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Exchange of equatorial ligands in protein-bound
paddlewheel Ru,>* complexes: new insights from
X-ray crystallography and quantum chemistry+

3 Francesca Fasulo, 2 Giarita Ferraro,”

€ Santiago Herrero, (2 ¢ Michele Pavone,
*2 and Antonello Merlino (2 *®

Aaron Teran,
Ana Edilia Sanchez-Peldez,
Ana Belén Mufioz-Garcia

Here we report the binding of the diruthenium complex [Ru,Cl(D-p-CNPhF)(O,CCHs)s],, (D-p-CNPhF™ =
N,N’-bis(4-cyanophenyl)formamidinate) to the model protein bovine pancreatic ribonuclease (RNase A),
investigated for the first time by means of X-ray crystallography and Quantum Chemistry. The crystal
structure reveals that the compound binds a histidine side chain with the diruthenium core anchored to
RNase A at the axial site, without significantly altering the overall protein structure. The protein binding to
the diruthenium core is associated with the replacement of an equatorial acetate ligand by two water
molecules. This species is expected to be highly reactive in the absence of the protein. Thus, the Ru,/
RNase A structure here reported can be associated with the entatic state of the artificial metalloenzyme
produced upon reaction of RNase A with [Ru,Cl(D-p-CNPhF)(O,CCHs)s],,. Quantum chemical investi-
gations unveil the possible reaction mechanisms and help in dissecting the role of the imidazole group
axial ligands on the convenient replacement of equatorial acetate ligands by water molecules.

protein-based metallodrug delivery systems and significantly
influences the absorption, transportation, storage and mecha-

Protein metalation concerns the interaction between metal
ions or metal compounds and proteins, resulting in the for-
mation of metal/protein adducts where metal centers are gen-
erally coordinated to specific residue side chains. This process
has a major role in biology," since it is involved in the correct
folding and function of metalloproteins, which are estimated
to be a large fraction of proteins within the cells.” Artificial
protein metalation is an important tool for protein chemical
modification, creating therapeutic conjugates,>* structural
models,” and artificial metalloenzymes.*’ Furthermore, it
plays an essential role in the design and development of
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nism of action of these metal-based therapeutics.®®

Over the past decades, different methodologies have
emerged to introduce exogenous metal complexes into pro-
teins vie non-covalent  binding,’®  direct = metal-
coordination,'™*? direct ligand-coordination,**** metal substi-
tution,” supramolecular assembly,'®'” or metal-mediated
ligand activation.'® The metal binding process is a multifactor-
ial event that depends on the nature of the metal ion, the
physico-chemical properties of the protein and the reaction
conditions (i.e. protein : metal ratio, pH, ionic strength, buffer,
etc.). As a result, the metalation mechanism of many com-
pounds is not clearly understood, being essential to regulate
their activity and function.®*°

Here we focus on artificial diruthenium metalloproteins as
structural models to understand the biological response
described for diverse diruthenium compounds (Ru,’"), e.g.
cytotoxic activity,>*>® molecular carriers,>***®* RNA probing
compounds,”® or anti-amyloid-p (A) aggregation activity.****
We have recently solved the X-ray structures of several Ru,/
protein adducts using Hen Egg White Lysozyme (HEWL) as a
model protein. The aim of these studies has been to discern
how the charge and the steric hindrance affect the biological
response of diruthenium derivatives.*>> The charge of dir-
uthenium complexes affects their capacity to interact with a
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protein: cationic compounds have a strong preference for
acidic residue side chains, while anionic species tend to bind
proteins non-covalently, remaining on the surface.**** The
diverse protein binding ability of differently-charged diruthe-
nium compounds explains why only cationic species exhibit
anti-Ap aggregation activity.>®*' For species with different
steric hindrance and equal charge, a similar metalation
capacity has been observed.**** However, higher steric hin-
drance in those complexes implies a higher number of bulky
groups, and, consequently, an increase in the lipophilicity of
the compounds and a decrease of the capacity as Lewis acid of
the axial positions which can influence absorption, distri-
bution, metabolism, and elimination processes, thus affecting
their cytotoxic activity and bioaccumulation.®?

