
Biophysical Chemistry, 35 (1990) 179-188

	

179
Elsevier

BIOCHE 01422

Bending studies of DNA site-specifically modified by cisplatin,
trans-diamminedichloroplatinum(II) and cis-[Pt(NH3 ) 2(N3-cytosine) Cl] +

Steven F. Bellon and Stephen J . Lippard
Department of Chemistry, Massachussetts Institute of Technology, Cambridge, MA 02139, U.S.A .

Received June 1989

cis-Diamminedichloroplatinum(II); DNA bending; Oligonucleotide hinge joint

Duplex oligonucleotides containing a single intrastrand (Pt(NH3)2 )2+ cross-link or monofunctional adduct and either 15 or 22 by in
length were synthesized and chemically characterized . The platinum-modified and unmodified control DNAs were polymerized in the
presence of DNA ligase and the products studied on 8% native polyacrylamide gels. The extent of DNA bending caused by the
various platinum-DNA adducts was revealed by their gel mobility shifts relative to unplatinated controls. The bifunctional adducts
cis-[Pt(NH 3 ) 2{d(GpG)}] + , cis-[Pt(NH 3 ) 2 (d(ApG))] + , and cis-[Pt(NH 3 ) 2 {d(G*pTpG*)}], where the asterisks denote the sites of
platinum binding, all bend the double helix, whereas the adduct trans-[Pt(NH 3 ) 2 (d(G*pTpG*))] imparts a degree of flexibility to
the duplex . When modified by the monofunctional adduct cis-[Pt(NH 3 )2 (N3-cytosine)(dG)]Cl the helix remains rod-like . These
results reveal important structural differences in DNAs modified by the antitumor drug cisplatin and its analogs that could be
important in the biological processing of the various adducts in vivo .

1. Introduction

cis-Diamminedichloroplatinum(II), cisplatin or
cis-DDP, currently used widely in cancer chem-
otherapy, is thought to act by binding DNA and
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preventing replication . The trans isomer as well as
monofunctional platinum complexes such as
[Pt(NH 3) 3C1]Cl and [Pt(diethylenetriamine)Cl]Cl
are inactive. These structure-function comparisons
led to the conclusion that two labile groups and
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two cis ammine ligands were required for biologi-
cal activity [1], Recently, a new class of platinum-
based antitumor drugs has been discovered in
which platinum has only one labile ligand [2] .
These compounds have two cis ammines, an
anionic leaving group, and a heterocyclic pyridine,
pyrimidine, purine or piperidine ligand [2] . They
bind DNA monofunctionally without loss of am-
monia or the heterocycle [3b], thus violating the
traditional rules used to predict the activity of
platinum antitumor drugs .

Replication mapping studies revealed that bi-
functional adducts formed by cis- and trans-DDP,
and monofunctional adducts afforded by the new
class of antitumor active compounds, are all capa-
ble of blocking DNA replication, whereas adducts
of the inactive monofunctional complexes [Pt-
(NH 3 ) 3C1]Cl and [Pt(dien)C1]Cl could not [3] .
Knowledge of DNA structural changes that
accompany platinum binding is required to under-
stand replication inhibition and the differential
processing of DNA adducts such as occurs in
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DNA repair [4,5] . One potentially important such
structural motif is DNA bending [6,7] .

The question of platinum-induced DNA bend-
ing has been addressed in previous structural work.
Single-crystal X-ray diffraction studies of cis-
[Pt(NH 3 ) 2 {d(pGpG)}] [8] and cis-[Pt(NH 3 ) 2-
{d(CpG * pG * )}] [9] revealed that platinum bind-
ing destacks adjacent guanines, resulting in di-
hedral angles between ring planes of 76-87 ° . A
kink in the helix axis may occur when the sur-
rounding base-pairs stack on the perturbed
guanines. Molecular mechanics calculations on
duplex oligomers containing the cis-[Pt(NH 3 ) 2
{d(pGpG)}] intrastrand cross-link (cis-GG) re-
vealed that structures kinked by about 60*, as
well as unbent DNA molecules, are energetically
feasible [10] . From gel electrophoresis mobility
shifts the cis-GG bend angle was estimated to be
about 40 ° [11]. Recently, the same assay was
employed to examine oligomers containing the
adducts cis-[Pt(NH 3 ) 2 {d(pApG)}] (cis-AG) and
cis[Pt(NH3 ) 2 {d(G*pTpG*)}] (cis-GTG) . Both
exhibited anomalous gel mobility shifts attributed
to DNA bending [12]. Time-dependent fluores-
cence depolarization studies of calf thymus DNA
globally platinated with cis- or trans-DDP were
interpreted as evidence that DNA bends only when
the former, but not the latter, is bound [13] .

