Open Access Article. Published on 11 July 2023. Downloaded on 2/18/2026 9:50:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

CHINESE
CHEMICAL
SOCIETY

CCS

PELFES

FRONTIERS

RESEARCH ARTICLE

’ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2023,
10, 5016

Received 26th June 2023,
Accepted 11th July 2023

DOI: 10.1039/d3qi01192e

rsc.li/frontiers-inorganic

View Article Online

View Journal | View Issue
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The properties of paddlewheel diruthenium compounds significantly depend on the nature of the brid-
ging equatorial ligands. The charge of these complexes is a factor to take into account when studying
their interaction with proteins. To compare the reactivity of diruthenium compounds with the model
protein hen egg white lysozyme (HEWL), we have prepared the well-known anionic complex
[Ru»(CO3)4]*~, two new anionic species, [RUz(D—p—FPhF)(C03)3]2_ and [Rux(DANIF)(CO3)s%, and their ana-
logues [Ru,ClI(D-p-FPhF)(O,CCHj3)s] and [Ru,CUDANIF)(O,CCHj3)s] that generate cationic species in solu-
tion (D-p-FPhF~ = N,N'-bis(4-fluorophenyl)formamidinate and DAniF~ = N,N’-bis(4-methoxyphenyl)for-
mamidinate). The interaction of these compounds with HEWL was investigated by UV-vis absorption
spectroscopy, circular dichroism, intrinsic fluorescence and X-ray crystallography. The molecular struc-
tures of the adducts differ in the number of metal binding sites, in the binding mode and in the type of
fragments that are bound to the protein. The charge of the diruthenium complexes in aqueous solutions
strongly influences their protein binding properties. High-negative charge complexes are non-covalently
bound. However, the replacement of carbonate ligands changes the negative charge of these complexes
and favours covalent binding. These results have great implications for further studies in the tailoring of
artificial diruthenium-containing metalloenzymes.

Introduction

Diruthenium(u,m) paddlewheel complexes contain a Ru-Ru
core bridged by four equatorial ligands, which in the first com-
pounds, synthesized by Wilkinson and Cotton, were
carboxylates.”* In the solid state, they can show polymeric
structures with axial ligands bridging the diruthenium units to
form linear or zig-zag chains, discrete molecular species or
cation-anion complexes.>* Besides carboxylates, a variety of
N,0- and N,N'-bridging bidentate ligands have been employed
to obtain diverse diruthenium motifs.”™

The synthesis and reactivity of these complexes have been
intensively studied in the last few years due to their singular
electrochemical*®** and magnetic properties.** ¢
Diruthenium(i,m) paddlewheel complexes have also been used
as scaffolds to prepare anticancer agents’’>® and to produce
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stable metalloenzymes  with fascinating  catalytic
properties.>®?” In this frame, it has been shown that
[Ru,(0,CCH;),]" forms a metalloenzyme with the model
protein hen egg white lysozyme (HEWL)?® which is able to cat-
alyse the aerobic oxidation of hydroxylamines to nitrones
imparting complete chemoselectivity to the reaction, in con-
trast to the metal complex alone.?’

In our continuous effort to study the reactivity of metal
compounds with physiologically relevant molecules such as
proteins, we have recently described the interaction of [Ru,(D-
p-FPhF)(0,CCH;);]" (D-p-FPhF~ = N,N'-bis(4-fluorophenyl)for-
mamidinate) with HEWL under different conditions in order
to compare the effect of bulky equatorial ligands.*® The intro-
duction of a formamidinate ligand increases the stability of
the diruthenium core in solution. It has been shown that
under all circumstances the formamidinate ligand is retained.
In addition, this N,N'-bridging ligand can adopt a cis or a trans
configuration with respect to the bridging coordinating
residue side chains. The diruthenium core not only can bind
at the equatorial positions of the side chain of Asp101 and
119, but also can bind to the Lys or Arg side chains or even the
oxygen atom of a main chain carbonyl group at the axial sites.

