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CHAPTER 1

Introduction



1.1 Vanadium compounds in medicine

Vanadium compounds (VCs) have attracted growing interest in coordination
chemistry due to their biological and catalytic properties.!® Over the past decades,
several studies have explored their potential therapeutic applications, including
the treatment of diabetes, cancer, and various infectious, cardiovascular, and neu-
rodegenerative diseases.”!” In particular, VCs have demonstrated anti-throm-
botic, anti-hypertensive, anti-oxidant, and anti-atherosclerotic effects.”!” Further-
more, they exert anti-diabetic activity.*>'®2* VCs modulate key metabolic en-
zymes, especially kinases and phosphatases, suggesting they could restore altered
insulin signalling pathways. Several VCs have shown the ability to normalize glu-
cose and lipid profiles in diabetic animal models, while clinical trials in humans
have reported modest improvements in insulin sensitivity.*° Although generally
well-tolerated, some formulations have been associated with oxidative stress, even
when administered as nutraceuticals.?* 2

The insulin-like activity of V is mainly attributed to vanadate, which mimics
phosphate in several enzymatic processes.?’*° It can stimulate glucose uptake, en-
hance glycolysis, promote lipid synthesis, and suppress lipolysis. Vanadate also
influences potassium transport, intracellular pH, and glycogen synthesis, particu-
larly in liver, muscle, and adipose tissue. These effects are linked to its ability to
substitute phosphate in the active sites of enzymes such as phosphatases, kinases,
ATPases, and ribonucleases.®*!

The ability of vanadate to inhibit protein-tyrosine phosphatase (PTPase), an
important enzyme that deactivates the insulin receptor by dephosphorylating its
intracellular tyrosine residues, is particularly relevant in the context of diabetes
treatment.!' Vanadate prevents receptor dephosphorylation by binding the cystein-
ate residue in the active site of the enzyme, thereby sustaining its activation and

promoting glucose transport into the cell, even in the absence of insulin.!' A



simplified mechanism of this process, involving the allixin complex, is shown in

Figure 1.1.
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Figure 1.1 — Simplified mechanism of vanadate insulin-mimetic activity: the allixin com-
plex partially converts to dihydrogenvanadate(V), which mimics phosphate, enters cells,
inhibits PTPase, and restores insulin receptor phosphorylation, promoting glucose up-

take.!' Created with BioRender.com.

1.1.1 VIVO complexes with bidentate ligands

VCs can be broadly classified based on the oxidation state of the metal centre
and on the nature of the organic ligands that coordinate the metal.

Oxidovanadium(IV) species of the type [VIVOL;], where L is a bidentate
monoanionic ligand, are the most studied VCs. %2023

Bis(maltolato)oxidovanadium(IV) (BMOV or [VVO(malt),], Figure 1.2a)
and bis(ethylmaltolato)oxidovanadium(IV) (BEOV or [VVO(Etmalt),], Figure

1.2b) are widely recognized as reference compounds due to their well-established

anti-diabetic properties. Studies from the 1990s showed that both BMOV and
3
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BEOV are able to normalize glucose and lipid levels in diabetic animal models,
with 2-3 times higher efficacy than VIVOSOs, and better tolerance compared to
simple inorganic salts.!” Their pharmacological activity was mainly attributed to
efficient gastrointestinal absorption, facilitated by the neutral charge and optimal

hydro/lipophilic balance, which allows passive diffusion through biological mem-

23,36
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Figure 1.2 — Chemical structures of oxidovanadium(I'V) species with bidentate ligands: a)
BMOV or [VIVO(malt),], b) BEOV or [VIVO(Etmalt),], ¢) BBOV, d) [VIVO(dhp)], €)
[VVO(empp):], f) [VVO(mpp)2], g) [V'VO(8-HQ)2], h) [V'VO(acac),].

BEOV (code AKP020) reached Phase I and II clinical trials.!*** Further de-
velopment has been hampered by nephrotoxicity observed in some patients, fi-
nancial difficulties faced by the sponsoring company (Akesis Pharmaceuticals),
and patent expiration.’”3#

In contrast, BMOV is still under investigation by CFM Pharma (code CFM10,
commercial name Vanadis), entering Phase II trials for the treatment of myocardial
infarction and secondary tissue damage due to trauma, such as burns.3°

Research into VIVO—pyrone complexes led to a “second generation” of deriv-
atives. Species like BBOV (bis((5-hydroxy-4-oxo-4H-pyran-2-yl)-methylbenzo-

ato)oxidovanadium(IV), Figure 1.2¢) has attracted interest due to its significantly



lower oral toxicity, approximately half that of BMOYV, and effective activity at
doses 1000 times lower than BMOV.*

Another promising class of VI'VO?** complexes includes that formed with pyr-
idinone ligands. Deferiprone (Hdhp, 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone),
a well-known iron chelator used in the treatment of thalassemia major,*! has been
investigated as the ligand in [V'VO(dhp)] (Figure 1.2d), a complex with antidia-
betic activity.*** [VIVO(empp).] (where Hempp is 1-methyl-2-ethyl-3-hydroxy-
4(1H)-pyridinone, Figure 1.2¢) and [VVO(mpp).] (where Hmpp is 2-methyl-3-
hydroxy-4(1H)-pyridinone, Figure 1.2f) have similarly high bioactivity.* In par-
ticular, [VIVO(empp):] strongly inhibits free fatty acid release with half maximal
inhibitory concentration (ICsp) value significantly lower than VVOSO4 and
[VIVO(dhp)2].** Some pyridinone-based complexes also show antiproliferative ac-
tivity on malignant melanoma cell lines (A375 and CN-mel), inducing apoptosis
and cell cycle arrest.**

Thanks to their dual anti-diabetic and anti-cancer properties, V'VO—pyridi-
none complexes have been proposed as potential therapeutic agents for patients
affected by both conditions.®

Other bioactive VCs have 8-hydroxyquinolinato (8-HQ) as a ligand. [VIVO(8-
HQ):] (Figure 1.2g) and its derivatives possess anti-trypanosomal, anti-tubercular,
and anti-cancer activities. These compounds have shown ICs values below 1 uM
and minimum inhibitory concentration (MIC) values in the low micromolar
range.*** VIVO complexes of 8-HQ hydrazones showed ICsy values below 6.3
UM in A375 melanoma cells, outperforming cisplatin (11.2 uM) on the same
line.”!

Bis(acetylacetonato)oxidovanadium(IV) or [V'VO(acac),] (Figure 1.2h)is
probably the most studied VC.3>%* It is more effective than VIVOSOs in suppress-
ing hepatic glycolysis in streptozotocin-induced diabetic rats.”>* [VIVO(acac),]

enhances insulin receptor (IR) kinase activity more than other VIVO chelate
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species.” It exhibits also notable anti-proliferative effects in human hepatoma
HepG2 cells: it blocks the G1/S phase of the cell cycle progression via an activated
extracellular signal-regulated kinase signal.>® In human pancreatic cancer cell line
AsPC-1 it induces cell cycle arrest at the G2/M phase and causes an increase of

reactive oxygen species (ROS) levels.”’

1.1.2 VIVO complexes with tridentate ligands

The coordination chemistry of V with multidentate ligands has gained in-
creasing attention over the past decade due to its relevance in both catalysis3*>’
and medicinal applications.’®° Interest in these systems is further driven by their
role as structural and functional models for vanadate-dependent haloperoxidases,
vanadium nitrogenases, and other biologically active VCs.*!

Among tridentate ligands, 8-HQ derivatives and related tryptophan metabo-
lites (TrpM) such as kynurenine, xanthurenic, quinaldic, and 3- or 8-hydroxyquin-
olinic acids are of particular interest. Disruptions in tryptophan metabolism have
been linked to colorectal cancer (CRC).® For instance, kynurenic and xanthurenic
acids exhibit anti-oxidant properties in colon carcinoma cells.**** Other metabo-
lites, such as quinaldic acid and 8-hydroxyquinoline-2-carboxylic acid, demon-
strate antiproliferative effects and can inhibit the growth of pathogenic colonic
microflora.®>* These molecules display also anti-bacterial properties acting as
non-competitive inhibitors of class II fructose-1,6-bisphosphate aldolase (FBA),
an enzyme essential for Gram -positive and -negative bacteria survival.®”-%

Based on these premises, the combination of 8-HQ derivatives biological ac-
tivity with V pharmacological potential represents a promising strategy for the
development of new V-based therapeutics.®’3 An example of such a combination
is the complex [VIVO(xant)(H20).], where xant is the xanthurenic acid (Figure
1.3a). Dipicolinic acid (dipic, or pyridine-2,6-dicarboxylic acid) is an ONO-donor
ligand known for its amphiphilic character, low toxicity, and ability to stabilize

6



unusual oxidation states in metal complexes.”*” Dipic is naturally occurring and
widely used in coordination chemistry to obtain water-soluble and biologically
relevant compounds.” In this respect, oxidovanadium(IV) complexes of the type
[VIVO(dipic)(H20).] (Figure 1.3b) or [VIVO(dipic)(NNN)] have been investigated
for their anti-cancer properties.”® The variation of the alkoxo chain length of
[VIVO(OR)(dipic)(H20)] (R = Et, n-Pr, n-Bu) was found to modulate the com-
pound cytotoxicity against MCF-7 breast cancer cells.”®’”” Moreover, the introduc-
tion of methyl or allyl substituents into imidazole ligands coordinated to VIVO—
dipic cores enhanced the anti-proliferative effects against Hep3B liver carcinoma

cells.’+7¢

a [VVO(xant)(H;0),] [VVO(dipic)(H;0),]

b

Figure 1.3 — Chemical structures of oxidovanadium(I'V) species with tridentate ligands: a)

[VIVO(xant)(H20),], b) [VVO(dipic)(H20),].

1.1.3 Non-oxido V!V complexes

Non-oxido VIV complexes, also referred to as “bare” V species, are rare due
to the high tendency of V to form terminal V=0 bonds.”®®! Their isolation requires
strong ONS/SS/OS donor ligands able to compensate for the electron density nor-
mally provided by the oxo group.”®* Nevertheless these species offer unique re-
activity patterns not observed in typical VIVO, VYO, or VYO, systems, opening

new opportunities for drug development. 8282



One of the earliest examples of a non-oxido VC with anti-cancer potential is
the bis(cyclopentadienyl)vanadium(IV) dichloride or vanadocene dichloride
([V™V(Cp)2(Cl)], VDC; Figure 1.4a), first reported in 1983 for its activity against
Ehrlich ascites tumor.?** A study on human testicular cancer cell lines (Tera-2
and Ntera-2) demonstrated that vanadocene derivatives are capable of inducing
apoptosis within 24 hours 3436

A potent derivative, the bis[(p-methoxybenzyl)cyclopentadienyl]vana-
dium(IV) dichloride (vanadocene Y; Figure 1.4b), exhibits an ICso value of 3.0
pM against the LLC-PK (pig kidney epithelial) cell line, comparable to that of
cisplatin under the same experimental conditions (ICso = 3.3 pM).?*%” More re-
cently, a modified version of vanadocene Y, the diisoselenocyanate vanadocene Y
(Figure 1.4c), has shown remarkable cytotoxicity against CAKI-1 human renal

cancer cells, with nanomolar ICso values.?*%8

\V,.«Cl \CI wNCse
~
% cl ""NCSe
OCH, OCH;

VV(Cp),(CI),] or VDC Vanadocene Y Diisoselenocyanate vanadocene Y

a b c

Figure 1.4 — Chemical structures of non-oxido VCs: a) [V'V(Cp)2(Cl):] or VDC, b) vana-

docene Y, ¢) diisoselenocyanate vanadocene Y.

Additionally, the cytotoxic profiles of various methyl- and methoxy-substi-
tuted vanadocene derivatives have been evaluated against T-lymphocytic leukae-
mia MOLT-4 cells, further supporting the potential of vanadocene-based systems

as anti-tumor agents.3*%



1.1.4 VVO2-hydrazonate complexes

90-94yV_based species, including VYO and VYO, complexes,

In recent studies,
have shown anti-cancer abilities primarily imputable to the interconversion be-
tween the +4 and +5 oxidation states, which promotes the generation of ROS.3?
Another important factor affecting their anti-tumour properties is the chemical na-
ture of the ligands. Indeed, the choice of a specific ligand may influence the reg-
ulation of different metabolic pathways allowing, in this way, to investigate the

4.33.44,46,49.95-104 Tg this purpose, various 0x-

binding of these VCs to biomolecules.
idovanadium complexes with O- and N-donor ligands!®!!133295 have received
great interest. Among them, aroylhydrazone-based ligands, which consist of a hy-
drazone moiety linked to a heterocyclic ring, have been widely used for the syn-
thesis of bioactive VCs.”>!%° The structural features of the heterocycle have a no-
table impact on the selectivity and cytotoxicity of these compounds. Larger ring
systems are generally associated with enhanced anti-cancer activity.’>!%6:1%7
Within this class, the dioxidovanadium(V) complex with furan-2-carboxylic acid
(3-ethoxy-2-hydroxybenzylidene)hydrazide (VC1, Figure 1.5a) exhibits cytotox-
icity against various cancer cell lines, including HeLa.”

Structurally related analogues of VC1, such as those formed with (E)-N'-(1-
(2-hydroxy-5-methoxyphenyl)ethylidene)furan-2-carbohydrazide (VC2, Figure
1.5b) and with thiophene-2-carboxylic acid (3-ethoxy-2-hydroxybenzylidene)hy-
drazide (VC3, Figure 1.5¢) represent valuable systems for exploring the relation-

ship between ligand structure and anti-cancer activity of VCs.
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Figure 1.5 — Chemical structures of VVO,-hydrazonate complexes: a) VC1, b) VC2, ¢)
VC3.

1.1.5 Dinuclear VY complexes with a-hydroxycarboxylic acids

a-Hydroxycarboxylic acids are good ligands for new V-based drugs as they
are involved in important metabolic pathways'®!% such as the Krebs (citrate, iso-
citrate, malate), the Cori cycles (lactate) and the photorespiration (glycolate).!'%!!!
Given the biological relevance of both vanadates and a-hydroxycarboxylic acids,
their mutual interactions have been intensively investigated.!'® !> Among these
ligands, malic acid is a particularly intriguing candidate. In the pharmaceutical
industry, it is used as a salt in the formulation for migraine medication almotriptan
malate.!'® Due to its dicarboxylic nature, malic acid is also an excellent building
block for the synthesis of homo- and heteropolymers.''® The corresponding VV
bis((u2-malato)-dioxidovanadium(V)) dihydrate

complex, dicaesium

(Cs2[VY204(mal),]-2H,0, Figure 1.6a), is a well-characterized dinuclear spe-
cies.'!”

Lactic acid is another a-hydroxycarboxylic acid could be an ideal pharma-
ceutical candidate, owing to the fact that it is naturally occurring, hence not toxic
in small scale, abundant, and cheap to produce.''® VCs with lactic acid, like dicae-
sium bis((uz-lactato)-dioxidovanadium(V)) dihydrate (Cs2[VY204(lact),]-2H-0,

Figure 1.6b), are relevant in the broader context of V speciation in biological
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fluids, particularly blood.'"® Understanding how V interacts with blood compo-

nents is essential for predicting its behaviour under physiological conditions.
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Figure 1.6 — Chemical structures of dinuclear V¥ complexes with a-hydroxycarboxylic

acids: a) Csy[VV204(mal),]-2H,0, b) Csy[VY204(lact)2]-2H,0.

1.1.6 Polyoxovanadates
Polyoxidovanadates (POVs) are a class of vanadium compounds with a vari-
ety of interesting features. POVs can be employed in chemical engineering,'"”

! material science,'?? biochemistry, biol-

catalysis,'?* environmental chemistry,'?
ogy, pharmacology, and medicine.!?3124122125-13 POV can have a role as enzyme
inhibitors'?>124134137 and in the treatment of diabetes mellitus, as insulin-enhanc-
ing agents,'?*138140 and of Alzheimer disease as inhibitors of amyloid S-peptides
aggregation,!23141,142

A wide variety of isopolyvanadates (IPOVs) has been characterized for their
stability, like for example the species with tetrahedral coordination [VVY300]*"
({V3¢}, Figure 1.7¢),'*>1% [HVV4012]* ({Vac}, Figure 1.7¢)"**'% and [VV5014]*
({Vsc}, Figure 1.7g),'44146 and those with octahedral V centres, [VY1002s]% ({V10},
Figure 1.7h),"**7 [VV1,05]%,"41 [VY13034]%, 1% and [VV1504,]". 14410

The distribution and stability of these species are influenced by different
physico-chemical parameters: pH, ionic strength, temperature, and vanadate con-

centration 103,144,151
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4

VYO, 1> {vq} [VV207]* {V2} [VV300)* {V3c} [VV3040]* {Va}

VY4012l {(Vac} V4013l® (Va} [VVs0u4l* {Vsc} [VV100281% {V10}
e f g h

Figure 1.7 — Oxidovanadates and polyoxidovanadates structures: a) [VYO4]* {Vi}, b)
[V¥207]* {V2}, ©) [VV300]* {Vic}, d) [VV3010]™ {Vai}, €) [VV4Or]* {Vac}, £) [VV4O13]*
{Va}, g) [VV5014]> {Vsc}, h) decavanadate ([VV10025]% {Vi0}). In abbreviations the sub-

script “c” stands for “cyclic”, “I”” for “linear”.

Figure 1.8 reports the different types of [IPOVs in dependence of the pH. Pol-
ymers with one to five V atoms (Figure 1.7) are formed at pH > 6. Under acidic

conditions, only a few species such as {Vio} and the monomeric [VYO,]" are typ-

ically present (Figure 1.8).'%
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Figure 1.8 — Speciation of IPOVs in an aqueous solution with a total concentration of V
more than 0.1 mM based on ref.!9%144152-158 The darkest grey shading within each box
indicates the highest relative concentration of the corresponding species within a given pH
range. Boxes are arranged along the y-axis in order of increasing nuclearity. This arrange-
ment does not imply that the species are dominating at a certain pH range. X in

Hy[VV10025]¢™ is 1-3 (N. I. Gumerova and A. Rompel, 2020).!#

ESI-MS analyses of ammonium metavanadate (NH4)3[VYO4] solutions at pH
4.5144159 and 6.0'410 revealed the presence of {Vio}, [VYO4]* and novel POV
ions, some of which are likely formed in the gas phase upon ionization.'#*

The structures of tri- and tetra- vanadate species in aqueous solution (Figure
1.7¢c-f) have been subject to long debate. Conflicting models proposed either cy-
clic or linear arrangements, with V in tetra- or penta-coordination.'**1! It is now
accepted that trivanadate [VY3010]> ({Vs}, Figure 1.7d) and tetravanadate
[VV4013]% ({Va}, Figure 1.7f) species can exist as linear forms in aqueous solu-
tion at pH < 10, as suggested by °'V and 'O NMR studies.!**!®? Linear species
tend to polymerize during crystallization from aqueous solution, forming ex-
tended metavanadate chains ([VVO4]*),.'*

The cyclic species such as [VVY30¢]* (Figure 1.7¢) and [HVV401,]* (Figure

1.7¢) have been isolated from non-aqueous solvents, 43146
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{Vio} (Figure 1.7h) is stable for several days at neutral pH,'*> while under
basic conditions, it gradually degrades into smaller oxidovanadates such as mon-
omeric [VVYO4]* (Figure 1.7a), dimeric [VY,07]* (Figure 1.7b), and tetrameric
[VY4012]* (Figure 1.7¢), with a half-life time depending on concentration, ionic

144,164

strength, and temperature. At alkaline pH, {Vio} converts into colourless

metavanadate species H[VYO4]®™ (x = 0-2). Near neutral pH, this transformation

can take up to three weeks depending on experimental conditions. 44165

1.2 Protein metalation

Metal compounds can react with proteins forming different types of adducts.

This process, known as protein metalation,'¢¢'%8

plays a crucial role in the
transport, absorption, storage, toxicity, and mechanism of action of metal-based

drugs.'%1% Protein metalation is also essential for the design of protein-based

166,170-172 166,173

metallodrug delivery systems and artificial metalloenzymes.

The extent and the nature of protein metalation are influenced by several fac-
tors, including the type of metal centres, physicochemical properties and concen-
trations of both protein and metal complex, pH, ionic strength, buffer composition,
and presence of salts.!®® Being a very intricate process, research on protein meta-
lation is of primary interest to identify the specific factors underlying their biolog-

ical properties and side effects.!66:174-176

1.2.1 Interaction between vanadium compounds and proteins

The interaction between VCs and proteins can be described in terms of bind-
ing site specificity and binding type, i.e. covalent and non-covalent.!”” Specific
binding sites are regions of the protein with size, charge and hydro/lipophilic fea-
tures that fit the metal moiety. The metal binding close to these sites can involve
one or more than one residue, which can drive the formation the adducts via hy-

drogen bonds (H-bonds) and van der Waals interactions (vdW).!”’
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In recent years, there has been much discussion in the literature concerning
whether the moieties [VIVOL]/[V'VOL,] and [VYO,L]/[VVO.L:] can bind specific
sites.!””!”8 Binding depends on both the protein structure and the V ligands. Sev-
eral binding modes are possible for [VIVOL]/[VIVOL;] and [VYO,L]/[VVO,L,]

moieties, as summarized in Figure 1.9.

o 29 Q. o) Protein
HO/M0~__ \I'!,V/X"FP e grolein o‘\\u\,/xw ™ Protein L' — ”W/X \ ”N/ )
Hoero/ ~ Y, o5 HO!HZO/ \v Vi, Lz/ | \ U L2/ L~
@ ;5 (é) ;’N \) x%
LLI'L\"‘N“ Ll’l,,m;\f"i Protein
a b c d
U, O o o o)
CL ~— "N/x,,p-f‘ P”"Ei" L' — HN, )(.Lj CL"‘-—-.\I’I,V’/’-O L —~ ”v&
2/ \Ymnf / \L:’ Protein Lz/:\)( 1 / \
éJ“ Lv (‘:,) U%’ \‘—’/

; S M
(Y) Protein !
LLE’!;\PN\' ?11,-‘“4;5‘) " protein

e f g h

Figure 1.9 — General binding modes of a) VIVO*", b) VVYO,", c-f) [VIVOL,]/[V'VOL"], and
g-h) [VVYO,L]. X, Y, and Z are the amino acid donors of the protein. The potential weak

axial donor is represented between round parentheses.'”’

1.3 Protein metalation investigated by a combined ap-
proach: spectroscopic, spectrometric, and crystallographic

studies

Determining the precise geometry of metal coordination and identifying the
specific protein residues involved in binding is essential not only for understand-
ing metal—protein recognition, but also for rational drug design. Indeed, the struc-
tural characterization of binding sites at atomic level supports structure-based ap-
proaches for developing new therapeutic agents. X-ray diffraction (XRD) from

high-quality crystals is the most powerful and reliable technique for obtaining
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detailed structural information on the interaction between metal-based drugs and
proteins.'”’

XRD data provide crucial experimental evidence on the coordination geom-
etry of the metal and the specific amino acid residues involved in metal recogni-
tion. However, in some cases, the electron density (e.d.) cannot allow for unam-
biguous assignment of the identity of the V-containing species bound to the pro-
tein.'® In these cases, mass spectrometry, especially electrospray ionization mass
spectrometry (ESI-MS), becomes a powerful complementary tool to characterize
the metal-protein adducts and elucidate their composition in solution. !8!:182

The integration of X-ray crystallography with complementary biophysical
techniques is essential to elucidate the molecular processes that occur before or
upon the formation of V—protein adducts.'®® In particular, UV-Visible absorption
spectroscopy (UV-Vis) and nuclear magnetic resonance (NMR) provide valuable
insights into the behaviour of metal compounds in solution, in the absence and in
the presence of proteins.'®® Circular dichroism (CD) and fluorescence spectros-
copy allow to detect changes in the secondary and tertiary structure content, re-

spectively, of proteins upon metal binding.'®®

1.4 Aim of the project

The aim of this PhD project was to characterize, from a structural point of
view, the interaction between various VCs and proteins. The investigated VCs be-
longed to different vanadium oxidation states and chemical architectures, includ-
ing VIVO complexes with bidentate ligands and tridentate ligands, VVO,-hydra-
zonate derivatives, and dinuclear V¥ complexes with a-hydroxycarboxylic acids.
These systems were chosen to obtain a comprehensive overview of how structural
and electronic features could affect the interaction of VCs with proteins. Both

model proteins (hen egg white lysozyme (HEWL) and ribonuclease A (RNase A))
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and physiologically relevant proteins (human serum transferrin (hTF) and human
serum albumin (HSA)) were used.

The model proteins were primarily selected for their well-established crystal-
lization properties, enabling high-resolution structural studies, while hTF and
HSA were studied for their potential role in the transport and distribution of VCs
in vivo. A combined approach involving spectroscopic (UV-Vis, CD, fluorescence,
31V NMR), spectrometric (ESI-MS), and crystallographic techniques was em-
ployed to investigate the binding behaviour of these VCs. While spectroscopic and
spectrometric techniques provided insights into the stoichiometry and speciation
of some adducts studied in this thesis, X-ray crystallography has been the primary

technique used during the thesis.
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CHAPTER 2

VIO complexes containing bidentate ligands: the cases of
[V¥YO(empp).], [VVO(dhp).], [VVO(8-HQ).], and
[VIVO(acac),]

18



2.1 Introduction

VIVO* complexes exhibit promising pharmacological properties, particularly
in the treatment of diabetes and cancer.

Among VVO?" complexes with anti-diabetic and anti-cancer properties, pyr-
idinone-based species, such as [VIVO(empp).] (Figure 2.1a) and [V'VO(dhp):]
(Figure 2.1b) have attracted considerable attention.*> VIVO** complexes bearing
8-hydroxyquinolinato (8-HQ) as ligands, such as [VIYO(8-HQ).] (Figure 2.1¢) and
its derivatives, are relevant for their anti-trypanosomal, anti-tubercular, and anti-
cancer activities,*>° [V'VO(acac),] (Figure 2.1d) shows strong insulin-mimetic
properties and anti-proliferative effects in selected cancer cell lines.*>>

In this chapter, the interaction between [VVO(empp):], [V'VO(dhp)-],
[VIVO(8-HQ):] and [V'VO(acac),] with the model protein HEWL and the interac-

tion between [VVO(acac),] and the physiologically relevant protein human trans-

ferrin is discussed.

CH,CH,
HSC\N = 0\9/0 N = 0\ H/
= iO/V\O x N O . N
CHZCH3
[V¥O(empp),] b [v¥O(dhp),]
? g HGCK:O 0 o :gCHg,
[vVO(8-HQ),] [VVO(acac),]

c

Figure 2.1 — Chemical structures of oxidovanadium(I'V) species with bidentate ligands: a)

[VVO(empp).], b) [VVO(dhp).], ¢) [VVO(8-HQ)2], d) [V'VO(acac).].
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2.2 Interaction of [VIYO(empp):] with HEWL

The interaction between [VVO(empp)-] (Figure 2.1a) and HEWL was inves-
tigated using X-ray crystallography, supported by spectroscopic and spectrometric
techniques (EPR and ESI-MS), which helped to characterize the species present
in solution.

HEWL is frequently used as a model protein due to its small size, commercial
availability with high purity grade, and suitability for structural and spectrometric

33,166,183,184

studies. Information gained using this model system has been useful to

clarify the behaviour of several metallodrugs with physiologically relevant pro-
teins such as serum albumin and transferrin,!66-167.184-186

[VIVO(empp).] adopts a square pyramidal geometry in solid state,'s”!88
whereas in aqueous solution it exists in equilibrium with cis-[VIYO(empp).(H.0)],
in which the oxido ligand and water molecule are in cis position.'®!% Upon pH
variation and V concentration reduction, different species like [VIYO(empp).], cis-
[VIVO(empp)2(H20)], and [VIVO(empp)(H20)-]" can interact with the protein.

This speciation strongly influences the way these complexes interact with

HEWL, since different V-containing fragments can compete for protein binding

sites, potentially resulting in distinct adducts and binding modes.

2.2.1 Crystallographic studies

To structurally characterize the interaction of [V'VO(empp).] with HEWL, a
crystallographic study was carried out. Crystals of metal-free protein, grown un-
der three different conditions, were exposed for 22-25 days to stabilizing solutions
containing the mother liquors saturated with the VC. Then, these crystals were
used to collect X-ray diffraction data (Table 2.1). The structure of three distinct
V/HEWL adducts (structures A-C) were solved (Figure 2.2).
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Figure 2.2 — Overall structures of the adducts formed upon reaction of [V'VO(empp).] with
HEWL under different experimental conditions: a) structure A, derived from a crystal
grown in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0; b) structure B, derived
from a crystal grown in 0.8 M succinic acid pH 7.0; c) structure C, derived from a crystal
grown in 2.0 M sodium formate, 0.1 M HEPES pH 7.5. V atoms are in grey. Coordinates
and structure factors were deposited in the Protein Data Bank (PDB) under the accession

codes 8OMS, SOMS, 8OMT.

In structure A (Figure 2.2a), derived from a crystal grown in 1.1 M sodium
chloride and 0.1 M sodium acetate pH 4.0, the non-covalent binding of a cyclic
trinuclear oxidovanadium(V) complex on the protein surface was observed (Fig-
ure 2.3a), together with the covalent binding of [V!YO(empp)(H20)]" to the side
chain of Asp48 (Figure 2.3b). Refinements suggest an occupancy value of 0.60
for these two V-containing fragments (Table 2.1).

The trinuclear oxidovanadium(V) complex has formula
[VY306(empp)s(H20)]. An analogous species, [VV304(dhp);(H20)], has been iso-
lated from the action of the methyl derivative of Hempp (Hdhp), KOH, and so-
dium metavanadate at pH 4.5,'° and has been characterized in aqueous solution
in the system VV/Hdhp in the pH range 2.0-5.0."°! This indicates that the oxidation

of VIV to VY occurs under the investigated experimental conditions. This process

21



is likely promoted by the relatively high local V concentration reached during the
soaking experiments and by crystal lattice environment, which acts as a chemical
reaction vessel. Notably, the results previously obtained in a simple inorganic sys-

tem were successfully reproduced in a complex biological system.
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Table 2.1 — Data collection and refinement statistics for the structures A, B and C.

Data collection

Structure A Structure B Structure C
PDB code 8OM8 8OMS S§OMT
Crystallization condition L1 g;&?ﬁi;ﬁggﬁfbl M 0.8 M succinic acid pH 7.0 20M sgcggglsfggn;tg, 0.IM
Soaking time 25d 22d 22d
Space group P452,:2 P452,2 P452:2
a(A) 78.41 77.59 77.13
b (A) 78.41 77.59 77.13
c(A) 37.02 37.58 37.26
Resolution range (&) 55.44-1.08 (1.10-1.08) 38.80-1.10 (1.22-1.10) 38.56-1.08 (1.10-1.08)
Observations 1139882 (43874) 814761 (18987) 701425 (3107)
Unique reflections 50384 (2483) 46373 (2164) 40727 (820)
Completeness (%) 100.0 (100.0) 99.4 (95.0) 83.9 (34.0)
Redundancy 22.6 (17.7) 17.6 (8.8) 17.2 (3.8)
Rmerge (%) 0.045 (1.409) 0.051 (0.645) 0.043 (0.404)
Average 1/c(I) 33.2(2.2) 28.8 (2.9) 36.5(2.7)
CCi 1.000 (0.744) 0.999 (0.867) 1.000 (0.829)
Anom. completeness (%) 99.9 (100.0) 99.1 (91.1) 83.8 (32.0)
Anom. Multiplicity 12.0 (9.2) 9.3 (4.8) 9.2 (2.1)

Refinement

Resolution (A) 55.26-1.08 38.80-1.10 38.56-1.10
N° reflections 43357 44373 38056
N° reflections in working set 1803 3090 1319
R-factor/Rfree 0.147/0.189 0.144/0.167 0.116/0.144
N° non-H atoms in the refinement 1311 1290 1317
B-factor overall (A%) 20.12 15.69 15.97
Estimated occupancy of
[(VY306)(empp)3(H20)] in 0.60 - -
structure A
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Estimated occupancy of
[VIYO(empp)(H:0)]
in structure A

0.60

B-factor of [(VV306)(empp)3(H20)]
in structure A (A?)

263 +2.7

B-factor of [VIVO(empp)(H20)]" in
structure A (A%)

23.24

Estimated occupancy of cis-
[VIVO(empp)2(H20)]
in structure B

0.40

B-factor of cis-
[VIVO(empp)2(H20)] in structure B
(A%

17.14

Estimated occupancy of cis-
[VVO(empp)2(H20)] in structure C

0.80

Estimated occupancy of
[VIVO(empp)(H20):]" in structure
C

0.40

B-factor of cis-
[VIVO(empp)2(H20)] in structure C
(A%

14.51

B-factor of [VIVO(empp)(H20):]*
in structure C (A%)

37.39

Ramachandran

values (%)

Most favoured/Additional allowed

94.06/5.94

95.15/4.85

95.33/4.67

Outliers

0

0

0

RMSD from

ideality

RMSD bonds (A)

0.022

0.021

0.024

RMSD angles (°)

2.967

2.691

3.029
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o

‘O(empp)(H,0)]*

Figure 2.3 — V binding sites in structure A: a) non-covalent binding of
[(VY306)(empp)3(H20)]; b) covalent coordination of [VIVO(empp)(H,0)]* to the side
chain of Asp48. 2Fo-Fc e.d. maps are reported at 1.0 o level in grey. Anomalous e.d. map
is reported at 3.0 o level in yellow. Atoms of symmetry related molecules are coloured in

light violet and highlighted with *.

As reported for [VV306(dhp)3(H20)] structure solved by Avecilla et al.,'”® one
out of the three VV atoms is penta-coordinated with a distorted square pyramidal
geometry, while the other two V atoms adopt distorted octahedral coordination.
Each V centre is bound by one oxido group, two O bridging ligands, and two
empp(—) oxygen atoms. One of the two octahedral V atoms is also coordinated to
a third oxygen from a second empp(—) anion, which bridges the two hexa-coordi-
nated VV centres; the second octahedral VY completes its coordination sphere with
a water molecule. Two out of the three empp(—) ligands show an equatorial-equa-
torial arrangement, with two oxygens in cis to V=0 bond, while the third one
occupies an equatorial and an axial position. The V=0 bond distances are very
similar (1.62—1.65 A) and comparable to those experimentally observed in the
analogous structure with dhp.'”® As expected, the V-OH, distance is slightly
longer (2.03A). The three V-O—V bond angles in the cyclic framework, involving
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single bridging oxygen atoms, are very similar, with values close to 120°. The
structure of trinuclear empp(—)-based cluster interacting with HEWL is shown in

Figure 2.4.

Figure 2.4 — Structure of the trinuclear cluster [VV3Os(empp)s;(H20)] formed by
[VIVO(empp),] in the presence of HEWL in structure A. V atoms are in grey, empp(-)

ligands are in hot pink, while oxygens are in red.

A detailed comparison of selected bond lengths and angles observed in

[VVY306(empp)3(H.0)] and in [VY304(dhp)s(H,0)] is provided in Table 2.2.
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Table 2.2 — Selected bond lengths (A) and angles (°) for [VV30s(empp)3(H20)] in its adduct with HEWL, and comparison with the
values found in single crystals of [VV306(dhp);(H.0)].?

[VV306(empp)3(H20)] [VV306(dhp)3(H20)] P
Bond Bond lengths (A) Bond lengths (A)
V(1)-0(1) 1.65 1.599(3)
V(1)-0(6) 1.76 1.794(3)
V(1)-0(4) 1.99 1817(3)
V(1)-0(7) 1.94 1.980(4)
V(1)-0(8) 1.79 2.008(4)
V(1)-0(12) 2.29 2.45003)
V(2)-0(2) 1.62 1.613(4)
V(2)-0(4) 1.93 1.795(3)
V(2)-0(5) 1.81 1.824(3)
V(2)-009) 1.97 1.962(3)
V(2)-0(10) 1.75 2.004(4)
V(3)-0(3) 1.62 1.609(4)
V(3)-005) 1.82 18133)
V(3)-0(6) 1.98 1.857(3)
V(3)-0(11) 1.81 1.909(3)
V(3)-0(12) 2.05 2.204(3)
V(3)-0(1W) 2.03 2.180(4)
0(7)-C(1) 1.30 1.433(7)
0(8)-C(7) 1.30 1.259(7)
0(9)-C(8) 1.30 1.325(5)
0(10)-C(14) 1.30 1.310(6)
O(11)-C(15) 130 1.336(5)
0(12)-C(21) 1.30 1.309(5)
Angles Angle values (°) Angle values (°)
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103.03(17)

005 103.18(17)
oo w5 93.88(15)
GRS 5754 102.01(17)
o0 w533 90.56(17
co00 o 152.69(16)
oo 5550 100.36(18)
00 i 156.20(15)
GRS i 84.93(17)
cninon o123 80.33(19)
o0 i 176.19(17)
o 2005 74.47(12)
O(1)-V(1)-0(12) L] dEs
0(6)-V(1)-0(12) 05 i
0(4)-V(1)-0(12) 523 i
GG s 153.53(15)
0(8)-V(1)-0(12) 9555 s
0(4)-V(2)-0(9) 725 o
oo 13 86.67(15)
Gni-an s 152.79(15)
0(4)-V(2)-0(10) $13 i
con.an 056 102.16(19)
GETeTy 10535 105.34(17)
GO, 5155 92.03(14)
00100 o 95.80(16)
GO 5333 100.14(14)
o) 555 152.82(14)
GIRYCRE 7373 172.09(16)
oo o5 83.65(14)
0(3)-V(3)-0(12) 737
0(5)-V(3)-0(12)
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0(6)-V(3)-0(12) 71.88 79.86(13)
0(2)-V(2)-0(4) 9434 103.26(18)
0(2)-V(2)-0(5) 102.52 103.6(2)

0(4)-V(2)-0(5) 101.45 94.01(15)
0(2)-V(2)-0(9) 91.93 101.69(17)
V(3)-0(12)-V(1) 97.01 84.98(10)
O(11)-V(3)-0(12) 85.00 77.54(12)
V(2)-0(4)-V(1) 112.20 125.61(18)
V(3)-0(5)-V(2) 119.40 120.39(17)
V(1)-0(6)-V(3) 120.79 119.22(17)

2 Structure reported in Avecilla, F.; Geraldes, Carlos F. G. C.; Castro, M. Margarida C. A. A New Trinuclear Oxovanadium(V) Complex
with DMPP Ligands — Synthesis and Structural Characterization in the Solid State and in Aqueous Solution. Eur. J. Inorg. Chem. 2001,
2001, 3135-3142. * Standard deviations in parenthesis.
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The binding of [VV306(empp)3(H.0)] to HEWL is stabilized by stacking in-
teractions of the two empp(—) ligands, which are almost parallel to each other,
with the side chain of Trp123, and by hydrogen bonds with the side chains of Arg5
and Lys33, water molecules, the side chains of Arg73 and Aspl101 from a sym-
metry-related molecule and stacking interaction with Trp62 from a symmetry-re-
lated molecule (Figure 2.3a).

The [VIVO(empp)(H>0)]* fragment in structure A is coordinated to the side
chain of Asp48 and is held in its position by hydrogen bonds formed with Ser50,
Asn59, and Arg61 side chains, water molecules, and with GIn121 and Asp125 side
chains from a symmetry-related molecule (Figure 2.3b). This agrees with ESI-MS
and EPR results (see Appendix A, Interaction of [VVO(empp).] with HEWL:
mass spectrometric studies, and Interaction of [VVO(empp).] with HEWL: elec-
tron paramagnetic resonance studies).

In structure B (Figure 2.2b), derived from crystals grown in 0.8 M succinic
acid pH 7.0, non-covalent binding of cis-[VIYO(empp).(H20)] on the protein sur-
face was found (occupancy = 0.40). This V-containing fragment is non-covalently
bound to HEWL through hydrogen bonds with N main chain atoms of Arg5, Cys6,
and Glu7 (Figure 2.5), water molecules, and Argl4 side chain from a symmetry-
related molecule. This agrees with EPR data (see Appendix A, Interaction of
[VVO(empp).] with HEWL: electron paramagnetic resonance studies).
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cis-[VIVO(empp),(H,0)]

Figure 2.5 — V binding site in structure B: non-covalent binding of cis-
[VIVO(empp)2(H20)]. 2Fo-Fc e.d. maps are reported at 1.0 o level in grey. Anomalous e.d.

map is reported at 3.0 o level in yellow.

The structure C was derived from a crystal grown in 2.0 M sodium formate
and 0.1 M HEPES pH 7.5 (Figure 2.2¢). In this structure, the non-covalent binding
of cis-[VVO(empp)>(H,0)] fragment (occupancy = 0.80) was observed (Figure
2.6a), together with the non-covalent binding of [VVO(empp)(H.0).]* (occu-
pancy = 0.40). This additional V-containing fragment forms hydrogen bonds with
Argl25 side chain and water molecules (Figure 2.6b). The simultaneous binding
of cis-[VVO(empp)(H20)] and [VVO(empp)(H.0)]* to HEWL was also con-
firmed by ESI-MS measurements (see Appendix A, Interaction of [VIVO(empp):]

with HEWL: mass spectrometric studies).

