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The self-complementary deoxyribohexanucleoside pentaphosphate d(ApGpGpCpCpT) and the major product of its reaction with 
the antitumor drug cis-diamminedichloroplatinum(I1) (cis-DDP) have been characterized by high-resolution 'H and j l P  N M R  
spectroscopy. Temperature-dependence studies of the amino, imino, and nonexchangeable base protons of [d(ApGpGpCpCpT)lz 
indicate that the oligonucleotide adopts a duplex structure in solution with frayed terminal A( 1).T(6) base pairs. The duplex exhibits 
a noncooperative melting profile; the terminal base pairs melt 10-15 OC lower than the inner [-GpGpCpC-I2 core (T, = 60.0 
f 3.0 "C). The nonexchangeable base protons were assigned by two-dimensional nuclear Overhauser effect and homonuclear 
chemical shift correlation experiments. Each 2'-deoxyribose moiety has ~ ( J H I , H ~ ,  + J H I ' H Z , , )  values of 14.0 f 1.0 Hz throughout 
the temperature (2-65 "C) and pD (3.2-10.8) ranges investigated, characteristic of a B-DNA type (C2' endo) structure. The 
reaction of cis-DDP with [d(ApGpGpCpCpT)], was carried out under conditions in which the oligonucleotide was in duplex form, 
allowing the possible formation of interstrand, intrastrand, or intrabase adducts. Only the second of these three possibilities was 
observed. The platinum binding site was determined by investigating the 'H N M R  behavior of the nonexchangeable base protons 
of both the unmodified and modified oligonucleotides as a function of pD. The pK, values of both guanine N1 protons decreased 
from 10 to 8 upon binding of platinum. All nonexchangeable base protons shifted to lower fields, with both guanine H8 resonances 
exhibiting the characteristic 0.3-0.9 ppm downfield shift. These results demonstrate that the isolated product contains an intrastrand 
cross-link between two N7 atoms of adjacent guanosine residues, the most prevalent adduct formed by cis-DDP in tumor cells. 
No evidence was found for the other commonly occurring adduct, an intrastrand d(ApG) cross-link. The data further indicate 
that cis- [Pt(NHs)2(d(ApGpGpCpCpT)-N7-G(2),N7-G(3))] adopts a single-stranded, base-dutacked, coil structure that is unable 
to form a Watson-Crick duplex with itself. 

Introduction t r ibuted to our understanding of t h e  s t ructural  chemistrv of 
The discovery of the antitumor properties of c i ~ - [ P t ( N H ~ ) ~ C l ~ l  

(cis-DDP)' has stimulated intensive efforts in  the fields of inor- 
ganic, biological, and medicinal chemistry toward elucidating the 
mechanism of action of this drug. There is considerable evidence 
tha t  cis-DDP exerts its antineoplastic effects by binding t o  DNA 
and inhibiting replication in  the cancer  ell.^-^ It is therefore 
of interest to understand a t  the molecular level how this relatively 
simple compound perturbs local DNA conformation, for such 
structural  alterations translate ultimately into biological activity. 

Over the past few years, high-resolution 'H NMR spectroscopic 
studies have been camed out to provide insight into the interactions 
of cis-[Pt(NH3)2C12] with DNA.S-'2 Recent X-ray crystallo- 
graphicI3J4 and molecular mechanicsl5-'' studies have also con- 
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DEAE, diethylaminoethyl; HPLC, high-performance liquid chroma- 
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cis-DDP with oligonucleotides: A comprehensive review o f t h i s  
mater ia l  is given elsewhere.I* 

The present investigation of t h e  reaction between cis-DDP and 
t h e  self-complementary deoxyribohexanucleoside pentaphosphate 
[d(ApGpGpCpCpT)], was undertaken in part to ascertain whether 
t h e  major adduct would consist of an intrastrand, interstrand, or 
intrabase cross-link. Each of these binding modes has been 
proposed as an important  cytotoxic lesion of cis-DDP on  DNA.4 
In addition, t h e  chosen sequence provides the first opportuni ty  
to character ize  reaction products  of cis-DDP with a duplex oli- 
gonucleotide containing all the major  known and postulated pu- 
tative drug binding sites, namely, d(GpG) and d(AgG) (in- 
trastrand),19 d(GpC)-d(CpG) (interstrand),20 a n d  d G [ N 7 - 0 6 1  
(intrabase N7-06 chelate).21 Moreover, since the adducts of the 
chemotherapeut ica l ly  inactive t r a n s - D D P  isomer of [d- 
(ApGpGpCpCpT)], have been characterized,22 this investigation 
provides an excellent opportunity to compare directly differences 
in  DNA binding of these two isomers. Finally, detailed exami- 
nation of the cis-DDP adduct of [d(ApGpGpCpCpT)], is of 
particular interest in conjunction with recently developed meth- 
odology for constructing site-specifically platinated intact  viral 
genomes. The initial such biological probe contains t h e  cis-DDP 
adduct of d(TpCpTpApGpCpCpCpTpTpCpT), an oligonucleotide 
in which the title hexamer is embedded.23 

In this paper, we report the synthesis and complete 'H a n d  31P 
NMR spectroscopic characterization of the duplex oligonucleotide 
[d(ApGpGpCpCpT)], and the product  of its reaction with cis- 
DDP, cis- [Pt(NH3),(d(ApGpGpCpCpT)-N7-G(2),N7-G(3))]. A 
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[d(ApGpGpCpCpT)], and Its Adduct with cis-DDP 

preliminary report of a part of this work appeared p r e v i o u ~ l y . ~ ~  

Experimental Section 

Materials and Methods. Oligonucleotide Synthesis. Solvents and 
reagents were of the highest grade available commercially and were 
further purified and dried by standard methods.25 The deoxyribo- 
hexanucleoside pentaphosphate d(ApGpGpCpCpT) was synthesized by 
the solid-phase phosphotriester method.26 Bulk purification of the crude 
deprotected oligonucleotide was carried out by anion-exchange chroma- 
tography (Whatman, DEAE-cellulose, 20 X 1.5 cm), with use of a linear 
gradient (low buffer, 50 m M  (Et,NH)(HCO,), 20% EtOH, pH 7.5; high 
buffer, 0.5 M (Et,NH)(HCO,), 20% EtOH, pH 7.5) to separate failure 
sequences from the desired product. Fractions containing the major 
product were pooled and lyophilized to remove most of the excess salt. 
Sample purity was verified by both anion-exchange (Partisil 10 SAX; 25 
cm X 9.8 mm semipreparative column; linear gradient 0-30% B; solvent 
A, 6:4 1 mM phosphate formamide/H20, pH 7.5; solvent B, 6:4 300 mM 
phosphate formamide/H20, pH 7.5; 40 min; 3 mL/min) and reverse- 
phase HPLC, with a Waters dual-pump ~ystem.2~ Residual Et,NH+ was 
eliminated by cation-exchange chromatography (Bio-Rad AG-SOW, 
NH4+ form, 25 X 0.75 cm). The lyophilized NH4+ salt of [d- 
(ApGpGpCpCpT)], was stored over desiccant at -20 OC. 

The extinction coefficient of [d(ApGpGpCpCpT)], was determined 
by treating an aliquot of the oligonucleotide (A260 = 2.135 ODU) with 
a saturated solution of twice-recrystallized 3,5-diaminobenzoic acid di- 
hydrochloride (65 "C, 45 min) and measuring the fluorescence at  500 
nm (420-nm excitation). Total nucleoside concentration was obtained 
by comparing these results to a standard curve generated from calf 
thymus DNA (&O/&o = 1.81).2' 

Reaction of cis-DDP with [d(ApGpGpCpCpT)I2. cis-[Pt(NH,),CI,] 
was prepared according to literature and recrystallized three 
times from 0.1 N HC1. The ammonium salt of [d(ApGpGpCpCpT)], 
was allowed to react with cis-DDP in 1:2 (one platinum complex per 
strand), 1:1.25 and 1:l (one platinum complex per duplex) molar ratios. 
All reactions were carried out at 37 OC in unbuffered deionized distilled 
H 2 0  (pH 6.0-6.7) for 96-144 h. The reaction mixture was not moni- 
tored at earlier time points for the possible formation of reactive inter- 
mediates, since our interest was to identify and characterize stable final 
products. Solution concentrations ranged from 0.33 to 3.33 mM strand 
with no discernable effect on product distribution. Isolation of the re- 
action products was accomplished by methods described above for [d- 
(ApGpGpCpCpT)],. The ammonium salt of the platinated adduct was 
stored over desiccant a t  -20 OC. 

Instrumentation. Platinum atomic absorption spectroscopy was per- 
formed on a Perkin-Elmer 2380 instrument, using an HGA 400 graphite 
furnace. All UV spectroscopic measurements were obtained on a Varian 
Cary 118C instrument, using jacketed 1-cm quartz cells thermostated by 
a Lauda constant-temperature bath. 

Typically, 80-90 '4260 units of [d- 
(ApGpGpCpCpT)], or its cis-DDP adduct was used for IH N M R  ex- 
periments; 350-400 '4260 units was used for ,IP N M R  studies. Prior to 
each experiment, the samples were passed through a desalting column 
(Sephadex G-10, 50 X 0.5 cm) and then through a CheIex-100 column 
(10 X 0.5 cm) to remove paramagnetic impurities. All UV-absorbing 
fractions were pooled, lyophilized, and dissolved in 350 pL of 0.1 M 
phosphate buffer, pH 7.4, containing 0.1 mM Na2EDTA, except for 
those samples used for pH titration studies (no buffer) or exchangeable 
proton studies (vide infra). Tetramethylammonium chloride (TMA, 6 
= 3.180) was added as the internal standard. The samples were then 
lyophilized to dryness and coevaporated three times in 99.8% D 2 0  
(Aldrich) before being dissolved in 350 pL of 99.998% D 2 0  (Stohler 
Isotopes, Inc.). Trimethyl phosphate (TMP, 6 = 0.0) was used as the 
internal standard for N M R  experiments. 

The sample used in the T I  study was deoxygenated by three freeze- 
pumpthaw cycles and sealed in an N M R  tube under a N 2  atmosphere. 
Exchangeable base proton N M R  studies required the sample to be dis- 
solved in either 3/2 v/v H20/MeOH,  90% H,0/10% D20,  100 mM 
phosphate, 1 m M  Na2EDTA, pH 7.4 ([d(ApGpGpCpCpT)],) or 90% 
H,0/10% D20, 100 mM phosphate, 1 mM Na2EDTA, pH 7.4 (cis-DDP 
adduct). 

NMR Sample Preparation. 
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NMR Instrumentation and Procedures. Temperature regulation (fO.l 
"C) was achieved by using the Bruker B-VT 1000 unit. Temperature 
calibration was performed between -15 and +30 "C by using neat 
MeOH and between +30 and +95 "C with ethylene glycol. Calibration 
curves were supplied by Bruker. 

Temperature- and pH-dependent proton N M R  and spin-lattice re- 
laxation measurements were performed on a Bruker WM-300 wide-bore 
instrument with a 5-mm probe. Typically, 512 transients with a spectral 
width of 2250 Hz, from 16K complex data points, were averaged by a 
Bruker Aspect 2000 data system. Spectra were recorded with a 45O tip 
angle and a 4-s repetition time. Gaussian window techniques were rou- 
tinely applied to improve spectral resolution. 

The sample pH was adjusted with 1-5 pL aliquots of 1.0 N NaOD 
or DC1 (Stohler Isotopes, Inc.) and measured with a Radiometer-Co- 
penhagen type lOOC pH meter (London Company) both before and after 
data accumulation. Differences of less than 0.05 pH unit were observed 
for all points. Measurements were corrected for deuterium effects by pD 
= pH + 0.4.29 Studies with [d(ApGpGpCpCpT)], were performed at 
30 "C while those with cis-DDP-modified d(ApGpGpCpCpT) were 
carried out a t  70 "C to enhance resolution. 

