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Cisplatin—DNA Cross-Link Retro Models with a Chirality-Neutral Carrier Ligand:
Evidence for the Importance of “Second-Sphere Communication”
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We employ retro modelsis-PtA,G, (A, = a diamine G = guanine derivative), to assess the cross-linked head-
to-head (HH) form of the cisplatinDNA d(GpG) adduct widely postulated to be responsible for the anticancer
activity. Retro models are designed to have minimal dynamic motion to overcome problems recognized in models
derived from cisplatin [A = (NH3),]; the latter models are difficult to understand due to rapid rotatiofs of
bases about the PN7 bond in solution and the dominance of the head-to-tail (HT) form in the solid. Observation
of an HH form is unusual focis-PtA,G, models. Recently, we found the first HH forms focia-PtA;G, model

with A lacking NH groups in a study of neMeyppzPtG, models. Meppz, N,N'-dimethylpiperazine, has in-
plane bulk which reduces dynamic motion by clashing with@&&6 as the base rotates into the coordination
plane from the ground state position approximately perpendicular to this @ame5'-GMP and 3-GMP.) The
finding of an HH form (albeit in a mixture with HT forms) with bota H8 signals unusually downfield encouraged

us to study additionaMe,ppzPtG, analogues in order to explain the unusual spectral features and to identify
factors that influence the relative stability of HT and HH forms. Molecular modeling techniques suggest HH
structures with the H8'’s close to the deshielding region ofzlzeis of the magnetically anisotropic Pt atom,
explaining the atypical shift pattern. Whéh= 1-Me-5-GMP, we obtained NMR evidence that the HH rotamer
has a high abundance (34%) and that the three rotamers have nearly equal abundance. These findings and the
observation that the relative HT distributions varied little or not at all as a function of pH @&en Guo,
1-MeGuo, or 1-Me-5GMP are consistent with two of our earlier proposals concerning phosphate groups in HT
forms of cis-PtA(GMP), complexes. We proposed thaGaphosphate group can form hydrogen bonds with the
cis G N1H (“second-sphere” communication) and (féqphosphate) ANH groups. The new results with 1-Me-
5-GMP led us to propose a new role for aghosphate group; it can also favor the HH form by counteracting
the natural preference for the bases to adopt an HT orientation. Finally, the HH form was also sufficiently
abundant to allow observation of a distif€®t NMR signal (downfield of the resonance observed for the HT
forms) for several complexes. This is the first report of an H#Pt NMR signal forcis-PtA,G, complexes.

Introduction unidentate or one bidentate amine ligand). Although no ana-
Cisplatin €is-PtCh(NH3),) is a drug that is successful in the logues with other carrier ligands have gained wide clinical use,
treatment of a number of cancéCisplatin targets DNA, most ~ 90od activity was exhibited by derivatives withy A= primary
frequently binding at the N7 atoms of adjacent guanines Of Secondary amines. This observation led to speculation
(G's)1~6 This intrastrand adduct is thought to be the lesion concerning the importance of the hydrogen-bonding capability
responsible for cell death, although the mechanism of action is Of the amine NH's of the carrier ligarff.® Such hydrogen
not entirely understood. The search for a more active drug hasPonding may be ‘important for the stabilization of DNA
prompted strong interest in the development and screening of adistortions caused by formation of the intrastrand crossink.

projecting out of the coordination plafel? possibly clashing
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Figure 1. Schematic representation of the interconversion between
HT and HH atropisomers afis-PtA,G, (A, = Me,ppz) complexes
viewed with theG coordination sites forward and piperazine ligands
to the rear (mostly omitted for clarity). Arrows represent Gidases
with H8 at the head. The two possible HT rotamers are differentiated
by an imaginary line (dotted line in this figure) drawn between the O6
atoms of each of th& ligands. The resulting line (viewed from ti@&

side of the coordination plane) has either a positive sldg€T) or a
negative slopeAHT). R = CH; when A = Me_ppz.

Differences between carrier ligands may lead to populations
of conformers other than the head-to-head (HH) conformer
(Figure 1) favored by the cisplatifDNA intrastrand cross-
linked adduct:>1314|n contrast to the DNA adducts, a head-
to-tail (HT) form (Figure 1) is often observed to dominate in
Cis-PtA,G; (boldfaceG = unlinked guanine derivative) cross-
link models, while the HH form is less favored and less
frequently observed!>-19 Interconversion between the HH and
HT conformations is possible via rotation of the-f N7 bond
in cis-PtA,G, complexes. For adducts derived from cisplatin

itself, these processes are rapid on the NMR time scale, and

the simplicity of thecis-Pt(NHs). drug moiety makes it difficult

to elucidate the chemistry. Therefore, we use retro models,
adducts in which the carrier ligand fAis more complicated
than thecis-(NHs), ligands'#1517.18The A, groups in retro
models are usually bulky; the use of bulky, groups slows
rotation about the PtG N7 bond and allows observation of
the different HT and HH atropisomers by NMR spectros-
copy1517:2021The number of observable NMR signals fis-
PtA,G, complexes is determined by the local symmetry of the
cis-PtA, moiety and the asymmetry of th® ribose residue.
For a cisPtA;G, complex with aCy-symmetrical cis-PtA;
moiety and aG containing a sugar residue, observation of up
to four 'H NMR signals for each proton type is possible [one
for each HT form A andA) and two signals of equal intensity
for the HH form]. Generally, th€& H8 NMR signal alone can
be used to identify conformers since it is in an isolated region
and exhibits the greatest dependence on conformation.
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Figure 2. Ball-and-stick model of the cisplatin analogue, [dichloro-
(N,N'-dimethylpiperazine)platinum(ll)], showing the Fté.ppz) moiety
(Pt atom is black, and N atoms are shaded).

