Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 46 Dalton Transactions



Dalton Transactions Page 2 of 46

DNA Fragment Conformations in Adducts with Kiteplatin
Nicola Margiotta,"” Emanuele Petruzzella," James A. Platts,” Shaun Mutter,> Robert J. Deeth,® Rosa
Ranaldo,"* Paride Papadia,® Patricia A. Marzilli,* Luigi G. Marzilli,* James D. Hoeschele,® Giovanni

Natile.!”

1Dipartimento di Chimica, Universita degli Studi di Bari A. Moro, via E. Orabona, 4, 70125 Bari
(Italy);

2School of Chemistry, Cardiff University, Park Place, Cardiff CF10 3AT (UK);

Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry, CV4 7AL (UK);
*Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803 (USA);
*Dipartimento di Scienze e Tecnologie Biologiche ed Ambientali, Universitad del Salento, Prov.le
Lecce-Monteroni, 73100 Lecce (ltaly);

®Department of Chemistry, Eastern Michigan University, Ypsilanti, Michigan 48197 (USA).

* Corresponding Authors
Phone: +39 080 5442759 (N.M.); +39 080 5442774 (G.N.). E-mail: nicola.margiotta@uniba.it (N.M.);

giovanni.natile@uniba.it (G.N.).

Keywords

Cisplatin, Kiteplatin, cis-1,4-diaminocyclohexane, NMR, oligonucleotides, conformers.

Abstract

The anticancer activity of cisplatin is triggered by its formation of intrastrand adducts involving adjacent G
residues of DNA. To obtain information on the different conformers that can be formed, carrier ligands
such as 2,2'-bipiperidine, which provide large steric bulk near the platinum coordination plane and decrease
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the dynamic motion about the Pt—N7 bonds, were introduced (“retro-modelling” approach). In the present
study we investigate the effect of cis-1,4-diaminocyclohexane (cis-1,4-DACH) on the formation, stability,
and stereochemistry of (cis-1,4-DACH)Pt(ss-oligo) adducts (ss-oligo = d(GpG) with 3'- and/or 5'-
substituents). Interesting features of this ligand, absent in previous retro-modelling studies, include the large
bite angle (expected to impede the ease of interconversion between possible conformers), the presence of
two protons on each nitrogen (a characteristic associated with antitumor activity), and the absence of chiral
centres. The use of cis-1,4-DACH has made it possible to detect different conformers in a system
containing a primary diamine carrier ligand associated with anticancer activity and to confirm the
previous hypothesis that the coexistence of different conformers established in studies of retro models
having relatively bulky ligands is not an artefact resulting from carrier-ligand bulk. Moreover, the data
for the (cis-1,4-DACH)Pt(d(GpG)) and (cis-1,4-DACH)Pt(d(GGTTT)) adducts indicate that at a
temperature close to the physiological one (40 °C) HH1 and AHT1 conformers are present in
comparable amounts. In contrast, at low temperature (close to 0 °C) the equilibrium shifts dramatically
toward the more stable HH1 conformer (for the (cis-1,4-DACH)Pt(d(TGGT)) adduct the HH1
conformer is always dominant, even at high temperature). Notably, (cis-1,4-DACH)PtCI: (Kiteplatin) has
been recently reinvestigated and found particularly active against colorectal cancer (including oxaliplatin-

resistant phenotypes).

Introduction

The anticancer activity of cisplatin, cis-[PtCl,(NHs),], the prototype of platinum-based anticancer-
drugs, is triggered by the formation of intrastrand adducts involving Pt binding to the N7 of two
adjacent G residues of DNA.*® The two cross-linked guanine bases adopt primarily a head-to-head
(HH) arrangement (Figure 1), with both G residues maintaining the anti conformation typical of B-

DNA (HH1 in Figure 1).>*%° In contrast, in interstrand cross-links, the guanine bases from the two



Dalton Transactions Page 4 of 46

strands adopt a head-to-tail (HT) arrangement.**** Such interstrand cross-links could also contribute to
the anticancer activity.'>*°

All evidence indicates that the HH1 conformer is clearly dominant in cisplatin-(~GpG~) intrastrand
adducts in which a platinated strand is in a DNA duplex.'""'"*® However, in the simple cis-(NH;),Pt
(d(GpG)) model and in cis-(NH;3),Pt(ss-oligo) models (oligo = oligodeoxyribonucleotide, ss = single
strand), the dynamic nature of these adducts complicates the NMR spectroscopic analysis. In the
limiting case in which rotation about the Pt—N7 bonds is fast on the NMR time scale, the informative

4-6,27-44
d™

potential of the NMR technique cannot be realize Watson-Crick base pairing reduces

conformational dynamics in duplexes.'”

In cases in which the intrastrand cross-link clearly has an HH1 conformation, such as in cis-A,Pt(d-
oligo) adducts (d-oligo = duplexed oligodeoxyribonucleotides; A, = two monodentate or one bidentate
N donor carrier ligand), the H8 signals of the two G’s are not well separated (6 ~ 0.3 ppm), with the 3'-
G H8 upfield and the 5'-G H8 downfield. The 3'-G base is canted, and the 3'-G H8 is positioned near
the anisotropic region of the 5-G base.?%?*%%4% Thijs is called right-handed (R) canting because the
straight line connecting the N7 of the two coordinated guanines and the arrow mimicking the 3'-G base
can be represented by the index and thumb of the right hand (Figure 1). In cis-A,Pt(ss-oligo) adducts in
which A; is a non-bulky ligand, the 5'-G H8 is positioned by 5'-G base canting near the anisotropic 3'-
G base. Such left-handed (L) canted adducts (the straight line connecting the N7 of the two coordinated
guanines and the arrow mimicking the 5'-G base is represented by the index and thumb of the left hand,
Figure 1) have an upfield 5'-G H8 signal and a very downfield 3'-G H8 signal. This signal separation is

5627,31.333443 § o \when there is at

clear and large when the cross-link is not at the 5' end of the ss-oligo,
least one nucleotide residue in the position 5' to the 5'-G in the cross-link.
To obtain information on the different conformers, many investigators have studied adducts of short ss-

oligos by employing the Marzilli and Natile “retro-modelling” approach.”*** These studies used

carrier ligands (A,) that provide large steric bulk in or near the platinum coordination plane in order to
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decrease the dynamic motion about the Pt—N7 bonds, thus allowing multiple conformers to coexist and
to interconvert slowly on the NMR time scale, even if the adducts involved ss-oligos. 1746485457
Studies of retro models have shown that all major conformers (namely, HH1, HH2, AHT1, and AHT2,
Figure 1) are possible.}”%°8%3 These major conformers, in turn, can have several sub-forms differing in
backbone conformation and base canting (R or L).

