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Abstract

Decoding the interaction between coordination compounds and proteins is of fundamental
importance in biology, pharmacy and medicine. In this context, protein-ligand docking
represents a particularly interesting asset to predict how _
_, but to date very little information is available to adapt these methodologies for
metal containing ligands. Here, we assessed the predictive capability of a metal compatible
parameter set for docking program GOLD for metallo/igands with multiple vacant sites and
different geometries. The study first presents a benchmark of twenty-five well characterized
X-ray metallo/igand—protein adducts. In 100% of the cases the docking solutions are
superimposable to the X-ray determination and in 92% the value of RMSD between the
experimental and calculated structure is lower than 1.5 A. After the validation step, we
applied these methods to five case studies for the prediction of the binding of pharmacological
active metal species to proteins: i) the anticancer Cu' complex [Cu'l(Br)(2-hydroxy-1-
naphthaldehyde benzoyl hydrazine)(indazole)] to human serum albumin (HSA); ii) the active
species of antidiabetic vanadium compounds, V'VO?" ion, to carboxypeptidase; iii) the
antiarthritic species [Au'(PEt3)]", to HSA; iv) the antitumor oxalilplatin to ubiquitin (Ub) and,
finally, v) the antitumor Ru" compound RAPTA-PentaOH to cathepsin B. The calculations
suggested that the binding modes are in good agreement with the partial information retrieved
from spectroscopic and spectrometric analysis and allowed us, in certain cases, to propose
additional hypotheses. This method is an important update in protein-metallo/igand docking
which could have a wide field of application, from biology and inorganic biochemistry to

medicinal chemistry and pharmacology.



Introduction

The study of the interaction between coordination compounds and proteins is of
fundamental importance in biology, pharmacy and medicine.! In fact, many metal ions, in a
free or complexed form, are part of the active site of proteins and have transport, storage or
enzymatic functions. Others metall species are involved in the diagnosis, for example Gd™
complexes used for contrast enhancement in magnetic resonance imaging (MRI), or therapy
of several diseasesl such as the antiulcer agent Bi'-citrate (De Nol™), the antiarthritic
triethylphosphine Au' complex (auranofin), the anticancer cisplatin and its derivatives
carboplatin and oxaliplatin, the antitumor Ru compound NAMI-A.% 2 Recently, the
perspectives of polyoxometalates as potential antitumor, antiviral and antibacterial agents
-as also discussed.? For many of these, the interaction with biomolecules is not limited to
binding to their therapeutic targets but also to a large number of proteins and peptides that can
influence their transport in the blood and cell.

To reach a molecular description of these interactions, different types of experimental
techniques are available. X-ray diffraction analysis and NMR can provide an accurate three
dimensional description of the protein-metal containing ligand (metalloligand ) adducts.
Other spectroscopic techniques such as EPR, ESEEM, ENDOR, ESI-MS, CD and UV-Vis
can give useful information on the protein region where the metal species is bound or on the
amino acid residues involved in the coordination, but without reaching a complete 3D
description. Our actual knowledge on how metallo/igands interact with proteins shows that
mainly two binding mechanisms exist: inert binding where no direct coordination bonds
between the metal and the protein amino acids occur,® and active or coordination binding
where one or several coordination bonds are formed (-).Z

Either to predict possible metal mediated binding or enrich partial experimental data,

protein-ligand docking methods can represent a valuable approach.® They have been designed



to generate fast and accurate predictions of the binding of small chemicals with proteins and
so determine both relative affinities and binding poses. The background of the docking is
thoroughly discussed in refs. 9 and 10, while the historical development of the methods in
refs. 11, 12 and 13. Initially the method was applied to the inert binding of small organic
molecules and only subsequently the first attempts to simulate the interaction of metal
containing /igands were made (_).M’ 15 However, like for most force field based
approaches, dealing with metallo/igands is far from straightforward because the effect of the
metal and the possibility that one or more coordination bonds are formed must be considered.
Even if covalent docking methods are available for software such as GOLD,X® Autodock,’
CovalentDock,'® and Docktite,)? their application to metal complexes have several
limitations: for example, the formation of the chemical bonds is forced a priori through
energetic restraints and is generally limited to specific _ _

