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ABSTRACT

The charge of paddlewheel diruthenium complexes has a major role in defining their interaction with proteins: negatively charged complexes bind proteins non-
covalently, while cationic complexes form adducts where the Ruy core binds to Asp side chains at the equatorial sites, or to the main chain carbonyl groups or
the side chains of His, Arg or Lys residues at the axial sites. Here we study the interactions of the neutral compound [Rug(D-p-FPhF)(02CCH3)2(02C0O)]1-3H20 (D-p-
FPhF~ = N,N'-bis(4-fluorophenyl)formamidinate), a very rare example of a paddlewheel diruthenium compound with three different equatorial ligands, with the
model protein bovine pancreatic ribonuclease (RNase A) by means of UV-visible absorption spectroscopy, circular dichroism (CD), electrospray ionization mass
spectrometry (ESI-MS) and X-ray crystallography. It is the first attempt to investigate the binding of a neutral diruthenium compound to a protein. ESI-MS data
indicate that, in solution, under the investigated experimental conditions, the diruthenium compound binds the protein upon the loss of an acetate ligand. The
crystallographic results indicate the replacement of an acetate by two water molecules and the coordination of the [Ruz(D-p-FPhF)(02CCH3)2(0,CO)(0OH,),]™ ion,
that is expected to be a highly reactive species in the absence of the protein, to the imidazole ring of His105 at the axial site. The side chains of Glu9 and His119 are
also identified as possible diruthenium binding sites. The binding significantly affects the protein ability to form dimers and higher-order oligomers, without
significantly altering its secondary structure content and thermal stability. These data show that: i) Glu side chain has to be considered as a possible alternative
binding site for diruthenium compounds, ii) diruthenium containing fragments that would be unstable in solution can be formed upon reaction of diruthenium
compounds with a protein, iii) diruthenium compounds could be used as modulators of protein aggregation.

1. Introduction activity. The bimetallic unit is not just a mere drug carrier; indeed, there
is a synergistic effect between the drug and the diruthenium core
[13,15,17]. Besides its antitumor action, other biological properties

have been described for diruthenium species, such as pH-responsive

Metallodrugs have become important competitors of purely organic
agents thanks to their structural and physicochemical properties,

comprising structural variety, accessible redox states, a wide spectrum
of coordination numbers and geometries, and the possibility to fine-tune
ligand substitution thermodynamics and kinetics [1-6]. In this respect,
paddlewheel Ru3t complexes have been used as molecular building
blocks to develop new metallodrugs with anticancer properties
[5,7-17]. The biological activity of these species has been increased by
coordinating biologically active carboxylate ligands (drugs) to the
bimetallic core. The comparison between the biological activities of the
free drugs and of the drugs bound to the diruthenium center demon-
strates that the coordination to the inorganic core improves drug

delivery systems [18,19], RNA probing compounds [20], or inhibitors
of amyloid-f aggregation [21,22].

The most common type of diruthenium compounds contains four
carboxylate bridging (RCO3, R = aryl, allyl, or alkyl) ligands in equa-
torial positions arranged in a lantern-like fashion and ¢ and/or
n-donating electron rich ligands at the axial positions [23]. However,
this is not the sole possibility. Different research groups have used the
[RupCl(02CCH3)4] compound as starting material to synthesize new
derivatives based on the partial substitution of acetate ligands (mono-,
di- or tri-substituted species) by N,N-donor (e.g. amidinates or
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aminopyridinates), N,O-donor (e.g. amidates) bridging ligands or even
monodentate or low coordinating ligands [24-32]. The precise control
of the synthetic conditions (temperature, solvent, atmosphere, or re-
agents ratio) is essential to obtain these derivatives. The properties of
these intermediate species differ significantly from the tetrasubstituted
diruthenium compounds in terms of solubility, geometry, electro-
chemical properties, and reactivity.