The coordination versatility of the diruthenium core and
the stability of the metal-metal bond motivated us to explore
the formation of a novel diruthenium-based metalloprotein,
i.e. that formed upon reaction of the diruthenium compound
[Ru,Cl(D-p-CNPhF)(0,CCH3);], (D-p-CNPhF~ = N,N'-bis(4-cya-
nophenyl)formamidinate), depicted in Fig. 1 and already
characterized in a previous study,*® with the model protein
bovine pancreatic ribonuclease (RNase A). In this work, we
have carried out single-crystal X-ray diffraction experiments to
obtain detailed information regarding the geometric para-
meters of the bimetallic compound and its coordination
environment in the presence of the protein. In addition, we
unveil new insights into the stability of these species and the
mechanism of Ru,/RNase A recognition process with state-of-
the-art Density Functional Theory (DFT) calculations.

Results and discussion

The three-dimensional (3D) structure of the adduct formed
upon reaction of [Ru,Cl(D-p-CNPhF)(O,CCH3;);], with RNase A
was solved at 1.40 A resolution. The Ru,/RNase A adduct was
formed by using the soaking procedure,®” i.e. exposing metal-

on
C

H

Fig. 1 Monomer structure of [Ru,Cl(D-p-CNPhF)(O,CCHs)sl, in the
solid state.>®
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free monoclinic RNase A crystals, containing two protein mole-
cules in the asymmetric unit (a.u.), hereafter denoted as
chains A and B, to a stabilizing solution containing the dir-
uthenium complex (see Methods section for further details).
The overall content of the a.u. is reported in Fig. 2a.

The inspection of the electron density maps reveals that
only one of the two protein molecules in the a.u. is metalated
(occupancy = 0.35). The Ru, species was found close to the
side chain of residue His105 of chain B (Fig. 2b). Thus, we
have a metal-free RNase A (chain A) and a metalated protein
(chain B) within the same crystal. This represents an ideal
system to study structural variations induced by metal com-
pound binding, since structural alterations that can be due to
differences in the experimental conditions are reduced.

The overall Ca root mean square deviation (RMSD) between
chains A and B shows that the metal compound binding does
not significantly influence the overall structure of the protein.
Indeed, the RMSD between chain A and B in the present struc-
ture is 0.46 A, to be compared to the value obtained comparing
A and B chains of metal-free RNase A from isomorphous crys-
tals (PDB code 1JVT, RMSD = 0.29 A).

In the metal complex binding site, Ne atom of His105 imid-
azole is coordinated to one of the axial positions of the bi-
metallic complex. The coordination sphere of the diruthenium
core is completed at the equatorial sites by the D-p-CNPhF~
and two remaining acetate ligands, and also by two water
molecules trans to the D-p-CNPhF™ ligand. The other axial
position is not occupied.

The partial hydrolysis of the diruthenium compound, i.e.
the replacement of an acetate equatorial ligand by two water
molecules, has been observed in the crystal structure of other
artificial diruthenium metalloproteins (PDB code: 4000,*
8BPH, 8BPU, 8BP], 8BQM, 8PFT, and 8PFX).>* This species
with two water ligands at the equatorial positions have been
proposed as an intermediate state in the substitution of equa-
torial acetate ligands in aqueous solution.>®

Diruthenium compounds with six equatorial positions
occupied by three bidentate bridging ligands and two equator-
ial positions occupied by two monodentate terminal ligands
have been previously described as open-paddlewheel diruthe-
nium compounds.®® Usually, these species are very reactive
and tend to rebuild the paddlewheel structure by introducing
a new bridging ligand,**® or even fabricate the fourth
paddle.”® Otherwise, they decompose in solution over the
time,*® especially in non-coordinating solvents. Nevertheless,
for Ru,/HEWL adducts, all measurements performed by UV-vis
spectroscopy showed no time-dependent changes (up to seven
days) in the characteristic bands associated with the electronic
transitions of the diruthenium compounds, suggesting high
stability in aqueous solution even for those with water ligands
at the equatorial positions.*** The stabilization of energized
diruthenium species due to their interaction with protein
atoms can be related to the entatic state of the metalloen-
zymes.*' This suggests the use of the artificial metalloenzyme
produced upon reaction of [Ru,Cl(D-p-CNPhF)(O,CCHs)s],
with RNase A as a promising biocatalyst.

