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Herein, we studied the interaction of bovine pancreatic ribonuclease (RNase A) with [VVO(8-HQ),] - a
promising antitrypanosomal, antituberculosis, and antitumor vanadium complex (VC) formed by 8-hydro-
xyquinolinato (8-HQ), reaching ICsq values lower than cisplatin in HCT116 and A2780 cancer lines (0.99
and 0.96 pM vs. 15.0 and 3.4 pM) and the minimum inhibitory concentration (MIC) of 3.7 uM against
strains of Mycobacterium tuberculosis. The system was investigated by spectroscopic (UV-vis absorption
spectroscopy, circular dichroism, and electron paramagnetic resonance), computational (docking and
DFT calculations), and X-ray crystallographic multi-technique approach. Crystallographic results at pH 5.1
demonstrate that upon interaction with the protein, one of the 8-HQ ligands is replaced by a water mole-
cule and by Glulll side-chain, resulting in the inhibition of the RNase A activity. EPR data confirm the for-
mation of this adduct, with V"V coordinated by 8-HQ and by the couples (Glu-COO™; H,O) at pH 5.1,
(His-N; H,O) at pH 7.4, and (His-N; OH™) or (Ser/Thr-O~, H,0) at pH 8.4. Computational data unveil the
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predicted by thermodynamic considerations. Overall, our results show that the VC—protein binding is
defined not only by the thermodynamic stability of VC but also by other factors, such as the structure and
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Introduction

The applications of vanadium in materials science, catalysis,
biology, pharmacy, and medicine have been discussed over the
last few years and constitute a field of extensive research.’™ A
growing interest in vanadium complexes (VCs) concerns their
possible use in medicine as antibacterial,® antiparasitic, but
mainly as antidiabetic®” and anticancer®'° agents.
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tElectronic supplementary information (ESI) available: Data collection and
refinement statistics (Table S1), distribution of the species formed in the
systems VVO** : pic and V'VO**: 8-HQ at pH 5.1 (Table S2), docking solutions for
the binding of V'VO**-8-HQ species with RNase A (Table $3), UV-Vis and far-UV
CD spectra of [V'VO(8-HQ),] at pH 5.1 and 7.4 (Fig. S1 and S2), superimposition
of the docking- and DFT-predicted structures of [V"VO(8-HQ)(H,0)]'-RNase A
with the crystallographic adduct (Fig. S3 and S4), hydrolysis of yeast RNA at pH
5.0 (Fig. S5), possible complexation of [V'VO(8-HQ)(H,0),]" and RNase A as a
function of pH (Scheme $1) and isomers of cis-[V"O(8-HQ),(H,0)] in aqueous
solution (Scheme S2). See DOI: https:/doi.org/10.1039/d3qi01023f
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steric requirements of the metal ligands, with important implications in the drug delivery strategies.

Among the VCs with pharmacological properties, species
with stoichiometry V'VOL, were studied with L being a biden-
tate and monoanionic ligand. Among them, the bis-chelated
complexes formed by maltolato (malt), 1,2-dimethyl-3-hydroxy-
4(1H)-pyridinonato (dhp), picolinato (pic), and acetylacetonato
(acac) are worthy of being cited.""'* Recently, several mole-
cules with ascertained biological activity were proposed as
metal ligands for new potential drugs. Among them, 8-hydro-
xyquinolines (8-HQ), found in many biologically active natural
products, have emerged as a privileged skeleton for new
drugs;™ such ligands belong to the series of metabolites of
tryptophan that participate in the regulation of many cells of
the immune system and are involved in many immune-
mediated diseases and disorders."*'* Transition metal com-
plexes with 8-HQ and its derivatives were recently designed
and tested, both in vitro and in vivo, against several tumour
cell lines.’®™™ Focusing our attention on vanadium, VCs of
8-HQ-based ligands were tested as potential antitrypanosomal,
antituberculosis, and antitumor agents.>*>* The biological
effectiveness depends on the nature of the substituents on the
8-HQ moiety, and in some cases, ICs, values smaller than
1 uM were found, for example, in the case of the V'VO complex
formed by 5,7-dichloro-8-quinolinato against Trypanosoma

This journal is © the Partner Organisations 2023
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cruzi.”* Similarly, the anticancer potential is rather promising
and the ICs, value against the cisplatin sensitive/resistant
ovarian A2780 cell line of the homoleptic species of VYO with
8-HQ and of the mixed species of V'YO with 8-HQ and picoli-
nate or salicylideneglycinato is in the range of 5-14 pM,>°
while that of VYO complexes formed by 8-hydroxyquinoline
hydrazones is <6.3 pM on malignant melanoma (A-375) cancer
cells, all these complexes being more active than cisplatin on
the same cells (22.4 and 11.2 pM on A2780 and A-375,
respectively).>*>*

The binding of VCs with proteins plays a crucial role in the
processes of transport in organisms and action
mechanism.”*® Over the last years, a growing number of
research studies discussed the interaction with small proteins,
such as hen egg white lysozyme (HEWL),>”*®* myoglobin,>
ubiquitin,*®?° cytochrome c,>' or large proteins like human
serum transferrin in the apo or holo form,*> human serum
albumin,® hemoglobin,>®> and immunoglobulin G.*> The
interaction depends on several factors: the structure of V'VOL,
complex in aqueous solution, its thermodynamic stability, the
presence of accessible residues on the protein structure, the
stabilization of the adduct by secondary interactions, such as
hydrogen bonds or van der Waals contacts,>>”* making the
description of these systems a demanding, but stimulating,
challenge for the inorganic and bioinorganic chemists.
However, despite the importance of the binding VC-protein,
also with regard to the design of new drugs and their indus-
trial development, only few X-ray diffraction (XRD) studies on
single crystals are available for V'VO-L-protein adducts up to
now: those formed by V'VO(pic), fragment with HEWL?®> and
bovine pancreatic ribonuclease (RNase A),*® and by V™VO(bipy/
phen)®* (bipy = 2,2 -bipyridine, phen = 1,10-phenanthroline),*”
v¥O(malt)*/VVO(malt),*®* and  V"O(empp)*/VVO(empp),
(empp = 1-methyl-2-ethyl-3-hydroxy-4(1H)-pyridinonato)*® with
HEWL. Depending on the experimental conditions, both
covalent and non-covalent interactions were revealed, with
Asp, Asn, and Glu residues being involved in the first type of
binding and Asp, Asn, Glu, Gln, Cys, Lys, and Arg in the
second one.** % To the best of our knowledge, no other struc-
tures based on V'V-L moiety were deposited in Protein Data
Bank (PDB).*°