The interaction of different mono- and di-substituted diruthenium
compounds with the model proteins Hen Egg White Lysozyme (HEWL)
and bovine pancreatic ribonuclease (RNase A) has been recently char-
acterized [33-35]. These studies were carried out to understand the
mechanism of action of diruthenium metallodrugs. The results suggest
that biological macromolecules could play a major role in the delivery
and targeting of these compounds. Literature data report the interaction
of diruthenium paddlewheel complexes with nucleic acids [20] and
proteins both from the experimental [36] and computational points of
view [37,38]. For example, the open-paddlewheel diruthenium com-
pound [Ru,Clo(DPhF)3(DMSO)] (DPhF~ = N,N'-diphenylformamidinate
and DMSO = dimethylsulfoxide) can bind RNA at positions located one
or two nucleotides away from junctions or bulges of the nucleic acid
structure [20] and the [RuyCl(02CCHj3)4] compound can bind HEWL at
the Asp side chains replacing the acetate ligands [36]. Our groups have
demonstrated that the protein binding properties of diruthenium com-
pounds depend on charge and steric hindrance, as postulated by theo-
retical calculations [37,38]. The complexes [Ruy(L-L)(O2CCH3)3] "
(where L-L. = DPhF~; D-p-FPhF~ = N,N-bis(4-fluorophenyl)for-
mamidinate; or DAniF~ = N,N-bis(4-methoxyphenyl)formamidinate)
and [Ruy(DPhF)5(05CCHs),]1 ™" can interact with HEWL through the Asp
side chains, but also can bind Lys and Arg side chains or even main chain
carbonyl groups at the axial site [33]. When the same protein is treated
with the compounds [Ruz(L-L)(C03)3]2_, non-covalent binding of the
diruthenium compound is observed [34]. The difference in protein
binding capacity between these two families of diruthenium compounds
arises from the charge of the complexes in solution: negatively charged
complexes bind the protein non-covalently, while cationic complexes
bind the protein by coordination of the Ru; centre to protein atoms. It is
worth mentioning that anionic diruthenium complexes can replace their
ligands in solution, changing their charge and favouring the covalent
binding [35].

Recently, we have described the first artificial diruthenium metal-
loprotein resulting upon reaction of [RuzCl(D-p-CNPhF)(02CCHs)3] (D-
p-CNPhF~ = N,N-bis(4-cyanophenyl)formamidinate) with the model
protein bovine pancreatic ribonuclease (RNase A), which has been
frequently used to study metalation processes [39-41]. In this case, the
[RUz(D-p-CNPhF)(02CCH3)2(OH2)2]+ fragment binds through one axial
position the side chain of His105, which is located on the protein sur-
face. The crystallographic results in combination with first principles
calculations have revealed the important role played by the protein
environment in the protein binding and ligand exchange around the Ru,
core [42]. Diruthenium compounds have been also used as inhibitors of
amyloid peptide aggregation. In particular, it has been shown that
[RUZCl(DPhF)(OzccHg)g] -Hzo, [RUQCI(DPhF)g(OQCCHg)z]'Hzo, [Rllzcl
(D-p-FPhF)(02CCH3)3]-H20 and K3[Ruy(CO3)4]-3H20 act as inhibitors
of the AP 42 peptide aggregation. Ks[Rup(DPhF)(CO3)3]-3H20 and
[RuzCl(D-p-FPhF)(02CCH3)3]-HoO also inhibit aggregation of Af; 42
peptide fragments AB; 16 and APay_40 [21,22].

The wide knowledge achieved on the interaction of charged dir-
uthenium compounds with proteins has no counterpart when it comes to
neutral diruthenium species in solution, whose reactivity is largely un-
explored. The aim of this work is to study the protein binding properties
of a new neutral diruthenium compound, [Ruy(D-p-FPhF)
(02CCH3)2(02C0)]-3H20 (Fig. 1), here synthetized for the first time.
This complex is not only a neutral compound, but also a very rare
example of a diruthenium compound with three different equatorial li-
gands reported to date. We have studied the properties of this new
compound, as well as its interaction with the model protein RNase A
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Fig. 1. Core structure of the [Rux(D-p-FPhF)(0>CCH3),(0>CO)]-3H20 complex.
Water molecules are omitted for the sake of clarity.

using a combined spectroscopic/spectrometric/crystallographic
approach. The ability of the compound to act as modulator of the protein
aggregation process has been also evaluated, together with its ability to
alter protein thermal stability.

2. Experimental
2.1. Synthesis Of [RHZ(D—p—FPh.F) (02CCH3)2(02C0)]-3H20.

All the reactions and manipulations were performed under air at-
mosphere. All reactants and solvents were obtained from commercial
sources and used without further purification unless otherwise indi-
cated. The HD-p-FPhF formamidine was prepared according to a pub-
lished general procedure [43]. The diruthenium starting materials,
[RuyCl(02CCH3)4] and [RuyCl(D-p-FPhF)(02CCH3)3]-H20, were previ-
ously reported [24,44].