One of the most successful carrier ligands used in retro models has been 2,2'-bipiperidine (Bip) (Chart
1) in two different configurations (S,R,R,S or R,S,S,R configurations at the N, C, C, and N chelate ring
atoms). 1746483555984 Tha stereochemistry of the Bip carrier ligand influences both the conformer
distribution and cross-link handedness. For example, ((R,S,S,R)-Bip)Pt(d(GpG)) was shown to have
two abundant right-handed conformers (HH1 R, HH2 R), and ((S,R,R,S)-Bip)Pt(d(GpG)) was shown to
have two abundant left-handed conformers (HH1 L, AHT1 L).*"***° In these conformers at least one
guanine base is oriented such that its O6 is on the same side of the coordination plane as a Bip NH
proton; thus, a G O6-NH hydrogen bond could form. In each case, the observed base canting direction
of that G residue permits such H-bonding. Another successful ligand in “retro-model” studies was the
N,N,N',N'-tetramethyl-2,3-diaminobutane ligand (Me4,DAB), with S,S or R,R configurations at the
chelate ring atoms (Chart 1), and showing analogous results.***®

Our objective in the present study was to assess the properties of cis-1,4-diaminocyclohexane (cis-1,4-
DACH) by determining the effect of the carrier ligand on the formation, stability, and stereochemistry
of (cis-1,4-DACH)Pt(ss-0ligo) adducts. An interesting feature of this ligand is its ~97° bite angle,®
which is larger than that of cisplatin (~90°, Chart 2) and of analogous compounds with
ethylenediamine (en, 83°)% or 1,2-DACH (83.2°, average value of three Pt complexes).®” The large bite
angle of cis-1,4-DACH complexes could also reduce the (amine)NH,—Pt-N7(G) angles, thus possibly

influencing the distribution of conformers and likely diminishing the ease of interconversion between

possible conformers. Such impeded interconversion was reported for the (cis-1,4-DACH)Pt(5'-GMP),



Dalton Transactions Page 6 of 46

adduct (having two untethered guanine derivatives), for which *H NMR evidence for all three possible
conformers (HH, AHT, and AHT) was observed by lowering the temperature to —35 °C. (For such
adducts with untethered guanine bases, conformer designations lack the 1 and 2, which designate
backbone direction, and the HH1 and HH2 conformers shown in Figure 1 become equivalent.)®® The

equilibrium composition of the three conformers was 33% HH, 51% AHT, and 16% AHT. The high
abundance of the AHT conformer arises from “second-sphere communication” in which the 5'-
phosphate of each 5'-GMP interacts with the guanine base NH group of the cis 5-GMP.*® Another key
feature of the cis-1,4-DACH ligand is that both donors are primary amines. This characteristic, which
was not explored in previous retro-model studies, usually favours antitumour activity. Finally, the
1R,2R-DACH ligand in the anticancer drug oxaliplatin ((1R,2R-DACH)Pt(oxalate), Chart 2) and amine
ligands used in retro-model studies have chiral centres, while cis-1,4-DACH has no chiral centres and
hence cannot influence the chirality of (cis-1,4-DACH)Pt(DNA) adducts.

The cis-1,4-DACH carrier ligand was introduced into platinum-based drug research many years ago, as
an alternative to 1R,2R-DACH in oxaliplatin, a third generation platinum drug with a spectrum of
activity not superimposable on that of cisplatin.®® However, after some initial interest, cis-1,4-DACH
was set aside. More recently, [PtCly(cis-1,4-DACH)] (Kiteplatin, Chart 2) was extensively
reinvestigated by some of us, and it was found to have potential application against colorectal cancer
(including oxaliplatin-resistant phenotypes).®>%-"

In this work, (cis-1,4-DACH)Pt(d(GpG)), (cis-1,4-DACH)Pt(d(GGTTT)), and (cis-1,4-
DACH)Pt(d(TGGT)) adducts were investigated by employing *H and *P NMR spectroscopy
complemented with a combination of molecular mechanics and semiempirical quantum-chemical
calculations. It should be noted that the triplet GGT present in the latter two adducts is also part of the
repetitive sequence in single-strand telomeres, which could also be potential targets for platinum

63,74-76

drugs.



Page 7 of 46 Dalton Transactions

Experimental Section

Materials and methods

NMR spectra were recorded on Bruker instruments (Avance DPX 300 MHz, Avance DPX 400 MHz,
Avance Il 600 MHz, and Avance Il 700 MHz) equipped with variable-temperature units. Standard
Bruker pulse sequences were employed for the NMR experiments, using gradient selected versions
when necessary. In particular, 2D NMR spectra (NOESY, COSY, TOCSY) with water suppression
were obtained by using the standard Bruker sequence with presaturation or excitation sculpting.’’
DNO; and NaOD solutions (0.1 M in D,O) were used to adjust the pH of the D,O solutions. *H NMR
experiments at different temperatures were referenced to the residual HOD peak (*H). *H-decoupled *'P
NMR spectra were recorded using trimethyl phosphate (TMP) in D,O as an external reference (+2.10
ppm with respect to HzPO,4, 85% m/m, placed at O ppm). The spectra recorded at —10 °C, on samples
dissolved in D,O/CD3sOD (70/30, v/v), were referenced to the internal residual peak of CD;OD (*H) or
external TMP (3'P) dissolved in the same mixture.

Deoxyguanyl(3'-5")deoxyguanosine (d(GpG)) was purchased from Sigma and, in part, also provided by
Prof. Jan Reedijk (Leiden University, The Netherlands). d(GGTTT) and d(TGGT) were synthesized at
the Emory Microchemistry Facility (Atlanta, GA) and purified by FPLC, using deionized water and 2
M NaCl water solution as eluents. Oligonucleotide concentrations were determined by using the
following &, at 25 °C: 46300 M~cm™ for d(GGTTT) and 37600 M~‘cm™ for d(TGGT).”®

The cis-1,4-DACH carrier ligand and the [PtCl,(cis-1,4-DACH)] complex were synthesized according
to previously described procedures.®’*® As is commonly done, we used an activated form of the
platinum dichlorido drug, [Pt(OSO3)(OHy)(cis-1,4-DACH)], to produce the reactive diaqua species
after equilibration in water. [Pt(OSOs3)(OH,)(cis-1,4-DACH)] was prepared from [PtCl,(cis-1,4-

DACH)] (60 mg, 0.16 mmol), suspended in water (15 mL), and treated with Ag,SO, (49.9 mg, 0.16
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mmol). After stirring for 24 h at room temperature, the suspension was filtered through Celite to
remove AgCI and the solvent evaporated to dryness under reduced pressure. The white residue was the
desired product (yield, 56.9 mg, 0.13 mmol, 81%). Anal. Calculated for [Pt(OSO3)(OH,)(cis-1,4-

DACH)]-H20 (CeH1sN206SPt): C, 16.33; H, 4.11; N, 6.35%. Found: C, 16.50; H, 4.04; N, 6.33%.