Here, we studied the interaction of [V"VO(8-HQ),] with
RNase A through a combined application of experimental and
computational techniques. The major biochemical function of
RNases is the catalytic scission of RNA,*"*> but recent results
suggested that RNA is implicated in many human diseases,
and for this reason, RNases are considered as potential targets
in the drug action. In addition, RNase A has also been fre-
quently used as a model protein in metalation studies and
structures with several metallodrugs,**** including cisplatin,
carboplatin, oxaliplatin,*>*® Ru-,"” Rh-,*® Pd-,*® Ir-,*>° and Au-
based drugs,”" are known. Recently, the metalation of arseno-
platin-1, a dual pharmacophore anticancer agent, has been
presented.”® In this study, the binding of [V'YO(8-HQ),] to
RNase A has been examined at the solid state by XRD studies
and in aqueous solution by collecting spectroscopic data
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through UV-vis absorption spectroscopy, circular dichroism
(CD), and electron paramagnetic resonance (EPR). The results
have been rationalized by in silico methods, such as docking
and density functional theory (DFT). The aims of the study are:
(i) the characterization of the possible VC-RNase A adducts;
(ii) the comparison between the different behaviour with
RNase A of the two structurally similar complexes, [V"O
(pic)»(H,0)] and [VVO(8-HQ),(H,0)] (derived in aqueous solu-
tion from the hydrolysis of the square pyramidal species [VVO
(8-HQ),]), which - in principle - could undergo the replace-
ment of the equatorial water ligand by a residue side-chain;
(iii) the role of the protein in the ligand exchange of [V'VOL,]
complexes (it will be demonstrated here that RNase A cleaves
the coordination of one of the two chelating ligands in [VVO
(8-HQ),]); (iv) finally, the role of the metal ligand in the stabi-
lization of the adducts formed with a protein that - in turn -
may be related to the transport in biological fluids and mode
of action of the vanadium-based potential drugs.

Our results disclose that the interaction of VCs with pro-
teins can lead to non-trivial speciation schemes and, in some
cases, not predictable with thermodynamic considerations
based on the behavior of solutions containing only the specific
VC.

Experimental and computational
section
Materials

Water was deionised prior to use through the purification
system Millipore MilliQ Academic or purchased from Sigma-
Aldrich (LC-MS grade). V"V0S0,-3H,0, 8-hydroxyquinoline,
and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), sodium phosphate, sodium citrate, sodium acetate,
NaOH, and H,SO, were Sigma-Aldrich products of the highest
grade available and used as received. The complex [V™VO(8-
HQ),] was synthesised as reported in the literature.”® RNase A
was purchased from Sigma-Aldrich (type XIIA) and used
without further purification.

UV-vis absorption spectroscopy and circular dichroism

The stability of [V'VO(8-HQ),] has been studied by UV-vis
absorption spectroscopy, using a Varian Cary 5000 UV-vis-NIR
spectrophotometer, recording the spectra of the systems con-
taining only the VC (50 pM) and containing RNase A plus VC
(molar ratio 1:3 and metal concentration of 50 pM). The
spectra were collected at room temperature in 10 mM sodium
citrate buffer (pH 5.1) and in 10 mM sodium phosphate buffer
(pH 7.4) in the range 240-700 nm as a function of time. The
following parameters were used: data pitch 1.0 nm, bandwidth
2.0 nm, scan speed 600 nm min~', and quartz cuvette with
1.0 cm path length.

Circular dichroism (CD) spectra were recorded with a Jasco
J-715 spectropolarimeter equipped with a Peltier temperature
controller. Far-UV CD measurements were carried out at a
protein concentration of 7.3 pM in 10 mM sodium citrate
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buffer (pH 5.1) and 10 mM sodium phosphate buffer (pH 7.4)
at 20 °C, using a cell with an optical path length of 0.1 cm.
The instrumental conditions were as follows: response time 2
s, scan rate 50 nm min~', 2.0 nm bandwidth, and 1.0 nm data
pitch. The spectra were the average of three scans.

The thermal stability was determined by recording the CD
signal at 222 nm in the temperature mode in the range
20-95 °C, with a scan rate of 1.0 °C min™". The melting temp-
eratures (7Ty,) were determined through analysis of the first
derivative of the unfolding curves.

EPR spectroscopy

The solutions for EPR measurements were prepared by dissol-
ving V'V0S0,, 8-HQ, and RNase A in ultra-pure water to get a
vVO** concentration of 0.8 mM and a V'VO**: 8-HQ: RNase A
molar ratio of 1:1:1 and 1:2:1. The benchmark spectra of
[VVO(8-HQ)(H,0),]" were obtained with a V concentration of
1.0 mM at pH 4.0 using a V?VO**: 8-HQ ratio of 1: 1 and at pH
3.0 using a V'VO®":8-HQ ratio of 1:2. Argon was bubbled
through the solutions to ensure the oxygen absence. 0.1 M
HEPES buffer was added to the solutions. The pH was adjusted
to the desired value with NaOH or H,SO, diluted solutions.
Under these experimental conditions, the oxidation of V'V to
V¥ is negligible, as proven by the examination of the relative
intensity of EPR (and UV-vis absorption spectra) as a function
of the time (04 h).

