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Speciation and structural transformation of

a V¥—malate complex in the absence and in the
presence of a protein: from a dinuclear species
to decavanadatet
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A strategy for the development of new vanadium-based drugs is the preparation of complexes that target
proteins and bear molecules involved in the cellular metabolism as ligands, like a-hydroxycarboxylic acids.
Based on these premises, this study explores the solution behaviour of the dioxidovanadium(V) complex of
malic acid, Csz[V‘z’O4(mal)2]-2HzO, and its interaction with the model protein lysozyme (HEWL) at room and
at physiological temperature using >V nuclear magnetic resonance (NMR), electrospray ionisation-mass
spectrometry (ESI-MS) and X-ray crystallography. The results show the coexistence in agueous solution of
various molecular species containing two or ten V" centres. In solution these species are formed regardless
of the presence of HEWL, while at 37 °C the formation of [v‘{oozg]e— (V1) is precluded when the protein is
present. Crystallographic data reveal that, when protein crystals are incubated with the V compound at
room temperature (25 °C) and at pH 4.0, [VVOI?*, [VYOs(mal)]?~, [V¥,O26]°~ and [V}, O,6]° are bound to the
protein, while at 37 °C, under the same conditions, only [VVO]?* interacts with HEWL. [V¥;024]®~ can bind
the protein both covalently (as [V‘{OOZG]Z‘ ion) and non-covalently. Whereas the transformation of
[V‘2’O4(mal)2]2‘ to [V‘Z’Os(mal)]z‘ is expected on the basis of thermodynamic considerations, the formation
of Vip and of the V;o—HEWL adduct is not easily predictable. Docking calculations confirm the experimental
results and highlight the role of protein—protein interaction in the stabilization of the revealed adduct. This
study demonstrates that vanadium compounds can undergo transformation in solution, giving rise to
species that interact with proteins through several binding modes and stabilization mechanisms.

the Krebs cycle (citrate, isocitrate, malate), the Cori cycle
(lactate) and photorespiration (glycolate),"®'® representing

Vanadium-based drugs have been proposed for treating
various diseases, in particular diabetes and several forms of
cancer."™™ A valuable strategy for the design of new drugs is
the synthesis of metal complexes with natural or bioactive
ligands, for example compounds involved in the cellular
metabolism.'®'” a-Hydroxycarboxylic acids are ubiquitous in
nature and play key roles in different cellular pathways such as
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good candidates for this approach. Due to the importance of
both vanadates and o-hydroxycarboxylic acids, the mutual
interaction of these groups of compounds was intensively
studied.'®** Among the a-hydroxycarboxylic acids, malic acid
stands out as a promising candidate; it is found in apples and
other fruits, and in humans.?* Moreover, malic acid is used as
a taste enhancer and acidulant, frequently in conjunction with
citric acid.?” It functions as a chelating and buffering ingredi-
ent in cleaning and personal care products.>® Additional uses
of malic acid include the pharmaceutical industry, such as a
component of the migraine medication almotriptan malate,>®
in the manufacturing of semiconductors as a polishing or
cleaning formulation compound,>*° as an additive for animal
feed,” and as a component of mixtures with low transition
temperatures.>>>”*® Malic acid is also a good building block
for the synthesis of homo- and heteropolymers due to its dicar-
boxylic nature.*
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Proteins are one of the primary targets for vanadium com-
plexes (VCs), playing a major role in their biospeciation and
biotransformation within the body'®*®?° and their mecha-
nism of action.”?’* The interaction of selected VCs with
small model proteins like hen egg white lysozyme (HEWL),
myoglobin, ubiquitin, and bovine pancreatic ribonuclease has
been investigated using electrospray ionization-mass spec-
trometry (ESI-MS), electron paramagnetic resonance (EPR),
computational studies (docking, DFT, QM/MM), UV-visible
spectroscopy, circular dichroism (CD), fluorescence spec-
troscopy, and X-ray crystallography.>®*°?**>® The whole VCs or
V-containing fragments formed in solution are the result of
hydrolysis, redox, and ligand exchange reactions and the admi-
nistered VC or its fragments can bind proteins covalently or
non-covalently.'®**3%%7 These processes can also lead to the
formation of polyoxidovanadates (POVs), a subclass of polyoxi-
dometalates (POMs) known for their structural diversity and
reactivity in biological and aqueous environments.>®"®
Interactions with proteins are key points in the comprehension
of the transport, activity and mechanism of action of V-based
drugs and the consequences could be different depending on
the protein involved and type of established interaction: for
example, the binding of V¥ (and V') compounds to human
transferrin (hTF) can reduce their uptake and cytotoxicity on
some cell lines due to return of VVV-hTF species to the
surface of the cells after the endosomal step,®! while the for-
mation of adducts between VCs and human serum albumin
can result in an increase of their antiproliferative action.®*

Here, we studied the in-solution behaviour at room and
physiological temperatures and the interaction with HEWL of
the dioxidovanadium(V) complex of malic acid (abbreviated
with mal), dicaesium bis((p,-malato)-dioxidovanadium(V))
dihydrate (Cs,[VyO4(mal),]-2H,0, Fig. 1). The aims of this
work are: (i) the characterization of the VC-HEWL adducts,
where VC is the complex [VYO4(mal),]*” or a V-containing frag-
ment derived upon its dissociation and transformation,
through a combined application of instrumental techniques
such as ®'V nuclear magnetic resonance (NMR), ESI-MS and
X-ray crystallography; (ii) the determination of the type of
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Fig. 1 Structure of Cs,[VY¥O4(mal),]-2H,0.
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binding, covalent or non-covalent; (iii) the comparison of the
adducts formed at room (RT, 25 °C) and physiological temp-
erature (37 °C); (iv) the use of docking calculations to predict
the binding sites and determine the factors stabilizing the VC-
HEWL adducts.

The understanding of the biospeciation and biotransform-
ation of vanadium compounds within the body and of the
interaction with proteins, which - due to the large abundance
in the extra- and intracellular environment - represent the
primary interactors for VCs, could improve the comprehension
of the mechanisms at the basis of their multiple biological
activities.

Materials and methods

Materials

p,.-Malic acid, Cs,CO3;, V,0O5 and other reagents for both the
synthetic and reactivity studies were purchased from Sigma-
Aldrich and used without further purification. HEWL was also
purchased from Sigma-Aldrich and used without further
purification.

