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Living organisms are frequently ex- 
posed to radiation and chemicals that 
can cause alterations in the structure of 
DNA. To overcome the effects of this 
damage, cells have developed mecha- 
nisms by which DNA is repaired (1). The 
most widely studied radiation-induced 
modification of DNA is the formation of 
pyrimidine dimers by ultraviolet (UV) 

these DNA molecules may be important 
for understanding the biological effects 
of radiation-induced damage on cells 
and, in particular, how the damaged sites 
are recognized by repair enzymes. At 
present, however, it is difficult to make a 
sufficient amount of a homogeneous 
DNA fragment that contains a specific 
site of radiation-induced damage to allow 

Abstract. Structural models of a DNA molecule containing a radiation-induced 
psoralen cross-link and of a DNA containing a thymine photodimer were constructed 
by applying energy-minimization techniques and model-building procedures to data 
from x-ray crystallographic studies. The helical axes of the models show substantial 
kinking and unwinding at the sites of the damage, which may have long-range as well 
as local effects arising from the concomitant changes in the supercoiling and overall 
structure of the DNA. The damaged areas may also serve as recognition sites for 
repair enzymes. These results should help in understanding the biologic effects of 
radiation-induced damage on cells. 

light. For example, two adjacent thy- 
mine bases on a strand of DNA may be 
fused by the formation of a cyclobutane 
ring between the bases (2). If these di- 
mers are not repaired before replication, 
they create blocks to the synthesis of 
normal DNA and a high rate of mutation. 

Another well-studied DNA lesion is 
caused by psoralen or its derivatives in 
conjunction with long-wavelength UV 
radiation. Psoralens are a class of hetero- 
cyclic compounds (Fig. la) which inter- 
calate at two adjacent base pairs of du- 
plex DNA and which, upon UV irradia- 
tion, form covalent bonds to a pyrimi- 
dine base on each strand, thus generating 
a cross-link (3). Psoralens have been 
used as photosensitizing agents in the 
treatment of various skin pigmentation 
diseases and are potentially applicable in 
cancer chemotherapy and in the produc- 
tion of inactivated viruses for vaccines 
(3). In addition, both psoralen cross- 
links and pyrimidine dimers have been 
used as biochemical probes of nucleic 
acid secondary structure and of the inter- 
actions of nucleic acids with proteins in 
vitro (4, 5) and in vivo (4). 

Knowing the structural features of 

studies of these structures by such meth- 
ods as x-ray crystallography. Therefore, 
we used the results of x-ray crystallo- 
graphic studies of model compounds in 
combination with molecular model build- 
ing and energy-minimization techniques 
to deduce the structures of DNA seg- 
ments containing modifications that can 
be caused by photoreaction (6). 

Construction of the starting model and 
energy minimization. The starting point 
in building the model of a psoralen- 
cross-linked DNA was the crystal struc- 
ture of a cis-syn monoadduct of psoralen 
and thymine (Fig. lb) isolated from calf 
thymus DNA (7). This conformer has 
been established by chemical analysis 
and nuclear magnetic resonance (NMR) 
spectroscopy as the major monoadduct 
species formed in calf thymus DNA (8, 
9) 

To construct a diadduct model (Fig. 
lc), we fitted a second thymine on the 
opposing DNA strand to the psoralen 
(we assumed that the local structures 
around the cyclobutane rings for both 
thymines were the same). We then incor- 
porated the resulting thymine-psoralen- 
thymine complex into a DNA duplex 

(Fig. 2). The first step was to fit (by a 
least-squares method) a thymine base at 
the end of a canonical (10) B-DNA dou- 
ble-helical trimer to each of the two 
thymines of the diadduct. At this time 
the two helices were not connected by 
phosphodiester bonds. Base pairing be- 
tween the cross-linked thymines and the 
complementary adenines on the opposite 
strands was maintained for the starting 
model. This decision was made on the 
basis of our initial findings from imino- 
proton NMR spectra of the DNA se- 
quence 

5' GAATTC 3'  
3' CTTAAG 5' 

which has been cross-linked with psora- 
len at the central base pair by UV irra- 
diation (G, guanine; A, adenine; T, thy- 
mine; C, cytosine). Our results indicate 
that no base pairs are broken by forma- 
tion of the cross-link, although the rela- 
tive orientation of the base pairs has 
changed (I I) .  