In the present work, we have extended the gel
mobility shift methodology [6,11,12,14-17] to
measure the bending of several site-specifically
platinated oligomers . In particular, specific
platinum-DNA adducts have been uniquely in-
corporated into double-stranded 22 by oligodeox-
yribonucleotides (fig . 1). Bend angle measure-
ments [11] on cis-GG, comprising about 65% of all
cis-DDP-DNA adducts [18-20], have been re-
fined. The next most common adduct, cis-AG,
accounting for another 25% of platinum bound to
DNA [18-20], has also been investigated . Al-
though adducts formed by trans-DDP are less well
understood [21], 1,3-intrastrand d(GNG) cross-
links probably comprise a significant fraction of
the total [21] . DNA bending caused by the adduct
trans-[Pt(NH 3 ) 2 {d(G*pTpG*)}], or trans-GTG,
was therefore investigated. Finally, we have ex-
tended our studies to an active triammine com-
plex, viz., cis-[Pt(NH 3 ) 2 (N3-cytosine) Cl]Cl, or
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cis-GG :

ci s-AG :

cis-GTG22 :

cis-GTG15 :

trans-GTG ;

cis
TCTCCTTCTTGGTTCTCTTCTC

AGAGAGGAAGAACCAAGAGAAG
cis

TCTCCTTCTTAGTTCTCTTCTC
AGAGAGGAAGAATCAAGAGAAG

cisIN
TCTCCTTCTTGTGTCTCTTCTC

AGAGAGGAAGAACACAGAGAAG

V's
TCTCTTGTGTCCTTC

AGAGAGAACACAGGA
trans

TCTCCTTCTTGTGTCTCTTCTC
AGAGAGGAAGAACACAGAGAAG

trans
trans-GTG15 :

	

TCTCTTGTGTCCTTC
AGAGAGAACACAGGA

(N3I- C)
(N3-C)-G :

	

TCTCCTTCTTCGTTCTCTTCTC
AGAGAGGAAGAAGAAAGAGAAG

c^s
GG = cis-[Pt(NH3)2{d(pGPG)II
cis
AG = cis-[Pt(NH3)2(d(pApG))1

cis
G TG = cis-[Pt(NH3)z(d(GpTpG)))
trans
GTG = traps-[Pt(NH3)2(d(GpTpG)))

(N3f -C)
G = cis-(Pt(NH3)2(N3-cytosine){d(pG)))*

Fig. 1 . Sequences used in bending experiments- cis-GG, cis-AG,
cis-GTG, trans-GTG, and (N3-C)-G, are used in this paper to
refer either to the adduct or the specific oligonucleotide shown,

as will be clear from the reference context .

N3-C, monoadducted to a single guanosine, (N3-
C)-G. We have also examined an oligonucleotide
containing the cis-GTG intrastrand cross-link, for
comparison with 1,3 adducts made by trans-DDP .

2. Materials and methods

Sequences used to study DNA bending and
their abbreviations are shown in fig . 1 . Oligomers
were prepared on a Biosearch model 8600 DNA
synthesizer in 1 µmol quantities . Workup con-
sisted of deprotection with 2 ml of NH 4 OH at
55 ° C for 12 h, separation from cleaved protecting
groups on a Sephadex G-10 column, and purifica-
tion from failed sequences by using reversed-phase



C-18 HPLC with isocratic flow (Waters Radial-Pak
Cartridge, no. 85721). Oligomers were converted
to their sodium salts on a Dowex cation-exchange
column prior to phosphorylation or platination .