The diruthenium(u,m) compounds employed until now to
study their interaction with proteins form monocationic
species in solution. The charge of the diruthenium complexes

This journal is © the Partner Organisations 2023
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is expected to affect the type of adducts that will be formed
upon reaction of the compounds with proteins.”® In this
regard, anionic species may be the door towards a new family
of diruthenium metalloproteins. However, the number of
known anionic diruthenium complexes is rather limited and
most of them contain two labile anionic ligands at the axial
positions.*** Another possibility is the use of high-charge
anionic bridging ligands. In fact, our group and others have
been interested in the use of the anionic unit [Ru,(CO3),]*” to
develop heterometallic building blocks with different topolo-
gies and interesting magnetic properties.>>**

Here we report the synthesis and characterization of
K;3[Ru,(CO3),], Ky[Ruy(DANIF)(CO3);], Ky[Ru,(D-p-FPhF)(CO3)s],
and [Ru,Cl(DAniF)(0,CCH;);] (DAniF~ = N,N'-bis(4-methoxy-
phenyl)formamidinate; Fig. 1) to prepare new diruthenium
metalloproteins. We show crystallographic evidence of
different binding modes depending on the cationic/anionic
nature of the complexes in aqueous solutions ([Ru,(CO3),]*,
[Ru,(D-p-FPhF)(CO3)5]*, [Ru,(DANiF)(CO3)s]* ", and
[Ru,(DAniF)(0,CCH;);]"). Data have been compared with those
reported for [Ru,(0,CCHs),]" and [Ruy(D-p-FPhF)(0,CCHj)s]"

complexes.”®*®

Results and discussion

Synthesis and characterization of K,[Ru,(D-p-FPhF)(CO;);] and
K,[Ru,(DAniF)(CO3);]

The preparation of Kj3[Ru,(CO;),]-4H,0 and [Ru,Cl(DAniF)
(0,CCH3;)3]-H,O derivatives is already described in the
literature.*”*> Here, the synthesis of two new heteroleptic
anionic complexes, K,[Ru,(D-p-FPhF)(CO;);]-3H,0-EtOH and
K,[Ru,(DARiF)(CO;);]-3H,0, from the corresponding [Ru,Cl(L-
L)(O,CCHy);] is reported (Scheme S1, ESIT). The replacement
of acetate by carbonate bridging ligands proceeds successfully
overnight under mild conditions in 95-99% yields. All the dir-
uthenium complexes are air stable and water-soluble and can
be handled without special caution. The new complexes were
determined by elemental analysis, ATR-FT-IR (attenuated total
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Fig. 1 Molecular structure of diruthenium derivatives: (a) K3[Ru(COs)4l,
(b) Kz[Ruz(DANIF)(COs)3] and K;[Ru,(D-p-FPhF)(COs)s], and (c) [Ru,Cl
(DANIF)(O,CCHz3)z] and [Ru,Cl(D-p-FPhF)(O,CCHz3)s].
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reflection Fourier transform infrared) spectroscopy, UV-Vis
spectroscopy, electrospray ionization mass spectrometry and
cyclic voltammetry.

The ATR-FTIR spectra of the compounds (Fig. S1, ESI{) are
similar to each other and to their analogs with acetate ligands.
Awide band in the 3500-3400 cm™" range and a band centred
around 1640 cm ™" suggest the presence of water in both com-
plexes, in accordance with elemental analysis. Carbonate
vibrational modes corresponding to COO stretching (asym-
metric + symmetric) and bending can be observed around
1450 and 694 cm ™, respectively. Some of the formamidinato
ligand vibration modes are observed at 1529 cm™’
(U(C=Carom)) and 1296 and 1210 cm™' (y(C-N)).*® These
results confirmed the presence of representative functional
groups coordinated to the diruthenium core.

Electrospray ionization mass spectrometry was used to
verify the stoichiometry and elemental composition of the dir-
uthenium complexes. The mass spectra of K,[Ru,(D-p-FPhF)
(CO3)3]-3H,0-EtOH and K,[Ru,(DAniF)(CO;);]-3H,0 support
the full exchange of all acetate molecules by carbonate ligands
retaining the formamidinate ligand. The dominant peaks
correspond to the intact complex with the loss of solvent mole-
cules (S = H,O and/or EtOH), [M — S + H']", or with the
ionized forms by loss of K counterions and solvent molecules,
[M - K —S+2H and [M — 2K" — S + 3H']". All the ion
peaks show reasonable agreement between the experimental
and simulated isotopic distribution and support the assigned
stoichiometries and formulations of the new diruthenium
derivatives (Fig. S2 and S3, respectively, ESIt).

