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ABSTRACT: The first observation of a polyamine-DNA interaction using 2D ['H, "N] HSQC
NMR spectroscopy allows study of the role of the linker in polynuclear platinum-DNA
interactions and a novel “anchoring” of the polyamine by Pt-DNA bond formation allows
examination of the details of conformational B—Z transitions induced by the polyamine. The
kinetics and mechanism of the stepwise formation of 55" 1,4-GG interstrand cross-links (IXLs)
by fully “N-labeled [{trans-PtCI(°’NH,),},{u-("NH,(CH,),"NH,(CH,),"NH,)}1** (1,1/£,t-6,6, 1)
and [{trans-PtCI(°’NH,),},{u-("NH,(CH,);"NH,(CH,), "NH,(CH,),"NH)}|** (1,1/t,+-6,2,6, 1"
with the self complementary oligonucleotide 5'-{d(ATATGTACATAT),} (duplex I) are compared
to the analogous reaction with 1,0,1/¢,¢,f (BBR3464) under identical conditions (pH 5.4, 298 K).
Initial electrostatic interactions with the DNA are delocalized and followed by aquation to form
the monoaqua monochloro species. The rate constant for monofunctional adduct formation, ky,
for 1 (0.87 M s) is 3.5 fold higher than for 1,0,1/t,t,f (0.25 M s™) (the value could not be
calculated for 1° due to peak overlap). The evidence suggests that several conformers of the
bifunctional adduct form, whereas for 1,0,1/¢,¢,¢ only two discrete conformers were observed. The
combined effect of the conformers observed for 1 and 1” may play a crucial role in the increased
potency of these novel complexes compared to 1,0,1/z,¢,t. Treated as a single final product, the rate
of formation of the 55" 14-GG IXL, kqy, for 1 (koy = 437 x 107 s') is similar to that of

1,0,1/1,t,t, whereas the value for 1" is marginally higher (ko= 5.4 x 107 s™).



INTRODUCTION

Targeting DNA has contributed significantly to the development of the current anticancer drug
armamentarium and DNA remains a clinically important target."* DNA-binding drugs interact by
the three “classical” binding modes of intercalation, groove recognition and covalent binding.
Modulation of the inherent lack of tumor specificity of drug action, often using modern advances
in molecular biology, has led to many imaginative approaches such as enhancing sequence
specificity, delivery of site-specific drugs, and metabolic and/or photo-activation."”
Concomitantly, there has been continued discovery of new molecular mechanisms by which small
molecules recognize or interact with DNA.> Especially, altered DNA conformations through new
binding modes are also inspirational for new drug design. The targeting of intermediate DNA
structures other than the canonical B-DNA may produce profiles of biological activity hitherto
unknown as well as having broad applications in materials science, biology and medicine .**’

The acceptance of DNA as cellular target for the anticancer drug cisplatin and its structural
analogs has led to detailed understanding of their modes of DNA binding, the consequent DNA
structural perturbations and protein recognition, as well as effects on cellular signaling pathways.*’
Structurally novel drugs, discrete from cisplatin and its analogs in both chemical structure and the
nature of the Pt-DNA adduct, may expand the biological profile of platinum anticancer agents by
circumventing and/or complementing cisplatin-specific biological processes such as DNA repair
or indeed cellular accumulation pathways. Proof of principle of the utility of this approach is
afforded by the advance of BBR3464, the trinuclear, bifunctional DNA binding agent [{trans-
PtCI(NH,), },(u-trans-Pt(NH,),{NH,(CH,),NH, },)I** (1,0,1/t,t,t or BBR3464) to Phase I and II

clinical trials, the only non-cisplatin analog to be introduced to humans.*



BBR3464 belongs to the general class of polynuclear platinum complexes (PPCs), where two
or three platinum coordination units are linked through flexible diamine chains. These PPCs
comprise a structurally discrete class of platinum-based anticancer agents,’ and the elucidated
modes of DNA binding are also very distinct.” BBR3464 forms long-range {Pt,Pt} interstrand
crosslinks on guanine residues in duplex DNA.'"!"" The formation of “directional” isomers, where
crosslinks are formed in both the 5 — 57 and the unusual antiparallel 3° — 3” direction, is a
unique feature of the DNA binding of polynuclear compounds.'”" A second property of the DNA
adduct structures is that the conformational changes are delocalized, with the syn nucloside
conformations induced even in non-platinated purines.”'* The combined effects of the structural
distortions of the 14-interstrand crosslink (1,4-IXL) indicate a delocalized, conformationally
flexible “Z-like” lesion, with structural changes transmitted beyond the binding site. This contrasts
with the major 1,2-intrastrand adduct of cisplatin which, although bending the helix significantly,
maintains the B-form in solution.'>'® Gel retardation assays showed only very weak recognition of
1,4-IXLs by high mobility group HMG1 proteins,'” which recognize the 1,2-intrastrand adduct and
whose action is implicated in the cytotoxicity of cisplatin.'”'® Differential protein recognition
represents a molecular mechanism for differentiation of further downstream effects of the
mononuclear and polynuclear adducts. The comparison between mononuclear and polynuclear
platinum presents a good example of the general concepts discussed above.

The charged central linker has been implicated in electrostatic pre-associative interactions in
the minor groove with duplex DNA (specifically to adenine H, protons) as well as in the final
bifunctional adducts.'"'*""*° Incorporation of a linear polyamine, such as spermidine or spermine,
into the basic polynuclear framework by replacement of the central tetraa(m)mine unit of PPCs

produces a series of dinuclear compounds which replicate the biological activity of the trinuclear



drug.”"* Systematic structure-activity relationships have identified 1” and its derivatives as a
potential 2nd-generation candidate with exceptional cytotoxicity and antitumor activity.® The
structure [{trans-PtC1("NH,),},{u-("NH,(CH,),"NH,(CH,),""NH,-(CH,),"NH)}]** (1,1/1,:-6,2.,6
or 17, Chart 1) was designed to have the same length and overall charge as 1,0,1/z,t,¢ but with the
presence of the central ethylendiamine unit mimicking the H-bonding and electrostatic properties
of the central Pt-tetraam(m)ine unit in 1,0,1/z,¢¢. 1”7 is one of the most potent platinum agents
reported with nanomolar cytotoxicity and an interesting profile of activity against gliomas and
colon cancer cells.”** It displays a similar global reactivity and DNA-binding profile to that of
1,0,1/8,1,8.7%%

Polyamines have been extensively studied for their ability to modify DNA conformation,
especially in the context of the B — Z transition.””” It is therefore of interest to examine how the
properties of two DNA-reactive agents may be combined to contribute to a discrete new binding
mode producing a discrete set of biological properties in its own right. The effect of the dinuclear
(central polyamine) versus trinuclear (central platinum tetraamine) linker on global DNA binding
has been studied,”**** but the intimate details on sequence-specific DNA are lacking. "N-labeling
of the polyamine ligands allows for use of 2D ['H, "N] HSQC NMR spectroscopy, now
extensively used for study of DNA platination reactions.” This paper describes a systematic study
of the stepwise formation of 5°-5" 14-GG interstrand crosslinks in the DNA duplex
5'-{d(TATAGTACTATA),} (duplex I) by 1° and its closest spermidine-based analog, 1
[{trans-PtCI(’NH,), },{ u-("NH,(CH,),”"NH,(CH,),"NH,)}]** (BBR3007, 1,1/£,t-6,6 or 1, Chart 1)
The results are compared to those previously found for 1,0,1/£,¢,t"" and the dinuclear counterpart
1,1/t,t."° We further show the potential of 2D ['H, "N] HSQC NMR in elucidating intimate details

of the polyamine-DNA interaction. For the interaction of spermine with the self-complementary



d(CGCGAATTCGCG), the mobility of the spermine molecule was effectively independent of that
of the duplex.”® Anchoring the polyamine through platination of the terminal amines allows for (i)
a direct comparison of how the central linkers in polynuclear platinum complexes affect DNA
reactions and (i1) analysis of how the polyamine moiety itself associates (and pre-associates) with
the oligonucleotide in solution.

