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ABSTRACT

In the light of the biological significance of thymine photodimers, studies
of the energetics of the dodecanucleotide fragment d(CGCGAATTCGCG); have been
carried out using the methods of molecular mechanics, with and without incorpo-
ration of a thymine dimer in the cis-syn configuration. The results of the
calculations suggest that the thymine dimerized structures show no gross distor-
tion in the double helix with the conformational changes relative to the normal
B-DNA double helix restricted largely to the dimer region. The energetics of
dTp[ ]dT reveal a number of conformers which are energetically almost equally
favorable and are, as a group, qualitatively consistent with NMR studies on this
molecule. The biological implications of the results of the conformational
studies, reported here, have been examined vis-a-vis the curreantly available

~ models for the recognition of DNA "damage"” by repair enzymes.

TION

Genetic mutations in higher organisms are known to play decisive roles in
their development at various levels. Several types of mutations are known to
take place in the DNA of higher organisms. Chemical modifications, transitioms
and transversions of bases are some of the commonly known causes of mutations.
DNA is also damaged by absorption of photons of ultraviolet or shorter wave-
lengths. In the ultraviolet range, absorption mainly affects the pyrimidines,
especially thymines, by activating the ethylene bond in the ring. If the acti-
vated pyrimidine is next to another activated pyrimidine, bonds may form between
them, creating a cyclobutane-type dimer, either on the same strand or between
strands. In humans, such damages are known to lead to skin cancer. Of parti-

cular interest is the condition known as xeroderma pigmentosum, a genetic

disease marked by unusual sensitivity to sunlight that leads to malignancies
(1.

In view of their significance, pyrimidine photodimers have been the target
of analyses by several investigators involved in understanding their implica-
tions for a DNA structure-function correlation. Photochemical and photobiolo-

gical studies indicate the possibilities of four isomeric forms of dimers (2).
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Of these, the cis-syn isomers are known to be biologically the most important
product. Several crystallographic analyses have elucidated the conformations of
the dimerized pyrimidine bases (3-7). Crystal structures of both uracil and
thymine dimers with cis-syn configurations have been carried out (7). Nuclear
magnetic resonance (NMR) investigations on dTp[ ]dT[ ] ([ ] denotes the dimer)
suggest the possibility of a number of conformations with different sugar
puckers, C4'-C5' rotations and glycosydic orientations (8). However, experi-
mental analyses provide limited information on the possible backbone and base
conformations.

Recently, conformation energy calculations have been reported on the cis-
syn isomer of uracil dimer, dUp[ ]duU (9). The backbone conformations of the
energy minimized conformer have been indicated to produce a severe bend in the
helix when incorporated into a model B-DNA helix. The present investigations
have looked into the conformational aspects of a larger B-DNA double helix in
which a thymine dimer has been incorporated. Specifically, we focus on a
thymine dimerized structure of d(CGCGAATTCGCG);. The results of these investi-
gations have been compared with the corresponding ones on the dodecamer without
an incorporated thymine dimer. Also, energy minimization studies were carried
out on a dinucleoside monophosphate, dTp[ ]dT, with the two thymines dimerized
in the cis-syn configuration. The conformational features of these investiga-
tions have been compared with those obtained from earlier theoretical and

experimental studies.

METHODS
The conformational analyses were carried out using the methods of molecular

mechanics wherein energy calculations were performed with the program AMBER
(Assisted Model Building with Energy Refinement; see Reference 10). Two
different force fields presented by Kollman et al. (11) (F;) and Weiner et al.
(12) (F2) were employed. These force fields have both been shown to give a

. reasonable representation of structures and energies of nucleic acids (11,12)
but differ substantially in the atomic partial charges used. Carrying out
simulations with two different force fields enables one to attempt to assess
which results of the calculations are dependent on force field and which are
force field independent. The molecular mechanical energy was determined using
equation (1) given below and the structures were refined until the root mean
square gradienc was <0.l1 kcal/mole A. Each of these force fields was supple-
mented by appropriate parameters for the additional atom types created when the

cyclobutane-like thymine dimer was formed, using simple and standard force
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constants and equilibrium bond lengths and bond angles. For example, for all
the newly created sp3 carbons in the cyclobutane dimer part in F|, the values of
K. and Ky used were respectively 300 kcal/mole/A2 and 46.5 kcal/mole, while
those of Rg and 69 were 1.538 and 109.5°, respectively. These values are iden-
tical to those of the other sp3 carbon atoms in the nucleotide. sp2 atoms were
also treated in a similar standard fashion. A list of added parameters is
available from the authors. The energy functions are listed in equation (1); in
all the
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calculations, we used a distance dependent dielectric constant, ¢ = Rij'