Cyclic voltammetry (CV) was used to evaluate the effect of
ligand substitution on the electrochemical responses of dir-
uthenium complexes in aqueous solutions. CV measurements
were carried out in 0.10 M KCI solution at 0.1 V s~ (Fig. 54,
ESIT); the data were compared with those obtained for [Ru,Cl
(DANIF)(0,CCH;);]** (reversible one-electron reduction, Ru,””
* and [Ru,Cl(D-p-FPhF)(0,CCH3);]*” (quasi-reversible one-
electron reduction, Ru,”"**). The properties of [Ru,Cl
(0,CCH3)4]° (quasi-reversible one-electron reduction, Ru,***")
and K;[Ru,(CO;)4]** (quasi-reversible one-electron oxidation,
Ru,”"*") were also measured because they had been previously
reported under different conditions. Table 1 presents the half-
wave peak potentials (E;/,) and anodic to cathodic peak poten-
tial separation (AE) for [Ru,Cl(O,CCHj),], K3[Ru,(COj3)],
[Ru,Cl(L-L)(0,CCH3);] and K,[Ru,(L-L)(CO3);] (L-L = DAniF~

Table 1 Electrochemical data (V vs. Ag/AgCl) from cyclic voltammetry
measurements of diruthenium complexes in 0.10 M KCl aqueous
solutions

Compound Eyp AE

[Ru,Cl(0,CCH3)4] —0.10 0.27
K;[Ru,(CO3)4] 0.68 0.21
[Ru,Cl(D-p-FPhF)(0,CCH3);] —-0.32 0.28
K,[Ru,(D-p-FPhF)(CO;);] 0.75 0.08
[RuZCl(DAniF)(OZCCH3)3] -0.35 0.15
K;[Ru,(DAnIF)(CO3)s] 0.68 0.08
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or D-p-FPhF") derivatives. Formamidinate'® (L-L) and carbon-
ate® ligands increase the electron density on the diruthenium
core and seem to favour a Ru,”"®* reversible oxidation process.
Besides, the presence of electron-donating substituents in the
aromatic rings (-OCHj3) produces lower oxidation potentials,
while the presence of an electron-withdrawing substituent (-F)
causes a positive cathodic shift.

Stability of [Ru,(CO5),]*~, [Ruy(D-p-FPhF)(CO;);]*",
[Ru,(DARiF)(CO;);]*~ and [Ru,(DAniF)(0,CCH;);]" in aqueous
solutions

To ascertain the stability of [Ru,(COs)s]*~, [Ru,(D-p-FPhF)
(COs)s]*~, [Ruy(DANIF)(COs);*~ and [Ruy(DAniF)(O,CCHs);]"
in aqueous solutions and under the conditions used to study
their binding to HEWL, UV-Vis absorption spectra were col-
lected as a function of time.

The monitoring of the UV-Vis bands of the four compounds
in pure water and in different buffers is reported (Fig. S5 and
S6-S9 panels A and C, ESIf). In the visible region
(400-700 nm), absorptions bands are assigned to allowed
ligand-to-metal charge transfers [n(N/O), n(axial) —» n*(Ru,)],
while the UV bands are usually related to an axial ligand-to-
metal charge transfer and ligand-to-metal transitions [x(N) —
o*/n*/5*(Ru,)].>*® No appreciable spectral changes were
observed within 24 h. However, under the conditions used for
the crystallization experiments, some changes were found after
a week. In all cases, the absorption profiles show regularity in
the shape and position of the bands and are very similar to
other monosubstituted diruthenium compounds. Slight vari-
ations due to a possible substitution of the 0,0-donor equa-
torial ligands (acetates or carbonates) for other O,0’-donor
ligands present under the corresponding conditions (e.g:,
nitrates, acetates, or formates) are noticed. This is related to
the high concentration of these ions in the buffer medium
which may lead to different partial substitution reactions.*®
Spectra were also collected as a function of time in the pres-
ence of HEWL under the same experimental conditions.
Under almost all of the conditions used for the crystallization
experiments, no significant differences between the spectral
profiles of the compounds in the absence and in the presence
of the protein are evidenced (Fig. S6-S9 panels B and D, ESIf).