Spin-lattice relaxation data were collected by using the (a-r-a/2- 
A,-D), nonselective inversion-recovery pulse sequence.30 A series of 24 
increments was used, ranging from 0.1 to 6.5 s with 11-14 7 values 
between 0.3Tl and 1.5T1 and 2-3 infinity points (7 2 5TI). The ?r and 
a / 2  pulses were determined prior to each experiment by both the 360° 
null and 1 80° dispersion techniques.,' Long-term N M R  drift effects 
were minimized by accumulating 16 scans per 7 value and recycling 
through the variable-delay list until 320 scans per T value had been 
collected (20 cycles). A delay time of 9 s was used between pulse se- 
quences ( A ,  + D 1 7T1). A locally written exponential regression al- 
gorithm was used to fit the data to the expression I ,  = CI + C, exp(- 
. / T I )  in order to evaluate the possible effects of imperfect T and a / 2  
pulses.31 

The oligonucleotide [d(ApGpGpCpCpT)], in 90% H20/10% D 2 0  was 
studied over a temperature range by using water suppression techniques 
on a Bruker WM-360 instrument a t  The University of Pennsylvania 
Mid-Atlantic Regional N M R  Facility. The Redfield 2-1-4-1-2 pulse 
sequence was employed,g2 by using a tailored pulse of 1700 ps to observe 
the region downfield of the null point ( H 2 0  resonance, 19.1-5.2 ppm). 
Typically, 256 scans were collected, by using a 5000-Hz sweep width and 
16K complex data points. Analogous experiments with cis-DDP-modi- 
fied d(ApGpGpCpCpT) were carried out on a high-field 500-MHz 
~ p e c t r o m e t e r ~ ~  at the Francis Bitter National Magnet Laboratory, using 
the time-shared long pulse sequence (TSLP).34 Accumulation of 512 
scans at  2 OC was performed by using a 7500-Hz sweep width and 8K 
complex data points. Resolution enhancement techniques were applied 
throughout these experiments. 

Temperature-dependent N M R  studies were recorded on a Bruker 
WM-500 instrument operating at  202 MHz at  the Yale University 
Northeast Regional N M R  Facility. An Aspect 2000A computer aver- 
aged 125 free induction decays, accumulated with a 30" tip angle and 
a total repetition time of 4.5 s. Sweep widths of 15 500 Hz and 16K 
complex data points gave a digital resolution of 1.89 Hz/point. Heter- 
onuclear proton broad-band decoupling (1 W) and low-pass filters were 
used throughout the experiment. Lorentzian window functions were 
applied to improve the signal-to-noise ratio. 

COSY and pure absorption NOESY experiments were performed at  
the Francis Bitter National Magnet Laboratory on a 500-MHz instru- 
ment. The COSY experiments were performed on nonspinning samples 
at 25 0C,35 by using the sequence [a/2-t1lr/2-acq],. Typically, the data 
sets consisted of 1024 data points over a sweep width of 3800 Hz in the 
t2 dimension and 512 points in the t l  dimension; the resulting matrix was 
processed with a Gaussian window function (4 Hz) in the two dimensions 
and zero-filled in thef, dimension to 1024 points. Both symmetrized and 
unsymmetrized contour maps were used. In the NOESY experiments, 
presaturation for 1800 ms at the residual HOD frequency preceded the 
pulse sequence. Mixing times of 200, 250, 275, and 300 ms were used. 
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Figure 1. 300-MHz ’ H  N M R  spectrum of the nonexchangeable protons 
of 2.24 m M  [d(ApGpGpCpCpT)lz (duplex concentration) ir, a solution 
containing 100 m M  potassium phosphate buffer at pD 7.8 and 35 “C.  
The nonexchangeable base protons are located between 8.0 and 7.2 ppm, 
while the H1’ and cytosine H 5  protons are found between 6.3 and 5.2 
ppm. Resonance assignments are given in Table I. 

All data were processed on a VAX 750 computer, using locally written 
programs.36 

Results 
Synthesis of [d(ApGpGpCpCpT)12 and ~ i s - [ P t ( N H ~ ) ~ ( d -  

(ApGpGpCjCpT))]. The solid-phase phosphotriester synthesis of 
d(ApGpGpCpCpT) (250 mg of resin, 84.4 pmol/g, 21.1-hmol 
scale) yielded 580 A260 units of oligonucleotide after bulk puri- 
fication of the reaction mixture by anion-exchange chromatog- 
raphy. This material was homogeneous by both reverse-phase 
and anion-exchange HPLC, obviating the need for further pu- 
rification. 

Total DNA analysis2’ of an aliquot of [d(ApGpGpCpCpT)], 
allowed the extinction coefficient a t  25 “ C  to be calculated as 6260 
E 57 400 M-’ cm-I per strand. This experimental value agrees 
with the extinction coefficient estimated by the nearest-neighbor 
approximation3’ for single-stranded DNA, e260 = 56 200 M-’ cm-l. 

The reaction between ~ i s - [ P t ( N H ~ ) ~ C l ~ l  and [d- 
(ApGpGpCpCpT)I2 was performed under conditions in which 
greater than 95% of the [-GpGpCpC-I2 core exists in the duplex 
state. Only one major product, eluting as a trianion, was observed 
during purification by anion-exchange chromatography, regardless 
of the duplex oligonucleotide-to-platinum ratio (1 :2, 1: 1.25, and 
1: l )  or concentration (0.33-3.33 mM) used. The platinated 
product was homogeneous by reverse-phase HPLC analysis. 
Although the ammonium form of the oligonucleotide was used 
in the reaction with cis-DDP, the product profile showed no 
evidence of monofunctional platinated species such as those re- 
sulting from the use of N H 3  to trap platinum monodentate oli- 
gonucleotide  intermediate^.^^ In the case of the 1:l reaction, the 
main platinated adduct and unreacted oligonucleotide accounted 
for greater than 95% of the total optical density a t  254 nm, as 
estimated from peak areas obtained from reverse-phase HPLC 
analysis. N o  UV-absorbing material was observed when the 
anion-exchange column was eluted with 5 column volumes of 1.8 
M (Et3NH)(HC03) immediately following the purification gra- 
dient. 

T h e  extinction coefficient of c is-[Pt(NH,) , (d-  
(ApGpGpCpCpT))] was determined to be N 58 200 M-l cm-’ 
per platinum (or per strand, vide infra), by a combination of atomic 
absorption and UV spectroscopic measurements. This value 
represents a 3.5% increase in e260 over the value determined for 
the unmodified oligonucleotide. 

Nuclear Magnetic Resonance Assignments. ( i )  Unplatinated 
Oligonucleotide. The [d(ApGpGpCpCpT)], duplex contains a 
twofold symmetry rotation axis perpendicular to the helix axis 

(36) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J .  Mugn. Reson. 1982, 
48, 286-292. 
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Reedijk, J. J. Inorg. Biochem. 1984, 21, 103-112. 
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Figure 2. Contour map from NOESY spectrum of [d- 
(ApGpGpCpCpT)], a t  25 OC obtained with a mixing time of 275 ms. 
Sample conditions were the same as described in Figure 1. The spectrum 
shows the correlation peaks between the nonexchangeable base protons 
(resonances 1-7, 13, and 15; Figure 1) and the H1’ resonances (reso- 
nances 8-12 and 14, Figure 1). The one-dimensional spectrum appears 
along the diagonal. 

a t  its midpoint, resulting in equivalent terminal (AeT), interior 
( G C ) ,  and central ( G C )  base pairs. The following schematic 
depicts the base numbering employed throughout this paper: 

5’A( l)-p-G(2)-p-G(3)-p-C(4)-p-C(5)-p-T(6)3’ 

,T(~)-P-C(~)-P-C(~)-P-G(~)-~-G(~)-P-A( 1)5, 3 

The 300-MHz IH N M R  spectrum of nonexchangeable protons 
in the 8.5-1.5 ppm region of a 2.24 mM solution of [d- 
(ApGpGpCpCpT)], in 100 mM phosphate buffer, pD 7.8, is 
presented in Figure 1. The nonexchangeable base protons occur 
in the downfield region of the spectrum, between 8.0 and 7.2 ppm. 
In Figure 1, the resonances numbered 1-4 are purine singlets, while 
resonances 5 and 7 are the cytosine H 6  doublets (3J = 7.4 Hz) 
and resonance 6 is the thymine H6 doublet, which appears as an 
unresolved quartet (4J = 1.3 Hz). Upon prolonged heating to 93 
“ C  in D 2 0  in the NMR probe, resonances 1, 3, and 4 decreased 
in intensity, characteristic of slowly exchanging purine H8 pro- 
t o n ~ , ~ ~  whereas resonance 2 remained unaffected and is therefore 
assigned as adenine( 1) H2. The six H1’ resonances (resonances 
8-12 and 14) and the two cytosine H5 doublets (resonances 13 
and 15) are observed between 6.3 and 5.2 ppm. Selective-de- 
coupling experiments indicated that doublets 5 and 13 are coupled 
to one another, as are doublets 7 and 15. The multiplet centered 
at  5.970 ppm (resonances 11 and 12) corresponds to an overlap 
of two H1’ protons. 

The 2‘-deoxyribose H3’ protons are found between 5.0 and 4.5 
ppm (envelope 16), while H4’, HS’, and H5” protons overlap 
extensively between 4.40 and 3.90 ppm (envelope 17). An ex- 
ception is the pair of H5’, H5” protons of adenine( l ) ,  which form 
a characteristic distorted AB doublet of doublets centered at 3.590 
ppm (envelope 18). 

The three resonance envelopes (resonances 19-21) and the lone 
multiplet (resonance 22) observed in the upfield region of the 
spectrum (2.80-1.60 ppm) arise from the six sets of H2’, H2” 
protons of the 2’-deoxyribose moieties. Finally, the thymine methyl 
group (resonance 23) is located at 1.808 ppm (4J = 1.3 Hz). 

The deoxyribose protons were assigned by means of two-di- 
mensional nuclear Overhauser effect (NOESY) and homonuclear 
chemical shift correlation (COSY) experiments. The proton 
resonances of each nucleotide residue were identified by means 
of NOE enhancements between the nonexchangeable base protons 
(purine H8, pyrimidine H6, H5) and their intranucleotide Hl’, 
H2’, H3’ deoxyribose protons. Scalar coupling and intraresidue 

(39) Schweizer, M. P.; Chan, S. I.; Helmkamp, G. K.; T’so, P. 0. P. J.  Am. 
Chem. Soc. 1964,86, 696-700. 
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Table I. ‘ H  Chemical Shifts (ppm) for [d(A(l)pG(2)pG(3)pC(4)pC(5)pT(6))]2’ 
H8, H6 H3, H5, H 2  H1’ H2” H2’ H3’ (16) H4’ (17) H5‘ 

4.195 3.692 (18) 
guanine (2) 7.845 (3) 5.583 (14) 2.737 2.695 4.990 4.375 4.091 (17) 
guanine( 3) 7.800 (4) 5.973 (11) 2.737 2.657 5.005 4.447 4.215 (17) 
cytosine(4) 7.427 (7) 5.374 (15) 6.061 (10) 2.506 2.157 4.846 4.239 
cytosine(5) 7.666 (5) 5.762 (13) 6.173 (9) 2.518 2.345 4.867 4.254 
thymine(6) 7.592 (6) 1.738 6.278 (8) 2.525 2.338 4.584 4.122 

adenine( 1) 8.002 (1) 7.957 (2) 5.956 (12) 2.551 2.381 4.939 

Numbers in parentheses correspond to resonances identified in Figure 1. 
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Figure 3. Expansion of the off-diagonal correlation peaks for the base- 
H1’ proton region enclosed by a dashed-line rectangle in Figure 2. 