Subsequent manipulation of the start- 
ing model was performed by minimizing 
the empirical energy function associated 
with the molecule, with the atomic posi- 
tions serving as variable parameters (12, 
13). No partial charges were included for 
the psoralen molecule, which was re- 
stricted to its crystallographic structure 
(7). Minimization was carried out on the 
DNA molecule alone (no solvent atoms 
were included) with the use of the AM- 
BER program (14) until there were no 
appreciable changes in either the atomic 
positions or the energy between two 
consecutive cycles. 

For the initial stage of minimization, 
emphasis was placed on closing the long 
gaps (see Fig. 2) in the two DNA strands 
while maintaining reasonable bond 
lengths and angles throughout the rest of 
the molecule. This was done by using a 
minimization cycle in which the torsion 
angles were essentially the only structur- 
al variables; bond lengths and angles 
were restricted to their ideal values. In 
addition, during initial refinement the 
cross-linked thymine-psoralen-thymine 
complex was held in its starting geome- 
try. The result was a structure lacking 
the gaps between phosphodiesters in the 
backbone but maintaining reasonable ge- 
ometry at all the atoms. 

The structure was then subjected to a 
series of energy-minimization steps in 
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which restraints on the bond angles and 
lengths were gradually relaxed, so that 
strains that might have built up in the 
structure during the initial energy mini- 
mization were dissipated smoothly. Af- 
ter the structure was relaxed, the con- 
straints on the geometries of the cross- 
links were also removed, and energy 
minimization was continued. The 
changes that occurred with the removal 
of the constraints on the cross-links were 
confined primarily to the vicinity of the 
C-3-C-4 bond of the psoralen, which was 
formulated by analogy with the geometry 
at the C-12-C-13 bond determined by 
crystallography (for atom numbering see 
Fig, la). The geometry around the C-12- 
C-13 bond changed less. 

At this time, two more base pairs of 
regular B-DNA were best fit to each end 
of the psoralen-cross-linked hexamer 
(Fig. 2), resulting in the decameric struc- 
ture 

5' CGCAT-ATGCG 3' 
P 

3' GCGTA-TACGC 5' 

where P represents the cross-linked 
psoralen. The extra base pairs were add- 
ed to minimize any effects that the differ- 
ent environments at the helical ends 
might have on the conformation near the 
cross-link site. The longer helix also 
helped in defining the helical axes of the 
decamer, which are needed for calcula- 
tions of such parameters as the kink 
angle, unwinding angle, and displace- 
ment distance due to the psoralen cross- 
link. The resulting decameric structure 
was then subjected to energy minimiza- 
tion as described above. For compari- 
son, a canonical B-DNA helix (10) of the 
same sequence was also subjected to 
energy minimization by the same meth- 
ods. 

An analogous procedure was used to 
generate a DNA duplex containing a 
thymine photodimer, which is discussed 
later. The final DNA sequence incorpo- 
rating the thymine photodimer was 

5' CGCGTTCGCG 3' 
3' GCGCAAGCGC 5' 

Psoralen-DNA cross-linked model. 
Compared to the energy-minimized B- 
DNA structure (Fig. 3a), the resulting 
psoralen-cross-linked structure (Fig. 3c) 
is severely distorted. Space-filling mod- 
els of both are shown in Fig. 4. The 
distortion can be understood in detail by 
examining the local deformation at and 
near the cross-link site and in general by 
examining the structural parameters of 
the distorted helix. 

Local deformation. A comparison of 
torsion angles shows that the major 

a b C 

Fig. 1. (a) A psoralen molecule showing the cross-link sites (C-3, C-4, C-12, and C-13). (b) A 
monoadduct of thymine with psoralen having the cis-syn configuration. (c) A diadduct of 
thymine with psoralen having the cis-syn configuration at each linkage. 8-Methoxypsoralen, 
where R1 is hydrogen and R2 is OCH,, was used. The thymine bases are attached to the 
furanose rings of the nucleic acid at R,. 

