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The key problem obscuring the role of the ammine and primary amine groups in the activity of clinically used

Pt anticancer drugs is the dynamic character of adducts with DNA and DNA constituents. To address this problem,

we introduced the hybrid ligand approach with the dianpigen = 2-(aminomethyl)piperidine; the piperidine
ring greatly reduces dynamic motion in adducts. We now use NMR and CD methods to inveSigiteuid
(R,9-pipenPtG, complexes (witl5,RandR,Sconfigurations at the N and @ipen asymmetric centers, respectively;
G = a guanine derivative). EagipenPiG, complex can have two head-to-head (HH) and two head-to-tail (HT)
rotamers. However, only the two HT atropisomers were detectedATdreA chirality of each HT rotamer was
determined from NOESY/EXSY spectra and/or the sign of the CD signal. Examination of adduct& with

5-GMP, 3-GMP, or 9-EtG (9-ethylguanine) allowed us to assess the effects of different N9 substituents and
pipen chirality on the stability and spectral properties of the atropisomers. For the 9-EtG complexes, the HT

atropisomers were nearly equally stable, indicating thapthen configuration has little influence when the N9

substituent lacks a phosphate group. However, for GMP complexes, several factors influence both relative abundance

and shifts of the H8 signals of theHT and AHT forms at neutral pH. The chirality of the major HT form of the
(S,R- and R,9-pipenPt(5-GMP), complexes wasg\ andA, respectively. Therefore, the chirality of tipgen
ligand is an important determinant of HT chirality fpipenPt(5-GMP),. Since, for 5>GMP, phosphateNH-
(pipen) hydrogen bonding is possible, this interaction probably favors the major atropisomer, in which two such
interactions are possible, over the minor atropisomer, in which only one interaction is possibleHTHerm
was dominant foboth(S,R- and R,9-pipenPt(3-GMP),. The stability arises from the more favorable interactions
between the phosphates and the NH’s of the 6iGMEP’s in theAHT vs the AHT form. This hydrogen bonding

is more favorable when th® bases have less tilt, and less tili&t are associated with more favorable dipele
dipole interactions and deshielded H8 signals. We showed thaivi®® adducts favor th\HT conformer at
pH7; the AHT conformer preference explains the enhancati €D signal observed for most-&MP adducts,
including the cisplatin adduct.

Introduction or phosphate NH3~16 intramolecular hydrogen bonding within

Although the discovery of the anticancer activityoi-PtCh- the Pt=DNA adduct influences structure and hence activity. A

(NHs), (cisplatin) has prompted much research, the mechanismserious limitation in studies of adducts between Pt anticancer
3)2 y

. . . . : drugs and DNA, including DNA constituents from simple
of action of this Pt drug and its analoguessPtAXs (Az2is e gnases through oligonucleotide adducts, is the fluxional
two amines or a bidentate amine ligand, and X is a leaving

group), is still not clear, but DNA appears to be the principal character of these adducts. We have called this limitation the

target! One of the early structureactivity relationships devel- dynamic motion problem™ and recently described its conse-

s X uenceg’
oped indicated that at least one amine proton must be presen ; . . . .
. . . ) . . = To investigate which types of hydrogen bonding are possible
in the carrier A ligand in order to maintain anticancer activity.

This observation has led to the hypothesis that-@612~1° and/
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aThe arrow on the right defines the base directional properties (see tions with the carrier ligand to the rear. When the carrieiCis

the caption to Figure 1). The arrow on the left is used to depict Symmetric and Nequals N, the two HH forms shown are identical.

hydrogen-bonding motifs involving the phosphate group or O6'of 5  Arrows represent th& bases withG H8 near the tip and with the
GMP. O6 near the blunt end and projecting toward the carrier. GH@6’s

are used to define HT chirality. When the complexes are viewed from

. . the G side of the coordination plane, a line connecting the O6 atoms
and could play a role in stabilizing the structure of DNA adducts, i pe rotated (by an angles 9C°) clockwise (\HT) or counterclock-

we have been evaluatings-PtA,G, model complexes, in which  yise (AHT) in order to be aligned with the perpendicular to the
A is a bulky bidentate amine ligand ar@l is a unidentate  coordination plane. For theS(R-pipenPtG, complexes, Rand N
guanine derivative (Chart 221719 We are exploring how the  represent the primary and the secondary amine nitrogens, respectively,
specific orientation of NH groups influences the atropisomers and all four AHT, AHT, and the two HH) conformations shown are

of suchcis-PtA,G, complexes. Th& bases can be oriented in ~ theoretically possible.

a head-to-head (HH) or a head-to-tail (HT) arrangement (Figure Me,DABPt
1). There are two possible HT orientations, which differ in
chirality and are designate®HT and AHT (Figure 1)17 The Hsc\N H H w/CHs
symmetry of thecis-PtA,G, complex influences the number of H’N\p:/N\CH HSC/N\Pt/N\H
atropisomers. For no@,-symmetrical A ligands, two HH and PN ® N
two HT atropisomers are possible. With a bulky Aarrier
ligand, interconversion between atropisomers by rotation around (S,R.R,S) (R.S,S,R)
the Pt=N7 bonds is slow on the NMR time sc&&Different
atropisomers can be detected by the number of observed H8 A W
NMR signals?:3.18.19 N N N AN
. . . H _Pt Pt_ H

Our studies witttis-PtA,G, complexes of th€,-symmetrical PN N

carrier ligandsvie,DAB (N,N’-dimethyl-2,3-diaminobutang)® BipPt

andBip (2,2-bipiperidine}® (Figure 2) demonstrated that the
configuration of the secondary NH’s strongly influenced the
AHT/AHT atropisomer ratio such that one or the other HT form
was highly favored. Since the nature of t8eN9 substituent
has only a secondary modulating effect, we have called these
Co-symmetrical ligands chirality-controlling chelateCC)

i 18,19,21
ligands: ) . ) isomerize at neutral pH in th&e,DAB but not in theBip
(CCC)PIG, complexes wittMe,DAB andBip carrierCCC complexes. Larger nucleic acid constituent adducts are now

ligands having the same chirality, e.9. B&,R,Sonfigurations  eing studied with complexes of tiip ligand. These provide
of the four asymmetric centers (N, C, C, and N) in the chelate 5 powerful solution to the dynamic motion problem, and their
ring, and the sam& derivative have very similar equilibrium — gy,4y is proving to be rewarding. However, the environment of

atropisomer distributions, chemical shifts, etc. The dynamic yoth" coordinated nucleobases is very different from that
properties, however, are very different. TBg derivatives provided by anticancer drugs.

