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The reaction of Pt-based anticancer agents with arsenic trioxide affords robust complexes known as
arsenoplatins. The prototype of this family of anticancer compounds is arsenoplatin-1 (AP-1) that contains
an As(OH), fragment linked to a Pt(i) moiety derived from cisplatin. Crystallographic and spectrometric
studies of AP-1 binding to a B-DNA double helix dodecamer are presented here, in comparison with cis-
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platin and transplatin. Results reveal that AP-1, cisplatin and transplatin react differently with the DNA
model system. Notably, in the AP-1/DNA systems, the Pt—As bond can break down with time and As-con-
taining fragments can be released. These results have implications for the understanding of the mecha-
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Introduction

Although the serendipitous discovery of the anticancer pro-
perties of cisplatin occurred more than 50 years ago,' even
today cisplatin and its main derivatives carboplatin and oxali-
platin are among the most important anticancer agents. These
drugs are used in the treatment of 40-50% of all cancer
patients, as single agents or in combination with other
molecules.>™ Although these Pt-based drugs are extensively
used in the clinics, their administration is associated with a
number of undesirable side effects.”® Accordingly, many new
Pt and non-Pt'*"” metal-based potential drugs have been
synthesized to overcome the limitations of Pt-based therapy.
Proteins,'®'?  liposomes,”®*! supramolecular organometallic
complexes,”* and other alternative drug delivery systems>>°
were also studied. However, cisplatin, carboplatin, oxaliplatin,
and arsenic trioxide®” remain the only metal-based drugs
approved by the U.S. Food and Drug Administration for cancer

“Department of Chemical Sciences, University of Naples Federico II,

Complesso Universitario di Monte Sant’Angelo, via Cintia, 80126 Naples, Italy.
E-mail: antonello.merlino@unina.it

bInstitute of Biostructures and Bioimaging, CNR, via Pietro Castellino 111,

80131 Naples, Italy

‘Department of Chemistry “U. Schiff”, University of Florence, via della Lastruccia 3,
50019 Sesto Fiorentino, Italy

“Department of Chemistry and Industrial Chemistry (DCCI), University of Pisa,

Via Giuseppe Moruzzi 13, 56124 Pisa, Italy

tElectronic supplementary information (ESI) available: Experimental section:
materials; crystallization; data collection, structure determination, refinement,
and structural analysis; electrospray ionization mass spectrometry experiments.
ESI Tables S1-S3. ESI Fig. S1-S7. See DOI: https://doi.org/10.1039/d3dt04302a
{These authors contributed equally to this work.

3476 | Dalton Trans., 2024, 53, 3476-3483

treatment: these drugs trigger apoptosis in cancer cells. Pt-
based drugs act through direct Pt binding to nuclear DNA;*?®
As,0; targets zinc-fingers and/or other cysteine-rich proteins,
causing intense oxidative stress.>*>* It has been shown that cis-
platin and As,0O; can have synergistic effects on ovarian cancer
cells.>***% In an effort to design compounds that combine the
Pt and As moieties of the above drugs, O’Halloran and co-
workers synthesized a new class of compounds called arseno-
platins.*” These compounds contain a robust Pt-As(OH), bond
with an expected square planar Pt(u) geometry, but an unusual
five coordinate As(m) geometry. Arsenoplatins are cytotoxic for
several cancer cell lines and have a distinct mechanism of
action when compared to cisplatin and As,03.>""®

In vitro evaluation of a single dose of the prototype of the
arsenoplatin family (AP-1, [Pt(p-NHC(CH;)O),ClAs(OH),],
Fig. 1) against the NCI 60 tumor cell panel screen revealed that
it is more cytotoxic than either cisplatin or As,O; in about half
of the tested cancer cell lines.*