Preparation of samples for NMR investigation

(cis-1,4-DACH)Pt(d(GpG)) was prepared from [Pt(OSO3)(OH,)(cis-1,4-DACH)] (1.2 mg, 0.0028
mmol) dissolved in D,O (0.55 mL), left equilibrating at room temperature for 4 days and then treated
with d(GpG) (1.91 mg, 0.031 mmol; Pt:d(GpG) ratio of 1:1.1). The pH of the solution was adjusted to
~3 with DNO; and the sample kept at 5 °C. The progress of the reaction was monitored by *H NMR
spectroscopy, and the disappearance of the G H8 signals of free d(GpG) indicated that the reaction was
complete.

(cis-1,4-DACH)Pt(d(GGTTT)) was prepared similarly to the previous adduct from
[Pt(OS03)(OH,)(cis-1,4-DACH)] (1.17 mg, 0.0027 mmol), dissolved in D,O (0.690 mL), and, after
equilibration for 4 days at room temperature, treated with d(GGTTT) (4.1 mg, 0.0027 mmol; 1:1.1
Pt:d(GGTTT) ratio). The reaction progress (room temperature) was monitored by 'H NMR
spectroscopy using the G H8 and the T H6 signals of free d(GGTTT) as indicators; the pH was always
~4.

(cis-1,4-DACH)Pt(d(TGGT)) was also prepared in a similar way from [Pt(OSO3)(OH,)(cis-1,4-
DACH)] (1.23 mg, 0.0029 mmol) dissolved in D,O (0.690 mL), left to equilibrate at room temperature
for 4 days, and then treated with d(TGGT) (3.49 mg, 0.0029 mmol; 1:1.1 Pt:d(TGGT) ratio). The
reaction progress (room temperature) was monitored by *H NMR spectroscopy by using the G H8 and

the T H6 signals of free d(TGGT) as indicators; the pH was always ~4.

Calculations
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A DNA adduct was constructed from PDB entry 1PGC through truncation to two coordinated guanines
plus the backbone, and 1,2-DACH was converted into its 1,4 isomer manually, retaining the position of
the Pt and N atoms and adapting cyclohexane into a boat-like conformation. Semi-empirical
calculations employed MOPAC with the PM6-DH2 method.?#%* Conformational freedom was
explored by stochastic conformational searching of all rotatable bonds in the d(GpG) adduct using
Deeth’s ligand field molecular mechanics (LFMM) approach® with previously reported parameters for
Pt(11)*®” and AMBER99 parameters for all other atoms®® and incorporating the Born model of aqueous

solvation, as implemented in the DommiMOE®® extension to MOE.*

Results and discussion

Reaction with d(GpG)

A solution of the activated form of Kiteplatin, [Pt(OD,),(cis-1,4-DACH)]?*, and d(GpG) (1:1.1 molar
ratio, 5 mM concentration in D,0) at 5 °C and pH ~3, prepared as above, was monitored over time by
'H NMR spectroscopy (Figure S1 in the Electronic Supplementary Information). Within a few days,
the H8 signals of free d(GpG) (8.14 and 7.95 ppm for 3'-G and 5'-G, respectively) completely
disappeared, accompanied by the appearance of new, very broad downfield-shifted H8 signals; this
shift is consistent with formation of (cis-1,4-DACH)Pt(d(GpG)) adducts. The G H1' signals, which in
free d(GpG) fall at 6.22 (3'-G) and 6.07 ppm (5'-G), merged into a broad feature centred at 6.22 ppm
upon platination (Figure S1). The methynic and methylenic signals of cis-1,4-DACH (respectively at
3.23 and 1.77 ppm in [Pt(OD,),(cis-1,4-DACH)]**) shifted downfield (to 3.40 and 1.89 ppm) upon

reaction with d(GpG).

Temperature effect
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The broadness of the H8 signals indicates that more conformers of the (cis-1,4-DACH)Pt(d(GpG))
adduct are present in D,O solution at 25 °C and that the conformers interconvert at a rate which is
comparable to the NMR time scale. A previous study showed that, by lowering the temperature to —35
°C (solvent D,O/CD3;0D, 2:1 v/v), it was possible to identify different conformers of the (cis-1,4-
DACH)Pt(5'-GMP), adduct with untethered guanines.®® Therefore, in the present study we used a (cis-
1,4-DACH)Pt(d(GpG)) sample in D,O/CD;OD (2:1, v/v) to record NMR spectra at different
temperatures (Figure 2). As the temperature was raised, the broad H8 signals in the 8.40-8.00 ppm
region became sharper, and at 55 °C the sample showed two major, rather sharp, H8 signals at 8.41 and
8.18 ppm, but there were still some broad H8 signals, indicating that in addition to the major (cis-1,4-
DACH)Pt(d(GpG)) monomeric adduct, other species (possibly platinum oligomers) were also present.
Upon cooling to 25 °C, the NMR sample had the same spectrum as before heating. This reversible,
temperature-dependent spectral change confirms that at room temperature the major component of the
sample is an adduct consisting of two or more conformers that interconvert at a rate comparable to the
NMR time scale.

Lowering the temperature of the NMR sample caused de-coalescence of the broad H8 NMR signal
observed at 25 °C and, at the lowest temperature reached in the experiment (-10 °C), two sharp H8
signals of equal intensity (at 8.94 and 8.46 ppm, Figure 2) were observed, together with a more
shielded, very broad, H8 feature. Warming the NMR sample back to room temperature restored the
initial spectrum, confirming the presence of a dynamic equilibrium.

In order to assign the two sharp H8 peaks of equal intensity detected at —10 °C to the corresponding
conformer of (cis-1,4-DACH)Pt(d(GpG)), we used a combination of 1D and 2D NMR methods
(NOESY, DQF-COSY, TOCSY, [*H,**C] HSQC, and *'P NMR). The 2D NOESY spectrum at —10 °C
(Figure 3) showed an NOE cross-peak between the two sharp H8 signals (8.94 and 8.46 ppm). An H8-

H8 cross-peak is indicative of an HH conformer.®**?* The more upfield H8 signal (8.46 ppm) showed
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two strong NOE cross-peaks to signals at 2.45 and 2.78 ppm. An NOE cross-peak was also observed
between the 2.45 and 2.78 ppm signals. Moreover, both signals showed a cross-peak to a signal at 6.08
ppm. The latter signal at 6.08 ppm had another NOE cross-peak to a signal at 4.08 ppm. The H8 signal
at 8.46 ppm also showed a strong NOE cross-peak to a signal at 5.00 ppm. All these data, along with
TOCSY data, allowed us to assign the signals at 6.08, 2.45, 2.78, 5.00, and 4.08 ppm to H1', H2', H2",
H3', and H4' sugar protons, respectively (Table 1). The strong H8-H3' NOE cross-peak indicates an N-
sugar pucker,*®®% 3 characteristic of a 5'-G residue.*® Strong H8-H2' and H8-H2" NOE cross-peaks
and an almost undetectable H8-H1' NOE cross-peak are all consistent with the 5'-G residue having an
anti conformation.