Platination of single-stranded, purified oligo-
mers was carried out using 100-300 µM DNA at
a formal platinum/DNA strand ratio (r f ) of 1 .1-
1 .5 . cis-DDP was allowed to react with 1 .97 equiv .
of AgNO3 to form cis-[Pt(NH 3 ) 2 (H 2O) 21 2 + prior
to reaction with DNA . irans-DDP and cis-

[Pt(NH 3 ) 2 (N3-Cyt)CI]Cl were used in their chlo-
ride forms. In all reactions, the major product was
isolated and separated from the reaction mixture
by reversed-phase HPLC.

Platinum-DNA adducts were characterized by
several methods. The purity of all oligomers was
assessed by HPLC and on 8% native polyacryla-
mide electrophoresis gels . Carbon rod atomic ab-
sorption spectroscopy was used to determine the
ratio of bound platinum per strand of DNA .
Finally, all oligomers were digested to nucleosides
in order to establish base composition by using
DNase I (Sigma), P, nuclease, and alkaline phos-
phatase (both from Boehringer Mannheim)
according to the method of Eastman [19] . Approx.
20 pg of DNA was digested [19] in 120 µl at 37 ° C
for 24 h, the products were separated by reversed-
phase HPLC (5-22 .5% CH 3CN in 30 min gradient
at 1 ml/min flow), and the peaks were identified
by coinjection with model compounds. cis-[Pt-
(NH3)2{d(GpG)}]+ and trans-[Pt(NH 3 ) 2_
(dG)2 ] 2+ were gifts from W .I. Sundquist and C.A .
Lepre, respectively, in our laboratory . cis-[Pt-

(NH3)2(d(ApG)}]+ and cis-[Pt(NH 3 ) 2( N3-cyto-
sine)(dG)] 2+ were prepared and characterized with
assistance from W.I . Sundquist and K. Ahmed .
All model compounds were characterized by either
NMR pH titration, HPLC, or both . In this manner,
all digestion products were assigned .

Gel mobility shifts were used to quantitate the
extent of DNA bending [14] . Either a 9 or 12 pmol
sample of DNA was boiled for 4 min and rapidly
chilled on ice to remove secondary structure . To
this DNA were added 3 µl of kinase/ligase buffer
(700 mM, Tris, pH 7 .6, 100 mM MgCI 2 , and 50
mM dithiothreitol), 4 Al of ATP and 2 µl of
polynucleotide kinase (New England Biolabs,
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10000 U/ml). Unlabeled ATP (10 AM) was used
to phosphorylate the platinated single strand or
[y-32 P]ATP (1 .7 AM, spec. act . 5 mCi/ml) was
added to radiolabel the complementary single-
stranded DNA. The volume was adjusted to 30 µl .
After allowing the reactions to proceed at 37 ° C
for 30 min, 1 pl of kinase/ligase buffer, 1 µl of 10
mM unlabeled ATP, 7 µl of H 2O, and 1 Al of T4
polynucleotide kinase were added . After an ad-
ditional 1 h at 37 ° C, the phosphorylated oligomer
was separated from unreacted ATP and T4 poly-
nucleotide kinase by using a Nensorb 20 nucleic
acid purification cartridge (New England Nuclear) .

9 pmol radiolabeled oligomer and 12 pmol un-
labeled complement were added to 10 M1 H 20,
brought to 90'C, and allowed to cool slowly to
room temperature in a water bath over a period of
6 h. The temperature was reduced to 4 ° C for an
additional 2 h . To the annealed oligomer (10 µl)
were added 1 µl of 10 mM ATP, 7 mM H 2O, 2 µl
of kinase/ligase buffer, and 1 .5 pl of T4 DNA
ligase (Boehringer Mannheim, 9 U/ml). The liga-
tion reaction was allowed to proceed overnight at
12 0 C.

An aliquot of the ligation reaction mixture con-
taining about 8000 cpm was loaded directly onto
an 8% polyacrylamide gel (mono/bisacrylamide
ratio - 29 : 1), 89 mM Tris-borate, 89 mM boric
acid, and 2 mM EDTA. The gel slabs were
mounted in a water-cooled electrophoresis ap-
paratus and run at approx . 10 V/cm for 5 h at
room temperature until the bromophenol blue dye
marker had run the entire length of the 17 cm gel.
The gels were fixed in 10% acetic acid, 10%
methanol for 15 min and then dried with heat for
1 h followed by autoradiography for 15 h at
- 80 ° C with a single intensifying screen .