Anisotropic EPR spectra were recorded at 120 K on aqueous
solutions with an X-band Varian E-9 spectrometer equipped
with a variable temperature unit. The microwave frequency was
9.15-9.16 GHz, microwave power 20 mW, time constant 0.5 s,
modulation frequency 100 kHz, and modulation amplitude
0.4 mT. The spectra were immediately measured after the
samples were transferred into the EPR tubes. In the text, only
the high-field part of the EPR spectra is shown because it is
more sensitive than the low-field region to the identity of the
equatorial donors and the amount of the several species in
solution.>*>®

Crystallization, X-ray diffraction data collection, structure, and
refinement

Metal-free RNase A crystals were grown by hanging drop vapor
diffusion method mixing equal volumes of protein (22 mg
mL™") and reservoir solutions (22% PEG4K, 10 mM sodium
citrate, pH 5.1) at 20 °C. Metal-free protein crystals were then
exposed to solid aliquots of [V™VO(8-HQ),] to obtain the
adduct. These crystals were then captured in silicon loops and
cryoprotected using a solution containing the reservoir and
25% glycerol after 50 soaking days. Cryoprotected crystals were
then flash-frozen in nitrogen and shipped to Elettra synchro-
tron, Trieste, Italy.

X-ray diffraction data were collected at 100 K at XRD2 beam-
line. Data were indexed, integrated, and scaled using the
Global Phasing AutoPROC pipeline.>® Data collection statistics
are reported in Table S1 of the ESLf{ The structure of the
adduct was solved by molecular replacement with Phaser
implemented in the CCP4 suite,”” using the structure of metal-
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free RNase A deposited in the PDB under the accession 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 carried out using
Coot.®® The electron density map of the protein chain is rather
well defined, with the exclusion of residues 17-21 and 18-20
of chains A and B, respectively. The location of the V atom is
confirmed by inspection of the anomalous difference electron
density map. The final model of the adduct, which presents
2305 atoms and an average B-factor of 30.52 A% refines to an
R-factor of 0.174 and R-free of 0.222. Refinement statistics are
reported in Table S1.7 The final structure of the adduct was
validated using the PDB validation server and deposited in the
PDB under the accession code 7QWH (https://www.rcsb.org/
structure/7QWH).

Quantum and docking calculations

All the DFT calculations were carried out with Gaussian 16
(revision B.01).°" The geometry of VYO species and harmonic
frequencies were computed at the level of theory B3P86/6-311g
(d,p) using the SMD model for water.®*®® This guarantees a
good degree of accuracy in the structure optimization of first-
row transition metal complexes®®® and, particularly, of
VCS‘66768

Docking calculations were carried out through GOLD 5.8
software® on the X-ray structure available in the PDB of free
RNase A (PDB code: 1JVT®®). The PDB structure was cleaned,
removing all the small molecules and crystallographic water,
and hydrogen atoms were added with the UCSF Chimera
program.”® Residue side-chain protonation state was computed
by means of the PROPKA algorithm.”*

The DFT optimized structure of cis-[V'VO(8-HQ),(H,0)] was
preliminarily treated by replacing the equatorial leaving H,O
ligand with a dummy hydrogen atom according to what was
recently established.?”""*

To identify the possible RNase A binding sites for the V'VO
species, relative Solvent Excluded Surface (SES) calculations”
were preliminarily performed, focusing on the most exposed
potential coordinating residues. The docking simulations were
carried out by constructing in the region of interest an evalu-
ation sphere of 12 A. Side-chain flexibility was taken into
account, considering the GOLD implemented rotamer
libraries.”* Genetic algorithm (GA) parameters have been set to
50 GA runs and a minimum of 100 000 operations. The other
parameters of GA were set to default.

The scoring (Fitness of GoldScore) was evaluated by apply-
ing the modified version of GoldScore scoring function, which
was validated in previously published papers.>”””> The best
solutions (binding poses) were evaluated through three main
criteria: (i) the mean (Fean) and the highest value (Fy,,,) of the
scoring (Fitness of GoldScore) associated with each pose; (ii)
the population of the cluster containing the best pose; (iii) the
position in the Fitness ranking of the computed cluster.

The refinement of the VC-protein adducts found by dock-
ings was performed by cutting out the region with [VVO(8-
HQ),] and [V"VO(8-HQ)(H,0)]" fragments and neighbour inter-

This journal is © the Partner Organisations 2023
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acting amino acid side-chains within a radius of 5 A. The
extracted clusters were treated at full DFT theory level for all
atoms, completing the valence and freezing the backbone
atoms to simulate the protein constraints.”> The geometry
optimizations were performed using B3LYP/6-31g(d,p) level of
theory including D3 Grimme’s correction for dispersion for
the high level (BS1). The final potential energies were obtained
by single point calculations on the optimized geometries using
the extended basis set BS2, consisting of the triple-{ def2-TZVP
for the main group element and the quadruple-{ def2-QZVP set
for vanadium.”®

Ribonucleolytic activity assays

RNase A catalytic activity was qualitatively measured according
to the Kunitz method’” by monitoring cleavage of yeast RNA
via UV-vis absorption spectroscopy in the absence and pres-
ence of VC in 0.050 M sodium acetate (pH 5.0) at room temp-
erature. The VC-protein adduct was obtained by incubating
RNase A with [V'VO(8-HQ),] for 3, 24, and 72 h using 1:0.5,
1:5,1:10, and 1: 30 protein-to-metal molar ratios. The experi-
ments were carried out in triplicate with RNA concentration of
0.5 mg mL~" and RNase A concentration of 7.3 pM.