31



Figure 2.6 — V binding site in structure C. Non- covalent binding of a) cis-
[VIVO(empp)2(H20)] and b) [VIVO(empp)(H20)2]". 2Fo-Fc e.d. maps are reported at 1.0

o level in grey. Anomalous e.d. map is reported at 3.0 o level in yellow.

In conclusion, crystallographic data provide insights into the role of HEWL
interaction in the speciation of [VIYO(empp).]. Under the investigated experi-
mental  conditions, [VVO(empp)(H20)]", [VVO(empp)(H.0).]*,  cis-
[VIVO(empp)2(H20)] derived from the reaction [VVO(empp).] + H.O 2 cis-
[VIVO(empp)2(H20)] and [VV30¢(empp)3(H20)] can bind the protein.

Notably, even though in aqueous solution [V'VO(empp):] and cis-
[VVO(empp)2(H,0)] are in equilibrium between each other, no binding of
[VIVO(empp)] is detected. For cis-[VIYO(empp).(H,0)] only the isomer with two
equatorial phenolate-O is revealed and only the enantiomer OC-6—24-A (Figure
2.7) interacts with HEWL.
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Figure 2.7 — Isomers/enantiomers of cis-[V'YO(empp)2(H2,0)] complex formed after the

dissolution of [VIYO(empp).] in aqueous solution.

The simultaneous binding of multiple V-containing fragments to HEWL sug-
gests that these species may distribute among different protein sites with compa-
rable affinity. This dynamic behaviour could be relevant for understanding the
transport mechanisms and potential mode of action of this class of V-based drugs.
Moreover, the results highlight that the species isolated in the solid state and char-

acterized by XRD may strongly depend on the experimental conditions.

2.3 Interaction of [VVO(dhp):] with HEWL
The interaction of [V!VO(dhp).] (Figure 2.1b) with proteins has been already

studied in solution, using potentiometric (pH titrations), spectroscopic (EPR) and
spectrometric (ESI-MS) methods.'”> EPR and pH titrations have demonstrated
that [VIVO(dhp),] interacts with human serum albumin and transferrin.'*> The in-
teraction of [V'VO(dhp).] with HEWL has been studied using ESI-MS.* In aque-
ous solution from pH 5.0 to 8.0, the complex exists as a mixture of cis-
[VIVO(dhp)2(H20)] (cis-octahedral) and [VVO(dhp).] (square pyramidal).>* Mass
spectra have revealed that [VIVO(dhp)(H,0)]" and [VIVO(dhp)] can bind the pro-

tein when in [VVO(dhp),]/HEWL 3:1 molar ratio. A peak (14870 Da) attributed
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to an adduct formed by HEWL with both these species has been also found. When
the [VIVO(dhp).]/HEWL molar ratio is 5:1 two molecules of [VIYO(dhp).] can
bind the protein.®

To complement these findings, X-ray crystallographic studies were carried
out. Understanding the interaction of [V'VO(dhp).] with proteins is essential to
clarify how structural and electronic features of this complex influence recogni-
tion by biological macromolecules and to provide insights into the potential mech-

anism of action of this V-based drug.

2.3.1 Crystallographic studies

To identify the residues involved in the interactions with the V-containing
fragments derived by [V'VO(dhp).] that bind HEWL according to ESI MS exper-
iments, crystals of the metal-free protein were grown in 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and then were exposed for 7 days to a saturated
solution of [V'VO(dhp).]. High resolution X-ray diffraction data were collected on
two HEWL crystals treated with [V'VO(dhp)2] (1.10-1.11 A resolution). Data col-

lection and refinement statistics are reported in Table 2.3.
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Table 2.3 — Data collection and refinement statistics for the structures A and B.

Data collection

Structure A Structure B

Crystallization condition 1.1 M sodium chloride, 0.1 M sodium acetate 1.1 M sodium chloride, 0.1 M sodium acetate
at pH 4.0 at pH 4.0

Soaking time 7d 7d
Space group P452:2 P452,2
a(A) 78.41 77.59
b (A) 78.41 77.59
c(A) 37.02 37.58
Resolution range (A) (5 15. 122()- 11.110()) (5 15. i515- 11. ilo())
Observations 1027650 (37961) 1082006 (36072)
Unique reflections 46635 (2310) 48322 (2357)
Completeness (%) 100.0 (100.0) 99.9 (99.4)
Redundancy 22.0 (16.4) 224 (15.3)
Rmerge (%) 0.044 (1.108) 0.057 (1.258)
Average I/6(I) 32.2 (2.6) 294 (2.4)
CCi 1.000 (0.853) 0.999 (0.770)
Anom. completeness (%) 100.0 (100.0) 100.0 (99.6)
Anom. Multiplicity 11.6 (8.5) 11.8(7.9)

Refinement
Resolution (A) 55.20-1.11 55.55-1.10
N° reflections 44259 45400
N° reflections in working set 3242 3296
R-factor/Rfree 0.131/0.156 0.134/0.161
N° non-H atoms in the refinement 1367 1332
B-factor overall (A%) 20.36 18.61
Estimated occupancy of [VIVO(H:0)s]* 0.60 0.50
Estimated occupancy of [(VYO(dhp)2)20] in 0.70 )

structure A
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Estimated occupancy of

[(VYO(dhp)2)(VYO(dhp)(H20)2)0]* in - 0.50
structure B
B-factor of [VIVO(H20)3]" (A?) 24.25 22.80
?;a;ctor of [(VYO(dhp)2)20] in structure A 220414 i
B-factor of
[(VYO(dhp)2)(VYO(dhp)(H20)2)0]* in - 24.1+1.7
structure B (A2%)

Ramachandran values (%)
Most favoured/Additional allowed 96.81/3.19 94.90/5.10
Qutliers 0 0

RMSD from ideality

RMSD bonds (A) 0.025 0.023
RMSD angles (°) 2.946 2.674
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Surprisingly, in both refined structures, [VIYO(dhp).] and [VVO(dhp)(H.0)]*
were not found. This could be due to the difference in the experimental conditions
used to collect ESI-MS spectra and to produce the adducts within the protein crys-
tals. However, interesting interactions between V-containing fragments and pro-
tein residues were observed. In particular, in the first structure (structure A, Figure
2.8), the covalent binding of [VIVO(H,0);]" to the Asp48 side chain (Figure 2.9a)
and the non-covalent interaction of the dinuclear oxidovanadium(V) complex
[(VYO(dhp)2)20] (Figure 2.9b) to protein surface residues were detected. In this
structure, refinements suggest occupancy = 0.60 and 0.70 for the two V-contain-

ing fragments, respectively.

Figure 2.8 — Overall structure of the adduct formed upon reaction of [V'VO(dhp),] with
HEWL (structure A). V atoms are in grey.
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Figure 2.9 — V binding sites in the structure A: a) covalent binding of [VIVO(H,0)3]" to
the Asp48 side chain; b) non-covalent binding of [(VVO(dhp)»).0] to protein surface res-
idues. 2Fo-Fc e.d. maps are reported at 1.0 ¢ level in grey. Anomalous e.d. map is reported
at 3.0 o level in pink. Atoms of symmetry related molecules are coloured in light blue and

highlighted with *. Arg73 adopts two alternative conformations.

Regarding the binding of [VIYO(H,0);]" fragment coordinated to the side
chain of Asp48 (Figure 2.9a), it should be noted that the three water molecules
and the OD2 atom of the Asp are on a plane, while the V=0 group is on the top
of the square pyramid. The O of the V=0 group forms a hydrogen bond with the
side chain of Arg61, which adopts two different conformations in the crystal, and
the side chain of Ser50. The water molecules that are coordinated to the V centres
are hydrogen bonded to the side chains of Ser50, Asn59, Arg61 and GIn121 from
a symmetry related molecule and to other water molecules that in turns are directly
linked to the side chains of Thr47, Arg61, Trp62, to the main chain N atom of
Thr47 and Asp48, the side chain of GInl21 from a symmetry-related molecule
and to the main chain N atom of Gly126 from a symmetry-related molecule.

The dinuclear oxidovanadium(V) complex [(VYO(dhp).).0] found on HEWL

surface (Figure 2.9b) has been previously identified by Jakusch et al.,'! but its 3D
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structure has been never reported before. The presence of this structure in our
crystals indicates an oxidation of the V centre that could play a significant role in
the formation of the dimetallic compound. The formation of this structure could
be also promoted by the relatively high local V concentration due to the soaking
experiments. The presence of the protein or the crystal lattice environment could
also play a role in the stabilization of this dimeric species.

The [(VVYO(dhp):).0] complex consists of a dinuclear oxovanadium(V)
complex with four anionic dhp ligands, one oxygen atom bridging the two metal
centers, each one of which is coordinated to one oxo group. The two V atoms
adopt a slightly distorted octahedral geometry. In Figure 2.10, atomic numbering
scheme related to the [(VYO(dhp),).0] structure is reported.

Figure 2.10 — Structure of [(VYO(dhp),)20] showing the atomic numbering scheme.

Bond lengths and angles of this structure are listed in Table 2.4. Values are in
the expected range. In the structure, the two dhp ligands dhp2 and dhp3 stack to
each other and are almost parallel (angle between the planes of the two ligands =
14.1°). Stacking is also involved in the stabilization of the [(VVO(dhp).).0]
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binding to HEWL. Indeed, dhpl is almost parallel to the side chain of Trp123
(angle between the two planes = 6.7°) and dhp4 is almost parallel to the guani-
dinium group of the Arg73 side chain (angle between the two planes = 7.3°). The
[(VYO(dhp),):0] structure also forms many other interactions with the protein.
Dhp4 forms hydrophobic interactions with the Phe38 side chain, while dhp3 with
the side chains of Trp62 and Trp63 from a symmetry-related molecule. Hydrogen
bonds are also involved in the recognition of [(VVO(dhp),).0] by HEWL. Indeed,
O11 is hydrogen bonded to the NE atom of Arg5, NA2 forms a hydrogen bond
with the OD1 atom of Asp119 from a symmetry-mate, and O7 forms a hydrogen
bond with the NH1 of Arg73. The oxygen atoms of the complex are also in contact
with several water molecules that in turn are linked to several different protein
atoms.

Similar results have been obtained in structure B. However, in this structure
the non-covalent binding of [(VYO(dhp).)(VYO(dhp)(H20),)O]" (occupancy =
0.50) on the protein surface was found (Figure 2.11). This V-containing fragment
was probably obtained by the replacement of a dhp group (dhp4) by two water
molecules (see Table 2.4 for bond length and angle values). This replacement
could be favoured by the close contacts of the dhp ligand to the side chain of
Arg73 from a symmetry-related molecule, which changes its conformation when
compared to structure A (see Figure 2.11 vs Figure 2.9b), where it adopts two

alternative conformations.
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Table 2.4 — Selected bond lengths (A) and angles (°) for [(VVO(dhp)2)20] and [(VYO(dhp).)(VYO(dhp)(H20),)0]".

Bond lengths (A)
[(VVYO(dhp)2)20] [(VYO(dhp)2)(VYO(dhp)(H20)2)0]*
(structure A) (structure B)
V(1)-0(1) 1.95 1.96
V(1)-0(2) 1.73 1.71
V(1)-0(3) 1.86 1.77
V(1)-0(4) 1.95 1.94
V(1)-0(5) 1.89 1.82
V(1)-0(6) 1.72 1.72
V(2)-0(5) 1.83 1.79
V(2)-0(7) 2.08 2.03
V(2)-0(8) 1.89 1.78
V(2)-0(9) 1.93 1.75
V(2)-0(10) 2.00 1.95
V(2)-0(11) 1.73 1.76
Bond angles (°)
O(1)-V(1)-0(2) 87.56 86.31
O(1)-v(1)-03) 93.78 94.16
O(1)-V(1)-0(4) 86.29 88.74
O(1)-V(1)-0(5) 177.26 178.10
0O(1)-V(1)-0(6) 88.00 84.63
0(2)-V(1)-0(3) 93.62 91.89
0(2)-V(1)-04) 170.95 174.36
0(2)-V(1)-0(5) 92.92 91.79
0(2)-V(1)-0(6) 94.46 91.46
0(3)-V(1)-0(4) 80.18 85.75
0(3)-V(1)-0(5) 83.50 85.86
0(3)-V(1)-0(6) 171.79 176.36
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0(4)-V(1)-0(5) 92.91 93.15
0(4)-V(1)-0(6) 91.96 90.78
O(5)-V(1)-0(6) 94.65 9546
0(5)-V(2)-0(7) 77.30 78.54
0(5)-V(2)-0(8) 92.98 92.40
0(5)-V(2)-0(9) 159.48 165.27
0(5)-V(2)-0(10) 85.93 84.60
0(5)-V(2)-0(11) 104.80 100.82
0(7)-V(2)-0(8) 79.07 81.52
0(7)-V(2)-0(9) 85.29 92.22
O(7)-V(2)-0(10) 81.88 84.41
0(7)-V(2)-0(11) 172.50 179.11
0(8)-V(2)-0(9) 94.30 97.61
0(8)-V(2)-0(10) 160.68 165.93
0(8)-V(2)-0(11) 93.58 99.14
0(9)-V(2)-0(10) 80.89 83.08
0(9)-V(2)-0(11) 93.87 88.28
0(10)-V(2)-0O(11) 105.36 94.93
V(1)-0(5)-V(2) 161.87 165.95

0(9) and O(10) in the structure of [(VVO(dhp)2)(VYO(dhp)(H20),)O]" are the oxygen of the two water molecules replacing the dhp4 of
[(VYO(dhp),):0].
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[(VYO(dhp),)(VYO(dhp)(H,0),)0]"
Figure 2.11 — The [(VVYO(dhp)2)(VYO(dhp)(H20),)O]" binding site in the structure B. 2Fo-
Fc e.d. maps are reported at 1.0 o level in grey. Anomalous e.d. map is reported at 3.0 ¢
level in pink. Atoms of symmetry related molecules are coloured in light blue and high-

lighted with *.

In conclusion, crystallographic data reveals the binding of [V!VO(dhp).] de-
rivatives to HEWL. Under the investigated experimental condition, the cis-octa-
hedral [V'VO(dhp)>(H>0)] complex and the square pyramidal [V'VO(dhp),], were
not found in the structures. However, [VIVO(H,0);]*, [(VYO(dhp).).0] and
[(VVYO(dhp),)(VYO(dhp)(H20):)O1*,  derived from the hydrolysis of
[(VYO(dhp).)0], bind the protein.

Overall, these results highlight the importance of structural studies on VC—
protein interactions, as they allow the identification of unexpected molecular spe-
cies that could also form in the cellular environment. Notably, the presence of
proteins can alter the speciation of active [VIYOL,] compounds, which may lose
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one or more ligands before or after binding. Moreover, proteins can provide a
scaffold for the formation and stabilization of dinuclear or even trinuclear V-con-

taining complexes.

2.4 Interaction of [VIVO(8-HQ).] with HEWL

Previous studies on the interaction of [VIVO(8-HQ)] (Figure 2.1¢) with pro-
teins have shown that this complex can form different V-containing species in so-
lution, whose stability is influenced by pH and ligand substitution equilibria.'®

To gain further insight into the binding behaviour of [VIYO(8-HQ)] with pro-
teins, the interaction with HEWL was investigated using an integrated approach
combining X-ray crystallography with complementary spectroscopic (UV-vis,
EPR), spectrometric (ESI-MS), and computational methods. This strategy was
aimed at characterizing the nature of the V-containing fragments bound to the pro-
tein and at understanding how solution conditions, such as pH, affect the species

involved.

2.4.1 Crystallographic studies

Crystals of the adducts formed upon reaction of HEWL with [VIVO(8-HQ):]
were obtained by soaking strategy, exposing metal-free protein crystals to a solu-
tion containing [VIVO(8-HQ)], under two different experimental conditions using

ethylene glycol or sodium formate as precipitants (Table 2.5).
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Table 2.5 — Data collection and refinement statistics for the structures A and B.

Data collection

Structure A Structure B

PDB code 8RTJ 8RTK
.. . 20% ethyl.ene g!ycol, 2.0 M sodium formate,
Crystallization condition 0.6 M sodium nitrate, 0.1 M HEPES pH 7.5
0.1 M sodium acetate pH 4.5 ) )
Soaking time 50d 22d
Space group P452,2 P452,2
a(A) 78.14 77.08
b (A) 78.14 77.08
c(A) 37.52 37.53
Resolution range (A) (5 1%5205- 11.i277) (3 18.'2534- 11.2211)
Observations 730862 (37257) 651773 (19279)
Unique reflections 30889 (1522) 35157 (1693)
Completeness (%) 99.9 (100.0) 100.0 (100.0)
Redundancy 23.7 (24.5) 18.5(11.4)
Rmerge (%) 0.038 (1.629) 0.048 (1.037)
Average I/6(I) 36.5(2.2) 279 (2.3)
CCi 1.000 (0.844) 1.000 (0.787)
Anom. completeness (%) 100.0 (100.0) 100.0 (99.8)
Anom. Multiplicity 12.6 (12.8) 9.9 (6.0)
Refinement

Resolution (A) 55.24-1.27 38.54-1.21
N° reflections 29498 33319
N° reflections in working set 2012 2426
R-factor/Rfree 0.174/0.197 0.173/0.192
N° non-H atoms in the refinement 1248 1284
B-factor overall (A%) 23.33 19.81
Estimated occupancy of [VIVO(8-HQ)(H20)]* 0.60 -
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Estimated occupancy of V 0.60 -
B-factor of [VIVO(8-HQ)(Hz0)]* (A?) 45.63 -
B-factor of V (A%) 5531 -
Estimated occupancy of [VIVO(8-HQ)2(H20)] - 0.50
Estimated occupancy of VVO,* - 0.30
Estimated occupancy of VIVO?* - 0.30
Estimated occupancy of VIVO* - 0.30
B-factor of [VIVO(8-HQ)2(H20)] (A?) - 34.12
B-factor of VVO:1' (A?) - 20.63
B-factor of VIVO** (A2) - 24.14
B-factor of VIVO** (A%) - 33.64
Ramachandran values (%)
Most favoured/Additional allowed 94.78/5.22 96.15/3.85
Outliers 0 0
RMSD from ideality

RMSD bonds (A) 0.015 0.015
RMSD angles (°) 2.010 2.193
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It has been verified that, under these conditions, the VC remains stable in the

absence and in the presence of HEWL (see the UV-vis spectra shown in Figure

2.12).

50 uM [V“O(8-HQ),] in 20% ethylene glycol, 0.6 M sodium nitrate,
0.1 M sodium acetate pH 4.5
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Figure 2.12 — UV-vis spectra as a function of time of a) [VIVO(8-HQ),] and of b) [VIVO(8-

HQ):] collected in the presence of HEWL using a 3/1 vanadium-to-protein molar ratio

(protein and V concentrations were 16.7 and 50 pM, respectively) in 20% ethylene glycol,

0.6 M sodium nitrate, 0.1 M sodium acetate at pH 4.5; UV-vis spectra as a function of time

of ¢) [VIVO(8-HQ):] and of d) [VIVO(8-HQ):] collected in the presence of HEWL using a

3/1 vanadium-to-protein molar ratio (protein and V concentrations were 16.7 and 50 uM,

respectively) in 2.0 M sodium formate, 0.1 M HEPES pH 7.5.

The structure of the adduct formed in crystals of HEWL grown in ethylene

glycol (structure A) was solved using data collected using a crystal of the protein



exposed to the VC for 50 days (Figure 2.13). Data collection, refinement and

model statistics are reported in Table 2.5.

Figure 2.13 — Overall structures of the adducts formed upon reaction of: a) [VIVO(8-HQ)]
with HEWL from crystals grown in 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M
sodium acetate pH 4.5 (structure A, PDB code 8RTJ) and b) in 2.0 M sodium formate, 0.1
M HEPES pH 7.5 (structure B, PDB code 8RTK). V atoms are in grey.

The e.d. maps are well defined in correspondence of main chain and side
chain protein atoms. Carbon alpha (Ca) atom root mean square deviation (RMSD)
from the structure of metal-free protein used as starting model (PDB code 193L'%%)
is 0.21 A, suggesting that the binding of the VC does not significantly affect
HEWL structure. In the structure A, a [VIVO(8-HQ)(H>0)]" fragment (occupancy
= 0.60) was found close to the side chain of Asp119 (Figure 2.14a).
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Figure 2.14 — V binding sites in the structures of the adducts formed when HEWL crystals
are exposed to [VIVO(8-HQ).]. a) Covalent binding of [VIVO(8-HQ)(H20)]" to the side
chain of Asp119 in crystals of the adduct formed in the structure A and b) non-covalent
binding of [VIVO(8-HQ)»(H20)] in crystals of the adduct formed in the structure B. Omit
Fo-Fc e.d. maps are reported at 2.5 ¢ level in grey. Atoms of symmetry related molecules

are coloured in green and highlighted with *.

EPR results agree with this interpretation and a V oxidation state of +4 (see
Appendix A, Interaction of [VIVO(8-HQ).] with HEWL: electron paramagnetic
resonance studies). In this site, the V centre shows a slightly distorted pentacoor-
dinate geometry, retaining the oxido-O atom and one of the original 8-HQ ligands
and completing its coordination sphere with the OD2 atom of Asp119 side chain
and a water molecule (Figure 2.14a). In this fragment one of the two original 8-
HQ ligands dissociates and is replaced by two water molecules that, in turn, can
be substituted by protein atoms, in this case by carboxylate-O of Aspl119 side
chain. The adduct is stabilized by a hydrogen bonding network involving a water
molecule and the side chain of Asn103* from a symmetry related molecule and
stacks against the side chain of Trp62* from a symmetry mate.

Notably, the stabilization of a metal-protein adduct by a second protein mol-

195,196 and it is often

ecule through m— interaction is rarely reported in the literature,
overlooked in the characterization and description of the adducts formed with
metal-derived fragment. This interaction was also confirmed by computational
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studies (see Appendix A, Interaction of [VIVO(8-HQ).] with HEWL: computa-
tional studies).

According to Martinez and Iverson,'”’ m—m interactions between aromatic
rings can be classified as “face-to-face” or “edge-to-face”. In the “face-to-face”
arrangement, the centroid-to-centroid distance is typically < 4.0 A and the angle
between the aromatic rings is < 30°. In contrast, an “edge-to-face” interaction is
characterized by a distance between the centroids < 5.5 A and an angle between
the planes in the range 60-120°. In our structure, the centroid-to-centroid distance
is 3.8 A and the angle between the planes is 6.5°, suggesting a “face-to-face” in-
teraction.

In addition to these interactions, the oxygens of the V coordination sphere
form hydrogen bonds with water molecules that in turn are hydrogen bonded to
surrounding protein residues. In the [VIVO(8-HQ)(H20)]" fragment the V=0(0x-
ido) is 1.67 A, consistent with the expected range value (1.57-1.65 A);'® the V—
O(8-HQ) and V-N(8-HQ) distances are 1.76 and 1.96 A, respectively; the V—
OD2(Asp119) bond is 2.25 A, while the V-OH, distance is 1.95 A.

An additional V binding site, with occupancy 0.60 and low density in the
anomalous difference e.d. map, was identified close to the side chain of Asp48

with a V-OD2 atom distance of 2.39 A (Figure 2.15).

Figure 2.15 — Additional V binding site in the structure A: the V is covalently bonds to the
side chain of Asp48. The V atom is in grey. 2Fo-Fc e.d. map is reported at 1.0 o level in
grey.
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Soaking of HEWL crystals grown in 2.0 M sodium formate, 0.1 M HEPES
pH 7.5 with an excess of [VIYO(8-HQ).] for 22 days resulted in a V-HEWL adduct
crystals where the VC is not covalently bound to the protein (structure B, Figure
2.13b). In the absence of the protein, [VIVO(8-HQ).] is stable under the experi-

199" and confirmed

mental conditions, as suggested by pH-potentiometry and EPR,
by time-dependent UV-vis analysis (Figure 2.12¢,d). Crystals of the adduct dif-
fract X-rays at 1.21 A resolution and all protein atoms are clearly defined in the
electron density maps. Data collection and refinement statistics for this structure
are reported in Table 2.5.

In the adduct, the non-covalent binding of [VIVO(8-HQ)»(H>0)] is observed
(Figure 2.14b), in agreement with the EPR data (see Appendix A, Interaction of
[VIVO(8-HQ).] with HEWL: electron paramagnetic resonance studies). The ge-
ometry of this species is cis-octahedral, with two phenoxido-O, one quinoline-N
and one water-O donors in the equatorial plane plus another quinoline-N trans to
the V=0 bond. This indicates that, in aqueous solution, the original square pyram-
idal [VVO(8-HQ).] complex converts into an hexacoordinate species (Figure
2.14b). The V=0 distance is 1.67 A, the two V-O(8-HQ) are 1.76 A and 1.75 A,
the V-N(8-HQ) has a value of 1.96 A, while the V-OH, bond length is 1.95 A.
The observed difference between V=0 and V—OH; distances together with the
EPR signal (see Appendix A, Interaction of HEWL with [VVO(8-HQ),]: electron
paramagnetic resonance studies) confirm the +4 oxidation state. The HEWL—
[VIVO(8-HQ)2(H20)] adduct is stabilized by various hydrogen bonds involving
water molecules, the side chains of Argl28 and of Lys96* from a symmetry re-
lated molecule (Figure 2.14b).

In the structure, additional V-containing fragments, whose formula cannot be
easily determined from the e.d. maps and interpreted as two VIVO*" and one VVO,"

(Figure 2.16), were also found non-covalently bound to HEWL surface.
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Figure 2.16 — Additional V binding sites in the structure B: a) the V-containing fragment
interpreted as VIVO?" forms hydrogen bonds with a water molecule, the side chain of Ser86
and N main chain atom of Lys1; b) non-covalent interactions of a V-containing fragment
interpreted as VIVO?" and of an alternative VVO," group with protein atoms of residue
Arg5, Cys6 and Glu7 and solvent molecules. V atoms are in grey. 2Fo—Fc e.d. map is

reported at 1.0 ¢ level in grey.

One of the V-containing fragment, described as VVO?', forms hydrogen
bonds with water molecules, the main chain N of Lys1 and the side chain OG atom
of Ser86 (Figure 2.16a), while the other one interacts with a water molecule and
main chain atoms of Arg5, Cys6, and Glu7. The last V-containing species is alter-
native to a VYO," ion that interacts with water molecules and atoms from Arg5
and Cys6 residues (Figure 2.16b).

In conclusion, the stabilization of the formed adducts is due not only to hy-
drogen bonds but also to n— interactions, as observed for the HEWL-[VVO(8-
HQ)(H,0)]" adduct involving Asp119. Notably, this stabilization also involves
Trp62* from another protein molecule, a behaviour already seen in other systems,
such as the HEWL—oxaliplatin adduct.'”® For [VVO(8-HQ)(H>0)]", the interac-
tion is facilitated by contacts between the aromatic rings of tryptophan and 8-hy-
droxyquinolinato. Although it is not yet clear whether this type of protein—protein
stabilization can promote metal complex-protein recognition in solution, ESI-MS
and surface plasmon resonance data on the HEWL—oxaliplatin system suggest that
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it is possible.!” These findings indicate that the contacts observed in the crystal
can provide valuable insights into protein—protein interactions that may have a

real biological role in solution.

2.5 Interaction of [VIYO(acac):] with hTF

Serum transferrin (hTF) is an 80 kDa human plasma single-chain glycopro-
tein that plays a key role in iron homeostasis by sequestrating and transporting
Fe** ion throughout the body.?”*2% The hTF folding consists of two lobes, denoted
as N- (residues 1-331) and C-lobe (residues 339-679), each able to bind iron.?**
As a result, four hTF forms coexist in the serum: the metal-free (apo-hTF), the
diferric (holo-hTF or FexFec-hTF), and two monoferric forms, where Fe** is
bound to the C-lobe (Fec-hTF) or to the N-lobe only (Fex—hTF);?% the percent
amount is ca. 39%, 27%, 23% and 11%, respectively.?*® The iron binds His249,
Asp63, Tyr95 and Tyrl88 in the N-lobe and/or His585, Asp392, Tyr426 and
Tyr517 in the C-lobe.?* The Fe*" binding to both the N- and the C-lobe is associ-
ated with a conformation variation: the iron-free lobes adopt an open confor-
mation, while their holo forms have a closed conformation.??7-2%

It has been demonstrated that hTF is able to bind vanadate(V)** and VIVO**
and that this protein is the major VIVO?* scavenger in the serum.?'*!* The poten-
tial role of hTF as a V delivery system into cells has been extensively stud-
ied.?37209217 Previous results have suggested that V ions can occupy the Fe** bind-
ing sites of hTF, even in the presence of high HSA concentrations, although hTF
appears to inhibit rather than enhance the biological activity of VCs.?'®

Structural models, based on the X-ray structure of the iron-bound N-lobe of
hTF, indicate that VIYO?** may coordinate with Tyr188, Asp63, His249, and a car-

bonate ion that facilitates iron binding, with the V centre positioned near Tyr95.%!!

Similar coordination has been proposed for V3" and VVYO,", while V¥ might bind
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hTF without the need for a synergistic anion. Despite these insights, direct struc-
tural evidence of V binding sites on hTF is still lacking.

To address this gap and characterize the binding of [V!VO(acac).] (Figure
2.1d) to hTF at the structural level, the structures of the adducts that this vanadium
compound form with the monoferric form of hTF with the iron bound to the C-

lobe only (Fec-hTF) were solved.

2.5.1 Crystallographic studies

X-ray diffraction data were collected on many Fec-hTF crystals exposed to 5
mM [VVO(acac),] dissolved in DMSO (final DMSO concentration <10%) in col-
laboration with Dr. Andrea Pica, ALPX, Grenoble, France. Fec-hTF crystals were
grown in 15% (w/v) PEG 3350, 16% (v/v) glycerol, 8 mM disodium malonate,
and 150 mM Na-PIPES pH 6.5, starting from an apo protein sample dissolved in
10 mM Na-HEPES pH 7.5 and 20mM sodium bicarbonate. The apo protein was
then incubated with ammonium iron sulphate to obtain the Fec-hTF form. Since
the results obtained using the other data collections are essentially the same as
those presented here, only data collected using the crystal that diffracted X-rays
at the highest resolution are reported (Table 2.6). Diffraction data were also col-
lected on crystals of V-free Fec-hTF and V-free protein treated with DMSO (Table
2.6).

Crystals of the adduct are isomorphous to those of the V-free protein, with

and without DMSO, showing only minor differences in their unit cell parameters.
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Table 2.6 — Data collection and refinement statistics.

Data collection

[VV206]nFec-hTF Fec-hTF Fec-hTF with DMSO
PDB code 9RTB 9RTF 9RTH
15% (w/v) PEG 3350, 16% (v/v) 15% (w/v) PEG 3350, 16% (v/v) 15% (w/v) PEG 3350, 16% (v/v)

.. . lycerol, lycerol, lycerol,

Crystallization condition 8 mM di;goﬁium malonate, 8 mM di;gozium malonate, 8 mM di;gozium malonate,
150 mM Na-PIPES pH 6.5 150 mM Na-PIPES pH 6.5 150 mM Na-PIPES pH 6.5
5mM [VVO(acac):] dissolved in
Soaked compound DMSO (final DMSO - 10% DMSO
concentration <10%)
Soaking time Sh - 72h
Space group (222, C222y C222y
a(A) 136.13 138.15 137.10
b (A) 157.70 158.03 156.78
c(d) 107.22 107.62 107.11
Resolution range (A) 78.85-1.93 104.01-2.16 74.32-2.52
(2.17-1.93) (2.35-2.16) (2.77-2.52)
Observations 585795 (26804) 381020 (14028) 302818 (17413)
Unique reflections 47778 (2389) 47443 (2372) 26234 (1312)
Completeness (%) 95.0 (79.6) 92.8 (53.0) 90.4 (54.9)
Redundancy 123 (11.2) 8.0(5.9) 11.5(13.3)
Rmerge (%) 0.147 (1.499) 0.272 (3.435) 0.273 (2.141)
Average I/6(I) 11.2 (2.0) 6.2 (1.6) 9.1 (1.4)
CCiz 0.998 (0.788) 0.985 (0.263) 0.992 (0.596)
Anom. completeness (%) 94.9 (79.3) 92.4 (50.6) 90.0 (54.1)
Anom. Multiplicity 6.4 (5.8) 423.2) 6.1(7.0)
Refinement

Resolution (A) 103.15-1.93 104.01-2.16 103.20-2.52
N° reflections 45441 45069 24911
N° reflections in working set 138 99 30
R-factor/Rfree 0.186/0.235 0.185/0.232 0.177/0.260
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N° non-H atoms in the

5785 5636 5409

refinement
B-factor overall (%) 37.38 38.43 40.24
Estimated occupancy of 0

V. 2 .70 - .
[VY20¢]
B-factor of [VY204]% (A2) 3612 - -

Ramachandran values (%)
Most favoured/Additional 91.6/6.1 90.3/6.5 88.5/7.4
allowed
Qutliers 2.3 3.2 4.1
RMSD from ideality

RMSD bonds (A) 0.008 0.010 0.009
RMSD angles (°) 1.286 1.630 1.645
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The structures obtained from these crystals were refined at a resolution higher
than those of all the known models of Fec-hTF reported in the PDB. The overall
conformation of Fec-hTF in the adduct is not significantly affected by the V bind-
ing: Ca RMSD between the three structures here solved is within the range 0.27-
0.33 A.

In the structure of the adduct, refined at 1.9 A resolution (Figure 2.17), bind-

ing of a [V¥204]* species was clearly observed.

Figure 2.17 — Overall structure of the adduct formed by [V!VO(acac),] with Fec-hTF.
Anomalous difference e.d. map showing the position of two V atoms in the N-lobe and of

Fe*" in the C-lobe are depicted in pink at 3.0 ¢ value.

This species can be described as a divanadate(V) anion, [VY,07]*, in which

one oxygen atom is replaced by the phenolate oxygen of Tyr188 (Figure 2.18a).
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[VY,04*

-\

Figure 2.18 — a) Details of the V binding site in the structure of the adduct formed when
[VIVO(acac)y] reacts with Fec-hTF at solid state. The structure shows the binding of
[VV20¢]* to the side chain of Tyr188. 2Fo-Fc e.d. maps are reported at 1.0 o level in grey.
Anomalous difference e.d. map showing the position of the two V atoms in the N-lobe is
depicted in pink at 3.0 ¢ value. b) Hydrogen bonds formed by [VY,06]* with OG1 atom
of Thr120, the N atom of Ser125 (whose side chain adopts two different conformations),
the N atom of Alal26, the N atom of Gly127, NZ atom of Lys206 and water molecules.

Notably, the formation of a POV from [VVO(acac).] has previously been ob-
served in crystal structures of its adducts with HEWL.?!%-22!

As expected,” Fe’" is found close to the side chains of Asp392, Tyr426,
Tyr517, and His585 in the C-lobe and is also coordinated by a malonate ion, which

acts as a synergistic anion (Figure 2.19).
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Figure 2.19 — Structural details of the Fe*" binding site in the solid-state structure of the
adduct formed upon reaction of [V'VO(acac),] with Fec-hTF, where transferrin is coordi-
nated to the VC. The Fe* ion is in the C-lobe, near the side chains of Asp392, Tyr426,
Tyr517, and His585, and is also coordinated by a malonate ion. The 2Fo-Fc e.d. map is
shown in grey at the 1.0 o level, while the anomalous difference e.d. map highlighting the

Fe** position is shown in pink at 3.0 c.

Unrestrained distance between the O donor atom of Tyr188 and V centre is
1.75 A, close to the expected value. VV-O distances are in the range 1.7-2.0 A.

The formation of [VY20¢]>" can be explained by the dissociation of
[VIVO(acac),] to obtain the VIVO?*" ion, which is then oxidized to [HaVVOa4]~ at pH
7.5. Subsequently, [HoVVO4]~ dimerizes to form [VY,07]* which reacts with hTF.
A model calculation, based on the thermodynamic stability constants of vana-

223 allows the determination of the chemical

dium(V) species in aqueous solution,
form of VV at pH 7.5 and with concentration between 0.01 and 100 mM (Figure

2.20).
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Figure 2.20 — Speciation of vanadium(V) in aqueous solution at pH 6.5 from 10 uM to
100 mM concentration (Cv). For the x axis a logarithmic scale was used. The concentration
5 mM is indicated by the dotted line, while the range 1-10 mM by the gray background.
The thermodynamic stability constants of the inorganic VY anions were taken from ref 223,

Data obtained in collaboration with Prof. Eugenio Garribba from University of Sassari.

Notably, at the V concentration used in the crystallographic experiments (5
mM) and within the range of 1-10 mM, divanadate(V) anions with various proto-
nation degrees ([H2VY207]* and [HVY>20,]*") are present in solution at pH 7.5.
However, these are minor species compared to [VV4O12]* and [HoVVYO4]~. This
means that Fec-hTF stabilizes divanadate(V) through covalent bond and a network
of secondary interactions, as revealed by X-ray crystallography. Indeed, [V"206]*
is held in position by hydrogen bonds formed with the OG1 atom of Thr120, the
N atom of Ser125, whose side chain adopts two different conformations, the N
atom of Ala126, the N atom of Gly127, the NZ atom of Lys206 and several water
molecules (Figure 2.18b). The Fourier difference e.d. maps close to the Tyr188
side chain in the crystals of the V-free protein, with and without DMSO, show
peaks attributable to water molecules (Figure 2.21), supporting the assignment of

the e.d. map in the adduct to [VV20¢]*.
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Figure 2.21 — 2Fo-Fc e.d. map reported at 1.0 ¢ level in grey close to the Tyr188 side chain
of the a) V-free Fec-hTF (i.e. the negative control without DMSO) and of the b) V-free
Fec-hTF treated with DMSO, used as a negative control for the hTF structure treated with
[VIVO(acac)a].

Remarkably, the atoms of [VV20¢]* are not in contact with the side chains of
Asp63 and His249, as previously suggested for the VIVO?* and VYO, ions bound
to the side chain of Tyr188, based on the structure of the closed form of the N-
lobe only.?!! This observation indicates that, at least at the solid state, the binding
of this V-containing fragment to Tyr188 in the iron binding site does not induce
the conformational variation of the N-lobe that occurs upon Fe** binding. Such
conformational changes are required to bring Tyr188, Asp63 and His249 in prox-
imity, allowing their simultaneous coordination to a metal ion. Further support
comes from a detailed comparison between the conformations of the N-lobes in
the [VV20¢]nFec-hTF adduct and in the V-free Fec-hTF structures here solved,
with and without DMSO. The angles required to superimpose the N2 region of the
N-lobe after the superimposition of the N1 region of the same lobe fall within the
range 0.5-0.7°, indicating that the overall conformation of the N-lobe remains
largely unchanged upon binding of the V-containing fragment. Previous studies
suggested that V** binding to the iron site induces the same conformational
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changes as Fe** binding.?” In contrast, VVxVVc-hTF adduct adopts the open form,
which has low affinity for TFR (transferrin receptor).!”’-?%

Since the structure of [VY20¢]nFec-hTF closely resembles that of Fec-hTF, it
is expected that, in the presence of [VVO(acac),], this hTF form could be still able
to bind the TF receptor. To verify this, Fec-hTF has been treated with
[VIVO(acac),] in solution (hereafter denoted as V/Fec-hTF) and the binding to the
TFR ectodomain has been evaluated using polyacrylamide non-denaturing gel
electrophoresis in comparison to Fec-hTF alone (Figure 2.22), following the ap-
proach described in a previous work.??* This experiment was performed in collab-
oration with Professor Delia Picone’s research group from University of Naples
Federico 1I.

On the gel, the monoferric hTF forms, untreated (lane 1) and treated with
[VIVO(acac),] (lane 2), migrate differently from TFR (lane 3), due to their differ-
ent charge/size ratio. The binding of the two Fec-hTF forms to TFR can be ob-
served incubating each protein with the receptor (samples in lanes 4 and 5, respec-
tively) and comparing the electrophoretic mobility with Fec-hTF (lane 4), V/Fec-
hTF (lane 5) and TFR alone (lane 3). As seen in Figure 2.22, the bands of the
monoferric forms in lanes 1 and 2 disappear when incubated with TRF (lanes 4
and 5). Currently, two bands with a slightly different electrophoretic mobility from
that observed for TFR alone (lane 3) are observed in lanes 4 and 5, indicating that
both Fec-hTF and V/Fec-hTF form a complex with TFR. This suggests that V/Fec-
hTF is still able to bind TFR.
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Figure 2.22 — Non-denaturing gel electrophoresis of: Fec-hTF (lane 1), V/Fec-hTF, ob-
tained incubating Fec-hTF for 1 day with [VIVO(acac)] (lane 2), TFR (lane 3), TFR incu-
bated with Fec-hTF for 24 h in a 1:1 molar ratio (lane 4), and TFR incubated with V/Fec-
hTF for 24 hin a 1:1 molar ratio (lane 5). This experiment was performed in collaboration

with Professor Delia Picone’s research group from University of Naples Federico II.