Fig. 2. Scheme of the 5' 

procedure used to 
build a double-strand- 5 1  3/ 5' 3' 
ed nucleic acid frag- r C  ' G  7 t - C . G 7  C-3 *G-18 

ment containing a A . T 4 L A S T  -4 
psoralen cross-link. A 
thymine base at the 
end of a B-DNA dou- 
ble-helical trimer was 
fit to each of the 
cross-linked thymines 
(a). Energy-minimiza- 
tion techniques were 31 5' 3/ 5 /  C-9 .G-12 

used to close the gaps LC-10.c-11J 
in the helix back- 3' 5/ 
bones and to produce a b C 
a stereochemically 
reasonable structure (b). Two additional base pairs were added to each end of the structure and 
energy minimization was repeated (c). The DNA sequences used are shown. Abbreviations for 
bases are as given in the text. 

Fig. 3. Stereo dia- 
grams of the final en- 
ergy-minimized struc- 
tures. (a) B-form 
DNA; (b) double- 
stranded DNA con- 
taining a thymine di- 
mer; and (c) double- 
stranded DNA con- 
taining a psoralen 
cross-link. 
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changes in the psoralen structure relative 
to the energy-minimized B-DNA form 
are restricted to the cross-linked thy- 
mines and the subsequent two residues 
on the 3' side. These changes are in 
contrast to the bidirectional (both 3' and 
5' ends of both strands) distribution of 
conformational changes in the model of a 
thymine dimer. Large changes in back- 
bone torsion angles for the psoralen- 

cross-linked DNA structure relative to 
the B-DNA model occur at residues 5,6, 
and 7 on one strand and at residues 15, 
16, and 17 on the other. 

In our model, the torsion angles a, y, 
and (to a lesser extent) t; and the pseu- 
dorotation angle P (Fig. 5) appear to 
account for most of the conformational 
flexibility. Changes in a and y in the 
residues on the 3' side of the psoralen are 

negatively correlated in a "crankshaft" 
linkage, a common mode of conforma- 
tional change in nucleic acids (15). The 
glycosyl angles x assume standard anti 
values except at the cross-linked thy- 
mines, where they assume high anti val- 
ues. This could be in response to the 
attached sugars, which have C-3' endo 
conformations rather than the usual C-2' 
endo conformations in B-DNA. Crystal 
structures of oligonucleotides (16) also 
show a relation between the glycosyl 
angle and the pucker of the sugar but in 
the opposite sense. In general, regions 
where the psoralen-cross-linked model 
differs appreciably from the B-DNA 
model include a sugar whose pucker has 
changed, as indicated by the pseudorota- 
tion angle P. It is possible that when a 
large conformational change is necessary 
it is initiated by a change in sugar confor- 
mation, which induces concomitant 
changes in nearby torsions. 

A result of introducing the psoralen is 
a distortion of the base-pairing between 
the cross-linked thymines and their com- 
plementary adenines (Fig. 3c). This is 
most apparent in the bending angles (10" 
to 19") between the planes of the two 
central base pairs of the psoralen-DNA 
structure compared to the nearly planar 
base pairs of the energy-minimized B- 
DNA. 

Overall helix deformations. Knowing 
the individual torsion angles and ener- 
gies is helpful in understanding structural 
details, but these quantities are not suit- 
able for describing the overall features of 
the cross-linked DNA structure. The 
overall structural distortions can be de- 
scribed by three parameters: (i) the kink 
angle between the two helices separated 
by the cross-link; (ii) the amount of un- 
winding or winding of the cross-linked 
helix relative to the energy-minimized B- 
DNA; and (iii) the translational displace- 
ment of the axes of the helices separated 
by the kink. The axes for the helices 
separated by the cross-link were deter- 
mined from the last two base pairs on 
each side of the kink (the angle between 
the axes is defined as the kink angle). 
The winding or unwinding angle for two 
adjacent base pairs was calculated by 
projecting the vector between the two C- 
1' atoms of one base pair and the equiva- 
lent vector for the adjacent base pair into 
a plane perpendicular to their common 
helical axis and then determining the 
angle between these vectors. When two 
base pairs did not share a common heli- 
cal axis, one base pair was first rotated 
to make the helical axes colinear. The 
helical displacement was calculated as 
the shortest (perpendicular) distance be- 
tween the helical axes of the two seg- 

Table 1 .  Overall helical parameters for DNA cross-linked with psoralen and with a thymine 
dimer. All values are relative to an energy-minimized B-DNA structure having the same 
sequence. 