NOE enhancements then allowed the complete assignment of each 
sugar spin system. Identification of the chain position of each 
nucleotide unit was determined by long-range NOE results be- 
tween baseWl-H l’, and baseWl-H2”, protons. Redundancies in 
both the intrasugar and base-sugar connectivities allowed an 
internal consistency check on the  assignment^.^^ 

Figures 2 and 3 display portions of a 2D NOE contour plot 
containing the NOE connectivities between the nonexchangeable 
base protons and the 2’-deoxyribose HI’ protons. These data were 
acquired by using a mixing time of 275 ms with presaturation of 
the HOD resonance under conditions that favored the duplex state 
of the oligonucleotide (25 OC, 100 mM phosphate buffer, pD 7.8 
(vide infra)). For an idealized DNA double helix, the terminal 
5’-base will be associated with only a single correlation peak to 
its own H1’ resonance. Furthermore, the H 2  proton of adenine 
is located in the minor groove facing solvent and is not close enough 
to any 2’-deoxyribose protons to create an intramolecular NOE 
enhancement. 

As is seen in Figure 2 and 3, only resonance 2 shows no cor- 
relation peak, verifying its assignment as adenine( 1) H2. Reso- 
nance 1 has a single correlation peak to the H1’ multiplet 12 and 
is assigned to the terminal adenine residue. The next two guanine 
H8 protons show correlation peaks both to their own H1’ protons 
and to  the H1’ protons of their 5’-neighboring residue. 

The pyrimidine H6 resonances may similarly be used to identify 
their respective deoxyribose protons. Resonance 7 is assigned to 
the cytosine(4) H6 doublet, since it shows a correlation peak to 
the H1’ proton of guanine(3) at 5.973 ppm (resonance 11). The 
two additional peaks observed at 6.061 (resonance 10) and 5.374 
ppm (resonance 15) correspond to the cytosine(4) H1’ proton and 
the adjacent cytosine H5 proton. This assignment implies that 
the doublet at 7.666 ppm (resonance 5)  belongs to the cytosine(5) 
base, while the resonance a t  7.592 ppm (resonance 6) must 
correspond to the thymine H6 proton. This argument allows the 
assignment of resonances 8 and 9 as the H1’ protons of thymine(6) 
and cytosine( 5 )  residues, respectively. Figure 2 shows additional 
data to support these assignments. The thymine(6) methyl group 
(resonance 23, 1.783 ppm) shows two correlation peaks, an intense 

(40) Hare, D. R.; Wemmer, D. E.; Chou, S.-H.; Drobny, G. J .  Mol. Biol. 
1983, 171 ,  319-336. 
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Figure 4. 300-MHz ‘H NMR spectrum of the nonexchangeable protons 
of 4.2 mM cis-[Pt(NH3),{d(ApGpGpCpCpT)-N7-G(2),N7-G(3))] in 
D,O containing 100 mM potassium phosphate buffer, pD 7.8, at 45 “C. 
Adenine H8 (resonance 2) appears as a shoulder, while both cytosine H6 
doublets overlap under these conditions. The 2’-deoxyribose H1’ reso- 
nances overlap extensively between 6.5 and 6.0 ppm. Resonance as- 
signments are further identified in Table 11. 

one to its neighboring intrabase thymine H6 proton (resonance 
6) and to the H1’ resonance of the cytosine(5) residue (resonance 
9). Thus, by working in from both 5’- and 3’-ends of the oligo- 
nucleotide using the unique bases as starting points, it is possible 
to verify the base sequence and assign the H 1’ resonances. 

The H2’, H2” protons are more difficult to assign unambigu- 
ously, owing to their similar chemical shift values. For an idealized 
A- or B-DNA double helix, the intraresidue nonexchangeable 
base-H2’ proton distance is shorter than the base-H2’’ proton 
distance by 1.2-1.3 A. Conversely, the distance between the H 1’ 
and H2” protons is -0.6 A shorter than the Hl‘-H2’ distance. 
Since the intensity of the NOE-induced peaks is proportional to 
f 6 ,  the H2’ and H2” protons were distinguished, owing to the 
stronger Hl’-H2” and base-H2’ NOE enhancements. These 
results were confirmed by COSY experiments, which gave iden- 
tical Hl’-H2’, H l’-H”’ intradeoxyribose correlations. In ad- 
dition, many of the basewl-H2”,, NOE interactions were observed 
and found to be consistent with the previous assignments (Table 
1). 

The H3’ protons were identified from NOE enhancements 
created by the nonexchangeable base protons and by chemical 
shift correlation experiments. Adenine( 1) H8 shows a correlation 
peak to the resonance at  4.939 ppm, while guanine(2) and gua- 
nine(3) H8 protons are assigned to the resonances at  4.990 and 
5.005 ppm, respectively. The cytosine H6 doublets identify their 
respective H3’ protons as cytosine(4) (4.846 ppm) and cytosine(5) 
(4.867 ppm). Finally, the H3’ resonance of the thymine(6) residue 
is assigned to the proton at 4.584 ppm. This resonance is the only 
3’-proton not affected by broad-band 31P decoupling, suggestive 
of the 3’-terminal position. 

The remaining H4’, H5’, and H5” protons were assigned by 
a combination of NOE and scalar coupling correlation experi- 
ments. All experiments were modified to suppress the HOD signal, 
such that adjacent correlations could be more clearly observed. 
The H5’, H5” resonances of the three pyrimidine bases could not 
be unambiguously identified, however. The terminal adenine 
residue lacks a phosphate group, and accordingly, its H5’, HS’ 
protons are farthest upfield, centered at 3.692 ppm. No distinction 
in chemical shifts was observed for the adenine and guanine HS’, 
H5” protons under the resolution restrictions of the experiments. 
A summary of the chemical shifts for [d(ApGpGpCpCpT)], is 
given in Table I. 

(ii) Platinated Oligonucleotide. Figure 4 shows the 300-MHz 
‘H NMR spectrum of the nonexchangeable protons (9.0-1.0 ppm) 
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Figure 5. Expansion of and partial assignments in the 64-6 .3  ppm region 
of the spectrum in Figure 4. 

of ~~S-[P~(NH,)~(~(A~G~G~C~C~T)]] (4.4 mM strand) in 100 
mM phosphate buffer, pD 7.8, a t  45 OC. The nonexchangeable 
base protons are located in the downfield region between 8.8 and 
7.6 ppm. Resonances 1-4 are all singlets and correspond to the 
four purine base protons. Under these conditions, it was not 
possible to resolve resonance 2, which appears as a low-field 
shoulder on resonance 3. Only resonance 3 showed resistance to 
deuterium exchange and was therefore assigned as adenine( 1) H2. 

The three sets of pyrimidine resonances occur further upfield 
(7.9-7.6 ppm). Both cytosine H 6  doublets (resonances 5 and 6) 
have coincidentally equal chemical shifts at 7.862 ppm under these 
conditions. The H6 proton of thymine(6) (resonance 7) is observed 
at  7.642 ppm and is coupled to the methyl group found upfield 
at  1.850 ppm (4J = 1.3 Hz, resonance 13). 

The next set of resonances (6.5-5.9 ppm, resonances 8 and 9) 
correspond to the six H1’ resonances of the 2‘-deoxyribose rings 
and the two H5 doublets of cytosine(4) and cytosine(5) residues. 

The six H3’ protons are observed further upfield (envelope lo), 
while the H4’, H5’, and H5” protons overlap extensively between 
4.5 and 3.8 ppm (envelope 11). Finally, the upfield region of the 
spectrum (2.8-1.6 ppm) contains the H2’, H2” resonances, which 
cannot be resolved from their resonance envelopes (envelope 12). 

The complete assignment of the resonances was obviated by 
the need for high temperature (55 “C) to prevent aggregation and 
sharpen the signals. These conditions, moreover, led to rapid 
exchange of the purine H 8  resonances with deuterium from the 
solvent, causing a substantial decrease in the purine H8 signal 
intensities. Nonetheless, partial assignment of the resonances was 
made by identifying each 2’-deoxyribose spin system with the 
corresponding base by means of the NOE between the purine H8 
or pyrimidine H6 protons and the Hl’, H2’, or H3’ protons. 
Adenine(1) H2 (resonance 3) did not produce any intraresidue 
N O E  enhancements, while the thymine(6) methyl group aided 
in the assignment of its own H1’ proton (6.291 ppm) and that 
of its 5’-neighboring base (cytosine(5), 6.092 ppm). The H1’ 
region of the cis- [Pt(NHs)2{d(ApGpGpCpCpT))] spectrum 
(Figure 5) shows that four of the six H1’ multiplets appear within 
a 40-Hz region, while the remaining two H1’ resonances and the 
two cytosine H5 doublets appear in a 23-Hz region. A summary 
of assignments is given in Table 11. 

Identification of ci~-[pt(NH,),C1~] Binding Site. Platinum(I1) 
compounds bind covalently to heterocyclic nitrogen atoms of purine 
and pyrimidine b a ~ e ~ . ~ , ~ , ~ ~ * ~ ~ , ~ ~  This interaction decreases the pK, 
values of ring imino nitrogen atoms, facilitating determination 
of the metal binding site by comparing the pH dependence of the 

(41) Howe-Grant, M .  E.; Lippard, S. J. Met. Ions. Bioi. Syst. 1980, IZ, 

(42) Girault, J.-P.; Chottard, J.-C.; Guittet, E. R.; Lallemand, J.-Y.; 
Huynh-Dinh, T.; Igolen, J. Biochem. Biophys. Res. Commun. 1982,109, 

63-125. 

11 57-1 163. 

Table 11. Selected ‘H Chemical Shifts (ppm) for 
cis-Pt(NH,),-Modified d(ApGpGpCpCpT)“ 

H 8 , H 6  H 2 , H 5  H1’ H3’(10)  
adenine(1) 8.191 (2) 
guanine(2) 8.168 (4) 
guanine(3) 8.835 (1) 
cytosine(4) 7.844 (6) 
cytosine(5) 7.860 (5) 
thymine(6) 7.639 (7)  

“Numbers in parentheses 
Figure 4. 

8.2[\\ 8. I 

8.180 (3) 6.204 (9) 4.895 
6.064 (9) 5.138 
6.221 (8)  5.029 

6.095 (9) 6.239 (8)  4.852 
6.064 (9) 6.092 (9) 4.679 

6.291 (8) 4.530 

correspond to numbered resonances in 

,.-’ 
/,-a 

u: 

m ,p 7.9p .-.-.-.- .3 -.-.-.- c .-.. ...-. 
7,8 \ “;f‘-* -.-.-.-.-.-.-.- *-+,*=: 

7 4 t  
I I I I I I I ~ I  

3 4 5 6 7 8 9 1011  

PD 
Figure 6. Chemical shift vs pD of the nonexchangeable base protons of 
[d(ApGpGpCpCpT)],. Resonance numbers correspond to those in Fig- 
ure 1 ,  and Table I lists the assignments. 

base proton chemical shifts of the adduct with that of the un- 
modified oligon~cleotide.~-~ 

The sigmoidal curves shown in Figure 6 reflect the effects of 
protonation or deprotonation of pyrimidine and purine ring ni- 
trogen atoms of d(ApGpGpCpCpT)!3 In the low-pD range, the 
downfield shifts observed for the cytosine H6 doublets (pK, 4.5: 
cytosine(5), 0.30 ppm; cytosine(4), 0.55 ppm), adenine(1) H8 and 
H2 (pK, 3.7: 0.3 ppm), and guanine H8 (pK, 2.3: guanine(2), 
0.07 ppm; guanine(3), 0.17 ppm) are the result of the redistribution 
of a electron density in the heterocyclic ring system, owing to the 
removal of electron density by bound protons. 