The corresponding unplatinated oligomers were
annealed, radiolabeled and ligated alongside their
platinated counterparts and run as migration
standards. In addition, Barn HI linker, d(CGG-
GATCCCG) (New England Biolabs), was radio-
labeled and ligated as an additional migration
standard according to the technical data sheet
supplied. Migration distances of all bands on the
gels were measured manually and by densitometry
of the original autoradiogram .
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3. Results

The sequences shown in fig . 1 were designed to
ensure a unique orientation that guarantees fixed
interplatinum distances in the polymers formed
after ligation. All strands that were to be platinated
were chosen to have guanosines and adenosines
only where platination was desired . Since platinum
reacts less well with cytosine and thymine, the
sequence was completed with these two nucleo-
tides in such a manner as to avoid runs of con-
secutive adenosines, which may contribute un-
wanted bending [6] .

Platinum atomic absorption spectroscopy was
used to determine the number of platinum atoms
bound per oligomer. The amount of DNA present
was estimated by using the extinction coefficient
at 260 nm calculated for the unplatinated oligomer
[22] . By this method we found that cis-GG con-
tained 1 .01 Pt/strand, cis-AG contained 1 .08
Pt/strand, cis-GTG22 contained 1 .27 Pt/strand,
and cis-GTG15 contained 1 .19 Pt/strand, while
trans-GTG22 had 1 .20 Pt/strand, trans-GTG15
had 1.20 Pt/strand, and (N3-C)-G had 1 .09
Pt/strand. Since the E260 values were not directly
determined, and the effects of platination on the
extinction coefficients were unaccounted for, the
ratios are somewhat greater than unity .

Enzymatic digestion [19] was used to confirm
the sequence content and identity of the platinum
adduct in each modified oligonucleotide . The di-
gestion products of all seven platinated single-
stranded oligomers from fig. 1 were analyzed by
reversed-phase HPLC at 260 nm as shown in fig .
2 . The two major peaks in each chromatogram
correspond to the excess of cytosine and thymine
used to complete each platinated oligomer se-
quence. In each trace no guanosine or adenosine
peaks are observable, confirming that these
nucleotides reacted completely with platinum. The .
single remaining peak in each trace corresponds to
the desired platinum adduct . Peaks arising from
digestion of cis-GG, cis-AG, cis-GTG22, cis-
GTG15, trans-GTG22, trans-GTG15, and (N3-
C)-G correspond to the fragments cis-[Pt(NH 3 )z
{d(GpG)}]+, cis-[Pt(NH 3 ) 2 {d(ApG)}] + , cis-[Pt-
(NH 3 ) 2(dG) 2 ] 2+ , cis-[Pt(NH 3 ) 2(dG)] 2 ] 2+ , trans-
[Pt(NH 3 ) 2(dG) 2 ] 2+ , trans-[Pt(NH 3 ) 2(dG) 2 ] 2+ ,
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Fig. 2. Reversed-phase HPLC chromatograms (A260 vs. time)
for the digestion products of the platinated single strands
shown in fig. 1 . (A) cis-GO, (B) cis-AG, (C) cis-GTG22, (D)
cis-GTG15, (E) trans-GTG22, (F) trans-GTG15, and (G) (N3-
C)-G . The two largest peaks in each trace correspond to
cytosine and thymine, respectively . The third, smaller peak in
each trace represents the platinum adduct incorporated into
the original oligomer . Peaks were assigned by coinjection with
model compounds as follows (1) cis-[Pt(NH 3 ) 2(d(GpG))]',
(2) cis-[Pt(NH 3 ) 2 {d(ApG)}]', (3,4) cis-[Pt(NH 3 ) 2 (dG) 2 1 2+,
(5,6) trans-[ Pt(NH3) 2(dG)2 1 2+ , and (7) cis-[Pt(NH 3 ) 2 (N3-

cytosine)(dG)] 2 ' .

and cis-[Pt(NH 3 ) 2( N3-cytosine)(dG)] 2+, respec-
tively (fig. 2a-g). To confirm the identity of these
peaks, and thus the nature of the adducts present
in all platinated oligomers, model compounds (see
above) were coinjected with the products of di-
gestion of the platinated strands. In this manner,
the platinum adducts present in each oligomer
were determined to be unique and well defined .