atropisomerize very slowly, allowing us to determine the initial More recently, we began to address the dynamic motion
distribution of rotamers during the attack of t@eligands on problem by studying complexes with 2-(aminomethyl)piperidine

(pipen) (Figure 3), a hybrid between tHeCC type of ligand

(17) Wong, H. C.; Coogan, R.; Intini, F. P.; Natile, G.; Marzilli, L. G.  and a nonbulky ligand. This ligand contains a secondary amine

Inorg. Chem.1999 38, 777. L R - X . . X
(18) Anog,JS. 0, Intini,gF. P.; Natile, G.; Marzilli, L. GI. Am. Chem. Soc. enclosed within a piperidine (pip) ring, which reduces dynamic

Figure 2. Sketches oMe,DABPt andBipPt with S,R,R,&ndR,S,S,R
configurations.

Pt18 In contrast, theMe,DAB complexes have greater flux-
ionality, more similar to such behavior in complexes with
clinically used carrier ligands. The secondary amine center can

1997 119, 8570. motion significantly, and a primary amine that could allow some
(19) Marzilii, L. G; K:ser, D, Won%, H. C.; Ano, S. O.; Marzilli, P. A, flexibility. The hybrid nature of theipen ligand allowed us to
Intini, F. P.; Natile, G.Inorg. Chem.1998 37, 6898. ; ; At ; ; ;
(20) Cramer, R. E.: Dahistrom, P. IL. Am. Chem. 804979 101, 3679, valuate interactions of thé derivative with a cis primary
(21) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. Glnorg. Chem. amine. ThisG is within an environment similar to that for the

submitted for publication. anticancer drugs, which are generally more active with primary



1008 Inorganic Chemistry, Vol. 38, No. 5, 1999 Wong et al.

AAD D(A?) H 3.5
1 pr .
B(al) C(Az)
g *
R N .
BC pH 6.9
A | D
L1
. Ao
ABC D pH 8.2
w W
_
B D pHI.I
VN
(R.S)-pipenPt 8.6 8.4 8.2 8.0 ppm

Figure 3. Numbering scheme for th&(R- and R,3-pipenPt ligands. Figure 4. H8 regions of the'H NMR spectra of §,R-pipenPt(3-
GMPY), at various pH valuesA and A indicate the chiralities of the

than with secondary amine carrier ligands. In fact. platinum HT atropisomer, and the superscripts 1 and 2 denote the coordination
Y 9 : » P sites cis to the secondary and the primary amine, respectively. The

complexes containing thpipen ligand do show anticancer  peaks labeled with an asterisk are from fréeS31P.
activity 2223

In a study of 6,R-pipenPt(5-GMP),,1” the observation at NMR Spectroscopy.!H NMR 1D spectra were obtained with either
pH 3 of only four major H8 NMR signals in two sets and the & GE GN 500 MHz or a GE Omega 600 MHz spectrometer. For pH
absence of any H8H8 NOE/EXSY cross-peaks indicated the titration experiments, sodium 3-(tr|methyISIIyI)proplonai‘ﬁ(-'I'SP) was
dominance of the two HT atropisomers in a 2:1 ratio. Neither used as an external reference; otherwise, all spectra were referenced to

the HOD peak. 2D phase-sensitive chemical exchange correlation

of the two possible HH atropisomers was detected. Such resultsspectra’ NOESY/EXS¥ (one K x 2K matrix with a mixing time of

SUQQeSted_ that several fac?ors Othﬁaf than NH hydr_ogen bondingzng ms; 32 acquisitions pér period), were obtained at & on the
may contribute to the relative stability of the atropisomers and oo MHz spectrometer with a spectral window in both dimensions of
that the more favorable basbase dipole interactions are 6250 Hz. Spectra were processed with the FELIX program (Molecular
responsible for the dominance of the HT forms. Since the Simulations, Inc.). An exponential multiplication function with a line
previous study was limited in scope, we have now employed broadening of 1 Hz was applied in the acquisition dimension, and the
both NMR and CD (circular dichroism) spectroscopies to study baseline was corrected using a polynomial function of zero order. The
(S,B- and R,9-pipenPtG;, complexes withG = 3-GMP, 5- evolution _dimension was zgro—filled to 2_K points, and & 30ifted
GMP, and 9-ethylguanine (9-EtG). Differe6t moieties were ~ Skewed sine squared function was applied. ] _
chosen in order to investigate the effect on the conformational _ CP Spectroscopy.CD spectra of-4 x 10> M solutions were
O . __recorded on a JASCO 600 spectropolarimeter at ambient temperature.
equilibrium of the presence of a phosphate group, the position

To improve the signal/noise ratio, four spectra were acquired in
of that phosphate group, and the absence of a stgfarsphate succespsion and avgraged. P a

group.
Finally, about two decades ago, we observed that siciple Results
PtA,(GMP), complexes had enhanced CD sigiala similar NMR Results. In the 2D NOESY/EXSY spectra ofS(R-

spectral regions where the CD signal of DNA was enhanced
indi i 26 Thi i ! . :
by binding of anticancer drug®:2® This unusual observation peaks between the four H8 signals in each spectrum. This

wz; gifficult to edxplain inr:/iew of the (_JIyna;niclm_otion prfoblem, absence of cross-peaks (Supporting Information) suggests that
which prevented NMR characterization of solution CONfOrmers. yhe pg's are remote, consistent with HT atropisomers lacking

The studies described herein contribute to our understandings_ s NOE cross-peaks. Importantly
of the origins of the enhanced CD signals. i !

and R,9-pipenPt(3-GMP), complexes, there were no cross-

there were no EXSY
cross-peaks between the H8 signals, indicating that the rate of
atropisomerization between the HT rotamers is slow on the
NMR time scale.