Synthesis

V,05 (1 mmol, 0.182 g) and Cs,CO; (1.1 mmol, 0.358 g) were
dissolved in water (5 mL) and the reaction mixture was heated
for 1 h to 40 °C while stirring. The solution, with a pH in the
range 3.0-4.0, was cooled in an ice bath and malic acid
(2 mmol, 0.268 g) was progressively added. At RT, a solid was
formed. This was filtered, washed with a small amount of
EtOH and air-dried at RT. Cs,[VyO,(mal),]-2H,0: anal. calc. for
CgH,Cs,04¢V,: C, 13.13; H, 1.65; H,0, 4.9; Cs,0 + V,0;5:
61.2%. Found: C, 13.24; H, 1.68; H,0, 5.0; Cs,0 + V,0s, 61.0%.

Physical measurements

Elemental analyses (C, H, N) were obtained with a Perkin-
Elmer 240 B elemental analyzer. Thermogravimetric data were
obtained with a Perkin-Elmer TGS-2 apparatus in air or under
a nitrogen flow. IR spectra were recorded with a JASCO FT/
IR-480Plus spectrometer using KBr pellets (4000-600 cm ™).

51y NMR studies

'V NMR spectra of the Cs,[V)yO,(mal),]-2H,O (concentration =
5 mM) in D,O, and in 1.1 M sodium chloride, 0.1 M sodium
acetate pH 4.0 and 10% D,0, in the absence and in the pres-
ence of HEWL (concentration = 13 mg mL™") were recorded.
Spectra have been collected after 1 hour and 7 days of incu-
bation at RT and after 42 hours and 7 days of incubation at
37 °C. NMR spectra were recorded on an Avance Neo 500 MHz
FT-NMR spectrometer (Bruker, Rheinstetten, Germany) at
25 °C. Chemical shifts were measured relative to VVOCl; and
are given in parts per million (ppm, 6). The *'V NMR samples
were recorded at 131.60 MHz (2000 scans, accumulation time
0.05 s, relaxation delay 0.01 s). Spectra were analysed using
MestReNova with Automatic Phase Correction and using
Whittaker Smoother as baseline.

This journal is © the Partner Organisations 2025
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Mass spectrometry

Mass spectra of the Cs,[V)O4(mal),]-2H,0 (concentration
~100 pM) were collected in H,O, and acetonitrile/methanol +
1% H,0 in positive and negative mode on timsTOF flex LC-MS
System supplied by Bruker Daltonics Ltd. The spectra were
recorded in positive and negative ion mode within the m/z
range of 90 to 600, and the spectrometer was calibrated using
the standard tunemix (Bruker Daltonik GmbH, timsTOF Pro
User Manual, Bremen, Germany) to ensure an accuracy of
approximately 5 ppm in the m/z region of 50-1800. Spectra
were analysed using Bruker Daltonics Data Analysis 4.0 soft-
ware. Other settings: capillary voltage, 2500 V; nebulizer, 0.3
Bar; dry gas flow, 3.0 L min™" (nitrogen); dry heater tempera-
ture, 200 °C; flow rate, 3 pL min™".

Mass spectra of HEWL (concentration = 13 mg mL ™" in dis-
tilled water) in the absence and in the presence of the
Cs,[VyO4(mal),]-2H,0 (ratio 1:1) were collected after diluting
the sample 1:100 in acetonitrile/H,O 9/1 + 1% formic acid
(FA) in positive mode on timsTOF flex LC-MS System supplied
by Bruker Daltonics Ltd. Spectra were deconvoluted using
MagTran software. Other settings: capillary voltage, 3500 V;
nebulizer, 0.3 Ba; dry gas flow, 3.0 L min~" (nitrogen); dry
heater temperature, 200 °C; mass range, 300-3000 m/z.

Crystallization and data collection

HEWL (13 mg mL ") was crystallized using the hanging drop
vapor diffusion method and 1.1 M sodium chloride and 0.1
M sodium acetate pH 4.0 as a reservoir. The reservoir solution
had a volume of 500 pL, while the drop was 2 pL. Crystals
formed within one day at 20 °C. Pre-grown HEWL crystals
were then soaked in stabilizing solutions containing the
mother liquor saturated with Cs,[VyO,(mal),]-2H,0 for 7
days. After treatment with Cs,[V)O,4(mal),]-2H,0, the HEWL
crystals were cryopreserved for X-ray diffraction by transfer-
ring them into a solution consisting of 75% reservoir solution
and 25% glycerol. The crystals were then fished using a nylon
loop, rapidly cooled in liquid nitrogen, and shipped to syn-
chrotrons. X-ray diffraction data were collected from two crys-
tals at the XRD2 beamline of the Elettra synchrotron (Trieste,
Italy) at 100 K, using a wavelength of 1.00 A. The crystals diffr-
acted X-rays to 1.46 A and 1.18 A resolution, respectively, at
100 K.

HEWL (100 mg mL™") was also crystallized at 37 °C using
the hanging drop vapour diffusion method under the same
crystallization condition. Crystals were grown within a few
hours. Pre-formed HEWL crystals were then exposed to sta-
bilizing solutions containing the mother liquor saturated
with Cs,[V)0,(mal),]-2H,0 for a soaking time of a few hours
at 37 °C. X-ray diffraction data were collected from one
crystal at the XRD2 Beamline of the Elettra synchrotron
(Trieste, Italy) at 37 °C, using a wavelength of 1.00 A. The
crystal diffracted X-rays to 2.09 A resolution. Data processing
and scaling were performed using the Global Phasing
autoPROC pipeline.®® Data collection statistics are presented
in Table S1.}

This journal is © the Partner Organisations 2025
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Structure solution and refinement

The structures were solved by using the molecular replacement
method implemented in the Phaser program from CCP4
suite,®® and the structure from Protein Data Bank (PDB) with
entry 193L°° as a template. Refinement was carried out using
Refmac5.°® To confirm the presence of vanadium atoms, 2Fo-
Fc, Fo-Fc and anomalous difference electron density maps
were inspected using Coot.®” Ligand positions were restrained
to facilitate geometry optimization. The final models refine to
R-factor and Rfree values in the range of 0.191-0.239 and
0.235-0.312 (Table S17). Figures were generated using PyMOL
(https:/www.pymol.org). Coordinates and structure factors
were deposited in the PDB under the accession codes 9RBG,
9RBT and 9RBV.