(Insert Chart 1 here)

EXPERIMENTAL SECTION

Chemicals. The acetate salt of the oligonucleotide 5"—{d(ATATGTACATAT),} (duplex I) was
purchased from GeneWorks (Australia). The nitrate salts of the fully "N labeled
[{trans-PtCI("NH,),},{ u-(*NH,(CH,), "NH,(CH,), "NH,)} ]** ("N-1) and
[{trans-PtCI(’"NH,),},{u-(""NH,(CH,),"NH,(CH,),""NH,(CH,),"NH,) }]** (’N-1") were prepared
using methods delineated elsewhere.”

NMR Studies. The NMR spectra were recorded on Bruker AVANCE 600 MHz spectrometer
('H, 599.92 MHz; N, 60.79 MHz; *'P, 242 .94 MHz). The 'H spectra were internally referenced to
TSP (sodium-3-trimethylsilyl-D,-propionate) and the "N chemical shifts externally referenced to
“NH,Cl (10 M in 1.0 M HCI in 5%D,O in H,0). The 'H spectra were acquired with water
suppression using the WATERGATE pulse sequence.* The 2D ['H, "N] HSQC (heteronuclear
single-quantum coherence) NMR spectra (decoupled by irradiation with the GARP-1 sequence
during acquisition) optimized for 'J(’N,'H) = 72 Hz were recorded using the standard Bruker
phase sensitive HSQC pulse sequence.” *'P spectra were referenced externally to phosphoric acid
and acquired with a zgig pulse sequence.” Typically for 1D 'H spectra 32 transients were recorded

with spectral width of 12 kHz and a relaxation delay of 1.5 s. For 2D ['H, "N] HSQC NMR



spectra 8 transients were collected for 128 increments of ¢, with an acquisition time 0.152 s and
spectral widths of 2 kHz in f, ("H) and 1.8 kHz in £, (°N). 2D spectra were completed in 14 min
and were processed using Gaussian weighting functions in both dimensions. For *'P NMR spectra,
128 transients were recorded with a spectra width of 4.8 kHz and a relaxation delay of 0.25 s with
an acquisition time of 3.38 sec. 64 K data points were used for processing.

pH Measurements. The pH of the solution was measured using a Shindengen ISFET
(semiconductor) pH meter (pH Boy-KS723 (SU-26F)) and calibrated against buffers of pH 4.0 and
6.9. To avoid leaching of chloride into the sample, aliquots removed from the solution were not
returned to the sample. The pH meter was calibrated using pH 4.0 and 6.9 buffer solutions.
Adjustments in pH were made using 0.2,0.04 and 0.01 M solutions of HCIO, and NaOH.

DNA Preparation. The acetate salt of duplex I was desalted by means of a NAP-25 column.
All solutions used for the desalting process were filtered through 2.5 ym filters. The sample was
made up to 2.5 mL by using MilliQ H,O. The NAP-25 column was first rinsed with MilliQ H,O
(25 mL) then the sample was loaded onto the column and eluted with MilliQ H,O (3.5 mL (x4)).
The DNA sample was collected in the first 2.5 mL to elute out of the column and was then freeze
dried. Two different samples of duplex I were prepared for the two experiments with 1 and 17as
follows: Duplex I was dissolved in MilliQ H,O (1: 335 uL, 1": 221.75 uL), then Na,PO, buffer (1:
18 ul,17: 11.25 ul, 400 mM, pH 5.4), D,O (1: 24 uL.,1”: 15 uL) and TSP (2 L, 13.3 mM) were
added to the NMR tube. To anneal the duplex, the sample was heated in a water bath to 90 °C and
then allowed to cool to room temperature over a few hours. The concentration of duplex I was
estimated by using UV spectrophotometry and *'P NMR (relative to a known concentration of

PO,)).



Reaction of Duplex I with 1 and 1°. A freshly prepared solution of either "N-1 (0.46 mg, 0.49
umol) or "N-1” (0.37 mg, 0.35 umol) was dissolved in MilliQ H,O (1: 100 uL; 1”: 50 uL) such
that the final concentration in the respective NMR sample (V,,, 1: 480 uL, 17: 300 uL) was ~1
mM (1: 1.02 mM, 1”: 1.17 mM). To start the reaction the solution of '"N-1 or -1 was added to the
sample of the duplex (preparation as described above) so that the final concentration of duplex 1
was =]l mM (1: 1.14 mM, 1”: 1.12 mM) in 15 mM Na,PO, in 5% D,0. The pH of the samples was
adjusted to pH 5.4 using 0.01, 0.02 and 0.05 M solutions of HCIO, in 95%/5% H,0/D,0. Aliquots
removed were not returned to the sample (as the electrode leaches CI’). The reactions were
followed by 1D 'H and 2D ['H, "N] HSQC NMR at 298 K to completion. The final pH of the
sample containing 1 was 5.7 and that containing 1” was 5.3.

Data Analysis: Kinetic analyses of the two reactions were undertaken by measuring peak
volumes in the Pt—"’NH, region of the 2D ['H, "N] HSQC NMR spectra using the plug-in '2D
NMR Analysis' developed for Image].*® Peak volumes were then converted into concentrations
relative to the initial concentration of the Pt complex, after correcting for peak overlap as
described previously." Differential equations were used to fit the data and rate constants
determined using a non-linear optimization process using SCIENTIST (Version 2.0, MicroMath
Inc.). All errors reported are for one standard deviation and are fit to either pseudo first- or

second-order rate equations.

RESULTS
The platination of the self-complementary duplex 5°-{d(TATAGTACTATA),} (duplex I) with
®N-1 and "N-1" was followed using 2D ['H, "N] HSQC and 'H NMR spectroscopy. This

methodology follows on from that reported previously for the reaction of both 1,1/ and



1,0,1/t,t,#'" with I and the conditions chosen (298 K, pH 5.4) allow for the most direct comparison
with the results of these studies. Complexes 1 and 1” are the first examples of PPCs containing
"N-labeled polyamine linkers to be studied using 2D ['H, "N] HSQC NMR spectroscopy.” To our
knowledge, no free polyamines have been examined by this technique. As a consequence, the
behavior of the central (non-coordinated) —°NH,— groups upon the addition to DNA was also
explored to obtain information on the interactions of the central linker with DNA. As a corollary,
“fixation” of the terminal amine end by covalent Pt(N,G) binding may also elucidate aspects of the
binding of the central -NH,— groups.