The more downfield H8 signal (8.94 ppm) showed strong NOE cross-peaks to signals at 2.45 and 2.57
ppm. These latter two signals are connected by an NOE cross-peak. In addition, both signals at 2.45
and 2.57 ppm have comparably intense NOE cross-peaks to a signal at 6.26 ppm. An additional NOE
cross-peak is observed between signals at 6.26 and 4.16 ppm. The latter has a cross-peak with a signal
at 4.64 ppm. These observations, along with TOCSY data, allow assignment of the signals at 6.26,
2.45, 2.57, 4.64, and 4.16 ppm to the H1', H2', H2", H3', and H4' sugar protons, respectively (Table 1).
The absence of a significant H8-H3' NOE cross-peak suggests that the sugar of this residue retains the
S pucker, a characteristic of a 3'-G residue;®* thus, the downfield H8 signal belongs to the 3'-G residue.
The strong intranucleotide 3'-G H8-H2'/H2" NOE cross-peaks and the weak 3'-G H8-H1' NOE cross-
peak indicate that the 3'-G residue has anti conformation.* The combination of two anti G residues and
downfield 3'-G H8 and upfield 5-G H8 signals are clear indications of left-hand canting of the 5'-G
residue, a common feature of cis-A,Pt(ss-oligo) adducts.

For the compound with untethered nucleotides, (cis-1,4-DACH)Pt(5'-GMP),, as mentioned above, the
HT conformation is favoured over HH.%® Conversely, the overall data obtained at —10 °C confirm that,

at this temperature, the more favoured conformation of the (cis-1,4-DACH)Pt(d(GpG)) adduct is HH1.

10
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Undoubtedly, the tethering of the two guanines by the sugar-phosphate backbone plays a key role in
stabilising this HH conformation.

The same sample ((cis-1,4-DACH)Pt(d(GpG)) in D,O/CD30D 2:1, v/v) was used to perform *!P NMR
experiments at different temperatures (Figure 4). By lowering the temperature, the broad *P NMR
signal at ~ —2 ppm observed at 25 °C decoalesces and, at the lowest temperature reached in the
experiment (—10 °C), splits into one sharp signal at —2.20 ppm and a broad, weak, signal slightly more
upfield. The sharp *'P NMR signal at —2.20 ppm is compatible with those observed in water for HH1
conformers in other Pt(d(GpG)) adducts.*®*"*® The more upfield signal is consistent with either a
mixture of oligomeric Pt(d(GpG)) adducts with unstrained backbones (expected to have signals in this
region) or with minor conformers of (cis-1,4-DACH)Pt(d(GpG)).

In order to assign the *C NMR signals of the postulated (cis-1,4-DACH)Pt(d(GpG)) HH1 conformer, a
[*H, 3C] HSQC experiment was performed at —10 °C. The observed 3- and 5'-G C8 signals were
almost coincident (139.1 and 138.7 ppm, respectively; Table 2). Very similar chemical shifts were also
found for the C1' and C3' atoms belonging to the two residues, whereas the largest differences between
the 3'-G and 5'-G residues were observed for the C2' (Ad = 2.0 ppm) and C4' (A3 = 1.1 ppm) atoms.
Similar differences have been observed for the HH1 conformer in retro-model studies of d(GpG)
adducts.*® The broad H/**C cross-peaks at 3.35/47.5 and 1.85/22.5 ppm in the [*H, *C] HSQC
spectrum can be assigned to the two methynic and eight methylenic protons of cis-1,4-DACH,

respectively.

Correlation between high and low temperature H8 signals
The two major, rather sharp H8 signals observed at 55 °C (8.18 and 8.41 ppm) must be coalescence
signals of 5'-G and 3'-G H8 residues of different conformers. How can these high temperature signals

be correlated to the low temperature signals at 8.46 and 8.94 ppm (—10 °C, Figure 2), which have been

11
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assigned, respectively, to 5'-G H8 and 3'-G H8 of a major HH1 conformer? In the fortunate case of the
((S,R,R,S)-Bip)Pt(oligo) adducts,***"*° it was possible to observe initially (kinetically controlled
composition) two abundant conformers in ca. 1:1 ratio, while over time one of the two decreased in
concentration (to nearly zero) in favour of the other, which was the most stable (equilibrium
composition). The initial two conformers of ((S,R,R,S)-Bip)Pt(oligo) were determined to be HH1
(dominant and increasing) and AHT1 (decreasing). In other cases, the AHT1 conformer is long-lived
enough to be studied.®®*® The AHT1 conformer almost invariably has two closely spaced, relatively
upfield H8 signals at ~7.8 ppm. The favoured HH1 conformer is always characterized as having widely
spaced, downfield-shifted H8 signals with more variable shifts than those for the AHT1 conformer.

Guided by the results of past studies, we can explain the temperature dependence for the H8 signals
(Figure 2). We begin by estimating the time-averaged H8 shifts for a 1:1 composition of HH1 and
AHT1 conformers undergoing fast interconversion. For the HH1 shifts we use the values measured for
(cis-1,4-DACH)Pt(d(GpG)) at —10 °C (8.94 and 8.46 ppm, Figure 2), where this conformer dominates.
For the AHT1 conformer (which is related to the HH1 conformer by having a syn conformation of the
3'-G residue having the base flipped with respect to the 5'-G residue), we use the chemical shifts
observed for (S,R,R,S-Bip)Pt(d(GpG)) (7.91 and 7.77 ppm for 3'-G and 5'-G, respectively).® This leads
to estimated high temperature H8 shift values for (cis-1,4-DACH)Pt(d(GpG)) of 8.42 and 8.12 ppm for
3'-G and 5'-G, respectively. These two values are very close (average discrepancy of only 0.04 ppm) to
the shifts observed at 55 °C (8.41 and 8.18 ppm). Such an agreement is surprisingly good, in light of
the very different nature of the carrier ligand and the different solvent system. However, we want to
point out that similar chemical shifts for the AHT1 conformer have been observed in adducts with
completely different carrier ligands (such as in (N,N'-Me,-piperazine)Pt(d(GpG)) for which the H8
chemical shifts were 7.90 and 7.78 ppm for 3'-G and 5'-G, respectively.® Moreover, the chemical shifts

are expected to be very little affected by the composition of the solvent in the case of water and

12
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methanol mixture. Therefore, we can be confident that the high temperature spectrum reflects the
coalescence set of signals of two dominating conformers, HH1 and AHT1 (and possibly some minor
conformers). We can deduce that, at high temperature, the 3'-G can rapidly flip between the HH and
HT orientations with respect to the 5'-G.