Preparation of pipenPtG, Solutions. Twenty millimolar solutions (S,R-pipenPt(3-GMP),. In theH NMR spectrum of §,R-
of the G's (Sigma, used as received) in® (0.6 mL) were prepared,  pipenPt(3-GMP), at pH 3.5 (Figure 4), the relatively downfield
and the pH was adjusted te3.5 by careful addition of deuterated nitric  shift of the 3-GMP H8 signals (8.68.1 ppm, labeled A to D)
acid. A lower pH ¢-1.6) was required to dissolve 9-EtG. PApipen) compared to that for free’ &MP and the acidic pH used for
(0.5 equiv) was then added, the pH values of the reaction mixtures sample preparation indicates th&GWP is coordinated via N7.
were adjusted back te3.5, and the solutions were stirred at®Dfor By integration, the areas of peaks A and D are equivalent and
3 days. The pH (uncorrected) of samples in NMR tubes was adjusted th f ' ks B and C ivalent. Th tio of th
with 1% and 10% (w/v) BO solutions of DN@ or NaOD. NaCl was € areas of peaks b and L areé equivalent. The ratio ot the sum
added to samples for pH titration experiments to give an ionic strength of the a}reas of A and D to that of B.and Cis 1.3:1. The.refore,
of 0.1 M. the major atropisomer at this pH, with peaks A and D, is only

slightly more abundant than the minor atropisomer. The-6.1

(22) Morikawa, K.; Honda, M.; Endoh, K.-1.; Matsumoto, T.; Akamatsu, 2-6 PP region contains five NH signals, which have cross-

Experimental Section

K.-I.; Mitsui, H.; Koizumi, M. J. Pharm. Sci199Q 79, 750. peaks to thepipen methylene and the methine signals in the
(24) Marz-illi, L. G.; Chalilpoyil, P.J. Am. Chem. S0d.98Q 102, 873. low pH.
(25) Srivastava, R. C.; Froehlich, J.; Eichhorn, GBiochimie1978 60,

879. (27) Kumar, A.; Ernst, R. R.; \Whrich, K. Biochem. Biophys. Res.

(26) Macquet, J.-P.; Butour, J.-Eur. J. Biochem1978 83, 375. Commun.198Q 95, 1.
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Table 1. Chemical Shifts (ppm) of the Four Major H8 Signals of

Inorganic Chemistry, Vol. 38, No. 5, 1999009

A'(AD) C'(A2)

pipenPt(3-GMP), at pH 3.5 and Their Cross-Peaks with the NH U pH 3.3
and CH Signals (H1 Chemical Shifts Also Included) B'(A}) \/M
vol /’ —
H8 NH?2 C8H' C8H" raticc H1' pH 6.9
(S,R-pipenPt(3-GMP), D'
A(A)F 853 NH: 6.06 (3.5) 2.42(7.1) 2.72(1.0) 03 592

JB

B(A!) 8.45 NH: 5.71(0.6) 2.60(10.9) 2.88(10.9) 18.2 5.89
C(A) 8.38 NH'": 5.62(3.2) 5.89
N2H": 5.77 (6.3)
D(A?) 8.19 NH'": 5.62 (2.3) 5.85
N2H"": 5.67 (1.7) ‘ pPHO.1
(R,9-pipenPt(3-GMP), JU \\
A’ (AY) 858 NH: 6.05(1.9) 2.52(2.9) d 5093 B A
B' (A1) 8.38 250(1.0) 281(1.9)d  5.86 A U% pHOS
C (A?) 8.33 NH': 5.70 (1.4) 5.87 ‘ ~
N2H": 5.74 (3.2) F_JLJ \
D' (A?) 8.28 .87 8.6 8.4 8.2 8.0 ppm

aValues in parentheses are the volumes of the cross-peake.
volume ratio is defined as the volume of the H8%H" cross-peak
divided by the volume of the H8NH cross-peak¢ A andA represent

Figure 5. H8 regions of the!H NMR spectra of R,9-pipenPt(3-
GMPY), at various pH values. The peaks labeled with an asterisk are
from free 3-GMP.

the chiralities of the HT atropisomer, and the superscripts 1 and 2 denote

the coordination sites cis to the secondary and the primary amine,
respectivelyd Cannot be determined due to the absence of a cross-

peak.

Table 2. Chemical Shifts and Relative Volumes of NM€H NOE
Cross-Peaks for thpipen Moiety of (S,R-pipenPt(3-GMP),

rel

COHax CH' is CtHay, C*H" is CtHeq N2H' is N?Heg, N?H" is
N2H4,. From these results,’N and CH'" are clearly on opposite
sides of the platinum coordination plane. The ratio of the volume
of the A—C®H"" cross-peak to that of the-ANH cross-peak is
0.3 (Table 1), indicating thaBa H8 lies on the same side of
the coordination plane asN (Figure 3). This result shows

peak NH N?H" N°H" CH' CH’" CH C°H CH" vol that the most abundant atropisomer with signals A and D has
Major Atropisomer AHT) the AHT conformation.
1 606 2.63 6.0 For the minor species, peak B has a cross-peak with the NH
g 2'82 275 3.04 gg signal at 5.71 ppm, while C has cross-peaks with the NH signals
4 606 242 6.7 at 5.62 and 5.77 ppm. This pattern demonstratesGads cis
5 6.06 272 23 to the secondary amine aré. is cis to the primary amine.
6 5.62 2.63 5.9 Moreover, peak B has cross-peaks with tfeiGsignal at 2.60
; g-gg 2.75 04 a2 . ppm and the 4" signal at 2.88 ppm, clearly showing thag
9 567 263 30 H8 is cis to the secondary amine.
10 5.67 2.75 8.0 From the NOE cross-peaks between the NH and theaid
11 5.67 3.04 3.2 CH signals within thepipen ligand (Table 2 and Supporting
Minor Atropisomer AHT) Information), the relative positions of the protons were deter-
12 571 2.67 4.7 mined as follows: €H' is C®Heg, COH" is C®Hax CH' is CtHay,
13 571 2.75 10 C!H"is C'Heq N?H' is N?Hax N?H" is N?Heq The ratio of the
ig g;i 3.08 5 60 é-g volume of the B-C®H" cross-peak to that of the-BN'H cross-
16 571 ’ 288 20 peak is 18.2, indicating tha®g H8 is closer to €H" than to
17 5.62 267 292 NIH, and thereforeGg H8 lies on the opposite side of the
18 5.62 2.75 a coordination plane from M. Also, the C-N2H' cross-peak is
19 5.62 3.08 31 smaller than the EN2H" cross-peak, indicating th&c H8
20 5.77  2.67 8.0 Jies on the side of the coordination plane opposite i\
g% g;; 275 3.08 i:g Therefore, the minor form is thAHT atropisomer.

a Cannot be determined due to overlap of signals.