The DNA binding of these bifunctional platinum drugs follows the stepwise sequence observed

previously,'*"!

with evidence for non-covalent association through electrostatic interaction and
hydrogen-bonding, aquation followed by monofunctional covalent binding and finally fixation of
the interstrand cross-link through bifunctional binding (Scheme 1). The chemical shifts of all
intermediate and bifunctional product species observed during the reactions of °N-1 and -1" are
summarized in Tables 1 and 2. Representative ['H,””"N] HSQC NMR spectra for the two reactions
are shown in Figure 1 and plots showing changes in selected regions of the '"H NMR spectra are

shown in Figure 2 and Figures S1 and S2 in the Supporting Information.

(Insert Scheme 1, Table 1 and Figures 1 and 2 here)

Pre-covalent Binding Step. The '"H NMR resonances in the aromatic region of duplex I were
assigned from 2D 'H NOESY data (Table S1) allowing for identification of specific changes that
occurred immediately upon the addition of 1 and 1° to duplex I. Pre-covalent electrostatic
interactions between PPCs and DNA are commonly observed in the minor groove resulting in a

chemical shift change of the adenine H2 aromatic protons by approximately 6 0.07— 0.3 ppm."' For



both PPCs minor changes (Ad < 0.03) were observed for these protons. In the case of 1, it appears
that pre-association occurs towards the 3" end of I, with the largest shifts seen for the A; and A,
H2 protons (Figure 3a). These results further indicate that the pre-association changes are quite
delocalized over a 5-base pair (A, —A,,) region. On the other hand 1” appears to pre-associate
symmetrically along the DNA. The most notable changes occur for the H2 protons of A, A, and
A,,, as well as the H6 proton of the C, residue (Figure 3b). This difference may be a consequence
of the longer length of 1 compared to 1 leading to a more delocalized interaction. The pre-
association of 1” is also significantly more extended (delocalized) than observed for 10,1/ttt as
might be expected by the less severe steric constraints of the polyamine linker compared to the
Pt(tetraamine) sphere.’
(Insert Figure 3 here)

Differences in the interactions of the two complexes with duplex I are evident also from the 'H
shifts of the polyamine linker (Figure S1). Upon the addition of 1 to duplex I, no significant
changes were observed in the '"H chemical shifts for the 2 and 5 CH, groups (for numbering see
Chart 1). On the other hand for 17, on addition to duplex I the broad multiplet for the 2/5 CH,
groups (6 1.70) splits into two resonances (0 1.70 and 1.75) (Figure S1b). This pattern is consistent
with pre-association of the polyamine linker in the minor groove, and symmetrically along the
length DNA sequence, as indicated by the changes in shift of the adenine H2 aromatic protons
(Figure 3b). For 1,0,1/¢,t,¢t there was no splitting of the multiplet for the 2/5 CH, groups in the
presence of duplex I, however non-equivalent 2/5 CH, groups were observed in the presence of the
sequence 5'-{d(TATGTATACATA),}."

The pre-association step was also monitored in the 2D ['H, "N] HSQC NMR spectra by

comparing the 'H and "N shifts of 1 and 1” immediately after the start of the reaction with control
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samples (no DNA added to ""N-1 and -1 in 15 mM phosphate buffer). These results are
summarized in Table 1 and compared with those of 1,0,1/t,t,t,'" and 1,1/t,t." For both 1 and 1" the
'H and "N shifts of the Pt-NH, groups are strongly deshielded in comparison with the control
samples, consistent with H-bonding interactions between the Pt—""NH, groups and the phosphate
backbone of the DNA. The 'H shifts are slightly more strongly deshielded (A 'H = 0.07 (1), 0.09
(17)) in comparison to both 1,0,1/t,t,t and 1,1/t,t (AS 'H = 0.05), whereas the N shifts are similar
in all cases (A0 "N ~ 0.3 ppm). An interesting difference is observed for the Pt-NH, groups. For
N-1" a single 'H/"N cross-peak is observed in the Pt-NH, region (6 5.10/—47.1) which is more
strongly deshielded in the '"H dimension (AS = 0.12) in comparison to both 1,0,1/¢,t,¢t and 1,1/t,¢
(A6 =0.02), which also show only a single (pre-associated) environment. On the other hand, in
the case of °N-1 three distinct cross-peaks are observed (8 5.07/-47.6, 5.10/—47.6 and 5.10/—47.1)
(see Figure S3) which are assigned to three inequivalent environments of the Pt—""NH, groups of 1,
pre-associated with duplex I. In the absence of DNA, under the same conditions, only one cross-
peak is observed for the dichloro species of 1. The 'H shifts of these cross-peaks are strongly
deshielded (A6 = 0.09-0.12) in comparison to 1,0,1/z,t,t and two of the cross-peaks exhibit a
significant shielding in the "N dimension (Ad = 0.6), further suggesting that the Pt-NH, groups are
in different chemical environments in these pre-associated forms of 1. As time progresses and 1
proceeds to bind to duplex I, these cross-peaks decrease in intensity and eventually disappear but
have different time dependent profiles. The cross-peak at 6 5.07/—47.6 is the first to disappear
(after 9 h), followed by that at 6 5.10/—47.6 (ca. 12 h) and finally the cross-peak at § 5.10/—47.1
(ca. 18 h). Interestingly, the unusually shielded "N shift (6 —47.6) is observed also for the
monofunctional adduct (see below), suggesting that conversion to these pre-associated forms may

be a precursor to monofunctional adduct formation. That different NH, environments are observed
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for 1 and not 1”7 is interesting as it suggests that 1 experiences an environment that is at least as
heterogeneous as for 1 in the pre-covalent phase, despite less significant changes observed for the
DNA adenine H2 protons and the (2/5) CH, groups of the polyamine linker.

Aquation Step. In reactions of both "N-1 and -1 with duplex I, the monoaqua monochloro
species (2/2°) accounts for ~2-3% of the total species in solution after ca. 5 h, based on the relative
intensities of the cross-peaks for the Pt-NH; resonance of the {PtN;O} groups. These resonances
have almost identical chemical shifts (6 4.22/-61.8 (2); 4.23/-61.8 (27), Figure 1) and show a
pronounced downfield shift (Ad 'H = 0.19 (2), 0.20 (2°); "N 0.4), compared to control samples,
indicating a stronger electrostatic interaction with the duplex than for 1/1°, as a consequence of the
increased charge (+2). The 'H/"N shifts of these resonances, and the extent of the deshielding, is
very similar to that observed in the reaction with 1,0,1/¢,¢,t (Table 1)."" The small difference in the
chemical shift in the 'H dimension (AS ~ 0.04) may be due to slight differences in the pH of the
solutions and is considered insignificant. As for the previous reactions of duplex I with 1,1/¢,¢ and
1,0,1/t,t,t, the cross-peaks for the Pt-NH; resonance of the non—aquated {PtN,Cl} groups are
assumed to be concealed beneath the cross-peaks for the parent dichloro species (1/17). In the Pt—
“NH, region, no cross-peaks corresponding to the {PtN,O} moiety of 2/2” are observed due to
close proximity to the residual 'H,O resonance.