To overcome these limitations, we recently started a series of explorative works for
updating protein-/igand docking methods. Since many metal mediated protein-ligand
interactions are active in nature, we generated a new series of parameters in the GOLD

program to treat the coordination binding (_). To do so, we took advantage

of the pelarity-terms-provided-by-general hydrogen bond terms in-doeking implemented in
docking scoring function programs-parameters-to include bond parameters in the program.
The work allowed to reproduce with good agreement the X-ray structures of thirty-nine
proteins-metallo/igands with the monodentate binding of only one amino acid residue to the
metal (Mg, V, Cr, Mn, Cu, Fe, Co, Ni, Cu, Zn, Ru, Rh, Re, Os, Pt, and Au).2% 2L However, in
this pioneering study, we only considered the possibility that the metal could interact
throughout a unique well defined and oriented vacant site of the metal; in this case, the
stereochemistry and chirality could not change (_). More general problems like

metal species with multiple accessible sites, possibility of formation of various isomers and



other electronic based geometrical constraints have not been considered because of the

substantial shift in complexity it represents.
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Scheme 1. Metallo/igand—protein docking: a) inert binding with only second coordination
sphere interaction, fixed stereochemistry and chirality; b) active binding with one
coordination bond, fixed stereochemistry and chirality and c) active binding with several

coordination bonds, stereochemistry and chirality defined by these interactions (this work).

Here, we report how our novel metal compatible docking strategy provides a generalized
framework for the prediction of the interaction of metallo/igands with proteins for any
_ vacant sites (_, c¢). Twenty-five structures formed by main group
and transition metal containing /igands with coordination numbers 4, 5 and 6, -square
planar, tetrahedral, trigonal bipyramidal, square pyramidal and octahedral geometry, and 2, 3
or 4 coordination JECHNGIES BOREE- were examined. After a first validation stepl the study was
further expanded to test the _ of the method for the prediction on metal-protein
systems for which no X-ray structures are reported and only few spectroscopic data were

available: i) the anticancer Cu" complex [Cu'(Br)(2-hydroxy-1-naphthaldehyde benzoyl



hydrazine)(indazole)] with human serum albumin (HSA);2? ii) the active species generated
under the physiological conditions of antidiabetic vanadium compounds, VIVO?" ion, with

23,24

carboxypeptidase; iii) the antiarthritic species [Au'(PEt3)]", formed in aqueous solution by

the anti-arthritic compound auranofin, with HSA;3* 25 jv) the antitumor compound
oxalilplatin, [Pt"(dach)(oxalate)], where dach is diaminocyclohexane, with ubiquitin (Ub);*
26,10 and v) the antitumor Ru'' compound RAPTA-PentaOH (RAPTA = Ru(Il)-arene-1,3,5-
triaza-7-phosphatricyclo-[3.3.1.1] decane) with cathepsin B.2¢ The interested readers in the
chemistry and biochemistry of the five elements studied are referred to some excellent

books.??

The results show that the general scheme expand the framework of protein-/igand docking

s0 to become valid predictive for [iEHNOSNOMMCIAIONSUNUSPIOICINNRICIACHONS. AuCNNAMIIN
ABpEoACHNCGRINENNEEHERAINEPPCBIE not only in medicinal chemistry and

pharmacology but also in the entire field of bioinorganic chemistry and biology.

Computational Section

Protein and Metalloligand Setup. For the _ validation of the
method, all the X-ray metallo/igand-protein structures (Table S1 of Supporting Information)
were cleaned and prepared for the docking removing the crystallographic small molecules
and, subsequently, the metallo/igands (i.e., the metal ions with their first coordination sphere
organic ligands) were removed from the protein binding site and the relative coordinates
saved in a new .mol2 file. For the —application of the method to
systems for which the X-ray determination of the metallo/igand-protein adducts is not

available, the structure of the protein was taken from the Protein Data Bank (PDB),2® while



that of the metalloligand was obtained from the Cambridge Structural Database (CSD),2
PDB, or optimized by Density Functional Theory (DFT) methods.

Before the docking simulations, the hydrogen atoms _ were added
to the protein through the algorithm implemented in UCSF Chimera Software,?? and the metal
atoms were pre-treated adding dummy hydrogens on the free coordination positions liable to
interact with the protein donors.2!

Docking Protocol. Docking calculations were performed with the software GOLD 5.2162

using GoldScore function.! [ CIDAIGMCICISIODUINIZCANINONIDICVIOUSISTIOY S CTCRuRel

The metal complexes, separated from the protein, were preliminary treated by virtually
activating the vacant coordination sites through a dummy hydrogen atom according to the
procedure recently established.22b 32 To prevent any bias, their coordinates (with both
rotational and translational transformations) were randomized and subsequently BlidIy re:
dOCKEd to the protein without any geometrical constraints or energy restraints. Briefly, To
account for the formation of coordination bondsl the docking update consists in the
description of these interactions with the hydrogen bond function implemented in GoldScore.
The software recognizes the metal as a hbond donor liable to interact with the hbond
acceptors of protein. In other words, thinking in terms of Lewis acid and base theory, the acid
acceptor results translated from the metal to a fictitious proton located at the metal vacant

bond axis to preserve the coordination directionality.2>2



Genetic algorithm (GA) parameters were set at 50 runs and minimum of 100,000
operations. All the other parameters — pressure, number of islands, niche size, crossover,

mutation and migration — were set to default.