Docking calculations

Dockings were run with the software GOLD 2024.2.0 of the
Cambridge Crystallographic Data Centre (CCDC).*® Two
approaches were adopted, one consisting of docking at one
HEWL chain, referred herein as “classic”, and another consist-
ing of docking at the interface between two HEWL symmetry
mates in the crystal lattice, referred as “symmetry mate”
approach.*® For the “classic” method, an ensemble docking
was performed, using the HEWL structures with PDB codes
2LYZ,%° 8RTJ,** 8RTK,* and the crystallographic structures A
and B reported in this work (PDB codes 9RBG and 9RBT).
Concerning the “symmetry mate” method, the docking was
based on the two protein chains from crystallographic struc-
tures with codes 9RBG and 9RBT.

Where vanadium-protein covalent bonds were experi-
mentally observed, covalent dockings were performed. Dummy
hydrogen atoms were used to simulate vacant coordinative
positions around the vanadium centre, following the method
proposed in the literature for the study of covalent adducts
with GOLD software.”®”"

The models of [VY,0.5]°7, [V,026]>", and [VYOs(mal)]*~
were obtained from the crystallographic structures. For the
covalent dockings, the dummy hydrogen atoms in [VY,056]*"
took the place of the protein atoms bound to the V centre. V-
(dummy hydrogen) distances were set to 0.75 A.

Crystallographic water molecules, ions and possible small
ligands were removed from the structures in the first series of
calculations. Protonation states of Asp, Glu and His at pH 4.0
were calculated using H++.”>

For the ensemble docking of the “classic” approach, the cal-
culations were performed on an evaluation space defined by a
30 A radius sphere which allows exploring all the protein. For
the “symmetry mate” approach, the binding sites were defined
close to the observed binding.

All non-covalent dockings were rigid, while the covalent
dockings comprehended some degree of flexibility: in the
docking of [W,0,6]>~ with the “symmetry mate” approach, the
side chains of Lysl, Glu7, and Argl4 of both the symmetry
mate chains were set free to move; in the docking of [VVO]**
free movement of Arg14, His15, Asp18, and Asn19 side chains

Inorg. Chem. Front.
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in the five protein structures of the ensemble was allowed. For
[VYOs(mal)]*", an additional docking was performed by
keeping a [VJOs(mal)]*~ ion in the binding site, two Na* ions
and fourteen crystallographic waters near the binding site.
GoldScore®® was set as the scoring function, with which the
Fitness score parameter (F) — used for ranking the solutions -
was calculated. 100 runs of genetic algorithm (GA) were per-
formed for each calculation. The minimum number of oper-
ations was set to 100 000. Solutions were analysed through the
F score and clustered according to the root mean square devi-
ation (rmsd) of the atomic coordinates. Each cluster, represent-
ing a docking pose, contained solutions with rmsd values
within 2.5 A. Figures were generated with UCSF Chimera 1.18.7

Results and discussion

Solution behaviour of Cs,[V}) O4(mal),]-2H,0 in the absence
and in the presence of HEWL: 'V NMR studies

First, we investigated the behaviour of Cs,[VYO,(mal),]-2H,0
in solution by collecting >V NMR spectra of the compound
(concentration = 5 mM) in D,0, and applying the condition
used to grow crystals of HEWL followed by treatment with the
V compound (1.1 M sodium chloride, 0.1 M sodium acetate
pH 4.0 and 10% D,O, see below) in the absence and in the
presence of the protein (concentration = 13 mg mL™") (Fig. 3
and 4). Spectra were collected after 1 hour and 7 days of incu-
bation at RT (Fig. 3), and after 42 hours and 7 days of incu-
bation at 37 °C (Fig. 4).

The solution behaviour of the systems containing
vanadium(V) and o-hydroxycarboxylates has been extensively
studied by *'V NMR.'®?12%7477 Thege spectra reveal several
complexes, the major species being [VyO,(mal),]*~ and
[VYOs(mal)]*". The high stability of the dinuclear, and
even trinuclear, compounds was demonstrated for some
a-hydroxycarboxylates, for example for lactate (lact) and
mandelate.'®”” The bridge can be broken upon reaction with
reductants, like cysteine, which reduces [V} O,(lact),]*~ comple-
tely after less than 2 h.”® [VYO4(mal),]*~ consists of two coordi-
nation equivalent centres, characterized by a signal at around
—533 ppm, while [VYOs(mal)]*~ shows two non-equivalent V
centres (signals at —551 ppm and at —533 ppm). Additional
signals are observed at —561 ppm, attributed to H,V'0O,~ (V),
at —574 ppm, arising from H,VYO,>~ (V,), at —579 ppm, due to
VY401, (V4). Signals at the regions —525 to —514 ppm, —507
to —497 ppm, and —425 to —423 correspond respectively to the
Vi, Vi, and V¢ centres of [H,VY,0,5] ™~ V40, x = 0-3) (Fig. 2).
These chemical shifts vary depending on the protonation state
of the decavanadate species. Signals at approximately —517
and —502 ppm have also been attributed to [V¥O,(mal)(H,0)]”
and [V¥O,(mal)(OH)]*", respectively. 8312274777980

The spectra of Cs,[VyO,(mal),]-2H,0 solutions collected at
RT the presence of [VYO,(mal),]>” (signal at
~-534 ppm), [VyOs(mal)]’~ (signals at ~-538 ppm and
—545 ppm), Vo (signals at ~-425 ppm, —502 ppm, and
—520 ppm) under all investigated experimental conditions.

reveal
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Fig. 2 Va, Vg, and Vc centres in [V} 024%™

Peak integration analysis suggests that the percentage of deca-
vanadate in the various solutions increases over time. A small
amount (~1%) of Vy, is also observed in the presence of the
protein (Fig. 3, and Table S27).

The spectra collected at 37 °C show similar results and
suggest the presence in solution of [VyO,(mal),]*~ (signal at ~-
534 ppm), [VyO5(mal)]>~ (signals at ~-538 and —545 ppm), and
Vi (signals at ~—425 ppm, —502 ppm, and —520 ppm) also at
physiological temperature. Notably, under these conditions, the
percentage of the decavanadate increases after 7 days of incu-
bation in the absence of protein, while its formation is pre-
cluded at 37 °C in the presence of HEWL (Fig. 4, and
Table S31). This is in contrast with recent results indicating that
HEWL could stabilize decavanadate and other larger POVs, like
V15 and V,,, also at physiological temperature.?®*%5182

Solution behaviour of Cs,[VyO,(mal),]-2H,0 in the absence
and in the presence of HEWL: mass spectrometry data

The behaviour of the Cs,[V)O,(mal),]-2H,0 was investigated
by collecting mass spectra of the compound in H,O, and aceto-
nitrile/methanol + 1% H,O, a mixture that ensures a good
ionization, applying ESI-MS both in positive (Fig. S11) and in
negative mode (Fig. S21).