The platinum carrier ligandy,N'-dimethylpiperazineNleppz,
Figure 2¥2 studied here is unique since it lacks chirality and
any axial or equatorial NH or alkyl group%l’ We refer to
Meppz as a chirality-neutral chelat€NC) ligand on the basis
of these characteristi@éd Furthermore, positioning of the methyl
groups in the coordination plane, a special feature designed into
this ligand, renderdMe,ppzPtG, models less dynamic than
typical models, including those derived from cisplatin. The
reduced dynamic nature d¥le,ppzPtG, complexes allows
assessment and potential identification of factors relevant to the
relative stabilities of different atropisomers. Carrier ligands
lacking NH groups typically have bulk projecting out of the
coordination plané-12 Consequently, clashes between such
carrier ligands and th& O6 atom(s) are possible, even when
theG’s are in the position adopted at equilibrium. The absence
of NH groups in theMe,ppz ligand eliminates the possibility
of hydrogen-bonding interactions with te06 atom/phosphate
group; these have been proposed to be important in the
stabilization of different atropisomers observed for otbisr
PtA,G, model complexe$?17.202Therefore, in the absence of
carrier ligand NH-G hydrogen bonding, the relative atropisomer
stabilities for Me,ppzPtG, complexes are dictated by other
interligand interactions. For exampl€, phosphate groupcis
G N1H hydrogen bonding appeared to stabilize the dominant
AHT conformer foiMe,ppzPt(5-GMP), (5'-GMP = guanosine
5'-monophosphaté?: Such “second-sphere” interactions have
been identified as important factors stabilizing thendA HT
rotamers in 5GMP and 3-GMP (guanosine'amonophosphate)
complexes, respectively, of othais-PtA,G, models!?.20.23
When the carrier ligand has NH groups, thegBosphate group
in 5-GMP adducts helps to stabilize HT conformers that allow
5'-phosphate groupcarrier ligand NH hydrogen bonds to
form 1517

The HH conformer was also observed for thése,ppzPt-
(GMP), complexeg? marking the first report of an HH form
for a cis-PtA,G, model in which the A ligand lacks an NH
group. As found for othecis-PtA,G, complexes, the HH form
is a minor form compared to the HT conformers and is favored
more in the 5GMP complex than in the'S35MP complext>—17
The H8 NMR signals of the HH form in othegis-PtAG,
complexes, generally well separatedby ppm, are positioned
on either side of the two HT H8 NMR signd%:l’ In
comparison, the two H8 NMR signals of the HH rotamer for
the Me,ppzPt(3-GMP), and Me,ppzPt(3-GMP), complexes
are quite unusual. Both are downfield from the HT H8 signals
and exhibit a much smaller separation0(05-0.13 ppm).

The unusual spectral features, but near normal atropisomer
distribution, for theMe,ppzPt(GMP) complexes encouraged
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this study with modeling techniques along with NMR and CD
spectroscopy for othévle,ppzPiG, complexes & = 9-ethyl-
guanine (9-EtG), guanosine (Guo), 1l-methylguanosine (1-
MeGuo), 1-methylguanosiné-Bhonophosphate (1-Me-&MP),
2'-deoxyguanosine 'Snonophosphate (8IGMP)] and, for
comparisonMe,ppzPt(IMP), models (IMP= inosine mono-
phosphate).

Experimental Section

Materials. 1-Me-3-GMP was prepared as previously descrifed.
All other guanine derivativess), 3-IMP, and 3-IMP were obtained
from Sigma. The PtG{Me,ppz) complex (Figure 2) was prepared by
a modificatio® of the original method®

H NMR Spectroscopy. All NMR samples (2.5-5 mM in Pt)
were prepared in D by treating the chloro complex with 1.7 equiv
of AgNQ; in the dark for 8-12 h. After AQCl was removed by filtration,
the guanine (or inosine) derivative-2 equiv) was added. (Often the
G or IMP:Pt ratios were slightly higher than 2:1 to ensure complete
reaction of Pt.) All'H NMR studies were performed on a GE Omega
600 MHz instrument. A presaturation pulse was employed to suppress

the HOD peak, and the residual HOD peak was used as reference. At

Inorganic Chemistry, Vol. 40, No. 3, 200457

25°C HT
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84 82 80 7.8ppm

Figure 3. Difference NMR spectrum from a saturation transfer
experiment with Me,ppzPt(9-EtG)] ™2, pH 6.2, 25°C. Arrow indicates
irradiated peak.

temperature, these peaks became broader, apparently simulta-
neously (Supporting Information). Transfer of magnetization was
exhibited by the HT signal when the HH signal was irradiated
(Figure 3). Minimized energies for the HT and HH rotamers
were calculated to be-12 and~13 kcal/mol, respectively.
[Me,ppzPt(Guo)]?". Four H8 signals assigned to the one

least 128 scans were collected in each experiment. Saturation transfef1H and the two HT conformers were observed fdepppzPt-

experiments were conducted using a presaturation pdil8escand a

(Guo)]?" with a similar distribution at pH 3.3 and 7.0. HT forms

pulse delay of 1 s. The appropriate symmetrical positions, as well as (HTa and HTb signals) dominated, and integration of H8 signals
the peaks of interest, were irradiated in order to eliminate the possibility revealed only 7% of the HH conformer at pH 7.0 (Table 1).

of any power spillage effects. Ninety-six scans per block (512 blocks) After the pH was raised to 10.0, the HH conformer became
were collected in a 2D nuclear Overhauser enhancement spectroscopyindetectable, and the HTa and HTb H8 signals shifted upfield

(NOESY) experiment conducted af6 using a spectral width of 6250
Hz and a 500 ms mixing time. Deuterated nitric acid and sodium
hydroxide solutions were used in pH studies.