For the d(CGCGAATTCGCG)2 molecule, we have used two different sets of
geometrical parameters. Initially, the force field F); was used to study
torsional variants in this fragment (13). Subsequently, we have employed the
structure with the lowest energy after extensive optimization. These geo-
metrical parameters have been used in the studies on the dodecanucleotide with a
thymine dimer, carried out in the framework of F). We have recently refined the
dodecanucleotide using Fz starting with the B-DNA model proposed by Arnott et
al. (14). This refined geometry was used in calculations employing F,. We have
created two different cyclobutane-like thymine dimer geometries using each force
field. We began by adding to the molecular mechanical energy (Eq. 1) two
harmonic constraint energies Kr(R-Ro)2 between the C5 and C6 atoms of thymines 7
and 8 in the dodecamer fragment. We used Kr = 100 kcal/mole A2 and Rgp = 2.0 A
to force these atoms close together prior to the formation of the "covalent”
bond between them. In the next stage, we have treated the T7C5-T8C5 and T7C6-
T8C6 linkages as normal covalent bonds and continued the refinement until con-
vergence. We dimerized the thymines in two stages so that the addition of the
extra covalent bonds would not cause excessive distortions during refinement,
which could happen in the presence of very large localized energy gradieants.

We created the second type of the cyclobutane-like dimer structure in the
dodecamer in the following way: We started with the above-described dodecamer
(with thymine dimer) and forced the local geometry in the cyclobutane-containing
nucleotide to have the parameters suggested by Broyde et al. (9) in their
studies on dUp[ ]dU. We did this by constraining the backbone dihedral angles
of T7 and T8 containing dinucleotide to the values of 61° (C4'-C5'), 154° (C3'-
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Figure 1: Schematic representation of the dinucleoside monophosphate dTp[ ]dT
([ ] indicates the dimer), investigated in the present study.

03'), 317° (03'-P), 251° (P-05'), 116° (05'-C5'), 158° (C5'-C4') and 148° and
1°, respectively, about the glycosydic bonds at the 5' and 3' ends (see figure 1
for schematic drawing of a dinucleoside monophosphate). To start with, a con-
straint weight of 100 kcal/mole was used and after convergence the refinement
was continued with the constraints removed. A parallel set of calculations was
also carried out on dTp[ ]dT itself, starting the refinements both in the
structures which came from our two dodecamer refinements and the refinemeant by

Broyde et al. (9).

RESULTS
Our calculations find that the bond lengths, bond angles and dihedral

angles in the cyclobutane fragment of all the thymine dimers, as obtained from
the refined structures of the present investigations and crystal structure
analyses (3-7), are not significantly different. The specific values for these
were in a previous version of this manuscript but have been deleted to fit the
manuscript within the page limit. Tables of bond lengths, bond angles and
dihedral angles or the actual cartesian coordinates of any of these structures
can be obtained from the authors on request. We have designated the six
dodecanucleotide models discussed here as D; to Dg. Of these, D;, D and D3
correspond to using F; in the refinement while D,, D5, and Dg correspond to
using F. D; and D, represent the dodecamer without the thymine dimer, D and
Ds that with the thymine dimer incorporated into the dodecamer by the two-stage
minimization described above. D3 and Dg represent the structures in which D;
and Ds, respectively, have had their conformations forced to values near the
dihedral angles obtained in the studies on dUp[ ]dU (9).