This journal is © the Partner Organisations 2024
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Fig. 2

(a) Asymmetric unit content of the crystal of the artificial diruthenium metalloprotein formed upon reaction of [Ru,Cl(D-p-CNPhF)

(O,CCHa3)sl,, with RNase A (chain A in pink and chain B in green). (b) Diruthenium binding site close to the side chain of residue His105 in chain B.
2F, — F. electron density map at 1.0s level is reported in brown. C atoms are in green, N in blue, O in red and Ru atoms are in turquoise (PDB code:

9FYW).

In any case, it is evident that the interaction of the diruthe-
nium species with HEWL or RNase A enhances the reactivity of
their equatorial positions. In other words, the interaction with
the protein facilitates the replacement of the equatorial
ligands at room temperature.* In the absence of proteins, the
substitution of acetate ligands by other bridging ligands in
paddlewheel diruthenium compounds requires activation
energies based on the use of heat, ultrasounds or microwaves
radiation.>®*>™**
presence of a formamidinate ligand already increases the
reactivity of these species compared to complexes with only
carboxylate ligands at the equatorial positions. This is caused
by the increase of the electron density in the bimetallic core

which have a major effect on the ligand substitution
27,33,45

However, it is important to note that the

rate.

To better understand the binding mechanism of [Ru,Cl(D-
p-CNPhF)(0O,CCHj3);3], to RNase A and the origin of the for-
mation of hydrolyzed species and to clarify the effect of the
presence of the protein environment on the reactivity of the
diruthenium core, a thorough quantum chemical investigation
based on state-of-the-art DFT calculations was carried out. The
crystal structure of [Ru,Cl(D-p-CNPhF)(0,CCHj;);], (Fig. S11)*°
was used to evaluate the compound geometry and the energy
of the ligand substitution reactions as depicted in Scheme 1.
The imidazole (Im) molecule was used as a simplified model
for the histidine residue. All the optimized structures are
reported in the ESI (Fig. S2-S8%). Structurally speaking, the
introduction of the imidazole ligand at the axial position of
the diruthenium core produces slight variations with respect
to the experimental parameters of compound [Ru,Cl(D-p-
CNPhF)(0,CCHs;);3],, (Fig. S11), mainly related to the Ru-Ru

This journal is © the Partner Organisations 2024

distance (Fig. S4-S7t). For derivatives 4-6, the Ru-Ru distance
increase can be ascribed to the greater c-donation from the
axial ligands (imidazole and water) while the reduced Ru-Ru
distance in compound 3 can be explained by the labile nature
of the axial chloride ligand. Nevertheless, the obtained values
for the Ru-Ru distance fall within the expected ranges for
Ru,”>" compounds in all cases.”®

Various studies have tried to wunderstand how the
interaction between the diruthenium core and biological
species takes place.*®™*® Computational research focused on
the Gibbs free energies for ligand exchange between
[Ru,(0,CCH;)4(0OH,),]", [Ru,Cl(0,CCH;),4(OH,)], and [Ru,Cl
(O,CCH3)4(OH)]” and simplified models of protein residue
side chains®®*” proposed that the axial ligands are promptly
substituted by suitable binding sites with high exergonicity.
These studies also demonstrated that the substitution of the
axial water molecule is favored over the chloride ligand.
Kinetic experimental studies indicated that the axial chloride
ligand in [Ru,Cl(O,CCHj3),] is quite labile in aqueous media
and that, in the presence of amino acids (aa), such as glycine,
cysteine, histidine, and tryptophan, axial-(H,0)(aa)Ru, species
is the predominant form.**”° Our crystal structures of Ru,/
HEWL adducts support this idea, since after the axial or equa-
torial coordination of the protein to the Ru, core, the presence
of chloride ligands at the axial or equatorial sites has never
been observed.?*7*

Here, we used the DFT calculations to discern the most
favorable substitution route to form the adduct observed in
the crystallographic experiment, starting from [Ru,Cl(D-p-
CNPhF)(0,CCHj3)3(OH,)] (1), which is the first species formed
when the polymer [Ru,Cl(D-p-CNPhF)(O,CCHj;);],, is dissolved

Inorg. Chem. Front., 2024, 1, 7803-7811 | 7805
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Scheme 1 Gibbs free energy profile (AG, kcal mol™) of the equatorial/axial substitution mechanism of diruthenium compounds from 1 to 6 in

water solution.

in water. To obtain this information we have used the reaction
scheme reported in Scheme 1.