To a red solution of [RuyCl(D-p-FPhF)(02CCH3)3]-H20 compound
(0.066 g, 0.1 mmol) in ethanol (Sigma-Aldrich, purity >95 %, 20 mL)
was added a colorless solution of K3CO3 (Sigma-Aldrich, purity >99 %,
0.011 g, 0.1 mmol) in distilled water (0.3 mL) at room temperature.
After stirring for 5 h, it was added 1 mL of a solution of AgNO3 (Sigma-
Aldrich, purity > 99 %, 0.1 M) (Scheme 1). The resultant red-orange
suspension was stirred for 24 h with the strict exclusion of light. The
reaction mixture was then filtered through Celite® to remove AgCl, and

1 HD-p-FPhF/
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Scheme 1. Reaction pathway to prepare [Ruy(D-p-FPhF)(02CCH3),(02,CO)]-
3H,0. Water molecules have been omitted for the sake of clarity.
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the solvent was dried in vacuo to give a dark orange powder. The solid
was solved in distilled water (150 mL), and the solution was placed in a
separatory funnel to be extracted first with CH3Cl, (Sigma-Aldrich,
purity > 99 %, 50 mL) to remove [RuyCl(D-p-FPhF)(02CCH3)3]-H20
compound, and then with EtOAc (Sigma-Aldrich, purity > 99 %, 5x100
mL). To the EtOAc solution, MgSO4 (Sigma-Aldrich, purity > 99 %) was
added, then filtered off, and concentrated to dryness. The product was
dried under vacuum. Yield: 0.028 g, 42 %. Anal. Caled for
C18H21FaN2019Rug (665.51 g/mol): C, 32.49; H, 3.18; N, 4.21 %. Found:
C, 32.38; H, 3.27; N, 4.07 %. ESI (m/2): 611.6 [M — 3H,0] ™.

2.2. Characterization of [Ruz(D-p-FPhF)(02CCH3)2(02C0)]-3H20

ATR-FTIR spectrum (4000-500 cm_l) was recorded with a Perkin-
Elmer Spectrum 100 with a universal ATR accessory. Elemental anal-
ysis was performed at the Microanalytical Service of the Complutense
University of Madrid. Mass spectrometry data (electrospray ionization)
were recorded at the Mass Spectrometry Service of the Complutense
University of Madrid, using an ion trap analyzer HCT Ultra (Bruker
Daltonics) mass spectrometer in water solution.

2.3. Computational details

All calculations were performed using the Gaussian 16 program suite
[45]. The structural optimization of the diruthenium isomeric com-
plexes was computed at the DFT-B3LYP level of theory [46]. Geometries
were fully optimized with no symmetry constrains. The Def2TZVP basis
set was used for C, H, N, O, and F atoms while the SDD effective core
potential and basis set were used for Ru atoms. Water was considered
within the Solvent Model Density (SMD) implicit solvation approach
[47]. Frequency calculations were performed on all optimized geome-
tries to ensure that the obtained structures represent local minima.

2.4. Protein binding studies

2.4.1. UV-visible absorption spectroscopy

RNase A (Sigma-Aldrich, type XII A; purity > 90 %, SDS-PAGE) was
used without further purification. The stability of [Ruy(D-p-FPhF)
(02CCH3)2(02C0)]-3H50 was studied by UV-visible spectroscopy in the
experimental condition used to grow RNase A crystals, i.e. 22 % PEG4K
(Sigma-Aldrich, purity 100 %), and 10 mM sodium citrate buffer (Sigma-
Aldrich, purity > 99.5 %) at pH 5.0, and in the buffer used to collect ESI-
MS spectra, i.e. 10 mM ammonium acetate (Sigma-Aldrich, purity >
99.0 %) buffer pH 6.8.

UV-visible absorption spectra were recorded at 25 °C using a 1.0 cm
pathlength quartz cells on a JASCO V-750 UV-visible spectrophotom-
eter in the range of 200-700 nm, using a diruthenium compound con-
centration of 50 pM in milliQ water. Other experimental parameters
were: bandwidth 2.0 nm, scanning speed 200 nm/min, data pitch 1.0
nm. UV-visible spectra were collected in the absence and in the presence
of RNase A. The RNase A:Ru, molar ratio was 1:3. Each measurement
was repeated three times.

2.4.2. Circular dichroism spectroscopy

Far UV-CD spectra were recorded on a Jasco J-1500 spec-
tropolarimeter equipped with a Peltier thermostatic cell holder using a
0.1 cm path length quartz cell. Spectra were registered at 25 °C in the
range of 195-250 nm at a protein concentration of 7.3 pM in 10 mM
sodium citrate buffer at pH 5.0 and 10 mM ammonium acetate buffer at
pH 6.8. Measurements were recorded with a time constant of 2 s, 2 nm
bandwidth, and scan rate of 50 nm/min. Three scans for each spectrum
were acquired.
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2.5. Crystallization of the adduct formed upon reaction of [Ruy(D-p-
FPhF)(02CCH3)2(02C0)]-3H,0 with RNase A

Metal-free RNase A crystals were grown by hanging drop vapor
diffusion using RNase A at 20 mg-mL~' concentration and a reservoir
solution containing 22 % PEG4K and 10 mM sodium citrate buffer at pH
5.0. Crystals grew in two weeks and were soaked in a reservoir solution
saturated with [Rup(D-p-FPhF)(O2CCH3)2(02CO)]-3H50 for three days.