It has been shown that AP-1 is able to bind the model pro-
teins hen egg white lysozyme and bovine pancreatic ribonu-
clease forming adducts where the metal-bound fragment

cl

HN— pt——NH

&
>

O0——As——O0

HO OH

Fig. 1 Structure of the arsenoplatin-1 (AP-1) complex.
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http://rsc.li/dalton
http://orcid.org/0000-0002-3484-3589
http://orcid.org/0000-0001-5682-3100
http://orcid.org/0000-0001-9385-2429
http://orcid.org/0000-0003-4501-4476
http://orcid.org/0000-0003-0765-1802
http://orcid.org/0000-0001-9175-9562
http://orcid.org/0000-0002-9490-8014
http://orcid.org/0000-0002-1045-7720
https://doi.org/10.1039/d3dt04302a
https://doi.org/10.1039/d3dt04302a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt04302a&domain=pdf&date_stamp=2024-02-15
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3DT04302A
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053008

Open Access Article. Published on 12 January 2024. Downloaded on 3/5/2026 6:20:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

retains the Pt-As core.>® However, it is also able to bind pro-
teins upon releasing the arsenic center, as observed in the
case of the adducts formed upon reaction with myoglobin and
glyceraldehyde 3-phosphate dehydrogenase.*’

AP-1 also binds DNA, as judged by ICP-MS analysis.*® In
AP-1/DNA adducts the Pt/As ratio increases over time due to
the gradual release of the As(OH), moiety.>® This behavior
makes arsenoplatins potent prodrugs capable of delivering
As,03; to solid tumors.

To further validate this assertion and characterize in more
detail the interaction between arsenoplatins and DNA, here we
report the crystal structure of the adduct formed upon reaction
of AP-1 with a B-DNA dodecamer model system,*"** i.e., the
Dickerson sequence 5-CGCGAATTCGCG-3' that has been used
to describe the primary mode of binding of cisplatin to a
B-DNA.*" In Dickerson’s duplex structure, three Pt binding
sites were found, close to the N7 position of guanines 4, 10
and 16."" To directly compare the structure of the AP-1/DNA
adduct with that formed by the same DNA double helical
dodecamer with cisplatin, the cisplatin/DNA structure was
here re-solved and re-refined. The AP-1/DNA and cisplatin/DNA
structures were also compared with those of the adducts
obtained upon reaction of the same DNA sequence with trans-
platin, which is inactive against cancer cells.*’ Finally, to gain
further independent information on the investigated systems,
ESI MS measurements were carried out.

Results and discussion

Structure of a new cisplatin/DNA adduct

Crystals of cisplatin/DNA, transplatin/DNA and AP-1/DNA
adducts were obtained using the soaking strategy. Crystals of
d(5-CGCGAATTCGCG-3'), were grown as previously described**
and the adducts with cisplatin, transplatin and AP-1 were
obtained under the same conditions, i.e. exposing the crystals
to solutions containing the metal compounds (see the
Experimental section). Crystals of the DNA adduct with cisplatin
diffract X-rays at a resolution of 2.31 A. The statistics of the final
model are listed in Table S1.} Unexpectedly, the cisplatin/DNA
adduct structure, which was refined with an R-factor value of
0.231 (and an R-free value of 0.266), shows four Pt centers
(Fig. 2A and Table S2t) bound to Gua4, Gual0, Gualé, and
Gua22 (Fig. 3 and Fig. S1f). Thus, a new Pt binding site
(Gua22), not observed by Dickerson and coworkers,*' was found
in the present structure. In all four sites, Pt ligands cannot be
confidently modelled, since the cisplatin fragment retains a
large conformational freedom upon coordination to the N7
atom. The occupancy factors for the Pt atoms in this structure
are 0.60, 0.50, 0.50, and 0.65, for the Pt bound to Gua4, Gua1o0,
Gual6, and Gua22, respectively. The B-factors are within the
range of 72-85 A% while the average Pt-N7 distance is 2.2 A.

Structures of transplatin/DNA adducts

The literature data showed that cisplatin and transplatin react
differently with DNA, with the cis isomer inducing larger
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View Article Online

Paper

Fig. 2 View of (A) the cisplatin/DNA adduct (PDB code: 8C62), (B) the
transplatin/DNA adduct obtained after 48 h of soaking (PDB code: 8RI5),
(C) the transplatin/DNA adduct obtained after 7 days of soaking (PDB
code: 8RI3) (D), the AP-1/DNA adduct obtained after 4 h of soaking
(PDB code: 8C63) and (E) AP-1/DNA adduct obtained after 48 h of
soaking (PDB code: 8C64).