The H8 signals have NOE cross-peaks to NH afid §lgnals

(R,9-pipenPt(3-GMP),. In theH NMR spectrum of R,9-
pipenPt(3-GMP), at pH 3.5 (Figure 5), four H8 peaks (8-8
8.0 ppm) labeled Ato D' comprise>90% of the H8 intensity.

(Table 1 and Supporting Information). For the most abundant BY integration, the areas of peaks @nd C are equivalent and
species, peak A has a strong cross-peak with the NH signal atthe areas of peaks’&nd D are equivalent. The ratio of the
6.06 ppm, while peak D has cross- peaks with NH S|gna|s at sum of the areas of 'Aand C from the ma]or atroplsomel’ to
5.67 and 5.62 ppm. This pattern demonstrates@)a.s cis to thatof Band Dis 1.7:1. The 6.1+5.5 ppm reg|0n contains six
the secondary amine an@p is cis to the primary amine.  NH signals; these have cross-peaks toptipen methylene and
Furthermore, peak A has cross-peaks with tie'Gignal (H the methine signals in the 3-11.0 ppm region.
and H' designate upper- and lower-field Gldignals, respec- The H8 signals have NOE cross-peaks to NH afid €lgnals
tively) at 2.42 ppm and the %" signal at 2.72 ppm, strongly  (Table 1 and Supporting Information). For the most abundant
suggesting thaGa is cis to the secondary amine. species, peak Mhas a strong cross-peak with the NH signal at
From the NOE cross-peaks between the NH and thg&lid 6.05 ppm, while peak Chas cross-peaks with NH signals at
CH signals of thepipen ligand (Table 2 and Supporting 5.70 and 5.74 ppm. This pattern demonstrates@gais cis to
Information), the relative positions of the protons can be the secondary amine an@¢ is cis to the primary amine.
determined. The results are as follows®HCis C®Heq, C°H" is Furthermore, Ahas a cross-peak with theéfl@ signal at 2.52
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Table 3. Chemical Shifts and Relative Volumes of NM€H NOE A"(A) C(A?) pH 3.6
Cross-Peaks for thpipen Moiety of (R,9-pipenPt(3-GMP), DAl
A2
peaks NH N2H' N2H" CH' CH" CH C°H' C°H" rel vol W
Major Atropisomer AHT) . c
1 6.05 2.59 4.8 A pH 7.0
2 6.05 3.04 2.0 B D"
3 6.05 2.52 6.6
4 6.05 272 3.0 e
5 5.70 2.59 11.8 c pH8.5
6 5.70 275 9.4 _,j\ EJL o
7 5.70 3.04 1.2 A
8 5.74 259 3.2 "AT T
9 5.74 2.75 7.2 c pHO.5
10 5.74 3.04 4.0 JL w D
Minor Atropisomer (AHT) N
11 561 2.64 4.0 90 88 86 84 82
12 561 2.72 1.2 ppm
13 561 3.05 1.0 Figure 6. H8 regions of the!H NMR spectra of R,9-pipenPt(5-
14 561 2.50 4.2 GMPY), at various pH values.
15 561 2.81 1.4
16 5.52 2.64 2.2
17 5.52 2.72 2.8
18 5.52 3.05 1.8 4
19 576 2.64 4.4 .
20 5.76 2.72 3.2 TE 2
Q
ppm, strongly supporting the conclusion tl@y; is cis to the 50
secondary amine. @
From the NOE cross-peaks between the NH and the&id <2
CH signals of thepipen ligand (Table 3 and Supporting :
Information), the relative positions of the protons can be -4
determined. The relatively small NOE cross-peak between the :

NH and CH signals indicates that the secondary amine nitrogen
and C have different chiralities (Table 1). The!N signal has

a smaller NOE cross-peak with thékZ' signal than with the
CPH' signal, indicating that &' is C®Heq, while C°H"" is C®Hax.

The GH—N2H' cross-peak is smaller than théHE-N2H" cross-

Figure 7. CD spectra of (a) §,R-pipenPt(9-EtG}]?" at pH 7.4 and
of (b) (S,R-pipenPt(3-GMP), (c) [(R,9-pipenPt(9-EtG)]*, (d) R,9-
pipenPt(5-GMP),, and (e) R,9-pipenPt(3-GMP), at pH 3.

peak, indicating that BH" is N°Heqand NH" is N°Hayx. Finally, reasonable that this atropisomerA$iT since no NOE cross-

the CH' signal has a stronger NOE cross-peak with tfeiN  peak between peaks Bnd D can be seen, and the orientation

signal than with the RH" signal, indicating that &4’ is C'H . of Gg is consistent with the\HT orientation.

The CH"—N?H and GH"—N?H" NOE cross-peaks are (R,9-pipenPt(5-GMP),. In thelH NMR spectrum of R,3-

comparable, indicating that'8" is C*Heq pipenPt(5-GMP), at pH 3.6, four H8 signals (8-98.3 ppm)
From the above results, it is clear thattNand CH"" are on labeled A’ to D" were observed (Figure 6). By integration, the

opposite sides of the platinum coordination plane. The orienta- areas of peaks ‘Ato C' are equivalent and the areas of peaks
tion of theG bases can be deduced from the NOE cross-peaksB" and D are equivalent. The ratio of the sum of the areas of
between H8 and these proton signals. Peakas a strong NOE A" and C' from the major atropisomer to that of'Band D' is
cross-peak with RH but no cross-peak with ®lax (Table 1), 1.6:1. On the basis of the CD spectrum and pH titration results
indicating thatGa' H8 lies on the same side of the coordination discussed below, the major and minor HT isomers are\tH&
plane as NH. Peak C has a stronger NOE cross-peak to the and theAHT forms, respectivelyGa- and Gp- are cis to the