2.6. Data collection and refinement

X-ray diffraction data were collected at XRD2 beamline of Elettra
synchrotron of Trieste, Italy. Crystals were flash-frozen at 100 K using
liquid nitrogen (and maintained at 100 K during the data collection). X-
ray diffraction data were processed using Autoproc [48]. The structure
was solved by molecular replacement using the program Phaser of
CCP4i suite [49] and model derived from PDB code 1JVT (molecule A)
[50]. The building of the model was carried out using Coot [51]. The
structure was refined using REFMAC5 [52]. Data collection and refine-
ment statistics are summarized in Table S1. Coordinates and structure
factors were deposited in the Protein Data Bank under the accession
code 9GYS.

2.7. ESI-MS experiments

Sample preparation: a stock solution of RNase A (Sigma-Aldrich,
type XII A; purity > 90 %, SDS-PAGE) 10~> M was prepared dissolving
the lyophilized protein in LC-MS grade water. A stock solution of the
diruthenium compound was prepared by dissolving the samples in water
to a final concentration of 102 M. For the measurements, an aliquot of
the stock solution of the protein was mixed with an aliquot of the dir-
uthenium compound at protein-to-metal ratio of 1:3 and then diluted
with LC-MS grade water to a final protein concentration of 100 pM. The
mixture was incubated at a temperature of 37 °C up to 10 days.
Instrumental measurements were conducted at intervals of 24, 48, and
72 h. After the incubation time, the protein solution was sampled and
diluted to a final protein concentration of 500 nM using LC-MS grade
water by adding 0.1 % v/v of formic acid just before the infusion in the
mass spectrometer.

Instrumental parameters: the ESI mass spectra were acquired
through direct infusion at 7 pL-min~! flow rate in a Tri-pleTOF® 5600+
high-resolution mass spectrometer (Sciex, Framingham, MA, U.S.A.),
equipped with a DuoSpray® interface operating with an ESI probe.

The ESI source parameters were as follows:

RNase A: positive polarity, Ionspray Voltage Floating 5500 V, Tem-
perature 0, Ion source Gas 1 (GS1) 40 L/min; Ion source Gas 2 (GS2) 0;
Curtain Gas (CUR) 15 L/min, Declustering Potential (DP) 100 V, Colli-
sion Energy (CE) 10 V, acquisition range 1000-2600 m/z.

For acquisition, Analyst TF software 1.7.1 (Sciex) was used, and
deconvoluted spectra were obtained by using the Bio Tool Kit micro-
application v.2.2 embedded in Peak-ViewTM software v.2.2 (Sciex).

2.8. Aggregation studies

3.0 mg of RNase A were dissolved in 300 pL of 40 % acetic acid for
the lyophilization. The lyophilized protein was then suspended in 300 pL
of 0.2 sodium phosphate buffer at pH 6.7 and incubated at 37 °C for 2 h,
in the presence and in the absence of the metal compound. Finally, 100
uL of this solution were loaded on a gel-filtration column.

Gel filtration chromatography was performed on a Superdex 75 10/
300 GL column attached to an AKTA prime plus fast protein liquid
chromatography (FPLC) system, equilibrated and eluted with 0.4 M
sodium phosphate pH 6.7, at a flow rate of 0.10 mL-min~}, according to
the procedure described in reference [53].
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3. Results and discussion
3.1. Design of [Ruz(D-p-FPhF)(02CCH3)2(02C0)]-3H50

[RupCl(02CCH3)4] is the most common starting material in the
synthesis of diruthenium compounds. This species enables diverse
ligand exchange possibilities, from partial (mono-, di-, or tri-substituted
species) to total replacement of the acetate ligands, with their properties
being tunable by the nature of the ligand, the substitution degree and the
particular ligand configurations [31,54]. Within the family of partial
substitution compounds, generally only two different ligands are present
at the equatorial positions. Up to very recently, there are some examples
with two different bridging ligands [55-571, but examples in literature
of diruthenium complexes with three or four different equatorial ligands
coordinated to the bimetallic core are very rare [32].

Here, we synthetize a diruthenium complex with a neutral charge
and three different equatorial ligands: two acetates, one carbonate and
one formamidinate. To achieve this goal, we reacted the [RuyCl(D-p-
FPhF)(02,CCH3)3]-H20 complex with an equimolar amount of K;COs, so
that one acetate could be replaced by one carbonate ligand. Then, an
excess of AgNO3 was added to remove the axial chloride ligand. The
substitution reaction of acetate ligand by carbonate ligand proceeds
rapidly under mild conditions and, after 5 h, the starting product had
been practically converted. The new complex is air-stable, water-solu-
ble, and can be handled without special caution.