4792



Nucleic Acids Research

0 shq ¢¢E
9¢ ‘sa ‘*a ‘ta ...
9@ ‘Sq ‘hg ‘tq
a ‘Sq ‘%a ‘fta ‘@
%q ‘Sa ‘Mg ‘ta ‘%a ‘la
(x) TIuey 9a‘sa‘ta €a 2a‘la M
(») T3UE ¥ 9a‘€g‘ea‘ta Sa‘hq WLl
() TIuey 9a‘sa‘ta €q ¢a‘la 9V
() 73UEOQ‘Eq 9g‘sa
‘Za‘la sa‘ha ‘ha‘€q‘la 2a WSV
() TIUECQ‘1q P ¥ 110
(%) Taue * * 019
9¢‘sa
(») TIUBZQ‘la *xx ‘€q‘Za‘la ha 60
(9%a‘ta
‘2q)
TIue moy1 9Q°¢*q (sa‘%a* 'a)
TIUB‘EQ2q‘Iqg Sq Sqghg 9a‘€q Zq‘lqg 8L
9q°¢Sa
‘€q) F3UB Y31y
(ha‘2a‘la)
TIuey 9q°sSqg€q Yha Za‘lag L1
(%) F3IUE 94q°sa‘ q €q‘2gqlqg €q¢2q‘iq 9a‘sa‘tq 9V
(x)
FIuetqiq‘lg 9a‘sa‘ha * [/
() TF3UBCQ‘Iq *xy rux Za‘la [o)
(%)
Faueta“Za‘la 9a‘sa‘ta % la €0
(%)
Faueeq“ g lq 9a°Sa*‘ Ya ™ b2
(000€-40£Z) (o0£Z-0,0%2) (.092-,081)
_eyoned suwiy Y| 1343 ha x|
uogsaol (4™) NOISHOL ,€0-d ynIoNd AVINS Iaquny
OFPI8024LTH ap1309TONN

9yl UT JULI3IFTP ATIUEDTITuBIS I8 SUOTIBWIOJUOD 2SOyM S3PFI0ATONU 3soyl ATuQ)

- (*p@31s8IT uaaq aaey sTIpom

*SNOILVOILS3ANI INASTVd

FHL NI QaNIVI90 °C OL 'a ST2dOW FAIIOATONNVOIAOA FHL NI NOISHOL ,£0-d ANV NOISHOL OIAASODATO ‘¥MNONd ¥VONS °1 FIAVL

4793



Nucleic Acids Research

In all these models, the conformations about C3'-03' and C5'-05' bonds are
trans with the one exception in the T7 residues in D3 and Dg, where the C5'-05'
torsion is in the gauche+ region. Also, the P-05' conformation is gauche™ in D
to Dg. The C4'-C5' bond torsion in these models is mainly confined to a narrow
range of 45° to 60° in the gauche+ region. The only exceptions to this feature
are found in the thymine dimer part of D3 and D¢ where the C4'-C5' torsion
corresponding to the T8 residue in these models, have trans conformations, with
the values of 175° and 170°, respectively. Most of the changes brought by the
thymine dimerization seem to be manifested in the modifications of the sugar
pucker (y'), glycosydic torsion (x) and the 03'-P torsion (w'). These conforma-
tional parameters vary significantly compared to the abovementioned ones.

Table 1 lists these three parameters as obtained in the models D; to Dg.
Here, the sugar puckers have been divided into four classes, namely, (C2' endo),
(C1' exo, Ol' endo), (C4' exo) and (C3' endo). The ranges of phases (W) corres-
poading to these sugar puckers are (0° to 54°), (54° to 90°), (90° to 144°) and
(144° to 190°), respectively. The glycosydic conformation has been classified
into anti (+40° < x < 80° for sugars with C2' endo, Cl' exo and 01' endo
puckers; 20° < x < 40° for C3' endo and C4' exo sugar puckers), high anti (90° <
X € 180°) and low anti (-60° < y ~ 20°). w' has been classified into three
regions which occupy ranges of (180° to 240°); (240° to 270°) and (270° to
310°). For a given nucleotide in the dodecamer sequence, the appropriate models
amongst D; to Dg have been entered under the heading of the three parameters.
For example, all six models have their Gl0 residues with C2' endo sugars, trans
conformations about P--03' at the 3' end and anti glycosydic orientatioms. It
may be noted that the nucleotides on the second strand have been listed only
when they differ significantly from their corresponding first strand counter-
parts. For example, Gl0' is not listed because it is similar in its confor-
mational features to Gl10. On the other hand, the conformations of T7 and T8
residues are different from those of T7' and T8' residues, respectively. Hence,
these four residues have been listed in Table 1. This is also true of A5' and
A6'. 1In the following paragraphs, the sugar puckers, glycosydic orientations
and P--03' torsions in D; through Dg have been briefly discussed. Figures 2 and
3 pictorically summarize the models Dy, Ds and Dg. In them are shown superposi-
tions of (Dy and Ds) and (Ds and Dg), respectively.