In conclusion, here the first crystal structure of human serum transferrin with
a VC is reported. X-ray crystallography data show that [VY20¢]* binds Tyr188 of
the N-lobe in the monoferric Fec-hTF, without altering the protein conformation,
confirming previous suggestions of Tyr188 involvement in VVO* recogni-
tion.”!"213 The results indicate that, at least in vitro, Fec-hTF stabilizes low-nucle-
arity vanadate species such as [VY207]*, in contrast with HEWL, which promotes
the formation of POV including [V4012]*, [VisO33(H20)]F, [Vi5s036(H20)]%,
[V20054(NO3)]™, [V200s1(H20)]".21922! These results highlight, for the first time
at the structural level, how hTF can stabilize divanadate(V) species, providing a
key insight into V/protein interactions relevant for the biological activity of V-

based compounds.
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2.6 Comparison of the behaviour of [VVO(empp):],
[VYO(dhp)2], [VVOB-HQ):], [VVO(acac):] and other

[VIVOL:] potential drugs
Structural analysis of the adducts formed by [VIYOL,] compounds and HEWL

deposited into the Protein Data Bank3*3%:219:220226.227 reveals variability in the V-
containing fragments, their localization, occupancy and microenvironment. The
adducts were obtained by the soaking method under different experimental con-
ditions, with a pH value ranging from 4.0 to 7.5. V centres and their ligands have
occupancy in the range 0.25-1.00,3435219.220.226.227

Our recent studies have shown that small changes in experimental conditions,
such as pH, ionic strength, or buffer composition, can alter the nature of the ad-
ducts formed between the same VC and proteins,*>227:219:220

VCs can generate various ions, like [VVO(H20):]*, [VVO(H20)4]*,
[VVOP*, [VVO.],, [VIVOL(H,0)]", [VIVOL(H20).]".* Alternatively, they can re-
main as [VYOL,] or can form dinuclear ([(VYO(dhp),).0] and
[(VYO(dhp)2)(VYO(dhp)(H,0)2)0]") or trinuclear ([VY304(empp)3(H20)]) species
upon oxidation of V from +4 to +5 or even POVs ([VVY4012]*, [V200s4(NO3)]™,
[VY7VV5036(OH,) ™, [VY7VV5053(0OH)TY, [V200s51(OH)|™,
[VV7VV5056(C1)]6). 219221228 Unexpected reaction products can also form: for ex-
ample, upon rearrangement and ring cleavage of the maltol ligand, BMOYV inter-
acts with HEWL creating a cross-linked dimer which involves Lysl side chain
and coordinates to Asp87 of a second protein molecule.??’” This structural rear-
rangement, resembling a post-translational modification, highlights the complex,
and sometimes unpredictable, reactivity of VCs with proteins.?*’

The binding of VCs to proteins can occur both covalently or non-cova-

lently.33219221-227 [ndeed, the V-containing ions coordinated to HEWL side chains

preferentially interact with negatively charged residues (Aspl8, Glu35, Asp48,
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Asp52, Asp87, Aspl01, Aspl19 and the C-terminal carboxylate), while the neu-
tral compound [VIVOL,] can bind both Asp (Asp52) and Asn (Asn65) side chains.
His15, which has been found to bind different metals,'%??°2! is not involved in
VC recognition.

Non-covalent interactions were observed for neutral species [VIYOLy(H,0)]*
and for both positively ([VVO]*, [VVY0]", [VIVOL(H,0).]*, [VIVOL(H20);]")*
and negatively charged species ([V4O12]* and [VisO36(OH2)]> are observed
bound to HEWL, [Vi5036(C1)]* is observed bound to human H-chain Ferri-
tin).2!1%-220228 Non-covalent interactions are guided by hydrogen bonds formed by
metal ligands with the main chain and side chain atoms of Lys1, Val2, Arg5, Cys6,
Glu7, Tyr20, Arg21, Lys33, Ser86, Lys96, Arg73, Arg74, GInl21, Argl25,
Argl28. In both covalent and non-covalent binding, the V-compound/protein
recognition can be helped by symmetry-related molecules.?!*22%2?7 Cross-linked
protein dimers bridged by V-containing fragments were observed in multiple crys-
tal structures,33-219:220-227

In conclusion, [V'VOL,] compounds react differently with HEWL even under
similar conditions, producing a variety of V-containing fragments with different
binding modes and occupancies. Reactivity depends on the nature and stability of
the ligands: strongly coordinating ligands favour non-covalent interactions,
whereas more labile ligands allow covalent binding. Stabilizing interactions, in-
cluding hydrogen bonding, hydrophobic, and n—n interactions, play a key role in
V recognition and may influence the transport of V-based drugs in biological sys-
tems. Notably, the comparison with the studies on Fec-hTF indicates that the pro-
tein environment can strongly affect V speciation. While HEWL and human H-
chain ferritin promote formation of higher-nuclearity POVs, Fec-hTF stabilizes
low-nuclearity species, such as [VY206]*, highlighting the importance of studying

multiple protein targets to understand the potential biological activity of VCs.
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2.7 Materials and methods

Crystallization, adduct formation, data collection, structure reso-
lution and refinement

HEWL (concentration = 13 mg/mL, 0.9 mM) was crystallized using the hang-
ing drop vapour diffusion method in:

e 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0

o 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.5

e (.8 M succinic acid pH 7.0

e 2.0 M sodium formate, 0.1 M HEPES pH 7.5

Crystals grew within 1-2 days at 20°C (Figure 2.23).

F

c d

Figure 2.23 — HEWL crystals grown in a) 1.1 M sodium chloride, 0.1 M sodium acetate

pH 4.0; b) 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.5; c)
0.8 M succinic acid pH 7.0; d) 2.0 M sodium formate, 0.1 M HEPES pH 7.5.

Pre-formed HEWL crystals were then exposed to stabilizing solutions con-
taining the mother liquor saturated with [VVO(empp).], [VIVO(dhp).] and
[VIVO(8-HQ):] for a soaking time in a range of 7-50 days. X-ray diffraction data
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collections were carried out on several crystals at 100 K on Beamline XRD?2 at
Elettra synchrotron, Trieste, Italy. Crystals were cryoprotected using a solution of
reservoir containing 25% glycerol. Data processing and scaling were performed
using Global Phasing autoPROC pipeline.?*> HEWL crystals belong to the space
group P432,2 and present a single protein molecule in the asymmetric unit. The
structures were solved by Molecular Replacement using Phaser program from
CCP4 suite* and the structure deposited in the PDB 193L!"** as template. Ref-
mac5 was used for refinement.”** Model building was carried out using Coot.?**
In all the structures, V atom position was validated using anomalous difference
e.d. maps. The final models show R-factor and Rfree values in the range of 0.116-
0.174 and 0.144-0.197, respectively. Ligand positions were restrained to guide
geometry optimization. Figures were generated using PyMol (www.pymol.org).
The structure validation of the final models was performed using the PDB valida-
tion server.* Coordinates and structure factors of the structures of HEWL with
[VIVO(empp).] and [VVO(8-HQ),] were deposited in the PDB under the accession
codes 80OMS, 80OMS, 8OMT, 8RTJ and 8RTK.

Fec-hTF crystals were grown by sitting drop vapour diffusion method using
15% (w/v) PEG 3350, 16% (v/v) glycerol, 8 mM disodium malonate, and 150 mM
Na-PIPES pH 6.5, as a reservoir, and the apo-hTF sample (from Sigma-Al-
drich, ref. T4382, concentration = 30 mg/mL, 0.4 mM) dissolved in 10 mM Na-
HEPES pH 7.5, 20 mM sodium bicarbonate and then incubated with ammonium
iron sulphate to obtain the Fec-hTF form. Data collections were performed on
several crystals of Fec-hTF treated with 5 mM [V!VO(acac)] dissolved in DMSO
(final DMSO concentration < 10%) at SOLEIL Synchrotron (beamtime at Prox-
imal beamline) and bioMAX beamline at MAXIV laboratory. Phases were ob-

233 and the struc-

tained by Molecular Replacement using Phaser from CCP4 suite,
ture of Fec-hTF deposited in the PDB with code 4X1B,**? without ligands and
water molecules, as a template. The structures were isotropically refined using
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Refmac5.2** Fourier difference (2Fo-Fc and Fo-Fc) and anomalous difference
electron density maps were used to evaluate the presence of vanadium atoms.
Model building and inspection of the electron density maps were carried out using
Coot.? Coordinates and structure factors of the structures were deposited in the

PDB under the accession codes 9RTB, 9RTF and 9RTH.

UV-visible absorption spectroscopy

The stability of [VIVO(8-HQ)2] in 20% ethylene glycol, 0.6 M sodium nitrate,
0.1 M sodium acetate pH 4.5 and in 2.0 M sodium formate, 0.1 M HEPES pH 7.5
was studied by UV-vis absorption spectroscopy, using a Jasco V750 spectropho-
tometer. Spectra of [VIVO(8-HQ),] (concentration = 50 uM) were recorded in the
absence and in the presence of HEWL (1:3 protein to metal molar ratio) at room
temperature as a function of time. The following parameters were used: data pitch

1

1.0 nm, bandwidth 2.0 nm, scan speed 400 nm min ', and quartz cuvette with 1.0

cm path length.

Non denaturing gel electrophoresis experiments

The ability of Fec-hTF to recognize and bind TFR, even after treatment with
[VIVO(acac).], was evaluated by non-denaturing (native) polyacrylamide gel elec-
trophoresis (PAGE). Fec-hTF at a concentration of 100 pM was incubated with
[VVO(acac),] at 20°C in a 1:1 protein:metallodrug molar ratio. After the incuba-
tion with the metallodrug for 24 h, V/Fe.-hTF and Fe.-hTF were incubated with
TFR in a 1:1 protein:receptor molar ratio at 20°C for 24 h. Then, 9 puL of each
sample was loaded on a 6% polyacrylamide gel for the separation, using 25 mM
TRIS/glycine pH 8.4 as running buffer. The gel was run for 3.5 h at a constant
voltage of 100 V, at 4°C and stained using Coomassie Brilliant Blue G-250. This
procedure has been already used in the past to evaluate the binding of cispla-
tin/hTF adduct with TFR 2%
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Appendix A

Interaction of [VVO(empp):] with HEWL: mass spectrometry
studies

ESI-MS spectra in positive-ion mode were measured from freshly prepared
solutions containing: (i) HEWL at pH 4.0 and 7.0; (ii) a 2:1 [VVO(empp).]/HEWL
mixture (50 uM V concentration) at both pH values. Spectra are reported in Figure

Al

HEWL
14304 9

L

14200 14400 14600 14800 15000

HEWL
14304.6

.

14200 14400 14600 14800 15000

Relative Abundance
o 3
3 8
Relative Abundance
@
3
L

©
o
o

HEWL
14304.9

1 HEWL-[VO(empp);]

| \NgmL,“va.mppmaﬂ + VO(emppLl}

50 HEWL~{VO(empp)(H,0)]* \ HEWL-{VO(empp).}
A

HEWL
14304.9

3
8

HEWL-{[VO(empp)(H;O)] + [VO(emppl.l}
HEWL-[VO(empp)(H:0)l"

145414 HEWL-[VO{empp),]

] 14676.4
[\ . -k
14200 14400 14600 14800 15000

mass 1 ua d

145413 146783

A
14200 14400 14800 14800 15000
mass / Da

149135

Relative Abundance
@
3
Relative Abundance

149135 504886
SN S T

Figure A.1 — Deconvoluted positive-ion mode spectra recorded on the system containing
[VIVO(empp).] and HEWL. a) Free protein at pH 4.0; b) free protein at pH 7.0; c)
[VVO(empp),/HEWL 2/1 at pH 4.0 with a V concentration of 50 uM; d)
[VIVO(empp),]/HEWL 2/1 at pH 7.0 with a V concentration of 50 uM. Data obtained in

collaboration with Prof. Eugenio Garribba from University of Sassari.

In the metal-free HEWL spectra, the major peak at 14304.6 Da at pH 4.0
(14304.9 Da at pH 7.0) corresponds to the native protein, accompanied by signals
arising from adducts with Na* ions and water molecules (Figure A.la,b). In the
presence of [VVO(empp)-], the ESI-MS profiles change when pH changes. At pH
4.0 (Figure A.lc), three main adducts are detected: (i)
HEWL-[VVO(empp)(H-0)]" at 14541.4 Da; (ii) HEWL-[VVO(empp),] at
14676.4 Da; (iii)) a mixed adduct HEWL—{[VVO(empp)(H-O)]* +

[VIVO(empp).]} at 14915.3 Da.
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At pH 7.0 (Figure A.1d), an additional species appears at 15048.6 Da, as-
signed to HEWL-[VVO(empp).]., while the intensity of the
HEWL-[VVO(empp)] decreases.

These data allow several conclusions to be depicted: (i) pH raise favours the
protein binding of [VIVO(empp).] over [VVO(empp)]*; (ii) the [VIVO(empp)]*
fragment retains a coordinated water molecule; (iii) both V-containing fragments
with one or two empp(—) ligands can bind simultaneously to the protein; (iv) the
adduct with [VIVO(empp)]" is still observed at pH 7.0; (v) all detected adducts
involve V'V species which would generate VIVO?" fragments readily distinguisha-
ble by mass; (vi) no signals corresponding to dinuclear or trinuclear V species

were detected under these conditions.

Interaction of [VIYO(empp)2] with HEWL: electron paramagnetic
resonance studies

High-field region of the anisotropic EPR spectra (Figure A.2) were recorded
at 120 K and pH 7.0.

3700 3800 3900 4000 4100 4200 4300

Magnetic field / Gauss

Figure A.2 — High-field region of the anisotropic X-band EPR spectra recorded at 120 K
and pH 7.0 in an aqueous solution containing: a) [VVO(empp)2]; b)
[VIVO(empp)2]/HEWL 2/1; ¢) [VIVO(empp).]/HEWL 1/2. V concentration is 1.0 mM. The

M; = 7/2 resonances of [VVO(empp).], cis-[VVO(empp).], and of the adduct
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HEWL-[VYO(empp)]” with a covalent binding are indicated with i, ii, and iii, respec-
tively. The interaction of [VVO(empp)2] (i) and cis-[VIVO(empp)a] (ii) with HEWL could
be non-covalent since this does not change the spin Hamiltonian parameters, while that of
[VIVO(empp)]* could be covalent. Data obtained in collaboration with Prof. Eugenio Gar-

ribba from University of Sassari.

The EPR spectrum shown in trace (a) of Figure A.2 was recorded for
[VIVO(empp).] dissolved in water using HEPES as buffer at pH 7.0. Two species
were identified in solution: [VVO(empp)] (i) and cis-[V'VO(empp)>(H-0)] (ii),
which coexist in equilibrium. The corresponding spin Hamiltonian parameters, g
factor and hyperfine coupling constant on z axis (g, and A4), are consistent with
literature data:'®® for species (i), g, = 1.953 and 4, = 158 x 10~* cm™!; for species
(ii), g, = 1.943 and 4, = 168 x 10~* cm ™.

In the presence of HEWL (traces b and c, Figure A.2), the same signals were
detected, indicating that [VVO(empp).] and cis-[V'VO(empp)2(H20)] interact
non-covalently with the protein. This is supported by the fact that the EPR param-
eters remain unchanged, suggesting the absence of direct coordination to protein
donor atoms. Notably, no additional signals were observed in the 3960—4100 G
region suggesting that the covalent binding does not occur. This contrasts with
previous observations for cis-[V'VO(malt),], which forms a V'V—O(Asn) bond
with HEWL as confirmed by X-ray crystallography.®® The larger steric hindrance
and/or lower stabilization through secondary interactions such as hydrogen bonds
or van der Waals contacts in the case of [VIYO(empp).] may explain these results.

However, a resonance at 4130 G (species iii in Figure A.2), with g, = 1.942
and 4, = 173 x 107* ¢cm™!, suggests the formation of a third species, likely
[VVO(empp)(H20)]*, coordinated to HEWL. The simultaneous presence of both
[VIVO(empp).] and [VVO(empp)(H20)]" cannot be excluded.
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Overall, the EPR data are consistent with the speciation observed by ESI-MS

(Figure A.1), supporting the coexistence of multiple non-covalently interacting

V!V fragments in solution.

Interaction of [VIVO(8-HQ):] with HEWL: mass spectrometry

studies

The deconvoluted ESI-MS(+) spectrum recorded at pH 4.5 on a solution con-
taining [V'VO(8-HQ).] and HEWL at 2:1 molar ratio and V concentration of 100
puM is shown in Figure A.3a.
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Figure A.3 — Deconvoluted ESI-MS(+) spectrum recorded on the system containing
[VIVO(8-HQ),] and HEWL with 2:1 molar ratio at a) pH 4.5, b) pH 7.5 and a V concen-
tration of 100 uM. Data obtained in collaboration with Prof. Eugenio Garribba from Uni-

versity of Sassari.

The major signal at 14303.8 Da corresponds to the free protein and is sur-
rounded by the peaks of the adducts with Na* ion. Beside this, the signals of other
species were observed: HEWL-VVYO; at 14385.8 Da, HEWL-[V'VO(8-HQ)] at
14515.4, HEWL-[V"VO(8-HQ)(H20)] at 14532.8 and HEWL-[V'VO(8-HQ)] at

14658.6 Da.
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Overall, the results indicate that, under these experimental conditions,
[VIVO(8-HQ))/[VIVO(8-HQ)(H.0)] and [VIVO(8-HQ)], with V in the +4 oxida-
tion state, are formed. Based on these data, it is not possible to discriminate if the
binding is covalent or non-covalent, because one or more aqua ligands could be
lost from [VIVO(8-HQ)(H20).]" and [VIVO(8-HQ)»(H-0)] during the mass spectra
recording. Furthermore, the detection of HEWL-VVO, adducts suggests that at
least a part of the sample loses both anionic ligands to generate the VIVO*" ion

which can be oxidized to VYO," (Figure A.4).

e}
O —
O\_U,/F\ Aqueous /V\ Lapr and V \ o_\_!/l,/ 2
@ / - so\utlun | concentration .
N 0=y H:

Solid [VVO(8-HQ),] cis-[VVO(8-HQ),(H,0)] [VVO(8-HQ)(H,0)]*

Low pH and V'
concentration

I - Possible V
Hp O~ y==" oxidation H:O-\U/OH;

HO' OH, HyO OH,
VYO,(H,0)" [VYO(H.0)
Figure A.4 — Possible transformation of [VI'VO(8-HQ),] in aqueous solution. Only the most

stable isomer of cis-[VIVO(8-HQ)2(H20)], with two equatorial phenoxido-O, is shown.

The mass spectrum recorded at pH 7.5 (Figure A.3b) appears to be very sim-
ilar to that at pH 4.5 (Figure A.3a) and the peaks of HEWL-VVO, at 14385.8 Da,
HEWL-[VVO(8-HQ)] at 14515.4 Da, HEWL-[V'VO(8-HQ)(H,0)] at 14532.6
Da, and HEWL-[VIVO(8-HQ)] at 14658.6 Da were observed. The only relevant
difference is the increase of the relative amount of HEWL-[V'VO(8-HQ),] com-
pared to HEWL-[VVO(8-HQ)] and HEWL-[V'VO(8-HQ)(H,0)]. It agrees with
the variation of the percent concentration of 1:1 and 1:2 VIVO:8-HQ complexes

by changing the pH from 4.5 to 7.5.
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Interaction of [VIYO(8-HQ)2] with HEWL: electron paramagnetic
resonance studies

The EPR spectrum recorded on the [VIVO(8-HQ).J/HEWL system with 2:1
molar ratio metallodrug to protein at 298 K and pH 4.5 (Figure A.5) reveals the

superimposition of two different signals, one isotropic and another anisotropic.

2300 2800 3300 3800 4300
Magnetic field / Gauss

Figure A.5 — a) Experimental X-band EPR spectrum recorded at 298 K on an aqueous
solution containing [VIVO(8-HQ),] and HEWL with 2:1 molar ratio, pH 4.5 with a V con-
centration of 8.0 x 10 M and b) simulated spectrum with WINEPR SimFonia software.?”
The spectrum was simulated overlapping the signals of two species: HEWL-[VVO(8-
HQ)(H20)]" adduct and [VVO(8-HQ)2(H20)]. The triangles indicate the eight isotropic
resonances of [VIVO(8-HQ)(H.0)] and the squares the M; = -7/2, 7/2 anisotropic reso-
nances of HEWL-[VVO(8-HQ)(H,0O)]". Data obtained in collaboration with Prof. Eu-

genio Garribba from University of Sassari.

These results show that two V-containing species are present in solution and
interact with HEWL both non-covalently and covalently under the experimental
conditions used. The isotropic EPR signal was simulated with giso ~ 1.970 and Ais
~89 x 10* cm™!, while the anisotropic spectrum with g, ~ {1.984, 1.984, 1.944}
and Axy, ~ {57, 57, 168} x 10 cm™'. The 4, value is slightly lower than that

reported for [VIVO(8-HQ)(H20):]" (around (169-170) x 10~ cm™),!” suggesting
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the presence of a stronger equatorial donor than water. It has the same value found
for the adduct of [VIVO(8-HQ)(H20)]" with RNase A at pH 5.0 (168.2 x 10~ cm™
1,3 indicating that the protein donor could be a carboxylate group from Asp or
Glu. Therefore, the adduct should have the formula HEWL-[VVO(8-HQ)(H.0)],
consistent with the ESI-MS data (Figure A.3). The gis, and Ais, values of the iso-
tropic signal match those expected for [VIVO(8-HQ)2(H20)] and suggest that its
interaction with HEWL is not strong enough to trap the V species at the binding
site within the EPR timescale. These findings also indicate that the oxidation of
VIV to VV does not occur quickly in solution and agree with the speciation at pH
4.5.

The EPR spectrum recorded at pH 7.5 (Figure A.6) is less resolved than the
one at pH 4.5 and is difficult to interpret.

2300 2800 3300 3800 4300
Magnetic field / Gauss

Figure A.6 — Experimental X-band EPR spectrum recorded at 298 K on an aqueous solu-
tion containing [VIVO(8-HQ),] and HEWL with 2:1 molar ratio, pH 7.5 and a V concen-
tration of 8.0 x 10~ M. The triangles indicate the eight isotropic resonances of [VIVO(8-
HQ)2(H,0)]. Data obtained in collaboration with Prof. Eugenio Garribba from University

of Sassari.

The isotropic signal from [VIVO(8-HQ)2(H20)] is still observed, while the
anisotropic features assigned to the covalent adduct HEWL-[VVO(8-HQ)(H,0)]
seems to be absent. However, the low signal-to-noise ratio prevents a clear assign-

ment.
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Still, the presence of the isotropic signal near physiological pH confirms that

[VIVO(8-HQ)2(H20)] interacts weakly and non-covalently with the protein.

Interaction of [VIYO(8-HQ)2] with HEWL: computational studies

The covalent binding of the V-containing fragment [VIVO(8-HQ)(H.0)]" to
HEWL was studied optimizing in a first step the structure of [VIVO(8-
HQ)(H20):]" with a density functional theory (DFT) approach and in a second one
simulating the coordinative interaction of [VVO(8-HQ)(H,O)]" with the protein
by molecular docking.

The structure of [VIVO(8-HQ)(H0)]" was DFT-optimized with Gaussian
09%* and shown that two penta-coordinate enantiomers are possible, clockwise
SPY-5-13-C-[VVO(8-HQ)(H20),]" and anticlockwise SPY-5-13-A-[VVO(8-
HQ)(H,0).]" (Figure A.7).

Figure A.7 — The two possible enantiomers of [VIVO(8-HQ)(H20):]": a) clockwise SPY-5-
13-C-[VVO(8-HQ)(H0),]* and b) anticlockwise SPY-5-13-4-[VVO(8-HQ)(H:0),]".

Then, docking simulations were applied to investigate the molecular reasons
why the binding of [VVO(8-HQ)(H.0)]" to HEWL occurs at the Asp119 residue
and not at other potential binding sites such as Glu35, Asn46, Asp48 and Asp52.

In the crystallographic structure, the V atom of [VIVO(8-HQ)(H>0)]" coordi-
nates the side chain of Asp119 and the V containing fragment interacts with two
residues from a symmetric related protein molecule, Trp62*and Asnl103* (Figure

2.14). These residues are exposed to the solvent, but at solid state or when the
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protein—protein interactions are relevant, they stabilize the binding of the metal
fragment.

To assess the effect of the crystal lattice or, in general, of protein—protein in-
teractions on the binding of [VVO(8-HQ)(H20O)]" to the protein, two different
docking approaches were applied: i) an ensemble docking, denoted as “classic
model”, which uses one metal-containing fragment and three superimposed crys-
tallographic structures of HEWL (PDB codes 2LYZ,** 8RTJ, and 8RTK); ii) a
docking, denoted as “symmetry mate model”, which uses one metal-containing
fragment with two symmetry-related protein chains from the structure A with PDB
code 8RTJ. This calculation was carried out to model the crystal lattice or protein—
protein interactions.

The “classic model” results suggest that for each of the two metal-containing
ligands, 100% of the solutions were located within the HEWL active site pocket.
Specifically, the clockwise SPY-5-13-C-[VIVO(8-HQ)(H.O)]" enantiomer was
found to bind to the carboxylate-O of Glu35, while the anticlockwise SPY-5-13-
A-[VVO(8-HQ)(H,0)]" to the carboxylate-O of Asp52 (Figure A.8a).

Thus, protein—protein stabilization must be invoked to explain the experi-
mental data. The docking calculations was carried out using the “symmetry mate
model” i.e. using two symmetry related protein chains and the V-containing frag-
ment in the calculations. The simulations that restrict the search around Asp119
residue reproduced the experimental outcome for the case of SPY-5-13-4-
[VVO(8-HQ)(H0)]*, and, in a lesser extent, for SPY-5-13-C-[VVO(8-
HQ)(H,0)]". For both enantiomers, the coordination of the V centre to the carbox-
ylate-O of Asp119 is observed (Figure A.8b).
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Figure A.8 — a) Docking results for the “classic model”: best poses for SPY-5-13-C-
[VIVO(8-HQ)(H20)]" in the HEWL pocket with Glu35 and Asp119 (top) and best poses
for SPY-5-13-4-[VVO(8-HQ)(H-0)]" in the active HEWL pocket with Asp52 and with
solvent exposed Aspl19 residue (bottom). b) Docking results for the “symmetry mate
model”: best poses from two different points of view for SPY-5-13-C-[VIVO(S8-
HQ)(H20)]" (top) and for SPY-5-13-A-[VVO(8-HQ)(H,0)]" (bottom). The crystallo-
graphic structure of [VIVO(8-HQ)(H.0)]" is displayed for comparison in green. Data ob-

tained in collaboration with Prof. Eugenio Garribba from University of Sassari.

This sustains that the crystal packing could have a significant role in the ex-
perimentally observed interaction of Asp119 residue with [VIVO(8-HQ)(H-O)]",

favouring n—mr contact with Trp62* which stabilizes the adduct.

Materials and methods

ESI-MS measurements

The solutions for ESI-MS studies were prepared in LC-MS grade water dis-
solving [VVO(empp)2] and [VIVO(8-HQ).] and HEWL to reach a vanadium-to-

protein molar ratio of 2:1 and a V concentration of 50 and 100 uM respectively.
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The pH of the solution was 4.0 or 7.0 for [VIVO(empp).] and 4.5 for [VIVO(8-
HQ):]. ESI-MS spectra in positive ion mode were recorded after the preparation
of the solutions with a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ (Thermo
Fisher Scientific) mass spectrometer in the m/z range 300-4500 and accumulated
for at least 5 min to increase the signal-to-noise ratio; the resolution was as high
as possible (140000 in arbitrary units). The experimental parameters were: flow
rate of infusion into the ESI chamber 5.00 pL/min; spray voltage 2300 V; capillary
temperature 250°C; sheath gas 10 (arbitrary units); auxiliary gas 3 (arbitrary
units); sweep gas 0 (arbitrary units); probe heater temperature 50°C. ESI-MS
spectra were analysed with Thermo Xcalibur 3.0.63 software (Thermo Fisher Sci-
entific) and the average deconvoluted monoisotopic masses were obtained with

the software Unidec 4.4.0.2%

EPR measurements

The EPR spectra were measured in water at pH 7.0 on solutions containing
[VIVO(empp):] alone or [VIYO(empp).] and HEWL at several molar ratios. 0.1 M
HEPES was employed to buffer the solutions. The spectra were recorded at 120
K with an X-band Bruker EMX spectrometer with this instrumental setting: mi-
crowave frequency 9.40 GHz; microwave power 20 mW; modulation frequency
100 kHz; modulation amplitude 4.0 G; time constant 81.9 ms; sweep time 335.5
s; resolution 4096 points. To increase the signal-to-noise ratio, signal averaging
was used.?'® The number of scans for the high-field regions of the spectra was 5
or 10.

The EPR spectra were measured in water at pH 4.5 on solutions containing
[VIVO(8-HQ):] and HEWL with a vanadium-to-protein molar ratio of 2:1 and a V
concentration of 8.0 x 10~* M. All the spectra were recorded at 298 K with an X-
band Varian E-9 spectrometer equipped with variable temperature unit. The mi-
crowave frequency was 9.15 GHz, microwave power 20 mW, time constant 0.5 s,
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modulation frequency 100 kHz, modulation amplitude 0.4 mT. The spectra were

simulated with WINEPR SimFonia software.??’

DFT structure optimizations and docking calculations

The DFT optimization of [VIVO(8-HQ)(H,0),]" was performed with Gauss-
ian 09,2 using the B3LYP functional®*! and the Grimme’s D3 correction**? with
basis set 6-31G(d,p) for main group elements and SDD plus f-functions*** for va-
nadium. The SMD continuum method was used to model the water environ-
ment.>** Covalent docking of [VIVO(8-HQ)(H20).]* with HEWL was performed
using the CCDC GOLD software?® implementing the scoring function Gold-
Score, 50 genetic algorithm (GA) automatic runs per ligand, minimum 1 x 105
operations, early termination disabled. Any other parameter was set as default.
GOLD and GoldScore parameter files were modified as described by Sciortino et

al. for the implementation of GOLD with metal-containing ligands.**®
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CHAPTER 3

VIVO complexes with tridentate ligands: the cases of

[VIVO(xant)(H,0),], and [VVO(dipic)(H,0)]
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3.1 Introduction

The coordination chemistry of vanadium with multidentate ligands is relevant

3859 and medicinal applications.’®®” Among tridentate ligands, 8-

for both catalytic
HQ derivatives and related tryptophan metabolites, such as xanthurenic acid
(xant), are of particular interest because of their anti-oxidant and anti-cancer prop-
erties.*%* The combination of the biological activity of 8-HQ derivatives with the
pharmacological potential of V, as in the case of [V'VO(xant)(H.0).] (Figure 3.1a),
represents a promising strategy for the development of new V-based therapeutic
agents.® "3 Another relevant ligand is dipicolinic acid (dipic), an ONO-donor lig-
and known for its amphiphilic character, low toxicity, and ability to stabilize unu-
sual vanadium oxidation states.”*” Dipic is naturally occurring and widely used
in coordination chemistry to obtain water-soluble and biologically relevant com-
plexes,’ such as [VIVO(dipic)(H20):] (Figure 3.1b), which have been investigated
for their anti-cancer properties.

Importantly, the stability and geometry of these complexes strongly influence
their gastrointestinal absorption, plasma transport, cellular uptake, and ultimately
their interaction with proteins, which plays a key role in their bioavailability and

potential therapeutic activity.'®

[VVO(xant)(H;0),] b [vVo(dipic)(H,0),]

Figure 3.1 — Chemical structures of oxidovanadium(IV) species with tridentate ligands: a)

[VIVO(xant)(H20),], b) [VVO(dipic)(H20),].
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3.2 Interaction of [V'VO(xant)(Hz0):] with HSA

Among the plasma proteins, HSA plays a key role in the transport and distri-
bution of V species in vivo due to its high concentration and strong binding affin-
ity.?*” HSA can bind V'V ions at several binding sites, including the primary site in
the N-terminal region (NTS), the multi-metal binding site (MBS or site A), non-
specific sites involving His-N, Asp/Glu-O, or carbonyl-O atoms (sites B), and
weak O-donor sites (sites C).>*

The potential interaction between HSA and the VIVO complex formed by xan-
thurenic acid, [VVO(xant)(H,0),] (Figure 3.1a), was investigated by UV-vis ab-
sorption and fluorescence measurements. The possible involvement of histidine

residues in the binding process was also evaluated.

3.2.1 UV-visible absorption spectroscopy

First, the stability of the complex under different experimental conditions was
studied. UV-vis absorption spectra of [VIVO(xant)(H20),] (20 uM) were collected
over 24 h in: 100% DMSO (Figure 3.2a), 0.4% DMSO - 99.6% PBS (Figure 3.2b),
and water (Figure 3.2¢). The spectrum of [V'VO(xant)(H,0),] in DMSO indicates
that, under this condition, the V compound is not stable over time. Indeed, an
isosbestic point at 286 nm is observed, suggesting either a slow decomposition of
the complex or ligand exchange processes. Notably, the absorption band at 341 nm
increases in intensity, while the band at 266 nm gradually decreases over time
(Figure 3.2a), further supporting this hypothesis. This finding indicates that the
complex should not be dissolved in DMSO for further studies. In contrast, under
the other conditions the complex is stable for 24 h. In particular, in 0.4% DMSO
- 99.6% PBS pH 7.4 (Figure 3.2b) and in milli-Q water (Figure 3.2c), only minor

changes in absorbance are observed.
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20 pM [V¥O(xant)(H,0),] in 0.4% DMSO - 99 6% PBS
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Figure 3.2 — UV-vis spectra as a function of time of [V'VO(xant)(H20),] (20 uM) in a)
100% DMSO, b) 0.4% DMSO - 99.6% PBS, c) water and d) 10 mM HEPES pH 7.5.

Then, a titration of the complex with increasing amounts of 1-methylimidaz-
ole (Melm) in 10 mM HEPES pH 7.5 was performed (Figure 3.3). Under this con-
dition the complex remains stable during the experiment (Figure 3.2d). Melm has
been frequently studied as model for the coordination of histidine side chain to
metals (His-N).!9224-251 When Melm binds to VIVO complexes with cis-octahe-
dral geometry, it forms ternary species with cis-[VIVO(L)2(Melm)] composi-
tion.!"? As the concentration of Melm increases, a progressive rise in absorbance
at 214 nm is observed. This is due to the intrinsic absorbance of Melm (Amax =216
nm). Moreover, a slight red shift of this band, from 214 nm to 216 nm, becomes
evident after the final addition, suggesting a potential interaction between Melm
and this VC. Complementary EPR measurements also support this interaction, alt-

hough these data are not included in the thesis.
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Figure 3.3 — UV-vis spectrum of [VIVO(xant)(H20),] (20 uM) in 10 mM HEPES pH 7.5

upon titration with an increasing concentration of Melm.

3.2.2 Fluorescence spectroscopy

The fluorescence spectra of HSA (1.4 uM) in 10 mM HEPES pH 7.5 in the
presence of increasing concentrations of [V!VO(xant)(H.0),] were registered to
analyse the binding of the compound to the protein (Figure 3.4). Measurements
were carried out upon excitation at 280 nm and 295 nm to monitor changes in the
environment of the Tyr and Trp or Trp alone. Progressive addition of the VC to
the protein results in a marked decrease in fluorescence intensity. These spectral

changes suggest that [V'VO(xant)(H>O),] interacts with HSA.

86



10 mM HEPES pH 7.5 —HeA 10mMHEPES pH75 [ —HsA

1200000 - hg, = 280 NM —— HSANVOpxant)(H,01) 1:0.2 1200000 - A, =295nm | —— HSAV Opant)(H,0) 1:0.2
Y ex
1100000 - ::i xwgzxam;‘:‘g;’} : E': 1100000 4 HSA V¥ Otxant)(H,0),] 1:0.4
—— HSAV“Ofxant 0. v

1000000 | HSA'[\/"G(xamj{HEO)E] o8 1000000 4 —— HSA[V"Ofxant)(H,0),] 1:0.6
= et T HSAV "Oeant)(H,0),] 1:0.8
3 900000 —— HSADOpant)(H,0L] 1:1 3 00000 HSA‘[" \.D(*a"')(HKO);] "
. 800000 HSAV O(xant)(H,0)] 1:2 . 800000 HSA [V\,O(Xan )(HZOJQ] 12
= " = xant) -
k3 700000 —— HSAOfxant)(H,0),] 1:4 @ 700000 -] [V'v (xant)(H,0),]
S S OrAntH.O 5 ——— HSA[V"Ofxant)(H,0)] 1:4
2 600000 [V7OpanttH,0)l £ 600000 "
z S —— V¥Opxant)(H,0),]
g 500000 “E’ 500000 o
g 400000 § 400000 o
© 300000 2 3p0000
S T S
£ 200000 \\ £ 200000

100000 \\ T 100000 4

— = = —
0= T T T T T T — o T T T T T T T
300 320 340 360 380 400 420 440 320 340 380 380 400 420 440
a Wavelength (nm) b Wavelength (nm)

Figure 3.4 — Fluorescence emission spectra of HSA in 10 mM HEPES pH 7.5 upon titra-
tion with an increasing concentration of [V!VO(xant)(H,0),]. Spectra were collected using

a) Aexe = 280 nm and b) hexe = 295 nm.

The spectroscopic data suggest that HSA could bind [V!VO(xant)(H20)]
through a His side chain.

Although preliminary, these findings justify further studies combining high-
resolution structural techniques and biological assays to better clarify the interac-

tion mode and evaluate the pharmacological potential of this compound.

3.3 Interaction of [VIYO(xant)(H20).] with HEWL

To gain deeper insights into the interaction of [V!VO(xant)(H>0),] with pro-
teins, the binding of this potential V-based drug to HEWL was investigated using
a multi-technique approach based on spectroscopic techniques (UV-vis, fluores-

cence and CD) and X-ray crystallography.

3.3.1 UV-visible absorption spectroscopy
UV-vis absorption spectroscopy was employed to investigate the stability of
[VIVO(xant)(H>0)2] (concentration = 63 pM) over time, in the absence and in the

presence of HEWL (protein-to-VC molar ratio 1:3), in solutions containing: i) 1.1
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M sodium chloride, 0.1 M sodium acetate pH 4.0 (Figure 3.5a,b); i1) 20% ethylene
glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0 (Figure 3.5¢c,d) ; iii)
14% PEG 8000, 0.1 M sodium citrate, 0.05 M sodium cacodylate pH 6.5 (Figure
3.5e,); iv) 0.8 M succinic acid pH 7.0 (Figure 3.5g.,h); v) 2.0 M sodium formate,
0.1 M HEPES pH 7.5 (Figure 3.51,j). These experimental conditions were used to
grow HEWL crystals then treated with [V!VO(xant)(H20),]. Under these condi-
tions the complex exhibits stability in the absence and in the presence of HEWL

(Figure 3.5).
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Figure 3.5 — UV-vis spectra as a function of time of [VIVO(xant)(H20),] (63 uM) were

collected in a,c,e,g,i) the absence and in b,d,f,h,j) the presence of HEWL (21 uM) using a

3:1 VC-to-protein molar ratio in a,b) 1.1 M sodium chloride and 0.1 M sodium acetate pH

4.0, c,d) 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0, e,f)

14% PEG 8000, 0.1 M sodium citrate, 0.05 M sodium cacodylate pH 6.5, g,h) 0.8 M suc-

cinic acid pH 7.0, i,j) 2.0 M sodium formate, 0.1 M HEPES pH 7.5.
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3.3.2 Fluorescence studies

Fluorescence can be used to monitor the metallodrug binding to HEWL since
the protein possesses six Trp residues. Indeed, Trp emission is sensitive to struc-
tural variations induced by metal compound binding. The fluorescence spectra of
HEWL (protein concentration = 1.4 pM) in the buffer used in the conditions i-v
reported in the previous paragraph in the presence of increasing concentrations of
[VIVO(xant)(H0):] are collected, upon excitation at 280 and 295 nm, respectively
(Figure 3.6). The addition of [VVO(xant)(H>0),] to HEWL results decrease of
protein emission upon increasing of vanadium concentration. This suggests that
the compound interacts with the protein. The quenching is not associated with a
change in the maximum emission wavelength, indicating that the recognition of
[VIVO(xant)(H20)2] by HEWL occurs without significantly altering the protein
tertiary structure.
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Figure 3.6 — Fluorescence emission spectra of HEWL in a,b) 10 mM sodium acetate pH
4.0, c,d) 10 mM sodium cacodylate pH 6.5, e,f) 10 mM succinic acid pH 7.0, g,h) 10 mM

HEPES pH 7.5 were recorded upon titration with a solution of [VVO(xant)(H,0),].
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Spectra were collected using Acexe = 280 nm (panels a,c,e and g) and 295 nm (panels b,d,f

and h).