In the validation part, the dockings HEICICAMCUNOUICONSIGCRNBRICRIDICRAINUICNISaNGS
conformation to bind the metal; this is considered enough for the validation stage. In the

application part, in which the predictive capability of the method was assessed, the flexibility
of the residue side-chains in the region of interaction (approximately the residues within 5 A
radius from the center of the region) was taken into account using the rotamer libraries*
implemented in GOLD software.

Blind docking simulations were performed considering an evaluation sphere with a radius
of 20 A centered on the selected binding site. The solutions were analyzed by means of
GaudiView, an in house interface freely accessible from InSiliChem webpage.®*

The docking solutions were assessed through several criteria: i) the mean (Fmean) and the
highest value (Fmax) of scoring Fitness of GoldScore reported in eq. 1 associated with each
pose; ii) the population of the cluster containing the best pose; iii) the root mean square
deviation (RMSD) of the poses calculated on the heavy atom as reported in eq. SI of
Supporting Information; iv) the absolute percent deviation (APD) and the mean absolute
percent deviation (MAPD) of the metal-D* bond length, where D* indicates the amino acid
donor of protein, reported in eqs. S2 and S3 and v) the position in the Fitness ranking of the
computed cluster.

The scoring Fitness of GoldScore is:

Fitness (F) =a- Sﬁﬁmd + :B ' sziclt/l/ + vy Slilrllfond + 6 (Sllirc;ﬁ/l/ - Stors) (1)



where S;. ., and S, describe the hydrogen (hbond) and van der Waals (vdW)

. . . int int . .
intermolecular interactions, S, ., and S, the corresponding intramolecular

interactions, S,

the energy change related to the molecular torsions, and a, B, v, and & are

empirical parameters defined by default in GOLD software.

Results and Discussion
Dataset. A benchmark dataset of twenty-five high quality X-ray structures, in which a
protein is bound to a metallo/igands through amino acid donors (D*) with at least ton and up

to four coordination bonds] was collected. All the structures (shown in Figure 1 and listed in

Table S1 of Supporting Information) were taken from PDB.252< 35th. 35i-u [ SOt

PDB of metal species bound to a protein with multiple coordination bonds. The dutaset

includes a wide range of biologically relevant metals (Mg, Mn, Fe, Cu, Zn, Ru, Pt), donor
types (Nis, Smet, S7cys, O7Tyr, O ser, COO™Agp/Glu, and Niys/amine), coordination numbers and

geometries. The dataset is summarized in Table 1.
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Figure 1. Graphical representation of the dataset. The region of the protein, where the
interaction with the metal complexes occurs, B8l represented. The ligands, the metals and
amino acid residues are shown with different colors. Below each structure, the PDB code and

the metal (in parentheses) are indicated.
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Table 1. Metals and geometry distribution in the dataset.*®

Geometry (number of amino acid donors)
Metal td (n° D*) sp (n° D)  tbp (n° D*) spy (n° D*¥)  oct (n° D*) Total

Mg 1(4) 1
Mn 1(4) 1) 2
Fe 2(4) 1) 2(2), 1(4) 6
Cu 1(4) 1(4) 1) 3
Zn 3(2), 1(3) 4
Ru 1(2) 3(3), 1(4) 5
Pt 4(2) 4
Total 5 4 4 2 10 25

* Geometry: td = tetrahedral; sp = square planar; tbp = trigonal bipyramidal; spy = square

pyramidal; oct = octahedral. ® D* stays for amino acid donor.

Validation. The new parameters for metal-proteins interactions, recently discussed?!, were
applied to twenty-five systems with multiple coordination bonds (from two to four, see -
), which were DIRIYITCAOCKEd with the objective to reproduce the X-ray crystallographic

structures.

SRy aCeIinaton] The comparison between the calculated docking poses (in blue)

and the X-ray data (in orange) is reported in -
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5ifo (1.528) 4al8 (3.375) 5n26 (0.694) 5i0a_a (0.917) 5i0a_b (0.178)

-. Overlap of the best docking pose (in blue) and the X-ray structure (in orange) of the
twenty-five metal structures of the dataset. For each structure] the PDB code and the RMSD

value (in parentheses) for each solution are reported.