Angles (degrees) Helical 
Cross-link displace- Energy 

Total Helical ment (kcdmol) 
unwinding kink (A) 

Psoralen-DNA 87.7 46.5 3.49 + 168.4 
Thymine dimer-DNA 19.7 27.0 2.66 +58.6 

Fig. 4, Space-filling representations of DNA molecules (48 base pairs in length) incorporating 
the final energy-minimized structures considered, generated by computer graphics. Color 
scheme: white, carbon atoms; red, oxygen atoms; blue, nitrogen atoms; green, hydrogen atoms; 
yellow, phosphorus atoms. (a) B-form DNA; (b) double-stranded DNA containing a thymine 
dimer; (c) double-stranded DNA containing a psoralen cross-link. 
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ments separated by the kink. 
The psoralen cross-link causes large 

changes in the calculated overall struc- 
tural parameters relative to those of the 
minimized B-DNA helix (Tables 1 and 
2). The kink angle for the psoralen, 46.5" 
(Table l) ,  is nearly the same as the angle 
between the two cross-linked thymine 
bases (44.4"). The direction of kinking is 
into the major groove of the DNA du- 
plex. 

Most of the unwinding in the psoralen- 
cross-linked structure (overall, 88.0" rel- 
ative to energy-minimized B-DNA) oc- 
curs at the cross-link site. Because of the 
physical constraints on the thymine- 
psoralen-thymine cross-link site, this 
structure is wound by 13.4" in a left- 
handed sense compared to a 45. lo  right- 
handed step for the energy-minimized B- 
DNA structure. The first base on each 
side of the psoralen in the cross-linked 
structure is also unwound relative to B- 
DNA but by a smaller amount. The 
helical axes of the psoralen-cross-linked 
structure are displaced by 3.5 A. This 
value is sensitive to the method used to 
calculate it (that is, to the portions of the 
structure from which the helical axes are 
derived) and should be interpreted with 
this in mind. 

Surface accessibility of psoralen- 
DNA. From our model we can make the 
specific, verifiable prediction that, be- 
cause of alterations in structure induced 
by the psoralen cross-link, there should 
be differences in the accessibilities to 
solvent or chemical reagents of certain 
residues of the damaged DNA relative to 
B-DNA. A strong correlation between 
the calculated accessibility to solvent 
and the extent of chemical modification 
by specific reagents has been shown for 
transfer RNA (1 7) and may be expected 
for nucleic acids in general. Therefore, 
we calculated the surface accessibility 
(18) of our psoralen-DNA model to 
probes of various radii to examine the 
potential for interaction of the damaged 
DNA with water and larger chemical 
reagents. As expected, the largest differ- 
ences in accessibility when compared to 
energy-minimized B-DNA were at the 
points of cross-link formation. The link 
with thymine at the C-12 and C-13 posi- 
tions of psoralen results in a large de- 
crease in accessible surface at this posi- 
tion to both water and other larger 
probes. On the other strand, the C-3-C-4 
link produces a relatively small change in 
accessibility of the thymine but a large 
increase in the accessibility of the adeno- 
sine on the 3' side of the cross-link. 
Specifically, this shows that the expo- 
sure of the C-8 position is larger for this 
adenosine. 

Base  

We approached this problem in a man- 
ner analogous to our building of the 
model of DNA cross-linked by psoralen. 
We fitted two separate 3-base-pair heli- 

Fig. 5. A schematic view of the nucleic acid 
backbone. The torsion angles that determine 
the conformation are indicated. P, the phase- 
angle of pseudorotation, is a function of the 
sugar pucker. 

The thymine photodimer-DNA mod- 
el. Studies on crystals and in solution 
(19, 20) have established the structures 
of isolated pyrimidine dimers and dimer 
analogs. On the basis of these studies, 
Broyde et al. (21) used energy-minimiza- 
tion techniques to construct a model of a 
single-stranded DNA fragment incorpo- 
rating the crystal structure found for a 
thymine-dimer analog. However, this 
may not be an appropriate model for a 
DNA duplex containing a thymine dimer 
because the effects of the complemen- 
tary strand are not taken into account. 
Rao et al. (13) have used internal con- 
straints in conjunction with energy-mini- 
mization techniques to force the internal 
thymines of a DNA duplex into a confor- 
mation consistent with those observed 
for isolated thymine dime:rs. Because 
current procedures for ma~:romolecular 
energy minimization are not efficient at 
detecting minima far removed from the 
starting structure, it was not surprising 
that their final model showed little over- 
all distortion of the DNA d~ouble helix. 