Monofunctional Binding Step. 'H,”N peaks for the monofunctional adduct (3/3") were
observed slightly later for 1 (1.4 h) than 1" (0.7 h). The 'H/"N shifts of the Pt-(NH,), group bound
to guanine N7 (peaks 3a/3"a, Figure 1) are almost identical for the reactions of 1 (6 4.29/-60.7)
and 17 (8 4.30/—60.7) and also those formed by both 1,0,1/z,¢,t (4.29/-60.6)"" and 1,1/t,t (6 4.29/—
60.8)'" with duplex I. The peaks are shifted significantly in both dimensions compared to the

noncovalently bound compounds and are indicative of very similar H-bonded environments for the
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Pt-(NH,;), groups in the different complexes, which are not influenced by differences in the
polyamine linkers. The 'H/"N shifts of the cross-peaks for the Pt-(NH,), groups of the unbound
{PtN,Cl} end of the monofunctional adducts are also virtually identical for the four complexes
(Table 1). In the case of 1, the cross-peak (8 3.94/-64.2, peak 3b, Figure 1) appears as a shoulder
to the parent dichloro cross-peak. The slight deshielding in the 'H dimension (Ad 'H = 0.02) is
identical to that observed for the monofunctional adducts of 1,1/£¢'" and 1,0,1/¢,t,t'" with duplex I
(as well as other DNA sequences)'' and is attributed to similar electrostatic interactions between
the uncoordinated {PtN,CI} group and the DNA.'”" This characteristic deshielding is not
observed for 1 (although the 'H/"N shifts of 3 and 3" are identical), due to the slightly stronger
deshielding observed for the 'H shift of the Pt-(NH,), groups of the parent dichloro complex (see
above) which means that the cross-peaks for 3b” and 1” are coincident (Figure 1b). This peak
overlap precludes a full kinetic analysis of the reaction of 1” and duplex I (see below).

The cross-peaks observed for the Pt-NH, groups are also similar (but not identical) for the
monofunctional adducts formed by 1 and 17, and also those formed by 1,1/¢,t and 1,0,1/z,t,t (Table
1). For 1, two cross-peaks (6 5.13/—47.1 and 5.13/-47.5) (Figure 1a) are observed which may be
assigned to the monofunctional species 3 based on their time dependent behavior. They are not
observed in spectra recorded at early time points and are seen to first increase in intensity then
decrease until they are no longer visible. Two similar cross-peaks (6 5.14/—47.0 and 6 5.12/-47.6)
are observed during the reaction with 17, assignable to the monofuctional adduct 3”. It is not
possible to unequivocally assign these peaks more specifically to the different Pt-NH, groups of
the monofunctional species. However, the presence of two distinct cross-peaks suggests that in
both cases the Pt—"NH, group corresponding to the unbound end, {PtN,Cl}, of the

monofunctionally bound species is in a distinctly different environment to that of the dichloro
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species. For 1,0,1/t,t,t, only one crosspeak (6 5.12/—46.9) was observed, corresponding to the
guanine N7 bound end of the monofunctional species and the cross-peak corresponding to the
unbound end {PtN,CI} was concealed beneath that of the dichloro species."'

The monofunctional binding of "N-1 and -1 to duplex I was also monitored in the aromatic
region of the '"H NMR spectra recorded over the course of the reaction (Figure 2). Resonances at &
8.54 (3) and 6 8.50 (3") follow the time-dependent profiles of the cross-peaks corresponding to the
monofunctional species in the Pt—""NH, region of the 2D ['H, “"N] HSQC spectra and are
assignable to the H8 of the coordinated G residues.

Based on the intensities of the crosspeaks in the Pt—""NH, region of the 2D ['H, "N] HSQC
spectra, the concentration of the monofunctional species, 3, reaches a maximum of 27% of the
total species in solution after 10.5 h, whereas 3" reaches a maximum intensity of 23% after
approximately 7 h.

Formation of the 14-Interstrand Cross-Link. A significant difference between the formation
of 1,4-interstrand cross-links by 1,1/¢,t and 1,0,1/¢,¢,t with duplex I is that whereas the dinuclear
complex forms predominantly one adduct, there was evidence for two distinct conformers (ratio
2.6:1) of the 1,4-cross-link formed by 1,0,1/t,tt. These differences were evident from the pattern
of cross-peaks in the Pt-NH; region of the 2D ['H, "N] HSQC NMR spectra, as well as from the
aromatic region of the '"H NMR spectrum, where a single GH8 resonance (J 8.59) was observed
for the 1.4-cross-link formed by 1,1/z,¢, but two peaks of unequal intensity (at § 8.60 and 8.59)
were observed for the in the case of 1,0,1/#,¢,t. Comparison with these results provides evidence for
several non-discrete conformers of the 1,4-cross-links formed by both 1 and 1° with duplex I,

rather than two distinct conformers formed by 1,0,1/¢,t,z.
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In the case of 1, evidence for several conformers of the bifunctional adduct is obtained from the
aromatic region of the 'H NMR spectra after completion of the reaction (Figure 2a), where there is
a major peak at 6 8.61, but also numerous other smaller resonances (6 8.57 — 8.60) assignable to
HS protons of the platinated guanine residues. In the Pt-NH, region of the 2D ['H, "N] HSQC
spectra, 'H,"”N cross-peaks assignable to the bifunctional 1,4-cross-link (4) were first visible after
ca.3.4 h. A cross-peak (0 4.32/-61.0) first appears as a shoulder to the cross-peak (3a) assigned to
Pt-(NH,), group bound to guanine N7 in the monofunctional adduct (Figure 1a). On completion of
the reaction three groups of cross-peaks are observed in this region, assignable to different Pt-NH,
environments in the 14-interstrand cross-link (4). For 1,0,1/t,t,t, three sets of cross-peaks were
observed also, but were more clearly defined than the present case and assignable to four different
H-bonding environments for the Pt-NH, groups in each of the two distinct conformers (X and
Y)."" The Pt—-NH, 'A' groups are assumed to form H-bonds to the DNA phosphate backbone,

whereas the 'B' groups form H-bonds to the O6 atom of the platinated guanine residues:

0 B4 B, Og.
Cl NH; H N._ _CI
?Pt/\ ° /Pt<
HaN N/\/\/\/H\/\/\/h2N NH,
,"‘ H2 ‘\\
PO A, A, OP

An important similarity observed here for the reaction of 1 with duplex I, is the presence of a
pair of sharp, strongly deshielded, cross-peaks (6 4.54/-59.7 and 4.57/-59.7) that strongly
resemble a pair of cross-peaks observed in the analogous reaction with 1,0,1/¢,z,t (6 4.51/-59.9 and
4.57/-59.7), which were assigned to the A, and A, NH, groups of the minor (Y) conformer. The
other cross-peaks in this region are broader than occurred for the 1,0,1/¢,¢,t case and are clustered
in two groups (~0 4.43/-60.4 and 6 4.32/-61.0). They are assigned to the B, and B, NH, groups of
this conformer (Y), together with the A and B NH; groups of other conformers (X). In this case X

15



is not a discrete conformer but based on the "H NMR spectrum (Figure 2a) a collection of several
conformers.