The negative-ion mode spectrum of Cs,[VJO,(mal),]-2H,0
in H,O is shown in Fig. S2A.1 A series of singly charged and
doubly charged species are detected. The singly charged series
include protonated and unprotonated vanadates [V'Os],
[HVV04], [VVY05]7, [HV)O6]~ and [VYOg]~, the monoanionic
malate ligand [C,H505]” (i.e., [mal®*” + H']") and various
vanadium complexes with one or two V centres: [VVO,(mal)]",
[VYO,(mal) - H']", and [VJO,(mal)(H,O0) - H']". The only
doubly charged species identified contains two V centres:
[VYOs(mal)]*~. Additionally, [VY,0,6]*", a decavanadate anion
with two oxido ligands less than usual [VY;0,5]°", has been
observed (Table 1). The negative-ion mode spectrum of
Cs,[VYO,(mal),]-2H,0 in acetonitrile/methanol + 1% H,O is
shown in Fig. S2B.t In this spectrum, most of the species
present in water were observed (Table 1) with the important
exception that decavanadate ([V},0,6]>") is missing.

The positive-ion mode ESI-MS spectrum of HEWL (concen-
tration = 13 mg mL™") diluted 1:100 in acetonitrile/H,0 + 1%
FA was recorded. To determine the exact mass of the protein,

This journal is © the Partner Organisations 2025
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Fig. 3 5 NMR spectra measured at RT after 1 h (A) and 7 d (B) of incubation of CsZ[VXO4(mal)2]~2HZO (5 mM) dissolved in D,O (red lines); in 1.1 M
sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D,O (green lines); and in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D,O
in presence of HEWL (13 mg mL™) (blue lines). “i" indicates [V‘Z’O4(mal)2]2’, "ii" indicates [V‘Z’Og,(mal)]z’ and "iii" the decavanadate anion V.
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Fig. 4 >V NMR spectra measured at 37 °C after 42 h (A) and 7 d (B) of incubation of CSZ[V‘2’04(mal)2]-2H20 (5 mM) dissolved in D,O (red lines); in 1.1
M sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D,O (green lines); and in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 and 10%
D,0 in presence of HEWL (13 mg mL™) (blue lines). “i" indicates [V‘2’04(mal)2]2‘, “ii” indicates [V‘z’Os(mal)]z‘ and "iii" the decavanadate anion V.

the spectrum was deconvoluted using MagTran software,
which estimates protein mass from mass-to-charge spectra
consisting of multiple peaks corresponding to multiply
charged ions. The result is reported in Fig. 5A, where an
intense central peak at 14304.9 Da is observed.

The positive-ion mode ESI-MS spectrum recorded after dis-
solving HEWL in the presence of Cs,[VyO,(mal),]-2H,0
(VC: HEWL molar ratio = 1:1) diluted 1:100 in acetonitrile/
H,O0 + 1% FA is reported in Fig. 5B. The spectrum shows two
intense peaks at 14304.9 Da (metal-free protein) and at
15268.2 Da, the latter attributed to the [HeVY,0,5]-HEWL
adduct. This result confirms the presence of decavanadate in
solution under the used experimental conditions. Literature
data indicate that, in acetonitrile, the predominant vanadate

This journal is © the Partner Organisations 2025

species is the most acidic one.®* Therefore, in the case of deca-
vanadate, the protonated species [HeVY,0,¢] is expected to be
the dominant form.

Interaction of HEWL with Cs,[VY0,(mal),]-2H,0: crystallo-
graphic studies at cryogenic temperature

X-ray diffraction data have then been collected at 100 K on two
crystals of HEWL grown in 1.1 M sodium chloride and 0.1 M
sodium acetate at pH 4.0 and exposed for 7 days to
Cs,[Vy0,(mal),]-2H,0 powder at RT (Table S17). These crystals
diffracted to 1.46 A and 1.18 A resolution, respectively, and
belong to the space group P4;2,2, with one single protein
molecule in the asymmetric unit (Fig. 6). The overall structures
of the protein in the two crystals are very similar to each other,
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Table 1 Experimental and calculated m/z values for
Cs,[VyO4(mal),]-2H,0 dissolved in H,O and in ACN/MeOH + 1% H,0,
recorded in negative ion mode using ESI-MS

Observed species Experimental m/z Simulated m/z

In H,O
[vVos]~ 98.93 98.93
[HVV0,]™ 116.94 116.94
[mal®>~ + H']™ 133.01 133.01
134.02 134.02
[VYO5(mal)]*~ 156.93 156.93
157.44 157.44
157.94 157.94
[v¥vYo,]” 181.86 181.86
[HV) O]~ 198.87 198.87
[VVO,(mal)] 214.94 214.94
215.94 215.94
Vyos]™ 280.79 280.79
[VYO,(mal) - H']” 296.87 296.87
297.87 297.87
[V)O,(mal)(H,0) - H']™ 314.88 314.88
315.88 315.88
[VYO5(mal)®>™ + Na']~ 336.86 336.86
337.86 337.86
[VYO5(mal)®>™ + Cs']™ 446.77 446.77
447.78 447.78
[V}y026]”~ 462.16 462.16
462.65 462.65
463.16 463.16
463.66 463.66
464.16 464.16
464.65 464.65
In ACN/MeOH + 1% H,0
[vVo%J‘ 98.93 98.93
[HVVO,]” 116.94 116.94
[mal®*” + H']™ 133.01 133.01
134.02 134.02
[VYOs(mal)]*~ 156.93 156.93
157.44 157.44
157.94 157.94
[v¥v¥os]” 181.86 181.86
[HVYOs]~ 198.87 198.87
[VVO,(mal)]™ 214.94 214.94
215.94 215.94
[VV;04]” 280.79 280.79
[V¥O,(mal) - H']” 296.87 296.87
297.87 297.87
[VYOs(mal)®>~ + Cs*]~ 446.77 446.77
447.78 447.78

with rmsd between carbon alpha atoms which is as low as
0.35 A, and similar to that of the metal-free protein (rmsd =
0.24-0.27 A).