The gel electrophoretic mobilities of the prod-
ucts of ligating the cis-GG, cis-AG and (N3-C)-G
platinated 22 by oligomers are shown in lanes 2, 3
and 5, respectively, of fig . 3 . Lanes 1, 4 and 6
contain the unplatinated ligation products GG-
STD, AG-STD and G-STD, respectively . As an
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longer polymers. In these longer molecules, many
bends add constructively allowing the mobility
shifts, and consequently the bend angles, to be
quantitated with accuracy. The cis-AG oligomers
show slightly greater mobility shifts than the cis-
GG oligomers, indicating that the longer cis-AG
polymers have shorter end-to-end distances than
the corresponding cis-GG polymers. Also ap-
parent in lanes 2 and 3 are a series of regularly
spaced, darker bands, assigned as circular mole-
cules. The smallest circle observed comigrates with
the linear 6-mer . Such circular molecules were not
observed in any of the unplatinated ligation reac-

-200 tions. The migration distances of these circular
products were not analyzed quantitatively, but the
formation of such large amounts of circular DNA
clearly demonstrates the high degree of curvature
caused by platinum binding which allows the ends
of the DNA to approach each other and cova-
lently close .

The (N3-C)-G multimers (shown in lane 5 of
fig. 3) exhibit virtually no gel mobility shifts,
migrating at almost exactly the same positions as
the unplatinated ladder of multimers . In addition,
no circular products were observed. These results
show that DNA platinated with cis-[Pt(NH 3 ) z-
(N3-cytosine)Cl]Cl is not bent .

Fig. 4 displays the products of ligating the cis
and trans 1,3 adducts. Lanes 4 and 6 contain
multimers of cis-GTG with 22 and 15 by sequence
repeats, respectively. A 22 by sequence repeat
yields anomalously slowly migrating bands, and a
population of circular DNA . The 22 by phasing of
platinum atoms corresponds approximately to two
helical repeats, allowing bends to add construc-
tively. The failure of the 15 by oligomers to un-
dergo gel shifts is due to the cancellation of bends
when platinum is not phased properly, as previ-
ously reported [11] .

The ligation products of trans-GTG22 and
trans-GTG15 are depicted in lanes 3 and 5 of fig .
4. Lane 3 reveals a sequence of bands correspond-
ing to linear multimers that are smeared and
spaced at irregular intervals. These linear products
appear to be split into two diverging series . Be-
cause of the peculiar nature of these bands, quan-
titation of the degree of bending due to the trans-
GTG adduct was not attempted. Also present in

--Markers for lanes 2,3

Fig, 3. Autoradiogram of products of ligation separated on an
8% native polyacrylamide gel. Lanes : (1) GG-STD, (2) cis-GG,
(3) cis-AG, (4) AG-STD, (5) (N3-C)-G, (6) G-STD, and (7)
BamHl, where STD indicates the same oligomer shown in fig .

1, before platination .

additional molecular weight calibration standard,
affording better resolution in the low molecular
weight range, Barn HI linker was ligated and is
included in lane 7. Calibration curves of the dis-
tance migrated vs. length in by for the un-
platinated oligomers were constructed in order to
obtain the calculated length of a platinated
oligomer based on its migration .