We turn now to the effect on H8 signals of lowering the temperature from 55 °C to —10 °C (Figure 2).
The equilibrium position will begin to favour the HH1 conformer, and the rate of 3'-G flipping will
slow. Such a process will only slightly affect the chemical shift of the 5'-G H8 signal because this
guanine is L canted in HH1, and the H8 is already in the shielding cone of the 3'-G, as it is in the AHT1
conformer. Therefore, the broadening of the 5'-G H8 signal will be moderate, as observed. In contrast,
the flipping of 3'-G will strongly affect the 3'-G H8 signal, which is deshielded by the L-canted cis 5'-G
base in the HH1 conformer but is shielded by the cis G in the AHT1 conformer. Therefore, the resulting
large changes in H8 chemical shift with temperature will lead to more pronounced broadening of 3'-G
H8 signal. A similar explanation for changes in shift has been proposed by Kozelka et al. for the
(N,N,N'-trimethylethylenediamine)Pt(d(GpG)) adduct.”®* Thus, the spectral changes observed for the
(cis-1,4-DACH)Pt(d(GpG)) adduct can be rationalized by the presence of two dominant conformers,
HH1 and AHTL, in rapid interconversion at high temperature and by a decrease in the rate of
interconversion and a change in the equilibrium composition greatly favouring the HH1 conformer
upon lowering the temperature. However, a small abundance of the AHT1 conformer in moderately fast
exchange with the HH1 conformer cannot be ruled out because this situation will not significantly
broaden the HH1 H8 signals, and broad, weak AHT1 signals would escape detection. A small
abundance of the AHT1 conformer in the dynamic equilibrium would explain the non negligible H8-
H1' NOE cross-peak observed for 3'-G in the (cis-1,4-DACH)Pt(d(GpG)) adduct. A strong H8-H1'

NOE is observed for 3'-G in AHT1 conformers because of the syn conformation of the 3'-G residue.*®

60,64,94
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Theoretical calculations

Theoretical calculations were performed on (cis-1,4-DACH)Pt(d(GpG)) to explore possible
conformations in more detail. Starting from the PM6-DH2 optimised geometry of an HH1
conformation, a stochastic conformational search of all rotatable bonds was performed. This procedure
led to 54 conformations that, when plotted according to their C8—N7—Pt—N7 torsion angles, clearly
fall into four distinct families of conformations corresponding to two HH and two HT groups (Figure
5). In total 21 HH1, 17 HH2, 9 AHT1 and 7 AHT2 conformations were located. The lowest-energy
structure located in this search corresponds to an HH2 conformation with the 5'-G residue in an anti
conformation and the 3'-G residue in the syn conformation, and the next two lowest energy conformers
were also classed as HH2. The first HH1 form was found 1 kcal/mol higher in energy than the global
minimum, the first AHT2 form at 1.5 kcal/mol, and the first AHT1 at 7.3 kcal/mol. Thus, while this
analysis supports the finding that this complex is conformationally flexible, and the speed of the
LFMM method allows efficient exploration of conformational space of such a complex, the details of
specific conformations found to have low energy do not agree with experimental observations.

This lack of agreement with experimental data led us to look in more detail at structures and energies,
since the molecular mechanics formalism used may not reflect all subtleties of conformational freedom
in these systems. All 54 conformations were therefore re-optimised using the semi-empirical PM6-DH2
method, in both gas-phase and simulated aqueous solvent, with a Na* ion placed in the proximity of the
phosphate group. It was found that MM and PM6-DH?2 energies are almost completely unrelated (R? =
0.007), with high energy conformers from the former method becoming amongst the lowest energy
forms after re-optimization with the latter. The energy of the most stable PM6-DH2 structure from each
family is reported in Table 3, and confirms that these predictions are quite different from those of MM.

In both the gas and aqueous phases, an HH1 conformer is found to be the most stable of all 54
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conformations considered. The HH2 form is much higher in energy, while both HT forms are lower
than HH2 but significantly less stable then the global minimum.

Thus the PM6-DH2 calculations correctly show that, after HH1, the AHT1 is the most preferred
conformation. Correction of the values in Table 3 for thermal and entropy effects at a range of
temperatures similar to those used for NMR experiments had essentially no effect on the energy order.
The PM6-DH2 optimised HH1 geometry has both guanines in their anti-form, whereas the lowest
energy AHT1 form has 5’-G in anti- and 3'-G in syn-forms, therefore a fast interconversion between
HH1 and AHT1 (even if AHTL is present in small amount at low temperature) can explain the NMR

data showing a partial syn conformation for 3'-G.

Reaction with d(GGTTT)

The *H NMR spectrum of free d(GGTTT) in D,O solution at pH ~4 consists of two G H8 (8.03 and
7.82 ppm, assigned to 3'-G and 5'-G, respectively) and three T H6 signals (7.68, 7.63, and 7.55 ppm).
These signals dominate in the 10 min trace in Figure S2 (Electronic Supplementary Information).
Addition of [Pt(OD,),(cis-1,4-DACH)]** produces new signals in the 9—7 ppm region (Figure S2): two
broad G H8 signals (8.52 and 8.25 ppm) and two resolved T H6 peaks (7.66 and 7.63 ppm,
integrating for 2 protons and 1 proton, respectively). The downfield shift of the G H8 signals is
consistent with coordination of both G residues to Pt to form the (cis-1,4-DACH)Pt(d(GGTTT))
adduct.

Temperature effect

Upon raising the temperature (40 °C), the two broad H8 signals of (cis-1,4-DACH)Pt(d(GGTTT) at 25
°C (Figure 6) become sharper and shift slightly upfield (to 8.48 and 8.22 ppm); the difference in
chemical shift (A5 = 0.26 ppm) remains almost unchanged when compared to that at 25 °C. Bringing

the reaction mixture back to 25 °C restores the initial spectrum with the two broad H8 signals. Upon
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lowering the temperature, the two broad H8 signals first merge into a single, very broad feature (15 °C)
and then sharpen again, giving (at 5 °C) two clear H8 signals at 8.40 and 8.80 ppm. (A broader feature
around 8.20 ppm, still present, probably belongs to oligomeric platinum adducts.)
In order to be able to lower the temperature even further, we added some methanol to the sample
solution (D,O/CDs0OD 9:1, v/v) and recorded the *H NMR spectrum at -5 °C (Figure 6), which showed
the G H8 signals shifted further downfield (to 8.47 and 8.90 ppm). In the 2D NOESY spectrum
recorded at -5 °C (Figure 7), the two H8 signals exhibit a cross-peak indicative of an HH arrangement
of the G bases. The more upfield H8 signal (8.47 ppm; Table 1) has H8-H2'/H2" NOE cross-peaks,
while the H8-H1' NOE cross-peak is weak; both features are indicative of an anti nucleotide
conformation. Moreover, an H8-H3' cross-peak is consistent with an N-sugar pucker characteristic of a
5'-G residue.*® Thus, the more upfield H8 signal can be assigned to 5'-G. The more downfield H8
signal at 8.90 ppm (Table 1) shows complete absence of an H8-H3' NOE cross peak, indicative of an S-
sugar pucker characteristic of a 3'-G residue.”* Thus the downfield H8 signal must belong to 3'-G. In
this case there is a quite intense H8-H1' cross-peak. The presence of a H8-H1' cross-peak indicates
either a partial syn character’®®%%*9% for the 3-G of the dominant conformer or, more likely, the
existence of a minor AHT1 conformer in dynamic equilibrium with the dominant HH1 conformer. Such
a dynamic equilibrium would explain the somewhat broad nature of the H8 signals, even at -5 °C
(Figure 6). An upfield 5'-G H8 signal is indicative of a left-hand canting of the 5'-G, as expected for a
cis-A,Pt(ss-oligo) adduct. 2731333443

Free d(GGTTT) at 25 °C consists of two overlapping 3P NMR signals at —4.17 ppm and a third
signal at —4.25 ppm. Complexation to platinum causes broadening and shift to lower field (—3.54 ppm)
of one 3P NMR signal (undoubtedly arising from the phosphodiester group connecting the two cross-

linked G’s, Figure S3 in the Electronic Supplementary Information and Table 4). The value of the 3P

NMR chemical shift of the GpG signal (—3.54 ppm) lies between the values typically found for the
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HH1 (~ -3 ppm) and the AHT1 conformer (~ =5 ppm).}"*° Moreover, the broadness of the GpG *'P
signal indicates that there is interconversion between conformers at a rate comparable to the NMR time
scale.