In the case of 17, the aromatic region of the '"H NMR spectrum after completion of the reaction
(Figure 2b), shows three broad resonances (J 8.54, 6 8.59 and 6 8.61) assignable to H8 protons of
platinated guanine residues and again indicative of several conformers of the 1,4-cross-link. The
peaks are much broader than observed for the other cross-linked adducts of I, suggesting that these
cross-links may be more fluxional, allowing the Pt groups more freedom of movement, thus
broadening the resonances. In the Pt-NH, region of the 2D ['H, "N] HSQC spectra (Figure 1b), the
formation of the bifunctionally cross-linked adduct, 4°, was apparent after 5.3 h as a cross-peak
downfield from the cross-peak assigned to the {PtN,} end of the monofunctional species, 3". As
for the reactions with 1 and 1,0,1/¢,¢,¢, three groups of cross-peaks are observed on completion of
the reaction, which include a sharp pair of cross-peaks (6 4.53/~59.8 and 6 4.58/-59.9; see Figure
1b) which are assigned to the A, and A, NH, groups of the Y conformer, based on the similarity of
their 'H/"N chemical shifts to those observed in the analogous reaction with 1,0,1/£¢,t."" The two
other broad sets of cross-peaks (~6 4.30/—60.8 and 6 4.37/-60.8) are assigned to the B, and B, NH,
groups of conformer Y as well as the A and B NH, groups of the other non-discrete conformers
(X). Table 2 shows a comparison of the 'H/”N chemical shifts of the Pt—""NH, groups of the
different conformers of the 1,4-cross-links formed by 1, 1" and 1,0,1/z,¢,¢. In all cases the Pt—NH,
'A' groups in the different conformers (Y and others) have very similar chemical shifts in both 'H
and N dimensions, suggesting similar H-bonding interactions between the Pt—""NH, groups and
the phosphate backbone of duplex I. For the Pt-NH, 'B' groups in the case of 1" the 'H and "N
chemical shifts are almost identical to those found for both conformers of the 1,0,1/¢,¢,¢t adduct. On

the other hand, for 1 the Pt-""NH, the 'B' environments in all conformers are significantly
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deshielded in both the 'H and N dimensions (Ad 'H = 0.06, "N ~ 0.5). This suggests that for 1 the
H-bonding interactions between the Pt—"’NH, groups and the O6 atoms of the platinated guanine
residues may be stronger than those found for 1,0,1/z,¢,t and 1.

(Insert Table 2 here)

For the reaction of 1,0,1/¢,t,t with duplex I, evidence for the two discrete conformers was found
from the observation of two sets of '"H NMR resonances assignable to the linker methylene groups
2 and 5. One set (6 1.69 and 1.66) was assigned to the major (X) conformer and the other (6 1.74,
1.59 and 1.85) assigned to the minor (Y) conformer." For the reactions of 1 and 1°with duplex I,
numerous resonances were observed in this region (Figure S1) that cannot be assigned specifically
to any conformer. Interestingly, these linker—CH, resonances are more shielded for the bifunctional
adduct of 1",

A notable feature of the reaction of 1,1/¢,f and 1,0,1/¢,t,t with duplex I was the gradual and
irreversible transformation of peaks in the Pt-NH, region, from an initially formed conformer(s) to
product conformer(s).'"!" For the initially formed adducts, the '"H/"°N shifts of the Pt-NH, protons
were similar to those of the pre-associated complex and the monofunctional adducts and indicate
environments where the NH, protons have no contacts except with solvent. For the final product
conformer(s) a range of distinct NH, environments were found, indicative of interactions between
the NH, protons and the DNA as a result of changes in the DNA conformation. Duplex I has an
alternating purine-pyrimidine sequence, and we have suggested that the observed changes could be
indicative of a B—Z conformational change.'”'' A similar behavior is observed here for the 1,4-
crosslinks formed by both 1 and 1°. In the case of 1 the first 'H,”N peaks assignable to the
bifunctional adduct were visible in the Pt-NH, region after ca. 5 h and the initial peak (8 5.18/-

47.5) lies very close to that of the monofunctional adduct. New peaks with a "°N shift at & —45.5
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were first visible around 8.5 h. At the end of the reaction cross-peaks centered at the two "°N shifts
(86 —47.5 and —45.5) both cover a wide chemical shift range in the '"H dimension (Figure 1a). For
the reaction with 1 the Pt-NH, cross-peaks of the final bifunctional adduct have a significantly
diminished intensity compared to those of 1 but it is evident that there are similarly cross-peaks
centered at the same two "N shifts (6 —47.5 and —45.5), which are spread out in a similar fashion
in the '"H dimension (Figure 1b). The final intensity ratio of the peaks at the two "N shifts is & —
475 (52% 1,63% 17), 6 —45.5 (48% 1,37% 1°). For 1,1/t,t'° the cross-peaks for the final product
conformers of the 14 cross-link with I were centered at three N shifts : 6 —47.5 (22%), § —48 4
(46%), &-45.5 (31%) which differ slightly from those of the 1,0,1/¢,t,¢ case'': § —47.4 (27%), 6 -
46.5 (32%), 6-45.3 (41%).

Central -"NH,- Region. To examine how the polyamine moiety itself associates (and pre-
associates) with duplex I, we attempted to monitor the behavior of the central —'°NH,— groups by
['H,”"N] HSQC NMR spectroscopy. The observation of these 'H/"°N cross-peaks is pH dependent
due to the exchange between the protonated and deprotonated forms. For 1, the cross-peak for the
central —"NH,— group is visible below pH 5.7, whereas for 1" the 'H/"N resonance for the central
ethylenediamine moiety is not observed above pH 4.1, attributed to the close proximity of the two
"NH, groups and 'H exchange between the two "N atoms broadening the signal beyond
detection.” At ~ pH 5.4, at which the experiments were carried out, only 1 (where there is only
one central -NH,— group—) could be examined in detail (Figure 4).

(Insert Figure 4 here)

A cross-peak observed at §7.96/25.5 is assigned to the dichloro species (1) and the "N shift is in

agreement with previous studies on related free polyamines.”” The cross-peak is slightly

deshielded (AS = 0.02) in the 'H dimension compared to a control sample of 1 (6 7.94/25.5) in the
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absence of DNA at the same pH (5.4), correlating with the slight chemical shift changes in the
aromatic region of the 'H NMR spectra (Figure 3a), and indicative of weak electrostatic
interactions between the central —°NH,— protons and the DNA. A cross-peak at & 8.00/25.1
assignable to the monofunctional species (3) was first visible 1 h after the start of the reaction and
was no longer observed after 26 h. Two cross-peaks of low intensity at 6 8.07/25.5 and 6 8.04/25.1
are assignable to the central —"NH,~ group of the polyamine in the bifunctional cross-linked
adduct. As the reaction proceeds, these cross-peaks gradually disappear (Figure 4), most likely
attributable to an increase in pH as the final pH was 5.7 on completion of the reaction. The
increased deshielding of the resonances in the "H dimension on formation of monofunctional (Ad
= 0.04) and bifunctional (A = 0.08-0.11) adducts in consistent with the formation of hydrogen
bonds between the NH protons and the DNA.