Table 2. Stepwise unwinding angles (degrees) 
for DNA cross-linked with psoralen and a 
thymine dimer. All values are relative to an 
energy-minimized B-DNA structure having 
the same sequence. Abbreviations for bases 
are as given in the text. 

Base Psoralen- Thymine 

pair DNA dimer- 
DNA 

Sum -87.7 - 19.7 

'G-4-C-17 for thymine dimer-DNA. tT-6-A:I5 
for thvmine dimer-DNA. tC-7-G-14 for thvm~ne 

cal segments onto a thymine dimer 
whose structure was determined crystal- 
lographically (20), in which the bases 
were kinked and unwound, and subse- 
quently applied energy minimization to 
obtain reasonable stereochemistry. The 
initial minimization was carried out on a 
DNA fragment of 6 base pairs, which is 
long enough to accommodate all large 
local conformational changes due to 
DNA damage but short enough so that 
energy minimization could propagate 
these changes. Only after this hexamer 
had reached an energy minimum did we 
extend it to a decamer by adding dimers 
to both ends and continuing minimiza- 
tion. A detailed illustration of this model 
is shown in Fig. 3b and a space-filling 
model in Fig. 4b. A minimization in 
which the thymine dimer was con- 
strained to its crystallographic structure 
was also carried out: the results were 
similar to those reported here. 

Local deformations. There are numer- 
ous changes in the torsion angles of the 
DNA structure containing a thymine di- 
mer compared to an energy-minimized 
B-DNA structure of the same sequence. 
The differences occur primarily at the 
central residues surrounding the dimer 
site in both strands. More conformation- 
a1 rearrangement has apparently oc- 
curred in the strand opposite the thymine 
dimer because the dimer bases opened at 
an angle to this strand. Notable confor- 
mational rearrangement is observed out 
to the first base pair from the dimer on 
the 5' end and out to the second base pair 
from the dimer on the 3' end. This is in 
agreement with NMR data that suggest 
greater distortion on the 3' end of the 
dimer (19). 

Many of the changes between the di- 
meric and nondimeric structures occur in 
the pseudorotation parameters of the 
sugars. Indeed, all regions of major 
structural changes in the dimeric com- 
plex relative to minimized B-DNA in- 
clude at least one altered sugar. This 
further supports the idea, discussed ear- 
lier for the psoralen-cross-linked struc- 
ture, that the sugar is a major source of 
conformational variability in DNA. 

As with the psoralen-cross-linked 
DNA, the a, y, and 5 dihedral angles in 
general show the most variability after 
the sugar. In addition, the glycosyl an- 
gles of the dimerized thymine nucleo- 
tides are altered from standard values. 
Specifically, the glycosyl torsion angle of 
the 5' residue is increased (high anti) and 
that of the 3' residue is decreased (low 
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anti) relative to energy-minimized B- 
DNA. 

When we compare the torsion angles 
in our model in the region of the dimer 
with those obtained by Broyde et al. (21) 
for a single-stranded DNA, we observe 
most of the same conformational fea- 
tures. The similarity of these results is 
noteworthy considering the difference in 
methods used to calculate the two sets 
and suggests that this backbone confor- 
mation lies at an important minimum in 
energy space. 

Overall helix deformations. There is a 
kink of approximately 30" in the helix 
incorporating a thymine dimer (Table 1 
and Fig. 4b). As was observed for the 
psoralen-cross-linked DNA model, the 
DNA is bent into the major groove. The 
prediction of a substantial kink contrasts 
with the model of Rao et al. (13), in 
which there is little overall conforma- 
tional change upon introduction of a thy- 
mine dimer in a DNA helix. 

The turn angles at individual positions 
(Table 2) indicate that the unwinding 
caused by the dimer at the central base is 
largely compensated by overwinding at 
the adjacent bases. There is an unwind- 
ing of 9" to 10" at the second base from 
the dimer on its 3' end but of only 3" to 6" 
at the 5' end. This may be a sequence- 
specific effect (22) due to the sequence 
being asymmetric. 