Binding to HEWL: fluorescence and circular dichroism studies

To further study the HEWL binding ability of [Ru,(CO;),]*,
[Ru,(D-p-FPhF)(CO3)5]*, [Ru,(DANiF)(CO3)s]*~ and
[Ru,(DAniF)(0,CCH,);]", intrinsic fluorescence and circular
dichroism (CD) measurements were collected. First, the fluo-
rescence quenching measurements were registered (Fig. 2A-D
and Fig. S10-S13, ESIf). Basically, HEWL fluorescence is
caused by tryptophan, tyrosine and phenylalanine residues (n
— * transition). As a result of the binding, an enhancement
or a decrease of the fluorescence should occur. Titration
experiments carried out by adding [Ru,(CO;),]*~, [Ru,(D-p-
FPhF)(CO3);]*7, [Ruy(DAniF)(CO;3);]>~ and  [Ruy(DAniF)
(0,CCH3);]" to a HEWL solution show a reduction of the fluo-
rescence intensity of the protein, thus indicating that all these
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metal compounds could bind to the protein under the investi-
gated experimental conditions.

Circular dichroism (CD) spectroscopy provides information
on the protein secondary structure content and can be used to
investigate the structure and dynamics of interactions of pro-
teins with foreign moieties. Far-UV CD spectra of HEWL at
25 °C in the absence and in the presence of the four com-
pounds at different HEWL : Ru, molar ratios in 10 mM Hepes
buffer pH 7.5 and 10 mM sodium acetate buffer pH 4.0 were
collected and are reported in Fig. 2E-H and Fig. S14, ESIL7
respectively. The spectrum of metal-free HEWL presents a
double minimum at 208 and 222 nm, as expected for a protein
with a large content of a-helix structural -elements.
Surprisingly, we noticed that the addition of some Ru,”>* com-
pounds caused an increase in the negative ellipticity without
any significant shift of the bands. Previous results with the
[Ru,(D-p-FPhF)(0,CCH;);]" complex®® showed that the incu-
bation of this compound with the protein did not change the
CD spectrum. In this case, its anionic analogue, [Ru,(D-p-
FPhF)(CO3);]*~, did not significantly change the CD signal.
However, with compounds [Ru,(CO;),]>~, [Ru,(DAniF)(CO;);]*~
and [Ru,(DAniF)(0,CCH;);]", an increase in the negative ellip-
ticity signal is observed. This can be associated with a kosmo-
tropic-like property of these diruthenium derivatives. A kosmo-
trope strengthens the hydrogen bonds of water molecules and
stabilizes the intramolecular interactions in the structure of a
biomolecule.” The increase of self-association processes
within the HEWL chain, in the presence of diruthenium com-
plexes, can create a more prevalent secondary structure which
would increase the CD signal.>®" In all cases, the global stabi-
lization of the protein secondary structure produced upon
interaction with the diruthenium species is not associated
with a change in their thermal denaturation, since the protein
in the presence of the diruthenium complexes has almost the
same denaturation temperature as in their absence (Table S1,
ESI}). The character of the changes suggests that the diruthe-
nium-induced variations do not generate a different confor-
mation but more likely affect the compactness/dynamics of the
polypeptide chain. This phenomenon seems to be quite sig-
nificant, especially for the DAniF derivatives, where the pres-
ence of the methoxy group is expected to generate a higher
number of interactions with the surrounding water molecules.

Binding to HEWL: crystallographic studies

X-ray crystallography was used to study the structure of the
adducts formed wupon the reaction of HEWL with
[Ru,(CO3)4]*, [Ruy(D-p-FPhF)(CO;);]*7, [Ruy(DAniF)(CO3);]%,
and [Ru,(DAniF)(0,CCH;);]". The structures of the adducts
were prepared by a soaking method using protein crystals
grown under two different experimental conditions: 20% ethyl-
ene glycol, 0.6 M sodium nitrate, and 0.1 M sodium acetate pH
4.0 (condition A) and 2 M sodium formate and 0.1 M Hepes
(N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid), pH 7.5
(condition B). The crystals of the adducts were freezed after 14
days of soaking. They diffracted X-ray at a resolution within the
range of 1.46-1.03 A. Data collection and refinement statistics