Kinetic Analysis. For the purposes of the kinetic fits of the reactions of 1 and 1” with duplex I
the concentration of species present at each time point were obtained from the relative volumes of
peaks in the Pt-NH, region, as described previously for the reactions of 1,1/¢,¢ and 1,0,1/t,¢,t with
this sequence.'”"" All reactions were assumed to be irreversible. As for the reaction with 1,0,1/2,1,t,
no peak was observed for a monofunctional aqua species in either reaction, thus the models used
only incorporated the products directly formed by monofunctional (G/CI) species (see Scheme 1).
Two different kinetic models were used. In model I, all conformers of the 1.,4-cross-link were
treated as single product. In model II, the Y conformer was treated as a discreet conformer whilst
the X conformer was treated as a mixture of conformers that are indistinguishable. In the case of
17, a full kinetic analysis for the reaction was not possible due to the overlap of the cross-peaks for
both ends of the monofunctional adduct (3”). The cross-peak for the unbound {PtN,CI} end of 3" is

obscured by that of the parent dichloro compound, and as the reaction proceeds, the cross-peak for
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the guanine N7 bound end becomes overlapped by cross-peaks corresponding to bifunctional
adduct, 4 (see Figure 1b). The change in concentration of species vs. time for the monofunctional
species was calculated by using a combination of intensities of both cross-peaks. The data points
for the first 15 h were calculated based on the intensity of the cross-peak (3°a) corresponding to
the monofunctionally bound {PtN,} end of 3. No data points were used between 15 and 40 h time
points, after which the intensities were calculated based on the intensity of the unbound {PtN,Cl}
end of 37 (after the cross-peak 3’b is no longer overlapped with that of 17). The rate constants
obtained from the two kinetic models for the two reactions are listed in Table 3 and the computer
best fits for the rate constants are shown in Figure 5.
(Insert Table 3 and Figure 5 here)

For both reactions the pseudo-first-order rate constants for the aquation process are significantly
lower than for the reaction of 1,0,1/#,¢,t with duplex I under identical conditions (Table 3). This
difference is greater for 1° (1.7 fold lower) than 1 (1.5 fold lower) and the overall trend is
consistent with the results of aquation studies carried out in the absence of DNA (Table 3).”’ As
found for 1,0,1/t,t,t, pre-association has a strong influence on the aquation step, as can be seen
from a comparison of the value of the pseudo-first-order rate constants with those of the forward
(aquation) rate constants for the three compounds under the same conditions of pH and ionic
strength in the absence of DNA (Table 3). For 1 and 1,0,1/¢,¢,¢ the value of & is 2.7 fold lower in
the presence of DNA, and this difference is greater than occurs for 1” (1.7 fold lower). The rate
constant for the formation of the monofunctional species is 3.6 fold higher for 1 compared to
1,0,1/t,t,t." Thus, it can be said that it is the slower aquation process that results in 1 taking longer
(57 h) to form the 1,4-interstand bifunctional adduct with duplex I compared to 1,0,1/#,¢,f (48 h),

given that the rate constants for closure of the monofunctional adduct (k) are comparable (Table
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3). In the case of 17, while it is not possible to obtain the rate constant for the monofunctional
binding step, comparison of the reaction profiles suggests that monofunctional adduct formation
may occur slightly faster than for 1, since the monofunctional species reaches a maximum
concentration more rapidly (7 h vs. 10.5 h), despite the slower aquation step. However, this
observation could equally result from a larger rate constant for the closure of the bifunctional
cross-link in the case of 17, as is observed from a comparison of the rate constants (k) in Table 3.
The overall reaction is complete after 54 h, which is similar to that of 1 and consistent with
aquation being the rate-limiting step in the formation of both monofunctional and bifunctional
adducts. Interestingly, for both PPCs closure to give the discrete minor (Y) conformer of the 1.,4-
cross-link occurs significantly slower (2.3-4.6 fold) than for the other conformers, and the trend is

similar to that observed for the minor conformer formed by 1,0,1/z,¢,t."

DISCUSSION

There are numerous accounts of potential anticancer therapeutic metal complexes that incorporate
polyamines into their structure. Second generation polyamine derivatives of 10,1/ttt that
incorporate a H-bonding motif, and exploit the fact that polyamines such as spermine and
spermidine are inherent in cellular processes offer the possibility a new suite of anticancer
complexes that enhances the biological profile of 1,0,1/¢,z,z.

The terminal {PtN,CI} moieties of 1 and 1” are spaced sufficiently far apart that they would not
be expected to influence each other’s behavior, but previous aquation studies have shown that
there are remarkable differences (even between both complexes) in the rate constants for the
aquation and anation steps in comparison to 1,0,1/z,t,t and the dinuclear 1,1/t,t.* Interestingly, the

pK, values for the aquated forms of both PPCs are significantly higher when compared to 1,0,1/¢,¢,¢
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and 1,1/t,t (592 vs. 5.62).” Thus it appears that the central non-coordinated amine groups affect
the behavior of the terminal Pt coordination spheres and the higher pK, values of 1 and 1” have
been attributed to the formation of macrochelates between the central NH, groups and the {PtN,O}
groups of the aquated species.”

Previous work has shown that the aquation rate of 1,0,1/¢,¢,¢ (and 1,1/t,f) are altered in the
presence of DNA,'" with the hypothesis being that the lower aquation rate constant may stem from
pre-association between the Pt complex and the DNA. This pre-association restricts access of the
solvent to the coordination sphere, thus obstructing the formation of a 5-membered transition state
necessary for substitution reactions such as aquation. It is interesting that the lowering of the
aquation rate constants for 1 and 1,0,1/z,¢,¢ in the presence of DNA are comparable in magnitude
and more pronounced than for 17, as all three complexes show similar H-bonding interactions for
the Pt-""NH, and Pt-""NH, groups with duplex I.

Previously it has been reported that a stronger pre-association in the minor groove by 1,0,1/¢,t,t
alters the approach of the Pt—Cl group to the guanine N7 binding site for monofunctional binding
compared to 1,1/z,¢t (which does not pre-associate in the minor groove and binds monofunctionally
faster compared to 1,0,1/t,t,¢). The higher rate constant observed for 1 (0.87 M s™) compared to
10,1/ttt (025 M' s') and the quantitatively weaker electrostatic interactions (based on the
magnitude of the changes in chemical shifts of adenine H2 protons) are consistent with this view.
The rate constant for the monofunctional binding of 1 to duplex I is almost 2-fold higher than that
observed for 1,1/t,t (0.47 M s™) and perhaps even higher in the case of 1°. The comparison is not
strictly valid, however, as although all four reactions with duplex I were carried out under
identical conditions (pH, ionic strength and temperature), the pK, values for the aquated forms of 1

and 1" are 0.3 pK units higher.” This difference means that there will be a greater proportion of the
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more reactive aquated species (compared to the less reacted hydroxo species) present in the
solution than for 1,1/¢t,t and 1,0,1/¢,t,f under the same reaction conditions. On the other hand the
pK, values measured for the free complexes may be irrelevant to the current situation. It seems
unlikely that the macrochelates of the central NH, groups of 1 and 1” with the respective aqua
ligands would be maintained when non-covalently bound to DNA.

Biophysical methods have compared the global DNA binding profiles of spermidine and
spemine-linked dinuclear platinum complexes and most recently 1° to those for 1,1/¢¢ and
1,0,1/t,t,t>**® In contrast to the kinetic studies described here, the binding of all polyamine
complexes to the DNA was very fast relative to the simple alkyl linked complex 1,1/¢,¢. Increasing
the salt concentration slowed but did not inhibit the binding. It is possible that the polymer induces
stronger recognition by electrostatic and H-bonding, explaining the differences. In the 'H and 2D
['H, ®N] HSQC NMR spectra, several indistinguishable, non-discrete conformers were observed
on completion of the reaction (bifunctional binding) for both 1 and 1°. This is in contrast to
1,0,1/t,t,t where two clear conformers were observed.