The features of the new complex were determined by elemental
analysis, ATR-FTIR (attenuated total reflection Fourier transform
infrared) spectroscopy, UV-visible absorption spectroscopy, Electro-
spray ionization mass spectrometry (ESI-MS), and Density Functional
Theory (DFT) calculations.

The elemental analysis for the bulk powder sample is in good
agreement with the calculated values for a complex with the formula
[Rug(D-p-FPhF)(02CCH3)(02C0)]-3H20. The vibrational spectrum of
this complex was recorded in the range 4000-500 cm™! (Fig. S1, ESI)
and is very similar to that of the analogue compound with three acetate
ligands [31]. We observed a wide band in the range 3500-3200 cm!
and a band centred around 1640 cm ™!, which suggest the presence of
water in the complex, in accordance with elemental analysis. The
removal of the axial chloride ligand leaves free both axial positions of
the Ruy core. Therefore, it is expected that they may be occupied by
water molecules, as in other mono- and bi-substituted diruthenium de-
rivatives [24,30,31,58]. The vibrational modes of acetates/carbonate
ligands are very close. We can observe them at 1528 cm ™! (asymmetric
COO stretching), 1436 cm ! (symmetric COO stretching), and 687 cm !
(COO bending). The difference between the symmetric and asymmetric
COO frequencies (Av = v, — 1) is evidence of the coordination type. In
this case, the separation of the wave numbers (92 cm™!) suggests a
bidentate-type coordination [59]. Finally, the formamidinate ligand
shows vibrational modes at 1494, 1310, and 1202 cm™ %, corresponding
to CN and CC aromatic stretches, and CH bending, respectively (Fig. S1,
ESI). These results confirmed the presence of representative functional
groups coordinated to the diruthenium core.

ESI-MS was used to verify the stoichiometry and elemental compo-
sition of the diruthenium complex. The mass spectrum supports the
exchange of only one acetate ligand by one carbonate ligand, and the
retention of the formamidinate ligand (Fig. S2, ESI). The dominant peak
corresponds to the intact complex with the loss of water molecules, [M —
3-H,0]™.

Such experimental characterization does not permit to determine the
substitution position of the [RuCl(D-p-FPhF)(O,CCH3)3]-H20 species,
since the complex shows three different feasible coordination positions
for the carbonate ligand: two cis and one trans with respect to the for-
mamidinate ligand. Attempts to obtain suitable single crystals for X-ray
diffraction studies failed. To clarify this aspect, we relied on first-
principles calculations [60]. DFT was used to optimize the ground-
state structures of both possible isomers, cis-[Ruy(D-p-FPhF)
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(OzCCHg)z(OQCO)] and trans- [Rug(D-p-FPhF)(OzCCHg)z(Ozco)]. The
optimized geometrical parameters, collected in Figs. S3 and S4 (ESI),
deliver computed bond lengths in good agreement with those obtained
for other partially substituted Ru3* compounds.

Energetically speaking, we reported recently for a similar complex
that the most favored substitution position was in the cis position with
respect to the formamidinate ligand, which switched to the trans posi-
tion under high steric hindrance conditions [42]. Here, quantum me-
chanical calculations show that the cis-isomer (Fig. 1) is 1.8 kcal/mol
more stable than the trans-isomer. This is expected since the carbonate
ligand is not a bulky ligand that can cause steric clashes around the
diruthenium core. The different stability of the isomers can be ascribed
to orbital overlap-related electronic effects. Indeed, the trans compound
shows a weaker ¢ bond between the Ruy core and the formamidinate
ligand, which results in longer Ru—N distances. This appears to be
associated with a slight destabilization of the HOMO, which involves the
Ruy(8*) orbital and the pn lone pairs of the formamidinate ligand
(Fig. 2). These results permit to explain why the vast majority of bi-
substituted paddlewheel complexes show a cis configuration [54,58].

3.2. Reactivity with RNase A: in solution studies

The reactivity of [Ruy(D-p-FPhF)(02CCH3),2(02,C0O)]-3H20 with
RNase A has been first studied in solution by UV-visible absorption
spectroscopy, circular dichroism and ESI-MS.

3.3. UV-visible absorption spectroscopy and circular dichroism

UV-visible absorption spectra of [Ruy(D-p-FPhF)(O2CCHg3)2(02CO)]-
3H,0 were recorded under two conditions in the absence (Fig. 3A and C)
and presence of RNase A (Fig. 3B and D) overtime (up to seven days).
These experimental conditions were chosen because they were used to
crystallize RNase A and to study the reactivity of metal compounds with
the protein via ESI-MS [61]. Under both experimental conditions,
spectra of the compound showed bands around 227 nm and 345 nm and
one band of low intensity around 510 nm. The UV band at 227 nm can be
assigned to an axial ligand-to-metal charge transfer, while the lowest
energy band could be assigned to a mixture of transitions: m(Ru-N/O,
Ruy) — 6*(Ruy), 6(Ruy/axial) — n*(Ruy), n*(Rus) — o*(Ruy/axial) and
1(Rup) - 1*(N/0O)/8*(Ruy) [62]. Following previous assignments, [58]
the band at 345 nm could be attributed to ligand-to-metal transitions
[*(N) — o*/n*/6%(Rug)]. The spectral profiles of [Ruy(D-p-FPhF)
(0,CCH3)2(02C0O)1-3H20 do not experience significant variations over
seven days under both the investigated experimental conditions. Similar
results were obtained in the presence of the protein (Fig. 3B and D).