At high pD, deprotonations of guanine N1-H (pK, 10.0) and 
thymine N3-H (pK, 9.8) are observed. The upfield shifts of 
thymine(6) H6 (0.09 ppm) and guanine(2) H8 (0.12 ppm) are 
consistent with the introduction of additional negative charge into 
the ring system. The downfield shifts (0.15-0.35 ppm) of ade- 
nine( 1) H8 and H2 and cytosine H6 resonances are a consequence 
of sequence-dependent nearest-neighbor base-stacking variations. 
Single-crystal X-ray and solution CD studies suggest that, while 
charged pyrimidines tend to destack, purines tend to stack but 
in a manner different from that of uncharged bases.44 This 
decrease in base stacking results in less shielding, producing 
downfield shifts. The observed downfield shift of thymine(6) H6 
at low pH and the unexpected downfield shift of guanine(3) H 8  
at  high pH reflect the combined effects of base-stacking and 
protonation/deprotonation phenomena. 

Figure 7 shows the pD dependence of the downfield resonances 
(9.0-7.5 ppm) of platinated d(ApGpGpCpCpT) over the pD range 
3.4-9.0. No effect is observed at high pD for either cytosine H6 

(43) Izatt, R. M.; Christensen, J. J.; Rytting, J. H. G e m .  Rev. 1971, 71,  
439-48 1. 

(44) Saenger, W. In Principles of Nucleic Acid Structure; Springer-Verlag: 
New York, 1984. 
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Figure 7. Chemical shift vs pD of the nonexchangeable base protons of 
cis-DDP-modified [d(ApGpGpCpCpT)], at 70 OC. Resonance numbers 
correspond to those in Figure 5, and assignments are given in Table 11. 

doublet. At low pD, however, both cytosine resonances show 
characteristic shifts resulting from protonation at N3, the observed 
pKa values of which agree well with those reported in the liter- 
a t ~ r e . ~ ~  Throughout this range of pD values, the thymine(6) H6 
resonance is invariant. 

The pD dependence of the pyrimidine protons is characteristic 
of unmodified bases. Under conditions near neutral pD, the N 3  
position of thymine is protonated and is unavailable for metal 
binding. The lack of reactivity of cis-[Pt(NH,),Cl,] with thymine 
at  neutral p H  is well d o c ~ m e n t e d . ~ ~  The observed titration of 
both cytosine bases a t  low pD values precludes their involvement 
in platinum binding. This conclusion is supported by the equivalent 
environments of the two bases, as evidenced by their chemical 
shifts. 

A comparison of the pD profiles of the purine proton resonances 
of [d(ApGpGpCpCpT)], and its c i ~ - [ P t ( N H ~ ) ~ C 1 ~ 1 ~  adduct reveals 
significant differences in the pD range pD 5-9. While adenine( 1) 
H 8  and adenine( 1) H2 exhibit pD-independent behavior, gua- 
nine(3) H8 (8.673 ppm) and guanine(2) H8 (8.151 ppm) shift 
upfield with increasing pD. Their observed pKa values are -8.0, 
indicating the removal of two imino protons from the two guanine 
moieties. A reduction in pKa of the guanine N1 proton, from 10.0 
in the oligonucleotide to 8.0 in its cis-DDP adduct, is characteristic 
of platinum(I1) binding to guanine N7.5-7,24,42 This phenomenon 
is also reported for cis-[Pt(NH3),C12] binding to mono- and di- 
nu~leot ides .~,~ Coordination to guanine N7 is also consistent with 
the downfield shifts (0.30-0.90 ppm) of the H8 resonances, owing 
to the inductive effect of p l a t i n ~ m ( I I ) . ~ - ~  

The behavior of the adenine( 1) H 2  and H8 resonances over 
the pD range 3.4-5.0 argues against the possibility of an ade- 
nine( 1) N7-guanine(2) N7 platinum adduct. If platinum were 
bound to adenine N7, the basicity of the N1 site would decrease 
by 1.5-2.0 pKa units, shifting the titration below the range ex- 
amined. The observed downfield shifts near pD 3.4 of adenine(1) 
H8 and H2 indicate protonation at the N1 site, thereby eliminating 
this possibility. 

Anion-exchange chromatography results and the pD titration 
data rule out an interstrand guanine N7-guanine N7 cross-link. 
Not only would such an adduct have a charge of -8 but, in 
addition, only one guanine base per strand would show a depressed 
pKa value. Figure 7 clearly indicates that both guanine residues 
have lowered pKa values. The observation that cis-[Pt(NH&- 

(45) Mansy, S.; Chu, G. Y. H.; Duncan, R. E.; Tobias, R. S. J .  Am. Chem. 
SOC. 1978, 100, 607-616. 
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Table 111. Imino Proton Resonances of [d(ApGpGpCpCpT)], as a 
Function of Temuerature 

chem shift, Aul,,, chem shift, Au,,,, 
temp, OC ppm Hz temp, OC ppm Hz 

-12 12.95 36.4 8 13.02 19.7 
-9 12.97 36.3 14 13.03 21.6 
-5 13.01 27.6 20 13.02 32.5 
-1 13.01 18.7 27 13.01 69.6 

3 13.02 19.7 34 12.98 -120 

(d(ApGpGpCpCpT))] elutes as a trianion also rules out the 
possibility that two c ~ ~ - ( P ~ ( N H ~ ) ~ ) ~ '  units form two interstrand 
guanine N7-guanine N7 cross-links (-6 net charge). 

The fact that both guanine H8 resonances exhibit depressed 
pKa values argues against the proposed N7-06 intrabase chelate. 
The possibility that two guanine N7-06 chelates exist per strand 
is refuted by the net charge and the measured extinction coefficient 
per platinum. The presence of two platinum atoms per strand 
would result in an €260 value of 1 16 400 per strand, a number well 
above the 5-1 5% increase typically induced by platinum binding. 

The results presented above are consistent only with a near- 
est-neighbor cis- [Pt(NH3),(d(ApGpGpCpCpT)-N7-G(2),N7-G- 
(3))] intrastrand cross-link. This adduct is formed as the only 
significant product during the long-term reaction of cis- [Pt- 
(NH3),C12] and [d(ApGpGpCpCpT)],. The type and number 
of adducts formed by trans-DDP are markedly different. Unlike 
the cis isomer, trans-DDP reacts with [d(ApGpGpCpCpT)], to 
produce a distribution of species containing monofunctional G(2), 
G(3), and A( 1) adducts, a trun~-[Pt(NH,)~{d(ApGpGpCpCpT- 
N7-.4(1),N7-G(3))] intrastrand cross-link, and significant amounts 
of highly charged interstrand cross-linked adducts.22 This dif- 
ference reflects the stereochemical requirements of the trans isomer 
which precludes formation of a nearest-neighbor type of cross-link. 

Helix - Coil Transition of [d(ApGpGpCpCpT)12 and Its 
c i ~ - [ P t ( N H ~ ) ~ C l ~ l  Adduct. (i) Temperature-Dependence Studies 
of Exchangeable Protons. Tritium-exchange studies have de- 
termined the half-life for exchange with water of imino protons 
involved in Watson-Crick base-pair hydrogen bonding to be on 
the order of  minute^.^,^^ This slow rate is in contrast to the rapid 
exchange of guanine N1-H and thymine N3-H protons of free 
mononucleotides in water, which occurs on the millisecond time 
scale!&50 Exchange of Watson-Crick base-paired protons is slow 
enough in the duplex state that they can be easily observed by 
'H N M R  spectroscopy. When the duplex is disrupted, however, 
either by binding of small molecules or by thermal denaturation, 
the exchange rate of protons with solvent in the open form is fast 
enough to preclude observation. 

The fact that exchangeable imino resonances appear in the 
proton N M R  spectrum between 15 and 12 ppm for [d- 
(ApGpGpCpCpT)], in aqueous MeOH solutions clearly dem- 
onstrates the duplex nature of this oligonucleotide at low tem- 
p e r a t u r e ~ . ~ ' * ~ ~  A single broad resonance centered at  12.95 ppm 
is observed in the region expected for G C  imino protons, while 
no A.T imino resonances occur a t  their expected lower field 
position (14.6 f 1.0 ppm).53-SS This result could arise either from 
an accidental equivalence of all three sets of imino protons or, 
more likely, from an equivalence of both G-C imino resonances 
coupled with fast exchange with solvent of the frayed A( 1).T(6) 
thymine N3-H imino protons. Equivalence of the imino protons 
of the [-GpGpCpC-I2 core of [d(ApGpGpCpCpT)], is consistent 

Teitelbaum, H.; Englander, S. W. J .  Mol. Biol. 1975, 92, 55-78. 
Teitelbaum, H.; Englander, S .  W. J .  Mol. Biol. 1975, 92, 79-92. 
Crothers, D. M.; Hilbers, C. W.; Shulman, R. G. Proc. Natl. Acad. Sci. 
U.S.A. 1973, 70, 2899-2901. 
Englander, J. J.; Kallenbach, N. R.; Englander, S. W. J .  Mol. Biol. 
1972.63, 153-169. 
Englander, J. J.; von Hippel, P. H. J .  Mol. Biol. 1972, 63, 171-177. 
Patel, D. J. Biopolymers 1976, I S ,  533-558. 
Patel, D. J. Biopolymers 1977, 16, 1635-1656. 
Kearns, D. R.; Patel, D. J.; Shulman, R. G. Nature (London) 1971, 229, 
338-339. 
Patel, D. J.; Tonelli, A. E. Biopolymers 1974, 13, 1943-1964. 
Patel, D. J.; Tonelli, A. E. Proc. Natl. Acad. Sci. U.S.A.  1974, 71,  
1945-1948. 
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Figure 8. Temperature dependence of selected 360-MHz 'H NMR 
spectra (amino resonances) of [d(ApGpGpCpCpT)], (2.24 mM duplex 
concentration) in 3/2  v/v water (90% H20, 10% D,O)/MeOH con- 
taining 100 mM potassium phosphate buffer, pH 7.4. 

with results reported for [d(GpGpCpC)], and [ d ( C p C ~ G p G ) l 2 . ~ ~  
In both instances, a single resonance was observed at  13.1 and 
13.4 ppm, respectively, which slowly broadened out as the tem- 
perature increased. This behavior is in contrast to the report of 
two imino resonances at  0 O C  for [d(TpGpGpCpCpA)]2 (13.22 
and 13.15 ~ p m ) . ~ ~  The downfield resonance broadened out a t  
10 "C (assigned to G(2).C(5)), whereas the resonance at  13.15 
ppm vanished at approximately 22 "C (assigned to G(3)-C(4)). 
The existence of two G C  imino protons for [d(TpGpGpcpC~A)]~ 
and only one for [d(ApGpGpCpCpT)I2 may arise from greater 
shielding effects of a 5'-neighboring purine base (adenine) relative 
to that of a pyrimidine base (thymine). Since the chemical shift 
of an isolated G.C imino resonance is reported as 13.75 ppm,54,55 
any purine - pyrimidine change in sequence would increase the 
observed resonance frequency of a 3'-neighboring imino proton. 