Fig. 3 Pt binding sites in the cisplatin/DNA adduct here reported. Pt
centers are found close to (A) Gua4, (B) GualO, (C) Gual6, and (D)
Gua22. 2F, — F. electron density maps were recorded at 1.0c.
Anomalous difference electron density maps are presented in Fig. S1.¥

43:45-47 Gince AP-1 has a structure

effects on the DNA structure.
that is more similar to transplatin than to cisplatin, structural
data on the interaction of transplatin and B-DNA were col-
lected, so that transplatin could be used as a suitable reference
for AP-1 reactivity with DNA. Crystallographic data on the
transplatin/DNA adducts were obtained over time by solving
the crystal structures of the adducts formed after 48 h and 7
days. The overall structures of the double helix in the adducts
(Fig. 2B and C) are similar to each other and to that in the
adduct with cisplatin. The root-mean-square deviation
between the atoms of the three structures is within the range
0.60-0.70 A. The structures, solved at 1.41 A and 1.40 A resolu-
tion, refined with R-factor values of 0.189 and 0.218 (R-free =

Dalton Trans., 2024, 53, 3476-3483 | 3477
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0.229 and 0.256), showed the binding of Pt atoms to Gual6
and Gua4 + Gual0 + Gualé for the crystals exposed to transpla-
tin for 48 h and 7 days, respectively (Fig. 4, Fig. S2, and
Table S2t). Both structures have been replicated with very
similar results (unpublished data). As in the case of the DNA
adduct with cisplatin, Pt ligands cannot be confidently mod-
elled. However, an NH; group was tentatively added close to Pt
in all the detected binding sites with the exception of Gua4,
where a Cl” ligand could also be present. The occupancy
factors for the Pt atoms in these structures are 0.20 for Gual6
in the structure obtained after 48 h of soaking, and 0.25, 0.30,
and 0.30 for the Pt bound to Gua4, Gual0, and Gual6 in the
structure obtained after 7 days of soaking. The B-factors are
within the range 27-65 A%

These findings indicate that transplatin and cisplatin share
the same Pt binding sites, with transplatin forming DNA
adducts with lower Pt occupancies.

Structures of AP-1/DNA adducts

Structural data on the interaction of AP-1 and B-DNA were also
obtained over time. The structures of AP-1/DNA adducts were
solved using crystals exposed to the metallodrug for 4 and
48 h. The structures were refined at 1.52 A and 2.51 A resolu-
tion with R-factor values of 0.238 and 0.179 (R-free = 0.261 and
0.232). The structure obtained after 4 h of soaking has been
replicated with very similar results (unpublished data). A
search in the Protein Data Bank (Table S3t) reveals that our
structures represent the first molecular models of adducts
formed by DNA with heterobimetallic Pt-based compounds.
The overall structures of the double helix in the AP-1/DNA
adducts (Fig. 2D and E) are not significantly affected by the
metal compound binding. The root-mean-square deviation
between the atoms of the two structures and those of DNA
with cisplatin and transplatin is within the range 0.60-0.74 A.
However, a deeper comparison between the structures reveals
significant differences.