Sugar Puckers and Glycosydic Orientations

As seen from Table 1, most of the nucleotides in the six models have their

sugar puckers in the Cl' exo, Ol' endo and C2' endo regions. The intermediate

sugar puckers are associated with y values less by about 10° to 15° than those
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Figure 2: The superposition of dodecamer double-helical structures with (solid
lines; Ds) and without (dashed lines; Dy)thymine dimer incorporated into them.
It is seen that the two structures are grossly the same, while the region
encompassing the central two T-A base pairs [d(ATTC):d(GAAT)] have sigunificantly
different conformational features.

corresponding to C2' endo sugars. The C3' endo and C4' exo sugars are found to
occur only in the models refined with the old force field parameters, the only

exception being the T8 residue in Dg. Interestingly, these puckers are confined
to regions containing the thymine dimer and its neighboring nucleotides. It may
be noted that in the anti range, the y values are smaller for C3' endo sugars by
about 30° than those for C2' endo sugars. Typically, the anti orientations for
the C3' endo sugars correspond to y values of between 20° and 30°. However, in

Dz, thymine dimerization tends to push y to higher and lower values (at 5' and
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Figure 3: The superposition of the two thymine dimerized structures Ds(solid
lines) and Dg (dashed lines). It is seen that the differences between the two
structues are ouly in the backbone between T7 and T8. It is interesting to not
that despite photodimerization, the hydrogen bonding arrangement between T7 and
A7' is not significantly altered. T8 is less significantly distorted than is
T7. Also, the base-pairs at the 3' and 5' ends of the thymine dimerized regions
are essentially as in Dy (see text for further details).

3' ends respectively) despite the sugar pucker being C3' endo. The glycosydic
orientations of the thymine bases in T7 and T8 are significantly altered in
models Ds and Dg compared to Dy. In D5, the 5' and the 3' end bases have,
respectively, high anti (yx = 114) and anti (x = 51) orientations. In Dg, the
corresponding orientations are high anti and low anti, with accompanying sugar
puckers of C2' endo and C4' exo, respectively.

P—03' Torsion (w)
The P--03' torsion ' varies considerably from trans to gauche' confor-

4796



Nucleic Acids Research
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Figure 4: Component analysis of the energetics of the three dodecanucleotide
structures Dy (a), Ds (b) and Dg (c). The thymine dimer region (T7 and T8) have
been considered together as a single unit (TT). The fragment considered has the
central four base pairs [d(ATTC):d(TAAG)]. The bases are marked A6, C9, T6',
A7', A8' and G9' apart from (TT). The sugars are denoted by S7, Sg...etc.

mations over several residues in the models D; to Dg. However, w' is largely
confined to gauche™ (280° to 300°) and near gauche™ (240° to 270°) values. The
latter range generally corresponds to the intermediate sugar puckers while the
former to predominantly C2' endo sugars. The C3' endo sugars are associated
with high values of w'. This type of interdependence between sugar puckers and
phosphodiester conformations in double-helical structures of polynucleotides has
been observed by several earlier investigators (13,15). Only residues A6 (in
D1, D2 and D3) and G10 (in all the models) have their corresponding w' in the
trans domains. These values are mostly around 220° to 240°, deviating to a fair

extent from the standard trans conformational value of 180°. Thus, in the
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majority of nucleotides in these models, the phosphodiester conformations are
(gauche™,gauche™).
Energetics

The total energies of Dy, Dy and D3 are, respectively, -562.1, -493.7 and
~483.5 kcal/mole; while those of Dy, D5 and Dg are -1054.3, -1011.5 and -1013.3
kcal/mole, respectively. The structures without the thymine dimers (D; and D)
are more stable than the dimerized structures. The total energies of Ds and Dg
are nearly similar, while those of D; and D3 differ by about 10 kcal/mole. For
the sake of better understanding of various coutributions to the total energies
of Dy, Ds and Dg, a set of component analysis diagrams have been presented in
Figs. 4a, b and c, respectively. Here, the sequence of central four base pairs
d(ATTC) «d(TAAG) has been considered. 1In all three figures, the two thymines
have been represented as a single moiety called (TT). The intra-group energies
have been listed in the boxes, while the arrows indicate inter-group interac-
tions. The other bases are marked A6, C9, T6', A7', A8' and G9'. The sugar
moieties are denoted by Sg, S7...etc.