195t NMR Spectroscopy.All samples were prepared as described
above but at~30—40 mM Pt. Spectra were collected on a GE QE 300
MHz instrument operating at 64.5 MHz (bRiCk external reference;
~64—80 K scans; pulse widtk 8 us; predelay= 0.1 s).

Circular Dichroism (CD) Spectroscopy.CD samples were prepared
from the respective NMR samples and diluted«©.07 mMG or IMP
with deionized water. Ten acquisitions, collected from 400 to 200 nm

by 0.20 and 0.15 ppm, respectively, consistent with N1H
deprotonation (Table 2£.2° Minimized energies for all three
possible atropisomers dffe,ppzPt(Guo}]?" (AHT, AHT, and
HH) were comparable~24—25 kcal/mol).
[Me,ppzPt(1-MeGuo)]?". Four H8 signals were found for
[MezppzPt(1-MeGuo)]?". Integration of H8 signals revealed
relative percentages at pH 7.0 for the two HT forms and the
HH conformer similar to those observed for the Guo analogue
(Table 1). No changes in atropisomer distribution or H8 shifts

on a JASCO J-600 CD spectropolarimeter at a scan speed of 50 nmiyere observed as a function of pH (Table 1).

min, were averaged to improve signal-to-noise ratios.

Molecular Modeling. Molecular mechanics/dynamics (MMD) cal-
culations were carried out on a Silicon Graphics INDY R5000 computer
using Insightll version 95.0 (MSlI, Inc.) and the AMBER force fiéld®

Parameters employed in these studies were the same as those previous

described for energy calculations of related platinum model com-
plexest’:2328 Atomic charges of thde ppz ligand were generated in
the CF991 force field{0.25,—0.08,—0.02, and 0.05 for nitrogens,

MeoppzPt(1-Me-5-GMP),. The H8 NMR signals oMe,-
ppzPt(1-Me-3-GMP), provided evidence for the presence of
all three conformers (Figure 4). A dominant HT conformer (HTa

jgnal) was observed at pH 3.0 (Table 1). Approximately equal

ercentages of the two HT rotamers and the HH conformer were
observed at pH 7.4 and 10.0 (Table 1). All four H8 signals
shifted downfield as the pH was raised from 3.0 to 7.4 (Table

methyl carbons, methylene carbons, and hydrogen atoms, respectively)l), as is commonly observed upon phosphate group deproto-

and later corrected to reflect platination as previously descAbeifty
lowest-energy conformations were generated from energy minimizations
and dynamics simulatiort$:2328

Results

[MeoppzPt(9-EtG),]%*. Only one HT H8 signal and one HH
H8 signal are expected since the 9-ethyl group is not cHiral.
The dominant H8 peak is assigned to the HT conformer, and
the smaller, more downfield signal is assigned to the HH
conformer. (This assignment is based upon conformer distribu-
tions and H8 shift patterns observed for otleppzPiG,
complexes; i.e., HT forms dominate and the HH conformer
exhibits more downfield-shifted H8 signals.) With increasing

(24) Wong, H. C.; Shinozuka, K.; Marzilli, L. Gnorg. Chim. Acta200Q
297, 36—46.

(25) Ciccarese, A.; Clemente, D. A.; Fanizzi, F. P.; Marzotto, A.; Valle,
G. Inorg. Chim. Actal998 275-276, 410-418.
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(27) Weiner, S.; Kollman, P. A.; Nguyen, D.; Case,DComput. Chem.
1986 7, 230-252.

(28) Yao, S.; Plastaras, J. P.; Marzilli, L. Borg. Chem1994 33, 6061
6077.

nation?%31 Cross-peaks between the two most downfield H8
signals (HHd1 and HHd2) were observed in the 2D NOESY
spectrum (Figure 5). The tw®%Pt NMR resonances observed
for Me,ppzPt(1-Me-3-GMP), (—2460 and—2473 ppm) had

no significant pH-dependent shift changes, but the intensity of
the more downfield signal increased from pH 3.5 to 7.5 (Figure
6).

MeoppzPt(5-dGMP),. H8 shift trends and relative atrop-
isomer ratios observed fiMe,ppzPt(5-dGMP), (Supporting
Information) were similar to those reported fiste,ppzPt(5-
GMP),.22 Similarly, the CD signals oMe,ppzPt(5-dGMP),
exhibited behavior identical to that observed for the CD signals
of Me,ppzPt(3-GMP), as a function of pH? (At low and
neutral pH, the CD signal shape resembled that characteristic
of the AHT form!52021.23 gnd then inverted at high pH,
Supporting Information.)

(29) Dijt, F. J.; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A.; Reedijk,
J.J. Am. Chem. S0d.984 106, 3644-3647.

(30) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, JB®-
chemistry1982 21, 1352-1356.