Interestingly, the two structures differ in the V-containing
fragments present in the crystal and in how these fragments
interact with nearby protein residues.

In the structure solved using the lowest resolution data
(structure A, Fig. 6A), coordination of a VO group, assigned to
[VVOT**, to the side chain of Asp18 (Fig. S3t), non-covalent
binding of the dinuclear oxidovanadium(V) complex
[VYOs(mal)]*~ to protein surface residues (Fig. 7A) and covalent
binding of [VY,0,6]>~ to the side chains of Glu7 and its sym-
metry mate (Glu7*) (Fig. 7B) are observed.

In the structure A, refinements suggest occupancy = 1.00,
0.70 and 0.70 for the [VVO]*, [VJOs(mal)]*~ and [VY,0.6]",
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respectively. [V'VO]** has not been detected in the *'V NMR
spectra of the compound but [VyOs(mal)]*~ has been observed
with °'V NMR and mass spectrometry, while [V¥,0,6]*~ can be
considered as a species derived by [VY,0,5]° - observed in the
NMR and ESI-MS spectra - with the two oxygen atoms from
the protein. The [VVOJ** ion covalently bound to the OD1
atom of the Asp18 (Fig. S31) is also in contact with the ND2
and OD1 atoms of Asn19, whose side chain adopts two
different conformations. The dinuclear oxidovanadium(V)
complex [VyOs(mal)]*~ is the product of the loss of one mal
ligand from [VYO,(mal),]*", ie., the species observed in the
NMR spectra. The ligand loss can be explained by the behav-
iour of [VYO4(mal),]*~ in an aqueous solution and could be
favoured by the crystal packing and by the proximity of the
dinuclear oxidovanadium(V) complex to the side chain of
Asn65. The anion consists of two V centres both coordinated
to two oxido ligands and two bridging oxygens, one of which is
part of the mal ligand. One of the two V centres also binds an
additional oxygen of the mal anion, forming a five-membered
chelated ring (Fig. 8). Thus, in this structure the V centres are
not equivalent. One V is penta-coordinate and the other is
tetra-coordinated, at variance with what found in the structure
of Cs,[VYyO,(mal),]-2H,0, that is based on a centrosymmetric
dimeric arrangement where the two metals show the same
coordination spheres.”® [VyOs(mal)[>~ interacts with atoms
and groups of the Gly67-Ser72 residues. In particular, the O
atom of [VYOs(mal)]*~ is hydrogen bonded to the O of Thr69,
N of Pro70 and a water molecule; 0%, O° and O’ atoms of
[VYOs(mal)]>~ are hydrogen bonded to water molecules; O’
forms hydrogen bonds with O atom of Gly67 and a water mole-
cule; O® with O atom of Thr69, OG of Ser72 and water mole-
cules; O° is hydrogen bonded to the N atom of Gly67, N of
Arg68, N and O atoms of Thr69 and a water molecule and O*°
with OD1 and ND2 of Asn65 and N of Gly67 (Fig. 7A).

The [V},0.6]>~ moiety present in the structure A is reconsti-
tuted by its symmetry mate and can be described as the deca-
vanadate ion [V},0,5]°" (ref. 84 and 85) that has two oxygens
replaced by O atoms of the side chains of Glu7 and Glu7* (that
adopt two alternative conformations with occupancy 0.70 and
0.30) (Fig. 7B). With this arrangement the decavanadate ion
cross-links two protein molecules (Fig. S51). [VY,0,6]>~ forms
hydrogen bonds with the NH2 atom of Arg14, the main chain
O atom of Ser86, water molecules and NH2 atom of Argl4
from a symmetry-related molecule (Fig. 7B).

Although the interaction of decavanadate with proteins has
been already studied by many groups using different tech-
niques, including X-ray crystallography,*® the formation of a
covalent adduct between [VY,0,5]°” and a protein previously
hypothesized®® has never been confirmed structurally.

The Cambridge Crystallographic Data Centre (CCDC) con-
tains over 300 distinct X-ray structures of decavanadate. In
these structures, both the protonation state and the counter
ions vary.®* In the acidic pH range, decavanadate is a stable
form (thermodynamic sink), while in the neutral pH range it is
not stable but is kinetically inert and stays in solution for
days.®* Only two CCDC structures of decavanadate have two
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Fig. 5 Deconvoluted ESI-MS spectra of HEWL (concentration = 13 mg mL™) (A) and of the system containing Cs,[VYO4(mal),]-2H,0 : HEWL in
1:1 molar ratio (B). Both samples were diluted 1:100 in acetonitrile/H,O + 1% FA. Mass is in Da.

A

Fig. 6 Overall structures of V-HEWL adducts derived from two crystals of HEWL exposed to Cs,[VyO4(mal),]-2H,0 for 7 days: (A) Structure A; (B)
structure B. Vanadium atoms are in grey. Coordinates and structure factors were deposited in the PDB under the accession codes 9RBG, and 9RBT.

oxygen atoms of the {V;,0,4} core that are replaced by other
groups: the structure deposited under the accession code
HEGBEB®” and that with code TORXAA.®® In the former struc-
ture, two methoxy groups bridge the outermost V atoms;®” in
the latter two ethoxy groups bridge the outermost V atoms.®®
Notably, the CCDC does not contain decavanadate structures
where two oxygens are replaced by two carboxylate groups,

This journal is © the Partner Organisations 2025

making our structure the first reported example of this
substitution.

In the structure solved using the highest resolution data
(structure B, Fig. 6B), non-covalent binding of both the dinuc-
lear oxidovanadium(V) complex [VyOs(mal)]*~ and [V},0,4]%"
is observed. [V},0,5]°” is reconstructed by its symmetry mate,
has occupancy equal to 0.80 and forms hydrogen bonds with
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Fig. 7 Vanadium binding sites in the structure A: (A) non-covalent interaction of the dinuclear oxidovanadium(V) complex [V‘Z’OS(mal)]Z‘ to the
protein surface; (B) covalent binding of the [V‘{OOZG]Z’ to the side chain of Glu7 and Glu7*. 2Fo—Fc electron density maps are reported at 1.0s level in
grey. Anomalous difference electron density map is reported in Fig. S4A.1 Asterisk refers to atoms from symmetry-related molecules (coloured in

purple). Glu7 and Arg86 side chains adopt two alternative conformations.
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Fig. 8 Structure of [V§Os(mal)]>~ complex.

the NZ atom of Lys1, OE2 atom of Glu7, NE2 of His15, OD2 of
Asp87, the main chain N atom of Ile88, water molecules and
the NH1 atom of Argl4 from a symmetry-related molecule
(Fig. 9). These interactions are favoured by conformational
variations of the side chains of Lys1, Glu7, Arg14 and His15
which change their conformation or their position when com-
pared to the structure A.