3.3.3 Circular dichroism

To evaluate the effect of [V!VO(xant)(H,0),] binding on HEWL secondary
structure content, circular dichroism spectroscopy was used. HEWL far UV-CD
spectra (concentration = 7.0 uM), in the absence and in the presence of the VC at
protein to metal molar ratios of 1:1, 1:3, and 1:5, were collected in the same buff-
ers used for fluorescence experiments after 24 h (Figure 3.7a,d,g and j), 48 h (Fig-
ure 3.7d,e,h and k), and 7 days (Figure 3.7¢,f,i and 1) of incubation.
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Figure 3.7 — Far-UV CD spectra of HEWL (concentration = 7.0 uM) incubated for a,d,g,j)
24 h, b,e,h,k) 48 h and c,f,i,]1) 7 d in the presence of [VIVO(xant)(H,0),] in 10 mM sodium
acetate pH 4.0 (panels a-c), in 10 mM sodium cacodylate pH 6.5 (panels d-f), in 10 mM
succinic acid pH 7.0 (panels g-i) and in 10 mM HEPES pH 7.5 (panels j-1) at protein-to-
VC molar ratio = 1:1 (red), 1:3 (blue) and 1:5 (violet). CD of metal-free protein is in black.
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The analysis of HEWL spectral profiles indicates that the secondary structure
content does not change in 10 mM sodium acetate at pH 4.0 (Figure 3.7a-c) and
in 10 mM succinic acid pH 7.0 (Figure 3.7g-1). A slight reduction in the a-helical
content or a subtle rearrangement in the local environment of the peptide bonds is
observed in 10 mM HEPES pH 7.5 (Figure 3.7j-1) and, just after 7 days of incu-
bation, in 10 mM sodium cacodylate pH 6.5 (Figure 3.7d-f). This behaviour indi-
cates that, under these conditions, the protein adopts a slightly different confor-
mation upon VC binding.

Overall, these findings demonstrate that the interaction between HEWL and

[VIVO(xant)(H20):] is influenced by buffer composition and pH.

3.3.4 Crystallographic studies

Crystals of the metal-free protein were thus grown in the crystallization con-
ditions above mentioned and then exposed to stabilizing solutions containing the
mother liquors saturated with [V!VO(xant)(H,0),] for 7 days. X-ray diffraction
data were collected on these crystals at resolution within the range 1.11-1.48 A.
Structures were refined with R-factor and Rfree values within the range 0.131-
0.198 and 0.171-0.229, respectively. Data collection and refinement statistics are

reported in Table 3.1.
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Table 3.1 — Data collection and refinement statistics for the structures A-E.

Data collection

Structure A Structure B Structure C Structure D Structure E
1.1 M sodium 20% ethylene 14% PEG 8_000, .
chloride, 0.1 M g_lycol,_0.6 M 0.'1 M sodium 0.8 M succinic acid 2.0 M sodium
Crystallization condition sodium ac’e tate pH sodium nitrate, 0.1 citrate, 0.05 M pH 7.0 formate, 0.1 M
40 M sodium acetate sodium cacodylate ’ HEPES pH 7.5
) pH 4.0 pH 6.5
Soaking time 7d 7d 7d 7d 7d
Space group P452:2 P432,2 P432,2 P432,2 P43212
a(A) 77.81 77.55 76.71 76.98 76.30
b (A) 77.81 77.55 76.71 76.98 76.30
c(A) 36.47 36.40 37.16 37.46 37.08
Resolution range (A) 55.02-1.38 54.84-1.48 54.24-1.34 38.49-1.11 53.95-1.24
(1.40-1.38) (1.50-1.48) (1.36-1.34) (1.13-1.11) (1.26-1.24)
Observations 288446 (8647) 251734 (12046) 511343 (23496) 954762 (23095) 238040 (3386)
Unique reflections 23746 (1168) 19377 (952) 23777 (1246) 44655 (2085) 30993 (1322)
Completeness (%) 100.0 (99.6) 100.0 (100.0) 92.6 (100.0) 99.5 (94.3) 98.4 (85.8)
Redundancy 12.1 (7.4) 13.0 (12.7) 21.5 (18.9) 21.4 (11.1) 7.7 (2.6)
Rmerge (%) 0.093 (2.946) 0.087 (4.226) 0.078 (6.554) 0.048 (0.989) 0.108 (0.778)
Average I/6(I) 10.2 (0.5) 10.7 (0.6) 18.7 (0.5) 30.6 (2.3) 10.8 (2.1)
CCi 0.994 (0.364) 0.996 (0.349) 1.000 (0.355) 1.000 (0.739) 0.995 (0.407)
Anom. completeness (%) 100.0 (99.6) 100.0 (100.0) 92.0 (100.0) 99.6 (94.0) 94.1 (59.6)
Anom. Multiplicity 6.5(3.9) 7.0 (6.7) 11.6 (9.9) 11.3(5.8) 4.2 (1.7
Refinement
Resolution (A) 55.02-1.38 54.84-1.50 54.24-1.39 38.52-1.11 53.95-1.24
Ne reflections 19145 15597 19129 42504 29328
N° reflections in working set 367 194 448 2947 1736
R-factor/Rfree 0.195/0.218 0.198/0.229 0.180/0.224 0.131/0.171 0.175/0.204
N° non-H atoms in the 1172 1121 1188 1288 1280

refinement
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B-factor overall (A%)

2747

32.48

23.73

19.95

13.51

Estimated occupancy of
[VYO2z(xant)]" (1) in structure
A

0.60

Estimated occupancy of
[VYO2(xant)]" (2) in structure
A

0.50

Estimated occupancy of
[VYO2z(xant)]" (3) in structure
A

0.50

Estimated occupancy of
[(VYO2(xant))2(VIVO(H20)2)2)**
in structure A

0.85

Estimated occupancy of
[VYOz(xant)|

0.60

0.50

0.50

0.50

B-factor of [VYOz(xant)]" (1) in
structure A (A%)

33.49

B-factor of [VYO2(xant)]" (2) in
structure A (A%)

58.78

B-factor of [VYO2(xant)]" (3) in
structure A (A%)

60.10

B-factor of
[(VYO2(xant))2(VIVO(H20)2)2)**
in structure A (A%)

28.7+1.7

B-factor of [VYOz(xant)]" (A2)

44.92

26.44

19.48

16.21

Ramachandran values (%)

Most favoured/Additional
allowed

96.06/3.94

93.55/6.45

93.91/6.09

94.83/5.17

95.28/4.72

Qutliers

1

0

0

0

0

RMSD from ideality

RMSD bonds (A)

0.011

0.009

0.013

0.017

0.013

RMSD angles (°)

2.253

1.775

1.954

2.341

2.206
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The folding of HEWL in the five structures is almost identical to that of the
metal free protein (RMSD of the Ca atoms is within the range 0.24-0.37 A). Thus,
the binding of the metal-containing fragments to the protein does not alter its over-
all conformation.

In the first structure (structure A, Figure 3.8a), obtained from crystals grown
in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0, and refined at 1.38 A
resolution to R-factor/Rfree values of 0.195/0.218, three species with [VOx(xant)]
composition and an additional V-containing fragment were found on the protein

surface (Figure 3.8a).

d

Figure 3.8 — Overall structure of the adduct formed upon reaction of [VIVO(xant)(H,0),]
with HEWL from crystals grown in: a) 1.1 M sodium chloride, 0.1 M sodium acetate pH
4.0 (structure A), b) 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH
4.0 (structure B), ¢) 14% PEG 8000, 0.1 M sodium citrate, 0.05 M sodium cacodylate pH
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6.5 (structure C), d) 0.8 M succinic acid pH 7.0 (structure D), €) 2.0 M sodium formate,
0.1 M HEPES pH 7.5 (structure E). Vanadium atoms are in grey.

The three species with composition [VOx(xant)], named (1), (2) and (3), oc-
cupy a cavity formed at the interface between two symmetry-related molecules
binding non-covalently to the protein (Figure 3.8). They are close to each other
and have an occupancy = 0.60, 0.50 and 0.50, respectively. In these three V moi-
eties, the geometry of the V centre is intermediate between a square pyramid and
a trigonal bipyramid and differs from that of [VVO(xant)(H>O).], in which the V
centre has an octahedral geometry. Actually, a species with formula [VOx(xant)],
bearing a V in the oxidation state +5, has been already reported in literature as
product of the reaction of 4,8-dihydroxyquinoline-2-carboxylic acid and
NHsV0;.2% Thus, the V-fragments bound to HEWL were assigned to the
[VVOq(xant)] ion previously isolated.?>? In particular, [VYOx(xant)] is a cis-VO
structural unit coordinated to the two O atoms and the N atom of the tridentate
xant ligand, with the V centre adopting the penta-coordinated geometry. Selected
geometrical parameters of [VYOz(xant)] ions bound to HEWL are reported in Ta-
ble 3.2, compared with the values observed in the [VVOx(xant)] ion from litera-
ture.

Looking at the X-ray structure in detail, [VYOq(xant)] (1) forms n—x stacking
interactions with Trp123 side chain and [VYOx(xant)] (2), and hydrogen bonds
with water molecules and with the side chain of Asp119 from a symmetry mate
(Figure 3.9). [VYOx(xant)] (2) is hydrogen-bonded with the O atom of Alal22,
the side chain of Arg125, the N atom of Asp119 from a symmetry related molecule
(Figure 3.9) and interacts also with [VYOx(xant)]" (3). Finally, [VYOx(xant)] (3)
forms hydrogen bonds with a water molecule and with the side chains of Asn103,

Asnl06, Argl12 from a symmetry related molecule (Figure 3.9).
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N

Asn106*

Figure 3.9 — V binding sites in the structure A: non-covalent binding of three [VVO,(xant)]
ions to protein surface residues. 2Fo-Fc e.d. maps are reported at 1.0 ¢ level in grey. Res-
idues from symmetry related molecules are highlighted with an asterisk (*) and coloured

in orange.

The three [VVOx(xant)]" ions are almost parallel to each other. The angles
formed by the planes of xant ligands and the side chain of Trp123 are within the
range 9.6-17.1° (Table 3.3). m—m interactions between the cis-dioxidovana-

dium(V) complexes have been also observed in the crystal structure of
[VVYOq(xant)].>
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Table 3.2 — Selected bond lengths and angles for the [VYOx(xant)]" complexes observed in the structures A, B, C, D and E compared

with the values for the isolated [VVOa(xant)]" complex reported in literature.?’?

First (1 Second (2 Third (3
[VYOs(xant)] [VVOz(x(atzt)]' [V‘@z(xa&lt%]' [VVOz(xgn)t)]‘ [VYOa(xant)]" | [V¥Ox(xant)]" | [VVOx(xant)] | [VYOx(xant)}
reported in observed in observed in observed in observed in observed in observed in observed in
literature2s? the structure | the structure | the structure the structure | the structure | the structure | the structure
A A A B C D E
0572{);706 109.9(2) 102.98 108.45 114.06 103.54 110.58 109.43 114.69
NI*X,;*Oz 76.2(1) 77.61 75.55 75.40 76.96 75.85 76.97 75.22
NI—X;—O4 75.2(1) 81.42 85.89 86.10 82.89 83.00 79.48 79.82
V-O(car-
boxylate) 1.995(2) 1.80 1.81 1.80 1.82 1.81 1.84 1.82
A)
\é:igp(yg 2.023(3) 1.86 1.85 1.85 1.86 1.86 1.88 1.86
V-O(hy-
droxide) 2.010(2) 2.12 2.12 2.12 2.12 2.11 2.09 2.11
A)
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Table 3.3 — Angles formed by the planes of the xant ligands and with the side chain of Trp123.

Angles formed by
the planes of
[VYOa(xant)]" (1)

Angles formed
by the planes of
[VYOa(xant)] (2)

Angles formed by
the planes of
[VYOa(xant)]” (1)

Angles formed by
the planes of
[VVO2(xant)]” in

Angles formed by
the planes of
[VVOz(xant)]" in

Angles formed by
the planes of
[VVOz(xant)]” in

Angles formed by
the planes of
[VVOx(xant)] in

and [VVOax(xant)]" | and in the structure A | the structure B | the structure C | the structure D | the structure E and
2) [VVOa(xant)]" (3) | and Trp123 and Trp123 and Trp123 and Trp123 Trpl123
1.4° 10.2° 17.1° 14.9° 12.4° 14.4° 9.6°
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The fourth metal-containing fragment is covalently attached to the protein,
close to the side chain of Glu7 (Figure 3.10). Inspection of anomalous difference
e.d. map in this position suggests the presence of four V atoms (occupancy = 0.85),
two of them belonging to a symmetry related molecule. The first V centre adopts
a distorted octahedral geometry and thus could be in the oxidation state +4. It is
attached to the OE2 atom of Glu7 side chain and is coordinated by three oxygen
atoms, the O atom of the xant ligand and one oxygen atom that is in turn linked to
the second V centre from a symmetry mate. The distances between V and O sug-
gest that one of the three oxygens forms a double bond with the vanadium centre.
The second V centre adopts the same geometry and structure of the three
[VVOq(xant)] ions that are non-covalently attached to the protein and thus it
should be in the oxidation state +5. This V atom completes its coordination sphere
with two oxygen atoms and the tridentate ligand. One of two coordinating oxygen
atoms is shared with the first V centre from a symmetry mate. This peculiar ar-
rangement leads to the formation of a mixed valence tetrametallic species that
bridges two protein molecules (Figure 3.11). This species interacts with the side
chains of Lys1, His15, the main chain N of [1e88 and the side chain of Asp87 from

a symmetry related molecule (Figure 3.10).
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Figure 3.10 — Additional V binding site in the structure A: covalent binding of a tetramet-
allic species derived by [VIVO(xant)(H,0),] to HEWL. 2Fo-Fc e. d. maps are reported at
1.0 o level in grey. Residues from symmetry related molecules are highlighted with an

asterisk (*) and coloured in orange.

Figure 3.11 — Structure of the cross-linked HEWL dimer formed in the crystals of the
protein exposed to [VIVO(xant)(H20),]. The symmetry related molecule is coloured in or-

ange. Glu7 from the symmetry-related molecule is highlighted as *.
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In the other structures, obtained in 20% ethylene glycol, 0.6 M sodium nitrate,
0.1 M sodium acetate pH 4.0 (structure B), 14% PEG 8000, 0.1 M sodium citrate,
0.05 M sodium cacodylate pH 6.5 (structure C), 0.8 M succinic acid pH 7.0 (struc-
ture D) and 2.0 M sodium formate and 0.1 M HEPES pH 7.5 (structure E) only
one [VYOx(xant)] ion was observed (Figure 3.8b-¢). It occupies almost the same
position in the structures B-E and has on occupancy in the range 0.50-0.60 (Table
3.1). The V complex binding site in these structures is close to that of the first

[VVOq(xant)] ion observed in the structure A (Figure 3.12).

[VYO,(xant)]-

[VYO,(xant)]-

[VYO,(xant)]-

Figure 3.12 — Structural superimposition between the structures of [VVOx(xant)]" ions

found in the structures A (light violet), B, C, D and E.

Selected bond lengths and angles for the [VYOx(xant)] ions observed in the
structures B, C, D and E are reported in Table 3.2. The absence of the second and
third [VYOx(xant)] ions in the structures B, C, D and E is due to a conformational
variation of Argl25 side chain that adopts a conformation that is not compatible
with the binding of the second [VVOx(xant)] complex of the structure A (Figure
3.9 vs Figure 3.13).
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Argl25

Asn103* .

Figure 3.13 — 2Fo-Fc electron density maps of the [VVO,(xant)]" ion observed in: a) the
structure B, b) the structure C, ¢) the structure D and d) the structure E are reported at 1.0

o level in grey. Residues from symmetry related molecules are highlighted with an asterisk

().
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In the structures B, C, D and E, [VYO(xant)] forms hydrogen bonds with the
side chains of Lys33, Argl25, water molecules and n—r stacking interactions with
Trp123 side chain (Figure 3.13).

In conclusion, X-ray crystallography shows that HEWL interacts with
[VIVO(xant)(H20):] derivatives. In particular, one or three [VYOx(xant)] ions,
formed upon oxidation of the V centre, non-covalently bind the protein, while an
unexpected (and never reported before) mixed valence tetrametallic species
([VVOa(xant))(VIVO(H20),)2]*") covalently binds to the side chain of Glu7 of two
symmetry-related molecules. These findings indicate that i) binding of
[VIVO(xant)(H20):] derivatives to the model protein HEWL does not alter the
overall structure of the protein, ii) the V atom of [VIVO(xant)(H>0)-] can oxidize,
iii) non-covalent binding to HEWL of [VVOx(xant)]" can occur; iv) HEWL can
bind three [VYOz(xant)] that are stacked to each other simultaneously, iii) the
structure of [VIVO(xant)(H>0).] can be sensibly modified in the presence of pro-
teins forming  mixed valence supramolecular species, like
[(VYOaz(xant))2(VVO(H20)2)2]**, which can cross-link protein molecules.

Overall, these results provide crucial insights into the reactivity of V-based
complexes suggesting their possible behaviour in biological environments and
represent a key step toward understanding their mechanism of action as therapeu-

tic agents.

3.4 Interaction of [VYO(dipic)(H20):] with HEWL

With the aim of clarifying how the nature of the ligand influences recognition
of VIVO complexes with tridentate ligands by proteins, the interaction of
[VIVO(dipic)(H20).] (Figure 3.1b) with HEWL was studied. Dipic is an ONO-
donor ligand that is able to stabilize unusual V oxidation states, making its deriv-

atives attractive as potential bioactive species.”*”
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3.4.1 Mass spectrometry studies

First, in solution behaviour of [VIVO(dipic)(H20).] was investigated by ESI-
MS in negative mode, recording spectra in pure H>O, and acetonitrile/methanol +
1% H»0, a mixture that ensures a good ionization (Figure 3.14). In aqueous solu-
tion (Figure 3.14a), the spectrum shows a distribution of vanadium-containing
species with one, two, or three metal centres, including [VVOa(dipic)],
[VIVO(dipic),> + H'T, [VIVVYO;(dipic):] and [VV304(dipic);] (Table 3.4). In ac-
etonitrile/methanol + 1% H»O (Figure 3.14b), most of the species detected in wa-
ter are still observed (Table 3.4), except for [VIVO(dipic),* + H'], which is absent.

[VYO,(C;H,NOY)-
247.94

[V¥VYO,(C;HNO,), |
9.

479.89
[VIVO(C,H,NO,), >
+H [V¥0,(C;H;NO,), I
397.95 711.83
| . L
200 400 l 600 800 1000 mfz
a
[VYO,(C/H;NOYI
247.94
[VIYVVOL(CH,NO ), I
4789 [V¥,0,(CH,NO,), |
l { { 711.83
b 200 400 ' 600 * 800 1000 miz

Figure 3.14 — ESI mass spectrum of [VIVO(dipic)(H20)2] (~ 100 uM) in a) H,O and
in b) acetonitrile/methanol + 1% H>O. The spectra were recorded in negative ion mode
within the m/z range of 0 to 1200, and the spectrometer was calibrated using the standard

tunemix (Bruker Daltonik GmbH, timsTOF Pro User Manual, Bremen, Germany) to
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ensure an accuracy of approximately 5 ppm in the m/z region of 45-1800. These studies
were carried out under the supervision of Prof. Annette Rompel from University of Vi-

cnna.

The formation of dimeric V—dipic species in solution is not unexpected, since
these VCs are known to form multinuclear architectures, including dimers and
even higher-order oligomers.?**>>°® The detection of such species in the ESI-MS
spectra thus reflects the intrinsic propensity of dipicolinate ligands to stabilize
multinuclear V assemblies, a feature that may also play a role in their reactivity

with proteins.

Table 3.4 — Experimental and calculated m/z values for [VVO(dipic)(H,0),] dissolved in
H>0 and in ACN/MeOH + 1% H»O, recorded in negative ion mode using ESI-MS.

In H20

Observed species Experimental m/z Simulated m/z
247.94 247.94
[VYO2(C/H:NOW)] 248.94 248.94
397.96 397.96
[VIVO(C7H3NO4)2)* + H* 398.96 398.96
399.96 399.96
479.89 479.89
[VIVVYO3(C7H3NO4)2] 480.89 480.89
481.89 481.89
711.83 711.83
[VV304(C7H3NO4)3]" 712.83 712.83
713.84 713.84

In ACN/MeOH + 1% H20

Observed species Experimental m/z Simulated m/z
247.94 247.94
[VYO2(C/H:NOW)] 248.94 248.94
397.96 397.96
[VIVVVO3(C7H3NO4)] 398.96 398.96
399.96 399.96
479.89 479.89
[VV304(C7H3NO4)3] 480.89 480.89
481.89 481.89
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The positive-ion mode ESI-MS spectrum of HEWL (concentration = 13
mg/mL, 0.9 mM) diluted 1:100 in acetonitrile/H,O (9/1) + 1% formic acid (FA)
was recorded to determine the exact protein mass. Deconvolution of the spectrum,
which estimates protein mass from the distribution of multiply charged ions,
yields a predominant peak at 14304.9 Da (Figure 3.15a), in agreement with the
expected value for the metal-free protein. In the presence of [VVO(dipic)(H.0),]
at a 1:1 protein to metal compound molar ratio, the spectrum displays two major
peaks: one at 14304.9 Da, corresponding to metal-free HEWL, and the other at
14553.8 Da, which can be assigned to [VVOu(dipic)]-HEWL adduct (Figure
3.15b).

HEWL
14304.9
“Tis00 13800 14000 14200 14400 14600 14800 15000 15200 15400 15600 15800 16000
Mass
a
HEWL
14304.9
v oL e c
[VVO,(dipic)] -
HEWL
14553.8
T AT Y T T T T )
13600 13800 14000 14200 14400 14600 14800 15000 15200 15400 15600 15800 16000
F Mass

Figure 3.15 — Deconvoluted ESI-MS spectra of a) HEWL (concentration = 13 mg/mL)
and b) of the system containing [VVO(dipic)(H20)2]:HEWL in 1:1 molar ratio. Both sam-
ples were diluted 1:100 in acetonitrile/H,O (9/1) + 1% FA. Mass is in Da. These studies

were carried out under the supervision of Prof. Annette Rompel from University of Vienna.
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3.4.2 Crystallographic studies

To obtain the structure of the adduct that the protein forms with
[VIVO(dipic)(H20).], HEWL crystals were grown in two different crystallization
conditions and then were exposed to stabilizing solutions containing mother lig-
uors saturated with the metal compound for 7 days. X-ray diffraction data were
collected on several crystals at resolution within the range 1.12-1.34 A. Data col-
lection and refinement statistics are reported in Table 3.5.

In structure A (Figure 3.16a), obtained from data collected on crystals grown
in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0, several V-containing spe-

cies were detected, in agreement with the ESI-MS data (Figure 3.14).

Figure 3.16 — Overall structure of the adduct formed upon reaction of [VIVO(dipic)(H,0),]
with HEWL from crystals grown in a) 1.1 M sodium chloride, 0.1 M sodium acetate at pH
4.0 (structure A), b) 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate at

pH 4.0 (structure B). Vanadium atoms are in grey.
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Table 3.5 — Data collection and statistics for the structures A and B.

Data collection

Structure A

Structure B

Crystallization condition

1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0

20% ethylene glycol,
0.6 M sodium nitrate,
0.1 M sodium acetate pH 4.0

Soaking time 7d 7d
Space group P452:2 P452:2
a(A) 78.00 77.10
b (A) 78.00 77.10
c(d) 36.97 3741
Resolution range (A) 34.88-1.12 (1.14-1.12) 38.55-1.34 (1.37-1.34)
Observations 1008376 (38616) 303896 (7644)
Unique reflections 44109 (2149) 25659 (1243)
Completeness (%) 100.0 (100.0) 100.0 (100.0)
Redundancy 22.9 (18.0) 11.8 (6.1)
Rmerge (%) 0.053 (1.265) 0.116 (2.114)
Average 1/6(I) 29924 7.8 (0.5)
CCi 0.999 (0.812) 0.998 (0.378)
Anom. completeness (%) 100.0 (100.0) 100.0 (99.2)
Anom. Multiplicity 12.2 (9.3) 6.3(3.2)
Refinement
Resolution (A) 34.88-1.12 38.55-1.39
N° reflections 41948 20144
N° reflections in working set 3053 342
R-factor/Rfree 0.146/0.182 0.209/0.248
N° non-H atoms in the refinement 1316 1215
B-factor overall (A%) 23.37 24.28
Estimated occupancy of [VYOaz(dipic)] 0.80 0.40
Estimated occupancy of [VYO(dipic)(CH3COOQ)] in structure A 0.70 -
Estimated occupancy of [VVO(dipic)] in structure A 0.95 -
Estimated occupancy of [VIVO(dipic)(H20)] in structure A 0.80 -
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Estimated occupancy of V in structure A 0.20 -
B-factor of [VYOx(dipic)]" (A2) 48.48 32.45
B-factor of [VYO(dipic)(CH3COO)] (A?) in structure A 42.75 -
B-factor of [VIVO(dipic)] (A?) in structure A 93.39 -
B-factor of [V'VO(dipic)(H20)] (A?) in structure A 37.64 -
B-factor of V(A?) in structure A 23.61 -
Estimated occupancy of [VYO2z(dipic)]” in structure B - 0.50
Estimated occupancy of [VIVO(dipic)(H20)] in structure B - 0.90
B-factor of [VYOx(dipic)]” (A?) in structure B - 38.99
B-factor of [V'VO(dipic)(H20)] (A2) in structure B - 39.66
Ramachandran values (%)
Most favoured/Additional allowed 96.43/3.57 93.22/6.78
Outliers 0 0
RMSD from ideality

RMSD bonds (A) 0.019 0.010
RMSD angles (°) 2.491 1.733
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In particular, a [VOx(dipic)] unit and a [VVO(dipic)(CH3;COO)] species were
found non-covalently bound to the protein surface (Figure 3.16a), while
[VIVO(dipic)(H20)], [VVO(dipic)] and an additional V-containing fragment were
found covalently bound to the protein (Figure 3.16a). In the [ VO(dipic)] unit, the
V centre adopts a distorted geometry, intermediate between trigonal bipyramidal
and square pyramidal. This suggests an oxidation of the V centre from +4 to +5
and the formation of the [VYOy(dipic)] ion. In this ion (occupancy = 0.70), the
distorted equatorial plane is occupied by the N atom of dipic and by the two O
atoms of the VO, group, while two carboxylate oxygen atoms of dipic occupy the
axial positions. This species establishes m—m stacking interactions with the side
chain of Trp123 and hydrogen bonds with water molecules as well as with the side
chain NE atom of Arg5 and NH2 atom of Argl125 (Figure 3.17a).

[VYO(dipic)(CH3COO)] (occupancy = 0.70) has one oxygen atom of the VO,
group replaced by an O of an acetate ion from the crystallization medium (Figure
3.17b). This complex interacts through hydrogen bonds with the O atom of
Alal07, the OD1 and OD2 atoms of Asp101, NE1 atom of Trp108, water mole-
cules, and a [VVO(dipic)] unit from a symmetry related molecule (Figure 3.17b).
The two covalently bound species ([VVO(dipic)(H20)] (occupancy = 0.80) and
[VIVO(dipic)] (occupancy = 0.95)) are coordinated to the side chains of Asp18 and
Asp119 (V-0 distances are in both cases equal to 2.01 A).

[VVO(dipic)(H,0)] displays an octahedral geometry stabilized by hydrogen
bonds with the side chain of Asn19 and water molecules (Figure 3.17c). The co-
ordinative binding of [VVO(dipic)] to Asp119 is stabilized by hydrogen bonds
with a water molecule and with [VYO(dipic)(CH3COO)] from a symmetry-related
molecule, and by m—r stacking interactions with Trp62 from a symmetry-mate
(Figure 3.17d).

The last covalently bound V-containing fragment is attached to the C-terminal

carboxylate of Leul29 at the interface between two symmetry-related molecules
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(Figure 3.17¢). This species completes its coordination sphere with three water
molecules and mediates the formation of covalently linked HEWL dimers. It

forms hydrogen bonds with the O atom of Alal0 and water molecules.

Figure 3.17 — V binding sites in the structure A: non-covalent binding of a) [VYOy(dipic)]

and b) [VYO(dipic)(CH3COO)] to protein surface residues; covalent binding of c)

[VIVO(dipic)(H20)] to the side chain of Aspl8, d) [VVO(dipic)] to the side chain of
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Aspl19 and e) V atom to the C-terminal carboxylate. 2Fo-Fc e.d. maps are reported at 1.0
o level in grey. Residues from symmetry related molecules are highlighted with an asterisk

(*) and coloured in pale cyan.

Three V-containing species were detected in structure B (Figure 3.16b), ob-
tained from data collected on crystals grown in 20% ethylene glycol, 0.6 M so-
dium nitrate, 0.1 M sodium acetate pH 4.0. In particular, two [VYOx(dipic)] unit
(occupancy = 0.40 and 0.50 respectively) are non-covalently bound to the protein
(Figure 3.18a,b). The first one occupies the same position of the equivalent species
observed in the structure A: it establishes n—m stacking interactions with the side
chain of Trp123 and hydrogen bonds with water molecules, nitrate anions from
the crystallization condition, the NH1 atom of Argl25, and also with the O atom
of Gly117 and the H,O of a [VVO(dipic)(H,0)] from a symmetry-related mole-
cule (Figure 3.18a). The second [VVOx(dipic)] ion is held in its position by hy-
drogen bonds formed with the side chain of Argl4, that adopts two different con-
formations, water molecules and with the N atom of Arg128 from a symmetry-
related molecule (Figure 3.18b).

The third V-containing species observed in structure B is a
[VIVO(dipic)(H20)] moiety (occupancy = 0.90), that can be described as the start-
ing compound with a water molecule replaced by the side chain OE1 atom of
GIn121. [VVO(dipic)(H20)] occupies almost the same position adopted by
[VIVO(dipic)] in the structure A (Figure 3.19). Notably, the observed V-OEI dis-
tance is 2.73 A, a value significantly higher than expected. However, this value
could be affected by the scarce electron density map in correspondence of the side
chain of the GIn121. The binding at this site is stabilized by hydrogen bonds with
water molecules, with the side chain of Asp119, and with the O atom of the VO,
group of a [VYOq(dipic)] ion from a symmetry-related molecule. A further
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stabilizing interaction comes from m—x stacking with Trp62 from a symmetry-

mate (Figure 3.18c¢).

Figure 3.18 — V binding sites in the structure B: covalent binding of a) [VIVO(dipic)(H20)]
to the side chain of GIn121, and non-covalent binding of two b,c) [VVOa(dipic)] ions to
protein surface residues. 2Fo-Fc e.d. maps are reported at 1.0 o level in grey. Residues
from symmetry related molecules are highlighted with an asterisk (*) and are coloured in

pale cyan.
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[VVO(dipic)(H,0)]

Figure 3.19 — Superimposition of the V-containing fragments that are bound close to
Aspl19 and GInl21 in the structures A ([V'VO(dipic)], deep teal)) and B
([VVO(dipic)(H20)], violet), respectively. Asterisk (*) indicates residues from symmetry-

related molecules.

In conclusion, mass spectrometry and X-ray crystallography results indicate
that HEWL can interact with multiple [VIVO(dipic)(H20).]-derived species. Upon
oxidation, [VVYOu(dipic)] and  the acetate-containing derivative
[VVYO(dipic)(CH3;COQ)] are stabilized through non-covalent contacts, while
[VIVO(dipic)(H20)], [V'VO(dipic)] and an additional V-containing fragment estab-
lish covalent bonds with different protein residues. Remarkably, the use of differ-
ent crystallization conditions leads to different results. Indeed, the comparison be-
tween the structures A and B shows that the V-containing fragments derived by
[VIVO(dipic)(H20),] show distinct distributions and orientations on the structure
of the protein (Figure 3.17d and Figure 3.18c). These differences are influenced
both by local rearrangements of protein side chains and by crystallization medium

components (nitrate, acetate, water molecules).

117



3.5 Interaction of [VIVO(dipic)(H20):] with RNase A

RNase A represents a well-established model system in metalation studies due
to its small size, high stability, and the presence of well-defined binding pockets
that make it particularly suitable for probing metal-protein interactions.>*!862% [ts
biological relevance as an enzyme involved in RNA cleavage adds further interest,
since alterations in its activity upon metal binding may provide valuable clues
about possible biological effects of VCs, 18625

The binding of [VVO(dipic)(H20).] to RNase A can therefore offer comple-
mentary information to that obtained with HEWL.

3.5.1 Crystallographic studies

Monoclinic crystals of RNase A with two protein molecules in the asymmet-
ric unit, denoted as molecule A and molecule B, were grown in 22% PEG 4K, 0.01
M sodium citrate pH 5.1 and subsequently exposed to stabilizing solutions satu-
rated with [VIVO(dipic)(H>0):] for 6 days. X-ray diffraction data were collected
on one of these crystals at 1.80 A resolution. Data collection and refinement sta-

tistics are reported in Table 3.6.
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Table 3.6 — Data collection and refinement

statistics.

Data collection
Structure of RNase A treated with
[VIVO(dipic)(H20):2]
Crystallization condition 22% PEG 4K, 0.01 M sodium citrate pH 5.1
Soaking time 6d
Space group C2
a(A) 100.19
b (A) 3221
c(A) 68.89
a/Bly (°) 90.0/91.4/90.0
Resolution range (A) 41.00-1.80 (1.83-1.80)
Observations 102584 (5369)
Unique reflections 18977 (1017)
Completeness (%) 90.9 (99.8)
Redundancy 54(5.3)
Rmerge (%) 0.137 (2.139)
Average I/c(I) 7.4 (0.7)
CCiz 0.996 (0.333)
Anom. completeness (%) 88.5 (98.6)
Anom. Multiplicity 2.92.7)
Refinement
Resolution (A) 41.00-1.80
N° reflections 15891
N° reflections in working set 276
R-factor/Rfree 0.244/0.278
N° non-H atoms in the refinement 1987
B-factor overall (A%) 29.12
Estimated occupancy of [VIVO(dipic)(H20)] 0.75
B-factor of [V'VO(dipic)(H20)] (A%) 20.42
Ramachandran values (%)
Most favoured/Additional allowed 93.44/6.56
Outliers 6
RMSD from ideality
RMSD bonds (A) 0.007
RMSD angles (°) 1.524

119




Inspection of the electron density maps reveals that the V complex binds to
molecule A, while molecule B remains unaltered. The comparison of the struc-
tures of molecules A and B furnishes a detailed picture of the structural modifica-
tions associated with the V complex binding. The superimposition of the two pro-
tein molecules in the asymmetric unit of the adduct indicates that the binding of
the VC induces only small variations in the structure of the protein. In fact, the
two molecules present RMSD of the Ca atom of 0.67 A.

Inspection of the electron density maps indicates the presence of only one V
centre bound to the protein. Metalation occurs at the C-terminal tail of chain A,
where the terminal carboxylate replaces a water ligand of [VVO(dipic)(H20),]
(occupancy = 0.75), resulting in the formation of a covalent adduct (Figure 3.20a).
This binding is stabilized by hydrogen bonds involving the main chain N atom
and the ND1 atom of His105, water molecules, and the side chain OG1 atom of

Thr3 from a symmetry-related molecule (Figure 3.20b).

Figure 3.20 — a) Overall structure of the adduct formed upon reaction of
[VIVO(dipic)(H20),] with RNase A. b) Covalent binding of [VIVO(dipic)(H,0)] to the C-
terminal carboxylate. 2Fo-Fc e.d. maps are reported at 1.0 o level in grey. Amino acid
residues from symmetry related molecules are highlighted with an asterisk (*) and col-

oured in yellow.
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Although only one binding site was identified, this result is highly informa-
tive. The observation that C-terminal carboxylate acts as an anchoring group sug-
gests that exposed terminal residues can play a central role in stabilizing V species.

Overall, this study provides preliminary but significant insights into how V—
protein recognition can occur in different structural protein contexts and contrib-
utes to a broader understanding of the possible modes of action of VCs in biolog-

ical environments.

3.6 [VVO(xant)(H20):] vs [VVO(dipic)(H20):]

The interaction of VCs with proteins is strongly influenced by the chemical
nature of the ligands, which modulates both their stability in solution and their
reactivity in the protein environment. A comparison between [V'VO(xant)(H0):]
and [VVO(dipic)(H,0),] illustrates how different tridentate ligands can lead to
marked differences in the binding to the protein.

In 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0, [V'VO(xant)(H.0).]
undergoes oxidation to [VYOx(xant)] species, which non-covalently bind HEWL
forming supramolecular species of up to three molecules. Moreover,
[VIVO(xant)(H20),] speciation leads to the formation of an unprecedented mixed-
valence tetrametallic species, [(VYOx(xant))2(VVO(H20),)2]*", which binds cova-
lently the Glu7 from two symmetry-related molecules. [VIVO(dipic)(H20).] gives
rise to a different pattern of interactions. Indeed, it can form V-moieties that inter-
act with proteins through covalent and non-covalent interactions. Notably, in the
case [VVO(dipic)(H20):], multinuclear species like those formed by
[VIVO(xant)(H20):] are not observed. Upon oxidation, [VVO,(dipic)]  and the ac-
etate-containing derivative [VVO(dipic)(CH;COO)] establish hydrogen bonds and
-7 stacking contacts with specific residues of the protein. At the same time,

[VVO(dipic)(H.0)] and [VIVO(dipic)] fragments covalently bind to Aspl18 and
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Aspl19, respectively, while a low-occupancy V atom coordinates to the C-termi-
nal carboxylate of Leul29, promoting protein dimerization.

In 20% ethylene glycol, 0.6 M sodium nitrate and 0.1 M sodium acetate pH
4.0, [VVO(xant)(H20),] undergoes oxidation to form a [VVOx(xant)]" species,
which non-covalently binds HEWL, while [VVO(dipic)(H,0),] forms three V-
containing species: two [VVOx(dipic)]" unit non-covalently bound to the protein
and a [VIVO(dipic)(H20)] moiety, that can be described as the starting VC with a
water molecule replaced by the side chain of GIn121.

Overall, the comparison  between  [VVO(xant)(H,0),]  and
[VIVO(dipic)(H20).] underscores the diverse chemical reactivity of VCs upon pro-
tein binding and how this behaviour is affected by the structural features of differ-
ent VC ligands. While [V'VO(xant)(H,0)-] tends to oxidize, stack, and self-assem-
ble into unusual multinuclear species, [VIVO(dipic)(H20).] forms a broader range
of non-covalent and covalent adducts strongly dependent on crystallization con-
ditions. These findings suggest the structural adaptability of VCs in biological en-

vironments, a property that may be crucial for their pharmacological action.

3.7 Materials and methods

UV-visible absorption spectroscopy
Spectra of [V'VO(xant)(H20).] (concentration = 20 uM) were collected over
time at room temperature in:
e DMSO 100%
e 0.4% DMSO - 99.6% PBS pH 7.4
o Milli-Q water
e 10 mM HEPES pH 7.5
Additionally, it was titrated with Melm in 10 mM HEPES buffer at pH 7.5.

During titration, increasing molar ratios of V complex to Melm were employed:
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1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, and 1:10. After each addition, the samples
were stirred and allowed to equilibrate for 2 minutes prior to data acquisition.
Spectra of [V!VO(xant)(H20),] (concentration = 63 pM) were also collected
over time at room temperature in:
e 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0
e 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0
e 14% PEG 8000, 0.1 M sodium citrate, 0.05 M sodium cacodylate pH 6.5
e (.8 M succinic acid pH 7.0
e 2.0 M sodium formate, 0.1 M HEPES pH 7.5
in the absence and presence of HEWL (protein to metal molar ratio 1:3).
All measurements were collected employing a Jasco V750 spectrophotometer
using the following parameters: wavelength range of 700-200 nm, data interval of

!, Each measurement

1.0 nm, bandwidth of 2.0 nm, and scan speed of 400 nm min~
was performed at least twice independently in duplicate using a quartz cuvette

with a path length of 1.0 cm.

Circular dichroism

Far UV-CD spectra of HEWL, in the absence and presence of
[VIVO(xant)(H20),], were registered in the 250-190 nm range using a Jasco J-1500
spectropolarimeter equipped with a Peltier thermostatic cell. Spectra were regis-
tered using a protein concentration of 7 uM and different concentrations of the
VCs (1:1, 1:3, and 1:5 protein-to-metal ratio) on samples of the protein incubated
for 24 hours, 48 hours, and 7 days with the VC. Spectra were acquired in i) 10
mM sodium acetate pH 4.0, ii)) 10 Mm sodium cacodylate pH 6.5, iii) 10 mM
succinic acid pH 7.0, iv) 10 mM HEPES pH 7.5 using a quartz cell with a path
length of 0.1 cm. Additional experimental parameters were: data pitch of 1.0 nm,

bandwidth of 1.0 nm, scanning speed of 50 nm per minute, response time of 2.0
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seconds, and a temperature of 25°C. Each spectrum was generated by averaging

three scans, and each measurement was performed twice.

Fluorescence

A HORIBA Fluoromax-4 spectrofluorometer, equipped with a thermostat
bath and a 1 cm path length cuvette, was employed to record fluorescence spectra
of'a HSA solution (concentration = 1.4 uM) titrated with a 60.0 uM aqueous solu-
tion of [VIVO(xant)(H>0),] at 25°C in 10 mM HEPES pH 7.5.

Additionally, HEWL solution (concentration = 1.4 uM) titrated with
[VIVO(xant)(H20):] at 25°C in i) 10 mM sodium acetate pH 4.0, ii) 10 mM sodium
cacodylate pH 6.5, iii) 10 mM succinic acid pH 7.0, iv) 10 mM HEPES pH 7.5.
To collect the spectra, a HEWL solution at a concentration of 1.4 pM was titrated
with a solution of the VC dissolved in water at a concentration of 60 pM.

The protein was excited at 280 nm (to monitor Tyr and Trp emission) and 295
nm (to monitor Trp emission exclusively) and spectra were registered between
295 and 450 nm and between 310 and 450 nm, respectively. Various protein-to-
VC molar ratios were achieved during titration: 1:0.2, 1:0.4, 1:0.6, 1:0.8, 1:1, 1:2,
and 1:4. Solutions were stirred and allowed to equilibrate for 5 minutes before
recording the spectra. Self-absorbance and inner-filter effects were limited since
at the used concentrations the VC has an ignorable absorbance. Emission spectra
of the VC at 5.6 uM, i.e. the highest concentration reached during the titration,

were also registered as control. Each measurement was repeated twice.