(31) Martin, R. B.Acc. Chem. Red.985 18, 32—38.
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Table 1. Atropisomer Percentage ai@@ H8 NMR Chemical Shifts As a Function of pH fdde,ppzPtG, Complexes

complex pH HTa % (ppm) HTb % (ppm) HH % (ppm)
Me,ppzPt(5-GMP),2 33 50 (8.37) 26 (8.42) 24 (8.63, 8.73)
7.4 60 (8.49) 28 (8.47) 12 (8.83, 8.96)
10.0 29 (8.26) 70 (8.34) 1(8.76, 8.83)
MeppzPt(3-GMP)° 3.3 44 (8.40) 48 (8.34) 8 (8.58, 8.63)
75 49 (8.50) 47 (8.35) 4(8.59, 8.64)
104 38(8.13) 62 (8.19) <1(8.48,8.54)
Me,ppzPt(1-Me-3-GMP), 3.0 41 (8.29) 31 (8.37) 27 (8.67, 8.74)
7.4 33(8.30) 33(8.44) 34 (8.88, 8.97)
10.0 33(8.30) 33(8.45) 34 (8.91, 8.97)
[MezppzPt(Guo))?t ¢ 33 45 (8.34) 48 (8.32) 7 (8.55, 8.59)
7.0 44 (8.31) 49 (8.30) 7 (8.55, 8.59)
10.0 51 (8.11) 49 (8.15) not detected
[MezppzPt(1-MeGuo)|?* 3.7 43 (8.31) 50 (8.28) 7 (8.57, 8.59)
7.0 43(8.31) 50 (8.28) 7 (8.57, 8.59)
10.3 43(8.31) 50 (8.28) 7 (8.57, 8.59)
[MezppzPt(9-EtG)]?+d 6.2 92 (8.15) 8 (8.40)

2HT H8 signals exhibit crossover behavior (signals overlap at pH 6.4 and again at pH9BH8 signals exhibit crossover behavior at high
pH (signals overlap at pH 9.09HT H8 signals exhibit crossover behavior (overlap at pH #4)Ta and HTb cannot be distinguished in this

system.

HTb) HT4

HHd1  {HHd2

A

88 84 ppm

Figure 4. H8 region of'H NMR spectrum ofMe,ppzPt(1-Me-5-
GMPY), pH 7.4.
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Figure 5. H8 region of 2D NOESY spectrum dfle.ppzPt(1-Me-5-
GMP), collected at 5C, pH 7.4. Boxes are drawn around NOE cross-
peaks.

MeyppzPt(5-GMP), and MexppzPt(3-GMP),. Atropisomer
percentages and H8 shifts fte,ppzPt(GMP) complexes as
a function of pH reported previougkare summarized in Table
1. Two 9Pt NMR resonances, at2471 and—2480 ppm, were
observed foiMe,ppzPt(5-GMP), at pH 3.4 (Figure 6). Only
one signal was observed at pH 7:32478 ppm); this signal
shifted downfield (to—2453 ppm) when the pH was raised to
9.8. For theMeyppzPt(3-GMP), complex, a dominant®Pt
NMR resonance, at2484 ppm (Figure 6), shifted downfield

-2397  -2462 ppm -2397 -2462 ppm -2397  -2462 ppm
Figure 6. pH dependence 6f*Pt NMR spectra oMe,ppzPt(3-GMP),
(A), MeyppzPt(5-GMP), (B), and Me,ppzPt(1-Me-3-GMP), (C).
Arrow indicates signal assigned to the HH conformer.

MeoppzPt(5-IMP) 2. IMP has an H2 signal in addition to
the H8 signal. Four H8/H2 sets of NMR signals were observed
for Me,ppzPt(5-IMP),, pH 3.6 (Supporting Information). The
two sets of H8/H2 signals of equal intensity were assigned to
the HH conformer; the other two sets were assigned to the HT
forms (HTa and HTb signals, Supporting Information). The CD
signal of theMeppzPt(5-IMP), complex at pH 3.5 exhibited
a positive feature at275 nm and a negative feature~-af45
nm (Supporting Information); this type of CD signal shape has
been reported to be characteristic kBT conformert>20.21.23
Therefore, the dominant form (with the HTa signal) at this pH
is AHT. The AHT form (HTa signal) became more favored
when the pH was raised from 3.6 to 7.2. At pH 10.1, AT
(HTb) form was found to dominate (Supporting Information).
The CD signal at this pH~10) exhibited negative and positive
features at~295 and ~255 nm, respectively (Supporting
Information); this type of CD signal shape is characteristic of
a AHT conformert520.23.24

Me,ppzPt(3-IMP) .. NMR signals observed fdvle,ppzPt-
(3'-IMP), were assigned to the three possible atropisomers on
the basis of intensity (Supporting Information). An almost equal
distribution of the two HT forms was observed at pH 7.3. A

as the pH was raised from 7.4 to 9.8. A small shoulder signal very weak CD signal, lacking the characteristic features of either

(—2470 ppm) was observed only at pH 3.5 for this adduct.