The kink angle, unwinding angle, and 
displacement (Table 1) are all considera- 
bly smaller for the thymine-dimer model 
than for the model of psoralen-cross- 
linked DNA. The smaller distortions are 
reflected in the less unfavorable total 
energy for the model containing the di- 
mer. 

Surface accessibility. We also calcu- 
lated the surface accessibility of our 
model of DNA containing a thymine 
dimer to probes of various radii. In the 
strand containing the dimer there is a 
reduction in accessible surface area for 
the first thymine (in the 5' direction) and 
for the guanosine immediately preceed- 
ing it, which is primarily due to de- 
creases in exposure of the sugars and 
joining phosphate. There is little alter- 
ation of the surface area, relative to B- 
DNA, of the second thymine forming the 
dimer. In the strand opposite the dimer, 
there is an increase in accessible surface 
area for the two adenosines across from 
the dimer that is induced by the angle 
between their base-paired partners. In 
particular, the N-6 exocyclic amino 

groups of these adenine bases show in- 
creased accessibilities to probes of radii 
as large as 3.0 A. The increased avail- 
ability of the adenine exocyclic amino 
groups in our model is in good agreement 
with the enhanced reactivity of DNA 
with formaldehyde (23). 

Discussion. Our models show that the 
introduction of a psoralen cross-link in 
DNA brings about large conformational 
changes in the DNA helix and that for- 
mation of a thymine dimer induces simi- 
lar but less severe changes. The overall 
structural changes indicated by these 
models may be responsible in part for the 
harmful effects of these lesions in cells 
and at the same time may present recog- 
nition sites for repair enzymes. 

In addition to the effects on cells that 
local distortions in DNA can induce (for 
example, by blockage of transcription 
and replication enzymes), our findings 
indicate that long-range as well as short- 
range effects may arise from kinking and 
displacement of the helix axis and un- 
winding of the duplex. Evidence that 
photodimer formation causes great alter- 
ations in the structure of DNA is offered 
by studies that have noted changes in the 
sedimentation coefficient (24), sensitiv- 
ity of damaged regions to nucleases both 
before and shortly after repair (25), cir- 
cular dichroism (26), sensitivity to chem- 
ical modification reagents (23), and ther- 
mal denaturation (27) of DNA upon in- 
troduction of such lesions. 

At present, there is no experimental 
method that can directly verify the type 
and extent of structural distortion we 
have suggested. Measurements of the 
shifts in band pattern of supercoiled cir- 
cular DNA due to formation of psoralen 
adducts (28) and thymine dimers (29) 
indicate topological unwinding angles of 
-28" and - 14", respectively. The physi- 
cal implication of these results is ambigu- 
ous, however, because the calculated 
topological unwindings are due to a com- 
bination of actual duplex unwinding and 
negative supercoiling resulting from suc- 
cessive kinking of the DNA. Further- 
more, in the case of psoralen, the mea- 
sured topological unwinding arises from 
monoadducts as well as cross-links. 
Nevertheless, these results indicate that 
both thymine-dimer formation and psor- 
alen cross-linking induce substantial to- 
pological unwinding in DNA. These re- 
sults are consistent with our models, 
which indicate topological unwinding, 
but are inconsistent with the model of 

Rao et al. for thymine dimers (13), which 
indicates no topological unwinding. 

The structures we have derived should 
help in understanding the consequences 
of pyrimidine dimerization and psoralen 
cross-linking in nucleic acids and pro- 
vide a basis for future experimentation. 

References and Notes 

1. P. C. Hanawalt, P. K. Cooper, A. K. Ganesan, 
C. A. Smith, Annu. Rev. Biochem. 48, 783 
(1979). 

2. S. Y. Wang, Ed., Photochemistry and Photobi- 
ology of Nucleic Acids (Academic Press, New 
York, 1976), vol. 1. 

3. J. E.  Hearst, Annu. Rev. Biophys. Bioeng. 10, 
69 11981). - \ - -  --, 

4. M. M. Becker and J. C. Wang, Nature (London) 
309, 682 (1984). 

5. E .  Garrett-Wheeler, R. E. Lockard, A. Kumar, 
Nucleic Acids Res. 12, 3405 (1984). 

6. The coordinates of the cross-linked psoralen- 
DNA model and those of the DNA olieomer 
containing a thymine photodimer will be aepos- 
ited in the Brookhaven Protein Data Bank. 
Details of the torsion angles, energetics, and 
surface accessibilities of the models have been 
described (30). 