The RMSD for each docked pose and MAPD for selected structural parameters are reported
in [BEBIB. The value of 0.855 A obtained for the mean RMSD is very small and confirms the
high capability of prediction of the method, both in terms of binding site recognition and

donors discrimination. Analogous considerations are valid for the MAPD relative to the bond

12



lengths (6.95%) and demonstrate the high accuracy of this approach in the prediction of the
overall geometry of the binding sites. The standard deviations correspond to an error

distribution very close to the mean value of the set, allowing us to conclude that the method is

highly efficient. Moreover, for 92% of the structures considered (twenty-three out of twenty-
five), the RMSD between the experimental and the calculated structure is lower than 1.5 . An

in-depth examination of the GoldScore values and overall population of the predicted sites

shows that the best docking poses have the highest fitness in the 88% and are found in the

most populated cluster in the 92% of the cases (Figimeng and [EBIGESN of Supporting

Information).

Table 2. Values of the mean RMSD and MAPD for the bond lengths obtained for the dataset

of twenty-five metallo/igand—protein structures.

Dataset of twenty-five metallo/igand—protein structures

Mean RMSD #° MAPD (bond lengths)
0.855 6.95%
SD ¢ 0.827 7.00%

@ Value reported in A. ® RMSD computed with software UCSF Chimera. ¢ Standard
deviation (SD).

The results discussed above demonstrate that the method is generalizable, in principle, to
any metallo/igand—protein system, independently of the number of donors bound to the metal.
To investigate its possible applications to _, several case studies — for which
no X-ray structures are available — were investigated. We selected systems involving the

interaction of the Cu",, VIVO, Aul, Pt"" and Ru" species with important pharmacological and

13



biological targets, for which only spectroscopic or spectrometric evidence of the binding

interaction is reported in the literature).

Case Studies. (1) Interaction of Anticancer Cu'' species with Human Serum Albumin.
The research on copper coordination compounds as antiproliferative agents has drastically
increased in the last few years as demonstrated by the high number of publications in the
period 2008-2018.3¢ _ In this context, human serum albumin (HSA) is
considered a potential drug delivery system because it is a non-toxic, non-antigenic,
biocompatible and biodegradable endogenous protein, and it is able to interact with Cu
specics. wman-serum-albumin(HSA)-is-considered-a-potential-drug-delivery-system-beeause
it-is-a-non-toxie,on-antigenie, biocompatible-and-biedegradable-endogenous-protein,and-it
is-able-to-interact-with Cu-species:

To prove the predictiveness of our metal compatible docking methodology, we -
GOBKEE the Cu" anticancer complex [Cu(Br)(L)(indazole)] (HL = 2-hydroxy-1-
naphthaldehyde benzoyl hydrazine) to subdomain IIA of HSA, based on a recent study
showing the interaction of the drug with this domain.?

The docking calculations were carried out using a deposited crystallographic coordinates of
an unbound HSA (PDB: 1bj5 %) and the X-ray structure of [Cu(Br)(L)(Indazole)], deposited
in the CSD (CSD code: 1046819 22). Side chain flexibility was introduced in the interaction
region using the rotamer libraries implemented in GOLD?? for Lys199, His242 and nearby
Lys190 residues. The two lysine residues were considered in their neutral form to be able to
bind the metal with the free electron pair.

The results show that in the best docking solution (Fmax = 69.04) two coordination bonds

between Cu and the residues of Lys199 and His242 of the IIA hydrophobic subdomain of

HSA are formed (_ of Supporting Information). The calculated geometry

14



is an intermediate between the trigonal bipyramid (with the two O donors in the axial
position) and square pyramid (with N(His242) in the apical site) and the predicted bond
lengths are 2.327 A for Cu—NHz(Lys199) and 2.262 A for Cu—N(His242), in line with the
values reported in literature for the interactions Cu™~Numine and Cu'™~Nimidazole>> Overall, the
results agree well with the experimental electron density map and X-ray structure of the
adduct CuL-HSA (not yet deposited),22 and suggest that the monodentate weak ligands Br~
and indazole undergo dissociation in the presence of the protein and are replaced by two

residues of albumin.

Figure 3. The binding site proposed by docking calculations for the interaction of
[Cu(Br)(L)(indazole)] with the ITA domain of HSA. The adduct is formed after the

replacement of Br~ and indazole ligands by Lys199 and His242 donors.