Computational data indicate that both routes, Route 1 and
Route 2, to form compound 4 starting from compound 1 are
endergonic processes. Nevertheless, the Gibbs free energy in
the first substitution step suggests that Route 1 could be the
most favorable pathway. These results suggest that the protein
environment favors the diruthenium binding, i.e. the protein
axial coordination, by decreasing the activation energy of the
process.

After the protein axial coordination, the ligand substitution
process continues. In the crystal structure of the Ru,/RNase A
adduct here reported, the formation of the hydrolyzed
compound  [Ru,(D-p-CNPhF)(0,CCHj),(OH,)5 eq(Im)ax]
observed (Fig. 2a). In principle, two isomers with trans- (5) or
cis- (6) configurations with respect to the formamidinate
ligand can be obtained from compound 4. In the synthesis of
diruthenium compounds, usually the second equatorial sub-
stitution step in diruthenium core results in the formation of
the cis-isomer.”"*> However, this is not the case when sterically
hindered ligands are employed.’*”* In the adduct of other dir-
uthenium compounds with HEWL, we have observed that the

was

7806 | Inorg. Chem. Front, 2024, 1, 7803-78T1

equatorial coordination could occur either cis- or trans- to the
formamidinate ligand.*** At Asp119 binding site, cis-coordi-
nation has always been observed. However, close to the side
chain of Asp101, both types of configuration have been
found.>*** The Asp101 position in HEWL is most sterically
hindered than Asp119 due to crystalline packing. The steric
hindrance is a decisive factor in the second step of equatorial
substitution, which could have resulted in a hydrolyzed
species with trans- configuration.

According to DFT calculations the formation of compound
6 should be favored with respect to that of compound 5. Thus,
water molecules should replace acetate ligands in cis configur-
ation with respect to D-p-CNPhF . However, compound 5
mimics the structure experimentally observed. This discre-
pancy can be explained considering the crystal packing.
Indeed, equatorial acetates are in contact with symmetry mate
atoms and thus less accessible that the acetate that is in trans
with respect to the formamidinate ligand (Fig. S10 in the
ESIt).

To understand the effect of axial ligand on the substitution
of equatorial ligands, we have set up the scenario reported in
Scheme 2, i.e., we have studied the energetics of the formation

This journal is © the Partner Organisations 2024
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of compounds 7 or 8 starting from compound 2, where the
imidazole ligand is replaced by a water molecule.

For these reactions, the substitution energy for both
isomers is much higher than that formed when the imidazole
is bound at the axial site. This suggests that the coordination
of the imidazole at the axial site facilitates the equatorial
ligand substitution around the coordination sphere of ruthe-
nium atoms. Previously, in some Ru,-HEWL structures (PDB
codes: 8PH7 and 8PHS), where only an axial coordination
occurred with the protein, we observed the substitution of
equatorial acetate ligands by other bidentate ligands found in
the crystallization medium (e.g. formate or succinate ions).**

These results could help in the design of new synthetic
strategies for diruthenium compounds. Our data support the
idea that the protein environment could play a fundamental
role in the reactivity of the bimetallic center and that the axial
coordination ligand replacement could be a way to enhance
the reactivity of equatorial diruthenium ligands.*®

Conclusions

We have engineered the model protein bovine pancreatic ribo-
nuclease A by incorporating the diruthenium core of [Ru,Cl(D-
p-CNPhF)(O,CCH3);], through a direct covalent bond with the
side chain of His105.

Previously, theoretical calculations for other diruthenium
compounds showed a high binding affinity between the in-
organic core and the imidazole group of histidine.***” In
addition, NMR results suggested that the binding of the Ru,
core to the AP peptide occurred through the side chain of His
residues.®® However, this is the first time that the binding of a
diruthenium compound to the side chain of a histidine
protein residue has been observed at the atomic level. Data
reveal that when the imidazole of the His is coordinated at the
axial diruthenium site of [Ru,(D-p-CNPhF)(0,CCHj;);(0H,)]",

This journal is © the Partner Organisations 2024
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one acetate equatorial ligand is replaced by two water mole-
cules. This substitution leads to the formation of species that
would be unstable in the absence of the protein. Thus, the
structure of the metalloprotein here reported seems to be an
entatic state. This suggests its use as an artificial
metalloenzyme.