Overall, the behaviour of (cis-1,4-DACH)Pt(d(GGTTT)) appears to be very similar to that of (cis-1,4-
DACH)Pt(d(GpG)), as expected from our retro-modelling studies on short oligos differing only in the
presence of additional residues in the 3' position.*® *’ In both the d(GpG) and d(GGTTT) adducts, the
absence of additional residues in the 5' position is consistent with our previous findings that other
conformers in addition to HH1 are possible.*”*° In cases in which the adducts are not dynamic, we have
established that the next most favoured conformer is AHT1.%® This interpretation of a rapidly
interconverting HH1/AHT1 conformer mixture, with AHT1 becoming less abundant at lower
temperature, explains the temperature dependence of the G H8 signals between 5 °C and 40 °C, as
discussed above for the (cis-1,4-DACH)Pt(d(GpG)) adduct. The syn conformation of the 3'-G residue

d;46,58

of the AHT1 conformer is well documente a small amount of the AHT1 conformer can explain the

observation of a significant H8-H1' cross-peak in the 2D NOESY spectrum at -5 °C (Figure 7).

Reaction with d(TGGT)

The progress of the reaction between [Pt(OD,),(cis-1,4-DACH)]?* and d(TGGT) (room temperature,
pH ~4) was monitored by H NMR spectroscopy (Figure S4 in the Electronic Supplementary
Information). Initially, the *H NMR spectrum (5-10 ppm region) showed only the signals of free
d(TGGT) (singlets at 8.00, 7.90, 7.54, and 7.43 ppm assigned to 3'-G H8, 5'-G H8, 3'-T H6, and 5'-T
H6, respectively; and doublets of doublets falling at 6.23, 6.13, 6.06, and 5.89 ppm assigned to H1'
protons of 3'-T, 3'-G, 5'-G, and 5'-T, respectively. The numbering scheme of d(TGGT) is shown in
Figure S5 in the Electronic Supplementary Information).***®4” After 1 day, a new set of signals was

observed in the aromatic region; after 26 days this new set became exclusive, indicating that the
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reaction had reached completion. The downfield shift of the G H8 signals in the new set of signals
indicates formation of a (cis-1,4-DACH)Pt(d(TGGT)) adduct, in which the Pt atom is coordinated to
the adjacent G residues. As for the H8 signals of the G residues, the H6 signals of the T residues and
the H1' signals were also shifted to lower field. Importantly, unlike our findings for (cis-1,4-
DACH)Pt(d(GpG)) and (cis-1,4-DACH)Pt(d(GGTTT)), the H8 signals of the (cis-1,4-
DACH)Pt(d(TGGT)) adduct show little broadening.

The complete assignment of the signals for the nonexchangeable base and sugar protons of the two G’s
in the (cis-1,4-DACH)Pt(d(TGGT)) adduct was accomplished through 2D COSY and NOESY spectra
(Table 1). In particular, the 2D NOESY spectrum recorded at 5 °C (Figure 8) showed a NOE cross-
peak between the two sharp H8 signals, which is indicative of an HH conformer. The more upfield H8
signal (8.29 ppm, Table 1) showed H8-H2'/H2" cross-peaks but no detectable H8-H1" NOE cross-peak;
both features are characteristic of an anti conformation.®**% Moreover, a strong H8-H3' cross-peak is
consistent with an N sugar pucker,”® characteristic of a 5'-G residue in an intrastrand cross-
link.>#17°859.6084 The more downfield H8 signal (9.24 ppm; Table 1) showed strong H8-H2'/H2" cross-
peaks and a nearly undetectable H8-H1' cross-peak, which are indicative of an anti residue.®*%%
Moreover, the complete absence of an H8-H3' cross-peak suggests that the sugar of this residue retains
the S pucker;®* therefore, these signals are assigned to the 3'-G residue because the S pucker is
characteristic of the 3-G residue. As found for (cis-1,4-DACH)Pt(d(GpG)) and (cis-1,4-
DACH)Pt(d(GGTTT)), the (cis-1,4-DACH)Pt(d(TGGT)) adduct also has an upfield 5-G H8 signal
indicative of L canting of the 5'-G, a common feature of cis-A,Pt(ss-oligo) adducts.

The 3P NMR spectrum of (cis-1,4-DACH)Pt(d(TGGT)), taken at 25 °C, consists of three signals at
—2.95, —4.09, and —4.17 ppm (Figure S6 in the Electronic Supplementary Information). The *!P NMR

chemical shifts for free and complexed d(TGGT) are listed in Table 5; the large downfield change in

chemical shift of the GpG phosphodiester group (from —4.14 ppm in free d(TGGT) to —2.95 ppm in the
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(cis-1,4-DACH)Pt(d(TGGT)) adduct) confirms that the adduct exists mostly in the HH1

conformation,t’31:60:64

Temperature effect

The effect of temperature on the *H (Figure 9) and **P NMR spectra (Figure S7 in the Electronic
Supplementary Information) of (cis-1,4-DACH)Pt(d(TGGT)) (D,O solution) was also investigated.
At 25 °C the 3'-G H8 signal (9.06 ppm) is broad and 0.86 ppm downfield with respect to the 5'-G H8
signal (8.20 ppm).

Raising the temperature caused the 3'-G H8 signal of (cis-1,4-DACH)Pt(d(TGGT)) to shift upfield
(from 9.06 ppm at 25 °C to 9.00 ppm at 40 °C), while the 5'-G H8 signal shifted downfield (from 8.20
at 25 °C to 8.22 ppm at 40 °C), and the separation between the two resonances decreased from 0.86 (25
°C) to 0.78 ppm (40 °C) (Figure 9; Table S1 in the Electronic Supplementary Information). Moreover,
both the 3'-G and 5'-G H8 signals became sharper.