Taking into account the good result obtained for this case study, for which the structure has
been determined through the X-ray analysis, we continued the study with (metal complexes)—

protein adducts for which none crystallographic information are available at all.
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Case Studies. (2) Binding of V'VO?* Ton to Carboxypeptidase. The two most interesting
pharmacological applications of VIVO compoundl are as antidiabetic agents for the treatment

4l Vanadium forms also

of type II diabetes,®® and as potential antitumor drugs.?%®
polyoxovanadates recently proposed as potential antitumor, antiviral and antibacterial agents.
In the blood seruml orally administered V compoundsl undergo speciation to form
(VVO)(hTf) and (VIVO)2(hTf) and HoVYO4~, which should cross the cell membrane via
endocytosis or through the anion channels.?? In the cells VV is reduced to VIVO?" % and,
therefore, this ion could be one of the active species in the organism. " 40 44 Therefore, the
_ is fundamental to understand its antidiabetic and antitumor
action. In the early 1970s, Chasteen and co-workers employed Electron Paramagnetic
Resonance (EPR) patterns of VIVO*" to extract specific information on the VIVO** binding in
various peptides and proteins,®> but up to now no X-ray determination has been reached for
this particular system.

In this study, we used docking methods to revisit the data reported for the interaction of

VIVO?" with carboxypeptidase, 24

an enzyme that hydrolyzes the peptide bond at the C-
terminal end of a protein %, which represents in this study a model protein. The prediction of
the binding site was carried out on the X-ray structure deposited in PDB for carboxypeptidase
(1cpx #2). The geometry of [VIYO(H20)4]*>" ion was DFT optimized then the four equatorial
water molecules were removed and the coordination positions were activated for protein
binding as described in the Computational Section. After determining the experimental-
suggested interaction region,2-2* the flexibility of the side chains which could bind VIVO?**

Wasiconsidered applying the GOLD rotamer libraries.>

The results for the interaction between VVO?' and carboxypeptidase (EDICHOSIOE

SUPDCHRENRIORMaton ), show a unique cluster of 50 docking poses with the highest scoring

16



(Fmax) of 54.31 GoldScore Fitness units. The best predicted solution indicates VIVO?* binding
with three different donors, two histidines (His69 and His196) and one glutamate residue
(Glu72). This site is identical as that of Zn-carboxypeptidase,*® and this is in agreement with
the similar chemical behavior of Zn** and VIVO?" ions.

The geometry for the adduct VIVO*'—carboxypeptidase is a square pyramid with a vacant
coordination position, reasonably occupied by a water molecule in the real system. The
predicted bond lengths are 2.322 A for V-N(His196), 2.295 A for V-N(His69) and 2.259 A
for V-COO~(Glu72), comparable with the experimental values for V!V-N(imidazole)
coordination® and VIV-COO~(acetate) distances.?’ The angles O=V-D® range from 101.4 to
106.1°, indicating the vanadium is slightly above the plane spanned by the four equatorial
donors. The best solution is shown in - and is in agreement with that hypothesized
before by DeKoch et al. on the basis of EPR data,”® and then by Sanna et al. after the
comparison between the experimental and DFT calculated >'V hyperfine coupling constant 4,
24 (4,15 175.8 x 10* cm™! below pH 5 and 165.9 x 10~ cm™! above pH 5 £). This means that
at acidic pH values — with the imidazole nitrogen of His protonated — only the carboxylate
group of Glu72 is able to bind V accounting for the high value of 4., while around the
neutrality — with the deprotonation of histidines — the side chains of His69 and His196 add to

Glu72.

17



-. The binding site proposed by docking calculations for the interaction of
[VIVO(H,0)4]** to carboxypeptidase. The adduct is formed after the replacement of three H,O

molecules by His69, Glu72 and His196 donors.

Case Studies. (3) Binding of [Au'(PEt3)]" to Human Serum Albumin. From many years
gold complexes have been studied for their pharmacological action and potential medicinal
applications.?! In 1985, an orally active gold drug named auranofin ((2,3,4,6-tetra-O-acetyl-1-
thio-B-D-glucopyranosato-S)(triethylpho-sphine)gold(I)) was introduced for the treatment of
rheumatoid arthritis.>> 3% 23 Auranofin was shown to be also highly cytotoxic to tumor cells in
culture and is currently being evaluated for the treatment of chronic lymphocytic leukemia
(CLL) in phase II clinical trials.3> 32 Other Au' species based on the same [Au'(PEt;)]" moiety
— i.e. EtsPAU'Cl, EtsPAu'CH3, Et;PAU'CN, Et;PAu'SCH3, Et;PAU'SCN, Et;PAu'SPh —were

evaluated for in vitro cytotoxicity against both B16 melanoma cells and P388 leukemia cells

and in vivo antitumor activity against P388 leukemia in mice.>* Serum albumin appears to be

18



the protein candidate to transport Au' species in human organism. However, no X-ray
structure of the adduct Au'(PEt;)-HSA is yet available.