N?Hay signal than to the RHeq signal, indicating thaGe H8 secondary amine, ar®g- andGc- are cis to the primary amine.

lies on the same side of the coordination plane &3\ These Circular Dichroism . The CD spectrum ofg,R-pipenPtG,
results demonstrate that the most abundant species isHfe (G = 3-GMP and 9-EtG) at pH 3 (Figure 7) shows a positive
atropisomer. peak at about 285 nm and a negative peak at 250 nm. Spectra

For the second most abundant species (Table 1), no crosssimilar to this have been found for complexes in whikhT
peak between H8 and NH signals can be seen. However, strongs the dominant atropisomer as determined by NMR spectros-
cross-peaks between peakdhd CH' at 2.50 ppm and &1” copyi® therefore, this type of CD signal is designated/as
at 2.81 ppm indicate thabg is cis to the secondary amine. The CD signals of R,9-pipenPiG, (G = 3-GMP, 3-GMP,
Therefore,Gp must be cis to the primary amine. The relative 9-EtG) (Figure 7) are designated assince the peaks are
positions of the protons in th@pen moiety for this atropisomer  opposite in sign to those in the CD spectra $ff-pipenPtG,
can be deduced as described above. The assignments are asmplexes.

follows: CPH' is CPHeq, CPH'" is CPHax CH' is CtHay, CH' is pH Titration. ( S,R-pipenPt(3-GMP),. NMR spectra of
C'Heg N?H' is N?Hax, and NH'" is N?Heq, (S,R-pipenPt(3-GMP), at different pH values (Figure 4)
Because peak'Bhas a strong NOE cross-peak with théHg, indicate that, at pH 6.9, the major atropisomer has changed from

signal and no cross-peak with théHNsignal,Gg: H8 must lie the AHT to the AHT form. At pH 9.1, deprotonation of N1H
on the opposite side of the coordination plane frortHN occurs, and thé\HT atropisomer becomes slightly favored as
Unfortunately, since peak'Ihas no cross-peak with thpgpen it was at low pH. The CD spectra o8(R-pipenPt(3-GMP),
moiety, its orientation cannot be determined. However, it is between pH 7 and 9.6 (Figure 8) are consistent with the NMR
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Figure 8. CD spectra of $,R-pipenPt(3-GMP), at various pH values.
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Figure 9. H8 regions of thetH NMR spectra of [6,R-pipenPt(9-
EtG)]?" at various pH values. The peaks labeled with an asterisk are
from free 9-EtG.
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300 nm

250
Figure 10. CD spectra of R,9-pipenPt(3-GMP), at various pH
values.

atropisomer was stilAHT. At higher pH, where N1H is
deprotonated, the population of teHT form had increased
slightly.

[(R,9-pipenPt(9-EtG),]>". NMR spectra of [R,9-pipenPt-
(9-EtG))2" at different pH values have been obtained (data not
shown). At pH 7.2, one atropisomer was slightly favored (52%).
From the CD spectrum at neutral pH, this atropisomer was
assigned ag\HT. When the pH was raised, th®HT atrop-
isomer was favored such that its population was 64% at pH
9.5.

Discussion

Analyzing the NOESY/EXSY data and CD results at pH
~3.5, we found that the conformation of the favored atropisomer
wasA for all (S,R-pipenPiG, complexes and for all (R,S-
pipenPtG, complexes. Thus, thpipen ligand exhibited ster-
eochemical control of the HT chirality at low pH. In general,
the ratios of the population of the major HT to that of the minor
HT species determined here were smaller than those found for
analogous CCC)PtG, complexes studied witlCCC = C,-
symmetricalMe,DAB or Bip.2181921The |atter carrier ligands
have two chiral secondary amines, and the lower stereocontrol

results. The CD signals start to invert at about pH 8.3, consistentof thepipen ligand is consistent with its having only one chiral

with a change of the dominant atropisomer at higher pH.
[(S,R-pipenPt(9-EtG),)2". NMR spectra of [§,R-pipenPt-

(9-EtG))?" at different pH values are shown in Figure 9. At

pH 7.2, four H8 signals labeled a to d have chemical shifts

amine.

The threeG’s used in this study each have different N9
substituents. Different interactions between these substituents
and thepipen and the cisG bases can exhibit a modulating

between 8.4 and 7.8 ppm. One of the atropisomers was slightlyinfluence on the atropisomer distribution. The simpl€st

favored (52%). From the CD spectrum at neutral pH, this
atropisomer was assigned A$T. After the pH was raised,
the NMR data indicate thAHT form became favored (62% at
pH 9.4). As the pH was raised to 9.4, signals ¢ and d shifted
upfield more than their partners (Figure 9). This shift pattern
suggests thaG. and G4 are cis to the primary amine (see
Discussion).

(R,9-pipenPt(3-GMP),. The NMR spectra ofR,9-pipenPt-
(3-GMPY), at different pH values (Figure 5) indicate that, at
pH 6.9, the population of thAHT atropisomer has increased
relative to pH 3. After N1H was deprotonated, tieHT
atropisomer became the dominant species.Ahge CD signal
of (R,9-pipenPt(3-GMP), between pH 7.5 and 9.9 (Figure 10)
decreased in intensity. However, the fact that the CD signal
did not invert indicates that the ellipticity of th&HT form at
high pH is larger than that of th&HT form for (R,9-pipenPt-
(3-GMPY),.

(R,9-pipenPt(5-GMP),. The NMR spectra ofR,3-pipenPt-
(5'-GMPY), at different pH values (Figure 6) indicate that after

derivative, 9-EtG, can form onld O6—NH(pipen) hydrogen
bonds. 3GMP can formG O6—NH(pipen) andG phosphate:
cis G hydrogen bonds. The'-phosphate groups can also be
involved in phosphatephosphate repulsion or electrostatic
attraction to the positive charge of the Pt(ll) centérGB/P
has potential interactions similar to those 6{GMVIP, with the
added possibility of forming phosphat&lH(pipen) hydrogen
bonds. Below, we shall explore the role of the N9 substituents
by discussing our experimental results at different pH values.

pH ~3. For [(S,R-pipenPt(9-EtG)]>" and [R,9-pipenPt-
(9-EtG)]?*, the percentage of the major atropisomer was 52%
(Table 4). In the major HT form, an G&8\H(pip) hydrogen
bond cannot form because O6 and NH(pip) are on opposite sides
of the platinum coordination plane. Models suggest that the 9-Et
group cannot interact well with the ciS base; therefore the
slight preference for one HT atropisomer may just be the
consequence of the modest stereochemical control exhibited by
the pipen ligand.