The major contributors to the difference in energies of Dy and Ds (or Dg)
(about 40 kcal/mole) are the cyclobutane-like dimer between T7 and T8, distor-
tion of the planarity of the bases and destacking of the bases in the process of
dimerization. The difference in energy of about 50 kcal/mole between the blocks
(TT) in Dy and Ds is mainly due to bond angle deformation in the cyclobutane
ring. The endocyclic bond angles of the ring have values ranging between 86°
and 94° and thus, deviate by about 15° to 20° from the standard tetrahedral bond
angle of 109.5°. Besides, there is a loss of stacking energy between the
thymines and the adjacent bases at the 5' (adenine) and 3' (cytosine) ends of
the dimer region. As is seen from Figs. 4a and b, the (TT)--(A6) total interac-
tion energies are —-6.17 and -3.09 kcal/mole, respectively in Dy and Ds; while
those between (TT)--(C9) are -5.46 and -4.55 kcal/mole, respectively. These
energies indicate that T7 is more significantly reoriented in Ds and Dg compared
to Dy than is T8. This is reflected in the fact that the orientation of T7 is
high anti compared to the anti orientation of T8.

The conformation variations seem to affect the nonbonded and electrostatic
interactions of the (TT) dimer with the sugars attached to A6, T7,T8 and C9 and
the intervening phosphates. In particular, it is seen that these interaction
energies between (TT) and sugars attached to T7 and T8 are higher in D, than in
Ds or Dg by about 6-8 kcal/mole. On a detailed examination of the atom-atom
interaction energies in these fragments, it was found that a significant part of

this difference was due to stronger electrostatic attractive interactions
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between the sugar-base combinations (sugar 7-T8) and (sugar 8-T7) in Ds (or Dg)
than in Dy. This in turn was due to the fact that on dimerization, the Cl'
atoms of sugars 7 and 8 (charge:~0.5) are dragged closer to atoms N1, C6, C5 and
C4 (with charges: -0.74, 0.55, -0.60 and 0.98) on T8 and T7, respectively (see
Fig. 3) in Dg than they are in Dy, with the Nl...Cl' interactions being the
strongest.

Further, it is interesting to note that there is no large change in the
interaction energies between the dimerized thymines and the adjacent hydrogen
bonded adenines. On a detailed examination, it was found that the electrostatic
and nonbonded contributions to the interaction energies between T7 and A7' in D,
and Dgs differed by about 0.5 and 0.25 kcal/mole, respectively. Thus, the total
interaction interaction energies between the bases T7 and T7' are different in
Dy (-12.82 kcal/mole) and Dg (-12.08 kcal/mole) by less than 1 kcal/mole. So
also is the case with the T8-A8' interactions whose total energies in Dy and Dg
are, respectively, -12.82 and -12.33 kcal/mole. These small differences in
energies are reflected in the hydrogen bond parameters in the T7-A7' and T8-A8'
pairs in Ds compared to Dy. In Ds, the hydrogen bond lengths 04...N6 and
N3...Nl1 are respectively, 2.83 and 2.828 and the corresponding hydrogen bond
angles (04...N6--H6) and (Nl...N3--H3) are, respectively, 14.3° and 14.8°, for
T7-A7'. 1In T8-A8', these parameters have the values of 2.80A&, 2.87&, 14.8° and
6.0°, respectively. In Dy, the corresponding parameters for the A-T base pairs
are 2.80 R, 2.87 R, 5.4° and 2.6°. In addition, on dimerization, there is a
slight increase in the electrostatic attractive potential energy between the
cross bases (T7 and A8') and (T8 and A7') in the dimerized regions.