In this study, the binding site of HSA for the [Au!(PEt;)]" moiety, formed upon the release
of the anionic ligand by Iuranoﬁn and its derivatives, was studied. The docking calculations
were carried on the two folding states of the protein in the presence (PDB: 1bj5 28) or absence
(PDB: 1ao6 %) of fatty acids. The geometry of [Au'(PEt;)]” was taken from the structure
deposited in the PDB (code 1e3b 2%). The calculations were performed exploring the HSA
domain I containing the Cys34 residue. The side chain flexibility in solution was taken into
account applying the Gold rotamer libraries®* for Cys34 and the neighboring residues -}
Asp38 and Tyr84. The results indicate, for both the folding states, a significant preference of
[Au(PEt3)]" for Cys34, the highest affinity of 41.76 GoldScore Fitness units (Fmax) being
found for fatted HSA. This appears to be in agreement with the previous experimental
evidence. For example, Sadler and coworkers studied the reaction of auranofin with HSA by
'H NMR and Concludednnantherdrugmeacted with Cys34,% this finding being confirmed by
Shaw and coworkers, who proposed that binding of the Au'(PEt3)" fragment of the gold drug
to Cys34 for bovine serum albumin (BSA).*® Furthermore, Dean et al. showed very recently
that the fragment [Au'(PEts)]" was transferred to recombinant human serum albumin (rHSA)
and that PEt; promoted significant modification of Cys34.3

Rather interestingly, the docking analysis suggests the possible formation of adducts
Au'(PEt;)"—His; in particular, a secondary binding site (Fmax = 31.4) could be represented by
Hisl46| located in the hydrophobic region of the protein. This is an important insight
provided by docking and it is in line with the hypothesis of Sadler and co-workers, who found
that the model protein cyclophilin binds [Au'(PEt3)]* not with one of the four Cys of its

structure but with His133.2¢
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The two proposed binding sites are shown in - The calculated structures exhibit a
linear coordination geometry with the bond lengths Au—S(Cys34) and Au-N(His146) of
2.391 and 2.111 A, respectively, in agreement with those determined by EXAFS (2.27 and

2.06 A 2%). The P-Au—S/N angles are 175.7 and 167.2 A.

-. The two binding sites proposed by docking calculations for the interaction of
[Au(PEt3)]" moiety to HSA: a) primary binding site with coordination of Cys34 and b)

secondary binding site with Au' coordinated to His146.

Case Studies. (4) Binding of Oxalilplatin to Ubiquitine. The discovery of cisplatin, cis-
[Pt(NH3)2Cl2], has been a watershed in the medicinal inorganic chemistry.2 However, due to
its negative secondary effects, over the last decades the research has been focused on
alternative anticancer platinum compounds to replace the first generation drug.3® 3¢ ! The
second generation of platinum antitumor compounds, including carboplatin and oxalilplatin
among others, have shown lower toxicity avoiding several side effects.®? In particular
oxaliplatin, [Pt(dach)(ox)] with dach = 1R,2R-diaminocyclohexane and ox = oxalate, was

introduced for clinical use in Europe Union since 1999 and in 2002 in United States, is much
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less nephro- and ototoxic than cisplatin and represents an alternative in the case of cisplatin-
resistant tumors. 2 1% 3¢ 83 From a chemical point of view the [Pt(dach)(ox)] complex under
physiological conditions, after releasing the labile oxalate ligand, forms the [Pt'(dach)]**
moiety with two vacant coordination positions liable to interact with serum low- and high-
molecular mass bioligands such a proteins.

In this work we focus on the interaction of oxalilplatin with ubiquitin (Ub), largely studied
as a model for serum proteins because it is a relative small polypeptide (8.6 kDa) containing
76 amino acids and a limited number of potential coordinating residues. In several recent
papers, the formation of mono-adducts [Pt(dach)]-Ub was proved using high-resolution
electrospray ionization mass spectrometry (ESI-MS) and diverse tandem mass spectrometric
(MS/MS) techniques and the monodentate coordination of Metl and His68 residues was
proposed as the preferential binding - of oxaliplatin.®* No bidentate coordination of
ubiquitin to the two free site of the moiety [Pt(dach)]*" was individuated and, for this reason,
an unambiguous characterization of the system — in particular, the 3D representation of the
interaction — remains to be reached. Obviously docking could help to throw light on this topic.