Table 111 contains the chemical shift and i l v I l 2  values of the 
[d(ApGpGpCpCpT)], imino resonances as a function of tem- 
perature from -12 to +34 OC. The resonances do not shift upfield 
as a function of temperature. Instead, they exhibit tempera- 
ture-independent behavior and appear to sharpen between -1 2 
and +8 "C (36.4-19.7 Hz) before broadening and vanishing at  
34 "C. Since all nonexchangeable base protons are sharp at  -10 
OC, the possibility that broadening is due to an increase in solvent 
viscosity is excluded. Instead, the results are most likely due to 
exchange of the G(2).C(S) imino protons with H20 between -12 
and +8 OC, leaving only the G(3)C(4)  imino resonances to ex- 
change at  higher temperature (34 "C). Overlap of the two sets 
of imino resonances precluded the possibility of obtaining accurate 
dissociation or exchange rates for the individual base pairs. 

The amino resonances involved in duplex hydrogen bonding 
occur further upfield than the imino resonances, typically falling 
between 8.5 and 5.5 ppm5, (Figure 8). As a consequence of the 
partial cytosine C4-NHz double-bond character, two amino 

(56) Guittet, E. R.; Pireteau, D.; Lallemand, J.-Y.; Huynh-Dinh, T.; Igolen, 
J. Nucleic Acids Res. 1984, 12, 5927-5941. 
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resonances will be obser~ed.~ ' -~ '  Studies with mono- and di- 
nucleotides demonstrated that the amino proton involved in 
base-pair hydrogen bonding resonates at lower field than the proton 
facing solvent. This behavior is in contrast to that of the guanine 
amino group, which rotates rapidly on the NMR time scale, so 
that only an averaged resonance for the two protons can be ob- 
served, even at  low temperatures.60,61 

Although the G(2)C(S) and G(3)C(4) imino resonances are 
accidentally equivalent, two sets of cytosine amino protons and 
two time-averaged guanine amino resonances are seen at  low 
temperature. The temperature dependence of these protons is 
shown in Figure 8. 

The resonances at 8.542 and 8.202 ppm (resonances 1 and 2, 
-1 OC, Figure 8) are assigned to the cytosine amino protons 
involved in hydrogen bonding to the 0 6  keto groups of the two 
guanine bases. Saturation-transfer experiments carried out a t  7 
"C identified the protons of the individual amino groups (reso- 
nances 1 and 3,7.121 ppm; resonances 2 and 5,6.474 ppm). These 
studies indicate that, a t  7 "C, resonance 3 corresponds to the 
accidental overlap of a cytosine amino proton and the protons of 
a guanine amino group (Figure 8, higher temperatures). Although 
the internal and central cytosine amino protons are well resolved, 
both sets of resonances exhibit identical temperature-dependent 
behavior, precluding their assignment. 

The two additional exchangeable resonances observed at 7.133 
and 6.977 ppm (resonances 3 and 4) are assigned as the time- 
averaged guanine N H 2  protons. No assignments can be made 
despite their different chemical shifts, owing to their similar 
behavior with temperature. 

Line widths of the cytosine and guanine amino resonances show 
distinctly different temperature-dependent behavior. Whereas 
the cytosine resonances broaden with increasing temperature (-1 
to +25 "C), the guanine resonances sharpen. This result suggests 
that, while rotation about the cytosine C4-NH2 bond is slow at  
low temperatures (with respect to a 1.4 ppm difference in chemical 
shift) and increases to an intermediate rate near 25-30 OC, rotation 
about the guanine G2-NH, bond is intermediate a t  low tem- 
perature and increases as the temperature is raised. These results 
are consistent with CND0/2 calculations, which predict a rotation 
barrier of 15-25 kcal/mol for c y t o ~ i n e ~ ~ , ~ ~  and 8-10 kcal/mol for 
guanine amino groups.64 

At 35 "C, the cytosine amino resonances have vanished, while 
the guanine resonances remain quite intense. A shoulder can be 
observed on the high-field side of resonance 3, however, which 
becomes a distinct resonance at 40 OC (Figure 8). Although 
tentative, its assignment is consistent with the time-averaged 
temperature-shifted cytosine amino protons under conditions of 
fast rotation about the C4-NH, bond and duplex melting. As 
the temperature is increased, the remaining resonances broaden 
and shift upfield, eventually exchanging out near 65 "C. 

These results are analogous to the general trends reported for 
[d(CpCpGpG)I2, [d(GpGpCpC)lz" and [ ~ ( C P G P C P G ) ~ ~ ~ ~  in 
aqueous solution. The lower melting temperature of these oli- 
gonucleotides, however, prevented the observation of the rapid 
rotation of the cytosine amino group and, in the case of [d- 
(GpGpCpC)],, the full set of amino resonances. 

The distinction between fraying at the ends of an oligonucleotide 
and differential melting of the ends is worthy of comment.65 By 
definition, a melted base pair is no longer involved in interstrand 

Pullman, A.; Pullman, B. Ado. Quantum Chem. 1968, 4, 267-325. 
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[d(ApGpGpCpCpT)], and Its Adduct with cis-DDP 

Table IV. Thermodynamic Parameters Obtained from 
Temwrature-Deoendent Chemical Shift Studies 

TM, "C" TM, "C" 
adenine( 1 H8 b cvtosine(4) H5 60.0 
adenine(1) H2 51.0 &tosine(5) H6 62.0 
guanine(2) H8 57.0 cytosine(5) H5 54.0 
guanine(3) H8 60.0 thymine(6) H6 34.0 
cytosine(4) H6 62.5 thymine(6) Me 39.0 

' 1 3  OC. bCould not be measured owing to its irregular behavior 
with temperature over the range 2 < T < 30 "C. 

hydrogen bonding or base pairing. At the terminal-base-pair TM 
value (vide infra), there are equal concentrations of oligo- 
nucleotides with the terminal base pair intact and melted. Melting 
is an equilibrium phenomenon and depends solely on the con- 
centrations of species in the two states. Fraying refers to a kinetic 
phenomenon and is defined as the rapid opening and closing of 
a particular base pair, described by the appropriate forward 
(opening) and reverse (closing) rate constants. The G(2).C(5) 
and G(3).C(4) imino resonances are observable a t  low tempera- 
tures but vanish near 34 "C, a temperature well below the TM 
value of 60.0 f 3.0 O C  of the oligonucleotide (vide infra). This 
lack of observable imino resonanm does not reflect the equilibrium 
concentrations of duplex and coil forms; the oligonucleotide is 
frayed but not melted. Studies of the nonexchangeable base 
protons of the [-GpGpCpC-Iz core indicate that >95% of the 
oligonucleotide is duplex at  37 O C ,  a temperature a t  which no 
imino resonances are observed. 

Finally, there are several possible explanations for the observed 
line broadening of the imino resonances without an accompanying 
upfield shift. One possibility is that exchange of the proton from 
the coil state with water occurs prior to return to the helix 
structure, such that the lifetime in the helix is limited by the 
exchange rate of the proton with solvent. Another is that fast 
exchange may be occurring between the helix and coil states, such 
that the average is weighted toward the side of the helix, precluding 
any observation of a chemical shift change. At present, these 
possibilities cannot be distinguished. 

The spectrum of ci~-[Pt(NH~)~{d(ApGpGpCpCpT)]1 was re- 
corded at 2 O C  in 90% H20,  10% D20, 100 mM phosphate buffer, 
pH 7.4, by using the time-shared long-pulse solvent suppression 
sequence. Under no conditions were imino and amino resonances 
observed in the 15-10 and 9-5 ppm regions, respectively. This 
result was also observed for the trans-[Pt(NH,),{d- 
(ApGpGpCpCpT-N7-A(l),N7-G(3))1 adduct  of d-  
(ApGpGpCpCpT), implying that, in each case, the platinated 
oligonucleotide adopts a single-stranded structure.z2 Any intro- 
duction of unmodified oligonucleotide resulted in solutions con- 
taining [d(ApGpGpCpCpT)Iz and platinated single-stranded 
adducts. 

(ii) Temperature-Dependence Studies of Nonexchangeable 
Protons. Proton N M R  studies of the helix coil transition for 
several oligonucleotides have demonstrated that differential, melting 
values ( TM) for individual base pairs increase in the order terminal 
< internal < ~ e n t r a l . ~ ~ * ~ ~  In the present case, individual TM values 
were determined by monitoring the chemical shift of each non- 
exchangeable base and H1' proton as a function of temperature 
(2-93 O C ,  Figures 9 and 10). The remaining 2'-deoxyribose 
proton resonances could not be monitored, owing to extensive 
overlap. These data are summarized in Table IV. 

The purine base resonances typically exhibit downfield shifts 
with increasing temperature, except for guanine(2) H8, which 
showed a slight upfield shift. Adenine( 1) H8 and H2 resonances 
have significant temperature-dependent shifts over the range 2-30 
"C, behavior expected for a terminal base, whereas guanine(3) 
H 8  is virtually temperature-independent over the same range 
before shifting downfield by 0.11 ppm. 

The thymine(6) H6 resonance exhibits a downfield shift of 0.07 
ppm (7.551 to 7.624 ppm) over the range 2-45 OC, characteristic 
of its 3'-terminal position in the polymer. Similar low-temperature 
behavior is observed for the thymine methyl resonance. As de- 
picted in Figure 9, the remaining two pyrimidine H6 doublet 
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Figure 9. Chemical shift vs temperature of the aromatic purine (adenine 
H8, H2; guanine H8) and pyrimidine (cytosine H6, H5; thymine H6, 
methyl) protons in D,O containing 100 mM potassium phosphate buffer 
at pD 7.8. Numbers alongside curves represent resonance numbers from 
Figure 1; assignments appear in Table 1. The inset shows a plot of 
d(Am)/dT obtained from temperature-dependent UV-absorption studies 
of [d(ApGpGpCpCpT)], in 100 mM potassium phosphate buffer and 
D20 at pD 7.8. 
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Figure 10. Chemical shift vs temperature of the six 2'-deoxyribose H1' 
protons in D,O containing 100 mM potassium phosphate buffer at pD 
7.8. Numbers alongside temperature curves represent resonance as- 
signments from Figure 1; assignments are given in Table I .  

chemical shifts are invariant throughout the temperature range 
2-35 O C  before shifting downfield by 0.18 (cytosine(5)) and 0.31 
ppm (cytosine(4)). This behavior is in contrast to that of both 
cytosine H5 doublets, which exhibit immediate and substantial 
downfield shifts (0.36 ppm, cytosine(5); 0.58 ppm, cytosine(4)) 
with increasing temperature. 

All H1' protons become more shielded as the temperature is 
lowered from 93 to 2 O C ,  except for the thymine(6) H1' multiplet 
at 6.173 ppm. This resonance shows an anomalous downfield shift 
of 0.03 ppm between 93 and 25 OC before moving to higher fields. 
Typically, chemical shift differences of 0.15-0.40 ppm were ob- 
served between 93 and 2 "C. As is evident from Figure 10, the 
six H1' resonances may be divided into two sets on the basis of 
their temperature-dependent chemical shifts over the range 2-35 



1462 Inorganic Chemistry, Vol. 27, No. 8, 1988 

"C. The first set consists of the pyrimidine H1' multiplets, which 
show temperature-dependent shifts, while the second set, con- 
taining the three purine H1' multiplets, have temperatureinvariant 
chemical shifts. This difference is thought to reflect the relative 
base-stacking interactions (purinespurine > purinepyrimidine > 
p~rimidinepyrimidine).~~ 

The temperature-dependence studies were also performed in 
5 mM phosphate buffer, pD 7.8. Although the overall features 
under these conditions are identical with those described above 
for 100 mM phosphate buffer, a decrease in the midpoint of the 
melting profiles of approximately 5 OC for each of the nonex- 
changeable base protons is observed, a consequence of the decrease 
in duplex stability owing to the reduction in ionic strength.44 

The temperature dependence of the chemical shifts of the 
observable base resonances was reversible, as verified through a 
heating, cooling, and reheating cycle. In all cases, the resonances 
fell on the melting curves in reproducible fashion, indicating 
complete reversibility of the melting transitions. 