Lowering the temperature to 5 °C resulted in further deshielding of the 3'-G H8 signal (9.15 ppm),
which became sharper and was farther (0.98 ppm) from the 5'-G H8 signal (8.17 ppm). The separation
between the two H8 resonances was larger at 5 °C than at 25 °C (Figure 9, Table S1). These data
suggest that in solution a major conformer (probably the HH1 conformer) is in equilibrium with
another conformer (probably the AHT1 conformer) whose concentration (unlike the d(GpG) and the
d(GGTTT) cases) always remains low, as judged by the small shift and change of peak sharpness with
the temperature (estimated ~5% AHTL1). In retro-model studies, the minor AHT1 conformer has been
shown to have a low abundance when there is a residue on the 5'-G.**’ At 5 °C the interconversion
between the two conformers is slower than at 25 °C, which could explain both the sharpening of the
downfield H8 signal of the dominating conformer and the increased separation between the two H8
signals. Therefore, because the downfield signal of the dominating conformer has its counterpart

resonance (in the low-percent AHT1 conformer) falling at much higher field, a lowering of the
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interconversion rate between conformers will have a greater effect (both in terms of sharpness and
chemical shift) on the downfield signal than on the upfield signal, for which the chemical shift is close
to that of its counterpart in the low-percent conformer. The low abundance of the AHT1 conformer and
its slow exchange with the major HH1 conformer are also consistent with the very weak H8-H1' NOE
cross-peak observed for the 3'-G residue, which has the anti conformation in the dominant HH1
conformer.

The 5'-G H1' signal of (cis-1,4-DACH)Pt(d(TGGT)) was also affected by temperature (Figure S8 in the
Electronic Supplementary Information). At 25 °C this signal overlapped with other H1' signals (see
also Figure 9). When the temperature was raised from 25 to 40 °C, the 5-G H1' signal shifted
downfield (Figure S8), and the 40 °C spectrum showed the signal as a doublet ( J;-»» < 0.5 Hz and Jy-»-
= 7.17 Hz), confirming an N-type ribose conformation. However, at lower temperatures the 5'-G H1'
signal shifted upfield and broadened to such an extent that below 15 °C it was lost in the base line. The
other H1' signals, in contrast, underwent little shift. This unusual behaviour has been observed with
other adducts,®® and thus we conclude that the sugar-phosphate backbone in (cis-1,4-
DACH)Pt(d(TGGT)) is representative of the backbone in other adducts.

The TGpGT *'P signal was not strongly affected by temperature; however, increasing the temperature
from 5 to 40 °C shifted the TGpGT P signal from —3.03 to —2.87 ppm (Figure S7; Table S2). These
values also indicate that the backbone is similar to that in other adducts.®

Compared to (cis-1,4-DACH)Pt(d(GpG)) and (cis-1,4-DACH)Pt(d(GGTTT)) adducts, the presence of a
5' residue flanking the coordinated 5'-G in (cis-1,4-DACH)Pt(d(TGGT)) is responsible for the small
abundance of the HT conformer found even at high temperature, and, as a consequence, the small
changes of H8 chemical shifts as a function of temperature. This 5'-subsituent effect favouring the HH1
conformer is well documented.“®*"®* This finding is further evidence that (cis-1,4-DACH)Pt(d(TGGT))

is representative of many d(TGGT) adducts with several other carrier ligands used in retro-modelling
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studies. Although as extensive a study of temperature effects was not conducted for the d(TGGT)
adduct derived from cisplatin, this latter adduct has H8 signals at 9.04 ppm (3'-G) and 8.25 ppm (5'-G)
at 22 °C and a *'P NMR signal at —3.02 ppm at 15 °C.*® It is noteworthy that these values are almost
identical to those found here [9.06 ppm (3'-G H8), 8.20 ppm (5'-G H8) and GpG *'P NMR signal at —
2.95 ppm at 25 °C] for the (cis-1,4-DACH)Pt(d(TGGT)) adduct. For both the cisplatin and the

Kiteplatin adducts, the GpG *'P NMR signal shifts slightly upfield with temperature.

Conclusions

In the present work the behaviour of (cis-1,4-DACH)Pt(d(GpG)), (cis-1,4-DACH)Pt(d(GGTTT)), and
(cis-1,4-DACH)Pt(d(TGGT)) adducts has been investigated by *H and *'P NMR spectroscopy and
compared to that of related cross-link adducts of these same short DNA fragments but with more bulky
and less bulky carrier ligands. From this direct comparison of adducts, we conclude that the carrier
ligand present in Kiteplatin, cis-1,4-DACH, influences the dynamic properties much more than the less
bulky carrier ligands but much less than more bulky carrier ligands. The new results indicate that bulk
is much less important in influencing the equilibrium or structural properties of adducts.

The shifts of the *H and *'P NMR signals reflect values found with highly dynamic adducts having less
bulky carrier ligands associated with anticancer activity. At 25 °C and at somewhat elevated
temperatures, NMR signals are broad, unlike the sharp signals observed for adducts with cisplatin or
with other primary amines. We conclude that the very large bite angle of cis-1,4-DACH, coupled with
the rigid frame of the chelating cyclohexane ring inserted in the 7-member chelate, slows down the
interconversion between different conformers in (cis-1,4-DACH)Pt(ss-oligo) cross-linked adducts.
Thus, the cis-1,4-DACH ligand is a very valuable and informative carrier ligand because it has allowed
us to detect evidence for the coexistence of different conformers in a system containing a primary

diamine carrier ligand associated with anticancer activity. Furthermore, the results from adducts with
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the cis-1,4-DACH ligand, which is relatively non-bulky, confirm the previous hypothesis that the
coexistence of different conformers established in studies of retro models that have relatively bulky
ligands is not an artefact resulting from carrier-ligand bulk.*

At close to the physiological temperature (40 °C), the 'H and *!P NMR data for the (cis-1,4-
DACH)Pt(d(GpG)) and (cis-1,4-DACH)Pt(d(GGTTT)) adducts indicate a mixture of comparable
amounts of mostly HH1 and AHT1 conformers. In contrast, the data for the (cis-1,4-
DACH)Pt(d(TGGT)) adduct indicate that, even at high temperature, there is one major, highly
dominant conformer (HH1), and any AHT1 conformer present has very small concentration, thus
causing only a minimal broadening of the H8 NMR signals. This result is fully consistent with findings
for adducts with many different bulky carrier ligands, in which the effect of 5'-substituents on the 5'-G
of the cross-link is to favour the normal HH1 conformer.

At low temperature (close to 0 °C), our results are unique because they show that for the (cis-1,4-
DACH)Pt(d(GpG)) and (cis-1,4-DACH)Pt(d(GGTTT) adducts, the equilibrium between HH1 and
AHT1 conformers (present in comparable amounts at 40 °C) shifts dramatically toward the more stable
HH1 conformer. (A very small shift was observed for the (cis-1,4-DACH)Pt(d(TGGT)) adduct for
which the HH1 conformer was already dominant at high temperature.)