The docking analysis was performed using the X-ray structure of the bovine ubiquitin
(PDB: 3hlu 2%) while the Cartesian coordinates of [Pt'(dach)]*" were extracted from ref. 23
(PDB code: 4s18). The calculations were carried out exploring the proteic space containing
the potential coordinating side chains, among them Metl, Glu64, and His68. The side chain
flexibility in solution was taken into account applying the Gold rotamer libraries®* for Metl,
Glu64 and His68, and their neighboring residues. The results suggest the formation of three
different [Pt(dach)]-Ub adducts: 1) the binding of S(Met1) at the N-terminal site with fourth Pt
coordination site reasonably occupied by a hydroxyl or a water ligand (Fmax = 45.65;
population = 50/50); ii) the simultaneous binding of N(His68) and N(Lys6) (Fmax = 50.76;

population = 49/50) and iii) the bidentate coordination of ubiquitin through the COO(Glul6)
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and COO(GIlul8) donors (Fmax = 48.46; population = 49/50). All the three solutions reach
comparable scoring values and fall in a fully populated cluster in the first ranking position of
the respective docking assay (_).

The first two found binding sites (_) appear to be in agreement with the
previous experimental evidences, even if an important comment must be made: while mass
spectrometric methods are not able to discriminate between the mono- and bidentate
coordination of Ub, docking indicates that the binding of Metl is not assisted by other
residues; in contrast, the interaction with Lys6 — which was not considered until now in the
literature — can stabilize the binding of His68. The calculated structures exhibit a square
planar geometry with the bond lengths Pt—S(Metl), Pt—-N(His68) and Pt—N(Lys6) of 2.034,
2.256 and 2.456 A, respectively.

The third binding site involves the coordination of COO(Glul6) and COO(Glul8) to
[Pt!'(dach)]** moiety and can be predicted on the basis of this studys; it is strongly stabilized by
a network of hydrogen bond between carboxylate groups of Glul8 and Asp21 and carbonyl of
- to NH2 groups of dach ligand (-, c). The distances Pt—O(Glul6) and
Pt—O(Glu18) are 2.240 and 2.364 A.

Finally, docking simulations suggest that no interaction with Glu64 exists, confirming the

previous published data.®*

¢
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-. The three binding sites proposed by docking calculations for the interaction of
oxalilplatitin with ubiquitin: a) binding site with the coordination of Metl and the fourth Pt
site occupied by a hydroxyl or a water ligand (with the asterisk); b) binding site with the
coordination of Lys6 and His68 and c¢) binding site with the coordination of Glul6 and Glul8.

The hydrogen bonds are also highlighted with the full line.

Case Studies. (5) Binding of Ru RAPTA-PentaOH to Cathepsin B. As a final illustrative
case for the predictiveness of our docking update for transition metal, we focused on
ruthenium drugs. A large number of ruthenium compounds have been synthesized and tested
for their anticancer properties.® _ based on Ru'™, named NAMI-A and KP1019,
are now under clinical trials.®® 7 So far, the experimental evidence has shown that those Ru'!!
species could be reduced by bioligands of the organism to Ru', which explicate the
pharmacological activity.®®® On the basis of this finding, the anticancer activity of a series of
Ru! compounds has been examined and, among them, [Ru''Clo(n’-arene)(pta)], where pta is
1,3,5-triaza-7-phosphaadamantane, have shown very promising activity’’ and lead the way to
the development of the RAPTA (Ru-Arene-PTA) species.

Cathepsin B is an ubiquitously expressed cysteine peptidase of the papain family, and has
been proposed as tumor marker.l The exact role of cathepsin B in cancer has not been
determined completely, but it is probably involved in tumor progression and _B
Therefore, cathepsin B is a possible target for the control of tumor growth and it is inhibited
by many metal complexes.”