This journal is © the Partner Organisations 2023
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Fig. 2 (A-D) Fluorescence quenching spectra of HEWL (2 uM) in 10 mM Hepes buffer pH 7.5 by [Rux(CO3)4>~ (A), [Rux(D-p-FPhF)(CO3)s1*~ (B),
[Ru,(DANIF)(CO3)31>~ (C), and [Ru,(DANIF)(O,CCH3)s]* (D) (upon increasing the concentrations from 0 to 20 pM). Spectra exciting the protein at
295 nm are reported in the ESI.{ At the concentration used for these experiments the metal compounds do not significantly absorb. (E-H) Far-UV
CD spectra of HEWL (7.0 pM concentration) incubated for 24 h in the presence of [Rux(COz)413~ (E), [Rux(D-p-FPhF)(CO3)3127(F), [Ru,(DANIF)(CO3)312~
(G), and [Ru,(DANIF)(O,CCHz)s]* (H) in 10 mM Hepes buffer pH 7.5 in different HEWL : Ru, molar ratios.

are reported in Table S2, ESL.f The structures refine to Rgactor
and Rgee values within the range of 0.179-0.205 and
0.202-0.245, respectively. Analysis of the Fourier difference
electron density map indicated that attempts to obtain crystals
of the adduct of [Ru,(CO3),]>~ with HEWL under condition B
failed. The structures are deposited in the PDB (https:/www.
resb.org) as entries 8PFU (HEWL with [Ru,(CO;),]*” under con-
dition A), 8PFT (HEWL with [Ru,(D-p-FPhF)(CO;);]>~ under
condition A), 8PFX (HEWL with [Ru,(D-p-FPhF)(CO5);]>~ under
condition B), 8PFW (HEWL with [Ru,(DAniF)(CO3);]>~ under
condition A), 8PFY (HEWL with [Ru,(DAniF)(CO;);]*~ under
condition B) and 8PFV (HEWL with [Ru,(DAniF)(O,CCHs);]"
under condition A).

Structure of the adduct formed upon the reaction of HEWL
with [Ru,(CO;),]*>~ under condition A

The overall structure of the adduct that HEWL forms with
[Ru,(COs),*~ under condition A (Fig. 3), which was refined at
a resolution of 1.18 A, is nearly identical to that of the metal-

This journal is © the Partner Organisations 2023

Leu129

Asp101 g ncn103
Fig. 3 Diruthenium binding sites in the structure of the adduct formed
upon the reaction of HEWL with [Ru,(COs)4]®~ after 14 days of soaking

under condition A. 2F, — F. electron density maps are contoured at the
1.00 (grey) level.
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free protein: the root mean square deviation of the carbon
alpha atoms (rmsd) between the structure of the adduct and
that of the HEWL used as a starting model (PDB code: 193L%%)
is as low as 0.12 A. The main differences are located at the
level of the diruthenium binding sites. In the structure of the
adduct, diruthenium centres are found close to the interface
between two symmetry-related molecules (occupancy = 0.20)
and at the side chains of Asn103 (occupancy = 0.2 and the dis-
tance from the nearest protein atom ~ 2.1 A) and Asp101
(occupancy = 0.20 and the distance Ru-OD =~ 2.5 A). In all
these sites, diruthenium ligands cannot be defined. B-factors
of Ru atoms are within the range of 63.6-28.6 A% Our data
suggest that under the investigated experimental conditions,
diruthenium tetracarbonate loses at least a part of the carbon-
ate ligands and that a diruthenium containing fragment, prob-
ably coordinated to solvent molecules and to a part of carbon-
ate ligands originally present in the [Ru,(CO;),]>~ structure,
can react with the protein. An additional diruthenium centre
was found at the C-terminal tail (distance Ru-OX ~ 2.2 A), non-
covalently bound to the protein. Here the ligands are not well
defined, but one carbonate could be bound to the metals. At
this site, Ru atoms have an occupancy of 0.40 and B-factors of
63.6 and 42.8 A%,