The data in Table IV reveal that the terminal A( 1).T(6) base 
pair of [d(ApGpGpCpCpT)j, has a T M  value 10-15 OC lower 
than the average T M  value of the [-GpGpCpC-1, core (43.0 f 
9.0 and 60.0 f 3.0 "C, respectively). This difference suggests 
that, below 40 "C, the A(l).T(6) base pair is largely intact (but 
frayed) whereas, above 50 "C, only the [-GpGpCpC-1, core is 
in the duplex state. A narrow range of T M  values (60 f 3 "C) 
is observed for the central four base pairs (excluding pyrimidine 
H(5) resonances52), G(2)-C(5) and G(3).C(4), indicating that they 
melt simultaneously. 

Additional evidence supporting the noncooperative melting of 
[d(ApGpGpCpCpT)] , comes from temperature-dependent UV- 
absorption studies (Figure 9, inset). An 11% increase in hyper- 
chromicity occurs uniformly over a temperature range of 70 OC 
(15-85 "C), indicating a sequential melting process. 

This result is contrary to the report of cooperative melting for 
[d(TpGpGpCpCpA)], (3 mM strand, T M  40 "C), where nearly 
equivalent T M  values for all base pairs were reported." Calculated 
stabilities of nearest-neighbor base-pair doublets indicate that a 
d(TpG).d(ApC) dimer is comparable in stability to a d(ApG). 
d(TpC) dimer,66 precluding the possibility that sequence-dependent 
base-stacking interactions would cause different terminal T M  
values. 

The stabilizing influence of the terminal A( 1).T(6) base pair 
is most clearly demonstrated by comparing the T M  value of the 
central four base pairs in [d(ApGpGpCpCpT)], (60.0 f 3.0 "C) 
with those of [d(CpCpGpG)], (20.0 mM strand, 38 "C), [d- 
(GpGpCpC)], (20.0 mM strand, 42 OC),sz and [d(CpGpCpG)], 
(4.7 mM strand, 50 0C).51 All values were obtained in either 100 
mM phosphate or 100 mM cacodylate buffer. The increased 
stability resulting from a G.C-rich core is evident by noting the 
T M  values of [d(ApTpGpCpApT)], (14 mM strand, 35 0C),67 
[d(GpGpApApTpTpCpC)]z (5.3 mM strand, 46 0C),68 and [d- 
(CpGpCpGpCpG)], (4.8 mM strand, 67 OC).sl Differences in 
T M  values of duplex oligonucleotides depend on many factors, 
among which are nearest-neighbor basestacking interactions. The 
stabilities of the 10 types of nearest-neighbor base-pair doublets 
have been calculated and increase in the order d(ApG).d(TpC) 
<< d(GpG).d(CpC) << d(GpC).d(CpG).69 This result suggests 
that  the difference between the TM values of [d- 

pApTpTpCpC)], is due to the position and number of the less 
stable A.T base pairs. 

This analysis does not explain the large discrepancy in T M  values 
obtained for [d(ApGpGpCpCpT)] , and [d(TpGpGpCpCpA)] 2.56 
however. The difference of 20 "C between T M  values of these 
closely related oligonucleotides is not presently understood. 
Although part of this difference may result from ionic strength 

(APGPGPCPCPT)~ 2 and [~(APTPGPCPAPT)~ 2 or [d(GpGpA- 
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Figure 11. Chemical shift vs temperature of the nonexchangeable base 
protons of cis-DDP-modified [d(ApGpGpCpCpT)], in D20 containing 
100 mM potassium phosphate buffer at pD 7.8. Numbers alongside 
temperature curves represent resonance assignments from Figure 5 ,  and 
assignments are given in Table 11. 

variations, no buffer concentration having been reported for [d- 
(TpGpGpCpCpA)],, the magnitude of the effect is unexpected. 

The inset of Figure 9 shows the midpoint of the melting 
transition determined by UV-absorption spectroscopy (1 00 mM 
potassium phosphate, pD 7.8, T M  = 37.0 f 2.0 "C) to be sub- 
stantially lower than the T M  value obtained through 'H N M R  
analysis (60.0 f 3.0 "C). This difference (23 "C) arises from 
the different concentrations of oligonucleotide used in the optical 
studies (15.9 pM strand) and N M R  experiments (4.48 mM 
strand). Similar results were reported for the melting of [r- 
(ApApGpCpUpU)],, where a maximum difference of 29 "C was 
observed between the optical TM value (21 "C, 10 pM strand) 
and the 'H N M R  T M  value (50 "C, 10 mM strand).70 

Figure 1 1 shows the temperature-dependent chemical shifts 
(20-93 "C) of the nonexchangeable base protons of cis-[Pt- 
(NH3)2(d(ApGpGpCpCpT))1 in 100 mM phosphate buffer, 1 mM 
Na,EDTA, pD 7.8. These resonances experience severe line 
broadening below 35 OC, indicating aggregation or dynamic 
conformational change phenomena. The downfield guanine(3) 
H8 (resonance 1) is particularly sensitive to temperature, ex- 
hibiting line widths of 20 Hz near 20 "C. Owing to excessive line 
broadening, no data were collected below 20 "C. As a consequence 
of the extensive overlapping of resonances, the deoxyribose and 
cytosine H5 protons could not be monitored. 

The four purine resonances (resonances 1-4) demonstrate two 
types of temperature-dependent behavior. The guanine(3) H8 
proton (8.774 ppm) is very sensitive to temperature, continuously 
shifting upfield by 0.3 ppm between 20 and 93 "C (8.886 ppm, 
20 "C; 8.637 ppm, 93 "C). The direction of this shift was 
unexpected from simple base-destacking arguments. The re- 
maining three purine resonances show only slight temperature 
dependencies, less than a 0.08 ppm shift over the same range 
(adenine( 1) H2, 0.07 ppm; adenine( I )  H8, 0.08 ppm; guanine(2) 
H8, 0.03 ppm). The pyrimidine resonances were virtually tem- 
perature-independent over the entire range studied. 

Phosphodiester 31P NMR Resonances. The 31P NMR reso- 
nances of [d(ApGpGpCpCpT)], show significant downfield shifts 
beginning at  25 "C and continuing through 90 "C (Figure 12). 
Theoretical and experimental evidence suggests that a primary 
difference occurs in the geometry of the internucleotide phos- 
phodiester b o n d ~ ~ l - ' ~  between base-stacked and coil structures. 

(66) Gotoh, 0.; Tagashira, Y .  Biopolymers 1981, 20, 1033-1042. 
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1978, 17, 2341-2360 
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Figure 12. Temperature dependence of the NMR chemical shifts of 
[d(ApGpGpCpCpT)], (10.17 mM duplex concentrations) in D20 con- 
taining 100 mM potassium phosphate buffer at pD 7.8. 
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Figure 13. Temperature dependence of the 31P NMR chemical shifts of 
cis-DDP-modified [d(ApGpGpCpCpT)], in DzO containing 100 mM 
potassium phosphate buffer at pD 7.8. The inset shows the 202-MHz 
31P NMR spectrum of cis- [Pt(NH3),{d(ApGpGpCpCpT)-N7-C(2),N7- 
G(3))]  obtained at 60 OC. The lone resonance at 3.283 ppm is assigned 
as the phosphodiester group linking the two coordinated guanine nu- 
cleosides (see text). 

The (Y and f torsion angles, 03’-P-O5’-C5’ and C3’-03’-P-O5’, 
respectively, typically found in the gauche-gauche (gg) confor- 
mation in helical structures, change to gauche-trans (gt) con- 
figuration in the coil state, resulting in a lengthening of the in- 
terphosphate distance. Therefore, whereas nonexchangeable base 
proton resonances are useful monitors of basestdcking interactions, 
31P resonances largely reflect variations in the 0-P-O backbone. 

The four 31P N M R  resonances observed at low temperature 
reveal that a distribution of gg conformations exists. As shown 
in Figure 12, two resonances are temperature-dependent below 
35 O C .  Above this temperature, each resonance shifts 0.2-0.35 
ppm downfield, indicative of gg - gt transitions. Even at  90 OC, 
four distinct resonances are observed. On the basis of current 
information, no unambiguous assignments of the 31P N M R  res- 
onances can be made. 

Figure 13 depicts the 31P N M R  chemical shifts of the five 
phosphate groups of cis- [Pt(NH3)2(d(ApGpGpCpCpT))] plotted 
as a function of temperature (3-93 OC). The inset of Figure 13 
shows that four of the resonances occur within a chemical shift 

(73) Calascibetta, F. G.; Dentini, M.; DeSantis, P.; Moresetti, S .  Bio- 
polymers 1975, 14, 1667-1684. 

Figure 14. Selective ‘H(”P} NMR experiments of cis-DDP-modified 
[d(ApGpGpCpCpT)], in D20 containing 100 mM potassium phosphate 
buffer at pD 7.8. The top trace corresponds to the broad-band ‘H(”P] 
spectrum of the H3’ region. The middle trace depicts the H3‘ proton 
spectral region in which the lone resonance at 3.15 ppm of the 3’P NMR 
spectrum (bottom trace) was selectively decoupled. 

range of 0.5 ppm. Immediately obvious is a lone downfield 
resonance, separated from the remaining 31P resonances by 0.8-1.4 
ppm. While the chemical shifts of the upfield 31P resonances are 
nearly temperature-independent, the resonance at -3.02 ppm (30 
“C) shifts upfield by 0.45 ppm with increasing temperature. 
Selective 31P N M R  decoupling experiments (Figure 14) allowed 
the assignment of this resonance as the phosphate group between 
the two guanosine residues. Similar assignments have been made 
for ~is-[Pt(NH~)~(d(TpCpTpCpGpGpTpCpTpC))1 ,I1 [Pt(en)(d- 

pApCpCpApApT))] ,74 cis- [P t (NH3)2{d(TpApTpApT-  
pGpGpCpCpApTpApTpA)}],74 and [P t (en) (d(ApT-  
pApTpGpGpTpApCpCpApTpApT)}] .74 The chemical shift a t  
the highest temperature, -3.45 ppm at  90 OC, is similar to the 
room-temperature 31P N M R  shifts of cis-[Pt(NH3),(d(GpG)]],9 
[Pt(er~)(d(GpGpTpT)}],~~ and [P t (en){d(GpGpA- 
pApTpTpCpC)}] .74 These complexes have no flanking nucleotide 
or phosphate group 5’ to the d(GpG) unit. The low-temperature 
shift (-2.90 ppm, 3 “C) is analogous to that reported for cis- 
[Pt(NH3)2(d(CpGpG)}] l4 (-2.50 ppm, 5 “C), which also moves 
upfield with increasing temperature. It is proposed that a com- 
bination of base-stacking interactions and hydrogen bonding 
between the S’-phosphate of the pGpG moiety and the ammine 
ligands of the ~ i s - ( p t ( N H ~ ) ~ } ~ ’   nit'^,^^ is responsible for the 
downfield shift of this resonance.11,74,75 Both molecular mechanics 
calculations on cis- [Pt(NH3)2(d(GpGpCpCpG *pG*pCpC)]].d- 

~ ~ p ~ p ~ p ~ p ~ ~ ~ p C p ~ ~ I 1 , ~ ~  [Pt(en)ld(ApTpTpGpGpTpTpA- 

(74) (a) Marzilli, L. G.; Reily, M. D.; Heyl, B. L.; McMurray, C. T.; Wilson, 
W. D. FEES Lett. 1984,176,389-392. (b) Fouts, C. S.; Reily, M. D.; 
Marzilli, L. G.; Zon, G. Inorg. Chim. Acta 1987, 137, 1-13. 