To our knowledge this is the first observation of a polyamine-DNA interaction using 2D ['H,
"N] HSQC NMR spectroscopy. Direct "N observation has allowed the sites and sequence of
amine protonation to be determined.” In the presence of tRNA, the longitudinal relaxation times
of the "N amines of spermidine and spermine were diminished.”” Spermine reacted more strongly
than spermidine and, interestingly, the —NH,— groups reacted stronger than terminal —NH,—,
suggesting that both electrostatic and H-bonding were important factors in the interaction. *C
NMR relaxation and heteronuclear NOE experiments have also been used to compare the
dynamics of binding of spermidine to duplex and quadruplex DNA.* The binding of spermine to

the self-complementary DNA sequence d(CGCGAATTCGCG), showed that, although the
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polyamine has a binding constant of approximately 10°at the low ionic strength employed for the
experiments, the nature of the complex and the lifetime of the ligand on the DNA meant that the
mobility of the spermine molecule was effectively independent of that of the polynucleotide.”” In
contrast, 'H and *'P NMR studies showed decreased mobility of spermine in the Z-form of
d(m5CGmMS5CGmSCQG), although no clear evidence of intermolecular spermine-DNA proton NOE
contacts was observed.” The ability to “anchor” the polyamine on the double helix through
formation of the terminal Pt-N7 bonds is a novel approach to examine the polyamine linker
flexibility and is extendable to spermine itself, where the distance between the central —-NH,-
groups is sufficient to avoid the 'H exchange between the two "N atoms.”

The results reported here confirm the previous observations that the polyamine induces very
small quantitative changes on the DNA/RNA spectrum.””’ However, the observations of the
extent — or delocalization — of the interaction could have implications for the understanding of
conformational transitions on DNA facilitated by polyamines and polyvalent cations in general,
especially the B — Z transition.” The “pre-association” for the 6,6-linker (1) is centered on the
minor groove (A,-A,,) whereas for the longer 6,2,6-linker (17) it is apparently delocalized over the
whole sequence (see Figure 3). The rare minor groove placement has been observed in the Z-form
of d(CGCGCQG), induced by spermine and structurally modified polyamines,”** although they are
usually placed in the major groove of DNA.** Crystallographic and computational studies on
polyamine-DNA interactions have been interpreted from the point of view that the polyamines
may interact with the minor groove by electrostatic scanning of the DNA surface before ‘settling”
into the most stable complex in the major groove.”*” The results for 1 and 1” are in agreement

with this understanding.
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The existence of Z-DNA in vivo is now accepted but there is continued discussion on the
mechanism and physiological role of this transition.”>*® The purine bases in Z-DNA adopt the syn
conformation whereas the pyrimidines remain in the anti orientation due to steric constraints. The
B — Z transition is a highly cooperative one and a number of theories have been proposed for the
mechanism.*” Prominent amongst these is the concept of a nucleation step where a short Z-DNA
sequence is formed between two B-Z junctions and propagation then occurs through flipping of
the intervening base pairs.”® The delocalization observed for the DNA backbone is at least
consistent with this zipper model,”' showing as it does the presence of H-bonding and electrostatic
interactions over a suitable 4 or >4 bp nucleation sequence. Two structural features of polynuclear
platinum-DNA binding - (i) NMR and crystallographic evidence of the minor groove placement of

52,53

the linker in non-covalent complexes with the Dickerson Drew Dodecamer’ ™" and also in isolated

14,20

covalently bound 1.4 interstrand cross-links ™~ and (ii) the induction of the syn conformation upon

7,14,20,54

monofunctional Pt binding to G N suggests that the 1,4-crosslink described here, and

previously,'"'**

is “primed” to nucleate conformational transitions because of the simultaneous
conformational changes from guanine platination and backbone polyamine-polynucleotide
interactions. These features may be relevant to possible intermediate states in the B — Z
transition.””° Indeed the range of distinct Pt-NH, environments found in the final conformers are
indicative of interactions between the NH, protons and the DNA as a result of changes in the DNA
conformation. The slight but distinct changes in the central -NH,- chemical shifts in going from
pre-association, monofunctional to bifunctional binding also reflect different environments relative
to the helix.

Polyamine analogs have been extensively examined for their antitumor activity.””” The major

emphasis has been on disturbing the spermidine/spermine N1-acetyltransferase (SSAT) cycle
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rather than DNA conformational changes, as has been predominantly the case for platinum analog
development. Polyamine catabolism is linked to antiproliferative activity and apoptosis. It is of
considerable interest to note that both oxaliplatin and cisplatin stimulate the induction of
polyamine catabolic enzymes such as SSAT by platinum drugs and biochemical responses and
growth inhibition can be potentiated by co-treatment with polyamine analogs.”* Polyamines
linked to DNA interacting moieties have also been used in attempts to target cytotoxics to cancer
cells.” Notably a chlorambucil-polyamine combination was significantly more cytotoxic than the
simple alkylating agent reminiscent of the situation with 1°.** In this sense the platinum-
polyamines described here represent another class of these “chimeric” molecules with potential for
dual biological activity — the polyamine conjugate contributes to the target reaction, without

affecting the final outcome, in this case formation of {Pt,Pt} interstrand crosslinks.

CONCLUSIONS

The polyamine-platinum compounds have been discussed as 2nd-generation polynuclear clinical
candidates. Modification of leaving group using sterically hindering carboxylates has shown a 3-5-
fold increase in plasma stability over the parent dichloride, 1°. A requirement for a 2nd-generation
analog is that chemical modification does not affect DNA-binding properties so that target
interactions are similar to the parent drug (see for example cisplatin and carboplatin). The detailed
kinetic analysis and comparison to 1,0,1/¢,¢¢ described here, combined with the global DNA
binding profile reported confirms the utility of 1° and analogs for further development.
Considering polyamine-DNA interactions, the novel approach of “anchoring” the polyamine on

the Pt-G N7 bond allows observation of early events in its association with the double helix.

26



ASSOCIATED CONTENT

Supporting Information. The 'H assignments for duplex I, 2D ['H, "N] HSQC NMR spectra of 1
after addition to duplex I for 0.95 h showing peaks for three different pre-associated forms of 1 in
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Figure 1. 2D ['H, "N] HSQC NMR (600MHz) spectra recorded at 298K of 1 (a) and 1” (b) after
their addition to duplex I for the times shown. Peaks have been assigned to the Pt-""NH, and
Pt-"’NH, structures shown in Scheme 1. Peaks labeled 'o' are assigned to other products (possibly
adenine bound® - see also Figure 2) and are similar to those observed in the reactions of I with
1,1/, and 1,0,1/t,¢,t."" The peak labeled 'i' is assigned to a minor polymeric "N-labeled impurity

with dangling amines in the sample of 1” (see reference *°).
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Figure 2. The aromatic regions of the '"H NMR spectra (600 MHz) of duplex I after the addition of
1 (a) and 1" (b) for the times shown. Assignments have been made for the monofunctional species,
3/37, and the bifunctional adduct, 4/4°. Peaks labeled '0' have been tentatively assigned to adenine

bound adducts based on previous assignments.*
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Figure 3. 'H chemical shift changes (A8 = 8 (duplex I: PPC) - & (duplex I)) seen after the addition
of 1 (a) or 17 (b) to duplex I. Key: circles (brown) H2 protons; squares (red) aromatic H8/H6

protons; x (blue) H41 protons.
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Figure 4. 2D ['H, "N] HSQC NMR (600MHz) spectra of the central —'’NH,— region of 1 after its

addition to duplex I for the times shown. Peaks have been assigned to the structures shown in

Scheme 1.