The NMR, ESI-MS and crystallographic data can be dis-
cussed considering the behaviour of the systems formed by
v¥0," ion and a-hydroxycarboxylates in aqueous solution. In
the literature the stability constants of the complexes VVO,-
mal are lacking but those of the species VVO,citr, where citr
is citrate anion,®® can be useful to rationalize the experimental
findings. Malic and citric acid are structurally similar
(Fig. S67), the difference being the fourth group bound to the

Inorg. Chem. Front.

Fig. 9 Vanadium binding sites in structure B: non-covalent interaction
of the [V‘{OOZS]G‘ to the protein surface. 2Fo—Fc electron density maps
are reported at 1.0s level in grey. Asterisk refers to atoms from sym-
metry-related molecules (deep teal). Anomalous difference electron
density map is reported in Fig. S4B.}

tetrahedral central C, one H atom in the first case and one
—-CH,COOH group in the second one (Fig. S61). The fully proto-
nated forms of malic and citric acid can be denoted with H,L
and H;L and the pK, values are comparable: pK,; = 3.16 and
pK,, = 4.57 for malic acid,®® and pK,; = 2.87, pK,, = 4.27 and
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pK.; = 5.57 for citric acid,”® the difference being explained
with the electron withdrawing effect of the third carboxylic
group (C*OOH in Fig. S61). Therefore, a similar behaviour of
the two ligands is expected, taking into account that the
additional carboxylate group of citric acid is not coordinating.
The distribution curve of the species formed by citrate and
VY0, ion with a molar ratio of 1:1 and a V concentration of
100 mM (ESI-MS experiments), 300 pM (soaking experiments)
and 5 mM (NMR) can be calculated with the stability constants
determined by Pettersson et al.*® They are shown in Fig. $7.1

It can be observed that at pH 4.0, i.e., the value used for the
ESI-MS experiments, the species [VyOs(Hcitr)]*~, with the
(C'00~, O7) donor set bound to V¥ and C*00OH and C*0OOH
groups still protonated, dominates in an aqueous solution;
this species corresponds to [VyOs(mal)]>~ where the coordi-
nation is (C'0OO~, O7) and C’0OOH is protonated. Based on
these comments, in aqueous solution and around pH 4.0, the
transformation of [VYO,(mal),]*~ to [VYOs(mal)]*~ occurs upon
the reaction [VyO,(mal),]*~ + H,0 — [VYOs(mal)]*~ + H,mal.
This explains the non-covalent binding of [VYOs(mal)]*~ to
HEWL, characterized by X-ray diffraction analysis (see Fig. 8)
and the detection of this species in the ESI-MS and NMR
experiments.

The analysis of Fig. S71 shows that, by increasing the V con-
centration, the amount of [H,VYO,]*"and [HVJO,]’~ increases
and polynuclear species such as [V]0y,]*” and [VYO,5]°" are
formed. Notably, POVs with higher nuclearity are not expected,
at least up to 5 mM, while V;, is detected both by ESI-MS and
NMR. This finding could be explained by the greater stability
of [VYO5(Hcitr)]*~ than [VYOs(mal)]>~ which could prevent the
formation of decavanadate. Furthermore, it should be added
that the amount of [V},0,5]°" observed in the NMR experi-
ments is small and its formation could be stabilized by the
presence of HEWL at RT, as can be argued from Fig. 5, where
the only adduct revealed by ESI-MS in the system formed by
Cs,[VyO,(mal),]-2H,0 and protein is [HgV};O4]-HEWL.

Finally, it should be noted that, once formed, a small
amount of [V)Os(mal)]>~ can give the aquaion [VV0O,]" accord-
ing to the reaction [V)Os(mal)]>” + 4H" — 2 [V'0,]" + Hymal +
H,0. Subsequently, [VYO,]" can be reduced to [V'VO]**, which
was detected in the structure A (Fig. 6A).

Interaction of HEWL with Cs,[V) 0,(mal),]-2H,0: crystallo-
graphic studies at physiological temperature

Since *'V NMR data suggest that at 37 °C in the presence of
the protein V,, is not formed, we decided to study the struc-
ture of the V-HEWL adduct formed using a HEWL crystal
grown at 37 °C and treated with Cs,[V}O4(mal),]-2H,O0 at this
temperature. Crystallization and data collection at 37 °C are
challenging and require attention. A higher protein concen-
tration was necessary to grow HEWL crystals at 37 °C, while
special manipulations were needed for the crystal mounting
on the goniometer, to avoid crystal dehydration. To collect
X-ray diffraction data at 37 °C of HEWL crystals treated with
Cs,[VyO,(mal),]-2H,0 (PDB code: 9RBV) we have used the pro-
cedure described in our previous work.?? X-ray diffraction data

This journal is © the Partner Organisations 2025
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have been collected at 37 °C at 2.09 A resolution (Table S1t).
The overall HEWL conformation in the 37 °C structure is not
significantly affected by the temperature, in agreement with
previous observation®°" (rmsd with metal-free protein struc-
ture = 0.20 A and rmsd with the structure of the V-HEWL
adducts reported in the previous paragraph = 0.27 A and
0.35 A). However, the structure reveals significant differences
when compared to those described above at level of
V-containing fragments that are bound to the protein. Indeed,
in agreement with >’V NMR spectra, in the 37 °C structure V;o
is not observed, while a single VO group, presumably a [VVO]**
ion, is bound to the side chain of Asp18 (Fig. S8t).