Fig. 4 Pt binding sites in the transplatin/DNA adduct after 48 h and 7
days of soaking. Pt centers are found upon 48 h close to (A) Gual6, and
upon 7 days close to (B) Gua4, (C) GualO, and (D) Gual6. 2F, — F. elec-
tron density maps are reported at 1.0 in grey. Anomalous difference
electron density maps are presented in Fig. S2.1
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In the AP-1/DNA structure obtained after 4 h (AP-1/DNA
4 h) of soaking (Fig. 2D), only two metal binding sites can be
identified (Fig. 5A, B and Fig. S3, Table S27). Metal centers are
found close to N7 atoms of Gual0 (Fig. 5A) and Gual4
(Fig. 5B). In the former site (Gua10), which the structure of
AP-1/DNA shares with that of cisplatin/DNA, only a Pt atom
was found (Fig. 5A). Interestingly, in the latter metal binding
site (Gua14), that was not identified in our structure and in
the published structure of cisplatin/DNA,*! the Pt-As bond was
retained (Fig. 5B). Close to Gual4, metal ligands were gener-
ously modelled, considering the residual electron density
around the metal centers and the compound geometry.
However, the assignments should be considered with care.
The occupancy factor for the Pt atoms bound to Gual0 and
Gual4 in this structure is 0.20. The B-factors are 57.9 and
39.3 A2, respectively. The Pt-N7 bond distances in the two sites
are similar (2.2 and 2.0 A); the Pt-As bond length is 2.2 A.

In the AP-1/DNA structure obtained after 48 h (AP-1/DNA
48 h) of soaking (Fig. 2E), three metal binding sites were
identified (Fig. 5C-E and Fig. S3, Table S27). The first two sites
coincide with those observed in the AP-1/DNA 4 h structure
(Gua10 and Gual4) (Fig. 5C and D). Interestingly, only a Pt
atom was found close to both these sites. Since after 4 h of
soaking both Pt and As were observed close to Gua14, the com-
parison between the two structures obtained after 4 and 48 h
suggests that the Pt-As bond is broken with time upon DNA
binding. A third metal binding site was identified close to the
N7 atom of Gua2 (Fig. 5E). This site was not identified in our
and previous®' DNA adducts with cisplatin. Here, the Pt-As

Fig. 5 Metal binding sites in the AP-1/DNA adducts obtained after 4 h
and 48 h of soaking. In the AP-1/DNA adduct obtained after 4 h of
soaking Pt was found close to (A) GualO, while Pt and As were found
close to (B) Gual4. In the AP-1/DNA adduct obtained after 48 h of
soaking Pt was found close to (C) GualO and (D) Gual4, while Pt and As
were found close to (E) Gua2. 2F, — F. electron density maps were
recorded at 1.00. Anomalous difference electron density maps are pre-
sented in Fig. S3.1

This journal is © The Royal Society of Chemistry 2024
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bond was retained but metal ligands cannot be modelled. It is
interesting to note that the Pt-As containing the fragment
bound to Gua2 in the AP-1/DNA 48 h structure occupies
almost the same position as adopted by a hexaaqua mag-
nesium ion, which mediates the interaction with a symmetry-
related molecule in the AP-1/DNA 4 h structure (Fig. S4t). The
occupancy factors for the Pt atoms bound to Gua2, Gual0, and
Gual4 in this structure are 0.25, 0.15, and 0.40, respectively.
The B-factors and the Pt-N7 bond distances are within the
ranges 62-87 A” and 2.1-2.2 A, respectively. The Pt-As bond
length is 2.3 A.

Electrospray ionization mass spectrometry data

The deconvoluted ESI MS spectrum of the untreated DNA
duplex (in 100 mM ammonium acetate buffer; pH 6.8) is
shown in Fig. 6A. Notably, the ESI MS experiment, in line
with previous observations,** causes extensive separation of
the two DNA strands so that the mass spectrum shows
intense peaks for both the single strand (SS, 3645.713 Da)
and the double strand (DS, 7290.466 Da) species. The ratio
between the intensities of the two peaks may be finely
tuned by adjusting the parameters of the ESI MS experi-
ment. Ammonium ions can also bind SS and DS, so that
additional peaks are detectable by ES-MS (3696.816 Da indi-
cates SS + 3 NH,", 7325.504 Da indicates DS + 2 NH,",
7343.500 Da indicates DS + 3 NH,'). The experiment was
then repeated following treatment of the double stranded

DS
ss 7325504 A
3696.816

4000 4500 5000 5500 6500

6000
Mass, Da

7000 7500

100%,3872.709 sS + [Pt(NH;),]** Cc
90%
80%
0% |gg
60%
50%
40%

SS + 2X [P{NH;),]*
4099.730

% Intensity (of 16265.1)

w
=]
B

DS DS + [PH{NH_),I*

20% 7343.494 7573.513

10%
0%

4000 4500 5000 5500 6000 6500 7000 7500
Mass, Da

View Article Online

Paper

DNA with cisplatin, transplatin or AP-1 under a variety of
solution conditions.

