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The reaction of the cytotoxic compound dirhodium tetraacetate
with a B-DNA double helical dodecamer was studied by X-ray crys-
tallography and mass spectrometry. The structure of the dirho-
dium/DNA adduct reveals a dimetallic center binding to an
adenine via axial coordination. Complementary information has
been gained through ESI MS measurements. Comparison between
the present data and those previously obtained for cisplatin indi-
cates that the two metallodrugs react with this DNA dodecamer in
a significantly different fashion.

Dirhodium(u) paddlewheel complexes of the general formula
[Rh,(O,CR)4]L, (R = CH3~, CH3;CH,, efc.) contain a Rh(u)-
Rh(n) bond, four bridging equatorial O,CR ligands arranged in
a lantern-like fashion around the Rh atoms, and two donor
ligands (L) coordinated through a dative bond to Rh atoms at
the axial coordination site." These molecules exert anti-
bacterial action against Streptococcus pneumoniae® and cyto-
static activity against L1210 tumours,>* P388 leukaemia and
sarcoma 180,° human oral KB® and Ehrlich-Lettre ascites carci-
nomas,” and the MDA-MB-231 breast cancer cell line.?

The exact mechanism at the basis of these properties has
not been elucidated yet. Cytotoxic activity could be related to
the ability of dirhodium tetracarboxylates to bind nucleic
acids,” to induce damage of nuclear DNA," and to inhibit
DNA replication and transcription and protein synthesis.'™'* A
different mechanism of action involving the inhibition of the
ubiquitin-proteasome system has also been proposed.'® Thus,
interaction with proteins, RNA and DNA could play a crucial
role in these processes. For this reason, it is of fundamental
importance to study the dirhodium/protein and dirhodium/
nucleic acid recognition mechanism at the molecular level.
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X-ray crystallography studies in combination with other
biophysical techniques have recently demonstrated that di-
rhodium tetraacetate ([Rhy(p-O,CCHj),])**™"” (Fig. 1) and its
derivatives cis{Rh,(j-0,CCH3),(i-0,CCF;),]'® and [Rh,(j-0,CCH3)
(k-O,CCF;);]" bind the model proteins hen egg white lyso-
zyme and bovine pancreatic ribonuclease forming a variety of
adducts in which the dirhodium core either axially coordinates
the N atoms of His side chains or is degraded. In the latter
case, monometallic Rh centers bind the side chains of Asp,
Lys, Asn and/or the protein C-terminal tail."”

Several studies on the interaction of [Rhy,(u-O,CCHj;),] and
its derivatives with purine bases, nucleotides, and oligonucleo-
tides have also been reported, with contrasting results. It has
been demonstrated that the dirhodium unit has a preference
for axial binding to purine bases,”® and in particular to
adenine (Ade),”"** but equatorial interaction to purines can
also occur.”*** Axial binding to Ade occurs at N7 or N1 atoms
and is stabilized by hydrogen bonds formed by the oxygen
atoms of carboxylate ligands and adenine NH, groups.”’
Dirhodium binding to Ade bases can also occur equatorially,
in a bridging fashion, through simultaneous binding to N7
and N6 atoms.”®?” Nuclear magnetic resonance (NMR) data
demonstrated equatorial binding of dirhodium to Ade and
guanine (Gua) bases.”®*° Bidimensional NMR analysis and

Fig. 1 Structure of dirhodium tetraacetate. L, axial ligand.
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enzyme digestion studies suggested that the dirhodium center
can cross-link the major groove bases cytosine(Cyt)5 and Ade6
of the d(C-T-C-T-C-A-A-C-T-T-C-C)/d(G-G-A-A-G-T-T-G-A-G-A-G)
double helix via binding to the N3 atom of Cyt5 and the N7
atom of Ade6.*" In the formed adduct, equatorial binding of a
cis[Rh,(u-0,CCH;),(n1-0,CCH;)]"  fragment to the DNA
sequence occurs, with the dirhodium center retaining one
monodentate and two bridging acetate ligands.*’ Matrix-
assisted laser desorption ionization and nanoelectrospray
coupled to time-of-flight mass spectrometry experiments have
shown that dirhodium tetraacetate [Rh,(u-O,CCHj;),] and its
cytotoxic derivatives, [Rh,(p-O,CCH;),(CH3CN)s(BF,),] and
[Rh,(p-O,CCF;),], are able to bind a DNA model sequence
forming adducts in which the Rh-Rh bond and the co-
ordinated equatorial ligands remain intact.>* The reactivity of
these molecules in comparison with cisplatin has also been
investigated, with cisplatin reacting with DNA tetra- and dode-
camers faster than [Rh,(p-O,CCHj;),] but less quickly than
[Rhy(0O,CCF3),].** Furthermore, it has been demonstrated
that GuaGua-containing dodecamers react faster with
[Rhy(n-O,CCF3),] and [Rh,(p-O,CCH3),(CH;CN)g(BF,)s),
whereas AdeAde-containing oligonucleotides react faster with
[Rh,(p-0O,CCHj),4]. It is possible that in the final dirhodium/
DNA adducts the dirhodium center could bind purine bases at
the equatorial sites, while the DNA/dirhodium recognition
should occur through labile interactions at the axial site.*”