RAPTA-pentaOH, where the n’-arene is 5-phenyl-1-pentanol, is one of the most effective
inhibitors of cathepsin B,”* and this suggests a strong interaction with the protein. In the

literature it was suggested that only one chloride ion undergoes aquation,”*” even if the loss
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of both CI” cannot be excluded as demonstrated for other dichloro species such as
Cp2VCl, 1% 2676 T show the possibility of the docking strategy presented here, the binding
of RAPTA-pentaOH with cathepsin B was studied considering the release of only one or two
chloride ligands. The calculations were carried out using the apo structure of the protein
available in the Protein Data Bank (PDB code: 2ipp 77), while the coordinates of metal
complex were obtained from Cambridge Structural Database (CSD code: CUQCAT 7).
Before the docking, the protein was cleaned and the Ru species was activated in one or two
positions occupied by CI™ anions. Two evaluation spheres were built with a radius of 20 A,
centred respectively on the Cys29 and Cys237, the only two free cysteine residues of the
protein. To take into account the side chain flexibility in solution, the Gold rotamer libraries®
were applied to Cys29, Cys238 and the neighbors GIn237, Tyrl77, Hisl1, His199 and
His239.

Two different interaction modes must be discussed: since RAPTA-pentaOH complex has
two labile chloride ligands, one (first case, -) or both (second case, -) could be
replaced by the amino acid side chain donors of cathepsin B. In the first case, the results show
the presence of three potential binding sites: the interaction with S donor of Cys29 (56.29
GoldScore Fitness units, Fmax), and the imidazole N of His190 and His239 (with score of
52.46 and 49.68); the predicted bond lengths Ru—S(Cys29), Ru-N(His190) and
Ru-N(His239) are 2.255, 2.775 and 2.481 A, respectively (the three binding sites, the amino

acid involved in the direct coordination and second sphere stabilization are shown in [iEHEg

)
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-. The three binding sites proposed by docking calculations for the interaction of
RAPTA-pentaOH with cathepsin B after the aquation of only one labile chloride ligand: a)
binding site with the coordination of Cys29; b) binding sites with the coordination of His190
and c¢) binding sites with the coordination of His239. The hydrogen bonds are highlighted

with the full line.

In the second case, two potential binding sites were highlighted: one major site (Fmax =
62.98), in which the metal is coordinated by S(Cys29) and CO(Gly198), and one secondary
site (with GoldScore Fitness units of 54.46) that is characterized by the coordination of
His239 with the second position remaining vacant; the predicted bond lengths Ru—S(Cys29)
and Ru—O(Gly198) are 2.356 and 3.049 A, while the distance Ru—N(His239) in the second

site is 2.480 A, very close to that found in the first case with only one free site. The results are

represented in -
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-. The three binding sites proposed by docking calculations for the interaction of
RAPTA-pentaOH with cathepsin B after the aquation of both the labile chloride ligands. The
adduct is formed after the exchange of two labile chloride ligands with Cys29 and CO group

of Gly198.

The two interaction regions are shown in Figure 9. The role of Cys29 in the binding of Ru"

7478 even if — in

compounds with cathepsin B has been already discussed in the literature,
contrast with the previous papers — the proposed stabilization through hydrogen contacts with
Glu72, His108 and His109 is not predicted in this study. However, the docking results suggest

that a second binding region with the possible involvement of His190 and His239 residues

could exist.
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-. The two identified binding regions (primary binding site with Cys29 and Gly198,
and secondary binding site with His190 and His239) of cathepsin B involved in Ru

coordination are shown.

Conclusions

In our intents to bring dockings as a fundamental tool in the prediction of biometallic
interactions, we here present a two sided study where a novel parametrization scheme is first
tested against a series of twenty-five well characterized crystal structures _
complex is bound to a protein with multiple coordination bonds vaeaseies. In fiont of the
results obtained, we extended the work to use it as a predictive tool for five different SIS
metallodrug-protein complexes for which X-ray structures are not available. The results
indicate that our updated docking methodology is indeed an interesting and generalizable tool
for the prediction of 3D models of the binding of metal complexes to proteins; in particular, 1)

the site of interaction and donors bound to metal are always successfully predicted and ii)

after the recognition of the binding site the prediction _
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taking into account the flexibility of the side chains located in the metal environment through
the Gold rotamer libraries.

The application to metallodrugs interaction with proteins suggests binding modes in good
agreement with the partial spectroscopic and spectrometric information available in the
literature and proves useful to find additional hypotheses. In particular, the possibility of
multiple coordination and stabilization through secondary interactions — hardly demonstrable
with most of experimental techniques (ESI-MS, CD and UV-Vis) — can be substantiated by
docking methods. A possible improvement of the bond distances and angles could be obtained
through the refinement of the metal binding sites predicted by docking using QM/MM
method.” 14

We believe that the approach here reported, in combination with spectroscopic techniques
or any experimental evidence, is easily expandable to other metal complexes and
metallodrugs and could open major avenues in structural drug design and in the study of

metal-proteins interaction.
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