We observed that cisplatin and transplatin manifest a
strong tendency to form adducts with this DNA oligo-
nucleotide (Fig. 6B and C). Cisplatin and transplatin were
added at a 3:1 Pt:DS molar ratio and the adducts (mostly
of 1:1 and 2:1 stoichiometry, respectively) were clearly
seen after 3 h of incubation. Notably, the adducts were
almost exclusively observed at the level of single stranded
DNA, implying that the Pt/double strand dodecamer
molar ratio in the adduct may be higher (we like to
remind here that strand separation is just a consequence
of the electrospray ionization process). The adducts formed
between cisplatin/transplatin and this DNA structure are
stable for 48 h (Fig. S5 and S67); these results highlight
the strength of the interaction occurring between platinum
and DNA.

In the case of AP-1 a profoundly different situation emerges
from the ESI MS experiments. In fact, at a 3:1 AP-1: DS molar
ratio, AP-1 was not able at all to produce adducts with this
dodecameric DNA (Fig. S71). An AP-1/DNA adduct could be
obtained only at very large AP-1 to DS molar ratios (30:1,
Fig. 6D). This adduct is consistent with the binding of two [Pt
(NHC(CH;)0),As(OH),]" units (AP-1 - Cl in Fig. 6D) to SS DNA.
The stability of the adduct was tested for 48 h and again, no
evidence of the breaking of the Pt-As bond was obtained in
the ESI MS spectra during this time.

SS
B
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Fig. 6 ESI MS spectra of (A) the Dickerson sequence (5'-CGCGAATTCGCG-3’), (B) the Dickerson sequence and cisplatin; metal complex to DNA
ratio 3:1, (C) the Dickerson sequence and transplatin, metal complex to DNA ratio 3:1, (D) the Dickerson sequence and AP-1, metal complex to
DNA ratio 30 : 1, incubated for 3 h in 100 mM ammonium acetate buffer (pH = 6.8), at a concentration of 10~ M.
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Summary and conclusions

In conclusion, we have compared here the binding of cisplatin,
transplatin and AP-1 to a popular double strand B-DNA dode-
camer, the so-called Dickerson dodecamer. Crystallographic
studies show that the three compounds interact with DNA
through the binding of Pt to the N7 atom of a guanine base,
upon the breaking of the Pt-Cl bond. However, they produce
different final adducts in soaked crystals, in terms of the
number and location of the Pt binding sites.

Our cisplatin/DNA structure presents one Pt binding site more
than the structure of the same adduct previously reported.*! This
could be due to the differences in the sample preparation.

Depending on the soaking time, different numbers of Pt
binding sites were observed in the transplatin/DNA and AP-1/
DNA adducts. One or two Pt binding sites were observed in the
adducts with transplatin, while two or three metal binding
sites were found in the AP-1/DNA adducts. Furthermore, the
occupancies of the Pt center in the adducts with transplatin
are lower than those in the adduct with cisplatin. Three pre-
viously unobserved metal binding sites (Gua22 in the cispla-
tin/DNA adduct and Gual4 and Gua2 in the AP-1/DNA
adducts) were found in the 5-CGCGAATTCGCG-3' sequence.
Notably, in the AP-1/DNA adduct formed after 4 h of soaking,
the Pt-As bond is retained in only one of two metal binding
sites (close to Gua14), while in the other metal binding site
there is no evidence of the presence of As. In contrast, in the
structure of the AP-1/DNA adduct formed after soaking for
48 h, the Pt-As bond is identified only in the third additional
metal binding site close to Gua2. Thus, the structural data
suggest that the Pt-As bond can break down upon the inter-
action with the double helix. These structural results are in
agreement with previous inductively plasma coupled mass
data.®® Indeed, it has already been demonstrated that when
AP-1 is bound to the nuclear DNA of MDA-MB-231 cancer cells,
the Pt:As ratio is close to 1 (0.97) after 4 h, while there are
fewer moles of arsenic than platinum after 8 h of incubation.*®
This suggests that the Pt-As bond in AP-1/DNA adducts is
intact at the early stage but dissociates at later times. The
release of the As(OH), fragment that occurs after the DNA
binding could play an important role in the mechanism of
action of arsenoplatins.