To directly compare at the molecular level the interaction of
dirhodium compounds and cisplatin with the same DNA
double helix, we solved the crystal structure of the adduct
formed upon reaction of [Rh,(u-O,CCHj),] with the B-DNA
dodecamer of the sequence C-G-C-G-A-A-T-T-C-G-C-G, which
has been already used to study the reactivity of cisplatin and
its derivatives with DNA.*

To evaluate the effect of DNA binding on the electronic pro-
perties of the metal compound, UV-vis absorption spectra of
[Rh,(u-0,CCH3),4] in the absence and in the presence of the
dodecamer were collected as a function of time in 60 mM
sodium cacodylate at pH 6.5, i.e. in the buffer used for crystal-
lization. Under these conditions, the spectrum of [Rhy(p-
0,CCH3;),] shows two peaks at 444 and 587 nm which do not
change with time (Fig. S17). These spectral features are similar
to those already reported in sodium citrate (pH 5.1) and
ammonium acetate (pH 6.8) solutions."” Following literature
assignment,'” the band at 444 nm was assigned to the
Rh,(n*) — Rh-O(c*) transitions of the tetraacetate ligands,
while that at 587 nm was attributed to the Rh,(n*) — Rh,(c*)
transition of the metal-metal single bond. In the presence of
DNA (Fig. 2), there is a blue shift of A, from 587 nm to
582 nm, while the peak at 444 nm remains unaltered. The
spectrum experiences a minor change in the absorbance with
time. The comparison between the spectra of the compound
alone and in the presence of DNA suggests a direct DNA inter-
action to the dirhodium center. To verify if the binding could
alter the structure of the dodecamer, CD spectra of the selected
DNA model system with [Rh,(u-O,CCH;),] in 1:2 and
1:10 molar ratios were registered. Spectra analysis reveals that
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Fig. 2 Time course UV-vis spectra of 0.5 mM [Rh,(u-O,CCHz)4l in
60 mM sodium cacodylate buffer (pH 6.5) in the presence of DNA (DNA
to metal molar ratio: 1: 2).

the metal compound binding to the DNA does not alter the struc-
ture of the dodecamer in solution (Fig. S2t). Similar conclusions
can be drawn from thermal shift assays (Table S1t), which reveal
that the binding of [Rh,(p-0,CCHj),] to the dodecamer does not
lead to a change in the DNA melting temperature, contrary to
what was previously found with another DNA sequence.*"
Crystals of the DNA adduct with [Rh,(up-O,CCHj3),] were
then obtained by the soaking strategy: crystals of C-G-C-G-A-A-
T-T-C-G-C-G were grown, as previously described,*® in 7% v/v
MPD, 20 mM MgCl,, 80 mM spermine, and 60 mM sodium
cacodylate at pH 6.5 and the adduct with [Rh,(up-O,CCHj3),]
was formed exposing the oligonucleotide crystals to reservoir
solutions saturated with the metal compound for 7 days.
Crystals of the dirhodium/DNA adduct diffract X-rays at 1.24 A
resolution. The structure contains 487 oligonucleotide atoms,
a Mg>" cation with six water O atoms arranged octahedrally
around the metal centre, a chloride ion, 167 water molecules
and a dirhodium containing moiety. Mg>" is often used in
oligonucleotide crystallization because of its biological rele-
vance and its ability to stabilize the DNA structure favouring
crystal growth. The structure of the dirhodium/DNA adduct
refines with a final R-factor value of 19.7% (and a final Rfree
value of 22.3%). The overall DNA model in the adduct (Fig. 3)
is similar to that of the metallodrug-free DNA (PDB code
3U2N) (Fig. S31).** The root mean square deviation (rmsd)
between the DNA coordinates is 0.722 A. The main differences
between the two duplexes are located at the 5’ and 3’ ends of
the two strands, as evidenced by a detailed comparison of
some local base-pair step conformational parameters reported
in Fig. S4,1 and close to the metal binding site at the level of
Ade5. Here, a dimetallic center is bound to the N7 atom via
coordination to the axial site (Fig. 4), with low occupancy
(0.20). The other axial site is occupied by a water molecule.
The other dirhodium ligands are not well defined, but this is
not surprising since the Rh-Rh bond allows free rotation of
the bridging carboxylate ligands around the Rh-Rh axis and
metal ligands are often disordered in the X-ray structures of
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Fig. 3 Overall structures of the adducts formed upon reaction of dirho-
dium tetraacetate (panel A, PDB code 8CE2, here solved) and cisplatin
(panel B, PDB code 5BNA)*® with the same DNA oligonucleotide. Metal
binding sites are shown. The rmsd between the two structures is
0.727 A.