Results and discussion

IV02+

Behaviour of V' /8-HQ system in aqueous solution

Bis-chelated oxidovanadium(iv) complexes can give in aqueous
solution a series of transformations that can affect their trans-
port and interaction with biomolecules.>®**”® In particular,
they can change the number and coordination geometry upon
hydrolysis with the loss of one or both the ligands. In the case
of 8-hydroxyquinoline, the square pyramidal solid complex [V"VO
(8-HQ),] transforms into a mixture of octahedral cis[V'YO(8-
HQ),(H,0)] isomers with an equatorial-equatorial and an equa-
torial-axial arrangement of the two ligands, a water molecule in
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cis to the V=0 bond, and two quinoline-N or two phenolato-O in
the equatorial plane,®® as illustrated in Scheme 1. The formation
of cis-octahedral [VVO(8-HQ),(H,0)] species is confirmed by the
X-ray structures of [VV0,(8-HQ),]~ or [VYO(0-iPr)(8-HQ),],””* in
which the second oxido ligand or the isopropoxido anion, in cis
position to the VV=0 bond, derive from the oxidation or replace-
ment of the water molecule of the corresponding VYO complex.
Depending on the experimental conditions, such as pH, V con-
centration, and molar ratio, cis[V"VO(8-HQ),(H,0O)] may give the
1:1 species [V'VO(8-HQ)(H,0),]".>

UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was used to obtain the first
indications on the behaviour of [VYO(8-HQ),] in 10 mM
sodium phosphate buffer at pH 7.4 and in 10 mM sodium
citrate buffer at pH 5.1 in the absence and presence of RNase
A (Fig. S1f). The investigated experimental conditions were
chosen to get information on the potential interaction
between VC and protein at neutral pH and under the experi-
mental conditions used to obtain crystals of RNase A in the
presence of VC (vide infra). Spectra collected as a function of
time reveal significant differences between the behaviour of
the systems without and with the protein, both at pH 5.1 and
7.4, indicating an interaction of V'VO-8-HQ fragment(s) with
RNase A (cfr. panels A and C in Fig. S11 with those B and D);
moreover, the comparison of the absorptions at pH 5.1 and 7.4
show that they are different, suggesting the formation of
various adducts when pH increases. The spectra do not
change for at least 7 days, and this means that the adduct(s)
formed with RNase A are stable at room temperature and pH
5.1 and 7.4 and does(do) not undergo any transformations
such as a ligand replacement and/or oxidation.

EPR spectroscopy

EPR spectra were recorded at 120 K as a function of pH in the
systems containing [VVO(8-HQ),] or [VVO(8-HQ)(H,0),]" plus

Z ] 1} Aqueous o Low V )
N\\l/l/o solution HzO\U/O concentration H7O\\|/|/o
/ \ O/ \N Low pH / \
0 N i H,0 N
| = V to 8-HQ |
= ratio 1:1 /
[VVO(8-HQ),] e cis-[VVO(8-HQ),(H,0)] [VVO(8-HQ)(H0).I*

H,O
V.

\N/l\NI

o}

o
\”/O

m—

Scheme 1 Possible transformation of [V'VO(8-HQ),| in aqueous solution. The water molecules replaceable by protein residue side-chains are indi-

cated in red.
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RNase A. The high-field region of the spectra is represented in
Fig. 1, which is divided into two parts: part A on the left shows
the systems containing [V'YO(8-HQ),] and RNase A (VVO**: 8-
HQ:RNase A molar ratio 1:2:1), while part B on the right
shows the systems containing [V'VO(8-HQ)(H,0),]" and RNase
A (VVO*":8-HQ:RNase Aratio 1:1:1).

In Fig. 1A, the trace a shows the spectrum of the hydrolyzed
form of [VVO(8-HQ),], i.e., [VVO(8-HQ)(H,0),]** taken as a
benchmark, measured in the binary system V'VO**:8-HQ 1:2
at pH as low as 3.0 (the M; = 5/2, 7/2 resonances are indicated
by I); its spin Hamiltonian parameters along the z axis are g, =
1.942 and 4, = 170.3 x 10~* em™, in agreement with what was
reported in the literature.”® The value of 4,(*'V) estimated with
the “additivity relationship”, the empirical rule that allows pre-
dicting the hyperfine coupling constant along z axis from the
contribution of the four donors in the equatorial plane of
VV0*" ion,*"®? is 170.2 x 107! cm ™. The spectra of the ternary
system V'VO*": 8-HQ : RNase A with a molar ratio of 1:2:1 are
represented in traces b-d. At pH 5.1, the same used for XRD
determination (vide infra), the spectrum is characterized by g,
=1.944 and 4, = 168.2 x 10~* em ™" (Il in Fig. 1); the decrease
of A, compared to [V'VO(8-HQ)(H,0),]** suggests that equator-
ial water is replaced by a stronger ligand that, at this pH, may
be a carboxylate of an Asp or Glu residue. Notably, for a
species with equatorial coordination [(quinoline-N, phenolato-
0O); Asp/Glu-COO; H,0], A, estimated by the “additivity
relationship” is 166.7 x 10™* em™". The adduct Il may be indi-
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cated with [V'YO(8-HQ)(H,O)]'-RNase A and coexists in solu-
tion with the two isomers of the bis-chelated species cis-[V'YO
(8-HQ),(H,0)] (indicated with IIa and IIIb, see also Scheme 1).
The spin Hamiltonian parameters for Ila and IIIb are g, =
1.943, A, = 165.6 x 10" em™ and g, = 1.946 and 4, = 162.8 x
10™* cm™', which agree well with the data previously
reported.>® With increasing pH, [V7VO(8-HQ)(H,0)]'-RNase A
survives up to pH 6.4, while the relative amount of cis-[V"VO(8-
HQ),(H,0)], favoured at these metal to ligand ratios and pH
values, becomes larger. At pH 7.4, only Illa and IIb are
detected in solution.