All three platinated oligomers in fig . 3 have
nearly the same mobility as their unplatinated
counterparts at the dimer level, where only two
bends can add together. Platinated and un-
platinated monomers were allowed to migrate off
the bottom of the polyacrylamide gel . For cis-GG
and cis-AG, migration differences between
platinated and unplatinated oligomers, termed
mobility shifts, become quite apparent in the
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	 Milkers for lanes 3,4

Markers for lanes 5,6

Fig. 4. Autoradiogram of the products of ligating cis 1,3 and
trans 1,3 adducts. Lanes : (1) GTG15-STD, (2) GTG22-STD,
(3) trans-GTG-22, (4) cis-GTG22, (5) trans-GTG15, and (6)

cis-GTG 15 .

lane 3 are a series of circular oligomers nearly
comigrating with the circular products formed by
the cis-GG and cis-AG oligomers. The presence of
these circles indicates either increased flexibility or
directed bending at the sites of platination [23,24] .
Both phenomena would facilitate formation of
covalently closed circles . To distinguish between
the two possibilities, a 15 by duplex DNA also
containing the trans-GTG adduct was con-
structed. Because the platinum adducts are almost
perfectly dephased in trans-GTG15, any directed
bends will add destructively, preventing any ap-
preciable anomalous mobility shifts or the forma-
tion of circles. Points of flexibility, or hinge joints,
need not be positioned in phase to add construc-
tively . Lane 5 contains ligation products of trans-
GTG15. Clearly, the linear bands migrate more
slowly than do their unplatinated couterparts of

S.F. Bellon, S.J. Lippard/DNA bending induced by Pt-DNA adducts

identical length . This result, and the fact that a
series of circular DNA molecules is evident to-
wards the top of the gel, indicate that trans-GTG
does not bend the DNA in a rigid fashion, but
rather increases its flexibility . The sizes of these
circles are tentatively assigned by comparison with
circles of known sizes [11] formed from ligating 22
by platinated oligomers . The circle in lane. 5 nearly
comigrating with C5 (110 bp) in lanes 3 and 4 is
assigned as a circular 7-mer (105 bp) . Based on
this assignment, the circular band in lane 5 comi-
grating with C7 (154 bp) in lanes 3 and 4 must be
a circular 10-mer (150 bp) . In this manner, all
circular molecules in lane 5 can be assigned in an
internally self-consistent fashion .

In order to determine whether the 1,3 adduct
formed by cisplatin, cis-GTG, also renders DNA
more flexible, the oligomer cis-GTG15 was con-
structed . Its ligation products appear in lane 6 of
fig. 4. Evidently, no circular products are observa-
ble and the linear fragments have close to normal
mobilities. Like the cis-GG and cis-AG adducts,
cis-GTG also imparts a directed bend to the ad-
ducted DNA which requires proper phasing to
add constructively .

The relative mobility (R L ) of a linear DNA
fragment is defined as the ratio of calculated to
actual length [6] . The calculated length is based
only on a multimer's mobility, and is obtained
from a calibration curve constructed from the
mobilities of unplatinated linear DNA molecules
of defined lengths . The greater the R L value of an
oligomer, the more slowly it moves compared to a
straight molecule of the same length, and the
greater its degree of curvature. The RL values
obtained for multimers of cis-GG, cis-AG, cis-
GTG22, cis-GTG15, and (N3-C)-G of lengths 44
- 176 by are plotted vs. length in by in fig . 5 . The
greater the slope of a plot, the greater the degree
of curvature of the DNA oligomer . Also plotted in
fig. 5 for purposes of comparison are two curves
based on A 6 tract induced bending [14]. The plot
denoted A,,-1/2 contains one A 6 tract every two
helix repeats and that labeled A 61/1 contains
one A6 tract every helix repeat . The slope of the
plot for cis-AG is slightly greater than that for
cis-GG, and the cis-GTG22 plot has a greater
slope than that for either cis-GG or cis-AG. The
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Fig. 5 . Relative mobility (R L ) of all cis adducts (U) A 6-1/1,
(•) cis-GTG22, (a) cis-AG, (•) cis-GG, (n) A6-1/2, (o)

cis-GTG15, (Q) (N3-C)-G .

0-0

curves of all three platinated sequences fall be-
tween the A6_1/1 and A 6-1/2 curves. Since cis-
AG, cis-GG, cis-GTG22, and A 6-1/2 all contain
one bend unit per 2 helix repeats, and A6_1/1 has
one bend per helix repeat, the magnitude of a
platinum-induced bend is somewhere between
those arising from one and two A tracts. The R L
vs. length curve for (N3-C)-G in fig. 5 appears as
a horizontal line passing through the value R L =
1 .0, indicating no curvature. Also plotted in fig . 5
is the R L vs . length curve for cis-GTG15 . It rises
slightly, then levels off, indicating an imperfectly
phased bend unit [11,25] .