These facts indicate that the bases are not significantly reoriented
relative to the plane containing the base pairs and perpendicular to the helix
axis (see Fig. 3). Also, T7 is reoriented more than T8 in the thymine dimerized
structures, Ds and Dg. This implies a greater variation in the glycosydic
torsion for T7 than for T8. Interestingly, it is seen that despite the above
discussed differences in the energetics of the dodecanucleotides with and
without an incorporated thymine dimer, the structures of the two fragments are
grossly similar. This is demonstrated in Fig. 2.

Studies on dTp[ ]dT

Table 2 lists the conformational parameters of dTp[ ]dT on which energy
minimization studies were carried out as detailed earlier. Here, A and B refer
to the dimer fragment from the dodecanucleotide d(CGCGAATTCGCG); refined with
both the old and the new force field parameters, F; and F;. C refers to the

fragment in which the backbone torsions were initially constrained to the values
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Figure 5: Stereo pairs of the three dTp[ ] dT structures Ap (a), Bz (b) and Cp
(c). The 0--H....0 hydrogen bond between the 5'-OH and one of the phosphate
group oxygens is seen in A3, but absent in the other two structures.
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obtained in the energy minimization studies on dUp[ ]dU (9) and then the con-
straints removed. These are indicated in the parentheses on the left side of
column 5. The parameters in columns 1, 3 and 5 correspond to the refined

dTp[ ]dT using F), while the rest correspond to Fj.

Interestingly, the dimer fragments with the C3' endo sugar puckers are
found to be energetically favored over those with the C2' endo and Cl' exo
sugars. The former have their bases oriented in anti conformation (column 2) as
against high anti (5' end) and anti or low anti (3' end) in the latter (columns
4 and 6). However, calculations done in the framework of F; reveal that the
three structures have nearly the same total energy. On a detailed investiga-
tion, it was found that structure A obtained with F had a gauche™ conformation
about the C5'-05' bond. This causes the 5' hydroxyl group to orient in such a
way as to promote good hydrogen bonding (0--H.....0) interaction with one of the
pendant oxygens in the phosphorus atom interveuning the two sugars. However

when the H--05'--C5'--C4' torsion was constrained to trans and gauche+ values,

the resultant structure was energetically similar to the other structures listed
in Table 2. It may be noted that these have trans conformations about the C5'-
05' bond. Figs. 5a, b and c show the energy minimized conformers of dTp[ ]dT
with the three sets of conformational parameters listed in columns 2, 4 and 6,
respectively.

The sugar puckers of the dimer fragment in the dodecanucleotide are
confined to either C2' endo or intermediate sugar puckers such as Cl' exo and
O0l1' endo. Conformers A and B have a gauche+ conformation about C4'-C5' and
trang conformations about C3'-03' and C5'-05'. Also, the phosphodiester confor-
mations are (gauche ,gauche™) in both the cases, as observed for most phospho-
diesters in the dodecanucleotide. However, in C, the 3' end C4'-C5' conforma-
tion is trans as agaianst Eauche+. These calculations emphasize the significance
of conformational flexibility in generating families of energetically favored
structures for the dimer fragment and, hence, oligomers with these fragments

incorporated into them.

DISCUSSION

Our parallel simulations of d(CGCGAATTCGCG); and d(CGCGAAT
[ JTCGCG) «d(CGCGAATTCGCG) have found reasonable conformations for incorporating
a thymine dimer fragment into a B-DNA double-helix. In fact, three such confor-
mations have emerged from this study; one from smoothly “"forming” the thymine
dimer using the lowest energy conformation of the B-DNA helix from after

extensive and conformational variation using molecular mechanical parameters F;
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(11), that is Dy; a second from a similar operation on an energy refined B-DNA
helix using parameters F; (Ds) and a third derived from an earlier study by
Broyde et al. (9) which we implemented using both parameter models (D3 using F)
and Dg using Fj). The somewhat surprising result is that all the models are
similar in energy and none show a great "distortion" of the B-DNA helix. Ener-
getically, Dy is ~10 kcal/mole more stable than D3 using force field F;, but Dg
is ~2 kcal/mole less stable than Dg, using Fz. Given the simplicity of our
molecular mechanical model (due to lack of explicit representation of solvent
and counterion effects) and because the two force fields do not consistently
predict one conformation lower than the other, we caannot place too much signi-
ficance in the abovementioned quantitative differences, other than to note that
all the conformations should be considered in the analysis of thymine dimer
structures incorporated into DNA helices. We note that no definitive structural
studies (by X-ray crystallography or NMR) on a thymine dimer incorporated into a
long B-DNA helix (such as the dodecamer), have so far been reported and hope
that our calculations will provide an impetus for such a study.