Docking simulations

HEWL-[VYO5(mal)]*~ adduct. The non-covalent docking of
[VYOs(mal)]*~ with HEWL resulted in six clusters, the first
three having the highest Fitness score (Fp.x in the range
26.7-27.7) and including 80% of the solutions. All the found
poses are located in the enzyme active site that is far from the
observed binding pocket. In Fig. S9At the cluster I is shown,
where [V)O5(mal)]*~ forms hydrogen bonds with the backbone
NH of Asn59, NE1 of Trp63, and COOH groups of Asp52 (calcu-
lated value of pK, with H++ software ~5.0). Clusters II and III
(Fig. S9B and S9Cf) show a hydrogen bond between COO™ of
Glu35 and protonated COOH of the malate.

Since docking on a single HEWL chain does not reproduce
the observed binding site, a “symmetry mate” docking
approach was adopted. This strategy involves docking not only
to one protein chain of HEWL, but also to the surrounding
crystal lattice environment near the observed binding site of
[VYOs(mal)]*". With this approach, the found solutions
approximate the experimental structure (Fig. S101). However,
the best result is obtained if, in addition to the symmetry
mates of HEWL, the symmetry mate of [VyOs(mal)]*", Na*
ions, and crystallographic waters were considered. Two clus-
ters, I and II (Fyax values of 28.4 and 28.7, and population of
44% and 24%) were obtained, with cluster I well reproducing
the crystallographic outcome (Fig. 10). Indeed, in the crystal
lattice [V O5(mal)]*~ is located near one of its symmetry mates
(Fig. S11A7) and Na' ions, hexa-coordinated by four protein
donors and two water molecules (Fig. S11B%), contribute to
form a hydrogen bond network which stabilizes the observed
pose.

In the pose shown in Fig. 10, [VYOs(mal)]*” interacts
directly with a protein chain through hydrogen bonds with
Asn65, Gly67, Thr69 and Ser72, exactly as observed in the
crystal structure. Moreover, the docking unveils that water
molecules are engaged in a hydrogen bond network, bridging
the HEWL symmetry mates to the dinuclear V¥ complex and -
through the two H,O molecules highlighted in cyan in Fig. 10
- the two vanadium complexes.

HEWL-[VY,0,6]°~ and HEWL-[V},0,5]°~ adducts. The crys-
tallographic results show non-covalent interaction of
[VY,0.5]°~ and covalent interaction of [V},0,6]*~ with two adja-
cent symmetry mate HEWL chains in the crystal lattice. The
molecular docking results confirm the binding of [VY,0,6]>~
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Fig. 10 Best docking pose of cluster | with non-covalent binding of
[V‘z’Os(mal)]z’ at the symmetry mate-recreated site with crystallographic
waters, Na* ions (purple spheres), and symmetry mate VW complex
(green). The asterisk indicates the residue of HEWL symmetry mate
chains (different shades of pink/purple). Hydrogen bonds are indicated
with dashed lines. For comparison, [V‘2’05(mal)]2‘ is reported in orange
and in transparency with its crystallographic coordinates. The water
molecules bridging the complex symmetry mates are highlighted in
cyan.

and [V},0,5]°” at the interface between the two HEWL chains,
exactly as they are arranged in the crystal.

The non-covalent binding of [V},0,5]°” can be reproduced
only by the “symmetry mate” approach. This suggests that
the protein-protein interaction can play a fundamental role
in the stabilization of the adducts formed by a V species
(and, in general, by a metal species). The results show that
[VY,025]° interacts with the residues Lys1, Argl4, and Ile88
of both HEWL chains. The docking solutions were grouped
in four clusters (I-IV) through rmsd analysis and ranked on
the basis of F values. Cluster I shows the best F value (27.0)
and higher population (83%) and is in very good agreement
with the crystallographic result (Fig. 11). The clusters II-IV
share the remaining 17% of the solutions and consist of
poses of [VY,0,5]°" with different orientations when com-
pared to cluster I, but interacting with the same protein
residues.

To study the covalent docking of [VY,0,6]*", two oxygen
atoms of the anion were replaced by two dummy hydrogens.
The experimental crystallographic results are reproduced only
when Lys1, Glu7, and Arg14 side chains are free to move. With
this approach, eighteen clusters of solutions (I-XVIII) were
obtained; among them, seven clusters (I, II, III, IV, VI, VIII,
and IX) present covalent bonds with Glu7 and Glu7* and
various orientation of the polyoxido anion compared with the
experimental data. Cluster I has highest F score and optimizes
the interaction with the residues Lysl, Argl4, and Ile88
(Fig. 12); cluster IX, despite having the lowest F value, best
resembles the crystallographic outcome (Fig. S127).
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Fig. 11 Best docking pose of cluster | for the binding of [V‘1’0028]6"
between the two HEWL chains. The asterisks indicate the residues of the
HEWL symmetry mate chain (deep teal). Hydrogen bonds are indicated
with dashed lines. For comparison, [V‘{oozsls‘ is reported in transparent
orange with its crystallographic coordinates.

Six clusters (V, VII, X, XI, XIII, and XV) exhibit an alternative
solution, based on the covalent bonds with Asp87 and Asp87*
residues (Fig. S13Aft), while clusters XII and XIV show a mixed
situation, namely a covalent bond with Glu7 of a HEWL chain
and a covalent bond with Asp87* (Fig. S13Bt). Notably, the
covalent interaction of Asp87 and Asp87*, located close to
Glu7 and Glu7* in the space between the two proteins, was
recently assessed for [V,00s54(NO3)]"” and [V,00s:(OH,)]""

Fig. 12 Best covalent docking pose of cluster | of [V‘1’0025]2’ between
the two HEWL chains. The asterisks indicate the residues of the HEWL
symmetry mate chain (purple). Hydrogen bonds are indicated with
dashed lines. For comparison, a transparent orange [V‘l’OOZG]Z’ is
reported in orange and in transparency with its crystallographic
coordinates.
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Fig. 13 Best covalent docking poses of [VVO]?* at the symmetry mate-recreated binding site: (A) cluster I; (B) cluster II; (C) cluster Ill. The asterisk
indicates the residue of HEWL symmetry mate chains (different shades of pink/purple). Hydrogen bonds are indicated with dashed lines. For com-
parison, the experimentally revealed VO group is reported in orange and in transparency with its crystallographic coordinates.

anions.*®**# The pK, values of Glu7 and Asp87 calculated
with H'" are ~0.8 and <0, respectively, suggesting that both are
100% deprotonated at pH 4.0 and thus can coordinate V¥
centres. This indicates that this site offers more covalent
binding possibilities to [V},0,6]>~ between the HEWL chains
and, more in general, it favours the covalent as well as non-
covalent binding of POVs. The binding with the accessible resi-
dues depends on the specific POV between the two chains
which determines the type and strength of the interaction.