For (S,R-pipenPt(5-GMP),, the percentage of th&HT

the phosphate group was deprotonated at pH 7.0, the majoratropisomer was 71% (Table ¥),and for R,9-pipenPt(5-
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Table 4. H8 NMR Chemical Shifts and Atropisomer Percentages of
pipenPiG, Complexes at Different pH Values

o6(H8), ppm % %

complex pH A AZ Al A? AHT AHT
[(S,R-pipenPt(9-EtG)]>* 3.0 8.31 7.92 8.10 7.97 52 48
7.2 833 792 811 7.96 52 48

9.4 814 7.68 791 7.64 38 62

(S,R-pipenPt(3-GMP), 2.9 8.67 8.35 8.37 848 71 30
6.8 8.66 8.60 8.31 8.70 85 15

10.9 8.62 8.06 8.24 8.31 28 72

(S,R-pipenPt(3-GMP), 3.5 8.55 8.21 8.46 8.39 57 43
6.9 856 8.24 853 849 34 66

9.5 8.27 7.84 8.05 7.84 51 49

[(R,9-pipenPt(9-EtG)]2* 3.0 8.10 7.97 831 7.92 48 52
7.2 811 7.96 833 7.93 48 52

95 790 7.63 8.13 7.67 64 36

(R,9-pipenPt(3-GMP), 3.6 8.36 8.52 8.83 8.48 38 62
7.0 8.41 8.73 8.97 8.75 40 60

9.5 8.18 8.64 8.85 855 31 69

(R,9-pipenPt(3-GMP), 3.5 8.38 8.27 8.58 8.33 37 63
6.9 8.42 8.33 8.60 845 17 83

9.5 8.26 8.05 8.47 7.99 65 35

GMPY),, the percentage of th&HT atropisomer was 62% (Table
4). Against the background of results f@ipenPt(9-EtG}]%",

the B-phosphate group clearly further stabilizes the favored
major HT atropisomer over the minor HT atropisomer. In the
respective dominankHT or AHT form of the §,R- and R,9-
pipenPt(8-GMP), complexes, the phosphate group of Be

Wong et al.

be more favorable in th&HT than in theAHT conformer. Thus,
the increase in thAHT form of (S,R-pipenPt(5-GMP), reflects
contributions from both types of hydrogen bonding.

For both §,R- and R,9-pipenPt(3-GMP), complexes, the
dominant species at neutral pHAHT (Table 4), due to the
formation of strong phosphateis G hydrogen bonds upon
phosphate group deprotonation. The dominance ofARE
atropisomer in $,R- and R,9-pipenPt(3-GMP), complexes
is consistent with the lower stereochemical control offilpen
ligand; in contrast, for@QCC)Pt(3-GMPY),, the HT chirality of
the dominant atropisomer is dependent on the chirality of the
CCC ligand.

pH ~10.The K, of the N1H group ofG derivatives is about
9.62° Platination through N7 coordination causes a drop in this
pKa by 0.46 unit forcis-Pt(NHs)(5'-dGMP).2° N1H deproto-
nation will increase electron density on 06, making it a better
hydrogen-bond acceptor. This fact has been used to explain the
downfield shift of NH signals for Ptien)(5-GMP) (dien =
diethylenetriamine) at pH ¥.For (S,R-pipenPt(9-EtG}]?" and
[(R,9-pipenPt(9-EtG)]2" complexes, the major conformations
at pH 9.5 areAHT and AHT, respectively. In these conforma-
tions, two O6-NH(pipen) hydrogen bonds are possible. There-
fore, O6-NH(pipen) hydrogen bonding is the major stabilizing
interaction for pipenPt(9-EtG}]?" complexes at high pH.

If O6—NH(pipen) hydrogen bonding were the most important
stabilizing force at high pH, we would expe&,B- and R,9-
pipenPt(3-GMP), to exhibit results similar to those for the

cis to the secondary amine is on the same side of the platinumrespective 9-EtG adducts. However, for bofiR- and R,9-

coordination plane with respect to the cis NH. Therefore,
formation of the phosphateNH(pip) hydrogen bond appears
to be a contributing factor in further stabilizing the dominant
atropisomer. Forg,R-pipenPt(3-GMPY), the percentage of the
AHT atropisomer was 57%, and foR(9-pipenPt(3-GMP),,

the percentage of thAHT atropisomer was 63% (Table 4).
Formation of a 3phosphate NH(pipen) hydrogen bond is
geometrically impossible. From examination of molecular
models, the 3phosphate group from on€-&MP can form
intramolecular hydrogen bonds to the N1H and Njroups of
the cis 3-GMP in the AHT conformation, whereas these
hydrogen bonds are less favorable in thelT conformation.

pipenPt(3-GMP),, the major conformation i&AHT (Table 4)

at high pH. Therefore, other interactions must be involved. After
deprotonation of N1H, the N1 atom is negatively charged and
no phosphateN1H hydrogen bond can exist. From examination
of models, the distance between thigBosphate group and the
N1 atom of the cis 3GMP is shorter in theAHT than in the
AHT atropisomer. This close distance leads to favorable
interaction (phosphateN1H hydrogen bond) at pH 7 but
unfavorable interaction (repulsion between negatively charged
N1 and 3-phosphate group) at high pH. Therefore, thelT
atropisomer is destabilized after N1H deprotonation. From
examination of models again, it is obvious that the two

Such hydrogen bonding explains the slightly greater preferencez-phosphate groups are closer to each other in AhéT

for the AHT atropisomer in theR,9-pipen complex than in
the S,R-pipen complex.
pH ~7. For [(S,R-pipenPt(9-EtG)]?" and [R,9-pipenPt-

conformation. Repulsion between the negatively charged phos-
phate groups is greater in tAeHT than in theAHT conforma-
tion. Therefore, phosphatg@hosphate interaction favors the