CD spectra of RNase A in the presence of [Ruy(D-p-FPhF)
(02CCH3)2(02C0)]-3H20 in 10 mM sodium citrate buffer pH 5.0
(Fig. 4A) and in 10 mM ammonium acetate pH 6.8 (Fig. 4B) were
recorded to evaluate the effect of the metal compound binding on the
secondary structure of the protein. CD measurements suggest that the
protein retains its secondary structure in the presence of the metal
compound, although a slight variation of molar ellipticity is observed
when the protein to metal molar ratio is changed. CD has been also used
to evaluate the thermal stability of the adduct and to compare its melting
temperature with that of the metal-free protein. The CD melting tem-
peratures (Tp,) for the metal-free RNase A and for the protein in the
presence of the diruthenium complex in 1:3 protein to metal ratio are 66
+1 and 65=+1 °C, respectively, in 10 mM sodium citrate at pH 5.0, and
61+1 and 62+1 °C, respectively, in 10 mM ammonium acetate at pH
6.8. The Ty, values of the metal-free protein agree with that found in our
laboratory in the past (65+1 °C in 10 mM sodium citrate at pH 5.0) [53].
Similar results have been obtained using a phosphate-free protein
sample, obtained upon removing the residual phosphate ion present in
the protein active site, after treating the protein at pH 9.0. These find-
ings suggest that the Ruy; compound does not alter the RNase A thermal
stability.
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3.4. Electrospray ionization mass spectrometry

A series of protein binding studies were then performed using an ESI-
MS experimental protocol developed by the METMED laboratory in
Florence [63,64]. This protocol enabled the characterization of protein
metalation by Pt [61], V [65], Au [66], Rh [67], Ir [68] compounds.
Specifically, RNase A was reacted with [Rup(D-p-FPhF)
(02CCH3)2(02C0)]1-3H50 and the resulting products were analyzed via

ESI-MS.

Fig. 5 displays the ESI mass spectrum of RNase A after 24 h of in-
cubation with [Rug(D-p-FPhF)(02CCH3)2(02C0O)] at 37 °C. Additional
spectra at different incubation times and metal-to-protein ratios are
provided in the Supporting Information (Fig. S5, ESI). Spectral analysis
indicates that the species resulting from the loss of an acetate ligand, i.e.
([Ruy(D-p-FPhF)(02CCH3)(02C0)] ™), forms adducts with RNase A.
These adducts can contain one or two metallic fragments, with masses of
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at 37 °C.

14,231 Da and 14,782 Da, respectively.
In addition to these adducts, we also observed a signal at 13,681 Da,
ascribable to the non-metalated protein. Moreover, two more peaks at

13,779 Da and 13,877 Da, likely resulting from interactions between the
protein and salt ions (such as phosphate or sulphate) present in the
commercial protein sample, were detected. Indeed, these peaks were
already observed in the ESI-MS spectra of the metal-free protein in other
works [67].

3.5. Reactivity with RNase A: structural studies

The reaction of [Ruy(D-p-FPhF)(02CCH3)2(02CO)]-3H0 with RNase
A has been also studied in the solid state by means of X-ray crystallog-
raphy. Native RNase A crystals were soaked in a reservoir solution
saturated with the Ru; compound powder for three days and tested by X-
ray diffraction. They contain two protein molecules (hereafter denoted
as molecule A and molecule B) in the asymmetric unit (a.u.). Data
collection and refinement statistics are reported in Table S1. Root mean
square deviation of Ca atoms (rmsd) between the two molecules is
0.427 A, while 0.254 A is the average rmsd value from the structure of
the metal-free protein (PDB code 1JVT) [50].

The overall structure of the adduct formed upon reaction of RNase A
with [Rug(D-p-FPhF)(02CCH3)5(02C0)]-3H20 is reported in Fig. 6. The
adduct was refined at high resolution (1.74 .7\). In molecule A, three
diruthenium motifs were observed at level of the side chain of His105
(occupancy = 0.45), His119 (occupancy = 0.50), and Glu9 (occupancy
= 0.45) (Fig. 7A-C). In molecule B, two diruthenium containing frag-
ments bound to the side chain of His105 (occupancy = 0.45) and His119
(occupancy = 0.50) (Fig. 7D and E) were found. His119 is a catalytically
important residue located in the protein active site [69], while His105 is
on the protein surface. The side chain of Glu9 is hydrogen bonded to
water molecules in molecule B (Fig. S6, ESI). This residue is located on
the N-terminal helix.