a AHT or a AHT form, was observed for th®e,ppzPt(3-
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IMP), complex at pH~3 and~7 (Supporting Information). similar 1Pt NMR signal shifts observed fawle,ppzPt(5-
The absence of a characteristic CD signal suggests that at thes&MP), andMe,ppzPt(3-GMP), suggest that the shifts are not
pH values theAHT and AHT forms have nearly equal and dependent on the position of the phosphate group.
opposite signal shapes. At pH 10.0, the HH form was not At most, only two'®Pt NMR signals were observed for the
observed and the HT conformer with the HTa signal was the MeyppzPt(1-Me-3-GMP),, Me-ppzPt(3-GMP),, andMe ppzPt-
dominant HT form. At this high pH, a CD signal characteristic (3'-GMP), adducts (Figure 6), although thré&¥Pt NMR reso-

of a AHT form was observed for théMe,ppzPt(3-IMP), nances (one for each rotamer) are possible. Fortunately, since
complex (Supporting Information). Thus, the dominant HT form these three complexes exhibit different conformer distributions
(HTa signal) at this pH is assigned as thelT conformer. (based on percentages found ¥y NMR spectra) and since
. . these distributions depend on the pH, it was possible to assign
Discussion _ _ ) definitively the1®Pt NMR peaks. For example, at pH3, the
Conformational Assignments.As found previously?? the smallest amount of the HH rotamer was observedfesppzPt-

Me,ppzPtG, adducts have'H NMR signals indicating the (3-GMP), (8%, by *H NMR spectroscopy), whereas signifi-
presence of HT and HH rotamers. Two H8 signals of equal cantly larger percentages were found for thie,ppzPt(5-
intensity (HHd1 and HHd2) obser\_/ed fteppzPt(5-GMP), GMP), (24%) andVie,ppzPt(1-Me-5-GMP), (27%) complexes.
and MeppzP{(3-GMP), were assigned to the HH rotamer.  Thjs distribution correlates well with the relative intensities of
However, the unusually downfield shifts and small separation the more downfield?3Pt NMR signal observed for these three
between HHd1 and HHd2 prompted us to consider alternative aqduycts at pH-3.5 (i.e., whereas a sizable signal was observed
structures, such as an adduct with @eound via N1 andone  for Me,ppzPt(3-GMP), and Me,ppzPt(1-Me-3-GMP), only
bound via N7 a small shoulder peak was observed forleppzPt(3-GMP),

The presence of only two H8 signals of unequal intensity complex, Figure 6). In addition, the more downfié#Pt NMR
for [MeoppzPt(9-EtG)]?* provides further evidence that both peak was not observed at pt7 and pH~10 for theMe,ppzPt-
G’s are coordinated by N7 since an N7, N1 species would have (5-GMP), adduct. However, this more downfield signal in-
two downfield H8 signals of equal intensity even foGasuch creased slightly between pH3 and pH~7 and remained
as 9-EtG lacking a chiral ribose. Furthermore, broadening of constant between pH7 and pH~10 for MeoppzPt(1-Me-53-
the two H8 signals at high temperature (Supporting Information) Gmp), (Figure 6); these observations are consistent with the
and exchange of magnetization observed in saturation transfefrespective decrease/increase in the amount of the HH form as
experiments withWezppzPt(9-EtG)]*" (Figure 3) demonstrate 5 function of pH indicated by the H8 signals (Table 1). Although
that exchange/interconversion processes undoubtedly involveye were unable to resolve th&Pt NMR signals forAHT and

conformers. Any other interconversion requires-Rtbond  AHT rotamers, we could assign the signal of the HH conform-
breaking, which is normally very slow. _ er and distinguish it from the combined signals of the HT forms.
The NOESY spectrum dfle-ppzPt(1-Me-3-GMP), (Figure Guanine Base Canting and H8 Shifts.In cis-PtA;G,

5) shows a cross-peak between the HHd1 and HHd2 signals.complexes base canting may be influenced by the interaction
Although both NOE and exchange cross-peaks (EXSY) can be of G 06 with the carrier ligand!517Canting could be favored
presentin a NOESY experimettthe HHd1-HHd2 cross-peak  gither by repulsive interactions with moieties of the bulky carrier
is clearly an NOE cross-peak at this low temperaturé @} ligands or by attractive interactions with NH groups (Chart 1).
since EXSY cross-peaks between all four H8 signals would have

been found OtherW|S€ NOE CrOSS-peakS between H8 S|gna|schart 1. Schematlc Representat|on Of a Typ|®|Base

are characteristic of the HH forA?.1332Thus, the 2D NMR  (represented by Arrow with H8 at the Head) Canting in an
data confirm that the observed H8 peaks for tHdsgppzP1G, HH Form of cis-PtA;G, Complexes in Which the Carrier

complexes arise from the HT and HH rotamers. Ligand (A) Has NH Group3
195t NMR signal shifts are sensitive parameters which have
often been used to identify the number, type, and geometrical H
arrangement of the coordinated ligarfds3® Only one 19Pt N
NMR signal was reported for theis-Pt(NHs)2(5'-GMP), and O
enPt(Guo) (en = ethylenediamine) complexes, a2455 and
—2662 ppm, respectivel§?.However, separaté®>Pt signals for 9
the HT forms ofenPt(S-dAMP), (5-dAMP = 2'-deoxyadenos- 21n this figure, the base on the left cants to avoid potential steric
ine 8-monophosphate) were fouddtherefore,Me ppzPiG, clashes between the 06 atom and bulky moieties of the carrier ligand,
complexes offered an attractive opportunity to determirogsif whereas the base on the right is canted such that the O6 atom can form
PtAG, atropisomers could be distinguished B3Pt NMR a hydrogen bond with the carrier-ligand NH group.
spectroscopy.