To achieve independent information on the investigated
systems, ESI MS measurements were subsequently carried out.
As previously reported,** the Dickerson dodecamer manifests
a peculiar behavior in the ESI MS measurements; indeed, the
ionization process produces partial separation of the two DNA
strands that are directly monitored in the ESI MS spectra.
Typically, DNA-bound metallodrugs are preferentially seen on
the single strand species, probably in relation to their de-
stabilizing effect. ESI MS experiments revealed that cisplatin
and transplatin bind the Dickerson dodecamer. The results are
not in complete agreement with those found from X-ray crys-
tallography. The differences can be due to different conditions
of the two experiments and to the peculiar behavior of the
Dickerson dodecamer in the ESI MS measurements.

3480 | Dalton Trans., 2024, 53, 3476-3483

View Article Online

Dalton Transactions

The binding experiments with AP-1 pointed out that this
bifunctional compound is far less reactive than cisplatin with
DNA under the applied solution conditions and that adducts
with the Dickerson dodecamer may only be observed upon
applying very large AP-1 to DS molar ratios (30:1 or more).
The resulting adduct, showing a predominant 2:1 AP-1/SS
stoichiometry, is stable for 48 h. At variance with the crystallo-
graphic data, no evidence is obtained in the ESI MS spectra of
the possible cleavage of the Pt-As bond. Thus, we may hypoth-
esize that the specific solution conditions of the ESI MS experi-
ments disfavor the slow progressive cleavage of the Pt-As
bond, observed with other techniques. Indeed, the entire
adduct was retained and the displacement of the metal frag-
ments, Le. [Pt(NHC(CH;)0),As(OH),]", or the cleavage of the
Pt-As bond, did not occur during the time. In any case, these
results support the idea that arsenoplatins have unique struc-
tures and mechanisms of action that provide them the ability
to overcome cisplatin resistance®® and the obstacles associated
with the use of As,0;.297°*

Experimental

Materials

The 5-CGCGAATTCGCG-3' DNA sequence, for crystallization
(HPLC grade) and ESI MS (desalted) experiments, was pur-
chased from Eurogentec and Eurofins Genomics. Cisplatin,
transplatin and all chemicals were purchased from Sigma-
Aldrich (Merck). Arsenoplatin-1 (AP-1) was synthesized in
MetMed laboratories at the Department of Chemistry,
University of Florence following the protocol by Miodragovi¢
and coworkers.*”

Crystallization

In order to form the duplex and ensure the homogeneity of
samples, 1.9 mM (single strand concentration) DNA solutions
were annealed in 20 mM sodium cacodylate at pH 7.0 by
heating to 90 °C for 5 min and then slowly cooling down for
50-60 min and storing at 20 °C overnight. Crystals of d(5'-
CGCGAATTCGCG-3'), were grown using the hanging drop
vapor diffusion method by mixing 0.5 pL of 0.95 mM DNA
duplex and 0.5 pL of 7-14% (v/v) 2-methyl-2,4-pentanediol
(MPD), 20 mM MgCl,, 80 mM spermine tetrahydrochloride,
and 60 mM sodium cacodylate pH 6.5. The crystallization solu-
tion was equilibrated at 20 °C against a reservoir containing
50-60% (v/v) MPD. Crystals of native B-DNA were soaked in crys-
tallization solutions saturated with cisplatin (6 days), transplatin
(4 h and 7 days) or AP-1 (48 h). AP-1/DNA adduct crystals were
also obtained upon soaking for 4 h by exposing DNA crystals to
a 50% (v/v) MPD solution containing 3.8 mM metal compound.