His105 has been previously identified as a binding site for dir-
uthenium [42] and dirhodium [67,70] compounds, while His119 has
just been involved in the recognition of mono- and bi-nuclear com-
pounds containing Pt [53,71,72], Ru [73-75], Rh [67], Pd [76], Ir [68],
As—Pt [77] and Au [66] based-drugs. The side chain of Glu9 has never
been identified as a potential metal-binding site.

Although electron density maps for the ligands in all the Ruy binding
sites are not well defined, metal ligands can be confidently modelled
close to the side chain of His105 in molecule B. In particular, at this site,
a [Ruy(D-p-FPhF)(0,CCH3)(0,C0O)(0OH3),] " fragment was found axially
coordinated to Hisl105 side chain (Fig. 7D). A superposition of this
binding site with that observed for the [Ruy(D-p-CNPhF)
(02CCH3)5(0H)21™ fragment indicates a strict similarity in the
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Molecule A
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Fig. 6. Overall structure of the two RNase A molecules (A in blue and B in orange) in the asymmetric unit of the crystal of the adduct formed upon reaction of
[Rux(D-p-FPhF)(02CCH3)5(02C0)]-3H,0 with RNase A at the solid state. Ru2 binding sites are also shown and evidenced in grey. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Details of diruthenium binding sites in the adduct formed upon reaction of [Ru(D-p-FPhF)(03CCH3)2(0>CO)]-3H,0 with RNase A at the solid state: His105
(panel A), His119 (panel B) and Glu9 (panel C) of molecule A, His105 (panel D) and His119 (panel E) of molecule B. 2Fo-Fc electron density maps are contoured at 1¢

level (in light green).

recognition of the two diruthenium moieties by the protein (Fig. S7).
The loss of an acetate ligand in the structure here reported agrees with
mass spectrometry data, while its replacement by water molecules is in
agreement with our previous observation that the binding of a His res-
idue at the axial position favours the replacement of equatorial acetate
ligands by water molecules [42], stabilizing metal containing fragments
that would be highly reactive in the absence of the protein. The car-
bonate group of this fragment is cis with respect to D-p-FPhF~, in
agreement with what predicted by quantum chemical calculations. The

presence of the CO3~ ligand is confirmed by the formation of hydrogen
bonds between the free oxygen (i.e. the oxygen not coordinated to the
diruthenium centre) and water molecules that in turns are bound to
atoms of Tyr76 and GIn64. The binding of the [Ruy(D-p-FPhF)(02CCHj3)
(02C0)(OH,),]" fragment to the protein is further stabilized by the
hydrogen bond that one of the two molecules that replace the acetate
ligand forms with a water molecule that in turn is in contact with the C-
terminal tail.

In molecule A, close to the same His side chain, the electron density
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map is less clearly defined. However, a [Ruy(D-p-FPhF)(05CO)
(OHy)4]?* ion has been tentatively modelled (Fig. 7A). Here, the pres-
ence of the CO%~ ligand is confirmed by the formation of hydrogen
bonds between the free oxygen and water molecules that are in turn
bound to atoms of Asn103 and to the C-terminal carboxylate. However,
we cannot exclude that actually two water molecules can be a disor-
dered acetate, as in molecule B. Anyway, comparing the position of the
carbonate ligands in the metal containing fragments bound to the
His105A and His105B side chains (Fig. 7A and D), it appears clear that
the metal complex adopts a different conformation in the two protein
molecules in the asymmetric unit.

The metal containing moieties that are bound to the protein are even
more difficult to be assigned in the protein active sites, where the
interpretation of the e.d. maps is ulteriorly complicated by the presence
of a residual amount of sulphate/phosphate and of alternative confor-
mations of His119 (Fig. 7B and E). The existence of alternative confor-
mations of catalytically important His119 is well known [78]. Our
findings demonstrate that the presence of the diruthenium center does
not affect the flexibility of this residue. The best interpretation of the e.d.
maps at these sites suggests the presence of bimetallic fragments which
could adopt alternative conformations. The unclear electron density
maps allowed the modelling of a sulphate/phosphate ion alternative to
the metallic fragment in molecule A (Fig. 7B) and of a carbonate ligand
bound to Ru2 in molecule B (Figs. 7E).

In molecule A, a diruthenium fragment close to the side chain of
Glu9A (Fig. 7C) was also found. However, the electron density is
disordered and diruthenium ligands are interpreted as water molecules.