We have also studied the above conformations in a dinucleotide model
dTp[ ]dT and the results are similar to those found in the longer helix; that
is, all the three conformations are similar in energy with force field F; but
conformation A (Table 2; derived from Dy) is lower than B and C using Fj.

Again, this energy difference is somewhat of an artefact due to the 05'-H5'...0A
(one of the pendant oxygens in the phosphate group) hydrogen bond formed in
model Aj.

Comparing the salient conformational features of our studies on dTp[ ]dT
with those of the pmr studies.by Hruska et al. (8), the following points of
interest are brought forth. The solution studies indicated that both C2' endo
and C3' endo sugars are observed in dTp[ ]dT. A tendency towards intermediate
mixed sugar puckers was also indicated. This is generally in agreement with the
present investigations which have resulted in models with C2' endo, Cl' exo and
C3' endo sugar puckers. The C4'-C5' torsion was indicated to take up both

gauche+ and trans conformations (8). Our models A and B have the C4'-C5'

torsion gauche+, model C has the C4'-C5' torsion trans. Since A, B and C are of
comparable energy, the calculations are in reasonable agreement with experiment.
The solution studies show that glycosydic torsion in both the nucleosides
of the dimer fragment need to undergo changes to bring the bases into alignment
for photodimerization. High anti orientation was suggested at the 3' end and
syn conformation was eliminated (8). On the other hand, we have obtained models

with both nucleosides having anti, (high anti and anti) and (high anti and low
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anti) orientations, which are all energetically almost equally favorable. The
high anti orientations of the bases are found only at the 5' end of dTp[ ]dT.
The C3'-03' and C5'-05' torsions were indicated to prefer trans confor-
mation and this is in agreement with the models presented in this paper. These
points of difference and similarity between the experimental results and theo-
retical calculations would lead to the suggestion that the intervening phospho-
diester conformations should be preferrably detected as (gauche”, gauche™), in
further solution studies using 31p NMR on dTp[ ]dT or its derivatives with the

cis-syn configuration. Thus, we conclude that there can be significant
torsional variation even in so contrained a structure as a thymine dimer.

How can one recoucile the structures obtained in this study, which suggest
rather small perturbations in the double helix, with melting temperature and
chemical accessibility studies which suggest significant destabilization of
thymine dimer containing helices relative to corresponding DNA sequences not
photodimerized? It is clear from proton exchange experiments that base pair
open states are populated even well below the actual wmelting temperature of a
DNA helix. Even a rather small destabilization of the Watson Crick structure
can substantially shift the equilibrium toward such base open states. Thus,
available experimental melting and accessibility data are not necessarily incon-
sistent with the suggestion from the studies reported here that the gross
structure of the Watson-Crick double helix is little altered upon photodimeri-
zation; it is clear, however, that such data require a destabilization of the
double helical structure relative to base open states. Our calculations find
such a destabilization, although they are not sufficiently accurate to determine
a realistic quantitative value for it.

A referee has pointed out (and we agree) that our minimization might not
have found low energy kinked structures, given that we started with non-kinked
structures. This refereee also suggested that conformations similar to the D4,
Dg, C, and C, models considered here but with (w', ws $) 8, 8 , t on both
strands, would be kinked, as noted earlier by Crick and Klug. (20). We thus
examined structure Dg in more detail and forced the y between AS' and A6' to a
trans conformation by constrained minimization. This led to a conformation
(D6') with o', w, $=g8, 8 , t on both strands, which had comparable energy to

'
Dg. Interestingly, both Dg and Dg had rather minimal kinks in that the average
helix axis for the first four base pairs makes an angle of only ~ 10° with the
helix axis of the last four base pairs. A similar calculation on the normal B-
DNA dodecamer (D,) in which y between T7 and T8 and between A5' and A6' were
'
both forced to be trans led to a structure D, which had a comparable energy to
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D, and virtually no kink. Thus we conclude that the presence of a dihedral
angle combination (m', w, V=g , &, t) is not a sufficient condition for DNA
to be kinked, in that, acceptable non-kinked reasonable low energy structures
can be found without kinking. We feel this is because changes in other
torsional angles (13) can compensate for the ¢ (g+ + t) conformational change.