36



12
= 0.8 =
E E
o S
- C
Q @]
O 04 O

00 A ...i?;\.'.;_:_,_'__;—

0 10 20 30 40 50 60
Time (h)
al

1.2
g 081 g
E E
o %)
[ o= <
[e] O
O 04 O

0.0 lade

Time (h) Time (h)

Figure 5. Plots of relative concentrations of species observed during reaction of 1 (a/a”) or 1”
(b/b”) with duplex I, based on intensities of the cross-peaks in the Pt—""NH, region of the 2D ['H,
>N] HSQC spectra. The curves are computer best fits for the rate constants shown in Table 3,
which were fit to either Model I (a/b) or Model II (a",b”) (Scheme 1). Labels: dichloro species
(1/17) open squares; aqua species (2/2”) open circles; monofunctional species (3/3°) filled triangles;
bifunctional adduct (4/4”) filled circles; other products open diamonds. (a” and b”) show the
formation of the minor (4Y/4°Y, filled squares) and other conformers (4X/4°X, filled circles) of

the 1 4-interstrand cross-link, which are shown as combined products in (a and b).
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Chart 1. General structures di- and trinuclear complexes, 1,0,1/t,t,¢, 1,1/¢,t-6,6 (1) and 1,1/t,t-6,2,6

1.
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Scheme 1. Interstrand Cross-linking of 1 and 1” with Duplex I, according to the two Kinetic

Models I and 1I.
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Table 1. '"H/°N Chemical Shifts for the Pt—"NH, and Pt—""NH, Groups of 1 and 1° and the

Intermediate Species Observed during their Reactions with Duplex I (at 298K, pH 5.4).“ Data for

1,0,1/t,t,t and 1,1/t,t are shown for comparison.

L _-NH,

HaN-—_

L
Pt

Pt
HN""  “NH,—X—H,N~~  NHs

1’ 1 1,0,1/8,8,1 L/te?

Species Pt-'SNH, Pt-'SNH, Pt-'SNH, Pt-'SNH, Pt-'SNH, Pt-'>NH, Pt-'SNH, Pt-'SNH,
L/L 8 'H/®N O 'H/®N & 'H/PN S 'H/®N 8 'H/®N S 'H/PN & 'H/PN S 'H/®N
Cl/Cl 3.92/-64.2 5.10/-47.1 3.94/-64.2 5.10/-47.1 391/-64.2 5.05/-46.9 391/-64.3 5.05/-47.0

5.07/-47.6
5.10/-47.6
(3.85/-64.5)° (4.98/-47.0)° (3.85/-64.5)° (4.98/-47.0)° (3.86/-64 .4)° (5.03/-46.7)¢ (3.86/-64.6)° (5.03/-47.0)°
CI/H,0 f f f f f f f f
CI/'H,0 4.22/-61.8 8 4.23/-61.8 8 4.19/-61.8 8 421/-61.9 8
(4.03/-62.2)¢ (4.03/-62.2)¢ (4.00/-62.5)¢ - (4.00/-62.6)¢
CI/GN, 3.94/-64.2 5.13/-47.1° 3.94/-64 2" 5.14/-470 3.93/-64.2 5.05/-46.9 3.93/-64.3 5,07,5.11/-47.0
CI/GN, 4.29/-60.7 5.13/-47.51 4.30/-60.7 5.12/-47.6' 4.29/-60.6 5.12/-46.9 4.29/-60.8 5.12/-47.0

“'H referenced to TSP (internal) and "N referenced to "NH,CI (external). d in "N dimension = 0.2

ppm. ” This work. ¢ From reference ''. ¢ From reference '. ¢ The 'H/”N chemical shifts in the

absence of DNA at pH 5.4./ Assumed to be concealed underneath the cross-peak corresponding to

the CI/CI species. ¢ Assumed to lie too close to the 'H,O peak to be detected. " Partially obscured

by the dichloro crosspeak (see text). ' Assignments for CI/GN; and CI/GN; could be reversed.
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Table 2. 'H/"°N Chemical Shifts for the Pt—""NH, Groups of the Conformers of the Final Products

(4/4") formed in the Reactions of 1 and 1" and 1,0,1/¢,¢,t with Duplex I (at 298 K, pH 5.4).¢

1 1° 10,1/n,8,¢¢
Species? AJA, B,/B, AJA, B,/B, AJA, B,/B,
8 'H/®N 8 'H/®N 8 'H/®N §'H/PN 6 'H/®N 6 'H/®N
conformer(s) X 4.32/-61.0° 4.43/-60.4¢ 4.30/-60.8 4.37/-60.8¢ 4.30/-60.9 4.37/-60.6
4.35/-60.9
conformer Y 4.57/-59.7 4.43/-60.4¢ 4.58/-59.9 4.37/-60.8¢ 4.57/-59.7 4.37/-60.6
4.54/-59.7 4.53/-59.8 4.51/-59.9 4.35/-60.9

“ 'H referenced to TSP (internal) and "N referenced to "NH,CI (external). ” This work. ¢ From

reference.'’ “ Two discrete conformers (X and Y) are observed for 1,0,1/#,¢ but not in the case of 1

or 17 (see text). “ Broad cluster of overlapped peaks.
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Table 3. Rate Constants for the Reactions of 1 and 1” with Duplex I (at 298 K, pH 5.4)*

1 1 10,1/t
Rate constant Model I Model II Model I Model I Model I Model II
Ky (10787 261001 271+001 233+0.03 240 +0.03 3.94+£0.03 393 +0.04
(72+02) (40+0.2) (10.7+£0.1)
kyp (M) 0.87+005 0.89+0.06 ¢ ¢ 025+0.02 024 +£0.02
ke (10787 437+0.04 341+0.03 5402 36x0.1 421+0.06 3.00 £0.05
ke (1075714 0.74+0.01 1.59+0.06 121+0.03

“ The rate constants are defined in Scheme 1 for models I and II. In the case of model II other
species observed at the completion of the reaction were summed as “other products” and taken
into account in the calculations but the rate constants obtained are meaningless and are not
included here. ” From reference ''. * Data shown in parentheses are rate constants for the aquation
step in the absence of DNA under identical ionic strength and pH (from references **). ¢ The rate
constant for the monofunctional binding step could not be obtained due to the absence of data for
the concentration of 3" between 15-40 h (see text and Figure 5). ¢ The reaction between 1,0,1/,t,t
and duplex I affords two conformers of the 1.4 interstrand adduct, the rate constant k., relates to
the formation of the less abundant conformer (Y) and in that case k¢ relates to the formation of
the other (major) conformer (X)."" For the reactions of 1 and 1° kg, similarly relates to the
formation of the distinct minor conformer, but there also several other conformers, which are

summed together to provide the rate constant kqy.
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