7. S. Peckler, B. Graves, D. Kanne, H. Rapoport, 
J. E. Hearst, S.-H. Kim, J. Mol. Biol. 162, 157 
(1982). 

8. K. Straub, D. Kanne, J. E. Hearst, H. Rapo- 
port, J .  Am.  Chem. Soc. 103, 2347 (1981). 

9. D. Kanne, K. Straub, H. Rapoport, J. E. 
Hearst, Biochemistry 21, 861 (1982). 

10. S. Arnott and D. W. L. Hukins, Biochem. 
Biophys. Res. Commun. 47, 1504 (1972). 

11. M. Tomic and S.-H. Kim, in preparation. 
12. S. J. Weiner, P. A. Kollman, D. A. Case, U. C. 

Singh, C. Ghio, G. Alagona, S. Profeta, Jr., P. 
Weiner, J. Am. Chem. Soc. 106, 765 (1984). 

13. S. N. Rao. J. W. K e e ~ e r s .  P. Kollman. Nucleic 
Acids ~ e s :  12, 4789 (i984). 

14. P. K. Weiner and P. A. Kollman, J .  Comp. 
Chem. 2, 287 (1981). 

15. W. K. Olson, Nucleic Acids Res. 10, 777 (1982). 
16. A. V. Fratini. M. L. Kooka. H. R. Drew. R. E. 

Dickerson, ~ . 'B io l .  Chem. 257, 14686 (1982). 
17. S. R. Holbrook and S.-H. Kim, Biopolymers 22, 

1145 (1983). 
18. C. J .  Alden and S.-H. Kim, J. Mol. Biol. 132, 

411 (1979). 
19. F. E. Hruska, D. J .  Wood, K. K. Ogilvie, J. L. 

Charlton, Can. J .  Chem. 53, 1193 (1975). 
20. N. Camerman and A. Camerman, J. Am. Chem. 

Soc. 92, 2523 (1970). 
21. S. Broyde, S. Stellman, B. Hingerty, Biopoly- 

mers 19, 1695 (1980). 
22. C. R. Calladine, J. Mol. Biol. 161, 343 (1982). 
23. N.  N. Shafrnovskaya, E .  N.  Trifonov, Y. S. 

Lazurkin, M. D. Frank-Kamenetskii, Nature 
(London) New Biol. 241, 58 (1973). 

24. D. T. Denhart and A. C. Kato, J. Mol. Biol. 77, 
479 (1973). 

25. R. J. Legerski, H. B. Gray, Jr., D. L. Robber- 
son, J. Biol. Chem. 252, 8740 (1977). 

26. T.-M. Wang and A. D. McLaren, Biophysik 8, 
277 (1972). - - . \ - - - , 

27. F. N. Hayes, D. L. Williams, R. L. Rat la ,  A. J. 
Varglese, C. S. Rupert, J. Am.  Chem. Soc. 93, 
4940 (1971). 

\ - -  -,. 
28. G. ~ i e s e h a h n  and J. E. Hearst, Proc. Natl. 

Acad. Soc. U.S.A. 75, 2703 (1978). 
29. G. Ciarrocchi and A. M. Pedrini, J. Mol. Biol. 

155, 177 (1982). 
30. D. A. Pearlman, thesis, University of California, 

Berkeley (1984). 
31. We thank P. Kollman for his program AMBER 

and for providing us with a preprint on his 
group's work on thymine photodimers, and D. 
Ohlendorffor generating the computer graphics 
photographs of the space-filling models. Specla1 
thanks are due to J. Hearst for arousing our 
curiosity about the psoralenxross-linked DNA 
structures. This work was supported by grants 
from the National Institutes of Health (GM31616 
and GM29287), the Nat~onal Sc~ence Founda- 
tion (PCM8019468), and the U.S. Department of 
Energy. 

23 August 1984; accepted 28 November 1984 

SCIENCE, VOL. 227 