Quantitation of the bend angles of cis-GG,
cis-AG and cis-GTG is possible from the em-
pirical relation given by eq . 1 [14],

R L - 1 = (9 .6 x 10-5L2 - 0.47)(RC) 2

	

(1)

where RC represents the curvature relative to an
A 6 tract and L the length of a particular oligomer
with relative mobility R L . This relation applies
specifically to oligomers with perfectly phased
bends having lengths between 120 and 170 bp. In
such oligomers, where the sequence repeat exactly
matches the helix repeat, the shape of the R L vs'
length curve is parabolic . Multimers of A 6-1/1

display this behavior quite nicely . For lengths
greater than 140 bp, both cis-GG and cis-AG
curves start to bow downward and deviate from a
parabolic shape. This deviation can be due either
to slightly improper phasing or to flexibility of the
DNA helix. For these reasons we restrict our
calculations to the 110 and 132 by multimers,
which lie on the parabolic portion of the R L VS-
length curve. Application of eq . 1 to the 110 and
132 by fragments leads to curvatures of 0.80, 0.85,
and 0 .88 for cis-GG, cis-AG, and cis-GTG respec-
tively, relative to an A 6 tract. The absolute degree
of curvature in degrees is given by the relative
curvature multiplied by the absolute value of an
A 6 tract bend. Although this value is still subject
to much debate, the most accurately determined
value to date is 20° [26,27]. The results indicate
that the bend due to the cis-GG adduct is about
32 ° , somewhat less than two A 6 tracts, and below
the value of 40' previously reported [11]. The
bend induced by the cis-AG adduct is greater by
approx. 2°, namely, 34°, and that in the case of
cis-GTG greater still, about 35° .

4. Discussion

Previous work on A tract phasing revealed that
even single base-pair changes in the sequence re-
peat dramatically affect the shape of the resulting
RL vs . length curve [25] . Since bend angles are
calculated from the shape of such a curve, the
bends must be perfectly phased to compute an
accurate angle using the gel electrophoretic shift
method. In other words, the sequence repeat must
match the natural helix repeat of the bent DNA .
The sequence repeats of the cis-GG, cis-AG, cis-
GTG, and trans-GTG platinated oligonucleotides
were chosen to be 22 bp, or slightly greater than
two helical turns of normal B-DNA, to reflect the
fact that both cis- and trans-DDP unwind the
double helix [28,29] . Since these unwinding studies
were carried out on globally platinated super-
coiled DNA, they do not necessarily reflect DNA
unwinding due to the specific adducts cis-GG,
cis-AG, cis-GTG or trans-GTG . Consequently,
bends caused by different adducts cannot be
rigorously compared unless they have been estab-
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lished to be perfectly phased. The best example of
such a case is the comparison between cis-GG and
cis-AG bends, because the R L vs. length curves
for these two oligomers so closely parallel one
another. Because the deviation from parabolic
shape is approximately the same for both adducts,
their phasing errors are probably similar, thereby
enabling a rough comparison to be made between
the two. While the calculated difference of 2° is
experimentally reproducible, it is probably not
significant compared to phasing errors . We there-
fore conclude that both cis-GG and cis-AG ad-
ducts bend the DNA helix by about 32-34° .
Studies are currently in progress to address the
effects of phasing in greater detail .

Both cis-AG and cis-GXG adducts have been
previously reported to bend DNA [12], but the
bend angles were not quantitated . These studies
used a sequence repeat of 20 bp, which gave an
R L vs. length curve that deviated significantly
from quadratic shape . The R L vs . length curve for
cis-GTG adducts with a 20 by sequence repeat has
a smaller slope than that for the cis-AG adduct
[12] . Because the 22 by sequence repeat used here
gives R L vs. length curves that more closely reflect
parabolic behavior for both cis-AG and cis-GTG
adducts, we conclude that the true helix repeat of
cis-AG and cis-GTG adducted DNA is closer to
22 by rather than 20 bp. At a 22 by sequence
repeat, the cis-GTG curve displays a greater slope .
Comparison of these two adducts thus clearly
illustrates the importance of proper phasing when
estimating relative bend angles .