The 9Pt NMR signals for thesMe,ppzPt(GMP) adducts,  Since theMezppz carrier ligand lacks NH groups and bulky
observed betweer2484 and—2460 ppm, are similar to those =~ Moieties concentrated above/below the platinum coordination
reported for thecis-Pt(NHs)2(5'-GMP), complex and are plane, potential driving forces that may promote base canting
consistent wit a G N7, G N7-bound addugt3538The very (namely, carrier ligandG 06 steric clashes and carrier
ligand—G hydrogen bonding) are absent iMeppzPiG,

(32) den Hartog, J. H. J.; Altona, C.; van der Marel, G. A.; Reedijk, J. complexes. Base canting is more evident in typical HH

Eur. J. Biochem1985 147, 371-379. conformers than in HT rotamet&1”Thus, it is of some interest
(33) Bancroft, D. P.; Lepre, C. A;; Lippard, S.J.Am. Chem. Sod.99Q

112 6860-6871. '_[o assess whether tiizbases assume a less canted arrangement
(34) Pregosin, P. SCoord. Chem. Re 1982 44, 247-291. in the HH conformer oMe,ppzPtG, complexes.
(35) Miller, S. K.; Marzilli, L. G. Inorg. Chem.1985 24, 2421-2425. Canting is best assessed using H8 shifts. To assess the unusual
g% Eiﬁ?k’mj.i R]Aa:\gﬁ‘“soi‘ (\;’V 'J.RAMé?:?\é Efssoé‘(llggé 28’&56%%55—23?93. H8 chemical shift pattern observed for the HH conformer of
(38) Clore. G. M.; Gronenborn, A. M. Am. Chem. S0982 104, 1369 Me,ppzPtG, adducts, we analyze first the reason that a large

1375. dispersion is normal and second the structures of HH forms
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BipPt BipPt Chart 2. Lowest-Energy Structure for thé/lle,ppzPt(9-
EtG)]?" HH Conformer Resulting from MMD Calculations
| | Showing an Uncanted Arrangement of tBeBases (9-Et
N\Pt AN '\ll\Pt =N Substituent Omitted for Clarity)
e \H RN
H8 H8
(R.S,S,A) (5,R,R,5)
H H
\N\ ~ " CHy HsC\V\éN/
HaC” \ 7S “CH
3 /Pt\H K /Pt\ 3
Me,DABPt MeoDABPL

Figure 7. Stick figures of theBipPt andMe,DABPt moieties with
R,SSRor SRR,Schirality. (Stereochemistry defined for the N, C, C,
and N ring atoms of the carrier ligand backbone.)

generated from MMD calculations. Thel ppm H8 shift expected to experience a greater deshielding effect due to the
separation commonly observed for the H8 signals of the HH magnetic anisotropy of the Pt atdhsince in an uncanted
rotamer has been proposed to be related, in part, to the relative(roughly perpendicular) orientation the H8 atom is positioned
canting of the twoG’s.1>7 (The canting of oné5 places its closer to thez axis!?#! This Pt anisotropic effect clearly
H8 atom closer to the anisotropic ring shielding effect of the contributes to the downfield-shifted H8 signals of MexppzPtG,

cis G.%9 For example, the HH form found iMe,DABPIG, HH form since bothG’s are predicted by modeling to favor a
complexesMe,DAB = dimethyl-2,3-diaminobutane, Figure 7)  similar, uncanted orientation.

exhibits the large H8 chemical shift dispersion that is commonly ~ Conformer Distributions. The relative atropisomer stability
observed for this atropisomé&t The low-energy HH structures  of cisPtA;G, complexes could depend on several factors. These
generated for Mle,DABPt(9-EtG)]?>* showed oneG canted include amine-G O6 or amine-phosphate group hydrogen
such that its H8 atom was closer to the five-membered ring of bonding, steric effects (e.g., clashes betweenmieties and

the adjacent base. The anisotropic effects on the H8 shifts of G O6 atoms), and interactions between the t&omoieties

the five- and six-membered rings were estiméitefdr this (dipoleG)—dipole@G) and van der Waals effects, an@
[Me-DABPt(9-EtG)]2* HH model; the canted and uncanted phosphate groupcis G N1H hydrogen bonding}>17.20.21.23

G’'s were calculated to experience shielding and deshielding The absence of NH groups in thée,ppz ligand eliminates
effects, respectively. These calculated ring-current effects arisingamine-G O6/phosphate group hydrogen bonding as a factor

from the canting of only on& observed in the HH model of
[Me,DABPt(9-EtG})]?" help explain the H8 signal shift trend
observed for this HH rotamer. However, these calculated ring-
current effects do not completely account for thé ppm H8
signal dispersion observed for the HH form ME,DABPIG,
complexes (see below).

The HH conformer models generated fite,ppzPt(Guo)] 2"
and Me,ppzPt(9-EtG}]%" support our earlier suggestirhat
both G’s have a similar, less tilted arrangement than the HH
form of most othercis-PtA,G, complexes. The lowest-energy
HH conformer structure foleppzPt(9-EtG)])2" had bothG’s
oriented almost perfectly perpendicular to the platinum plane
(Chart 2). Both H8 atoms of theMeppzPt(9-EtG)]2" HH
model were calculatéfito experience a similar, slighkieshield-
ing (of ~0.02 ppm). Consequently, the H8 shifts would be sim-
ilar, as observed, and unlike those in more typical HH con-
formers ofcis-PtA,G, adducts, where Ahas NH groupgd>1/
The average H8 shift of bot&’s of HH conformers inMe,-
ppzPtG, adducts (8.6 and 8.7 ppm fof-@MP and 5GMP
adducts, respectively, pH3) is more downfield than the aver-
age of bothG’s in a typical HH conformer (8.4 and 8.5 ppm
for 3-GMP and 5-GMP complexes, respectively, pH3).1517

The magnetic anisotropy of the heavy platinum atom also
influences ligand NMR shiftsl-1241.42t was recently proposed
that the H8 signal of & base sterically constrained to an
orientation closely perpendicular to the coordination plane is

(39) Kozelka, J.; Fouchet, M. H.; Chottard, J.#ur. J. Biochem1992
205, 895-906.