Conformational searching using ligand field molecular mechanics (LFMM), performed on the d(GpG)
adduct, located four families of conformations, the lowest energy of which corresponded to an HH2
conformer with syn and anti conformations for 3'-G and 5'-G residues, respectively. In contrast, semi-
empirical PM6-DH2 studies predicted the HH1 conformer to be lowest in energy in the gas phase as
well as in aqueous solution. The PM6-DH2 calculations also correctly show that, after HH1, AHT1 is
the most preferred conformation. Furthermore, the calculations confirmed that the 3'-G residue has anti

conformation in HH1 while it has syn conformation in AHTL; therefore, a rapid interconversion
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between HH1 and AHT1 (even if AHTL is present in small amount at low temperature) can explain the
NMR data showing a partial syn conformation for 3'-G.

Because the bulk of the cis-1,4-DACH carrier ligand does not have a dramatic effect on conformer
stability or structure, the main local effect of the ligand, namely the impeded rotation of the guanine
bases with respect to the Pt—-N7 bond, could contribute to the markedly different biological activity of

097071 a5 compared to those of cisplatin and oxaliplatin.®® """ Alternatively, and perhaps

kiteplatin
more likely, the shape and bulk of the carrier ligand, as it projects out away from the DNA helix, will
influence interactions with nucleic acid binding proteins or repair enzymes, thereby influencing

activity.

Electronic Supporting Information. Tables S1 and S2: 'H and *P NMR data at different
temperatures of (cis-1,4-DACH)Pt(d(TGGT)). Figure S1: formation of (cis-1,4-DACH)Pt(d(GPG))
monitored by *H NMR. Figures S2 and S3: formation of (cis-1,4-DACH)Pt(d(GGTTT)) monitored by
'H and *'P NMR, respectively. Figure S4: formation of (cis-1,4-DACH)Pt(d(TGGT)) monitored by *H
NMR. Figure S5: structure of d(TGGT) with proton numbering. Figure S6: P NMR of (cis-1,4-
DACH)Pt(d(TGGT)). Figure S7: 3P NMR of (cis-1,4-DACH)Pt(d(TGGT)) at different temperatures.

Figure S8: Temperature dependence of H1' signals of (cis-1,4-DACH)Pt(d(TGGT)).
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Captions to Figures

Figure 1. Possible conformers of cis-A,Pt(~GpG~) cross-links (A, = two amines or a bidentate
diamine; (~GpG~) = adjacent G residues in oligodeoxyribonucleotides). The arrows represent the G
bases, and the phosphodiester backbone (placed in the front) is represented by a curved line linking the
two arrows. Interconversion between conformers is possible via rotation about the Pt—G bonds. HT1
and HT2 differ, respectively, for the A and A handedness of the two straight lines, one perpendicular to
the coordination plane and passing through Pt and the other connecting the O6 atoms of the two
guanines. HH1 and HH2 differ, respectively, for the north or south orientation of the arrows
representing the guanines, having placed 5'-G on the left- and 3'-G on the right-hand side. Canting
handedness defined by two straight lines, one connecting the N7 atoms of the two coordinated guanines

and the other overlapping the arrow representing a given guanine.

Figure 2. '"H NMR (600 MHz) spectra in the region of H8 and H1' resonances for the (cis-1,4-

DACH)Pt(d(GpG)) adduct in D,O/CD30D (2:1 v/v) at different temperatures.

Figure 3. Selected region of the 2D NOESY (600 MHz) spectrum obtained for (cis-1,4-

DACH)Pt(d(GpG)) in D,O/CD30OD (2:1 v/v) at —10 °C.

Figure 4. *'P NMR (242.93 MHz) spectra of the (cis-1,4-DACH)Pt(d(GpG)) adduct in D,0O/CD;0D

(2:1 v/v) at different temperatures.

Figure 5. Scatter plot of 3° C8-N7-Pt-N7 vs. 5° C8-N7-Pt-N7 torsion angles found in conformational

search.
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Figure 6. Temperature dependence of the downfield region of the *H NMR (400 MHz) spectrum of
(cis-1,4-DACH)Pt(d(GGTTT)) in D,0O solution (pH ~4). The spectrum at -5 °C was recorded after
addition of methanol to the sample solution (D,O/CD3;0D 9:1, v/v). The asterisk indicates an impurity

present in the solvent (likely formate from plastic pipette tips).

Figure 7. Selected region of the 2D NOESY spectrum (700 MHz) obtained for (cis-1,4-

DACH)Pt(d(GGTTT)) in D,0/CDs0D (9:1 viv) at -5 °C.

Figure 8. Selected region of the 2D NOESY (600 MHz) spectrum obtained for (cis-1,4-

DACH)Pt(d(TGGT)) in D,0 at 5 °C.

Figure 9. Temperature dependence of the downfield portion of the *H NMR (400 MHz) spectrum of
(cis-1,4-DACH)Pt(d(TGGT)) in D,O (pH ~4). The asterisk indicates an impurity of the sample (likely

formate from plastic pipette tips).
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Table 1. *H NMR Shifts (ppm) for the G residues in the HH1 conformer of (cis-1,4-DACH)Pt(oligo) adducts.

5'-G 3'-G
adduct H8 H1' H2' H2" H3" H4' H5' H5" H8 H1' H2* H2" H3 H4" H5' H5"
d(GpG)? 846 6.08 245 278 500 4.08 - - 894 6.26 245 257 464 416 - -
d(GGTTT)” 847 6.19 245 277 500 413 - - 890 6.08 - - - - - -
d(TGGT)° 8.29 6.29 248 288 538 433 408 412 924 630 278 248 537 453 425 408

4n D,O/CD50D (2:1, v/v) at 10 °C.
®In D,0/CD0D (9:1, V/v) at =5 °C.
‘InD,0 at 5 °C.
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Table 2. 3C NMR Shifts (ppm) for the (cis-1,4-DACH)Pt(d(GpG)) HH1 Adduct in D,0O/CD;0OD (2:1
v/v) at =10 °C

G C8 cr c2' C3 c4
5 138.7 82.8 38.6 71.1 85.5
3 139.1 83.2 40.6 715 86.6

Table 3. Relative Energies of (cis-1,4-DACH)Pt(d(GpG)) Adduct Conformations (kcal/mol)

PM6-DH2

gas-phase aqueous-phase

HH1 0.0 0.0
HH2 22.8 21.6
AHT?2 14.2 5.9
AHT1 8.2 5.8

Table 4. *'P NMR Shifts (ppm) for Free d(GGTTT) and (cis-1,4-DACH)Pt(d(GGTTT)) at 25 °C

GpG GpT TpTpT
d(GGTTT) -4.17 -4.17 -4.25
(cis-1,4-DACH)Pt(d(GGTTT)) -3.54 -4.18 -4.29

Table 5. *'P NMR Shifts (ppm) for d(TGGT) and (cis-1,4-DACH)Pt(d(TGGT)) at 25 °C.

GpG GpT TpG
d(TGGT) -4.14 -4.20 -4.09
(cis-1,4-DACH)Pt(d(TGGT)) -2.95 -4.09 -4.17
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Text for Graphical Abstract
The anticancer-active platinum complex with cis-1,4-diaminocyclohexane has proved to be very

valuable in detecting multiple conformers in adducts with oligonucleotides.
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