(9-EtGk]2+, the atr(_)pisomer distribution was the same as that AHT atropisomer_ Apparenﬂy’ the phosph.amosphate repul_
at pH 3 (Table 4) since no proton could be removed as the pH sjon and the phosphatmegatively charged N1 repulsion have

was raised to neutral. FoB(R-pipenPt(5-GMP), the popula-
tion of the AHT atropisomer increased to 85% (Table 4); the
increase is consistent with formation of stronger phosphate
NH(pipen) hydrogen bonding upon deprotonation of the
phosphate group. However, for R,9-pipenPt(5-GMP),, the
population of theAHT atropisomer did not increase but actually
dropped slightly to 60% (Table 4). If phosphatdH(pipen)
were the most important interaction, we would expect the
population of theAHT atropisomer to increase at neutral pH.
However, we find that the population of tieHT form of cis-
PtAx(5'-GMP), complexes always increased after phosphate
deprotonatiorf;1”-21-28independent of the nature of,AThis
result suggests that, in addition to phosphkatél(pipen)
hydrogen bonding, other interactions between GiSBIP’s may
influence the atropisomeric distribution. For example, intramo-

the effect of favoring the same atropisomer, which is the
form; these repulsions are collectively called Gisepulsions.
For (S,R-pipenPt(3-GMP),, in which O6-NH(pipen) hydro-
gen bonding favors thAHT atropisomer, the overall result was
a small increase in the amount of tAéHT atropisomer when
the pH was raised from neutral to 9.5 (Table 4). FR(g-
pipenPt(3-GMP),, in which both the O6NH(pipen) hydrogen
bonding and the ci§ repulsions favor thé\HT atropisomer,
the result was a substantial preference for/At€T atropisomer
at high pH (Table 4).

The major species for botl$(R- and R,9-pipenPt(5-GMP),
complexes is theAHT atropisomer after N1H deprotonation.
The explanation for this preference may be similar to that for
the 3-GMP adducts except that the ¢&srepulsions favor the
AHT atropisomer in this case. However, since thelosphate

lecular hydrogen bonding between the phosphate group of onegroup has greater conformational freedom than thgn@sphate

5'-GMP and the N1H and Nigroups of the cis SGMP may

(28) Unpublished results from these laboratories.

(29) Song, B.; Oswald, G.; Bastian, M.; Sigel, H.; Lippert,\Bet. Based
Drugs 1996 3, 131.
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group, the contributions of ci8 repulsions are not so apparent
from models.

Comparisons to CCC Analogues Comparing the pH
titration results for theipen system studied here and those for
the C,-symmetricalCCC systen?l-28we note some interesting
observations. For§,R-pipenPt(3-GMP), (Figure 4, Table 4)
and G,R,R,5(CCC)Pt(3-GMP), complexeg!l?8a change in
pH range from 3 to 7 increased the amount of thEIT
atropisomer; i.e., the change of atropisomer population was in
thesamedirection. As mentioned above, further increase in the
pH to 9.5 increased the amount of théHT atropisomer for
(S,R-pipenPt(3-GMPY), (Figure 4, Table 4). However, this pH
change increased the amount of th&lT atropisomer for
(S,R,R,B(CCC)Pt(3-GMP), complexeg!?8 The change of
atropisomer population was in tl@positedirection. We believe
that the explanation for this difference lies in the different
hydrogen-bonding motifs of these carrier ligands. Foripen
system, it is possible to have two and one-D&(pipen)
hydrogen bonds for theAHT and the AHT atropisomer,
respectively. At high pH, conversion from tieHT to the AHT
atropisomer requires accommodating the loss of only one O6
NH(pipen) hydrogen bond; thus, the ¢S repulsions are the
most important interactions governing the atropisomer popula-
tion for thepipen system at high pH. For th&(R,R,5(CCC)-
PtG, system?18.19.21two O6—NH(CCC) hydrogen bonds are
possible in theAHT form, but no O6-NH(CCC) hydrogen
bond is possible in thé\HT form. Changing from theAHT
form to the AHT form results in the loss of two such hydrogen
bonds; thus, O6NH(CCC) hydrogen bonding is the most
important interaction governing the atropisomer population for
the S,R,R,BCCC systems at high pPE

For the -GMP complexes,§,R-pipenPt(5-GMP)! (Table
4) and G,R,R,BMe,DABPt(5-GMP),,28 the pattern of the
change of atropisomer population was similar (i.e., small or no
increase in theAHT population from pH 3 to 7 and large
decreases in thAHT population as the pH was raised further,
such that at pH 11 the dominant species was KidT
atropisomer in both cases). The similar result at very high pH
is caused by the fact that both ©8IH hydrogen bonding and
cis G repulsions favor thHT form for the 3-GMP adducts
in these two cases. FOB(R,R,BBipPt(3-GMP),, the changes
in population can be explained similarly, but tAHT form
was relatively more favored, perhaps reflecting the rigidity of
the Bip ligand?*

Likewise, we can interpret the pH-dependent population
changes of R,9-pipenPiG; and R,S,S,R(CCC)P1G, atrop-
isomers according to the above interactions. For b&§{
pipenPt(3-GMP), (Figure 5, Table 4) andR,S,S,R(CCC)-
Pt(3-GMP),,28 raising the pH to 9.5 increased the amount of
the AHT atropisomer. Again, both G8\H hydrogen bonding
and cisG repulsions favor theAHT atropisomer at high pH.
For (R,9-pipenPt(5-GMP),, conversion from theé\HT to the
AHT atropisomer at high pH requires accommodating the loss
of only one O6-NH(pipen) hydrogen bond; thus, the cis
repulsions represent the most important interactions and favor
the AHT atropisomer (Figure 6, Table 4). F&R,S,S,R(CCC)-
Pt(5-GMP), complexeg!28it is expected that, at high pH, the
major form isAHT, in which twoG O6—NH(CCC) hydrogen
bonds can be formed. We believe that the combined&is
repulsions and the phosphatdH(CCC) hydrogen bonds both
favor the AHT form in the R,S,S,R(CCC)Pt(5-GMP),
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Chart 2. AHT Atropisomers with Right-Handed and Left-