The crystallographic results have been explained on the
basis of first principles calculations, which reveal the impor-
tant role played by protein environment in the binding of the
diruthenium compound to the protein. Computational results
also highlight the important role of the imidazole axial coordi-
nation in the reactivity of the diruthenium core. In addition,
the results indicate that axial ligand substitution significantly
affects the equatorial ligand exchange process. These findings
suggest that proteins can be used as activators of diruthenium
compounds carrying pharmacologically active ligand at the
equatorial sites.>® On the other hand, after the release of the
bioactive molecules, the Ru, core remains attached to the bio-
molecule, giving rise to other cellular mechanisms that could
affect to the cell survival, development or regulation.

Methods

Materials

The synthesis of [Ru,Cl(D-p-CNPhF)(O,CCH3)3],, was per-
formed as previously described.*® The formamidine HD-p-
CNPhHF ligand precursor was prepared according the procedure
reported in literature, using 4-cyanoaniline and triethyl ortho-
formate as reagents.>® RNase A was purchased from Sigma-
Aldrich (type XIIA) and used without further purification.

Crystallization, X-ray diffraction data collection and structure
refinement

Metal-free RNase A crystals in the C2 space group were grown
by the hanging drop vapor diffusion method mixing equal
volumes of the protein (22 mg mL™") and reservoir solutions
(22% PEG4K and 10 mM sodium citrate at pH 5.1) at 20 °C.
Then, the metal-free protein crystals were exposed to solid ali-
quots of the diruthenium complex [Ru,Cl(D-p-CNPhF)
(0,CCH3;);], to obtain the Ru,/RNase A adduct. These crystals
were captured with a nylon loop and cryoprotected using a
solution containing the reservoir and 25% glycerol, after 7
days of soaking. Cryoprotected crystals were then flash-frozen
in liquid nitrogen and shipped to Elettra Synchrotron in
Trieste (Italy).

X-ray diffraction data were collected at 100 K using the
XRD2 beamline. All data were indexed, integrated, and scaled
using the Global Phasing AutoPROC pipeline.>® The data col-
lection statistics are reported in Table S1 (ESIf). The structure
of the adduct was solved by molecular replacement with
Phaser implemented in the CCP4 suite,”® using the structure
of metal-free RNase A deposited in the PDB under the acces-
sion code 1JVT (chain A)*” as starting model. The structures
were refined using Refmac.”® Manual interventions on the
models based on observation of the electron density map were

Inorg. Chem. Front., 2024, M, 7803-7811 | 7807
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carried out using Coot.”® The electron density map of the
protein chain is rather well defined, with the exclusion of resi-
dues 17-21 and 18-20 of chains A and B, respectively. The
final structure of the adduct was validated using the PDB vali-
dation server®® and deposited in the PDB under the accession
code 9FYW.

Quantum calculations

All the DFT calculations were performed with Gaussian 16.%
The structural optimization of the diruthenium complexes was
computed at the level of theory B3LYP. Geometries were fully
optimized without symmetry constraints. The Def2TZVP basis
set was used for C, H, N, O, and Cl atoms while the SDD
effective core potential and basis set was used for Ru atoms.
The water solvent is considered with the Solvent Model
Density (SMD) implicit solvation model. Such approach has
been proven to be very effective for studying the energetics of
interaction transition metal complexes and protein moieties.®>
Since our solvation Free energies are computed within the con-
tinuum solvation model, no gas-to-solution corrections have
been applied to the energetics of the hydrolysis processes, as
recommended by recent specialized literature in the field.*®
The crystal structure of [Ru,Cl(D-p-CNPhF)(O,CCHj;);],, com-
pound (deposited in the Cambridge Structural Database®® with
number 2098740) revealed a polymeric structure consisting of
a linear chain of diruthenium units linked by the axial chlor-
ide ligand. However, the physicochemical characterization of
this compound suggests that compound [Ru,Cl(D-p-CNPhF)
(0,CCH3;)3(0OH,)] (1) is found as the unique form and that the
polymeric compound is merely obtained under the anhydrous
conditions used to crystallize this species.>® For this reason,
we have taken as a starting point the structure of compound 1
for the reaction Scheme 1.

Data availability

X-ray diffraction data have been deposited in the Protein Data
Bank under the accession code 9FYW.
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