What do our calculations say about the biological implications of thymine
dimerization and its repair? The calculations presented here suggest that,
while the local environment around the thymine dimer is altered, the gross
structural changes may be relatively small. In the dimer region, changes in the
glycosidic torsion and base geometries are more significant than those in the
other conformational parameters. How can such a result be squared with the fact
that repair enzymes must recognize and repair thymine dimers? If such enzymes
(17) recognize "kinked” helices, it is likely that the thymine dimer structures
presented here would escape detection. A way out of this dilemma would be to
suggest that thymine dimerization stabilizes other local minima (kinks, looped
out structures), which, because of our limited scan of allowed structures, have
not been found in the present investigations. If such structures contribute
significantly to the Boltzmann average of conformations, the repair enzymes
would be able to recognize and excise them. Even if we were to create such
“looped out” or kinked structures (using techniques such as those employed in
ref. 13), we caunot calculate energies sufficiently accurately to evaluate
whether they would contribute to the Boltzmann average.

However, recent experimental work has suggested an alternate mechanism for
thymine dimer repair (18-20). This mechanism, which is specific for the repair
of pyrimidine dimerized structures, has two distinctly different activities.
The first of them is an N-glycosylase activity that cleaves the N-glycosyl bond
between the 5' pyrimidine of a photodimer and the corresponding sugar. The
other is an AP (apyrimidinic) endonuclease activity that cleaves a phospho-
diester bond 3' to the newly created apyrimidinic site.

Our structural results are not inconsistent with this repair mechanism,
since the N-glycosylase activity of the enzyme would be facilitated by protona-
tion of the pyrimidine Nl nitrogen. Such a process may in turn be facilitated
by the geometrical distortions around that atom, as are found in models D2, D3,
Ds and Dg. In fact, our calculations find a greater distortion of the 5'
thymine than the 3' thymine, consistent with the enzymatic cleavage pattern.
The torsion angles around the N1 atom in T7 and T8 of these models deviate by
about 15 to 20° from planarity; whereas in D) and Dy, the bases are essentially

planar. In the distorted base, the proton affinity of Nl would be much larger
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and subsequent to this protonation, cleavage of the Cl1'-Nl1 bond would be
expected to be facile. 1In the absence of the thymine dimers, the above-
mentioned geometrical distortions around N1 will be absent and this will prevent
N-glycosylase activity of the repair enzymes on normal pyrimidines.

We should stress that our model does not offer any illumination on the
activities of a newly discovered repair enzyme not specific for pyrimidine
photodimers (21). Such enzymes apparently cleave the DNA eight nucleotides from
the 5' end and four nucleotides from the 3' end of the altered region (such as a
dimer) of the DNA structure. One cannot rule out that any subtle changes in the
single-double strand equilibrium or helix repeat could stimulate the action of
these enzymes, but it may be pointed out that, unlike the previously discussed

mechanism, such a repair mechanism is not specific for a pyrimidine photodimer.

CONCLUSION

Molecular mechanics calculations have found a number of low energy confor-
mations for thymine dimers incorporated into a B-DNA double-helix, none of which
involve large distortions or kinks of the nucleic acid structure. We hope such
calculations will stimulate single crystal diffraction and NMR studies on oligo-
nucleotides containing thymine photodimer. Further theoretical studies are also
in order. We plan a detailed analysis of the possible structures of thymine
dimerized nucleic acid fragments, molecular dynamics studies on a hexamer which
incorporates the dimer and finally an exhaustive conformational analysis of
dinucleoside monophosphate dXp[ ]dX (X:pyrimidine) and their derivaties. These
studies are a step towards developing a more complete understanding of the role

of pyrimidine photodimers in nucleic acids.
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