Handed Tilt8
% A
Pt

right-handed tilt for AHT

4

left-handed tilt for AHT

2 The degree of the tilt is larger if the G8H hydrogen bond is
formed.

deprotonation; thus, we observed no significant change in
atropisomer population as the pH was raised to?9%,

Base Tilt and H8 Shift. In the solid state, the HT forms
cluster into two groups differing in tif?i.e., the bases can have
either a right-handed (R) or a left-handed (L) tilt, illustrated in
Chart 2. The degrees of tilting can also be different from case
to case. Relative to the average H8 signal, a lesser tilt gives
less shielding and hence a deshielded H8 signal, and the greater
tilt gives a shielded H8 signal. For convenience, we shall use
the term “lesser tilt” even if the base plane is essentially
perpendicular to the coordination plane.

We now apply this reasoning to thR,§-pipenPt(5-GMP),
complex studied here. All H8 signals shifted downfield as the
pH was raised from 3.6 to 7.0 (Figure 6). The degree of the
shift is most significant 0.2 ppm) forGg» and G¢-, which
are cis to the primary amine in their respective atropisomers.
As the pH was further raised to 9.5, all H8 signals were shifted
upfield. To explain these shift changes, we considerARE
atropisomer first (Chart 3). We should note tt@at- H8 is
always distant fromGc (the partner ofGar) because the
phosphate-NH(pipen) hydrogen bond maintains a less tilted
base forGa-, regardless of any tilt changes @c-. Thus,Ga-

H8 is downfield throughout the pH range (Figure 6). The H8
of Ge¢r, on the other hand, is upfield at low pH (Figure 6)
becausé&c- tilting caused by th&c- O6—NH(pipen) hydrogen
bonding place&c- H8 close to the anisotropi@a- base (Chart

3). At higher pH (7—8), the phosphate is deprotonated and
the G¢r becomes less tilted; the greater distanc&gf H8 from

Ga- leads to a downfield shift (Figure 6). Tli& H8 signal is
also shifted downfield slightly, possibly because of stronger
phosphate NH(pipen) hydrogen bonding. At higher pH, the
Gcr six-membered ring N1H deprotonates, probably again
favoringGc O6—NH(pipen) hydrogen bonding. The tilt change
brings Gc+ H8 close toGa- (Chart 3), leading to the upfield
shift of the G+ H8 signal (Figure 6).

In the AHT atropisomer, exactly the same sequence of tilt
changes can be expected 8- as described foGc- in the
AHT atropisomer. However, in this case the base of the 5
GMP cis to the secondary amin&q-) is always tilted toward
Gg', and theGp+ H8 signal is always upfield (Figure 6). The
above analysis forR,9-pipenPt(8-GMPY), is consistent with
that for S,R-pipenPt(3-GMP),.*"

complex. These two factors counteract the increased strength(3o) Kozelka, J.: Fouchet, M.-H.: Chottard, J.&ur. J. Biochem1992

of the O6-NH(CCC) hydrogen bonding accompanying N1H

205, 895.
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Chart 3. The AHT Atropisomer of R,9-pipenPt(53-GMP),
at Different pH Values

pH3

pH7

pH 10

For (R,9-pipenPt(3-GMPY),, no interaction with NHgipen)
is possible for either the O6 or the phosphate grou@ of(cis
to the secondary amine in theHT conformation). Therefore,
Ga has minimal tilting and the most downfield H8 NMR signal
(Figure 5).G¢ is tilted towardGa by theGe: O6—NH(pipen)
hydrogen bonding; thus th&c H8 signal is upfield (Figure
5). As the pH is raised from 3.5 to 6.9, all H8 signals shift
downfield. G H8 experiences the most significant downfield
shifts of all H8 signals at neutral pH (Figure 5), indicating that
both bases in thAHT conformer are less tilted. The less tilted
arrangement most probably leads to optimal phospHidieH
hydrogen bonding and better dipeldipole interactions. As the
pH is raised above 9.0, all the H8 NMR signals shift upfield,

probably because of changes in ring anisotropy upon N1H

deprotonation. However, the bases cis to the primary amine

experience the larger shift compared to those cis to the secondal

amine due to O6NH(pipen) hydrogen bonding, which tilts
the H8 proton toward the cis base. Note that, at pH 9.5Gkhe

Wong et al.

andGc H8 signals are well separated (Figure 5), which indicates
that Ga- maintains its small tilt, whileG¢ adopts a large tilt
accompanyings O6 hydrogen bonding. FoS(R-pipenPt(3-
GMPY),, the explanation of the shift pattern is similar. Note that
signals B and C are quite close and downfield at pH 6.9 (Figure
4), consistent with less tilted bases in thelT form of (S,R-
pipenPt(3-GMP),.

Conclusions

The pipenPtG, complexes, by virtue of the hybrid carrier
ligand, have provided insight into factors influencing preferred
conformation and base tilt, into causes of the observed spectral
properties, and into factors influencing the stability of the various
conformers. The properties of the hybndben ligand, with
one stereocontrolling secondary amine, are intermediate between
those of the complexes with more rigid and more stereocon-
trolling ligands and those with ammines or primary amine
ligands.

Cisplatin and its analogues with achiral primary amines are
anticancer active. They would not show any stereocontrol upon
the HT chirality and are probably better systems tharpthen
one for studying the secondary interactions involving the N9
substituent. Although the dynamic properties of complexes with
these primary amine ligands make insightful NMR studies
impossible, the results obtained here suggest that we can assess
the conformations in such systems by CD methods. Such an
assessment will allow us to test the hypotheses progb%&d
explain the enhanced CD signals discovered two decades ago
for somecis-PtA,G, complexe€* For example, our observation
of a strongA CD signal forcis-Pt(NHs)2(3'-GMPY), leaves little
doubt that, in solution, this adduct adopts primarily the
conformatior?® As our understanding of the factors influencing
the NMR and CD spectra deepens, we may eventually be able
to interpret the properties of the more dynamic adducts, even
with larger molecules such as oligonucleotides.
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