Structures of the adducts formed upon the reaction of HEWL
with the [Ru,(D-p-FPhF)(CO;);]*~ complex

Superimposition of the structures of the adducts formed upon
the reaction of HEWL with [Ru,(D-p-FPhF)(CO;);]>~ under con-
ditions A and B gave a rmsd value of 0.15 A, suggesting simi-
larity of the overall protein conformation in the adducts
obtained under the two conditions (Fig. 4A and 5A). Similar
results were obtained upon superimposition of these struc-
tures with that of the metal-free protein (rmsd = 0.16 A for con-

Fig. 4 Diruthenium binding sites in the structure of the adduct formed
upon the reaction of HEWL with [Ru,(D-p-FPhF)(CO3)3]?~ after 14 days
of soaking under condition A (panel A). Binding sites have been
observed close to the side chains of Asp101 (panel B) and Asp119 (panel
C). 2F, — F. electron density maps are contoured at the 1.0 ¢ (grey) level.
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Fig. 5 Covalent and non-covalent (NCB) diruthenium binding sites in
the structure of the adduct formed upon the reaction of HEWL with
[Ru,(D-p-FPhF)(CO3)s1?~ after 14 days of soaking under condition B
(panel A). Binding sites have been observed close to the side chain of
Aspl01 (panel B). 2F, — F. electron density maps are contoured at the
1.0 o (grey) level. Axial H,O molecules are omitted for the sake of clarity.

ditions A and B). The structure obtained under condition A
was resolved at 1.30 A resolution, while that under condition B
was resolved at 1.03 A resolution.

In the crystal structure of the adduct formed upon the reac-
tion of HEWL with [Ru,(D-p-FPhF)(CO;);]>~ under condition A
(Fig. 4A), resolved at 1.42 A resolution, electron density for two
diruthenium containing fragments (occupancy = 0.35) was
observed (Fig. 4B and C). The side chain of Asp101 is co-
ordinated to the diruthenium core together with D-p-FPhF, a
carbonate ion, and two equatorial and two axial water mole-
cules, [Ru,(Asp101)(D-p-FPhF)(CO5)(OH,),]" (Fig. 4B). D-p-FPhF
is trans to the side chain of the Asp (Fig. 4B). In our model this
diruthenium center was interpreted as an alternative to that
found close to Asp119. The second diruthenium fragment is
the same found close to Asp101, i.e., a [Ru,(Asp119)(D-p-FPhF)
(CO;)(OH,),]" moiety. This fragment has the D-p-FPhF cis to
the side chain of Asp119 (Fig. 4C). These findings confirm that
anionic monosubstituted diruthenium paddlewheel complexes
can bind to protein residue side chains both in cis and trans
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configurations as their cationic analogs.”® In any case, since
the occupancy is low, the coordination of an anion bridging
ligand instead of two water molecules cannot be excluded
(Fig. 4B).

Under condition B, crystals of the adduct diffract at 1.03 A
resolution. Here, diruthenium containing fragments were
observed close to the side chain of Asp101 (Fig. 5A) and close
to a symmetry axis (Fig. 5B). A Hepes molecule was also added
to the model (Fig. S15}). A [Ruy(Asp101)(D-p-FPhF)(COs;)
(OH,),]" moiety was formed similarly to that obtained under
condition A. At this site, the diruthenium fragment presents
an occupancy equal to 0.35. The B-factors of Ru atoms are 15.4
and 14.4 A%, Two water molecules complete the octahedral
coordination sphere of each Ru atom occupying the axial sites.
An extra electron density neighbouring this diruthenium frag-
ment was observed in the F, — F, and in the anomalous differ-
ence electron-density maps. Here two Ru atoms were placed in
the model, not coordinated to any residue side chains and
with low occupancy (0.20) and B-factors of 15.5 and 14.5 A%
Diruthenium centre ligands at this site are undefined. Another
disordered Ru,-containing fragment, non-covalently bound to
HEWL and with occupancy 0.20 (B-factors of 16.1 and 17.9 A?),
was found close to the symmetry axis. Here the ligands are not
well defined.

