the gross structural
changes (kinks and bends, coupled with variations in
groove sizes). The conformational changes in the T[|T
dimer region, particularly those found in the base ori-
entations relative to the furanose, could be potential
basis of recognition of the photolesion by the enzymes
involved in the N-glycosylase activity.!?

Conclusions

Molecular dynamics simulations on cis-syn thymine—
thymine cyclobutane dimer incorporated dodecamer
show significant kinks and bends and have helical pa-
rameters characteristic of the A-form rather than the B-
form. These structural features result principally from
the overwinding of the double helix in the region of
photolesion. The models discussed here could provide
structural insights into the mechanisms of actions of
repair enzymes that recognize the cyclobutane dimers.
Our results will hopefully stimulate further high res-
olution X-ray crystallographic and solution studies to
characterize the structures of photolesion incorporated
nucleic acids.
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