Inspection of the data produced from ligating
the trans-GTG adduct reveals that bands due to
linear DNA are smeared compared to linear bands
formed in the three cis-DDP adducts studied .
Bands for circular DNA from either cis- or truns-
DDP-modified oligonucleotides are well delin-
eated in all gels examined . In order to ensure that
trans-GTG22 was intact, and that smearing was
not due to a mixture of degradation products of
the trans-DDP-platinated 22-mer, the single-
stranded DNA was allowed to react with CN -
(0 .3 M) to remove platinum [30] . The gel pattern
obtained after polymerizing the cyanide-reversed
oligomer matched perfectly that from ligation of
the original unplatinated DNA. We therefore con-

elude that trans-GTG22 is intact, and that the
anomalous gel electrophoresis results for ligation
products of trans-GTG are not due to DNA de-
gradation. Perhaps linear molecules with free ends
are rendered more flexible by their trans-GTG
adducts, sampling multiple conformations while
running through the pores of the gel to produce
the observed smearing. The circular molecules,
restricted in conformational degrees of freedom
because of their fixed ends, run as sharp bands
like the cis-DDP adducted circles .

We have determined that polymers of trans-
GTG adducted DNA yield DNA circles and
anomalously slowly migrating linear molecules
with a sequence repeat of either 2 .0 or 1 .5 helical
repeats. These results establish the fact that the
trans-GTG adduct can bend DNA in two direc-
tions perpendicular to the helix axis, phased ap-
prox . 180' apart. The present data do not allow
one to demonstrate whether the two directions
accessible to the DNA correspond to the major
and minor grooves, or whether other directions of
flexibility might be accessible. In order to address
these points, one could explore various other se-
quence repeats, or vary the distance between
trans-1313P adducts and a different, well-defined
bending motif such as an A-tract [6,11] .

From the present results, we conclude that no
clear connection exists between the ability of a
specific adduct to bend DNA and its inhibition of
DNA replication . The cis-DDP adducts cis-GG,
cis-AG and cis-GTG all impart directed bends to
the double helix and block replication [3] . Al-
though trans-DDP also blocks replication when
bound to DNA [3], the adduct trans-GTG renders
the double helix flexible, without affording a di-
rected bend like the cis-DDP aducts . Most inter-
estingly, the replication-blocking compound cis-
[Pt(NH 3 ) 2 (N3-cyt)Cl]Cl does not bend DNA at
all [3] .

Attempts have been made to correlate bending
of various damaged DNA molecules with the rate
of repair of the damage [7] . For example, thymine
dimers, which bend DNA by 27-30' [23,31], are
excised by the ABC excision nuclease [32] and by
the repair enzyme E. coli DNA photolyase [33,34] .
Interestingly, the ABC excision nuclease also ex-
cises damage from DNA globally platinated with



cis-DDP [35]. Studies on site-specifically platinated
DNA indicate that the cis-GTG adduct is repaired
faster by the ABC excision nuclease than the
cis-GG or cis-AG adducts [36,37] .

While the data available for DNA containing
thymine dimers or modified by cis-DDP are con-
sistent with the idea that bending could be a key
structural motif that activates cellular repair ma-
chinery, results for psoralen-cross-linked DNA and
trans-DDP-modified DNA do not support this
hypothesis. It appears that psoralen cross-linking
does not appreciably kink DNA [38], but the ABC
excision nuclease system recognizes and removes
site-specific psoralen damage from DNA [39,40] .
trans-DDP-modified DNA is not a good substrate
for the ABC excision nuclease complex [35] . Possi-
bly, increased flexibility as a structural element
cannot be recognized by the ABC excision
nuclease, or perhaps the trans-GTG adduct char-
acterized here is not representative of adducts
formed upon global platination of DNA by trans-
DDP. It would be interesting to test the recogni-
tion and repair of the specific trans-GTG and
(N3-C)-G adducts by the ABC excision nuclease
system in order to evaluate further this hypothesis .
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