(75) (a) Reily, M. D.; Marzilli, L. G. J .  Am. Chem. SOC. 1985, 107, 
4916-4924. (b) Byrd, R. A.; Summers, M. F.; Zon, G.; Fouts, C. S . ;  
Marzilli, L. G. J .  Am. Chem. SOC. 1986, 108, 504-505. 
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and the X-ray crystal structures of cis-[Pt(NH,),{d- 
(pGpG))] and cis-[Pt(NH,),(d(CpG*pG*))] l4 have shown the 
existence of this type of hydrogen bonding. The component of 
the total 31P N M R  chemical shift arising from these interactions 
should decrease with increasing temperature, resulting in an upfield 
shift of the resonance. At present, a more definitive explanation 
for this chemical shift cannot be given. 

Lack of any significant temperature-dependent behavior of the 
remaining 31P resonances in cis- [Pt(NH3)2(d(ApGpGpCpCpT)}] 
attests to the single-stranded nature of the adduct. 

Conformation of [d(ApGpGpCpCpT)lz. (i) Glycosidic Bond 
Torsion Angles. For a regular Watson-Crick double helix with 
right-handed antiparallel strands, the bases adopt an anti con- 
figuration about the glycosidic bond.” Adenine H2 protons point 
toward the interior of the duplex, away from nearby nonex- 
changeable protons, while purine H8 and pyrimidine H6 protons 
are near the H2’, H3’, and H5’ deoxyribose ring protons. Ac- 
cordingly, TI for adenine( 1) H 2  (2.96 s) is substantially longer 
than the values of the purine H8 (adenine( 1) H8, 1.16 s; gua- 
nine(2) H8, 0.96 s; guanine(3) H8, 0.95 s) or pyrimidine H6 
(cytosine(4), 0.85 s; cytosine(5), 0.77 s; thymine(6), 0.89 s) 
protons. Additional evidence for anti base conformations is 
provided by the T,(purine H8)/Tl(Hl’) ratios,76 which depend 
on the rotational angle about the glycosidic bond, providing a 
qualitative measure of the syn/anti orientation. Values of -0.5 
or - 1.5 indicate anti or syn conformations, respectively. The three 
ratios ( r )  measured at 30 “ C  (adenine(l), r = 0.80; guanine(2), 
r = 0.72; guanine(3), r = 0.70) are consistent with anti geometry 
for each purine base. This assignment is supported by 2D NOE 
experiments, revealing strong purine H 8  to H3’ and H2’ and 
pyrimidine H6 to H3’ and H2’ NOE enhancements. 

(ii) Deoxyribose Ring Geometry. Torsion angles (a) about 
deoxyribose Cl’-C2’ bonds can be related to the vicinal ‘H-lH 
coupling constants 3JH1,H2! and 3JH1JH2!, by eq 1 .77 In the case 

,J = 10.5 cos2 @ - 1.2 COS @ (1) 

of a C3’ exo sugar pucker, 3JH1.H2J = 6.1 Hz and 3JH1.H2., = 7.5 
Hz; a C3’ endo sugar geometry has ,JHIrH2, = = 0 and ’JHI’H? 
= 7.5 Hz. Since the H1’ proton of a 2’-deoxyribose residue IS 
part of an ABX spin system, the pure 3 J ~ 1 , ~ 2 ,  or 3 J ~ l , ~ 2 , ,  value 
cannot be simply determined from the pattern of resonances. The 
sum 3JH1tH2! + 3JH1tH2,r can be obtained, however, since it corre- 
sponds to the separation of the outermost dominant transitions.?* 
This observation affords a useful criterion for determining the 
sugar pucker. A C3’ endo geometry will have a sum of 13.6 Hz, 
and a C3’ exo pucker will have a sum of 7.5 Hz. All H1’ reso- 
nances of [d(ApGpGpCpCpT)], have C3J values in the range 
14.0 f 1 .O Hz  throughout the temperature range 2-65 “ C  and 
pH range 3.2-10.8 (35 “C). These values reveal a B-form DNA 
structure containing C2’ endo sugar conformations. 

Structure of cis -[Pt( NH3)2(d(ApCpGpCpCpT)-iV7-G (2 ),N7- 
G(3))]. The ~ i s - [ P t ( N H ~ ) ~ C 1 ~ 1  adduct of [d(ApGpGpCpCpT)], 
adopts a single-stranded, predominantly base-destacked structure. 
The absence of any observable imino resonances at 2 “C indicates 
that the platinated adduct does not form a normal stable duplex 
structure with itself. Although the terminal A( 1).T(6) imino 
resonances were not observed in the unmodified oligonucleotide, 
the inner imino protons of the [-GpGpCpC-1, core were clearly 
visible. This difference suggests that the distortion induced by 
the c ~ ~ - ( P ~ ( N H ~ ) ~ ) ~ ’  moiety on the d(GpG) unit is severe enough 
to destabilize hydrogen bonding to the complementary d(CpC) 
unit a t  the hexanucleotide level. The inability of cis-[Pt- 
(NH3)2(d(ApGpGpCpCpT)-N7-G( 2),N( 7)-G( 3)1] to form a du- 

(TPCPTPCPG*PG*PTPCPTPC) )I.d(GPAPGPAPCPCPGPAP- 

Caradonna and Lippard 
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Figure 15. X-ray structure of cis-[Pt(NH,),{d(pGpG)}], showing the 
local disruption of base stacking induced by cis-[Pt(NH,),Cl2] binding 
(drawn from the coordinates in ref 13). 

plex structure attests to the local disruptive influence of two 
neighboring, platinated d(GpG).d(CpC) units. This phenomenon 
was also observed for cis- [Pt(NH3)2(d(CpCpGpG)-N7-G(3),N- 
(7)-C(4)1].’ The destabilizing effect would also decrease the 
thermodynamic stability of cis-[Pt(NH,),(d(ApGpGpCpCpT)- 
N7-G(2),N7-G(3)}].d(ApGpGpCpCpT) relative to that of [d- 
(ApGpGpCpCpT)] ,, precluding the use of short platinated 
self-complementary oligonucleotides as models in the investigation 
of the effects of ~is-[Pt(NH~)~C1,1 on duplex DNA. 

The structural basis for these results have recently been elu- 
cidated. Specific details of the local disruption induced by 
cis- [Pt(NH3)2C12] binding are provided by crystallographic studies 
of cis- [Pt(NH3)$d(pCpG)-N7-G( I),N7-G(2)}] l3  (Figure 15). 
The guanosine nucleotides adopt anti conformations with both 
0 6  atoms situated over the same side of the platinum coordination 
plane. More significantly, the C ~ S - { P ~ ( N H , ) ~ } ~ +  moiety alters the 
dihedral angle between coordinated bases, from -0-10 to 76-87”, 
completely disrupting base stacking between the two guanosine 
residues. Molecular mechanics calculations on ci~-1Pt(NH,),)~+ 
adducts of d( GpGpCpCpG * pG* pCpC).d (GpGpCpCpGpGp- 

pGpApGpA),I5 and d(ApG*pG*pCpCpT)I6 showed weakening 
or disruption of base pairs upon platination, as well as possible 
bending of the double helix. The latter has recently been ex- 
perimentally e~tabl ished.?~ Although ‘H N M R  studies have 
reported the observation of guanine imino resonances for cis- 
[P~(NH,)~~~(TPCPTPCPG*PG*PTPCPTPC))~.~(GPAPGPA- 
p C p C p G p A p G p A ) l o - l l  a n d  c i s - [ P t ( N H , ) , { d -  
(GPAPTPCPCPG*PG*~C))I.~(CPGPCPTPAPGPGPCPCPG),” 
no evidence was given defining the specific nature of the base- 
pairing interactions. In view of the variety of potential hydro- 
gen-bonding schemes predicted by molecular mechanics calcu- 
lations and absence of X-ray structural data for platinated duplex 
oligonucleotides, details of the base-pair disruption induced by 
c i ~ - [ P t ( N H ~ ) ~ C 1 ~ 1  binding remain to be established. 

The temperature-dependent behavior of the chemical shifts of 
the nonexchangeable base protons (Figure 1 1) affords additional 
evidence for the single-stranded nature of cis-[Pt(NH,),{d- 
(ApGpGpCpCpT))] . Significant downfield shifting of all base 
resonances is observed in the spectrum of the platinated versus 
the spectrum of the unplatinated oligonucleotides, even for residues 
not directly coordinated to platinum. This phenomenon, which 
indicates decreased base-stacking interactions, is best exemplified 
by the two cytosine H6 resonances. The 0.236 ppm difference 
in chemical shift observed for the cytosine H6 resonances in 
[d(ApGpGpCpCpT)], reflects the greater shielding ability of a 
neighboring 5’-purine versus that of a 5’-pyrimidine nucleotide. 
In the spectrum of the platinum(I1) adduct, the two cytosine 
doublets have almost identical chemical shifts (environments) that 
show no temperature dependence (6(93 “C) - 6(20 “C) 5 0.01 

CpC), d(TpCpTpCpG*pG*pTpCpTpC)*d(GpApGpApCpC- 
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ppm). Similar behavior is seen for the purine resonances, with 
adenine H 2  and H 8  and a guanine H 8  resonance (resonance 4) 
all exhibiting a maximum temperature-dependent shift of less than 
0.07 ppm. 

An exception is guanine(3) H8, which shifts upfield by 0.30 
ppm with increasing temperature, analogous to the results observed 
for cis-[Pt(NH,),{d(GpG))] .9 Changes in base-stacking inter- 
actions are not responsible for this effect, since the c ~ ~ - { P ~ ( N H ~ ) ~ ) ~ ’  
moiety fixes the two guanosine rings nearly orthogonal to one 
another (Figure 1 9 . ”  Instead, the deshielding of guanine(3) H8 
is attributed to an increase in the y’ population, a C4’425’ torsion 
angle of the -p-G(3) fragment, a t  lower temperatures. The net 
effect of this change in backbone conformation is to decrease the 
timeaveraged distance between the C5’45’  bond and guanine(3) 
H 8  with decreasing temperature, resulting in greater deshielding 
of the p r ~ t o n . ~  

Figure 5 shows the expanded H1’ region of the spectrum of 
cis-[Pt(NH,),(d(ApGpGpCpCpT))]. Four H1’ multiplets are 
resolved between 6.30 and 6.15 ppm. Slightly upfield, however, 
the region is more complex, containing two H1’ resonances (cy- 
tosine(5) Hl’, guanine(2) Hl’) and the two H5 doublets of cy- 
tosine. Although the guanine(2) H1’ resonance at  6.064 ppm 
overlaps with the cytosine(5) H 5  doublet, the outer resonances 
of the H1’ multiplet can be observed and correspond to 3J = 7.1 
Hz, indicative of a C3’ endo sugar pucker. The switching of the 
5’ sugar geometry of a cis-[Pt(NH,),(d(GpG))] unit has previously 
been reported for C~~-[P~(NH,),(~(G~G))],~ cis-[Pt(NH,),(d- 
(CpGpG)ll , I  ’ cis- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C ~ T P C P G P G P ~ P ~ P ~ P ~ ~ ~ ~  , lo 
and cis-[Pt(NH,),(d(TpGpGpCpCpA))] .42 One reason for this 
change is that the distance between the 3’- and 5’-phosphate groups 
in a sugar with C2’ endo is -7.0 A, while it is only 5.9 A for a 
C3’ endo geometry. Since c ~ ~ - ( P ~ ( N H , ) , ) ~ ’  must bind covalently 
to both N7 atoms of adjacent guanosine bases, the latter con- 
formation facilitates formation of the adduct. Recent calculations 
have shown the energy of this 5’-C3’ endo-3’-C2’ endo cis- 
[Pt(NH,),(d(GpG)j] unit to be lower than the corresponding 
C2’-C2’ endo c~nformation.’~-’~ The solid-state geometry of the 
5’-deoxyribose rings in cis- [Pt(NH,),(d(pGpG))] was observed 
to be the same as that described by solution ~ tudies . ’~ , ’~  Switching 
of the S’-residue pucker has not been observed for cis-[Pt- 
(NH,)z(d(GpNpG))] ( N  = A, C, or T), however, where the di- 
ammineplatinum(I1) moiety forms a 1,3-adduct with an inter- 
vening base.8 In this adduct, the deoxyribose groups of both the 
5’- and 3’-nucleotides adopt a C2’ endo conformation, with the 
bases either undergoing rapid syn/anti interconversion or re- 
maining in an intermediate conformation. In all cases reported, 
the central nucleotide appears to bulge out with the nucleotide 
maintaining its C2’ endo, anti conformation. 