(40) Giessner-Prettre, C.; Pullman, Biopolymersl976 15, 2277-2286.

(41) Miller, R. G.; Stauffer, R. D.; Fahey, D. R.; Parnell, D. R.Am.
Chem. Soc197Q 92, 1511-1519.

(42) Sundquist, W. I.; Bancroft, D. P.; Lippard, S.JJ.Am. Chem. Soc.
199Q 112 1590-1596.

influencing MeyppzPtG, conformer stabilities. The similar
minimized energies calculated for all thrédeppzPt(Guo)]2"
atropisomers~24—25 kcal/mol) suggest that the absence of a
carrier ligand NH group did not destabilize any of the three
atropisomers of the Me,ppzPt(Guo}]>" complex and, by
inference, any rotamers of the otiMe,ppzPtG, adducts. These
calculations and related ones favig¢,ppzPt(9-EtG)]2" are
consistent with the experimental observations. Moreover, these
results support recent wd!” indicating that carrier ligand
NH—G O6 hydrogen bonds have relatively low importance in
conformer stabilization. Relating this finding to the anticancer
activity of cis-PtAX, type compounds requires studies of
Me,ppzPt adducts with larger nucleic acid fragments.
Dipole(G)—dipoleG) interactions appear to favor the HT
forms over the HH conformer in both solution and solid stétes,
consistent with the observed dominance of the HT rotamers for
MeoppzP1tG, adducts. For th&leppzPt(5-GMP), andMe,ppz-
Pt(3-GMP), complexes, “second-sphere” hydrogen-bonding
interactions between the phosphate group and the N1H group
of the cisG were proposed to favor the HT conformétg.hese
interactions are optimal at pH-&, conditions in which the
phosphate group is deprotonated and the N1 is protonated. The
relevance of such interactions is supported by the insensitivity
to pH of the HT distributions for complexes in which phosphate
group—cis G N1H hydrogen bonding is not possible (i.6.=
Guo, 1-MeGuo, and 1-Me-85MP, Table 1). Phosphateis
G N1H interactions stabilize the dominanHT (HTa signal)
form of Me,ppzPt(8-GMPY), relative to the less dominatkHT
(HTb signal) atropisomet Thus, the comparable abundance
of both HT conformers for theMe,ppzPt(1-Me-3-GMP),
complex supports the importance of the phosphateG N1H
hydrogen-bonding “second-sphere” interaction in stabilizing the
dominant HT rotamer.
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Increased unfavorable electrostatic interactions between theeffects were found only forHipPt(9-EtG)]2* at 80 °C, and
bases as N1H deprotonates and between the phosphate groupwot for theBipPt(5-GMP), adduct at this temperatutéThus,
as they deprotonate (ROGPQ, repulsion) were mentioned as  this examination ofH NMR line widths and saturation transfer
possible factors contributing to the decrease in abundance ofexperiments for theMe,DABPtG, and BipPtG, complexes

the HH conformer with increasing pH for thde,ppzPt(5- suggests that atropisomerization is faster wers 9-EtG than
GMP), andMe,ppzPt(3-GMP), adducts (Table 13 The HH whenG = 5-GMP 1517 We attribute the slower rotation rates
form was not detected at high pH foMgppzPt(Guo}]?, exhibited by the CCC)Pt(8-GMP), vs the [CCC)Pt(9-EtG}]?"

whereas the relative percentage of the HH rotamer remainedcomplexes to hydrogen bonding between the amine hydrogens
the same between pH7 and~10 when N1H deprotonationis  of the CCC carrier ligand and the'shosphate groups. Since
not possible (i.e., forfle,ppzPt(1-MeGuo)]?" andMe,ppzPt- the Me,ppz ligand lacks amine hydrogens, such interactions
(1-Me-53-GMP),, Table 1). The pH dependence of the three are impossible, and atropisomerization rates ke jppzPt(9-
complexes reveals that N1H deprotonation clearly disfavors the EtG)]?" and MezppzPt(3-GMP), are comparable.