Trace e of Fig. 1B shows the benchmark spectrum of [V'VO
(8-HQ)(H,0),]" recorded in the system containing only
VV0®":8-HQ 1:1: at pH 4.0. The spectra recorded in the
system V'VO>":8-HQ:RNase A 1:1:1 are presented in traces
f-h. At pH 5.1 (trace f), the adduct [V'VO(8-HQ)(H,O)]'-RNase
A (II) is the major species in solution and this suggests that
the binding of a COO™ group is favoured under these experi-
mental conditions. When pH is brought close to the physio-
logical value (trace g), the spectrum changes and a new adduct
with g, = 1.945 and 4, = 165.9 x 10~ cm™" is revealed (IV in
Fig. 1). As observed for the system [V"VO(pic),(H,O)]/RNase
A,*® this variation could be ascribed to the coordination of a
His-N, deprotonated at this pH, that replaces Asp/Glu-COO™;
for this species, with equatorial coordination [(quinoline-N,
phenolato-O); His-N; H,0], 4, estimated by the “additivity
relationship” is 164.7 x 10~* em™'. The change in the EPR

T T 1
3800 4000 4200

Magnetic field / Gauss

T T
3800 4000
Magnetic field / Gauss

T
3600

Fig. 1 High-field region of anisotropic X-band EPR spectra at 120 K in an aqueous solution containing the systems: (A) [V'VO(8-HQ),] and RNase A
(molar ratio VVO?*: 8-HQ : RNase A 1: 2: x with x = 0-1) and (B) [V'VO(8-HQ)(H,0),l* and RNase A (molar ratio V'VO?* : 8-HQ:RNase A 1:1:y with y
= 0-1). Traces a—h show the spectra recorded with: (a) VVO?*:8-HQ:RNase A 1:2:0, pH 3.0; (b) VVO?**:8-HQ:RNase A 1:2:1, pH 5.1; (c)
VVO?*:8-HQ:RNase A 1:2:1, pH 6.4; (d) VVO?**:8-HQ:RNase A 1:2:1, pH 7.4; (e) VVO?*:8-HQ:RNase A 1:1:0, pH 4.0; (f) VVO?*:8-
HQ:RNase A 1:1:1, pH 5.1; (g) VVO?":8-HQ:RNase A 1:1:1, pH 7.4; (n) VVO?*:8-HQ:RNase A 1:1:1, pH 8.4. V concentration is 1.0 mM in
traces a and e, and 0.8 mM in traces b—d and f-h. | indicates the M, = 5/2, 7/2 resonances of [VVO(8-HQ)(H,0),l", Il of the adduct [VVO(8-HQ)
(H,O)]*—RNase A with Asp/Glu-COO~ coordination, llla and lllb of the two isomers cis-[V'VO(8-HQ),(H,0)], IV of the adduct [VVO(8-HQ)(H,O0)l*—
RNase A with His-N coordination, and V of the adduct [VVO(8-HQ)(OH)]-RNase A with His-N coordination or [VVO(8-HQ)(H,O)]*—RNase A with
Ser/Thr-O~ coordination, while aq denotes the M, = 7/2 resonances of the aqua ion [V'VO(H,0)s]?*. The positions of the M, = 5/2, 7/2 resonances of
I, 11, Ma, b, IV, and V species are also indicated by the dotted lines.
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parameters can be explained considering that at pH 5.1, histi-
dine residues are still protonated and cannot interact with V™,
whereas around pH 7.4, they undergo deprotonation of the
imidazolium group and His-N can replace the carboxylate
group of Asp/Glu. Notably, at these conditions (V'YO*" concen-
tration 0.8 mM, V'VO>": 8-HQ 1:1 and pH 7.4), the percentage
amounts of [VIVO(8-HQ)(H,0),]" and [V"O(8-HQ),(H,O)] in
solution - predicted from the thermodynamic stability con-
stants> - are ca. 0% and 48% (Table 1); in other words, the
1:1 VYO-8-HQ complex should not exist in solution. Instead,
IV is the only revealed species and no resonances attributable
o [VVO(8-HQ),(H,0)] (Illa and IIIb in the traces ¢ and d) are
detected; this suggests that the interaction with RNase A stabil-
izes the [VVO(8-HQ)(H,0)]" moiety, as XRD technique and
computational methods allowed us to confirm (vide infra).

Finally, when pH is increased to 8.4, the appearance of a
further species (V in Fig. 1), which coexists with IV, is
observed. Two options are compatible with the experimental
spin Hamiltonian parameters, g, = 1.947 and 4, = 161.2 x 10~*
ecm™': the deprotonation of a water molecule in IV to give a
hydroxido complex with the donor set [(quinoline-N, pheno-
lato-0); His-N; OH™] or the interaction of the moiety [V'VO(8-
HQ)(H,0)]" with a side-chain of a residue stronger than histi-
dine, like Ser or Thr, which would undergo deprotonation at
this pH value to give the coordination mode [(quinoline-N,
phenolato-O); Ser/Thr-O~; H,O]. It is worth noticing that this
third adduct V exists even though the percentage of [V™VO(8-
HQ)(H,0),]" predicted in solution by thermodynamics is zero
(Table 1); as pointed out above, the reasons for the increased
stability of [V'VO(8-HQ)(H,O)]" fragment are assessed by
docking and DFT calculations.

A plausible structure of the three adducts revealed by EPR
spectroscopy (indicated with II, IV and V in Fig. 1) is shown in
Scheme S1.}

Circular dichroism: effect of the VC binding on protein
structure and VC-protein adduct stability

To evaluate the effect of the VC binding on the structure of
RNase A, far-UV circular dichroism spectra of free RNase A and
the protein in the presence of [V"VO(8-HQ),] with a molar ratio

Table 1 Distribution (%) of the most important species formed in the
system VVO?*/8-HQ with varying the metal to ligand molar ratio and
pH*
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of 1:0.5,1:2, and 1:3 have been collected in 10 mM sodium
phosphate buffer at pH 7.4 (i.e., the physiological pH) and at
PH 5.1 (i.e., the value used in the crystallization experiments)
in 10 mM sodium citrate buffer (Fig. S2A and S2Bf). CD
spectra suggest that the protein does not experience any
change in secondary structure content in solution upon the VC
binding, retaining its overall structure.