Structures of the adducts formed upon the reaction of HEWL
with the [Ru,(DAniF)(CO;);]*~ complex

Crystals of the HEWL adducts with [Ru,(DAniF)(CO;);]>~
obtained upon soaking of the metal compound within HEWL
crystals grown under conditions A and B were also analysed.
The structure of the adduct obtained under condition B (at a
resolution of 1.19 A) suggests a scarce binding of the com-
pound to the protein. Only one minor peak of anomalous
difference electron density map is observed in this structure,
close to the Asp101 side chain (data not shown). In contrast,
very clear electron density maps are observed in the structure
of the adduct formed under condition A (at a resolution of
1.12 A). Here, three different metal compound binding sites
were found (Fig. 6A).

The first diruthenium centre (occupancy = 0.50) is linked to
the side chain of Asp119 cis to the DAniF ligand together with
two equatorial carbonate ligands and two axial water mole-
cules, [Ru,(Asp119)(DAniF)(CO;),(OH,),]” (Fig. 6C). The other
two binding sites are found on the protein surface, where the
diruthenium complexes are non-covalently bound to the
protein (Fig. 6B and C). In both cases, the whole compound is
modeled: a diruthenium compound that retains all its carbon-
ate and DAniF ligands at the equatorial positions and with
water molecules at the axial sites, [Ru,(DAniF)(CO;)3(OH,),]>".
The presence of carbonate ligands coordinated to the diruthe-
nium center and a methoxy group attached to the aromatic
rings of the formamidinate ligand (DAniF) allows one to estab-
lish different interactions which stabilize the Ru,/HEWL
adduct. One molecule (occupancy = 0.35) is close to Asp101
(Fig. 6D) and interacts with a NO;~ ion and with the side
chains of Ser100, Lys97 and Gly102. Also, interactions with
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Fig. 6 Overall structure of the adduct formed upon the reaction of
HEWL with [Rux(DAniF)(CO3)s1>~ under condition A (panel A) and details
of the diruthenium covalent and non-covalent binding (NCB) sites
(panels B—E). 2F, — F. electron density maps are contoured at the 1.0 ¢
(grey) level. Symmetry related molecules are colored grey. Axial H,O
molecules are omitted for the sake of clarity.

symmetry mates occur through the side chains of Arg5 and
Gly4 and with the carbonate group of other diruthenium motif
coordinated to Asp119. The second Ru, complex (occupancy =
0.45) is close to Asp119 (Fig. 6E) and interacts with the main
chain carbonyl group of Asp119 and with the carbonate group
of the diruthenium complex bound to the side chain of
Asp119. Here, the carbonate ligands interact with a symmetry-
related molecule at the side chain of Gly117 and with the car-
bonate group of a non-covalently bound diruthenium complex.
The B-factors of Ru atoms in this structure are within the
range of 12.8-9.9 A,

Structures of the adducts formed upon the reaction of HEWL
with the [Ru,(DAniF)(0,CCH,);]" complex

To compare the results obtained with [Ru,(DAniF)(CO3);]*~
with a proper reference, the X-ray structure of the adducts of
HEWL with [Ru,(DAniF)(0,CCHs);]" formed under condition
Awas also resolved (Fig. 7A).

The structure, which refines at 1.46 A resolution, reveals the
existence of a single binding site for [Ru,(DAniF)(0,CCH;)s]",
close to the side chain of Asp119 (occupancy = 0.35), with the
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Fig. 7 Overall structure of the adduct formed upon the reaction of
HEWL with [Rux(DAniF)(O,CCHs):l* under condition A (panel A) and
details of the metal compound binding sites (panel B). 2F, — F. electron
density maps are contoured at the 1.0 ¢ (grey) level. Axial H,O molecules
are omitted for the sake of clarity.

diruthenium centre bound to the side chain of the Asp residue
cis to the DAnIF ligand (Fig. 7B). Thus, in both the adducts of
HEWL with [Ru,(DAniF)(CO;);]*~ and [Ru,(DAniF)(0,CCH;);]"
binding to the Asp119 side chain, with the Asp bound cis to
the formamidinate ligand, occurs. Thus, non-covalent binding
was identified in the adduct of the protein with the anionic
compound, while only the coordinative mode of binding was
observed for [Ru,(DAniF)(0,CCH3);]".