3.6. Studies of protein aggregation

Diruthenium compounds have been used as inhibitors of peptide
aggregation. Indeed, it has been shown that this class of compounds can
modulate the aggregation process of different beta amyloid peptide
models [21,22]. To evaluate if [Rua(D-p-FPhF)(02CCH3)2(02C0)]-3H,0
can act as a modulator of protein aggregation, the ability of RNase A to
form dimers and higher-order oligomers was studied in the absence and
in the presence of the metal compound. It is known that, when lyophi-
lized in acetic acid, RNase A unfolds and, once dissolved in mild con-
ditions such as phosphate buffer, it self-associates forming two domain
swapped dimers (a N-terminal end swapped dimer, the N-Dimer, and a
C-terminal end swapped dimer, the C-Dimer), two trimers characterized
by swapping of both N- and C-termini, tetramers, pentamers and higher
domain swapped oligomers [79]. Since the formation of these oligo-
meric species involves protein domains containing the residues here
implicated in the binding of [Ruy(D-p-FPhF)(O2CCHj3)2(02CO)] frag-
ments, we expect a partial inhibition of RNase A oligomerization
prompted by the diruthenium compound. For this study, the species
formed upon incubation of RNase A in acetic acid in the absence and in
the presence of [Ruy(D-p-FPhF)(02CCH3)2(02C0O)] were separated and
analyzed by gel filtration chromatography (Fig. 8).

The gel filtration pattern of metalated RNase A (blue line, Fig. 8) was
then compared with that of the untreated RNase A, simply dissolved in
phosphate buffer and loaded on the column (black dotted line, Fig. 8)
and with that of metal-free RNase A, lyophilized in acetic acid and
incubated for 2 h at 37 °C (red line, Fig. 8). Results of this analysis reveal
that in the presence of the diruthenium compound, the RNase A capa-
bility of forming dimers and higher-order oligomers is significantly
reduced. In particular, upon lyophilization the amount of monomeric
form in the protein sample in the presence of the metal complex is close
to 90 %, much higher than that found for the metal-free RNase A, which
is about 73 %. Furthermore, the amount of dimers formed by the protein
reduces of about 50 % in the presence of [Ruy(D-p-FPhF)
(0O2CCH3)2(02C0O)]. Regarding the trimer, its formation is quite unde-
tectable in the presence of the metal complex, since its amount is close to
1 %, while it is about 5 % in the absence of the metal compound.
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Fig. 8. Gel filtration pattern on a Superdex 75 HR 10/300 of: RNase A in 0.2 M
sodium phosphate buffer pH 6.7 (black dotted line), RNase A lyophilized (red
line) in 40 % acetic acid and then dissolved in 0.2 M sodium phosphate buffer
pH 6.7, and metalated RNase A (blue line) lyophilized in 40 % acetic acid and
then dissolved in 0.2 M sodium phosphate buffer pH 6.7 in the presence of
[Ruo(D-p-FPhF)(0>CCH3),(0,CO)]. In the table the percentages of monomeric
and oligomeric species are reported for each RNase A sample.

4. Conclusions

Nearly sixty years after the synthesis of the first diruthenium com-
pound, we have shown an easy synthetic route to obtain a very rare
diruthenium complex with three different equatorial ligands. This
compound has a neutral charge in solution, which makes it an ideal
candidate to understand the protein metalation process using a neutral
diruthenium compound. We have studied the physicochemical features
of [Ruy(D-p-FPhF)(02CCH3)2(02C0)]-3H20 and its protein binding
properties using RNase A as a model system. Our combined spectro-
scopic/spectrometric/crystallographic approach unambiguously dem-
onstrates that diruthenium compounds bind the protein close to His and,
this particular complex can bind Glu side chains. His side chains are
coordinated to the bimetallic centre at the axial site, while the Glu side
chain interacts with the Ruy core at the equatorial site. The adduct
formed upon reaction of RNase A with [Ruy(D-p-FPhF)
(02CCH3)2(02C0)1-3H20 retains the overall native protein conforma-
tion and presents the same thermal stability of the metal-free enzyme,
but it has a reduced capability to form dimers and higher-order oligo-
mers. The results reinforce the idea that diruthenium complexes can act
as modulators of protein aggregation. This suggests the potential use of
diruthenium complexes as inhibitors of amyloid peptide aggregation, as
proved in some examples [21,22]. In the adduct, the formation of a
highly reactive diruthenium containing species is observed, in agree-
ment with previous observations [33,34,42].

Overall, these data expand our understanding of the reactivity of
paddlewheel diruthenium complexes with proteins, providing useful
information for the design of new Ruy/peptide and Ruy/protein adducts
with potential applications ranging from catalysis to biomedicine.
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