Since it has been demonstrated that the metalation of pro-
teins can alter their thermal stability,**** CD spectra have also
been used to evaluate the stability of the VC-protein adduct
obtained by incubating the protein with [V'VO(8-HQ),] with a
molar ratio of 1:2 and 1:3. Experimental data collected in
10 mM sodium phosphate buffer at pH 7.4 and in 10 mM
sodium citrate buffer at pH 5.1 after 24 h from incubation
reveal that the adducts are stable and that the binding does
not alter at all the thermal stability of RNase A (Table 2).
Indeed, melting temperatures (7,,) of RNase A are 64 + 1 °C
and 66 + 1 °C in sodium phosphate buffer and in sodium
citrate buffer, respectively, and similar T, values were
obtained for the adducts prepared upon 24 h incubation of the
protein with VC. This result is in agreement with what was
observed for the adduct formed upon the reaction of RNase A
with [VIVO(pic),(H,0)].>°

X-ray structure

Soaking of monoclinic crystals of RNase A containing two
molecules in the asymmetric unit (chain A and B hereafter)
with an excess of [V'YO(8-HQ),] leads to the formation of crys-
tals of the VC-protein adduct (Fig. 2A). In the absence of the
protein, the VC formed by 8-hydroxyquinolinato is stable
under the experimental conditions used for the soaking experi-
ments as demonstrated by the analysis of UV-vis absorption
spectra of [VVO(8-HQ),] collected as function of time
(Fig. S2Ct). Crystals of the adduct diffract X-rays at 1.57 A
resolution. Data collection and refinement statistics for the
structure are reported in Table S1. The position of the V frag-
ment was unambiguously identified by inspection of 2Fo-Fc,
Fo-Fc, and anomalous difference electron density maps. The V
fragment binds to the side-chain of Glu111 in chain A, while
chain B remains unaltered, as occurs in the adduct formed
upon reaction of the protein with [V™VO(pic),(H,0)].*®* Rmds of
Ca atoms of the two RNase A chains in the asymmetric unit,

Table 2 Melting temperatures of RNase A and VC—protein adduct

vVo*: vVo [VVO(8-HQ) [V™VO(8-HQ), Hydroxldo
8-HQratio pH (HO)s]*" (H,0),]" (H,0)] species”
51 0.0 5.1 94.9 0.0
1:2 6.4 0.0 0.8 98.7 0.4
7.4 0.0 0.0 95.3 4.7
51 10.4 59.2 20.3 10.0
1:1 7.4 0.0 0.2 47.7 52.1
8.4 0.0 0.0 34.7 65.3

“Percentages calculated usmg the stability data for VYO complexes

reported in ref 53. ’Hydroxido species are [VIVO(OH)T,
[(VVO),(0H), ™, [ IV0)2(0\) IVO(OH)3] , and the hydroxido
complex formed by 8-HQ, [V'VO( 8 HQ OH)|".

This journal is © the Partner Organisations 2023

Tm (°C) Tm (°C) in
in sodium sodium
citrate® phosphate®
Free RNase A 66 +£1°C 64 £1°C
RNase A upon 24 h incubation with 65+1°C 64+1°C
[VVO(8-HQ),] using a 1: 2 protein
to metal molar ratio
RNase A upon 24 h incubation with 66 +1°C 64 +1°C

[V'VO(8-HQ),] using a 1: 3 protein
to metal molar ratio

“Value measured in 10 mM sodium citrate buffer at pH 5.1. ” Value

measured in 10 mM sodium phosphate at pH 7.4.
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Fig. 2
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(A) Detail of the V binding site on RNase A structure. 2Fo—Fc electron density maps are contoured at the 1.0s level (in blue). (B) Overall struc-

ture of the adduct formed upon reaction of [V'VO(8-HQ)(H,0)]* with RNase A (PDB code: 7QWH (https://www.rcsb.org/structure/7QWH)). The two
molecules in the asymmetric unit are reported in blue and orange, respectively. (C) Superimposition of the structures of the adducts formed upon
reaction of RNase A with [V'VO(8-HQ),] (tan) and with [VVO(pic),(H,0)] (green).

which can be used as a good estimate for the comparison
between the structure of the adduct and that of the metal-free
protein, is as low as 0.44 A. RNase A retains its characteristic
structure consisting of two antiparallel p-sheets that form a cat-
ionic cleft that binds RNA (see ref. 84). The cleft contains sub-
sites (B1, B2, and B3) that interact specifically with bases and
subsites (PO, P1, and P2) that interact with phosphoryl groups.
In the V binding site, which is located in the B2 subsite,®* V
adopts a slightly distorted square pyramidal geometry, with
one of the two original 8-HQ ligands that is replaced by a
solvent molecule (water) and by the OE1 of Glul11, giving a
[VVO(8-HQ)(H,0)]"-RNase A adduct (Fig. 2B). The 8-HQ ligand
is held in its position by stacking interactions with the His119
side-chain. Oxygens from the V coordination sphere are hydro-
gen bonded to N atoms of the side-chains of GIn69 and Asn71
and to water molecules.

The V'Y=0(oxido) bond was found at a length of 1.66 A,
which is not far from the expected value (1.57-1.65 A);*® the V-
0O(8-HQ) and V-N(8-HQ) bond lengths are 1.78 and 1.97 A,
respectively. The V'V-OE1(Glu111) bond length is 2.06 A, while
the distance of V from water O atom is 1.94 A. The VC refines
with occupancy equal to 0.70 and B-factors within the range
23.67-33.73 A%

The V binding site and the identity of the V fragment
identified in the structure have been further verified using a
second data collection on an additional crystal of the adduct
obtained under the same experimental conditions (data not
shown).