Structural comparison

The structures of the adducts of two paddlewheel diruthenium
compounds formed upon the reaction with HEWL have been
resolved up to now, [Ru,(O,CCHj;),]" and [Ru,(D-p-FPhF)
(0,CCHj,);]".>%*® These data represent the only structural infor-
mation on protein adducts of diruthenium compounds.
[Ru,(0,CCH;),]" binds to the side chains of Asp residues,
losing one acetate ligand in favour of the Asp carboxylate and
with the possibility to lose other acetate ligands in favour of
water molecules. Upon reaction of the same protein with
[Ru,(D-p-FPhF)(0,CCHj,);]", diruthenium centres are bound to
solvent-exposed protein residue side chains (Asp101, Asp119,
Asn19, Lys33, and Argl25), retaining the formamidinate
ligand, and with different reactivity depending on the experi-
mental conditions.

Comparing the behaviour of [Ru,(CO;),]’~ and
[Ru,(0,CCH,),]", it emerges that the different charge of the

5022 | /norg. Chem. Front,, 2023, 10, 5016-5025
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two complexes does produce significant differences in the
reactivity with HEWL: both complexes bind to the Asp side
chains, but the tetracarbonate compound can also bind to the
Asn side chain and the C-terminal tail and can bind to the
protein in a non-covalent fashion. In the case of [Ru,(D-p-
FPhF)(COs);]*~ and [Ru,(DAniF)(CO;);]*~, two types of Ru,
fragments are described: those coordinated to Asp101 or
Asp119 side chains and those that are non-covalently bound to
the protein surface. The binding Asp residues are shared with
their cationic analogues. However, there is a clear influence of
the charge on the diruthenium compound binding to the
protein, because as long as the complexes retain their high-
negative charge (—2) they remain non-covalently bound to the
protein. When the loss (or the replacement) of carbonate
ligands occurs, i.e., when the complexes reduce their charge
from —2 to —1 or they change from an anionic to a cationic
form, they directly coordinate with the protein residue side
chains, similarly to the cationic diruthenium compounds con-
taining acetate ligands. Once the usual binding sites are occu-
pied, additional molecules will remain on the surface interact-
ing through charge or dipole interactions with adjacent
groups, allowing stabilisation of the adduct structure. Thus,
the non-covalent binding may be a step that precedes the
coordination of the covalently bounded species to the protein,
but it also can be the consequence of the full occupancy of the
metal binding sites and of the charge of the compound.
Notably, our data suggest that it is in principle possible to
guide the diruthenium compound protein binding from non-
covalent to covalent by substitution of carbonate ions by other
ligands.

Conclusions

Structural studies on the products of the reaction of peptides
and proteins with diruthenium paddlewheel complexes are
important since they provide the molecular basis to explain
the behaviour of artificial diruthenium-containing enzymes.
These studies are also useful to define the interaction occur-
ring in vivo when diruthenium paddlewheel complexes are
used as metallodrugs. Here, we have reported six new crystal
structures of the adducts formed upon the reaction of HEWL
with four distinct diruthenium complexes: [Ru,(COs),]*",
[Ru,(D-p-FPhF)(CO3); >~ [Ru,(DANiF)(CO3),]% 7, and
[Ru,(DAniF)(0,CCH;)s]"

Cationic diruthenium species react with HEWL by coordi-
nating the side chains of Asp119 and Asp101 upon releasing
one or two acetate ligands. In contrast, anionic diruthenium
complexes may be non-covalently bound to the protein
surface, unless carbonate ligands are lost or replaced.

Crystallographic data indicate that the binding of these
molecules does not alter the overall conformation of the
protein, but it produces some changes around the dimetallic
binding site. This work enlarges the repertoire of available
structures of adducts formed upon the reaction of diruthe-
nium compounds with proteins and provides new insights
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into the reactivity of these compounds with biological macro-
molecules. Our results suggest that different diruthenium pad-
dlewheel complexes can be used to prepare various artificial
metalloenzymes with distinct properties. Data are significant
because they support the idea that diruthenium complexes can
be tuned, by changing the equatorial ligands, to direct their
activity to specific cellular targets. Finally, our structures
provide a very interesting system for molecular docking that
can be used to predict metal compound binding sites on
protein structures.
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