Data collection, structure determination, refinement, and
structural analysis

Diffraction data for the cisplatin/DNA adduct were collected at
the ID23-2 beamline of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) at A = 0.8731 A. Diffraction

This journal is © The Royal Society of Chemistry 2024
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data for the other adducts were collected at the XRD2
beamline of Elettra Synchrotron in Trieste (Italy), at 1 =
1.0000 A. Datasets were processed using the autoPROC
software.>>”>® The phase problem was solved by molecular re-
placement using the Phaser MR®” or the MOLREP>® program.
The coordinates of native B-DNA (PDB code: 3U2N)** were
used as a search model. Restrained refinements were carried
out with REFMAC5®® using the CCP4 package.”® The Coot
program® was used for the visualization of the electron
density maps and for model building. The Pt binding site was
identified using difference Fourier (2F, — F. and F, — F.) and
anomalous difference electron density maps. Pt and As occu-
pancies were evaluated trying to minimize the positive and
negative peaks on metal centers in the Fourier difference F, —
F. electron density maps and to obtain the best Re,ctor and Ryree
values. The structures were validated using the PDB validation
server (https://validate-resb-1.wwpdb.org/) and Coot routines.®°
Root-mean-square deviations (RMSD) were calculated using
the Superpose program (CCP4 package).>* The coordinates of
the cisplatin/DNA (PDB code 8C62), transplatin/DNA (PDB
codes 8RI5 after 48 h of soaking and 8RI3 after 7 days of
soaking) and AP-1/DNA adducts (PDB codes 8C63 upon 4 h of
soaking and 8C64 after 48 h of soaking) were deposited in the
Protein Data Bank (PDB). Detailed statistics on the data collec-
tion and refinement are reported in Table S1.f Molecular
graphics figures were prepared with PyMOL (DeLano
Scientific, Palo Alto, CA, USA).

Electrospray ionization mass spectrometry experiments

For the mass spectrometry measurements, all samples were pre-
pared in LC-MS grade solvents or solutions. In order to form
the duplex and to prepare a homogeneous sample, annealing of
DNA was carried out as follows: 1 mM DNA (single strand con-
centration) in 100 mM ammonium acetate at pH 6.8 was kept at
90 °C for 5 min and then slowly cooled down for 50-60 min
and stored at 20 °C overnight. For the reaction with the selected
metal complex, an aliquot of the B-DNA duplex solution was
mixed with an aliquot of 107> M cisplatin, transplatin or AP-1
solution and diluted with 100 mM ammonium acetate to a final
concentration of 10™* M and a DS DNA-to-metal molar ratio of
1:3 and 1: 30, respectively. The obtained mixture was incubated
at 37 °C. All samples were diluted to a final DS concentration of
5 x 10~® M using 100 mM ammonium acetate solution. 20%
methanol was added just before injection to acquire a stable
electrospray signal.

ESI-MS investigations were performed using a TripleTOF®
5600+ high-resolution mass spectrometer (Sciex, Framingham,
MA, U.S.A.), equipped with a DuoSpray® interface operating
with an ESI probe. All the ESI mass spectra were acquired
through direct infusion at a 7 pL min™" flow rate. The ESI
source parameters optimized for B-DNA are as follows: nega-
tive polarity, ion-spray voltage floating (ISFV) —4000 V, temp-
erature (TEM) 0 °C, ion source gas 1 (GS1) 40 L min™; ion
source gas 2 (GS2) 0 L min~'; curtain gas (CUR) 30 L min~",
collision energy (CE) —10 V; declustering potential (DP) —10 V,
acquisition range 1000-2400 m/z.

This journal is © The Royal Society of Chemistry 2024
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For acquisition, the Analyst TF software 1.7.1 (Sciex) was
used and deconvoluted spectra were obtained using the Bio
tool kit micro-application v.2.2 embedded in the PeakView™
software v.2.2 (Sciex).
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