The comparison between the structures of the adducts
[VVO(8-HQ)(H,O)]'-RNase A (here solved) and [V™VO(pic),]-
RNase,*® obtained under the same experimental conditions,
reveals significant differences: (i) the structural superposition
shows that the V moieties bind to the side-chain of Glu111
with a different orientation of the equatorial-equatorial chelat-
ing ligand (Fig. 2C); (ii) in the present study, [V"O(8-HQ)

5192 | /norg. Chem. Front, 2023, 10, 5186-5198

(H,O)]'-RNase A is formed with the mono-chelated V™VO(8-
HQ)" fragment, while with picolinato the adduct [V™VO(pic),]-
RNase A is formed with the bis-chelated moiety V"VO(pic),.
The results of the two research works (this study and ref. 36)
appear to be in contrast with the observation of the relation-
ship between the thermodynamic stability of VYO fragments
and the formation of the adducts with proteins. Indeed, it has
been recently proposed that the composition of VC-protein
adducts generally follows the stability of the VYO species in
solution.®” For example, with HEWL, the VCs of pic and dhp
form [V'VOL,]-HEWL adducts,>>®” while those of malt and
acac yield [VVOL]'-HEWL adducts;*”®® this is in agreement
with their speciation profiles in solution, being [V'VOL,(H,0)]
the most abundant complex when L = pic, dhp, and [V'YOL
(H,0),]" the major species when L = malt, acac. Notably, in the
present system, the adduct [V'VO(8-HQ)(H,O)]'-RNase A is
formed, even though the 1:2 complex [VO(8-HQ),(H,0)] is the
most abundant species in solution. In fact, at pH 5.1 - i.e., the
value in the soaking experiments where the adducts of RNase
A with V'VO(pic), and VVO(8-HQ)" fragments were crystallized
- the percent amount of VVO(pic)(H,0)," and V™O(pic), is
7.8% and 89.7% with a V concentration of 1 mM (in agreement
with the experimental adduct [V'VO(pic),]-RNase A reported
recently®®), while it is 4.5% and 95.4% for V"VO(8-HQ)(H,0),"
and V"VO(8-HQ),, namely in contrast with the X-ray structure
presented in this study (it must be pointed out that these
values were calculated using the thermodynamic stability con-
stants determined for the complexes of the V'VO*" ion with pic
and 8-HQ ligands in refs. 53 and 89 see Table S2t for the
percent amounts with V concentrations in the range 10 pM-
1 mM). These conclusions indicate that thermodynamic stabi-
lity is not the only factor governing the formation of the
protein adducts, but - presumably - other variables play an
important role. The computational study allowed us to ration-
alize this apparent contradiction (vide infra).

This journal is © the Partner Organisations 2023
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Computational studies

The novelty of the revealed transformation led us to undertake
a multiscale computational analysis of the binding process of
[VVO(8-HQ),] to RNase A. Our strategy consisted of: (i) the pre-
diction of the binding of the cis-V"VO(8-HQ), moiety to the
active site of protein by molecular docking and (ii) from the
docking-predicted structure, the analysis of the 8-HQ ligand
exchange that entails the formation of the final adduct [V'VO
(8-HQ)(H,0)]'-RNase A, with the coordination of Glu111
residue, through full-DFT cluster calculations.

As a result of our first docking assay, among the four
isomers of cis[V"VO(8-HQ),(H,0)], i.e., the species existing in
solution (see Scheme 1), those with OC-6-42 and OC-6-44
arrangement (N-donor in the axial position, Scheme S2t)
display higher scoring values than those with OC-6-24 and OC-
6-23 (O-donor in the axial position, Scheme S2t). This is due
to an extra stabilization coming from a hydrogen bond with
the Asn71 side-chain (Table S37). It is important to note that
the best docking-predicted adduct for OC-6-42 displays the
equatorial 8-HQ in the same arrangement as the reported
X-ray structure (Fig. S3t1) and, for this reason, it has been
selected for the following refinement studies. The full-DFT
optimization of the docking predicted structure led to a bar-
rierless isomerization from the initial six-coordinated octa-
hedral [V'VO(8-HQ),]-RNase A adduct (cis-V™VO(8-HQ-*0,
N),(Glu111-0), with two equatorial O-donors and one N-donor
from 8-HQ plus an additional O-donor from Glu111) to the
five-coordinated  V™O(8-HQ-x*O,N)(8-HQ-x0)(Glu111-0) ~ (inter-
mediate I, Fig. 3A). This is stabilized by the n-stacking interaction
between the amide side-chains of Asn67 and GIn69 and 8-HQ
aromatic rings, dragging the axial N-donor and the metal centre
about 2.8 A apart and leading to the breaking of the V-N coordi-
native bond. Having a less extended conjugated system, picoli-
nato ligand in [V"VO(pic),]-RNase A does not interact with GIn69,
thus the V-N bond is not weakened and remains stable.*®
Furthermore, 8-HQ (pK, of OH group 9.61°%) is more easily proto-
nated than pic (pK, of COOH group <1%*°), thus favouring the
release of one ligand molecule under the acidic conditions used

1 =0.0 kcal mol~*

TS = 15.3 kcal mol™*
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in the crystallization experiments. From intermediate I, a water
molecule can enter the first coordination sphere of the metal,
displacing the equatorial phenolato-O donor that migrates in the
axial position forming the six-coordinated cis-[V"O(8-HQ-<*O,N)
(8-HQ-x0)(Glu111-0)(H,0)] (Fig. 3B); the activation energy barrier
associated with this step, 15.3 kecal mol™", is compatible with a
fast process at room temperature. The final species, [VVO(8-HQ-
K’0,N)(H,0)(Glu111-0)], falling at —13.4 kcal mol ™", is obtained
by protonation and consequent release of the axial 8-HQ along
with a concomitant flip of Asn71 in an exergonic process driving
the reaction (Fig. 3C). This final DFT-characterized adduct per-
fectly matches the solid-state structure obtained by X-ray crystallo-
graphy (see Fig. $47).

The coordinated 8-HQ ligand is stabilized by n-stacking
with the His119 side-chain and is involved in a hydrogen bond
network with the N-atoms of the side-chains of GIn69 and
Asn71 and water molecules. The V"V=0(oxido atom) bond dis-
tance is 1.59 A, in the expected range,*® while the V-O(8-HQ)
and V-N(8-HQ) bond lengths are 1.95 and 2.13 A, respectively.
Finally, the V"V-OE1 for Glu111 and V"V-OH, distances are
1.96 and 2.05 A.