HH conformer. Since no decrease in the amount of the HH

rotamer was observed from pH 3.0 to pH 7.4 fde,ppzPt- Conclusions

(1-Me-5-GMPY),, deprotonation of the phosphate groups does
not appear to disfavor the HH conformer. This result indicates
that the decrease in the HH form of theyppzPt(3-GMP),

and Me,ppzPt(3-GMP), complexes in the pH 37 range is

The proposed role o6s phosphatecis G N1H hydrogen
bonding in stabilizing the different HT conformers fde,ppzPt-
(5'-GMP), and MeyppzPt(3-GMP)?? is substantiated by the

due to the increased preference for the HT form resulting from finding of little or no redistribution of the two HT atropisomers
. ’ P uting as a function of pH in complexes in which such interactions

G phosphate groupcis G N1H interactions (optimal at pH 7). are not possibleG = Guo, 1-MeGuo, and 1-MeB5MP). This
The greatest amount of the HH conformer was found for pH insensitivity contrasts with results fais-PtAx(5-GMP),
Me2ppzPiG, adducts withG’s bearing a Sphosphate group  complexes and is consistent with our proposal @ahosphate
(Table 1). Examination of plastic HH models suggests that the ¢js g N1H “second-sphere” hydrogen bonding stabilizes the
erxibiIity of the 5'-phosphate group may enable it to hydrogen AHT form whenG = 5-GMP. One remarkable feature of the
bond with theG 2'-OH, 3-OH, N1H, or 2-NH moieties. e ppzPt(1-Me-3-GMP), adduct is that approximately equal
However, the high percentage of the HH rotamer observed for gmounts of the three atropisomers were observed at pland
Me2ppzPt(1-Me-3-GMP), suggests that phosphate greuyplH pH ~10, suggesting that the less frequently observed HH
interactions are not important in stabilizing the HH form. conformer is comparable in stability to the more commonly
Likewise, phosphate grot-OH and phosphate grouNH, found dominant HT forms in this complex. This result with the
interactions are not solely responsible for increasing the stability Me,ppzPt(1-Me-3-GMP), complex clearly indicates that the
of the HH rotamer since similar HH percentages were observed presence of a’Ephosphate group favors the HH form. Even in
for the Me2ppzPt(3-GMP), (24%),Me ppzPt(1-Me-3-GMP), cases ofMe,ppzPt(8-GMP), and Me,ppzPt(3-IMP), com-
(27%), Me;ppzPt(S-dGMPY), (21%), andMeppzPt(S-IMP), plexes in which “second-sphere” hydrogen bonding stabilizes
(30%) complexes at low pH~3) (Table 1 and Supporting  the AHT form, relatively high amounts of the HH rotamer were
Information). found compared tdle,ppzPtG, adducts withG’s containing
Slowed Dynamic Motion. The restricted rotation observed a 3-phosphate group or no phosphate group. This comparison
for Me,ppzPtG, adducts was also found for thes-PtA,G, reinforces our interpretation that théghosphate group stabi-

models of the chirality-controlling chelat€CC) ligands!®17 lizes the HH atropisomer. Further support for this interpretation
Me;,DAB and Bip (Bip = 2,2-bipiperidine, Figure 7). As comes from some of the early work orGMP complexes,
intended by design, these three carrier ligantfefopz, reporting that the HH form was more abundant than the minor

Me,DAB, andBip) successfully hindeG base rotation in their ~ HT conformerl6 At present, it is not clear how the presence of

respectiveeis-PtAG, models relative to models with less bulky — a 5-phosphate group overcomes, to some extent, the natural

carrier ligands. However, the degree by which rotation is slowed preference for thes bases to adopt an HT orientation. The

appears to be markedly different. For example, whereas EXSY flexible linkage attaching the'$hosphate group to the sugar

cross-peaks were observed fde,DABPt(3-GMP), at 5°C,'° may allow the phosphate groups to engage in multiple inter-

no such cross-peaks were observed at this temperature betweeand intranucleotide stabilizing interactions; the multiplicity of

rotamers ofMeyppzPt(1-Me-3-GMP), (Figure 5). However, possible interactions makes it difficult to assess the significance

saturation transfer was observed between H8 signaltegipzPt- of any single interaction.

(5-GMP), at 25 and 35C 2 but no such transfer of magnetiza-  Two distinct 1Pt NMR resonances were observed for

tion was observed between the H8 signal8gfPt(5-GMP), Me,ppzPt(GMP) complexes: the more downfield signal is

conformers, even up to 80C.1"18 From these result$z base  assigned to the HH conformer, and the more upfield signal is

rotation rates of 5GMP adducts are inhibited byleoppz and assigned to both HT form&his is the first report of &Pt

the CCC carrier ligands; howeveiyle,ppz is more effective NMR signal for a cis-Pt4G, HH form. However, since the range

thanMe,DAB but less effective thaBip. of shifts is not large, these resonances may be not be useful for
Another interesting comparison made possible by results from detecting conformers.

the cis-PtA,G, retro models with these three carrier ligands is HH models generated from MMD calculations dng,ppzPt-

the dependence of atropisomerization rate on the nature of the(9-EtG)]?" support the NMR data, indicating that the s

N9 substituent of5. At room temperature, H8 signals for the assume a similar, uncanted arrangement in this form. A

[Me,DAB(9-EtG)]?* complex were found to be broader than consistent explanation emerges that Pt magnetic anisotropy

those observed for tHde,DAB(5'-GMP), adduct!® H8 signals causes the unusual H8 chemical shifts exhibited by the HH

for the 9-EtG and 5GMP complexes of théle,ppz andBip conformer ofMe,ppzPtG, adducts. A corollary implication of
carrier ligands were sharp. However, while 1D exchange peaksthis interpretation is that the H8 signal of cant®dbases can
between H8 signals were observed for both theppzPt(9- be shifted somewhat upfield by the Pt anisotropy. Thus, the

EtG)]?" and MeyppzPt(5-GMP), complexes at 25C, such very large dispersion of-1 ppm we have reported for HH
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conformers in several retro-model systems is caused by®oth
base canting and Pt anisotropyt2.15.17.:41,42
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