Mass spectrometry

Mass spectra of the [VIVO(dipic)(H20).] (concentration ~ 100 uM) were col-
lected in H>O, and acetonitrile/methanol + 1% H>O in 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 0 to 1200, and the
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spectrometer was calibrated using the standard tunemix (Bruker Daltonik GmbH,
timsTOF Pro User Manual, Bremen, Germany) to ensure an accuracy of approxi-
mately 5 ppm in the m/z region of 45-1800. Spectra were analysed using Bruker
Daltonics Data Analysis 4.0 software. Other settings: capillary voltage: 2500 V,
nebulizer: 0.3 Bar, dry gas flow: 3.0 L/min (Nitrogen), dry heater Temperature:
200°C, flow rate: 3 pL/min.

Mass spectra of HEWL (concentration = 13 mg/mL, 0.9 mM in distilled wa-
ter) in the absence and in the presence of the [VVO(dipic)(H.0),] (HEWL:VC
molar 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, adduct formation, data collection, structure reso-
lution and refinement

HEWL (concentration = 13 mg/mL, 0.9 mM) was crystallized using the hang-
ing drop vapour diffusion method in:

e 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0

e 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0

e 14% PEG 8000, 0.1 M sodium citrate, 0.05 M sodium cacodylate pH 6.5

e (.8 M succinic acid pH 7.0

e 2.0 M sodium formate, 0.1 M HEPES pH 7.5

Pre-formed HEWL crystals were then exposed to stabilizing solutions con-
taining the mother liquor saturated with [VVO(xant)(H,O),] and
[VIVO(dipic)(H20)] for a soaking time of 7 days and were cryopreserved for X-

ray diffraction by transfer into a solution consisting of 70 % reservoir solution and
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30 % glycerol. The crystals were then fished with a nylon loop, rapidly cooled in
liquid nitrogen and then sent to synchrotron. X-ray diffraction data were collected
at the ID23-1 beamline of European Synchrotron Radiation Facility (ESRF), Gre-
noble (France), except for the HEWL crystals treated with [VIVO(xant)(H,0)] in
14% PEG 8000, 0.1 M sodium citrate, 0.05 M sodium cacodylate pH 6.5, whose
data were collected at the XRD2 Beamline at Elettra synchrotron, Trieste (Italy).
Crystals diffract at high resolution (1.11-1.48 A) at 100 K. Data processing and
scaling were performed using Global Phasing autoPROC pipeline.?*> HEWL crys-
tals belong to the space group P43;2:2 and present a single protein molecule in the
asymmetric unit. The structures were solved by the Molecular Replacement
method using the Phaser program from CCP4 suite**® and the structure 193L'%* as
template. Refmac5 was used for refinement.?** Model building was carried out
using Coot.?** In all the structures, V atom position was validated using anomalous
difference e.d. maps. The final models show R-factor and Rfree values in the range
0f 0.131-0.211 and 0.171-0.248 respectively. Ligand positions were restrained to
guide geometry optimization. Figures were generated using PyMol
(www.pymol.org). The structure validation of the final models was performed us-
ing the PDB validation server.?*

RNase A (concentration = 22 mg/mL, 1.6 mM) was crystallized using the
hanging drop vapour diffusion method in 22% PEG 4K, 0.01 M sodium citrate pH
5.1. Crystals grew in 2 weeks at 20°C. Metal-free RNase A crystals were exposed
to a solution of the reservoir saturated with [VVO(dipic)(H,0).] for 7 days. X-ray
diffraction data were collected at the XRD2 Beamline at Elettra synchrotron, Tri-
este (Italy). Crystals diffract at 1.80 A resolution at 100 K. Data processing and
scaling were performed using Global Phasing autoPROC pipeline.?*> HEWL crys-
tals belong to the space group C2. The structures were solved by the Molecular

233

Replacement method using the Phaser program from CCP4 suite* and the struc-

ture 1JVT?? as template. Refmac5 was used for refinement.** Model building
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was carried out using Coot.?*® In all the structures, V atom position was validated
using anomalous difference e.d. maps. The final models show R-factor and Rfree
values 0.246/0.278 respectively. Ligand positions were restrained to guide geom-
etry optimization. Figures were generated using PyMol (www.pymol.org). The
structure validation of the final models was performed using the PDB validation

server.?
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CHAPTER 4

VVO,-hydrazonate complexes: the cases of VC1, VC2 and VC3
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4.1 Introduction

Among the various families of dioxidovanadium(V) compounds, aroylhydra-
zone-based complexes emerge as promising systems due to their structural versa-
tility and potential biological relevance.’>!% Within this class, VC1 (Figure 4.1a)
has attracted considerable attention due to its cytotoxic activity against several
cancer cell lines;*> VC2 (Figure 4.1b), a structural analogue of VC1 is designed to
explore the impact of ligand substitution on biological activity; VC3 (Figure 4.1¢),
differing from VC1 for the replacement of an oxygen atom with sulphur, provides

a system to assess how this structural change can affect protein binding and cyto-

toxicity.
4 [ H y a { H
0 =N, CH s =N,
o N7 o | N 1 OCH o N
SV cst N= 3 K ~V Kt
aae} O / e}
o v (H50) o (H20)
o} N, (o]
OCH,CHj o’y o OCH,CH,
vci vc2 vcs
a b C

Figure 4.1 — Chemical structures of VYOs-hydrazonate complexes: a) VCI1, b) VC2, ¢)

V(3.

4.2 Interaction of VC1 and VC2 with HEWL

The molecular basis of the mechanism of action of V-based drugs is only par-

tially understood, and literature lacks structural studies on the interaction of diox-

idovanadium(V) aroylhydrazone complexes with proteins.

To fill this gap, the reaction of VC1 (Figure 4.1a) and VC2 (Figure 4.1b) with

HEWL was investigated using a combination of spectroscopic (UV-vis
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spectroscopy, fluorescence, CD) and crystallographic techniques, to evaluate the

interaction in solution and in solid state.

4.2.1 UV-vis absorption spectroscopy

First, to verify VC1 and VC2 stability in the chosen experimental conditions,
in the absence (Figure 4.2a,c) and in the presence of HEWL (Figure 4.2b,d), UV-
vis absorption spectra were collected in a solution containing 1.1 M sodium chlo-
ride and 0.1 M sodium acetate pH 4.0.

VCI1 spectrum shows peaks at 225, 336 and 407 nm and a shoulder between
270 and 290 nm (Figure 4.2a). The strong absorption band at 407 nm can be at-
tributed to ligand-to-metal charge transfer (LMCT) transitions, while the peak at
336 nm likely arises from a ligand-centred transition.” The overlap of the spectra
collected over time indicates that VCI is not completely stable under these exper-
imental conditions. In particular, the appearance of an isosbestic point at 275 nm,
after 24 h incubation, suggests the occurrence of hydrolysis or decomposition,
according to the equilibrium reactions: [VVYO,(L)] + 2H" @ VYO," + HoL! and
VYO, + 2H,0 2 HoVVYOs + 2H' (where HoL! is the furan-2-carboxylic acid (3-
ethoxy-2-hydroxybenzylidene)hydrazide ligand). These reactions are favoured by
acid pH which prompts (L')*" protonation and consequent complex dissociation.
These data are in contrast with previous findings about VCI stability in pure wa-
ter, in Tris-HCI at pH 7.4, and in DMSO,” and underline the influence of the ex-
perimental environment on the compound integrity.

A similar behaviour is observed in the presence of HEWL (Figure 4.2¢).

VC2 spectrum is characterized by four peaks at 220, 297, 320, and 379 nm
(Figure 4.2b). Given its structural similarity to VCI, the band at 379 nm is at-
tributed to a LMCT transition, while the others correspond to ligand-centred tran-
sitions. Over time, the peak at 220 nm remains stable, while that at 297 nm disap-
pears after 24 h. The peaks at 320 and 379 nm significantly decrease in intensity
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over time just after 24 h. Interestingly, the spectrum collected after 24 h reveals
the presence of a new peak at 254 nm, which becomes well-resolved after 6 days.
This behaviour suggests partial VC2 decomposition.

In the presence of HEWL, VC2 spectral profile has a similar trend (Figure
4.2d) suggesting that decomposition reactions are induced by the experimental

conditions and not by interaction with the protein.

15 uM VC1 in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 HEWL:VC1 1:3 in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0
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Figure 4.2 — UV-vis spectra as a function of time of a,b) VCI and c,d) VC2 in 1.1 M
sodium chloride and 0.1 M sodium acetate at pH 4.0. In panels b and d the spectra of the
compounds are collected in the presence of HEWL using a 3:1 VC-to-protein molar ratio

(protein and VC concentrations were 5 and 15 pM, respectively).

4.2.2 Circular dichroism
To assess the effect of VC1 and VC2 binding on HEWL secondary structure

content, far-UV CD spectra of the protein were recorded in the absence and in the
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presence of the two VCs at 1:1, 1:3, and 1:5 protein to metal molar ratios. Meas-
urements were carried out in 10 mM sodium acetate pH 4.0 after 24 h (Figure
4.3a,d), 48 h (Figure 4.3b,e), and 6 d (Figure 4.3c,f) of incubation. The collected
CD spectra are almost superimposable, indicating that VC1 and VC2 binding to
HEWL does not affect protein folding.
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Figure 4.3 — Far-UV CD spectra of HEWL (concentration = 7.0 uM) incubated for a,d) 24
h, b,e) 48 h, c,f) 6 d in the presence of a-c) VC1 and d-f) VC2 in 10 mM sodium acetate
pH 4.0 at protein-to-VC molar ratio = 1:1 (red), 1:3 (blue) and 1:5 (violet). CD of metal-

free protein is in black.

4.2.3 Fluorescence spectroscopy

To evaluate a possible effect of VC binding on the tertiary structure of HEWL,
fluorescence spectroscopy was used. Fluorescence spectra of HEWL (concentra-
tion = 1.4 uM) were collected in 10 mM sodium acetate pH 4.0 in the presence of
increasing concentrations of VC1 and VC2 (Figure 4.4) upon excitation at 280

and 295 nm, respectively. The addition of both VCs to HEWL results in a
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concentration-dependent decrease in the protein fluorescence intensity, suggesting

the occurrence of VC-HEWL interaction.
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Figure 4.4 — Fluorescence emission spectra of HEWL in 10 mM sodium acetate pH 4.0

upon titration with a solution of a,b) VCI1 and c,d) VC2. Spectra were collected using a,c)

}Mcxc =28

0 nm and b,d) Aexe = 295 nm.
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4.2.4 Crystallographic Studies

Crystals of the metal-free protein, grown in 1.1 M sodium chloride and 0.1 M
sodium acetate pH 4.0, were exposed for 6 days to stabilizing solutions containing
the mother liquor saturated with VC1 and VC2 (Figure 4.5), respectively. Data

collection and refinement statistics are reported in Table 4.1.

b

Figure 4.5 — Overall structures of the adducts formed upon reaction with HEWL of a) VC1
and b) VC2. V atoms are in grey. Coordinates and structure factors were deposited in the

PDB under the accession codes 9GOG and 9GOK.
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Table 4.1 — Data collection and refinement statistics.

Data collection

Structure of HEWL treated with VC1

Structure of HEWL treated with VC2

PDB code

9GOG

9GOK

Crystallization condition

1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0

1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0

Soaking time 6d 6d
Space group P452:2 P452,2
a(A) 76.85 76.67
b (A) 76.85 76.67
c(A) 36.84 36.80
Resolution range (&) 54.34-1.24 (1.26-1.24) 38.34-1.18 (1.20-1.18)
Observations 832405 (40283) 657340 (5752)
Unique reflections 32110 (1555) 34130 (1027)
Completeness (%) 100.0 (100.0) 92.1 (55.8)
Redundancy 25.9 (25.9) 19.3 (5.6)
Rmerge (%) 0.085 (6.381) 0.080 (1.726)
Average 1/c(I) 15.0 (0.4) 16.1 (0.6)
CCi 0.999 (0.412) 0.999 (0.376)
Anom. completeness (%) 100.0 (100.0) 91.7 (54.7)
Anom. Multiplicity 13.8 (13.5) 10.3 (3.0)
Refinement
Resolution (A) 54.34-1.24 38.34-1.18
N° reflections 30200 29112
N° reflections in working set 2102 244
R-factor/Rfree 0.203/0.256 0.159/0.221
N° non-H atoms in the refinement 1244 1258
B-factor overall (A%) 24.68 22.00
Estimated occupancy of VVO;* 0.70 -
Estimated occupancy of VC1 (1) 0.70 -
Estimated occupancy of VC1 (2) 0.70 -
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B-factor of VVO,* (A%) 38.35 -
B-factor of VC1 (1) (A%) 33.92 -
B-factor of VC1 (2) (A% 41.52 -
Estimated occupancy of VC2 (1) - 0.60
Estimated occupancy of VC2 (2) - 0.60
B-factor of VC2 (1) (A% - 36.37
B-factor of VC2 (2) (A%) - 75.42
Ramachandran values (%)
Most favoured/Additional allowed 92.59/7.41 94.78/5.22
Qutliers 0 0
RMSD from ideality

RMSD bonds (A) 0.014 0.017
RMSD angles (°) 1.860 2.302
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Binding of VC1 to HEWL

In the structure of HEWL in the presence of VC1 (Figure 4.5a) non-covalent
binding of a VYO," ion (occupancy = 0.70) and of two VC1 molecules (occupancy
= 0.70) to the protein was observed. The VVO," ion forms hydrogen bonds with
the main chain atoms of Cys6 and Glu7 (Figure 4.6a), while the two VC1 mole-
cules, named VC1 (1) and VCI (2), interact with each other to form a dimeric

assembly (Figure 4.6b). The coexistence of both [VYOx(L')]” and VYO, species

is consistent with the partial VC1 decomposition suggested by the UV-vis spectra
(Figure 4.2a,b).

; \4‘

2 Thr118*

a
Figure 4.6 — Vanadium binding sites in the structure of the adduct formed upon reaction
of HEWL with VC1. a) Interaction of the VVO," group with protein atoms, b) supramo-
lecular association of the two VCI molecules and their interaction with protein atoms.

2Fo-Fc e.d. maps are contoured at 1.0 ¢ level and depicted in grey.

VCI1 (1) forms hydrogen bonds with water molecules, the NZ atom of Lys33
and the O atom of Thr118. Additional interactions involve the N atom of Val120,

the OD1 atom of Asp119, and the NE2 atom of GIn121 from a symmetry related
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molecule (Figure 4.6b, Table 4.2). VC1 (2) forms a hydrogen bond with the NE
atom of Arg5 (Figure 4.6b, Table 4.2).

Table 4.2 — Interactions between VCs and protein atoms and their distances (A).

Hydrogen bond
Donor Acceptor distance (A)
01 VCI1(1) NZ Lys33 34
01 VCI1(1) NE2 GIn121* 3.5
02 VCI1(1) OHz 3.1
03 VCI1(1) NZ Lys33 3.0
03 VCI1(1) NE2 GIn121* 3.2
04 VCI1(1) OD1 Aspl19* 3.7
04 VCI1(1) NE2 GInl21* 33
05 VCI1(1) OHz 3.6
04 VC1(2) NE Arg5 3.0
01 VC2(1) NZ Lys33 3.7
02 VC2(1) OH: 3.1
05 VC2(1) OHz 2.8
06 VC2(1) O GInl17* 3.2
04 VC2(2) OHz 3.1
04 VC2(2) OH» 3.5
05 VC2(2) NZ Lys33 2.5
N1 VC2(2) OHz 2.9
N2 VC2(2) OHz 3.5
Non-covalent interactions
04 VCI1(1) O Thr118* 3.5
04 VCI1(1) N Val120* 3.1
06 VCI (1) Na* 2.3
N2 VCI (1) Na* 3.2
04 VC2(1) O Thr118* 3.7
04 VC2(1) N Vall20* 3.2
04 VC2(1) N GIn121* 3.5

In the two VC1 molecules, the VY centre is penta-coordinated and completes
its coordination sphere with the tridentate ligand and two O atoms. Selected geo-
metrical parameters of VC1 molecules bound to HEWL are listed in Table 4.3 in
comparison with the values found in single crystals of VCI1 and of its analogues
denoted as 2 (i.e., K[VYO2(L")]-2H,0)* and 3 (i.e., K[VVO,(L*)]-2H,0, where L*

is the derivative of L' with a pyridine instead a furan ring).”
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Table 4.3 — Selected bond lengths (A) and angles (°) for VC1 and VC2 in their adducts with HEWL. Values are compared with those

found in single crystals of VC1 and its analogues 2 and 3.

VCI (IYHEWL® | VCI 2)HEWL® | VC2 (IyHEWL® | VC2 2YHEWLP | VCI%¢ 2% cd 3% e

Bond Length (A) Length (A) Length (A) Length (A) Length (A) | Length (A) | Length (A)
V-0l 1.92 1.92 191 1.92 1.9213) | 1.9036(15) | 1.9179(13)
V-02 2.00 2.00 2.00 2.00 1.999(3) 1.9765(15) 1.9797(13)
V-04 1.64 1.63 1.64 1.65 1.632(3) 1.6234(16) 1.6206(13)
V-05 1.65 1.65 1.65 1.65 1.651(3) 1.6466(16) 1.6370(13)
VNI 213 212 213 214 2.1343) | 2.1405(18) | 2.1376(15)
NI1-N2 1.40 1.40 1.41 1.40 1.405(4) 1.404(2) 1.404(2)
NI1_C7 1.30 1.30 131 1.30 1.302(5) 1.29533) 1.2952)
N2-C8 1.30 1.30 1.31 1.30 1.297(5) 1.303(3) 1.306(2)
CI-01 132 132 132 132 1.318(5) 1.33003) 13242)
C8-02 131 131 131 131 1.307(4) 1.306(3) 129702)
Angle Value (°) Value (°) Value (°) Value (°) Value (°) Value (°) Value (°)
01-V-02 137.66 133.33 141.61 139.88 148.29(11) 148.42(6) 152.29(5)
01-V-04 107.47 115.10 102.78 104.63 106.00(12) 104.28(7) 102.30(6)
01-V_05 97.02 87.14 97.90 91.53 9541(12) | 93.97(7) 95.91(6)
O1-VNI 8118 79.41 80.41 81.77 82.18(11) | 82.52(7) 82.93(5)
02-V-04 109.41 108.48 110.60 112.96 100.48(13) 101.98(7) 99.95(6)
02-V-05 83.23 8901 86.76 83.27 91.52(12) | 93.10(7) 91.79(6)
02-V_NI 71.36 73.54 76.26 73.32 7341(11) | 73.67(6) 73.75(5)
04-V-05 111.57 114.18 112.24 110.43 110.11(14) 110.30(9) 109.94(7)
04-V-N1 102.28 105.55 98.95 109.12 107.39(12) 105.73(8) 111.09(6)
05-V-N1 144.83 140.08 148.20 140.30 141.54(13) 143.51(8) 138.21(7)

2VC1 (1) and VC1 (2) indicate the two molecules bound to HEWL forming the dimeric assembly. ® VC2 (1) and VC2 (2) indicate the
two molecules bound to HEWL forming the dimeric assembly. ¢ Data from ref. °> with errors in parenthesis. ¢ The complex 2 is
K[VYO,(L1]-2H0. ¢ The complex 3 is K[VYO,(L¥)]-2H>0, where L* is the derivative of L' with a pyridine instead a furan ring on the
hydrazonate moiety.
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The VCI1 molecules in the dimer are almost parallel. Their orientation is sta-
bilized by face-to-face n—x stacking interactions, with a centroid-to-centroid dis-
tance of 4.79 A and an interplanar angle of 6.0°.

The formation of the dimeric VC1 assembly in HEWL crystals (Figure 4.7d)
is consistent with dioxidovanadium(V) complexes of aroylhydrazones tendency
to form oligomeric species in solid state (Figure 4.7a-c).”

In the structures of VCI1 and its analogues deposited in the Cambridge Crys-
tallographic Data Centre (CCDC),” different cations (A = K" and Cs") mediate
the supramolecular association by A---N/O interactions. For instance, in the struc-
ture of compound 2,” where three molecules are observed in the asymmetric unit,
a K" ion is coordinated to phenoxide O1, ethoxy O3, oxido O5 atom, two water
molecules, imine N2 atom and furyl O6 atom from a second molecule of 2 and
oxido O5 atom from a third molecule of 2 (Figure 4.7a). In the structure of 3, four
molecules are present in the asymmetric unit (Figure 4.7b).” Here, a K* ion is
coordinated to the oxido O4, two water molecules of the first molecule of 3, oxido
OS5 atoms from the second and third molecules of 3, and a symmetry-related water
molecule, the phenoxide O1, ethoxy O3 atom of the second molecule of 3 (Figure
4.7b). Finally, in the structure of VC1,%* a Cs" ion is coordinated to enolate O2 and
oxide O5 of VC1, phenoxide O1 and oxido O5 atoms of another VC1 molecule,
furyl 06, and imine N2 atoms of a third VC1 system, and an oxide O6 atom of a
fourth VCI unit (Figure 4.7¢). In the HEWL-VCI adduct, a peak in the e.d. map
was found close to the furyl O6 and imine N2 atoms of one VCI1 unit. This was

attributed to Na" ions from the crystallization condition (Figure 4.7d).
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Figure 4.7 — Supramolecular association of a) 2, b) 3 and ¢) VCl in the structures deposited
in the CCDC under the accession codes DAKKEJ,’> DAKKIN,* and DAKKOT, respec-
tively. d) VC1 supramolecular association in the adduct formed by the VC with HEWL.

Binding of VC2 to HEWL

The structure of HEWL in complex with VC2 (Figure 4.5b) reveals the non-
covalent binding of two VC2 molecules (occupancy = 0.60) to the protein surface.
Similarly to VC1, the two VC2 molecules, denoted as VC2 (1) and VC2 (2), in-
teract with each other to form a dimeric assembly. However, in this case, the e.d.
maps are less defined when compared to the e.d. observed in the structure of
HEWL treated with VC1. VC2 (1) forms hydrogen bonds with the side chain of
Lys33, water molecules, the O atoms of Glyl17 and Thrl118, and N atoms of
Val120 and GInl21 from a symmetry related molecule (Figure 4.8, Table 4.2).
VC2 (2) forms hydrogen bonds with the side chain of Lys33 and water molecules
(Figure 4.8, Table 4.2). Also in this case, the VV species is penta-coordinated with
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the two oxido O and tridentate hydrazone ligands bound to the V centre. No ions
are detected close to the VC2 molecules. Selected geometrical parameters of VC2
bound to HEWL are reported in Table 4.3. The two VC2 molecules in the dimer
have an intramolecular centroid-to-centroid distance of 4.73 A and form an inter-

planar angle of 12.3°.

Figure 4.8 — Non-covalent binding of the supramolecular association of VC2 to HEWL.

2Fo-Fc e.d. maps are reported at 1.0 o level in grey.

Although VC1 and VC2 share similar structures (Figure 4.1a,b), the dimers
they form and interact with HEWL, are different to each other. Indeed, after su-
perimposing VC1 (1) and VC2 (1), the best fit for the remaining VC molecules
(VC2 (2) and VC1 (2)) requires a further rotation and translation. In particular,
VC2 (2) should be translated of x =3.98 A, y=2.78 A, z=-7.30 A and rotated of

57.60° to best superimpose VC1 (2) (Figure 4.9).
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Despite these local differences, the overall position of the dimeric assemblies
with respect to the protein surface remains similar. Indeed, after superimposition
of HEWL structures, VC2 (1) should be translated of x =3.30 A,y =-2.17 A, z =
2.79 A and rotated of 133.86° to best fit VC1 (1), while VC2 (2) should be trans-
lated of x = 7.47 A y = 1.08 A z =-4.42 A and rotated of 69.97° to best fit VC1

Q).

Figure 4.9 — Structural superimposition of one molecule of VC1 (1) (pink) and one mole-

cule of VC2 (1) (green).

4.3 Interaction of VC3 with HEWL

To further investigate the interaction with proteins of dioxidovanadium(V)
complexes with aroylhydrazone ligands, a third compound, VC3 (Figure 4.1c¢),
was used.

The interaction between VC3 and HEWL was studied following the same ex-

perimental strategy used for VC1 and VC2.
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4.3.1 UV-vis absorption spectroscopy

Over time stability of VC3, both in the absence (Figure 4.10a) and in the
presence of HEWL (Figure 4.10b), was evaluated in a solution containing 1.1 M
sodium chloride and 0.1 M sodium acetate pH 4.0 by UV-Vis absorption spectros-
copy.

In the spectrum of VC3 (Figure 4.10a), peaks appear at 223, 339, and 410 nm,
along with a shoulder between 280 and 300 nm. The peak at 220 nm remains stable
over time, whereas the shoulder disappears after 24 hours. The absorption band at
339 nm can be attributed, as in previous cases, to spin-allowed ligand-centred
n—7* transitions, while the peak at 410 nm corresponds to a LMCT transition.
Notably, after 24 h, a new peak emerges at 265 nm. The spectral overlap suggests
that VC3 is not completely stable under the examined experimental conditions.

In the presence of HEWL (Figure 4.10b), four peaks are detected at 228, 278,
340, and 410 nm. The peaks at 228 and 410 nm remain stable over time, whereas
the intensity of the remaining two peaks slightly increases up to 24 h and then
slightly decreases after 7 d.

Overall, the UV-Vis profile of VC3 in the absence and in the presence of
HEWL closely resembles that of VC1, indicating similar electronic properties and

supporting a comparable behaviour in solution.
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63 pM VC3 in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 HEWL:VC3 1:3in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0
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Figure 4.10 — a) UV—Vis spectrum as a function of time of VC3 in 1.1 M sodium chloride
and 0.1 M sodium acetate pH 4.0. b) UV—Vis spectrum of the compound collected in the
presence of HEWL using a 3:1 V compound-to-protein molar ratio (protein and VC3 con-

centrations were 21 and 63 pM, respectively).

4.3.2 Circular dichroism

CD spectra of the protein were then recorded in the absence and presence of
VC3 at protein to metal molar ratios of 1:1, 1:3, and 1:5. Measurements were car-
ried out in 10 mM sodium acetate pH 4.0 after 24 h (Figure 4.11a), 48 h (Figure
4.11b), and 7 d (Figure 4.11c) of incubation. The spectra were nearly identical,
indicating that the secondary structure of HEWL remains unchanged upon binding

of the VC.
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Figure 4.11 — Far-UV CD spectra of HEWL (concentration = 7.0 uM) incubated for a) 24
h, b) 48 h, ¢) 7 d in the presence of VC3 in 10 mM sodium acetate pH 4.0 at protein-to-V
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molar ratio = 1:1 (red), 1:3 (blue) and 1:5 (violet). The CD spectra of metal-free protein

are in black.

4.3.3 Fluorescence spectroscopy

Fluorescence spectra of HEWL in 10 mM sodium acetate pH 4.0, recorded
upon excitation at 280 (Figure 4.12a) and 295 nm (Figure 4.12b), were recorded
in the presence of increasing concentrations of VC3. The addition of VC3 leads to
a concentration-dependent quenching of the intrinsic emission of HEWL, con-
firming the interaction of the VC to the protein.

The absence of a shift in the maximum emission wavelength suggests that the

binding does not induce significant alterations in the tertiary structure of the pro-

tein.
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Figure 4.12 — Fluorescence emission spectra of HEWL in 10 mM sodium acetate pH 4.0
upon titration with VC3. Spectra were collected using a) Aexe = 280 nm and b) Aexe = 295

nm.

4.3.4 Crystallographic Studies
To obtain atomic-level insights into the interaction of VC3 with HEWL, a

crystal of the metal-free protein, grown in 1.1 M sodium chloride and 0.1 M

146



sodium acetate pH 4.0, was exposed for two days to a stabilizing solution contain-
ing the mother liquor saturated with VC3. The overall structure of the protein,
showing the non-covalent binding of two VC3 molecules (occupancy = 0.70) on

its surface, is shown in Figure 4.13. Data collection and refinement statistics are

reported in Table 4.4.

Table 4.4 — Data collection and refinement statistics.

Data collection

PDB code 9S2A

Crystallization condition 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0
Soaking time 2d

Space group P452,2

a (A) 76.57

b (A) 76.57

c(A) 36.73

Resolution range (&) 38.29-1.31 (1.33-1.31)

Observations 549653 (30212)

Unique reflections

24505 (1297)

Completeness (%) 91.1 (100.0)
Redundancy 22.4 (23.3)
Rmerge (%) 0.099 (6.702)
Average I/6(I) 13.3 (0.5)
CCiz 0.999 (0.326)
Anom. completeness (%) 90.8 (100.0)
Anom. Multiplicity 12.0 (12.2)
Refinement
Resolution (A) 38.28-1.37
N° reflections 19291
N° reflections in working set 603
R-factor/Rfree 0.195/0.233
N° non-H atoms in the refinement 1177
B-factor overall (A%) 27.59
Estimated occupancy of VC3 (1) 0.70
Estimated occupancy of VC3 (2) 0.70
B-factor of VC3 (1) (A2) 41.94
B-factor of VC3 (2) (A?) 80.57

Ramachandran values (%)

Most favoured/Additional allowed 92.24/7.76

Outliers 0
RMSD from ideality

RMSD bonds (A) 0.012

RMSD angles (°) 1.817
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Figure 4.13 — Overall structure of the adducts formed upon reaction of HEWL with VC3.
Vanadium atoms are in grey. Coordinates and structure factors were deposited in the PDB

under the accession code 9S2A.

As observed when HEWL crystals were treated with VC1 and VC2, two VC3
molecules, labelled VC3 (1) and VC3 (2), interact with each other to form a di-
meric assembly. VC3 (1) establishes hydrogen bonds with water molecules and
the NZ atom of the Lys33 side chain and interacts with the N atom of Val120 from
a symmetry-related molecule (Figure 4.14). VC3 (2) forms hydrogen bonds with
the NZ atom of the Lys33 side chain (Figure 4.14) and forms a favourable inter-
action between sulphur and © aromatic systems (S/m interaction) with the side
chain of Trp123, with an angle of 88.9° between the planes of the ligand and the
Trp123 side chain.

The two VC molecules forming the dimeric assembly are nearly parallel to
each other. This assembly is stabilized by a face-to-face n—r stacking interaction,
characterized by a centroid-to-centroid distance of 4.40 A and an interplanar angle

of 16.7° between the ligands.
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Figure 4.14 — Binding sites of vanadium compound in the structure of the adduct formed
upon reaction of HEWL with VC3. The interaction of the supramolecular association of
the two VC3 molecules and their interaction with protein atoms are highlighted. 2Fo-Fc
e.d. maps are contoured at a 1.0 o level and depicted in grey. Asterisk (*) refers to atoms

from symmetry-related molecules (coloured in green).

Although VCI1 and VC3 share similar chemical architectures (Figure 4.1a,c),
the dimeric assemblies display a different orientation. After superimposing VCI
(1) and VC3 (1) (Figure 4.15), optimal overlap of the remaining molecules, VC3
(2) and VCI (2), requires an additional rotation and translation. Specifically, VC3
(2) needs to be translated by x = -8.08 A, y =-36.64 A, z=9.07 A and rotated by
117.21° to best superimpose VC1 (2).
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The thiophene ring in VC3(2) is positioned on the opposite side compared to
the furan ring of VC1(2). This rearrangement is likely driven by a favourable S/n
interaction between the thiophene ring of VC3(2) and the side chain of Trp123.

Despite this local reorientation, the overall position of the dimeric assemblies
relative to the protein surface remains similar. Indeed, after superimposing the
HEWL structures, VC3 (1) must be translated by x=1.40 A, y=-0.56 A, z=0.71
A and rotated of 138.35° to best fit VC1 (1), while VC3 (2) should be translated
of x=-9.59 A y=-36.14 A z=8.60 A and rotated of 125.20° to best fit VC1 (2).

Figure 4.15 — Structural superimposition of one molecule of VC1 (1) (pink) and one
molecule of VC3 (1) (magenta).

44 VC1, VC2 and VC3 binding to HEWL: structural

comparison
The three oxidovanadium(V) complexes with aroylhydrazone ligands (VCI,
VC2, and VC3) show similar interaction patterns with HEWL, although differ-

ences in the ligand structure affect how they bind and organize in the crystal.
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The binding involves non-covalent interactions, such as hydrogen bonds and
-7 stacking between the aromatic parts of the ligands and the indole rings of
tryptophan residues on the protein surface. These complexes do not alter the over-
all protein structure and tend to associate into dimers or small aggregates in the
crystal, stabilized by n—r interactions and positioned close to basic residues like
Lys33 and Arg125. In the case of VC3, there is also a S/m interaction with Trp123.

Overall, these results show that small differences in the ligand structure can
significantly influence the binding mode and self-assembly of vanadium(V) com-
plexes on the protein, helping to understand how ligand design can affect the in-
teraction of V-based compounds with biological targets.

The X-ray structures of HEWL with VC1, VC2 and VC3 contribute to ex-
panding the limited number of available X-ray structures of V¥—protein adducts
available in literature and provide a structural basis for understanding how V-
based drugs may interact with proteins. Such knowledge is essential for the design
of stable, water-soluble VCs and for better assessing their potential impact on bi-

ological functions and therapeutic activity.

4.5 Materials and methods

UV-vis absorption spectroscopy

Spectra of VC1 (concentration = 15 uM), VC2 (concentration = 15 pM) and
VC3 (concentration = 63 uM) were collected over time at room temperature in a
solution of 1.1 M sodium chloride and 0.1 M sodium acetate pH 4.0, in the absence
and presence of HEWL (protein to metal molar ratio 1:3), employing a Jasco V750
spectrophotometer and using the following parameters: wavelength range of 700-
200 nm, data interval of 1.0 nm, bandwidth of 2.0 nm, and scan speed of 400 nm
min'. Each measurement was performed at least twice independently in duplicate

using a quartz cuvette with a path length of 1.0 cm.
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Circular dichroism

Far UV-CD spectra of HEWL, in the absence and presence of VC1, VC2 and
VC3 were registered in the 250-190 nm range using a Jasco J-1500 spectropolar-
imeter equipped with a Peltier thermostatic cell. Spectra were registered using a
protein concentration of 7 uM and different concentrations of the VCs (1:1, 1:3,
and 1:5 protein-to-metal ratio) on samples of the protein incubated for 24 h, 48 h,
and 6 days with VC1 and VC2 and for 24 h, 48 h, and 7 days with VC3. Spectra
were acquired in 10 mM sodium acetate pH 4.0 using a quartz cell with a path
length of 0.1 cm. Additional experimental parameters were: data pitch of 1.0 nm,
bandwidth of 1.0 nm, scanning speed of 50 nm min™!, response time of 2.0 s, and
a temperature of 25°C. Each spectrum was generated by averaging three scans,

and each measurement was performed twice.

Fluorescence

A HORIBA Fluoromax-4 spectrofluorometer, equipped with a thermostat
bath and a 1 cm path length cuvette, was employed to record fluorescence spectra
of HEWL both in the absence and presence of VC1, VC2 and VC3 at 25°C in 10
mM sodium acetate pH 4.0. To collect the spectra, a HEWL solution at a concen-
tration of 1.4 pM was titrated with a solution of each VC dissolved in water at a
concentration of 60.0 uM. The protein was excited at 280 nm (to monitor Tyr and
Trp emission) and 295 nm (to monitor Trp emission exclusively) and spectra were
registered between 295 and 450 nm and between 310 and 450 nm, respectively.
Increasing protein-to-VC molar ratios were achieved during titration: 1:0.2, 1:0.4,
1:0.6, 1:0.8, 1:1, 1:2, and 1:4. Solutions were stirred and allowed to equilibrate for
5 min before recording the spectra. Self-absorbance and inner-filter effects were
limited since at the used concentrations the VCs have an ignorable absorbance.

Emission spectra of the VCs at 5.6 uM, i.e. the highest concentration reached
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during the titration, were also registered as control. Each measurement was re-

peated twice.

Crystallization, adduct formation, data collection, structure reso-
lution and refinement

HEWL (concentration = 13 mg/mL, 0.9 mM) was crystallized using the hang-
ing drop vapour diffusion method in 1.1 M sodium chloride, 0.1 M sodium acetate
pH 4.0. Native HEWL crystals were then exposed to stabilizing solutions contain-
ing the mother liquor saturated with the VCs. After 6 days (in the case of VC1 and
VC2) and 2 days of soaking (in the case of VC3) HEWL crystals were cryopro-
tected with a solution consisting of 70 % reservoir solution and 30 % glycerol,
fished with a nylon loop, flash-cooled in liquid nitrogen and sent to synchrotrons.
X-ray diffraction data on HEWL crystals treated with VC1 were collected at the
ID23-1 beamline of European Synchrotron Radiation Facility (ESRF), Grenoble
(France), while data for the HEWL crystals treated with VC2 and VC3 were col-
lected at the XRD2 Beamline at Elettra synchrotron, Trieste (Italy). Crystals dif-
fracted X-ray at a resolution in the range 1.18-1.31 A. Data processing and scaling
were performed using Global Phasing autoPROC pipeline.?*? The structures were
solved by Molecular Replacement method using the Phaser program from CCP4
suite?* and the structures deposited in the PDB 193L!'** as template. Refmac5 was
used for refinement.?** Model building was carried out using Coot.>* In all the
structures, V atom position was validated using anomalous difference e.d. maps.
The final models show R-factor and Rfree values in the range of 0.159-0.203 and
0.221-0.256 respectively. Ligand positions were restrained to guide geometry op-
timization. Figures were generated using PyMol (www.pymol.org). The structure
validation of the final models was performed using the PDB validation server.?*
Coordinates and structure factors were deposited in the PDB under the accession

codes 9GOG, 9GOK and 9S2A.
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Translation vectors and angles of rotation after structure superimposition
were calculated using Superpose routine of the CCP4 package. !
Centroid-to-centroid distance and interplanar angle were calculated using

ChimeraX_.?%?
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CHAPTER 5

Dinuclear VY complexes: the cases of Csy[VY,04(mal),]-2H,0
and Cs» [VV204(lact)2] -2H>0
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5.1 Introduction

o-Hydroxycarboxylic acids represent an important class of biologically rele-
vant ligands for vanadium-based drug development. They participate in funda-
mental metabolic pathways, such as the citric acid and Cori cycles, and possess
versatile coordination sites capable of stabilizing various metal oxidation
states.!%®111

Among the a-hydroxycarboxylic acids, malic and lactic acid are particularly
noteworthy.!'%!"® Both molecules contain a hydroxyl and at least one carboxylate
group able to coordinate V centres, giving rise to well-defined dinuclear dioxi-
dovanadium(V) species. Their corresponding dimetallic VYV complexes,
Cs2[VY204(mal),]-2H,O (Figure 5.1a) and Cs;[VY204(lact),]-2H,0 (Figure 5.1b),
are soluble compounds that provide valuable models for studying the aqueous

chemistry of V¥ complexes. These systems offer a framework for exploring how

these ligands modulate V speciation and its interaction with proteins.

— —2-
OHo _0 o 2
) %/
lo} o} o} 0
\ 0 N Ol .
o:y\o/\{=0 2Cs* 2H,0 o=iy\o/\(—0 2Cs* 2H,0
o} 0 0 )\(o
2 {
e} o]
HO™ ~o
Cs,[V¥;0,(mal);]2H,0 Cs,[VY,0,(lact),]2H,0
a b

Figure 5.1 — Chemical structures of dinuclear VV complexes with a-hydroxycarboxylic

acids: a) Csy[VV204(mal),]-2H,0, b) Csy[VV204(lact),]-2H,0.
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5.2 Interaction of Csz2[VY204(mal):]-2H,O0 with HEWL

Structural studies on the interaction between proteins and dinuclear V¥ com-
plexes of general formula [VY,04(L),] are still missing in literature.

The dinuclear dioxidovanadium(V) complex Cs[VY204(mal),]-2H,0 (Figure
5.1a) provides an ideal model to investigate the interaction of dimetallic VCs with
proteins. For this reason, its behaviour in aqueous solution, at room and physio-

logical temperatures, and its interaction with HEWL were examined.

5.2.1 5V NMR studies

The behaviour of Csy[VY204(mal),]:2H,O in solution was investigated by
NMR spectroscopy. >'V NMR spectra of the compound (concentration = 5 mM)
in D>O and under the conditions used to obtain its adduct with HEWL (1.1 M
sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D»O) were collected in
the absence and in the presence of the protein (concentration = 13 mg/mL, 0.9
mM) (Figure 5.3 and Figure 5.4). Spectra were recorded after 1 hour and 7 days
of incubation at RT (Figure 5.3), and after 42 hours and 7 days of incubation at
37°C (Figure 5.4).