Finally, the clusters with lowest F scores (XVI, XVII, and
XVIII) present poses with only one covalent bond with Glu7
(XVI) or with none (XVII and XVIII). From a kinetic point of
view, it cannot be ruled out that this solution might represent
an intermediate situation, before the most stable pose with
covalent bonds to Glu7 and Glu7*. In other words, we can
imagine initially the binding of Glu7, followed by Asp87*
(cluster XII and XIV, see above); then, upon the cleavage of the
latter, the polyoxidovanadate migrates toward the central part
of the pocket between the chains, where stable non-covalent
interactions with Lys1, Arg14, and His15 are established and
covalent bond with Glu7* is formed. This is graphically rep-
resented in Fig. S14.1

HEWL-[VVOJ** adduct. For the covalent molecular docking
of [VVOJ**, the hexa-coordinated [V"VO(H,0)s]*" aquaion was
considered. To simulate the coordination by the protein
during docking, one of the aqua ligands in cis to the oxido
ligand was substituted by a dummy hydrogen atom. The
docking results using a single HEWL chain show two different
binding sites but do not reproduce the crystallographic find-
ings. The solutions are grouped into four clusters: cluster I,
with highest F, presents a covalent bond with the nitrogen
atom NE2 of His15 (Fig. S15A%), while clusters II-IV corres-
pond to the binding site in the enzymatic pocket of HEWL and
show V-O bond with Asp52 (II and IV, Fig. S15B) and Glu35

This journal is © the Partner Organisations 2025

(11, Fig. S15Ct). The covalent binding to HEWL by Asp52 was
demonstrated by X-ray crystallography for [V'VO(pic),], [V'VOCI
(H,0),]", [VVO(bipy)]**, and [VVO(phen)*" moieties,***> while
with Glu35 by X-ray and docking for [V'YO(H,0);]*" and [V'VO
(malt),],>**° where pic, bipy, phen, malt stand for picolinato,
2,2"-bipyridine, 1,10-phenanthroline, maltolato ligands,
respectively; these results indicate that this is one of the
favoured sites for V-HEWL interaction. The fact that these
sites were not experimentally revealed in this study could
depend on pH used to crystallize the adducts. Indeed, at pH
4.0, His15 is surely protonated, while for Asp52 and Glu35 H""
software predicts pK, ~ 5.0 (90% protonated) and ~4.0 (50%
protonated), respectively. Notably, the experimental data can
be reproduced if the simulations are performed by recreating
the environment around the observed binding site in the
crystal lattice, using the “symmetry mate” approach
(Fig. S167). The solutions are grouped in three similar clusters,
each of them consisting of only one pose: a coordinative bond
between the V'V centre and Asp18 is formed, along with hydro-
gen bonds between Asn19 and the oxido and/or the aqua
ligands (Fig. 13). Interestingly, the calculated pkK, of carboxylic
group of Asp18 is ~2.1, significantly lower than Glu35 and
Asp52, meaning that it is ~100% deprotonated.

Conclusions

In conclusion, here we have studied the solution behaviour of
Cs,[Vy0,(mal),]-2H,0, a VC containing the active bioligand
malato and belonging to the family of a-hydroxycarboxylates,
under various experimental conditions and in the absence and
in the presence of HEWL. Cs,[VyO,(mal),]-2H,0, like many
other VCs, is unstable in aqueous solution and - depending
on pH and V concentration — can undergo transformation into
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a variety of V-containing species which can interact with pro-
teins through multiple binding modes and stabilization
mechanisms.?®*81,82

According to 'V NMR spectroscopic investigations and
mass spectrometry data, at RT, the dinuclear V¥ compound
forms species with two and ten V (Vy,) centres, both in the
absence and presence of the protein. At physiological tempera-
ture the percentage of decavanadate increases over time in the
absence of HEWL, while it decreases over time and completely
disappears after 7 days in the presence of the protein. To
analyse in detail the interactions that the V-containing species
- produced in solution from [V O,(mal),]*~ - are able to form
with HEWL, X-ray structures of the protein in the presence of
the V compound have been solved. Two different crystals at
cryogenic temperature and an additional crystal of HEWL
grown at 37 °C, on which X-ray diffraction data have been col-
lected at physiological temperature, have been analysed.
Results reveal that, in crystallo, HEWL binds a [VVO*" ion, a
[VYOs(mal)]*~ ion and a Vy, group at 20 °C, while at physiologi-
cal temperature the decavanadate disappears, in strict agree-
ment with >'V NMR data, and only an adduct with [V'VO]*" ion
is observed. We report the first structural observation of non-
covalent and covalent interaction of Vi, to a protein, the
covalent binding being formed upon replacement of two O
atoms of [VY,0,4]°” by carboxylate groups from Glu7 and
Glu7*. The formation of the adducts with [VJOs(mal)]*",
[VY,026]>~ and [V},0,5]°" is favoured by protein-protein inter-
action, as confirmed by docking calculations.

As recently reviewed in the literature,”” this may have
important implications in the transport mechanism and mode
of action of V-based drugs. Regarding the results of this study,
in some cases the V complex transformation can be explained
with the behaviour expected in aqueous solution at pH 4.0 on
the basis of the thermodynamic stability constants; in other
cases, instead, for example in the case of V;,, the transform-
ation cannot be easily predicted. In this respect, it should be
noted that the binding of V-containing fragments can be
covalent and non-covalent and protein-protein interaction,
established by X-ray diffraction analysis and docking calcu-
lations, can stabilize the adducts. As pointed out in a recent
study,’* whether protein-protein stabilization contributes to
metal-protein interaction in solution remains uncertain even
if some experimental result in the literature suggested that
this might be possible in some systems, for example between
HEWL and oxaliplatin.”® In any case, it is well established that
protein-protein interactions occur in solution,”*°° so it does
not seem unlikely - as noted by several authors®” - that crystal
contacts can reflect biologically relevant interactions. Overall,
our findings suggest that protein-protein stabilization may
facilitate unexpected binding events between metal-containing
fragments and proteins, as already suggested by other
groups.’® Here, we would like to highlight that this phenom-
enon might be more widespread than previously recognized
and should be considered in the interpretation of the behav-
iour of systems containing a metal-based drug and a physio-
logically relevant protein.
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