Fig. 4 Metal binding site in the adduct formed upon reaction of dirho-
dium tetraacetate with the C-G-C-G-A-A-T-T-C-G-C-G duplex. 2Fo-Fc
electron density map is reported at 0.8 sigma value in panel
A. Anomalous difference electron density map is reported at 3.0 sigma
value in panel B.

the adducts with biological macromolecules.’® These results
well agree with previous mass spectrometry literature data
suggesting that dirhodium moieties with just one or two
acetate ligands, or even nude dirhodium moieties, bind
the C-G-C-G-A-A-T-T-C-G-C-G and C-C-T-T-C-G-G-T-C-T-C-C
sequences.’> Comparison between our results, showing the
binding of dirhodium to Ade5, and those obtained with cispla-
tin (PDB code 5BNA), which binds to Gua4, Gua10 and Gual6
(Fig. 3), reveals that the two cytotoxic metallodrugs show a
different reactivity with DNA. Notably, comparing the dirho-
dium tetraacetate binding to proteins’*?° and DNA model
systems, it emerges that the metal compound seems to prefer
the axial coordination to N atoms rather than the equatorial
binding, contrarily to what found in the reactivity of diruthe-
nium compounds with proteins.>*~®

The interactions of dirhodium tetraacetate with the B-DNA
Dickerson dodecamer have been further investigated by ESI
MS measurements. ESI MS is indeed a very potent tool to
analyze the interaction of short DNA oligonucleotides with a
variety of ligands as nicely documented by a recent review

6994 | Dalton Trans., 2023, 52, 6992-6996
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paper by Gabelica et al.*®* The deconvoluted ESI MS spectrum
of the untreated DNA duplex in 100 mM ammonium acetate
buffer (pH 6.8) is shown in Fig. 5A. Notably, the ESI MS experi-
ment, in line with previous observations,*® causes extensive
separation of the two DNA strands so that the spectrum shows
intense peaks for both the single strand (SS, 3645.713 Da) and
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 experiment. The experiment was
then repeated following treatment of the double stranded DNA
with [Rh,(p-O,CCH3),), in a 1:5 DNA-to-complex ratio, upon
5 hours of incubation at 37 °C. Interestingly, the resulting
spectrum shows an additional peak (4086.671 Da) of lower
intensity, corresponding to adducts formed between the DNA
oligo and the metal complex (Fig. 5B). This adduct is clearly
seen exclusively at the level of the SS species; the increase in
mass well corresponds to the binding of the dirhodium tetra-
acetate fragment to the DNA. Notably, upon repeating the
experiment after 24 hours of incubation (Fig. 5C), new peaks
are observed corresponding to novel adducts of both SS and
DS bearing the monorhodium tetraacetate fragment (at
3984.577 Da and 7629.367 Da, respectively). A rather straight-
forward interpretation of these results may be offered taking
into account that the duplex species is very stable in aqueous
solution and that strand separation is just the effect of the ESI
process. These results suggest that when bound to DNA under
the investigated experimental conditions, dirhodium tetraace-
tate may slowly lose one rhodium atom and may convert to a
monorhodium tetraacetate species.

Overall, these ESI MS results are broadly consistent with the
crystallographic data and point out that [Rh,(p-O,CCHj;),]
forms adducts with DNA through direct coordination of the
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Fig. 5 (A) Deconvoluted ESI-MS mass spectrum of B-DNA 5 x 1076 M
in 100 mM NH4OAc at pH 6.8, incubated at 37 °C with dirhodium tetra-
acetate in a 1: 5 DNA-to-complex ratio for (B) 5 h and (C) 24 h; 20% of
methanol was added just before injection.

This journal is © The Royal Society of Chemistry 2023
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rhodium center to DNA nucleobases. Yet, ESI MS results
suggest that the Rh-Rh bond may undergo cleavage with time
so that the dirhodium tetraacetate fragment is converted to the
monorhodium species. Cleavage of the Rh-Rh bond and for-
mation of monometallic Rh-containing fragments were earlier
found in the crystal structure of dirhodium/protein adducts.**

Conclusions

In conclusion, we have here reported the first crystal structure
of an adduct formed upon reaction of a dirhodium paddle-
wheel complex, [Rh,(p-O,CCH3),], and a DNA duplex model
system. A search in the Protein Data Bank reveals that it also
represents the first example of a Rh/DNA adduct and a rare
example of a Rh compound/DNA complex. The results indicate
that [Rh,(p-O,CCHj),] interacts with DNA through coordi-
nation of the dimetallic center to the N7 atom of an adenine,
at the axial position. This view is supported by new ESI MS
experiments. The latter point out that at short incubation
times, adducts are formed between the DNA and
[Rhy(p-O,CCH3),] in agreement with crystallographic results.
Conversely, for longer incubation times, ESI MS results point
out that the dirhodium tetraacetate fragment converts into a
monorhodium tetraacetate fragment as the consequence of
progressive cleavage of the Rh-Rh bond. In addition, the
present data also indicate that dirhodium tetraacetate reacts
with DNA differently from cisplatin®® and that its interaction
with DNA and proteins'*'”***? could occur with a similar
mechanism that involves the dirhodium coordination to a N
atom at the axial site. Overall, these results support the idea
that dirhodium compounds can act through binding to DNA
and provide a further step towards the understanding of the
molecular basis of the antitumor activity of dirhodium tetra-
carboxylates. Indeed, our data support the recent observation
that vacant axial sites are important for the cytotoxic activity
and nuclear accumulation of dirhodium compounds.®
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