The solution chemistry of vanadium(V) complexes with a-hydroxycarbox-
ylates (L*) has been extensively studied by >'V NMR_!0-113.114.118,181,263.264 Thege
studies revealed the formation of several V species, among which the most rele-
vant are [VV204(L)2]* and [VY,0s(L)]*". Literature data report the high stability
of a group of dinuclear V¥ compounds bearing a-hydroxycarboxylates. Examples
are the compounds based on malate (mal), lactate (lact) and mandelate.''*!®
[VY204(mal),]* consists of two equivalent coordination centres, characterized by
SV NMR signal at around —533 ppm. On the contrary, the two signals at —551
ppm and at —533 ppm were attributed to [VY,0s(mal)]*, due to its non-equivalent
V centres. Additional signals are observed at: —561 ppm, attributed to HoVYO4

(V1); =574 ppm, arising from H,VY>,07* (V>); and —579 ppm, due to VV4Op*
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(V4). Signals that are in the ranges —525 to =514 ppm, —507 to —497 ppm, and —
425 to —423 correspond to the Va, Vg, and V¢ centres of [HxVV10025]¢*~ (Vio, x
= 0-3) in Figure 5.2, respectively. 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 [VVO(mal)(H,O)]" and

[VVoz(mal)(OH)]ny respectively. 110,113,114,118,181,263-266

Figure 5.2 — V4, Vg, and V¢ centres in [VV9025]%".

The spectra of Cs,[VY,04(mal),]-2H>0 collected at RT reveal the presence of
[VY204(mal),]* (signal at ~534 ppm), [VV20s(mal)]*" (signals at ~—538 ppm, -
545 ppm), Vi (signals at ~425 ppm, =502 ppm, —520 ppm) under all the inves-
tigated experimental conditions. Peak integration analysis suggests that the per-
centage of Vo in the various solutions increases over time. A small amount (~

1%) of Vo is observed in the presence of HEWL (Figure 5.3, Table 5.1).
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Figure 5.3 — 'V NMR spectra measured at RT after a) 1 h and b) 7 d of incubation of
Cs2[VY204(mal),]-2H,0 (5 mM) dissolved in D,O (red lines); in 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% DO (green lines); and in 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% D-0O in presence of HEWL (13 mg/mL) (blue lines).
i indicates [VVY204(mal)2]*, ii [VV2Os(mal)]>~ and iii V0. These studies were carried out

under the supervision of Prof. Annette Rompel from University of Vienna.

The spectra collected at 37°C show similar results, suggesting the presence
in solution of [VY,04(mal),]*" (signal at ~-534 ppm), [V¥20s(mal)]*" (signals at
~—538 and —545 ppm), and Vo (signals at ~—425 ppm, —502 ppm, and —520 ppm)
also at physiological temperature. Notably, the percentage of the Vo increases
after 7 days of incubation in the absence of protein, while its formation is pre-
cluded at 37°C in the presence of HEWL (Figure 5.4, Table 5.2). This is in contrast
with recent results indicating that HEWL could stabilize decavanadate and other

larger POVs, like Vs and V2, also at physiological temperature,?!%-221:267
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Figure 5.4 — 'V NMR spectra measured at 37°C after a) 42 h and b) 7 d of incubation of
Cs2[VY204(mal),]-2H,0 (5 mM) dissolved in D,O (red lines); in 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% DO (green lines); and in 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% D-0O in presence of HEWL (13 mg/mL) (blue lines).
i indicates [VY204(mal),]*, ii [VY20s(mal)]*~ and iii V. These studies were carried out

under the supervision of Prof. Annette Rompel from University of Vienna.
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Table 5.1 — Chemical shifts in >'V NMR spectra measured in triplicate at RT after 1 h and 7 d of incubation of Cs;[VV204(mal),]-2H,O
(5 mM) dissolved in (i) D>O; (ii) 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D,O; and (iii) 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% DO in presence of HEWL (13 mg/mL). The relative content of species was calculated based on

the integration of >'V signals. Signals were assigned based on literature data,!!0-113.114.263-265.268 a

5 mM Csz2[VY204(mal)2]-2H20 in D20 (after 1 h at RT)

5V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 (%)
—423 —426 —425 Vio 110,263 0.6 0.5 0.5
. B B Vio 110,113,114,263,264,268 6.1 +
504 505 505 (or VL) 1.9 1.8 1.8 6.2 59 6.1 (-)'2
B B B Vio 110,113,114,263,264,268
522 522 522 (or VL) 3.7 3.6 3.8
-534 -534 -534 Valo* 110,113,114,263,264,268 43.1 42.6 43.4 43.1 42.6 434 4%‘3i
VoL 110,113,114,263—
-539 -539 -539 (or3 ) 265,268 10.6 10.6 9.9
ViLo™ 51.0+
50.8 51.6 50.5
VoL 110,113,114,263— 0.6
—546 -546 -546 (or 265,268 40.2 41.0 40.6
Vi)
5 mM Cs:2[VY204(mal)2]-2H:20 in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D:O (after 1 h at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 (%)
—423 —424 —424 Vio 110,263 0.6 0.5 0.5 84+
7.6 83 9.3
-502 -502 -502 Vio 110,113,114,263,264,268 3.0 3.1 3.5 0.9
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(or VL")

Vio

—518 —518 —518 (Or VLQ-) 110,113,114,263,264,268 4_0 4'7 5'3
—534 -534 -534 VaLo> 110,113,114,263,264,268 42.8 43.0 443 42.8 43.0 443 4%’%i
VoL 110,113,114,263
—538 —538 —538 (or3 ) 265,268 9.9 9.1 9.9
ViLlo™ 48.3 +
49.7 48.7 46.5
VoL 110,113,114,263 1.6
-546 —545 —545 (or3 ) 265,268 39.8 39.6 36.6
Vilo™-
5 mM Csz[VY204(mal)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 1 h at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample + ED
1 2 3 1 2 3 1 2 3 (%)
502 502 502 (orV\lfolj) 110,113,114,263,264,268 0.2 0.2 0.1 2+
v 2.0 0.7 0.9 0 7
~518 ~518 ~518 (or Vl(I)f') 110,113,114,263,264,268 1.8 05 0.8 .
-534 -534 -534 Valo* 110,113,114,263,264,268 447 45.1 434 447 45.1 434 44(‘)‘A;i
VoL* 110,113,114,263—
—538 -538 —538 (or3 265,268 11.1 10.6 11.1
Vi) 544 +
533 542 55.7
VaL> 110,113,114,263 1.2
-546 -546 -546 (or3 ) 265,268 422 43.6 44.6
Vilo™-
5 mM Cs2[VY204(mal)2]-2H:0 in D20 (after 7 d at RT)
SV chemical shift (ppm) Integration (%) Sum Aver-
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample age
1 2 3 1 2 3 1 2 3
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+SD

(%)
-424 —423 —425 Vio 110,263 0.5 0.5 0.1
Vio 110,113,114,263,264,268
-504 -504 -505 (or VL) 2.1 34 2.1 6.7 9.0 5.9 7ﬁ6i
Vio 110,113,114,263,264,268
-521 =521 -522 (or VL) 4.1 5.1 3.7
—534 -534 -534 VoL 110,113,114,263,264,268 42.6 41.5 431 42.6 41.5 431 4%'A;i
VoL* 110,113,114,263—
—539 -539 -539 (or3 ) 265,268 9.5 8.6 9.9
Vi3Lo™- 504 +
50.7 49.5 51.0
VoL 110,113,114,263— 0.3
—543 —546 —546 (or 265,268 41.2 40.9 41.1
ViLo*)
5 mM Cs:2[VY204(mal)2]-2H20 in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D:O (after 7 d at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 o
(%)
423 422 —424 Vio 110,263 1.0 0.9 0.9
Vio 110,113,114,263,264,268 +
-502 -502 -502 (or VL) 4.6 4.8 3.5 10.8 11.5 93 (15]
_ B B Vio 110,113,114,263,264,268 '
518 518 518 (or VL) 5.2 5.8 49
—534 —534 —534 Valo> 110,113,114,263,264,268 40.2 40.7 40.6 40.2 40.7 40.6 4%52i
VoL* 110,113,114,263—
—538 -538 -538 (or 265,268 104 9.8 11.1
ViLo¥) 49.1 47.8 50.1 49+1.2
110,113,114,263—
—546 —546 —543 Val? 265,268 38.7 38.0 39.0
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(or
ViLao*)
5 mM Csz2[VY204(mal)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 7 d at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + ED
1 2 3 1 2 3 1 2 3 (%)
. _ _ Vio 110,113,114,263,264,268
502 501 501 (or VL) 0.3 0.6 0.6 20+
Vio 2.1 2.7 1.3 0.7
_ _ _ 110,113,114,263,264,268 .
518 518 518 (or VL) 1.8 2.1 0.7
534 | s34 | sa | v | nemmnsaeassas |og30 | 448 | 396 | 430 | 448 | 396 | BT
VaL> 110,113,114,263—
538 | 538 | 538 (or, 2626 124 11.1 13.1
ViLo*) 55.6+
55.0 52.5 59.2
VoL* 110,113,114,263— 34
—544 -545 —546 (or 265.268 42.6 41.4 46.1
ViLo*)

a2 L indicates mal®>~ ligand, VL- indicates [VYO2(mal)(H.0)]~, VL> [VVOx(mal)(OH)]*", VaoLo* [VY20s(mal),]*, VoL> [VY205(mal)]*-

and VL% [VVY307(mal),]*.
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Table 5.2 — Chemical shifts in 3'V NMR spectra measured in triplicate at 37°C after 42 h and 7 d of incubation of Cs;[VV204(mal),]-2H,O
(5 mM) dissolved in (i) D>O; (ii) 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D,O; and (iii) 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% DO in presence of HEWL (13 mg/mL). The content of species was calculated based on integra-

tion of 3!V signals. Signals were assigned based on the literature data,!!0:113:114.263-265.268 a

5 mM Csz2[VY204(mal)2]-2H20 in D20 (after 42 h at 37°C)
5V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 0
(%)
—424 —425 —425 Vio 110,263 0.3 0.1 0.3
Vio 110,113,114,263,264,268 +
-504 -505 5041 vy 1.4 0.7 1.2 40 18 36 3i%2
522 5722 5722 (or\i}(l)}') 110,113,114,263,264,268 23 1.0 2.1
-534 -534 -534 Valo* 110,113,114,263,264,268 41.3 41.8 429 41.3 41.8 429 4%%i
VoL 110,113,114,263—
-539 -539 -539 (or3 ) 265,268 10.0 10.1 9.7
ViLo™ 549 +
54.7 56.5 53.6
VoL* 110,113,114,263— 1.5
—546 -546 -546 (or3 265,268 44.7 46.4 43.9
ViLoh)
5 mM Cs:2[VY204(mal)2]-2H20 in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 42 h at 37°C)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 0
(%)
—424 —424 —424 Vio 110,263 0.5 0.5 0.5 sq 53 . 56+
-502 -502 -502 Vio 110,113,114,263,264,268 2.2 1.9 2.1 ' ' ' 0.3
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(or VL")
. Vio 110,113,114,263,264,268
518 —518 —518 (or VL) 1113,114,263,264, 3.1 2.9 3.1
-534 -534 -534 VaLo> 110,113,114,263,264,268 40.1 413 40.8 40.1 413 40.8 4%76i
VoL 110,113,114,263 '
-538 -538 -538 (or 265268 10.8 9.6 11.1
ViLo*) 537+
" 54.0 534 . '
VL2 110,113,114,263— 536 0.3
-546 —546 —546 (or 265.268 432 43.8 425
Vilo*) ‘
5 mM Csz2[VY204(mal)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 42 h at 37°C)
51V chemical shift (ppm) Integration (%) Sum Aver-
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample :g;
1 2 3 1 2 3 1 2 3 (%)
534 | s34 | s | vt | nemmnsaeassas g3 | o442 | o443 | a8 | 442 | 443 | LT
Val> 110,113,114,263— '
-538 —538 —538 (or 265,268 12.5 12.3 11.9
Vilo*) 559+
" 56.3 55.8 . '
VL2 110,113,114,263— 336 0.3
—546 —546 —546 (or 265.268 43.8 435 43.7
ViLo*)
5 mM Cs2[VY204(mal)2]-2H:20 in D20 (after 7 d at 37°C)
SV chemical shift (ppm) Integration (%) Sum Aver-
Sanllple Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample :g;
2 3 1 2 3 1 2 3
(%)
-423 -423 —424 Vio 110,263 0.7 0.7 0.8 184
504 504 504 (Or\/\l/oL») 110,113,114,263,264,268 30 33 31 7.0 7.7 8.7 6,9
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~521 -521 -521 (Or\i}iz_) 110,113,114,263,264,268 33 3.7 4.8
—534 -534 -534 VaLo> 110,113,114,263,264,268 39.5 39.0 414 39.5 39.0 414 4(1'(;i
VoL 110,113,114,263—
-539 -539 -539 (or 265,268 8,6 8,7 9,6
ViLo») 522+
535 534 49.8
VoL 110,113,114,263— 2.1
—546 -546 -546 (or 265,268 44.9 44,7 40,2
Vilo*)
5 mM Csz2[VY204(mal)2]-2H20 in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 7 d at 37°C)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample + ED
1 2 3 1 2 3 1 2 3 (%)
—422 —426 —423 Vio 110,263 1.6 1.9 1.7
Vio
~502 ~-502 ~-502 (Or VL’) 110,113,114,263,264,268 59 6.4 6.0 14.8 155 148 1%(2‘.:‘:
518 518 518 (or\</1(l)f') 110,113,114,263,264,268 73 72 71
-534 -534 -534 Valo* 110,113,114,263,264,268 37.0 36.1 36.1 37.0 36.1 36.1 3%‘45i
VoL* 110,113,114,263—
—538 -538 -538 (or 265,268 10.3 10.3 10.4
ViLo*) 48.6 +
48.3 48.4 49.1
VaL> 110,113,114,263 0.4
—541 -546 -546 (or 265,268 38.0 38.1 38.7
ViLo*)
5 mM Cs:2[VY204(mal)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 7 d at 37°C)
SV chemical shift (ppm) Integration (%) Sum Aver-
Sample | Sample | Sample | Species References Sample | Sample | Sample | Sample | Sample | Sample age
1 2 3 1 2 3 1 2 3
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+ SD
(%)
2- 110,113,114,263,264,268 422+
—534 -534 -534 VaL2 -113,114,263,264, 43.7 41.5 414 43.7 41.5 414 13
VoL 110,113,114,263—
-538 -538 -538 (or3 : 265268 14.2 13.2 13.5
VsLo>" 57.8 £
56.3 58.4 58.7
VoL 110,113,114,263— 1.3
—545 —546 —546 (or 265268 42.1 452 452
Vilo*)

2 L indicates mal®*~ ligand, VL- indicates [VVO(mal)(H20)]~, VL?*" [VVOz(mal)(OH)]*>, V2L* [VY204(mal),]*, VoL* [VY205(mal)]*
and V3L23' [VV3O7(mal)2]3’.
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5.2.2 Mass spectrometry studies

The behaviour of the Csy[VY,04(mal),]-2H>0 in solution was further exam-
ined by electrospray ionization mass spectrometry (ESI-MS) in both positive (Fig-
ure 5.5) and negative (Figure 5.6) ion modes, using H>O, and acetonitrile/metha-

nol + 1% H,O as solvents.

Cy™
132.90

100 200 300 400 500 mfz

132.90

100 200 300 400 500 myz

b

Figure 5.5 — ESI mass spectrum of Cs[VV204(mal),]-2H>0 (~ 100 uM) in a) H,O and in
b) acetonitrile/methanol + 1% H,O. The spectra were recorded in positive 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 ac-
curacy of approximately 5 ppm in the m/z region of 45-1800. These studies were carried

out under the supervision of Prof. Annette Rompel from University of Vienna.
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Figure 5.6 — ESI mass spectrum of Cs[VV204(mal),]-2H>0 (~ 100 uM) in a) H,O and in
b) acetonitrile/methanol + 1% H»O. The spectra were recorded in 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 ac-
curacy of approximately 5 ppm in the m/z region of 45-1800. In the case of [VV1002]%,
the overlap between the experimental (black) and simulated (red) envelopes is depicted in
the insert. These studies were carried out under the supervision of Prof. Annette Rompel

from University of Vienna.

In negative-ion mode, the spectrum recorded in H>O (Figure 5.6a) reveals a
variety of singly and doubly charged species. Among the singly charged ions, pro-
tonated and unprotonated vanadates such as [VVOs;], [HoVVO4], [VIVVVYOs],
[HVY206] and [VV30s]” were detected, together with the monoanionic malate lig-
and [C4HsOs] (i.e., [mal> + H']"). Several VCs with one or two V centres were
also identified: [VYOz(mal)]", [V¥20s(mal) — H'], and [VY,04(mal)(H.O) - H']".
The only doubly charged species identified contains two V centres:
[VY20s(mal)]*. Additionally, the [VY10026]*", a decavanadate anion with two ox-

ido ligands less than the canonical [VV1002s]%, was observed (Table 5.3). When
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the analysis was repeated in acetonitrile/methanol + 1% H,O (Figure 5.6b), most

of the species observed in aqueous solution were confirmed (Table 5.3). Notably,

the decavanadate species was absent under this condition.

Table 5.3 — Experimental and calculated m/z values for Csy[VV204(mal),]-2H,0 dissolved
in H,O and in ACN/MeOH + 1% H,O, recorded in negative ion mode using ESI-MS.

In H20
Observed species Experimental m/z Simulated m/z
[VVOs]- 98.93 98.93
[H2VVOa] 116.94 116.94
133.01 133.01
2- +1-
[mal™ + H'] 134.02 134.02
156.93 156.93
[VV20s(mal)]> 157.44 157.44
157.94 157.94
[VIVVVOs] 181.86 181.86
[HVY206] 198.87 198.87
214.94 214.94
V, —
[V*Ox(mal)] 215.94 215.94
[VV30s]- 280.79 280.79
296.87 296.87
% _H
[V*204(mal) = H'] 297.87 297.87
314.88 314.88
V. _ g1
[V*204(mal)(H0) - H'] 315.88 315.88
336.86 336.86
Vv 2— +1—
[VV20s(mal)> + Na'] 337.86 337.86
446.77 446.77
Vv 2— +1—
[V*20s(mal)™ + Cs’] 44778 44778
462.16 462.16
462.65 462.65
463.16 463.16
A\ 2—
[V*1002] 463.66 463.66
464.16 464.16
464.65 464.65
In ACN/MeOH + 1% H20
Observed species Experimental m/z Simulated m/z
[VVOs]- 98.93 98.93
[H2VVOa] 116.94 116.94
133.01 133.01
2— +1— .
[mal™ +H'] 134.02 134.02
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156.93 156.93
[VV20s(mal)]> 157.44 157.44
157.94 157.94
[VIVVVOs] 181.86 181.86
[HVV206] 198.87 198.87
214.94 214.94
vV _

[V*Ox(mal)] 215.94 215.94
[VV30s] 280.79 280.79
296.87 296.87

V. _ 1
[V*204(mal) — H'] 297.87 297.87
446.77 446.77

\Y 2 +1-
[VV20s(mal)> + Cs'] 447.78 447.78

The positive-ion mode ESI-MS spectrum of HEWL (concentration = 13
mg/mL, 0.9 mM) diluted 1:100 in acetonitrile/H>O (9/1) + 1% FA was recorded.
The raw spectrum, which reconstructs the protein mass from the distribution of
multiply charged ions, yielded an intense peak at 14,304.9 Da, consistent with the
expected value for metal-free HEWL (Figure 5.7a). The positive-ion mode ESI-
MS spectrum was then recorded after dissolving HEWL in the presence of
Cs2[VY204(mal),]-2H,0 (VC:HEWL molar ratio = 1:1) diluted 1:100 in acetoni-
trile/H,O (9/1) + 1% FA (Figure 5.7b). The spectrum shows two main peaks: at
14304.9 Da (metal-free protein) and at 15268.2 Da, the latter attributed to the
[HeVV10O2s]-HEWL adduct. These findings provide direct evidence that
decavanadate is present in solution under the chosen experimental conditions and
can bind the protein. As indicated in previous studies,?®® the protonated species

[H6VV1002s] is expected to be the dominant form of decavanadate.
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Figure 5.7 — Deconvoluted ESI-MS spectra of a) HEWL (concentration = 13 mg/mL) and
b) of the system containing Csy[VY>04(mal)>]-2H,O:HEWL in 1:1 molar ratio. Both sam-
ples were diluted 1:100 in acetonitrile/H,O + 1% FA. Mass is in Da. These studies were

carried out under the supervision of Prof. Annette Rompel from University of Vienna.

5.2.3 Crystallographic studies at cryogenic temperature

X-ray diffraction data were collected at 100 K on two crystals of HEWL
grown in 1.1 M sodium chloride and 0.1 M sodium acetate pH 4.0 and exposed
for 7 days to Cs2[VV204(mal),]-2H,0 powder (Table 5.4). These crystals diffract
X-rays at 1.46 A and 1.18 A resolution, respectively, and belong to the space
group P432,2, with one protein molecule in the asymmetric unit (Figure 5.8). The
overall structures of the protein in the two crystals are very similar to each other

(RMSD < 0.35 A) and to that of the metal-free HEWL (RMSD = 0.24-0.27 A).

174



Table 5.4 — Data collection and refinement statistics.

Data collection

Structure A Structure B Structure at 37°C
PDB code 9RBG 9RBT 9RBV
Crystallization condition 1.1M spdium chloride, 0.1 M 1.1M spdium chloride, 0.1 M 1.1 M spdium chloride, 0.1 M

sodium acetate pH 4.0 sodium acetate pH 4.0 sodium acetate pH 4.0

Soaking time 7d 7d Few hours
Space group P43212 P43212 P43212
a(A) 78.60 80.01 79.1
b (A) 78.60 80.01 79.1
c(d) 35.65 36.27 374
Resolution range (A) 55.58-1.46 40.01-1.18 55.93-2.09

(1.48-1.46) (1.20-1.18) (2.13-2.09)
Observations 389622 (7984) 719874 (18846) 53940 (2669)
Unique reflections 17932 (542) 35010 (1939) 7102 (355)
Completeness (%) 88.9 (54.6) 89.1 (99.9) 95.7 (100.0)
Redundancy 21.7 (14.7) 20.6 (9.7) 7.6 (7.5)
Rmerge (%) 0.048 (2.964) 0.060 (4.155) 0.193 (2.494)
Average I/6(I) 27.4(0.8) 19.4 (0.5) 8.2(0.9)
CCi 1.000 (0.498) 0.999 (0.371) 0.997 (0.323)
Anom. completeness (%) 88.8 (55.3) 88.6 (100.0) 95.5 (100.0)
Anom. Multiplicity 11.9 (7.8) 10.9 (5.0) 4.2 (4.0

Refinement
Resolution (A) 55.59-1.46 40.01-1.18 55.93-2.09
N° reflections 15647 27190 5718
N° reflections in working set 522 424 257
R-factor/Rfree 0.239/0.312 0.191/.0.235 0.213/0.293
N° non-H atoms in the
1193 1184 1044

refinement
B-factor overall (A%) 27.50 25.37 38.36
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F\?\lflg?ltfd occupancy of 1.00 ) 1.00

Estimated occupancy of

[VY205(mal)]*- 0.70 0.60 -

Estimated occupancy of 0.70 ) )

[VY10026]* )

Estimated occupancy of ) 0.80 )

[VY10028]* )

B-factor of [VIVO]?* (A2) 53.547.2 43.2+13.3 -

B-factor of [VY20s(mal)]|* (A?) 44.6+£4.8 - -

B-factor of [VV10024]% (A2) - 25.1+£1.8 -

B-factor of [VV1002s]% (A?) 53.5£7.2 43.2+13.3 -
Ramachandran values (%)

Most favoured/Additional 94.39/5.61 91.53/8.47 91.34/8.66

allowed

Outliers 0 0 1

RMSD from ideality
RMSD bonds (A) 0.011 0.017 0.022
RMSD angles (°) 1.900 2.414 1.569
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Figure 5.8 — Overall structures of VVHEWL adducts derived from two crystals of HEWL
exposed to Csa[VV204(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.

Interestingly, the two structures show some differences close to V binding
sites.

In structure A, coordination of a VO group, assigned to [VIVO]*, to the side
chain of Aspl8 (Figure 5.9a), non-covalent binding of the dinuclear oxidovana-
dium(V) complex [VY>20s(mal)]* to protein surface residues (Figure 5.9b) and
covalent binding of [VV1¢02]*" to the side chain of Glu7 and its symmetry mate
(Glu7%*) (Figure 5.9c) are observed.
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Figure 5.9 — V binding sites in the structure A: a) covalent binding of [VIVO]*" to the side
chain of Asp18; b) non-covalent interaction of the dinuclear oxidovanadium(V) complex
[VV20s(mal)]* to the protein surface; ¢) covalent binding of the [VV10Ox]* to the side
chain of Glu7 and Glu7*. 2Fo-Fc electron density maps are reported at 1.0 ¢ level in grey.
Anomalous difference electron density map of [VVi0O2]* is reported in Figure 5.12a.
Asterisk refers to atoms from symmetry-related molecules (coloured in purple). Glu7 and

Ser86 side chains adopt two alternative conformations.

Refinements suggest occupancy = 1.00, 0.70 and 0.70 for the [VVO]*,
[VVY20s(mal)]* and [VV10026]*, respectively.

Surprisingly, [VVO]** was not detected in the 'V NMR spectra while
[VY20s(mal)]* and [VV10026]* were observed in both 'V NMR and mass spectra.
The [V'VO]** ion, covalently bound to the OD1 atom of Asp18, is in contact with
the ND2 and the OD1 atoms of Asn19 whose side chain adopts two different con-
formations (Figure 5.9a).

[VY20s(mal)]* interacts non-covalently with residues Gly67-Ser72. In par-
ticular, the O1 atom of [VV,0s(mal)]* is hydrogen bonded to the O of Thr69, the
N of Pro70 and a water molecule, while 04, O6 and O7 atoms of [V"20s(mal)]*
are hydrogen bonded to water molecules. O5 atom of [VY,0s(mal)]*" is in contact
with the O atom of Gly67 and a water molecule, while O8 atom is at hydrogen

bonded distance from the O atom of Thr69, OG of Ser72 and water molecules. O9
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atom of [VY,0s(mal)]*" interacts with the N atom of Gly67, the N atom of Arg68,
N and O atoms of Thr69 and a water molecule. O10 atom hydrogen bonds OD1
and ND2 atoms of Asn65 and N of Gly67 (Figure 5.9b).

This dinuclear oxidovanadium(V) complex [VY20s(mal)]* is the product of
the loss of one mal ligand from [VY,04(mal),]*, i.e., the species observed in the
SIV NMR spectra. The ligand loss is in line with [VV204(mal),]* behaviour in
aqueous solution. This 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 binds an additional oxygen of the mal group, forming a
five-membered chelated ring (Figure 5.10). The V centres are not equivalent: one
is penta-coordinate and one is tetra-coordinated, at variance with what found in
the structure of Cs;[VY204(mal),]-:2H>0, that is based on a centrosymmetric di-
meric arrangement where the two metal centres show the same coordination

spheres.!!’

Figure 5.10 — The schematic structure of [VV,Os(mal)]>.

The [VV10026]* moiety was reconstituted by its symmetry mate and can be
described as a decavanadate ion of type [VV1002s]® 93270 that has two oxygen
atoms replaced by the OE2 atoms of the side chains of Glu7 and Glu7* (that adopt
two alternative conformations with occupancy 0.70 and 0.30) (Figure 5.9¢). In

this way, the decavanadate cross-links two protein molecules (Figure 5.11).
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Figure 5.11 — Structure of the cross-linked HEWL dimer formed by the decavanadate co-
valently bound to the side chain of Glu7 and Glu7*. The symmetry-related molecule is

coloured in purple and is highlighted as *.

In addition, [VV1002]* forms hydrogen bonds with the NH2 atom of Argl4,
the O atom of Ser86, water molecules and the NH2 atom of Argl4 from a sym-
metry-related molecule (Figure 5.9¢c). Anomalous difference electron density map
is reported in Figure 5.12a.

The interaction of decavanadate with proteins has been already studied also

123 and the formation of a covalent adduct between

by X-ray crystallography
[VV10025]% and a protein has been already hypothesized,””' but this is the first

evidence from a structural point of view.

180



[VY100x]%

Figure 5.12 — Decavanadate binding sites in a) the structure A and b) the structure B.
Anomalous difference electron density map is reported in yellow at 3.0 o level. Asterisk
(*) indicates atoms from symmetry-related molecules (purple in structure A and deep teal

in structure B). In the structure A Lys1 and Glu7 adopt two different conformations.

The Cambridge Crystallographic Data Centre currently lists more than 300
X-ray structures of decavanadate ions differing for protonation state and counter-
ion composition.'®® At acidic pH, decavanadate is the most stable vanadate form
and at neutral pH it is kinetically inert and can persist in solution for several
days.'® Only two CCDC structures of decavanadate have two oxygen atoms of
the {V1002s} core replaced by other groups: the structure deposited under the ac-
cession code HEGBEB?"? and that with code TORXAA 2”3 In the former structure,
two methoxy groups bridge the outermost V atoms;?’* two ethoxy groups in the
latter structure.?’® There are no structures in which two core oxygens are replaced
by carboxylate groups.

In structure B (Figure 5.8b), non-covalent binding of the dinuclear oxi-
dovanadium(V) complex [VY20s(mal)]> and of [VV10Oxs]® are observed.
[VV10025]¢ is reconstructed by its symmetry mate, has occupancy equal to 0.80
and forms hydrogen bonds with the NZ atom of Lys1, the OE2 atom of Glu7, the

NE2 of Hisl5, the OD2 of Asp87, the main chain N atom of Ile88, water
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molecules and the NH1 atom of Argl4 from a symmetry-related molecule (Figure

5.13).

Figure 5.13 — Vanadium binding sites in structure B: non-covalent interaction of the
[VV10025]° to the protein surface. 2Fo-Fc electron density maps are reported at 1.0 o level
in grey. Asterisk refers to atoms from symmetry-related molecules (deep teal). Anomalous

difference electron density map is reported in Figure 5.12b.

These interactions are favoured by conformational variations of the side
chains of Lysl, Glu7, Argl4 and His15. Anomalous difference electron density
map is reported in Figure 5.12b.

SV NMR, ESI-MS and crystallographic results can be interpreted consider-
ing the known behaviour of VYO," ions with a-hydroxycarboxylates in aqueous
solution. Although stability constants for V¥O,—mal complexes are not available,
useful insights can be drawn from the corresponding VVO,—citr, where citr is cit-

rate anion.?®> Malic and citric acid share a similar structure differing only for the
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fourth group bound to the tetrahedral C atom which is a H atom in the first case

and a -CH,COOH group in the second one (Figure 5.14).

C?00H C?00H
CH, CH,
HO—C—C'OOH HO—C—C'OOH
H CH,
(‘JE’OOH
Malic acid (H,L) Citric acid (HsL)

Figure 5.14 — Structure of malic and citric acid. In red the structural difference between

the two bioligands is shown.

The fully protonated forms of malic and citric acids, denoted as H,L and HsL,
have comparable pK, values: pKa.i = 3.16 and pK,. = 4.57 for malic acid,””* and
pKa1 = 2.87, pKax = 4.27 and pKy3 = 5.57 for citric acid,?”® and they are expected
to coordinate VVO," in the same way. The citrate carboxylate group is usually not
involved in metal binding, and it should not influence the coordination mode.

The distribution curve of the species that citrate and VYO," ion form when in
a molar ratio of 1:1 and at V concentration of 100 pM (ESI-MS experiments), 0.3
mM (soaking experiments) and 5 mM (°*'V NMR) can be calculated with the sta-

bility constants determined by Petterson et al.?®> (Figure 5.15).

183



100 100 -
[VO*  [V,0s(Haitr)]> VO [V2O5(Heitr)]2-
12VO;

80
[HVOu1

[V20s(citr)]*~

60

A

40

20

[V,0(Heitr) 2~ [V,0(citr)]>

[HVO ™

EA

[V,0(Heitr)] =

o
[VO,(Hitr)]~

Figure 5.15 — Species distribution curves in the system VV/citr 1:1 with V concentration:
a) 100 uM; b) 300 uM; ¢) S mM. In red, blue, and black colours are shown the dinuclear

complexes formed with citrate ligand, the inorganic POVs, and mononuclear species.

AtpH 4.0, the species [VY20s(Hcitr)]*, with the (C'OO-, O") donor set bound
to VY and C*0O0H and C*OOH groups that are still protonated, dominates in an
aqueous solution. This species corresponds to [VY>0s(mal)]*~ where the coordina-
tion is (C'OO~, O") and C*OOH is protonated. So, in aqueous solution and at pH
4.0, the transformation of [VVY204(mal),]*" to [VY20s(mal)]*>" occurs upon the re-
action [VY204(mal),]* + HoO — [VVY20s(mal)]*” + Homal. This explains the non-
covalent binding of [VVY,0s(mal)]* to HEWL and the detection of this species in
the ESI-MS and 'V NMR spectra.

On the contrary, increasing V concentration, the amount of [H,VY,07]*>~ and
[HVY,07]* increases and polynuclear species are formed. POVs with a number

of V atoms higher than 5 are not expected, at least up to 5 mM, however a Vi
184



species was detected by ESI-MS and *'V NMR spectroscopy. This finding could
be explained by the greater stability of [VV,0s(Hcitr)]>~ than [VY,Os(mal)]*-
which could prevent the formation of decavanadate. Furthermore, it should be
considered that the amount of [VV0025]® observed in the 'V NMR experiments
is small and its formation could be stabilized by the presence of HEWL at RT, as
can be argued from Figure 5.7 where the only adducts revealed by ESI-MS in the
system formed by Cs;[VY204(mal),]-2H,O and protein is with [HeVV10O2s]—
HEWL.

Finally, it should be observed that, once formed, a small amount of
[VV20s(mal)]* can give the aquaion [VVO,]" according to the reaction
[V¥205(L)]* +4 H" — 2 [VY0,]" + LH; + H>O. Subsequently, [VYO,]" can be
reduced to [VIVO]*", detected in the structure A (Figure 5.8a).

5.2.4 Crystallographic studies at physiological temperature

Since 'V NMR data suggest that at 37°C V| is not formed in the presence
of HEWL, the structure formed upon treatment of HEWL crystals grown at 37°C
with Cs;[VY204(mal),]-2H,0 was solved. Crystallization and data collection at
37°C are challenging. A higher protein concentration was necessary to grow
HEWL crystals at 37°C and special manipulations were needed for the crystal
mounting to avoid dehydration. X-ray diffraction data at 37°C of HEWL-
Cs2[VVY204(mal),]-2H>O crystals were collected using procedure recently devel-
oped in the Prof. Merlino’s laboratory.??!

The overall HEWL conformation in the 37°C structure is not significantly
affected by the temperature, in agreement with previous observations!®®?2!
(RMSD with metal-free protein structure = 0.20 A and with the structure of the
V-HEWL reported in the previous paragraph = 0.27 A and 0.35 A). However,
there are some differences close to the V binding sites. Consistently with the 5'V
NMR results, the structure at 37°C does not show the presence of a Vio. Instead,
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a single VO group, presumably a [VVO]*" ion, is bound to the side chain of Asp18
(Figure 5.16).

Figure 5.16 — 2Fo-Fc electron density map of the [VIYO]?*" observed in the structure at

37°C is reported at 1.0 ¢ level in grey.

In conclusion, results reveal that, in crystallo, HEWL binds a [VIVO]** ion, a
[VY20s(mal)]* ion and V1o group at 20°C, while at physiological temperature the
decavanadate disappears, in strict agreement with 'V NMR data, and only an ad-
duct with [VIVO]*" is observed.

This is the first structural observation of covalent binding of Vi with a pro-
tein. The interaction of [VVY10O2s]® with the protein is favoured by protein—protein
interaction. Overall, these findings suggest that protein—protein stabilization may

facilitate unexpected binding modes.?’®

5.3 Interaction of Csz2[VY204(lact)2]-2H>0 with HEWL

Given the biological relevance of lactate and its widespread occurrence in
metabolic processes, Csz[VVY204(lact),]-2H,O represents a complementary system
for studying the behaviour of dioxidovanadium(V) complexes with a-hydroxycar-

boxylic acid. As for Cs,[VVY204(mal),]-2H,0, the solution behaviour of the lactate
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analogue was first examined under different conditions, followed by studies of its

interaction with HEWL from a structural point of view.

5.3.1 'V NMR studies

The behaviour of Cs:[VY>0u(lact)2]-2H,0 in solution was investigated by
collecting 'V NMR spectra of the compound (concentration = 5 mM) in D,O and
under the conditions used to obtain its adduct with HEWL: i) 1.1 M sodium chlo-
ride, 0.1 M sodium acetate pH 4.0 and 10% D-0O; ii) 0.1 M sodium acetate pH 4.0,
20% ethylene glycol, 0.6 M sodium nitrate and 10% D-O; iii) 0.8 M succinic acid
pH 7.0 and 10% D,0; iv) 0.1 M HEPES pH 7.5, 2.0 M sodium formate and 10%
D,0. Measurements were performed in the absence and in the presence of the
protein (concentration = 13 mg/mL, 0.9 mM) after 1 hour and 7 days of incubation
at RT (Figure 5.17-Figure 5.20).

The spectrum of Cs;[VV204(lact),]-2H>O collected at RT after 1 h of incuba-
tion in D,O reveals the presence of [VY,0s(lact),]* (signal at ~-532 ppm),
[VV305(lact),]* (signals at ~—539 ppm, —546 ppm), V1o (signals at ~—424 ppm, —
502 ppm, =517 ppm), [V¥YO2]" (~-550 ppm) and [H,VVO4]" (~-558 ppm) (Fig-
ure 5.17). After 7 d of incubation, the same species are detected except for
[H2VVYO4]". Quantitative analysis indicates that the percentage of decavanadate
significantly increases over time from ~ 11.9% (after 1 h of incubation) to ~35.9%
(after 7 d of incubation) (Figure 5.17, Table 5.5).

The spectra collected in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0
and 10% D,O show the presence of [VVY20u(lact),]*, [VV307(lact)2]*, Vie and
[VVYO,]" in both incubation times. Also in this case, the integration analysis shows
that the amount of decavanadate increases over time (Figure 5.17, Table 5.5). In
contrast, in the presence of the protein, only [VY,0u(lact)2]*, [VY307(lact):]*~ and
[VYO,]" were detected after 1 h of incubation and only a small amount (~ 6%) of

Vi after 7 d of incubation (Figure 5.17, Table 5.5).
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Figure 5.17 — 3!V NMR spectra measured at RT after a) 1 h and b) 7 d of incubation of
Cs2[VV204(lact)>]-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-0O in presence of HEWL (13 mg/mL) (blue lines).
i indicates [VV204(lact),]*, ii [VV307(lact)2], iii Vi, iv [VVO,]" and v [H2VVO4] ™. These
studies were carried out under the supervision of Prof. Annette Rompel from University

of Vienna.

The 'V NMR spectrum of Csz[VY204(lact),]-:2H,O was also collected at RT
after 1 h of incubation in 0.1 M sodium acetate pH 4.0, 20% ethylene glycol (EG),
0.6 M sodium nitrate and 10% D;O. Results indicate the presence of
[VY204(lact),]* (signal at ~-532 ppm), [VV305(lact)]*" (signals at ~—538 ppm, —
546 ppm), Vo (signals at ~425 ppm, —502 ppm, —519 ppm), and of a dinuclear
oxidovanadium(V) complex with ethylene glycol as ligand, [VY204(EG),]* (sig-
nal at ~-523 ppm)*”’ (Figure 5.18, Table 5.6). After 7 d of incubation, the same
species are detected with the addition of [VYOx(lact)(H.O)] (signal at ~509 ppm)
and [VVOx(lact)(OH)]* (signal at ~-520 ppm) (Figure 5.18, Table 5.6). In the
presence of the protein, only [VV20u(lact),]*", [VV30s(lact):]*, [VY204(EG).]>
and [VVOy(lact)(OH)]*" are detected (Figure 5.18, Table 5.6).
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Figure 5.18 — 31V NMR spectra measured at RT after a) 1 h and b) 7 d of incubation of
Cs2[VY204(lact),]-2H20 (5 mM) dissolved in D>O (red lines); in 20% ethylene glycol, 0.6
M sodium nitrate, 0.1 M sodium acetate pH 4.0 and 10% D,O (green lines); and in 20%
ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0 and 10% D-O in
presence of HEWL (13 mg/mL) (blue lines). i indicates [VY204(lact),]*, ii [VV307(lact),]*~
, 1ii Vio, iv [VVYO2]", v [HaVYO4], vi [VVOa(lact)(OH)]>, vii [VV204(EG)2]> and viii
[VVO,(lact)(H,0)]". These studies were carried out under the supervision of Prof. Annette

Rompel from University of Vienna.