In the example of rrans-[Pt(NH,),{d(ApGpGpCpCp))], the 
adenine( 1) H1’ multiplet appears as a doublet with a C3J value 
of 7.4 Hz, indicating a C3’ endo sugar conformation.22 The 
remaining H1’ multiplets have C3J values of 13.2 f 0.8 Hz, 
typical of C2’ endo geometries. This result is consistent with the 
reported structures of tr~ns-[Pt(NH,)~(d(GpCpG))]~~ and 
tr~ns-[Pt(NH,)~{d(GpTpG))] 
Summary and Possible Biological Consequences 

The self-complementary hexanucleoside pentaphosphate [d- 
(ApGpGpCpCpT)] , exists as a duplex oligonuqleotide in solution, 
adopting C3’ exo (B-DNA) sugar conformations throughout a 
wide range of temperature and pH values. Although the terminal 
A(l).T(6) base pairs are frayed at  37 OC, the [-GpGpCpC-], 
core remains intact until 60.0 f 3.0 O C .  Upon reaction with the 
anticancer drug cis-[Pt(NH,),Cl,], only a single adduct is formed 
in any appreciable yield. This adduct is characterized as a 
nearest-neighbor cis- [ Pt ( NH3) ,( d( ApGpGpCpCpT)-N7- C( 2) ,- 
N7-G(3))] intrastrand cross-link and exists as a single-stranded 
base-destacked oligomer. No interstrand, guanine N7-06 in- 
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Chem. SOC. 1986, 108, 3860-3862. 

(81) Gibson, D.; Lippard, S. J. Inorg. Chem. 1987, 26, 2275-2279. 
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trabase or cis- [Pt(NHJ2{d(ApGpGpCpCpT)-N7-A( I),N7-G(2))] 
adducts are observed. 

These results allow a reappraisal of the ability of various 
cis-(Pt(NH,),)-DNA adducts to form in vitro. Interstrand 
cross-links were the first adducts recognized in early biological 
studies.*, Attempts to correlate the occurrence of this adduct 
with cytotoxicity, however, met with limited ~ u c c e s s . ~ ~ ~ ~ ~  There 
is considerable biological evidence arguing against the importance 
of such lesions,85 a detailed discussion of which has appeared 
elsewhere.“ The present work shows no evidence for interstrand 
adducts, even though the reaction was carried out under conditions 
favorable toward the formation of such species. 

Several types of DNA intrastrand interactions have been 
proposed. An early model involved a guanine N7-06 chelate.z’ 
To date, no direct evidence has been found to support this mode 
of binding.86 The results reported here for cis-[Pt(NH3),(d- 
(ApGpGpCpCpT)-N7-G(2),N7-G(3))] clearly show the greater 
propensity of cis-[Pt(NH3),C12] to form a d(GpG) intrastrand 
cross-link, rather than an N7-06 chelate. 

Chromatographic analysis of nuclease-treated DNA platinated 
with cis-DDP indicated the presence of cis- [Pt(NH,)$d(pApG))] 
a d d ~ c t s . ’ ~ * ~ ’  No such product was observed in the present study. 
The absence of this adduct may be a direct consequence of the 
lack of a S’-phosphate group, which might help initiate the for- 
mation of a cis-[Pt(NH,),(d(pApG))] cross-link. The preferential 
formation of the cis-[Pt(NH,),(d(GpG))] product results prin- 
cipally from kinetic effects. Competitive-binding studies between 
cis- [Pt(NH,),Cl,] and the four nucleic acid bases demonstrated 
the greater rate of Pt(I1)-guanine complex formation.45 It is 
important to note that the Pt/nucleotide levels used in the model 
investigations were substantially higher than is physiologically 
relevant. The observation of d(ApG) intrastrand cross-links may 
simply arise following initial saturation of the more preferred 
d(GpG) platinum binding sites, allowing secondary sites to react 
and produce biologically less frequent adducts. It remains to be 
determined, of course, whether such low-frequency adducts have 
any greater or different biological effects on DNA processing in 
vivo than the favored intrastrand d(GpG) cross-link. 

The major differences between the binding of cis- and 
rr~ns-[Pt(NH,)~Cl,] to [d(ApGpGpCpCpT)], are the product 
distribution and type of major adducts formed. While the cis 
isomer can form a nearest-neighbor cross-link, the trans isomer 
cannot. The major adduct formed with the trans isomer is similar 
to cis 1,3-adducts observed with GpXpG sequences, except for 
the sugar pucker of the 5’-nucleotide. The apparent structural 
similarity of these adducts argues against the importance of the 
1,3-adduct, since only cis-DDP is active as a chemotherapeutic 
drug. The major significant difference between the binding of 
the two isomers is the unique ability of cis-DDP to form a 
nearest-neighbor cross-link. 

The conclusions of this investigation agree with in vitro enzy- 
matic and immunological studies implicating an intrastrand 
nearest-neighbor cis-[Pt(NH,),] guanine N7, guanine N7 
cross-link as the most important structure in the biochemistry of 
cisplatin with DNA.4 Immunochemical studies have demonstrated 
the existence of this adduct, and the related d(ApG) cross-link, 
in the ascites fluid of L1210 tumor-bearing mice treated with 
cis-[Pt(NH3),C1,] and in the white blood cells of cancer patients 
treated with c ~ ~ - D D P . ~ ~ $ ~  Furthermore, since biblogically inactive 
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rruns-[Pt(NHJ2Cl2] is unable to form such adducts, a direct 
consequence of the stereochemical requirements of the trans 
square-planar metal center, this lesion uniquely demonstrates the 
requirement of cis stereochemistry. A deeper understanding of 
the molecular mechanism of action of cis-DDP will require detailed 
investigations of the dynamic structural changes induced by both 
cis- and trans- [Pt(NH3),C12] upon binding to duplex oligo- 
nucleotides and the ability of cellular repair processes to recognize 
and eliminate these adducts. 
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Three new metal complexes of the antitumor drug 6-mercaptopurine (C5H4N4S, MP) have been crystallized from aqueous solutions. 
Cu1(MP+)CI2 is triclinic, space group Pi, with u = 7.435 (7) A, b = 8.848 ( 5 )  A, c = 7.271 (3) A, (Y = 109.13 (3)O, 0 = 99.75 
(7)O, y = 96.83 (7)O, V = 437.5 (12) A', and Z = 2, and is refined to R = 0.028. In contrast to the hydrated complex 
Cu1(MP+)CI2.H20, where S-bridged dimers occur, the anhydrate exhibits a new structure with C1-bridged dimers of the type 
[ C U ~ ( M P + ) ~ C ~ ~ J .  MP+ is protonated at N(1), N(7), and N(9) and binds to copper through its sulfur atom only. The copper(1) 
coordination is distorted tetrahedral with Cu-S = 2.221 (1) A and Cu-CI = 2.465 (1) and 2.493 (1) 8, (bridging) and 2.251 (1) 
A (terminal). Cd"(MP),C12 is triclinic, space group Pi, with a = 8.083 (2) A, b = 11.904 (3) A, c = 7.374 (2) A, a = 99.04 
(2)O, 0 = 101.30 (2)O, y = 91.53 (2)O, V = 685.9 (6) A', and Z = 1, and is refined to R = 0.027. The structure contains one 
isolated octahedral [Cd(MP),Cl,] unit and two noncoordinating M P  molecules per cell. The two crystallographically independent 
M P  molecules both are protonated at N ( l )  and at N(9), but not a t  N(7). The coordinating molecule acts as a S/N(7) bidentate 
chelating ligand. Bonding distances are Cd-S = 2.622 (1) A, Cd-N = 2.366 (1) A, and Cd-C1 = 2.719 (1) A. Cd11(MP)2.2Hz0 
is triclinic, space group Pi, with a = 3.918 (3) A, b = 9.371 (3) A, c = 11.162 ( 5 )  A, a = 67.89 (3)O, 0 = 84.40 (4)O, y = 76.84 
(4)O, V = 369.7 (4) A3, and Z = 1, and is refined to R = 0.044. This complex exhibits a new polymeric structure type with infinite 
chains of Cd atoms linked by bridging S atoms. Cd is octahedrally coordinated by four S and two N atoms of the S/N(7)-chelating 
M P  ligand. Bonding distances are Cd-S = 2.689 (1) and 2.868 (1) and Cd-N = 2.283 (3) A. A detailed analysis of bond 
lengths and angles of M P  in its neutral, deprotonated, or protonated form is given. Metal coordination at N(7) induces changes 
in the geometry of the imidazole moiety of M P  similar to, but much smaller than, those induced by protonation at N(7). 

Introduction 
6-Mercaptopurine (C5H4N4S, MP) is a synthetic thio analogue 

of the natural purine hypoxanthine and is used as an established 
clinical agent for the therapy of human leukemias. Its antime- 
tabolitic mechanism of action is believed to be due to its being 
converted intracellularly to the corresponding ribonucleotide, which 
in turn suppresses purine synthesis and inhibits different purine 
metabolic processes. 

There are different interesting aspects of the formation and 
reactivity of M P  metal complexes. On the basis of the discovery 
of the anticancer activity of cisplatin (cis-dichlorodiammine- 
platinum(r1)) by Rosenberg in 1 969,2 new metal coordination 
compounds, including those with drugs acting as ligands, have 
been screened in regard to their anticancer activity. It has been 
found that some metal complexes of MP, especially those of 
platinum and palladium, show antitumor activity, which in some 
cases is even enhanced with respect to the activity of the free 
ligand.3 In addition, coordination metal complexes of drugs 
generally may be of importance in the design of repository, 
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slow-release, or long-acting drugs. According to Hansen et al.,4 
divalent metal ions, e.g. copper(II), may increase the amount of 
MP binding to yeast RNA. In a study of the interaction between 
MP, Cu2+, and the enzyme xanthine oxidase, it has been found 
that Cu2+ inhibits the enzyme, whereas MP could protect as well 
as reverse this enzyme inhibition, and it has been suggested that 
the formation of a stable Cu-MP complex is an additional 
mechanism of action of MP with reference to its antiinflammatory 
proper tie^.^ 

The formation of MP complexes of Mg(I1) and Ca(II), of the 
transition metals Mn(II), Fe(II), Co(II), Co(III), Ni(II), Cu(I), 
Cu(II), Zn(II), Ru(II), Ru(III), Rh(III), Pd(II), Ag(I), Cd(II), 
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