For the sake of completeness, additional docking explora-
tions were carried out to characterize the species inferred by
EPR data at pH 7.4 (see Fig. 1), namely the binding of the
moiety [V'VO(8-HQ)(H,O)]" by donors other than carboxylates,
allowing us to identify His105 and His119 as putative coordi-
nating residues at physiological pH; notably, and in contrast
with what was observed for [V'YO(malt),],*® the relative orien-
tation of the [V'VO(8-HQ)(H,0)(Glu111-0)] adduct hinders the
binding of a second [V'VO(8-HQ)(H,O)]" moiety to His119
(Fig. 4). Moreover, as commented before, this last residue is
involved in m-stacking stabilization of the [V™VO(8-HQ)(H,O)
(Glu111-0)] adduct, having as a consequence that His105 is
the most likely candidate in the V'V binding.

The change in the EPR spectra at pH 8.4 could be explained
- as pointed out above - with the deprotonation of the equator-
ial water molecule or the replacement of water by Ser or Thr
side-chains. Considering - as seen above - that the histidine
coordination is restricted to His105 residue, the hydroxido

Il = -13.4 kcal mol™*

Fig. 3 Optimized geometries (solid sticks) over the X-ray structure of RNase A (transparent ribbons) of (A) best docking solution for the OC-6-42
isomer, with an additional water molecule (intermediate 1); (B) transition state for equatorial water coordination and concomitant 8-HQ migration to
the axial position, TS; (C) final adduct upon protonation and release of the axial 8-HQ ligand, Il. Hydrogen bonds are depicted as narrower blue
sticks.
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Fig. 4 Docking predicted binding of the moiety [V'VO(8-HQ)(H,0)]* to
the residues His105 and His119. The overlap of the binding sites with
Glulll and His119 residues can be observed. The predicted adduct with
His119 is shown in transparency.

complex would have the formula [V™VO(8-HQ)(OH)(His105-N)].
The interaction with Ser-O~ and Thr-O~ could also be possible
due to at least 17 surface residues, which could bind the metal
fragment to form adducts with coordination [V™VO(8-HQ)(H,0)
(Ser/Thr-O7)]. Notably, these two possibilities (water deproto-
nation or Ser binding) were invoked to explain the decrease of
A, from pH 4.2 to 8.4 of the reduced vanadium bromoperoxi-
dase (VBrPO) with V'V in the active site.***°

Ribonucleolytic activity assays

Since the V-containing moiety binds RNase A in the B2 subsite, it
can be expected that the protein can lose its ability to degrade
RNA in the presence of the VC formed by 8-HQ. To verify this
hypothesis, the catalytic activity of the adduct formed upon reac-
tion of [VVO(8-HQ),] with RNase A has been investigated using
the Kunitz assay.”” As expected, the experimental data, reported
in Fig. S5,T reveal that the presence of the VC alters the ribonu-
clease activity of the protein, although the latter is not completely
lost even when incubated for 72 h with a 1:30 RNase A to VC
molar ratio. A comparable behaviour was observed for the [V™VO
(pic),]-RNase A adduct,*® and for the species formed upon reac-
tion of RNase A with Ru-,*” Pd-,* Au-,"" and Pt-based drugs.”

Conclusions

VCs could be employed as therapeutic agents in a wide range
of medical conditions, mainly as antiparasitic, antidiabetic,
and anticancer potential drugs.® In their path in the organism
from the administration to the target cells, they can interact
with proteins,* and the formation of VC-protein adducts may
be relevant in the transport of putative V drugs, in cellular
uptake and mechanism of action. A solid knowledge of the
type and structure of the VC-protein adducts and of the
factors that favour and stabilize their formation is therefore
essential to boost the design of new biologically active VCs at
the industrial level.

5194 | Inorg. Chem. Front, 2023, 10, 5186-5198
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Here, we have studied the interaction of [VVO(8-HQ),] - a
promising antitrypanosomal, antituberculosis, and antitumor
VC formed by 8-hydroxyquinolinato ligand - with RNase A by a
combination of biophysical techniques, including X-ray crystal-
lography. The X-ray structure of the adduct obtained at pH 5.1
reveals that: (i) the VC binds RNase A without altering the
overall conformation and thermal stability of the protein; (ii)
the [VVO(8-HQ)(H,O)]" fragment binds to the protein, after the
release of one anionic 8-HQ ligand; (iii) the metal centre is
anchored to the side-chain of Glu111, the same residue
involved in the interaction with [V™YO(pic),(H,0)] recently pub-
lished;*® (iv) the binding of [V'YO(8-HQ)(H,O),]" affects the
catalytic activity of RNase A by obstructing the B2 subsite.

Notably, [V™VO(pic),(H,0)] and [VVO(8-HQ),] form two
different types of adducts. While [V™VO(pic),(H,0)] gives the
species [V™VO(pic),]-RNase A upon the replacement of water by
the carboxylate group of Glu111, [V'VO(8-HQ),] gives [VVO(8-
HQ)(H,0)]'-RNase A, although the thermodynamic stability
should favour the binding of [V'VO(8-HQ),] between pH 5.0
and 7.4. The computational results highlight that the adduct
[VVO(8-HQ)(H,0)]"-RNase A derives from an exergonic trans-
formation of [V"VO(8-HQ),]-RNase A (i.e., a species similar to
[VVO(pic),]-RNase A) with a low energy barrier, driven by the
interaction with GIn69 residue within the binding pocket,
which stabilizes the intermediate and the transition state via a
n-stacking interaction.

In conclusion, our data confirm that VC-protein binding is
a complex process, influenced not only by the thermodynamic
stability of VC but also by other factors such as the concen-
tration in solution, the presence of accessible residues on the
protein structure, the nature and steric requirements of the
metal ligand, and the stabilization of the adduct by secondary
forces like hydrogen bonds and van der Waals contacts. All
these factors should be taken into account in the prediction of
the interaction with potential targets and, considering that in
some cases, the reaction of VCs with proteins leads to the for-
mation of adducts with high anti-proliferative activity, in the
design and development of new potential vanadium-based
drugs.
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