The spectrum registered in 0.8 M succinic acid pH 7.0 and 10% D-O reveals
the presence of [VY20u(lact)]* (signal at ~532 ppm), [VV304(lact),]*~ (signals at
~-540 ppm, —548 ppm), [HoVV04]™ (~557 ppm), [H2VV207]*> (~-570 ppm),
[VV4012]* (~=574 ppm) and [VV5015]> (~582 ppm), both in the absence and in
the presence of HEWL (Figure 5.19, Table 5.7). Similar results were obtained in
0.1 M HEPES pH 7.5, 2.0 M sodium formate and 10% D,O. The only significant
difference is a signal attributed to [V"20s(lact)2]* observed after 7 d of incubation

both in the absence and in the presence of HEWL (Figure 5.20, Table 5.8).
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Figure 5.19 — 3!V NMR spectra measured at RT after a) 1 h and b) 7 d of incubation of
Cs2[VV204(lact)>]-2H20 (5 mM) dissolved in D,O (red lines); in 0.8 M succinic acid pH
7.0 and 10% D,O (green lines); and 0.8 M succinic acid pH 7.0 and 10% D-O in presence
of HEWL (13 mg/mL) (blue lines). i indicates [VY204(lact)2]*, ii [VV305(lact),]*, iii Vo,
iv [VVO]", v [HaVVO4], vi [HaVY207]%, vii [VV4012]* and viii [VV5015]7~. These studies

were carried out under the supervision of Prof. Annette Rompel from University of Vienna.
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a b
Figure 5.20 — 'V NMR spectra measured at RT after a) 1 h and b) 7 d of incubation of
Cs2[VY204(lact)2]-2H,0 (5 mM) dissolved in D>O (red lines); in 0.1 M HEPES pH 7.5,
2.0 M sodium formate and 10% D-O (green lines); and in 0.1 M HEPES pH 7.5, 2.0 M
sodium formate and 10% D-O in presence of HEWL (13 mg/mL) (blue lines). i indicates
[VYV204(lact)2]*, ii [VY30+(lact)>]*, iii Vi, iv [VVO2]", v [HaVYO4], vi [H2VY207]7, vii
[VV4012]* and viii [VVs0;5]°". These studies were carried out under the supervision of

Prof. Annette Rompel from University of Vienna.
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Table 5.5 — Chemical shifts in 3'V NMR spectra measured in triplicate at RT after 1 h and 7 d of incubation of Csy[VVY,0u(lact)]-2H,0
(5 mM) dissolved in (i) D>O; (ii) 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0 and 10% D,O; and (iii) 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and 10% DO in presence of HEWL (13 mg/mL). The relative content of species was calculated based on

the integration of >V signals. Signals were assigned based on literature data.

5 mM Csz2[VY204(lact)z]-2H20 in D20 (after 1 h at RT)
51V chemical shift (ppm) Integration (%) Sum Average
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample +SD
1 2 3 1 2 3 1 2 3 (%)
—425 —424 —424 Vio 110,263 0.7 1.3 1.3
Vio 110,113,114,263,264,268 +
-501 -501 -S0L | vy 5.1 4.2 4.6 131 108 118 111.92
517 517 517 (or\GEZ’) 110,113,114,263,264,268 73 53 59
-532 -532 -532 Valo?~ 110,113,114,263,264,268 65.2 65.2 67.1 65.2 65.2 67.1 65181 *
Vil 110,113,114,263,264,268
-539 -539 -539 (or VaL) 11.7 12.9 11.6 197 +
ViLo 110,113,114,263,264,268 19:3 205 191 0.7
-546 —546 —546 (or VaL?) 1113,114,265,264, 7.8 7.6 7.5
=550 =550 =550 [VVO2]* 278 1.5 3.1 1.6 1.5 3.1 1.6 2.1+09
—558 —558 —558 [H2VVO4] 110,114,278,279,279 0.7 0.4 0.4 0.7 0.4 0.4 0.5+0.2
5 mM Cs:2[VY204(lact)2]-2H20 in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D:O (after 1 h at RT)
SV chemical shift (ppm) Integration (%) Sum Average
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample +SD
1 2 3 1 2 3 1 2 3 (%)
—424 —424 —424 Vio 110,263 2.6 1.3 1.2 257+
Vio 253 27.9 24.0 '
-501 -502 -502 (or VL)) 110.113,114.263.264.268 | 10,0 10.3 9.3 2.0

191



Vio

_ _ _ 110,113,114,263,264,268
518 518 517 (or VL) 12.7 16.3 13.5
-532 -532 -532 Valo?- 110,113,114,263,264,268 55.9 58.1 60.1 559 58.1 60.1 ig?
ViLa* 110,113,114,263,264,268
-538 —538 —538 (or VaL?) 12.1 8.7 9.9 15.0 +
ViLla* 110,113,114,263,264,268 174 127 148 2.4
-546 —546 —546 (or VaL?) »112,114,203,204, 53 4.0 4.9
-549 -549 -549 [VVO2]* 278 1.5 1.3 1.1 1.5 1.3 1.1 1.3+£0.2
5 mM Csz2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D20 (after 1 h at RT)
51V chemical shift (ppm) Integration (%) Sum Average
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample +SD
1 2 3 1 2 3 1 2 3 (%)
-532 -532 -532 Vala> 110,113,114,263,264,268 76.4 76.1 76.6 76.4 76.1 76.6 7%2 *
ViLo 110,113,114,263,264,268
-538 —538 —538 (or VaL?) 15.2 15.9 15.5 220
ViLo 110,113,114,263,264,268 222 27 217 0.5
-546 —546 —546 (or VaL?) 1113,114,265,264, 7.0 6.8 6.2
=550 -549 -550 [VYO2]* 278 1.5 1.3 1.7 1.5 1.3 1.7 1.5+0.2
5 mM Csz2[VY204(lact)2]-2H20 in D:O (after 7 d at RT)
SV chemical shift (ppm) Integration (%) Sum Average
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample +SD
1 2 3 1 2 3 1 2 3 (%)
—424 —425 —424 Vio 110,263 4.2 2.9 33
Vio
~502 501 ~502 110,113,114,263,264,268 154 13.5 13.8 359+
(orVVL*) 38.4 34.7 34.6 29
_ _ _ 10 110,113,114,263,264,268
518 517 518 (or VLY) 18.8 18.3 17.5
-532 -532 -532 Vol 110,113,114,263,264,268 47.7 48.8 48.1 47.7 48.8 48.1 4%26i
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VL2

_ _ _ 110,113,114,263,264,268
539 539 539 (or VaL?) 8.4 9.8 10.5 148
VsLo™ 110,113,114,263,264,268 132 149 162 £1.5
—546 —546 —546 (or VaL?) 113,114,262,204, 4.8 5.1 5.7
-550 —550 —550 [VYO2]* 278 0.8 1.6 1.1 0.8 1.6 1.1 1.2+04
5 mM Csz2[VY204(lact)2]-2H20 in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% D:O (after 7 d at RT)
SV chemical shift (ppm) Integration (%) Sum Average
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample +SD
1 2 3 1 2 3 1 2 3 (%)
—424 —424 —424 Vio 110,263 34 3.2 3.0
_ . . Vio 110,113,114,263,264,268 31.0 +
502 501 501 (or VL) 11.5 13.3 12.1 293 1.6 31.0 1-.7
_ . . Vio 110,113,114,263,264,268
518 517 517 (or VL?) 14.4 16.1 15.9
-532 -532 -532 Valo?~ 110,113,114,263,264,268 50.9 52.5 533 50.9 52.5 533 521.12i
=539 -539 -539 (o\r/%i;') 110,113,114,263,264,268 12.4 9.4 10.0 15.6 =
V3L223, 18.2 13.9 14.6 >3
_ _ _ 110,113,114,263,264,268 .
546 546 546 (or VaL?) 5.8 4.5 4.6
-549 -549 -549 [VYO2]* 278 1.6 0.9 1.1 1.6 0.9 1.1 1.2+04
5 mM Cs:2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 1.1 M NaCl, 10% DO (after 7 d at RT)
S5V chemical shift (ppm) Integration (%) Sum Average
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample +SD
1 2 3 1 2 3 1 2 3 (%)
-501 501 501 (orV\ll(;j) 110,113,114,263,264,268 0.9 34 1.3
Vio 3.0 9.6 5.4 6.0+3.3
_ _ _ 110,113,114,263,264,268
517 517 517 (or VL) 2.1 6.2 4.1
-532 -532 -532 Valo?> 110,113,114,263,264,268 67.2 69.4 72.9 67.2 69.4 72.9 6%89i
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Vil 110,113,114,263,264,268
-539 —538 —538 (or VaL2) 19.2 13.9 14.7 229+
Vil 27.7 20.1 20.9 42
546 546 _546 (or VaL?) 110,113,114,263,264,268 85 6.2 6.2 .
—549 —549 —549 [VVO2]* 278 2.1 0.9 0.8 2.1 0.9 0.8 1.3+0.7

2 L indicates lact>” ligand, VL- indicates [VVOa(lact)(H20)]~, VL? [VVOy(lact)(OH)]*, VaoLo*™ [VY204(lact)z]*, VoL [VY20s(lact)]*
and V3L23' [VV3O7(1act)2]3’.
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Table 5.6 — Chemical shifts in 'V NMR spectra measured in triplicate at RT after 1 h and 7 d of incubation of Csy[VY204(lact),]-2H,O
(5§ mM) dissolved in (i) D>O; (ii) 0.1 M sodium acetate pH 4.0, 20% ethylene glycol, 0.6 M sodium nitrate and 10% D,O; and (iii) 0.1

M sodium acetate pH 4.0, 20% ecthylene glycol, 0.6 M sodium nitrate and 10% DO in presence of HEWL (13 mg/mL). The relative

content of species was calculated based on the integration of >'V signals. Signals were assigned based on literature data. ?

5 mM Csz2[VY204(lact)z]-2H20 in D20 (after 1 h at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 (%)
—425 —424 —424 Vio 110,263 0.7 1.3 1.3
Vio 110,113,114,263,264,268
-501 -501 -501 rviy | 5.1 4.2 4.6 131 10.8 11.8 111.92i
B B B Vio 110,113,114,263,264,268 '
517 517 517 (or VL) 7.3 53 59
-532 -532 -532 Valo?~ 110,113,114,263,264,268 65.2 65.2 67.1 65.2 65.2 67.1 65181 *
ViLo* 110,113,114,263,264,268
-539 -539 -539 (or VaL?) 11.7 12.9 11.6 . 2 o1 197 +
VsLo™ 110,113,114,263,264,268 193 2 ' 0.7
—546 -546 —546 (or VaL?) 1113,114,265,264, 7.8 7.6 7.5
+
-550 =550 -550 [VYO2]* 278 1.5 3.1 1.6 1.5 3.1 1.6 2(')19
—558 -558 -558 [H2VVO4]~ 110,114,278,279,279 0.7 0.4 0.4 0.7 0.4 0.4 0(')5;
5 mM Csz2[VY204(lact)2]-2H20 in 0.1 M NaOAc pH 4.0, 20% ethylene glycol, 0.6 M NaNO3, 10% D20 (after 1 h at RT)
S5V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 (%)
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—425 —425 —425 Vio 110,263 0.1 0.1 0.1
~502 ~502 502 (orV\ll(ij) 110,113,114,263,264,268 1.4 1.9 3.9 14.9 148 20.6 12,2:3;:
. . - Vio 110,113,114,263,264,268 '
520 520 520 (or VL) 13.4 12.8 16.6
-523 -523 -523 V2EG2> 2 32 2.8 33 3.2 2.8 33 3(')1;
-532 -532 —531 Vala> 110,113,114,263,264,268 64.6 66.6 64.9 64.6 66.6 64.9 65141 *
Vil 110,113,114,263,264,268
—538 —538 —538 (or VaL?) 11.5 10.8 7.4 148 +
Vila- 17.3 15.9 11.3 3]
546 _546 _545 (or VaL?) 110,113,114,263,264,268 5.8 5.1 3.9 :
5 mM Cs2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 20% ethylene glycol, 0.6 M NaNO3, 10% D20
(after 1 h at RT)
SV chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + gD
1 2 3 1 2 3 1 2 3 (%)
-520 =520 -520 VL 110,113,114,263,264,268 12.0 159 15.0 12.0 15.9 15.0 li‘%i
-523 -523 -523 V2EG2*> 27 4.9 5.0 3.6 4.9 5.0 3.6 4(')5;
-531 =531 -531 Valo?- 110,113,114,263,264,268 69.8 70.6 73.2 69.8 70.6 73.2 7]]'28i
Vil 110,113,114,263,264,268
—538 -538 —538 (or VaL) 9.3 5.8 5.6 10.0 +
ViLla* 110,113,114,263,264,268 133 8.3 83 238
—545 -545 —545 (or VaL?) 1113,114,263,264, 4.0 2.7 2.7
5 mM Csz2[VY204(lact)z]-2H20 in D20 (after 7 d at RT)
SV chemical shift (ppm) ‘ Species ‘ References Integration (%) Sum
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Aver-

Sample | Sample | Sample Sample | Sample | Sample | Sample | Sample | Sample age
1 2 3 1 2 3 1 2 3 +SD
(%)
—424 —425 —424 Vio 110,263 4.2 2.9 33
Vio 110,113,114,263,264,268
-502 -501 502 vy | 15.4 13.5 13.8 384 347 346 352-92i
. _ . Vio 110,113,114,263,264,268 .
518 517 518 (or VL?) 18.8 18.3 17.5
-532 -532 -532 Valo?> 110,113,114,263,264,268 47.7 48.8 48.1 47.7 48.8 48.1 4%26i
-539 -539 -539 V3L23;_ 110,113,114263.264268 | g 4 9.8 10.5
(or VoL™) 14.8
ViLo* 110,113,114,263,264,268 132 149 162 £1.5
—546 —546 —546 (or VaL?) 113,114,263,264, 4.8 5.1 5.7
=550 =550 =550 [VYO2]* 278 0.8 1.6 1.1 0.8 1.6 1.1 1(')2;
5 mM Cs2[VY204(lact)2]-2H20 in 0.1 M NaOAc pH 4.0, 20% ethylene glycol, 0.6 M NaNO3, 10% D20 (after 7 d at RT)
SV chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + ED
1 2 3 1 2 3 1 2 3 (%)
—421 —425 —425 Vio 110,263 1.3 0.3 0.3
=502 =502 =502 Vio 110,263 7.4 7.1 7.3 10.6 10.1 9.8 1%’ii
=519 =519 =519 Vio 110,263 1.9 2.7 2.2
=509 =509 =509 VL~ 110,113,114,263,264,268 7.6 11.0 7.9 7.6 11.0 7.9 8i89i
~520 520 ~520 VL2 110,113,114,263,264,268 77 8.6 78 77 86 78 8(.)05i
-523 523 -523 V2EG2* 27 52 6.0 4.8 52 6.0 4.8 5(')36i
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—531 -531 —531 VaLo? 110,113,114,263,264,268 57.1 54.4 57.7 57.1 54.4 57.7 561'4;;:
538 ~538 538 VLot 110,113,114,263,264,268 82 71 81
(or V2L?) ) ) ) 113+
VLot 110,113,114,263,264,268 120 10.0 12.0 1.2
—546 -545 —545 (or VaL%) »112, 114,203,202, 3.8 2.9 3.9
5 mM Cs2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.1 M NaOAc pH 4.0, 20% ethylene glycol, 0.6 M NaNO3, 10% D20
(after 7 d at RT)
SV chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sample | Sample | Sample + ED
1 2 3 1 2 3 1 2 3 (%)
-520 -520 -520 VL 110,113,114,263,264,268 13.6 10.7 11.0 13.6 10.7 11.0 ! 1186i
—523 -523 —523 V2EG2* 27 3.5 4.9 3.1 3.5 49 3.1 3(')8;
2 110,113,114,263,264,268 69.9 +
-531 =531 -531 Vala »113,114,203,20%, 69.8 70.2 69.7 69.8 70.2 69.7 03
Vil 110,113,114,263,264,268
-538 -538 -538 (or VoLY) 9.3 10.4 114 1454
ViLa* 110,113,114,263,264,268 131 14.2 tel L5
—545 —545 —546 (or V2L%) »1 13, 114,203,264, 3.8 3.8 4.7

2 L indicates lact*~ ligand, VL indicates [VVO,(lact)(H.0)]~, VL [VYO,(lact)(OH)]*", VaLo? [VV204(lact):]?, V2EG2> [VVY204(EG)2]*
s V2L2_ [VV205(1act)]2‘ and V3L23’ [VV3O7(1act)2]3‘.
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Table 5.7 — Chemical shifts in 3'V NMR spectra measured in triplicate at RT after 1 h and 7 d of incubation of Csy[VVY,0u(lact)]-2H,0
(5 mM) dissolved in (i) D»O; (ii) 0.8 M succinic acid pH 7.0 and 10% D-,0O; and (iii) 0.8 M succinic acid pH 7.0 and 10% DO in
presence of HEWL (13 mg/mL). The relative content of species was calculated based on the integration of 3'V signals. Signals were

assigned based on literature data. *

5 mM Csz2[VY204(lact)z]-2H20 in D20 (after 1 h at RT)
5V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple1 2 3 (%)
425 —424 —424 Vio 110,263 0.7 1.3 1.3
Vio 10,113,114,263,264,268
-501 -501 -501 vy | 5.1 4.2 4.6 131 10.8 11.8 111-92i
B B B Vio 110,113,114,263,264,268 .
517 517 517 (or VL?) 7.3 5.3 5.9
-532 -532 -532 \ 110,113,114,263,264,268 65.2 65.2 67.1 65.2 65.2 67.1 65181 *
ViLo* 110,113,114,263,264,268
-539 -539 -539 (or VaL?) 11.7 12.9 11.6 197 +
Vila* 110,113,114,263,264,268 193 203 1 0.7
—546 —546 —546 (or VaL?) »113,114,263,264, 7.8 7.6 7.5
+
-550 =550 =550 [VVYO2]* 278 1.5 3.1 1.6 1.5 3.1 1.6 2(‘)19
—-558 —-558 —-558 [H2VVOs4] 110,114,278,279,279 0.7 0.4 0.4 0.7 0.4 0.4 0(’)5;
5 mM Csz2[VY204(lact)2]-2H20 in 0.8 M succinic acid pH 7.0, 10% D20 (after 1 h at RT)
SV chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple1 2 3 (%)
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09+

-531 -532 -532 Vala> 110,113,114,263,264,268 1.0 1.0 0.8 1.0 1.0 0.8 01
539 540 540 ViLlo* 110,113,114,263,264,268 1.5 1.7 1.6
(or VoL?) ) ) ) 33+
ViLo* 110,113,114,263,264,268 32 33 32 0.2
-549 -549 -549 (or VaL2) »112,114,265,204, 1.7 1.8 1.6
-557 -555 -557 [HaVVO4]- 118,268 5.6 6.2 6.5 5.6 6.2 6.5 6(')1;
=570 =570 =570 [H2VY207)* 118,268 3.0 2.1 2.9 3.0 2.1 2.9 2(')7;
v 4 118,268 70.6 +
=574 =574 =574 [VY4012] . 71.5 69.8 70.6 71.5 69.8 70.6 09
% 5- 118,268 16.4 +
-583 —582 —582 [VY5015] ’ 15.7 17.6 16.0 15.7 17.6 16.0 10
5 mM Cs2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.8 M succinic acid pH 7.0, 10% DO (after 1 h at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple 1 2 3 (‘%))
-532 =531 =530 Vala> 110,113,114,263,264,268 1.0 1.3 1.7 1.0 1.3 1.7 163:[
—540 ~539 ~539 V3L237 110,113,114,263,264,268 1.8 1.6 1.4
(or VoL») ) ) ) 35+
ViLla* 110,113,114,263,264,268 37 33 33 0.2
-549 —548 —548 (or VaL?) -113,114,265,204, 1.9 1.9 1.9
-557 -556 -556 [H2VVO4]- 118,268 5.8 4.7 53 5.8 4.7 53 5(’)3;
=570 =570 =570 [H2VY207]* 118,268 34 43 5.9 34 4.3 5.9 4i53i
v 4 118,268 69.7 +
=574 =574 =574 [VY4012] - 69.4 71.1 68.7 69.4 71.1 68.7 12
% 5- 118,268 157+
—582 —582 —582 [VY501s] ’ 16.8 15.3 15.1 16.8 15.3 15.1 09
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5 mM Csz[VY204(lact)2]-2H20 in D20 (after 7 d at RT)

SV chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple 1 2 3 (%)
—424 —425 —424 Vio 118,263 4.2 2.9 33
Vio 110,113,114,263,264,268 +
-502 -501 -502 (or VL) 15.4 13.5 13.8 384 347 346 352.92
_ _ _ Vio 110,113,114,263,264,268 .
518 517 518 (or VL) 18.8 18.3 17.5
532 | s | sk | vaLr | nemsaeassas | o477 | oagg | o4g1 | 477 | 4s8 | 4z1 | B2
ViLo* 110,113,114,263,264,268
-539 -539 -539 (or V2L%) 8.4 9.8 10.5 148
ViLo* 110,113,114,263,264,268 132 149 162 £1.5
-546 -546 -546 (or V2L%) HH12,114,265,264, 4.8 5.1 5.7
-550 -550 -550 [VVYO2]* 278 0.8 1.6 1.1 0.8 1.6 1.1 1(')24i
5 mM Csz[VY204(lact)2]-2H20 in 0.8 M succinic acid pH 7.0, 10% D20 (after 7 d at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + éD
1 2 3 1 2 3 ple1 2 3 (%)
-531 =531 -532 Valo?> 110,113,114,263,264,268 1.0 1.0 0.8 1.0 1.0 0.8 0(.)91i
~539 ~539 —540 ViLo* 110,113,114,263,264,268 1.8 2.0 1.8
(or VoL?) ) ) ) 3.7+
ViLo* 110,113,114,263,264,268 37 39 33 0.2
—548 -549 -549 (or VaL2) 2H15,114,265,204, 1.9 1.9 1.7
—557 —557 -557 [HaVVO4]- 118,268 53 4.8 5.1 53 4.8 5.1 5(')1;
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=570 =570 =570 [H2VY207)* 118,268 4.1 2.4 3.0 4.1 2.4 3.0 3(')2;
—574 —574 —574 [VV4O12]* 118,268 71.2 71.9 723 71.2 71.9 723 71)'86i
—582 —582 —582 [VV5015]*- 118,268 14.8 16.1 15.2 14.8 16.1 15.2 1%";i
5 mM Cs2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.8 M succinic acid pH 7.0, 10% D:O (after 7 d at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple 1 2 3 (OA))
—532 —532 —531 Vala?> 110,113,114,263,264,268 13 1.3 1.2 1.3 1.3 1.2 1(')31i
Vil 110,113,114,263,264,268
-540 -540 -539 (or VaL?) 3.2 2.5 2.6 584
ViLo* 110,113,114,263,264,268 63 >3 > 0.6
—549 —548 —549 (or VaL?) »113,114,203,26%, 33 2.8 2.9
—557 —557 —557 [H2VVO4]- 118,268 5.7 4.7 5.8 5.7 4.7 5.8 5(')4;
=570 =570 =570 [H2VY207)* 118,268 2.6 23 2.8 2.6 2.3 2.8 2(‘)6;[
V0,14 118,268 68.9 +
—574 —574 —574 [VV4O12] ” 67.1 70.8 68.7 67.1 70.8 68.7 19
v 5 118,268 16.2 +
—582 -5812 —582 [VV501s] , 16.8 15.6 16.1 16.8 15.6 16.1 06

a L indicates lact’™ ligand, VL- indicates [VVO(lact)(H20)]~, VL> [VVO,(lact)(OH)]*, V2Lo> [VV204(lact)2]?, VoL [VV20s(lact)]>
and V;L,* [VV305(lact)2]*
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Table 5.8 — Chemical shifts in 'V NMR spectra measured in triplicate at RT after 1 h and 7 d of incubation of Csy[VY204(lact),]-2H,O
(5 mM) dissolved in (i) D,O; (ii) 0.1 M HEPES pH 7.5, 2.0 M sodium formate and 10% D-»O; and (iii) 0.1 M HEPES pH 7.5, 2.0 M
sodium formate and 10% D,O in presence of HEWL (13 mg/mL). The relative content of species was calculated based on the integration

of >V signals. Signals were assigned based on literature data. ?

5 mM Csz2[VY204(lact)z]-2H20 in D20 (after 1 h at RT)
5V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple1 2 3 (%)
425 —424 —424 Vio 110,263 0.7 1.3 1.3
Vio 10,113,114,263,264,268
-501 -501 -501 vy | 5.1 4.2 4.6 131 10.8 11.8 111-92i
B B B Vio 110,113,114,263,264,268 .
517 517 517 (or VL?) 7.3 5.3 5.9
-532 -532 -532 \ 110,113,114,263,264,268 65.2 65.2 67.1 65.2 65.2 67.1 65181 *
ViLo* 110,113,114,263,264,268
-539 -539 -539 (or VaL?) 11.7 12.9 11.6 197 +
Vila* 110,113,114,263,264,268 193 203 1 0.7
—546 —546 —546 (or VaL?) »113,114,263,264, 7.8 7.6 7.5
+
-550 =550 =550 [VVYO2]* 278 1.5 3.1 1.6 1.5 3.1 1.6 2(‘)19
—-558 —-558 —-558 [H2VVOs4] 110,114,278,279,279 0.7 0.4 0.4 0.7 0.4 0.4 0(’)5;
5 mM Cs2[VY204(lact)2]-2H20 in 0.1 M HEPES pH 7.5, 2.0 M sodium formate, 10% D20 (after 1 h at RT)
SV chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple1 2 3 (%)
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~539 539 ~539 ViLa* 110,113,114,263,264,268 0.6 0.7 1.0
(or VoL?) ) ) ) 20+
ViLa* 110,113,114,263,264,268 L4 21 23 0.6
—549 —549 —549 (or VaL2) 113, 114,803,20%, 0.8 1.4 1.5
555 | 555 | 556 | [HavVOu 15208 4.9 55 37 | 49 55 31 | AT
570 | -570 | -570 | [HaVY2071 118,268 3.8 46 54 3.8 46 54 4(')6;
% 4 118,268 724 £
—574 —574 —574 [VV4O12] ’ 73.9 72.1 713 73.9 72.1 71.3 13
582 | 582 | 582 | [VVsOusl 5208 160 | 158 | 140 | 160 | 158 | 140 | P3F

5 mM Cs2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.1 M HEPES pH 7.5, 2.0 M sodium

formate, 10% D20 (after 1 h at RT)

51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + gD
1 2 3 1 2 3 ple 1 2 3 (%)
~539 ~539 ~539 ViLo* 110,113,114,263,264,268 0.6 0.7 0.7
(or VoL?) ) ) ) 1.8+
Vil 1.7 1.9 1.8 01
_ _ _ 110,113,114,263,264,268 .
549 549 549 (or VaL?) 1.1 1.2 1.2
556 -556 -556 [H2VVO4]- 118,268 53 5.4 5.0 53 5.4 5.0 5(')2;
=570 =570 =570 [H2VY207)* 118,268 4.0 5.4 4.0 4.0 5.4 4.0 4(')5;
v 4 118,268 73.0 £
-574 -574 -574 [VY4012] : 74.0 71.3 73.7 74.0 71.3 73.7 15
Vo), 5 118,268 155+
-582 -582 -582 [VV501s] , 15.0 16.1 15.5 15.0 16.1 15.5 0.6
5 mM Csz2[VY204(lact)z]-2H20 in D20 (after 7 d at RT)
SV chemical shift (ppm) ‘ Species ‘ References Integration (%) Sum
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Aver-

Sample | Sample | Sample Sample | Sample | Sample | Sam- Sample | Sample age
1 2 3 1 2 3 ple 1 2 3 +SD
(%)
—424 —425 —424 Vio 110,263 4.2 2.9 33
Vio 10,113,114,263,264,268
-502 -501 -502 vy | 15.4 13.5 13.8 384 347 346 352.92i
_ _ _ Vio 110,113,114,263,264,268 '
518 517 518 (or VL?) 18.8 18.3 17.5
532 | s | sk | valr | nemasaeassas | o477 | oagg | o4g1 | 477 | 4g8 | 4z1 | B2
-539 | -539 -539 Vika'  nonnasanasas | g4 9.8 10.5
(or VoL*) 14.8
Vil 110,113,114,263,264,268 132 149 162 £1.5
—546 —546 —546 (or VaL?) »113,114,263,264, 4.8 5.1 5.7
=550 =550 =550 [VVYO2]* 278 0.8 1.6 1.1 0.8 1.6 1.1 1(')24i
5 mM Csz2[VY204(lact)2]-2H20 in 0.1 M HEPES pH 7.5, 2.0 M sodium formate, 10% D20 (after 7 d at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-
. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + éD
1 2 3 1 2 3 ple 1 2 3 (%)
=531 =531 =531 Vala?> 110,113,114,263,264,268 0.1 0.4 0.7 0.1 0.4 0.7 0(')4;
ViLa¥ 110,113,114,263,264,268
-540 =539 =539 (or VaL?) 1.0 1.3 1.5 284
ViLo* 110,113,114,263,264,268 23 28 33 0.5
=550 -549 -549 (or VaL?) »113,114,263,264, 1.3 1.5 1.8
-555 -555 -556 [H2VVOs4] 118,268 53 4.9 3.6 53 4.9 3.6 4(')6;
=570 =570 =570 [H2VY207]* 118,268 52 5.2 4.5 5.2 5.2 4.5 5(')0:
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-574 -574 -574 [VV4012]* 118,268 70.3 70.7 70.0 70.3 70.7 70.0 7%34i
-582 -582 -582 [VV5015]*- 118,268 16.9 16.0 17.9 16.9 16.0 17.9 161'%i
5 mM Cs2[VY204(lact)2]-2H20 + 13 mg/mL HEWL in 0.1 M HEPES pH 7.5, 2.0 M sodium formate, 10% DO (after 7 d at RT)
51V chemical shift (ppm) Integration (%) Sum Aver-

. age
Sample | Sample | Sample Species References Sample | Sample | Sample | Sam- Sample | Sample + §D
1 2 3 1 2 3 ple 1 2 3 (%)
-531 -531 -531 Vala?> 110,113,114,263,264,268 0.5 0.6 0.4 0.5 0.6 0.4 0(.)51i
ViLao* 110,113,114,263,264,268
-539 -539 -539 (or VaL?) 1.3 1.9 1.4 364
Vila* 110,113,114,263,264,268 32 3 3 0.8
-549 -549 -549 (or VaL?) »113,114,263,264, 1.9 2.6 1.7
556 | -556 | -556 | [HaVVOu] 118,268 53 6.4 47 53 6.4 47 5(')5;
=570 =570 =570 [H2VY207]* 118,268 5.1 6.4 4.2 5.1 6.4 4.2 5i21i
v 4 118,268 69.5 +
-574 -574 -574 [VY4012] , 69.9 68.1 70.5 69.9 68.1 70.5 12
-582 -582 -582 [VV5015]>- 118,268 16.1 14.1 17.1 16.1 14.1 17.1 151'85i

2 L indicates lact>” ligand, VL- indicates [VVOa(lact)(H20)]~, VL? [VVOy(lact)(OH)]*", VaoLo*™ [VY204(lact)z]*, VoL [VY20s(lact)]*
and V3L23' [VV3O7(1act)2]3‘.
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5.3.2 Mass spectrometry studies

ESI mass spectrum of Cs;[VY204(lact),]-2H,O in water in negative mode
shows a series of singly charged and doubly charged species. The singly charged
series includes protonated and unprotonated vanadates [VVOs],, [HaVVO4],
[HVY206]", [VY30s] and [HVV401]", the monoanionic lactate ligand [C3HsOs]~
(i.e., [lact* + H']") and various vanadium ions with one or two metal centres:
[VVOx(lact)], [VVO(lact)], [VY20s(lact) — HT, [VY204(lact)(OH)T,
[VY20s(lact)(H,0)* + Na'], [VV20s(lact),> + H']™ and [VY20s(lact)> + Cs'].
The only doubly charged species identified are [VV1002]* and [HsVV10O2s]*
(Figure 5.21a, Table 5.9). The negative-ion mode spectrum of
Cs2[VY204(lact)2]-2H20 in acetonitrile/methanol + 1% H,O is shown in Figure
5.21b. In this spectrum, most of the species revealed in water were observed (Ta-

ble 5.9) except for [VV204(lact) — H'T, [VV30s], [VY20s(lact),> + Cs*]” and

decavanadates.
O )
v ()11:63;:4()‘.‘ \\"2(14((33||_x()_‘]j'
o 252.88
[V¥J0,(C,H,0,)0H]
270.89
. R [VY,0,(CH 0)3|3'+ Cs
n‘;0=<c‘1|;3%1;,01-+1\=- T ist
[H VYO, [VYO(C,H,0;),]
116.94 24297
1€, H04) [VV:05 . VYO, ,
89.02 28079 (VDGO + 1 [4613 612] TH VY O
VYo, [HVY,04 M291 [HVY,0,] 65 480.67
08,93 198 87 | ‘ | 380.73 \ i
o L L 1 1 | | d J il Ll
a 100 200 300 400 500 mfz
IVYOLCALOI
170,05
VY, 04(C,H00H,0] > + Na*
HVVO, 310.88
116.94 . )
v¥o l" [VVO(CILO [VF,0,(C,11,0,)0H]
g 24297 270.89
98.93 VY,0,(C,H,0,),)* + H
. . 342,91
[CattiOnl \"\"z‘)n\l [HVY,0,,]
Bl VLT L1 L XM Y N AN L | 38073
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Figure 5.21 — ESI mass spectrum of Cs;[VV204(lact),]-2H,0 (~ 100 pM) in a) H>O and in

b) acetonitrile/methanol + 1% H>O. The spectra were recorded in negative ion mode within
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the m/z range of 50 to 600, and the spectrometer was calibrated using the standard tunemix
(Bruker Daltonik GmbH, timsTOF Pro User Manual, Bremen, Germany) to ensure an ac-
curacy of approximately 5 ppm in the m/z region of 45-1800. These studies were carried

out under the supervision of Prof. Annette Rompel from University of Vienna.

Table 5.9 — Experimental and calculated m/z values for Cs,[VV204(lact),]-2H,0 dissolved
in H,O and in ACN/MeOH + 1% H,O, recorded in negative ion mode using ESI-MS.

In H20
Observed species Experimental m/z Simulated m/z
[lact> + H'T 89.02 89.02
[VVOs] 98.93 98.93
[HaVVO4] 116.94 116.94
170.95 170.95
V, -
[V7Ox(lact)] 171.95 171.95
[HVY206] 198.87 198.87
242.97 242.97
V, _
[V*Odlact)] 243.97 243.97
252.88 252.88
V, _ Ot
[V*204(lact) — H'] 253.88 253.88
270.89 270.89
\% -
[V*204(lact)(OH)] 271.89 271.89
[VV30s] 280.79 280.79
310.88 310.88
[VV205(lact)(H20)> + Na']- 311.89 311.88
312.89 312.88
34291 34291
[VV204(lact)? + H'T 343.81 343.81
34491 344.91
[HVV:0n] 380.73 380.73
462.16 462.16
462.65 462.65
463.16 463.16
\ 2—
[V710020] 463.66 463.66
464.16 464.16
464.65 464.65
474.81 474.81
V. 2— +1—
[V*204(lact)y™ + Cs'] 475.81 47581
480.17 480.17
480.67 480.67
vV 2—
[H4V"1002] 481.17 481.17
481.67 481.67
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In ACN/MeOH + 1% Hz0
Observed species Experimental m/z Simulated m/z

[C3H505] 89.02 89.02
[VYOs 98.93 98.93
[HVVOu] 116.94 116.94
170.95 170.95

V, _
[V7Ox(lact)] 171.95 171.95
[HVV206] 198.87 198.87
24297 24297

V, _
[V*Odlact)] 243.97 243.97
270.89 270.89

v —
[V*204(lact)(OH)] 271.89 271.89
310.88 310.88
% 2 +1-

[VY20s(lact)(H20)* + Na'] 311.89 31188
342.91 342.91
[VV20u(lact)? + H'] 34381 343 81
344.91 344.91
[HVV401] 380.73 380.73

The positive-ion mode ESI-MS spectrum of Cs;[VY,0u(lact),]-2H,O in the
presence of HEWL (VC:HEWL molar ratio = 1:1) in H>O shows two intense peaks
at 14304.9 Da (metal-free protein) and at 14648.7 Da, attributed to the
[VV20u(lact),®> + 2H]-HEWL adduct (Figure 5.22b). The same spectrum upon
dilution 1:100 in acetonitrile/H,O (9/1) + 1% FA shows the peaks of metal-free
protein and of an adduct of type [VYO(lact),] -HEWL (Figure 5.22c).
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Figure 5.22 — Deconvoluted ESI-MS spectra of a) HEWL (concentration = 13 mg/mL)
diluted 1:100 in acetonitrile/H,O (9/1) + 1% FA, b) of the system containing
Cs2[VY204(lact),]-2H,O:HEWL in 1:1 molar ratio in H>O and c) of the system containing
Cs2[VY204(lact),]-2H,O0:HEWL in 1:1 molar ratio diluted 1:100 in acetonitrile/H,O (9/1)
+ 1% FA. Mass is in Da. These studies were carried out under the supervision of Prof.

Annette Rompel from University of Vienna.

5.3.3 Crystallographic studies

X-ray diffraction data were then collected at 100 K on crystals of HEWL
grown in: 1) 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0; ii) 20% ethylene
glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0; iii) 0.8 M succinic
acid pH 7.0 and iv) 2.0 M sodium formate, 0.1 M HEPES pH 7.5 and exposed for
7 days to Css[VY20u(lact)2]-2H20 powder (Table 5.10). These crystals diffracted
X-rays in the 1.20-1.49 A resolution range (Figure 5.23). Data collection and re-

finement statistics are reported in Table 5.10.
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The overall structures of the protein are very similar to each other and to the

metal-free protein, with RMSD between Ca atoms in the range of 0.15-0.47 A.

a

Figure 5.23 — Overall structure of the adduct formed wupon reaction of
Cs2[VY204(lact)2]-2H,0 with HEWL from crystals grown in: a) 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 (structure A), b) 20% ethylene glycol, 0.6 M sodium nitrate,
0.1 M sodium acetate pH 4.0 (structure B), ¢) 0.8 M succinic acid pH 7.0 (structure C), d)
2.0 M sodium formate, 0.1 M HEPES pH 7.5 (structure D). Vanadium atoms are in grey.
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Table 5.10 — Data collection and refinement statistics of structures A-D.

Data collection

Structure A

Structure B

Structure C

Structure D

Crystallization condition

1.1 M sodium chloride,
0.1 M sodium acetate pH

20% ethylene glycol,
0.6 M sodium nitrate, 0.1

0.8 M succinic acid pH

2.0 M sodium formate,

VYO, ]*

4.0 M sodium acetate pH 4.0 7.0 0.1 MHEPES pH 7.5
Soaking time 7d 7d 7d 7d
Space group P452:2 P43212 P452:2 P452,2
a(A) 77.85 77.10 76.34 76.41
b (A) 77.85 77.10 76.34 76.41
c(d) 37.09 3741 37.01 36.98
Resolution range (&) 55.05-1.20 (1.22-1.20) 38.55-1.34 (1.37-1.34) 54.00-1.49 (1.51-1.49) 54.03-1.23 (1.25-1.23)
Observations 841373 (36231) 303896 (7644) 194724 (9282) 273116 (3394)
Unique reflections 36597 (1770) 25659 (1243) 18528 (893) 30853 (1100)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0) 95.3 (69.6)
Redundancy 23.0 (20.5) 11.8 (6.1) 10.5 (10.4) 89(3.1)
Rmerge (%) 0.073 (1.800) 0.116 (2.114) 0.148 (4.604) 0.084 (1.096)
Average I/6(I) 19.7 (2.1) 7.8 (0.5) 7.7 (0.6) 12.6 (1.3)
CCi 0.999 (0.856) 0.998 (0.378) 0.996 (0.398) 0.998 (0.331)
Anom. completeness (%) 100.0 (100.0) 100.0 (99.2) 100.0 (100.0) 91.0 (44.9)
Anom. Multiplicity 12.2 (10.6) 633.2) 5.7(5.5) 4.9 (2.0)
Refinement
Resolution (A) 55.05-1.20 55.31-1.36 54.01-1.52 54.03-1.23
Ne reflections 34372 22388 15203 28383
> . .
SNet reflections in working 2504 418 277 1030
R-factor/Rfree 0.174/0.201 0.174/0.217 0.175/0.227 0.180/0.218
N® non-H atoms in the 1256 1272 1177 1231
refinement
B-factor overall (A%) 21.04 20.79 22.69 17.48
Estimated occupancy of 0.70 0.50 ) )
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Estimated occupancy of

[VV204(lact):]> 0.80 0.80 0.80 -

Estimated occupancy of ) 0.50 ) )

[VY309]* )

Estimated occupancy of

[VIVOP pancy - - 0.40 0.40

Estimated occupancy of

[VVOP pancy - - 0.40 0.40

Estimated occupancy of

[VY3O7(lact)2]> ] ) 0.60 0.60

B-factor of [VYO:]* (A%) 40.69 37.66 - -

B-factor of

[VV204(lact))* (A?) 23.174£3.40 28.744+4.04 36.48+3.20 -

B-factor of [VV309]* (A2) - 38.55+5.14 - -

B-factor of [VIVO]?* (A2) - - 22.78 24.69

B-factor of [VIVO]?* (A2) - - 32.33 29.09

B-factor of

[VV30r(lact)]> (A%) - - 34.474+2.43 28.60+3.85
Ramachandran values (%)

Most favoured/Addi- 93.75/6.25 94.64/5.36 95.97/4.03 95.16/4.84

tional allowed

Qutliers 0 0 1 0

RMSD from ideality
RMSD bonds (A) 0.014 0.012 0.010 0.012
RMSD angles (°) 1.908 1.920 4.157 4.162
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Structure A corresponds to the adduct of HEWL with Csy[VY204(lact),]-2H,O
crystallized in 1.1 M sodium chloride, 0.1 M sodium acetate at pH 4.0 (Figure
5.23a). The model refines at 1.20 A. In this structure, two V-containing fragments
non-covalently interact with the protein: a VO, group (occupancy = 0.70) and a
[VY204(lact),]* ion (occupancy = 0.80). The VO, group, assigned to [VVO:]", is
stabilized through hydrogen bonds with the N atoms of Cys6 and Glu7 and with
water molecules (Figure 5.24a). [VY20u4(lact):]* interacts with the NZ atom of
Lys33, water molecules and with the main chain O atom of Gly117, the O atom
of Thr118, the N atom and the OE1 atom of GInl21 from a symmetry-related
molecule (Figure 5.24b).

The crystallographic results obtained under this condition in part agree with
the speciation trends revealed by 'V NMR under the same experimental condi-
tion, which showed the presence of [VV204(lact)>]*, [VYO:]" and of the trimetallic
species [VV30+(lact),]*~ (Figure 5.17). Geometrical details of the structure
[VY204(lact),]* are compared with those reported for the Cambridge Crystallo-
graphic Data Centre (CCDC code: QAVCOF)'! in Table 5.11.
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Figure 5.24 — Vanadium binding sites in the structure A non-covalent interaction of: a)
[VYO2]" and b) [VY204(lact),]* with protein residues. 2Fo-Fc electron density maps are
contoured at 1.0 ¢ level and depicted in grey. Anomalous difference electron density map

is reported at 3.0 o level in yellow.
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Table 5.11 — Geometrical details of the structures Csa[VY204(lact),]-2H>O compared with those reported for the Cambridge Crystallo-
graphic Data Centre (CCDC code: QAVCOF).!"7

(C;;[VVZO““"“)Z]'ZHZO Cs2[V¥20u(lact)2] 2H20/HEWL | Cs2[VV20u(lact)2] 2H20/HEWL | Cs2[VY204(lact)]-2H2O/HEWL
DC code: QAVCOF
17 Structure A Structure B Structure C
Bond Length (A) Length (A) Length (A) Length (A)
V- 1.617 1.635 1.69 1.79 1.70 1.79 1.71 1.81
0O(0x0) 1.599 1.605 1.79 1.71 1.80 1.73 1.81 1.74
V,
Ofcarb) 1.974 1.979 2.32 2.09 2.34 2.12 2.33 2.14
V-O(ale) | 1.998 2.004 2.45 1.98 2.48 1.99 2.48 2.01
V- 1.949 1.965 2.02 1.94 2.03 1.96 2.06 1.94
O’(alc)
Angle Value (°) Value (°) Value (°) Value (°)
O(ox0)—
V- 107.9 108.8 129.33 109.34 127.24 106.74 125.46 107.97
O(0x0)
O(0x0)— 121.2 130.9 96.65 133.92 99.06 133.60 117.88 116.37
V-O(ale) | 124.5 126.8 121.07 129.54 123.30 129.74 128.39 123.55
85‘”‘0)’ 99.7 102.2 92.29 97.58 93.26 97.83 90.97 107.52
) 99.7 101.0 89.39 94.18 92.29 94.69 87.44 95.76
O’(alc)
O(alc)—
V- 71.6 71.2 75.02 88.66 74.13 88.22 75.46 90.12
O’(alc)
Ofcarb)— | 74 76.4 75.92 76.14 74.58 74.24 74.58 76.44
V-0(alc)
O(carb)—
V- 148.2 147.6 149.19 164.55 147.57 162.35 148.31 161.20
O’(alc)
V-0-V 108.8 108.8 90.28 103.12 90.57 104.41 87.84 99.09
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In the structure B, obtained from crystals grown in 20% ethylene glycol, 0.6
M sodium nitrate, and 0.1 M sodium acetate at pH 4.0 (Figure 5.23b), three V-
containing species were identified: [VY204(lact),]** (occupancy = 0.80) (Figure
5.25a), [VY0,]" and [VY304]* (occupancy = 0.50) (Figure 5.25b). These species
non-covalently bind the protein.

As in the structure A, [VY204(lact),]* forms an extended network of hydrogen
bonds with the NZ atom of Lys33, water molecules, and the O atom of Thr118,
the N atom of Val120 and the N atom of GIn121 from a symmetry-related mole-
cule (Figure 5.25a, Table 5.11). The [VYO2]" ion is not in the same position of the
[VVYO,]" ion found in the structure A. It forms hydrogen bonds only with solvent
molecules (Figure 5.25b) and is alternative to [VY300]*", which interacts with the
N atoms of Arg5, Cys6, and Glu7, and with several water molecules (Figure
5.25b).

The crystallographic data are in good agreement with the speciation trends
revealed by °'V NMR spectra collected under the same experimental conditions,
which show the presence of [VY204(lact),]* and [VVO.]". However, in 'V NMR
spectra an additional dimeric species containing ethylene glycol as a ligand and

[VV30+(lact),]*” were also observed (Figure 5.18).
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Figure 5.25 — Vanadium binding sites in the structure B non-covalent interaction with pro-
tein residues of a) [VY204(lact)2]*"; b) [VV300]*~ and [VVO0,]". 2Fo-Fc electron density
maps are contoured at 1.0 o level and depicted in grey. Anomalous difference electron

density map is reported at 3.0 o level in yellow.

In the structure C, obtained from crystals grown in 0.8 M succinic acid pH
7.0 (Figure 5.23c¢), two [VIVO]*" ions (occupancy = 0.40), [VV30(lact),]*~ (occu-
pancy = 0.60) (Figure 5.26a), and [VY,0u(lact)]* (occupancy = 0.80) (Figure
5.26b) were identified. The species found in the crystal structure are observed also
in the °'V NMR spectra (Figure 5.19). However, >'V NMR data also showed the
presence of [HaVVO4]" [HaVY207]1%, [VV4012]*, [VV5015]° in 0.8 M succinic acid
pH 7.0.

The trinuclear oxidovanadium(V) complex [VVY307(lact),]*" is observed also
in the 'V NMR spectra (Figure 5.19).

The structure of [VY307(lact)2]*~ has never been reported before. It consists
of three V centres, each coordinated by two terminal oxido ligands and three
bridging oxygens, two of which belong to the lactate ligands (Figure 5.26a). The
[VY305(lact)]*" ion hydrogen bonds the N atoms of Arg5, Cys6, Glu7, the side
chain of Argl28, a water molecule, the side chains of Argl4 and Lys97 from a
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symmetry-related molecule, as well as the oxygen atom of a neighbouring
[VIVO]*" ion (Figure 5.26a). [VIVO]*, in turn, interacts with one water molecule
and the O atom of Gly126. Additionally, both [VY30(lact),]*" and the interacting
[VIVO]*" ion are alternative to another [VIVO]*" ion, which also interacts with the
O atom of Gly126 (Figure 5.26a).

Finally, the [VY204(lact),]* unit is stabilized through an extended network of
hydrogen bonds involving the side chains of Lys33 and Argl14, water molecules,

the main chain of Val120 and GIn121 from a symmetry-related molecule and the

side chains of Ser24, Asn27, Aspl119 from a symmetry-related molecule (Figure
5.26b, Table 5.11).

b

Figure 5.26 — Vanadium binding sites in the structure C: non-covalent interaction with
protein residues of a) the two [VIYO]*" ions and [VY307(lact)2]*", b) [VVY204(lact)2]>. 2Fo-
Fc electron density maps are contoured at 1.0 ¢ level and depicted in grey. Anomalous

difference electron density map is reported at 3.0 ¢ level in yellow.

The structure D was obtained from crystals grown in 2.0 M sodium formate,
0.1 M HEPES pH 7.5 (Figure 5.23d) and refined at 1.23 A resolution. Results
revealed a binding pattern closely resembling that observed in structure C, with

non-covalent binding of [VIVO]** (occupancy = 0.40) and [VV30+(lact),]*. In this
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case, however, [VV204(lact),]* is not observed. The crystallographic findings are
consistent with the 'V NMR data collected under the same condition (Figure
5.20).

In conclusion, these results reveal that speciation and binding to HEWL of
Cs2[VY204(lact),]-2H,0 strongly depend on the experimental conditions, with the
dinuclear species that predominates in acidic media, and trinuclear and mononu-
clear vanadates that are stabilized at higher pHs. This dynamic behaviour under-
scores the high complexity of V coordination chemistry in biological environ-

ments.

5.4 Cs2[VY204(mal)2]-2H;20 vs Cs2[VY204(lact):]-2H20

Although dinuclear complexes Cs2[VY204(mal),]-2H,0 and
Cs2[VY204(lact)2]-2H>0 share the same structure and ligands belonging to the a-
hydroxycarboxylic acids (malate and lactate), they exhibit very different behav-
iours both in solution and in solid state in the absence and in the presence of
HEWL.

Spectroscopic, spectrometric and crystallographic data reveal that
Cs2[VVY204(mal)>]-2H,0 readily transforms into a mixture of species containing
two ([VY204(mal)2]*> and [VY20s(mal)]*), or ten V atoms (V19), depending on pH,
temperature, and presence of the protein. Crystallographic analysis confirms that
HEWL can stabilize several of these species, including [VIVO]**, [VY20s(mal)]*,
and even the decavanadate. The latter binds to the protein both non-covalently and
covalently through the carboxylate groups of Glu7 and Glu7*. At physiological
temperature, however, the decavanadate does not form, and only an adduct with a
[VIVO]*" ion is detected, consistent with >’V NMR data. These results highlight
the influence of the temperature on speciation and interaction with proteins of

these systems.
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In contrast, the complex with lactate degrades forming [VVO,]*, [H2VVYO4],
[VVOy(lact)(OH)]*> and [VYOx(lact)(H,0)], and transforms into a mixture of spe-
cies containing two ([H2VY>07]*, [VY204(lact),]*), three ([VV304(lact).]*"), four
([VV4012]%), five ([VV5015]%), and ten V atoms (Vo).

Across the different crystallization conditions, HEWL binds [V",0u(lact)2]*
, [VVOT*, [VYOa]", [VY300]*, and [VV305(lact):]*. The interaction between V-
containing fragments and proteins is mainly governed by hydrogen bonds with
surface residues, indicating that the lactate ligand stabilizes the complex through

non-covalent interactions.

5.5 Materials and methods

Sly NMR

SIV NMR spectra of the Csy[VY204(mal),]-2H,O (concentration = 5 mM)
were collected in:

e DO

e 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0, 10% D-O
in the absence and in the presence of HEWL (concentration = 13 mg/mL, 0.9 mM).
Spectra were collected after 1 h and 7 d of incubation at RT and after 42 h and 7
d of incubation at 37°C using a Bruker Avance Neo 500 MHz FT-NMR spectrom-
eter at 25°C.

SIV NMR spectra of the Csy[VY20u(lact)2]-2H,O (concentration = 5 mM)
were collected in:

e DO

e 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0, 10% D->O

e 20% ethylene glycol, 0.6 M sodium nitrate, and 0.1 M sodium acetate pH

4.0, 10% DO
e 0.8 M succinic acid pH 7.0, 10% D,O
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e 2.0 M sodium formate, 0.1 M HEPES pH 7.5, 10% D,O
in the absence and in the presence of HEWL (concentration = 13 mg/mL, 0.9 mM)
after 1 h and 7 d of incubation at RT using a Bruker Avance Neo 500 MHz FT-
NMR spectrometer at 25°C.

Chemical shifts were referenced to VVYOCI; (ppm, ). The 'V NMR samples
were recorded at 131.60 MHz (2000 scans, accumulation time 0.05 s, relaxation
delay 0.01 s) and analysed with MestReNova (Automatic Phase Correction, Whit-

taker Smoother baseline).

Mass spectrometry

Mass spectra of Cs;[VV204(mal),]:2H,O (concentration ~100 uM) and
Cs2[VY204(lact),]- 2H,0 (concentration ~100 uM) were collected in H,O, and ac-
etonitrile/methanol + 1% HO in positive (in the case of Csy[VY204(mal),]-2H,0)
and in negative mode on Bruker timsTOF flex LC-MS System (m/z range of 90-
600). The spectrometer was calibrated using the standard tunemix (accuracy ~5
ppm, m/z 50-1800, capillary voltage: 2500 V, nebulizer: 0.3 Bar, dry gas flow: 3.0
L/min Nitrogen, dry heater T: 200°C, flow rate: 3 pL/min). Spectra were analysed
with Bruker Daltonics Data Analysis 4.0 software.

Mass spectra of HEWL (concentration = 13 mg/mL, 0.9 mM) in the absence
and in the presence of Cs;[VY>04(mal),]-2H>O (HEWL:VC molar ratio 1:1) and
of Csy[VY204(lact),]-2H,0 (HEWL:VC molar ratio 1:1) were collected after di-
luting the sample 1:100 in acetonitrile/H,O (9/1) + 1% formic acid and water in
positive mode on Bruker timsTOF flex LC-MS System (capillary voltage: 3500
V, nebulizer: 0.3 Ba, dry gas flow: 3.0 L/min Nitrogen, dry heater T: 200°C, mass
range: 300-3000 m/z). Spectra were deconvoluted with MagTran.

222



Crystallization, adduct formation, data collection, structure reso-
lution and refinement

HEWL (concentration = 13 mg/mL, 0.9 mM) was crystallized using the hang-
ing drop vapour diffusion method in:

e 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0

e 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0

e (.8 M succinic acid pH 7.0

e 2.0 M sodium formate, 0.1 M HEPES pH 7.5

Pre-formed HEWL crystals were then exposed to stabilizing solutions con-
taining the mother liquor saturated with Cs;[VY204(mal),]-2H,O and
Cs2[VY204(lact)]-2H,0 for a soaking time of 7 days and were cryopreserved for
X-ray diffraction by transfer into a solution consisting of 70 % reservoir solution
and 30 % glycerol. The crystals were then fished with a nylon loop, rapidly cooled
in liquid nitrogen and then sent to synchrotrons. X-ray diffraction data were col-
lected at the XRD2 Beamline at Elettra synchrotron, Trieste, Italy.

HEWL (concentration = 100 mg/mL, 6.8 mM) was also crystallized at 37°C
in 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0, with crystals forming in
a few hours. Pre-formed crystals were exposed to Csz[VY204(mal),]-2H,O for a
few hours. X-ray diffraction data were collected at 37°C on Beamline XRD?2 at
Elettra synchrotron, Trieste, Italy.

Crystals diffract at resolution in the range 1.18-1.49 A at 100 K and 2.09 A
at 37°C. Data processing and scaling were performed using Global Phasing auto-
PROC pipeline.”®? The structures were solved by the Molecular Replacement

method using the Phaser program from CCP4 suite?*

and the structures deposited
in the PDB 193L"* as template. Refmac5 was used for refinement.”* Model
building was carried out using Coot.*** In all the structures, V atom position was
validated using anomalous difference e.d. maps. The final models show R-factor

and Rfree values in the range 0of 0.174-0.239 and 0.174-0.312 respectively. Ligand
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positions were restrained to guide geometry optimization. Figures were generated
using PyMol (www.pymol.org). The structure validation of the final models was
performed using the PDB validation server.*

Coordinates and structure factors of the structures of HEWL treated with
Cs2[VY204(mal),]-2H,O were deposited in the PDB under the accession codes
9RBG, 9RBT and 9RBV.
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The results of this study were successfully published on:

M. Paolillo, G. Ferraro, N. I. Gumerova, F. Pisanu, E. Garribba, A. Rompel, A.
Merlino. “Speciation and structural transformation of a V¥—malate complex in the
absence and in the presence of a protein: from a dinuclear species to
decavanadate” Inorg. Chem. Front.,, (2025). Advance Article. DOI:
https://doi.org/10.1039/D5Q101384D
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6. Conclusion

The chemistry of vanadium is an important field of research. Vanadium com-
pounds have interesting catalytic and therapeutic applications,'™® for example for
the treatment of cancer and diabetes.”!” Understanding VC mechanism of action
and their fate within the body is important for translation to clinical therapy of
potential V-based drugs. In this respect, since proteins represent a possible VC
target and are certainly involved in transport and delivery of bioactive VCs,!”7-178
the interaction of proteins with VCs has to be deeply studied.

This thesis focused on the use of a combined approach, based on structural
and spectroscopic techniques, to obtain insights into the interaction between mem-
bers of selected classes of VCs and proteins. In particular, speciation in aqueous
solution, mode of binding to proteins, and the interactions at the basis of the
VC/protein recognition process were investigated. X-ray crystallography was
used to obtain the structures of the adducts formed upon reaction of VCs with
proteins, while ESI-MS, 'V NMR and other spectroscopic techniques were used
to complement the information obtained by X-ray crystallography.'6®

The first systems that were investigated during the thesis belong to the
[VIVOL,] class. Structural analysis of the adducts formed by these compounds
with HEWL reveals variability in the V-containing fragments recognized by the
protein, in their localization, occupancy and microenvironment. Furthermore, dif-
ferent coordination modes have been observed.

Literature data have shown that protein residue side chains can replace equa-
torial water molecules of the cis-[VIYOL(H,0)] species formed by hydration of
the starting [V'VOL,] compounds, in the case of the interaction of [V'VO(malt),]
with HEWL,* and of [VVO(pic)>(H20)] with HEWL,?? RNase A*’ and trypsin.**
Alternatively, [VIVOL,] can weakly coordinate a protein at axial positions, but this
mode of binding has not been observed in the structures of the adducts with pro-

teins solved up to now. Partial ligand dissociation can also occur, as observed for
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the adducts formed by [VIVO(8-HQ),] with RNase A>° and by [VIVO(phen)] (phen
= phenatroline)** and [VVO(bipy).] (bipy = bipyridine) with HEWL.3*

Results obtained in this thesis agree with this view: [V'VOL]-protein adducts
are observed in the case of [VIVO(empp).] with HEWL in 1.1 M sodium chloride,
0.1 M sodium acetate pH 4.0 and in 2.0 M sodium formate, 0.1 M HEPES pH
7.5,%0 and when [VVO(8-HQ),] reacts with the same protein in 20% ethylene gly-
col, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.5.2%! Notably, new results
here reported showed that [VIYOL;] complexes can also retain both their ligands.
In this case, the metal centre does not change its coordination sphere and the com-
pounds bind proteins forming non-covalent interactions, as observed for
[VVO(empp).] with HEWL in 0.8 M succinic acid pH 7.0 and in 2.0 M sodium
formate, 0.1 M HEPES pH 7.5,%% and for [VIVO(8-HQ),] with the same protein in
2.0 M sodium formate, 0.1 M HEPES pH 7.5.28! Self-reactivity of the compounds
producing  oxidized dimetallic  species, like [(VYO(dhp),).0] and
[(VYO(dhp).)(V¥YO(dhp)(H,0),)0]", and  trimetallic species, like
[(VYO,)s(empp)3(H.0)],* were also observed.

A special case is [V'VO(acac),]. Since acac is a very weak ligand, it can be
easily released. This facilitates the oxidation of V centre from +4 to +5 and leads
to the formation of different polyoxidovanadates, containing two (as in the case
of [VY20¢]* that is covalently attached to Fec-hTF) or four ([VVY4Oi12]* non-
covalently bound to HEWL) VV atoms. Mixed valence species containing fifteen
([VYV7VV5036(OH2) 1>, [VY7VV5036(C1)]¢ and [VY7V!V5033(0H,)]") and twenty
([V20051(NO3)]" and [V200s4(H20)]"") vanadium atoms are also observed in the
adducts formed by [VVO(acac).] with HEWL in 20% ethylene glycol, 0.6 M so-
dium nitrate, 0.1 M sodium acetate pH 4.0 and 1.1 M sodium chloride, 0.1 M
sodium acetate pH 4.0 and or with human ferritin.2!%-221228
Another class of VCs investigated in the thesis is that of the [VIVOL(H>O).]

compounds. Protein residue side chains can coordinate the metal centre of these

228



compounds replacing one or two water molecules. This binding mode was ob-
served in the interaction of [VIVO(dipic)(H20),] with HEWL and RNase A. When
[VIVO(xant)(H20)2] and [VVO(dipic)(H,0),] react with HEWL, protein binding
of oxidized [VYO,L] species (like [VVOa(xant)]” and [VVOx(dipic)] that non-co-
valently bind HEWL and [(VVO,(xant))>(V'VO(H,0),):2]*" that is covalently bound
to the protein) is also observed.

Finally, the interaction of V¥ compounds with HEWL was studied. V¥ com-
plexes with tridentate ligands (VC1, VC2 and VC3) form non-covalent interac-
tions with proteins.?®?

Dimetallic V¥ complexes with a-hydroxycarboxylic acids as ligands (formula
[VY204L5]) also non-covalently interact with HEWL, even when they lose one
ligand. Notably, these complexes can degrade forming species with three V atoms
(as the [VY309]* and [VV307(lact);]* ions formed by Cs:[VY20s(lact),]-2H,0 in
the presence of HEWL) or ten V atoms (like [V"V1902s]%, which non-covalently
binds HEWL, and [VV10026]* that covalently binds the protein, formed in the case
of Cs2[VY204(mal),]-2H,0).%3

Considering the structures reported in this thesis and those available in the
PDB on the interaction between [VIVOL,], [VIVOL(H,0),] and V¥ complexes with
proteins, a database of 44 structures can be built. The PDB codes of the database
are reported in Table B.1-Table B.4 (see Appendix B).

Analysis of the structures in the Database provides general information on the
binding mode of VCs to proteins. The results of this analysis are the following:

1) The binding of VCs to proteins does not significantly alter their overall

conformation. RMSD of the Ca atoms of the structures of the adducts
from those of the metal-free proteins are within the range 0.14-0.53 A (see

Appendix B, Table B.5).
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2)

3)

4)

5)

6)

7)

VCs can interact with proteins through covalent binding, non-covalent
binding or both binding modes. A statistical analysis shows that structures
with only non-covalent binding are the majority (Figure 6.1).
Interestingly, the number of V/protein adduct structures with non-cova-
lent interactions is higher than that with the covalent ones, at variance
with what observed in the case of other metal compounds of biomedical
interest like those based on Au, Ru and Pt.!36:229:231

The same compound can bind the protein both covalently and non-cova-
lently, upon losing ligands, as observed in the case of [VIVO(empp).],2*
[VIVO(malt),]** and [VIVO(8-HQ),]*®! with HEWL, or just few atoms of
its structure, as found in the case of [V¥1002]* bound to HEWL.?*?
Covalent and non-covalent interactions with different vanadium contain-
ing fragments can be found in the same adduct at the same time, as ob-
served in the case of [VIVO(malt),],>>**” [VVO(empp)2],*° [VIVO(dhp).],
[VIVO(acac),],212! [VIVO(phen),],** [VIVO(xant)(H20)-],
[VIVO(dipic)(H20).] and Cs2[VY,04(mal),]-2H,0.%%

Residues that are involved in the V coordination are mainly Glu, Asp and
Asn side chains (Figure 6.2). V centre can bind also the C-terminal car-
boxylate (Figure 6.2).

Non-covalent binding is mediated by hydrogen bonds, electrostatic con-
tacts, and m—r stacking interactions formed by V-containing fragments
and surface residues, such as Arg, Lys, Thr, Ser, Cys, Glu, Asn, Tyr, Trp,
Phe and Gln.

The same protein can covalently bind more than one V-containing frag-
ment at the same time. A variety of V-containing fragments with different
binding modes and occupancies are observed in the adducts formed by
HEWL with [VVO(8-HQ),],®' [VVO(acac),],>""2?! [VVO(malt),],*’
[VIVO(phen),],** [VVO(dipic)(H20),] and Csa[VY204(mal),]-2H,0.2%
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8)

9)

Binding of VCs to proteins depends on nature and stability of the ligands.
When ligands are weak, they can be completely lost upon interaction with
the protein. This favours coordination to protein residue side chains.
When ligands are strong the metal compound can retain its original struc-
ture and non-covalent interactions are favoured. Thus, different ions, like
[VIVO(H,0):]%*, [VVO(H,0).]*, [VVOJ¥, [VY0.]", [VVOL(H.0)T,
[VIVOL(H20).]" can bind proteins.*

Binding of VCs to proteins depends on the experimental conditions used
to study the metal compound/protein interaction. pH, ionic strength,
buffer composition and temperature are important,>#35-50-219-221.226-228.281-
283

The binding of the same VC to the same protein under different experi-
mental conditions leads to different V/protein adducts, as observed in the
case of [VVO(empp):2],2®* [VVO(8-HQ).],2! [VVO(acac),],2!722!
[VVO(malt),],>**"  [VVO(xant)(H20)2], [VVO(dipic)(H20),] and
Cs2[VY204(lact):]-2H0.

The structure of the same adduct at different temperatures shows differ-
ences in the V-containing fragments that are bound to the protein, as ob-

served in the case of Csy[VY204(mal),]-2H,0% and [VVO(acac),].?!

10) VCs can hydrolyse and/or undergo redox processes upon reaction with

proteins. These modifications promote the formation of dimetallic spe-
cies, as evidenced in the adducts of HEWL with [VIYO(dhp),], trimetallic
species, as found in the case of HEWL with [VVO(empp)2],%*° tetramet-
allic species, as found in the case of HEWL with [V!VO(xant)(H,0).], and
polyoxidovanadates with two ([V20¢]%), three ([V309]*), four ([V4O012]*
), ten ([V100xs]® and [V10026]%), fifteen ([Vi503(H20)]> and
[V15033(H20)]") and twenty ([V200s1(NO3)"™ and [V2Osi(H20)]") va-

nadium atoms.?!?221,283
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11) V centre can act as a protein crosslinker inducing the formation of high
protein aggregates. For example, HEWL dimers covalently cross-linked
through coordination to a modified Lys1 and Asp87* side chain are found

upon reaction of HEWL with [VIVO(malt),].?’

Distribution of V—protein binding modes

il

® Covalent binding = Non-covalent binding = Covalent and non-covalent binding

Figure 6.1 — Percentage distribution of VC—protein adducts according to their interaction
mode. The chart shows the proportion of crystal structures in which V-containing frag-
ments are bound to proteins covalently, non-covalently, or through both covalent and non-
covalent interactions. The data include all VC—protein adducts reported in the PDB and

those obtained during this PhD work.
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Residues involved in the covalent binding

2 1
=]
C-terminal Lys

. 1§ Asp
=

Figure 6.2 — The percentage distribution of the residues involved in the covalent binding

\

of V-containing fragments with proteins.

Overall, the results presented in this thesis provide a comprehensive and un-
precedented view of V—protein interactions. This work demonstrates how subtle
variations in ligand structure, oxidation state, and experimental conditions deeply
influence V compound speciation and binding to proteins. Each of the studied VCs
provides valuable insights, highlighting different aspects of protein binding and
potential applications. These findings not only enhance the understanding of the
VC—protein interaction process but also open new perspectives for the rational
design of V-based compounds. More broadly, they contribute to a deeper compre-
hension of the mechanism of action of V-based drugs, paving the way for the de-

velopment of new therapeutic agents.
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Appendix B

This appendix summarizes all the crystallographic data currently available for VC—protein adducts. A total of 44 struc-

tures, derived from the interaction between VCs and proteins, are reported in Table B.1-Table B.4. Notably, 26 of these

structures were obtained during this PhD project, representing a significant expansion of the structural database on VC—

protein systems. RMSD of the Ca atoms of the structures of the adducts from those of the metal-free proteins are shown in

Table B.5.

Table B.1 - Details of the structures of [V'VOL,]-HEWL adducts, with L = bidentate ligand.

[VIVOL]-HEWL adducts
L= bidentate ligand
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Lysl o 0)
Ser86 . . B (0.30 . B B . . B . ) )
) Val
2
Gln
121
[VIV [VIV [V[V [VV [VW [VIV
Ok | O . o . . . . 02]" ) Om | O(m ) )
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mpp | mpp (0.30 0.5 alt)a( | alt)
2(H2 | )2(H2 ) 0) H.0) | H20)
Args o) | o) v ] ]
gsg 04 | (08 ([)\z/]‘ 0.70 | (080
u
0) 0) 0.30 ) )
)
vy
[(vY O(dh
02)3( [VY | prX
emp O(dh | VYO
p)3( p)2) | (dhp
H0 0] )(H2
)] 0.70 | O))
Arg5 | (0.6 ) oy . . .
0) (0.50
Trpl )
Lys3 23
3 Phe3 | Lys3
Trpl 8 3
23 Trpl
23
[Vis [Vis
O36( | Os6(
Tyr20
Arg2l - - - 70)]?, S]Ii -
Lys96 ©5 | ©5
0 | o
[VIV
Asn65 O(H2
Gly67 O)P?
Arg68 ) ) ) ) - )
Thr69 (0.50
) [VIV [VIV
O(m O(m
1)( | alt)x
Arg73 2
Arg74 . . . . FEZO) HZ]O)
0.30 | (030
) )
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vVo
Aspl19
GlInl21 . . . ° ° ° ° . ° ° . . . ° . ) . © ')50
[VIV
O(e
mpp
Argl25 - - )(H2
0)2]
0.4
0)
Vv
O(8-
HQ):
Argl28 - - - - - - Hv(O)
]
(0.50
)
[vvo
2]"
(0.50
)

i indicates 1.1 M sodium chloride, 0.1 M sodium acetate pH 4.0; ii indicates 0.8 M succinic acid pH 7.0; iii indicates 2.0 M sodium
formate, 0.1 M HEPES pH 7.5; iv indicates 20% ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.5; v indicates 20%
ethylene glycol, 0.6 M sodium nitrate, 0.1 M sodium acetate pH 4.0; vi indicates 4-8% (M/V) sodium chloride, 0.1 M sodium acetate
pH 4.5; vii indicates 6-8% (M/V) sodium chloride, 0.1 M sodium acetate pH 4.5.
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Table B.2 — Details of the structures of [VIVOL,]-protein adducts, with L = bidentate ligand and [V'VOL(H>0),]-RNase A adduct,

with L = tridentate ligand.

[VVOL,]-hu- 1V,
hai [VYOL,]-hFt . N
A [VIVOL,|-RNase A adducts [VVOL,|-Trypsin adducts man H-chain adduct [V OL(H O
dducts s . s . Ferritin adduct e RNase A adduct
L = bidentate ligands L = bidentate ligands . L = bidentate e .
L = bidentate . L = tridentate ligand
. ligand
ligand
Vanadium [VIYO(8-
com- [VVO(pic):(H:0)] HQ),J [VVO(pic)(H.0)] [VVO(phen),] [VVO(acac),] [VVO(acac),] | [V™VO(dipic)(H:0):]
pounds 2
Reference 29 30 34 34 228 Paragraph 2.5 Paragraph 3.5
PDB code 7P8R 7QWH 7Q0X 7Q0W QRG;]I{’CS:?GJ’ 9RTB -
15% (w/v)
PEG 3350
0, 0, 0,
Crystalli- 22% PEG 4K 22% PEG 4K 30% PEG 4K 10% (m/v) 2.0 M MgCl, 16% (vv) 22% PEG 4K
. . . 10 mM so- . PEG8000, .2, glycerol . .
zation con- | 10 mM sodium cit- . . 0.2 M ammonium imid 0.1 M bicine di 10 mM sodium citrate
ditions rate pH 5.1 dium citrate sulphate 0.1 M imidazole buffer pH 9.0 .8 mM diso- pH 5.1
’ pHS.1 pH 8.0 ’ dium malonate '
150 mM Na-
PIPES pH 6.5
V-contain-
. v, 1V, H
g frag- | v picy] VOS 1 vvopieyy | [ OPhemim 1y o e | vhor | [viowdipioH:0)]
ment (0.75) HQ)(H,0):] (0.80) idazole)(H,0)] (0.50) (0.70) (0.75)
bound to ' (0.70) ’ (0.70) ' ' '
the protein
Covalent binding
Binding Glulll Glulll Serl195 Ser195 - Tyr188 C-terminal tail of
site chain A
Non-covalent binding
Thr5, Arg9,
Binding GInl0, Asnll,
site ) ) ) ) Tyrl2, His13 and ) )
GInl4
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Table B.3 — Details of the structures of [VIVOL(H,0),]-HEWL adduct, with L = tridentate ligand.

[VIVOL(H;0),]-HEWL adducts
L = tridentate ligand
1\Y
IV7OLILO [V™O(xant)(H0);] [V™O(dipic)(H,0).]
2
Structure A Structure B Structure C Structure D Structure E Structure A Structure B
References
Paragraph 3.3 Paragraph 3.3 Paragraph 3.3 Paragraph 3.3 Paragraph 3.3 Paragraph 3.4 Paragraph 3.4
PDB code - - - - - - -
20% ethylene o 20% ethylene gly-
Crvstalliza- 1.1 M sodium glycol ! g fI\IjIEsGo dfig?r?, 2.0 M sodium 1.1 M sodium chlo- col
tio{] condi- chloride 0.6 M sodium ci.trate 0.05 M 0.8 M succinic formate ride 0.6 M sodium ni-
tions 0.1 M sodium nitrate o diu;n éaco- acid pH 7.0 0.1 M HEPES 0.1 M sodium ace- trate
acetate pH 4.0 0.1 M sodium dvlate oH 6.5 pH7.5 tate pH 4.0 0.1 M sodium ace-
acetate pH 4.0 ylate pa o. tate pH 4.0
Covalent binding
[(VYOx(xant))y(
Glu7 N
Glu7* VIVO(HZO)Z)Z]Z - - - - - -
(0.85)
. . . . . [VVO(dipic)(H,0)] 3
Aspl8 (0.80)
) ) ) ) ) [VVO(dipic)] )
Aspll9 (0.95)
) ) ) ) ) ) [VVO(dipic)(H,0)]
GInl21 (0.90)
C-terminal vV
carboxylate ) ] ] ) ) 0.20 )
Y
Non-covalent binding
[VYOu(dipic)]
Argl4 - - - - - - (0.40)
[VVYO(dipic)(CH;C
Aspl01 - - - - - 00)] -
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(0.70)

Alal07
Trpl08
v ) [VVYOu(xant)] [VVYOu(xant)] [VYOx(xant)] [VYOy(xant)] Ny (i T
v %(6"02‘)”)] (0.60) (0.50) (0.50) (0.50) v (()5(%1;”)] [VYOu(dipic)]
Trpl23 ’ ’ (0.50)
Alal22 Alal22 Alal22 Alal22
:;1"111292* Aspl19* Aspl19* Aspl19* Aspl19* A?I%S s Argl25
P Lys33 Lys33 Lys33 Lys33 g
[VVOy(xant)]
Argl25 (0.50) - - - - - -
Aspl19*
Asnl03*
Asnloer | [V'O:Cxan0] - - : : : :
Argl12* (0.50)
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Table B.4 — Details of the structures of VC-HEWL adducts (VY complexes).

VC-HEWL adduct
(VY complexes)

vVC
v
N | va | va | ves C5:[V",04(mal)s]- 2H;0 Cs:[VV204(act),] - 2H,0
plexes)
Struc-
ture at
Refer- Para- Para- Para- Structure A Structure B 37°C Structure A Structure B Structure C Structure D
ences graph graph graph Paragraph Paragraph
4222 4222 43 5 726 5 7263 Para- Paragraph 5.3 Paragraph 5.3 Paragraph 5.3 Paragraph 5.3
' ’ graph
5.2283
PDB
code 9GOG | 9GOK | 9SA2 9RBG 9RBT 9RBV - - - -
1.1 M
So-
LIM | dium | MM L1M ,
Crys- sodium chlo- sodium sodium 20% ethylene
M . . chlo- 1.1 M sodium 1.1 M sodium . 1.1 M sodium glycol 2.0 M sodium
talliza- | chloride ride . . . chloride . . .
tion 01M 01M ride chlorldf: chlorldg 01M chlorldg 0.6 M sodium 0.8 M succinic formate
condi- so. dium .so- 0.1 M 0.1 M sodium 0.1 M sodium soaium 0.1 M sodium nitrate acid pH 7.0 0.1 M HEPES
. . sodium | acetate pH4.0 | acetate pH 4.0 acetate pH 4.0 0.1 M sodium pH7.5
tions acetate dium acetate
acetate acetate pH 4.0
pH4.0 ace- pH4.0
tate pH 4.0
pH4.0
Covalent binding
Glu7 _ _ _ [VVIOOZ(,]Z' _ _ _ _ _ _
Glu7* (0.70)
[VIVO]2+ [VIVO]2+
Aspl8 | - ] - (1.00) - (1.00) - - - ]

Non-covalent binding
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[VV307(1aCt)2]3- [VV3O7(laCt)z]3-
[VV,0,]" (0.60) (0.60)
(0.50) Arg5 Arg5
% 6 Cys6 Cys6
VV0,]* [V((l)"gg;] [VVO,]* ‘érig Argld Argld
(0.70) : (0.70) y Gly126 Gly126
Glu7 - - -
Lysl Argl28 Argl28
Cys6 s Cys6
¥y Argl4 [VIVOP* [vVop+
VYOuT (0.40) (0.40)
(050) [V[VO]2+ [VIVO]2+
(0.40) (0.40)
vC2 | VvC3
vera | 0
079 1 0.60) | (0.70) [V¥:0u(lact).]>
VC3 [VV20u(lact) > | [VY20u(lact),]* (0.80)
Lys33 \1(3178) vee | - - (0.80) (0.80) -
: ©) (0.70) Argll4
(0.60)
Arg3 Trp123
Asn65
Gly67
Arg68 i i ) [VY,05(mal)]* | [VY20s(mal)]* ) ) ) )
Thr69 (0.70) (0.60)
Pro70

Ser72




Table B.5 — RMSD of the Ca atoms of the structures of the adducts from those of the metal-free proteins.

[VVOL,|-HEWL adducts
L= bidentate ligand

[VIVOL,] References PDB code RMSD (A)
Structure A
Paragraph 2.22% 8OM8 0.19
[VVO(empp)s] Structure B 8OMS 0.19
PP): Paragraph 2.2%% )
Structure C
Paragraph 2.2%% SOMT 0.22
Structure A _ 0.18
Paragraph 2.3 )
TV,
[V7Odhp)] Structure B ) 0.14
Paragraph 2.3 )
Paragraph 2.4% 8RTJ 0.21
V)R-
[V7OB-HQ):| Paragraph 2.4 8RTK 0.21
Structure A% 7ZU6 0.19
Structure B2" 8PTE 0.22
Structure A*° 9EX0 0.22
1\
[V7O(acacy| Structure B2 9EX1 0.42
Structure C**° 9EX2 0.26
Structure at 37°C?*! 9IL8 0.26
Structure A 8AJ3 0.20
Structure A’% 8AJ4 0.20
1\
[V7O(malt),] Structure B” 8AJ5 0.24
227 IFMY 0.22
[VVO(pic),(H;,0)] 26 4C3W 0.16
[VVO(phen),] & 7Q0V 0.16
[VVO(bipy),] 5 7Q0U 0.17
[V'VOL,]-RNase A adducts
L = bidentate ligands
[VVOL,] References PDB code RMSD (A)
[VVO(pic),(H,0)] 259 7P8R 0.35
[VVO8-HQ),| 50 7QWH 0.30

[VIVOL,]-Trypsin adducts
L = bidentate ligands
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[VVOL,] References PDB code RMSD (A)
[VVO(pic),(H,0)] 34 7Q0X 0.45
[VVO(phen),] 34 7Q0W 0.45
[VIVOL;]-human H-chain Ferritin adduct
L = bidentate ligand
[VVOL,] References PDB code RMSD (A)
[VIVO(acac),] 228 9RGH, 9RGJ, 9RGI 0.41-0.53
[VIVOL,]-hFt adduct
L = bidentate ligand
[VIVOL,] References PDB code RMSD ()
[VVO(acac),] Paragraph 2.5 9RTB 0.27
[VYOL(H;0),]-HEWL adducts
L = tridentate ligand
[VVOL(H;0),] References PDB code RMSD (A)
Structure A _ 037
Paragraph 3.3 )
Structure B
Paragraph 3.3 j 0.29
[VVO(xant)(H;0),] Pig‘;;‘;f 3?3 - 0.29
Structure D
Paragraph 3.3 } 0.24
Structure E
Paragraph 3.3 B 0.35
Structure A
- 0.25
IVeryas s Paragraph 3.4
[VVO(dipic)(H;0);] rm— : .
Paragraph 3.4 )
[VVOL(H,0),]-RNase A adduct
L = tridentate ligand
[VVOL(H,0),] References PDB code RMSD ()
[VVO(dipic)(H;0),] Paragraph 3.5 - 0.47
VC-HEWL adduct
(VY complexes)
VC (VY complexes) References PDB code RMSD (A)
VCl1 Paragraph 4.2%% 9GOG 0.42
vC2 Paragraph 4.2%% 9GOK 0.35
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VC3 Paragraph 4.3 9SA2 0.35
Structure A
Paragraph 5.22% IRBG 0.24
v . Structure B
CS;[V 204(mal)2] 2H,0 Paragraph 59283 9RBT 0.27
Structure at 37°C
Paragraph 5.2 ORBV 0.20
Structure A
Paragraph 5.3 ) 0.15
Structure B ) 0.19
v Paragraph 5.3 )
CS; [V 204(]2Ct)2]'2H20
Structure C _ 047
Paragraph 5.3 )
Structure D _ 038

Paragraph 5.3
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