i i Taylor & Francis
......... Taylor & Francis Group

COORDINATION o )
o 2y Journal of Coordination Chemistry

-y et Ebn. ey o B SR U

ISSN: 0095-8972 (Print) 1029-0389 (Online) Journal homepage: http://www.tandfonline.com/loi/gco020

Spectroscopic studies on interactions of the
tetrakis(acetato)chloridodiruthenium(ll,lil)
complex and the Ruy(ll,111)-NSAID-derived

metallodrugs of ibuprofen and ketoprofen with
human serum albumin

Rodrigo Luis Silva Ribeiro Santos, Rute Nazaré Fernandes Sanches & Denise
de Oliveira Silva

To cite this article: Rodrigo Luis Silva Ribeiro Santos, Rute Nazaré Fernandes
Sanches & Denise de Oliveira Silva (2015) Spectroscopic studies on interactions of the
tetrakis(acetato)chloridodiruthenium(ll,1ll) complex and the Ruy(ll,111)-NSAID-derived
metallodrugs of ibuprofen and ketoprofen with human serum albumin, Journal of
Coordination Chemistry, 68:17-18, 3209-3228, DOI: 10.1080/00958972.2015.1074684

To link to this article: http://dx.doi.org/10.1080/00958972.2015.1074684

@ Accepted author version posted online: 21
Jul 2015.
Published online: 21 Aug 2015.

\NJ
CA/ Submit your article to this journal &

||I| Article views: 71

A
& View related articles &'

P

(&) view Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=gco020

(Download by: [Mizoram University] Date: 28 December 2015, At: 14:40)



http://www.tandfonline.com/action/journalInformation?journalCode=gcoo20
http://www.tandfonline.com/loi/gcoo20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2015.1074684
http://dx.doi.org/10.1080/00958972.2015.1074684
http://www.tandfonline.com/action/authorSubmission?journalCode=gcoo20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gcoo20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00958972.2015.1074684
http://www.tandfonline.com/doi/mlt/10.1080/00958972.2015.1074684
http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2015.1074684&domain=pdf&date_stamp=2015-07-21
http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2015.1074684&domain=pdf&date_stamp=2015-07-21

Downloaded by [Mizoram University] at 14:40 28 December 2015

Taylor & Francis
Taylor & Francis Group

Journal of Coordination Chemistry, 2015
Vol. 68, Nos. 17-18, 3209-3228, http://dx.doi.org/10.1080/00958972.2015.1074684 e

Spectroscopic studies on interactions of the tetrakis(acetato)
chloridodiruthenium(ILIII) complex and the Ru,(ILIII)-
NSAID-derived metallodrugs of ibuprofen and ketoprofen
with human serum albumin
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Diruthenium paddlewheel-structured complexes bearing a Ru,(ILIII) multiply bonded core show
promising potential in medicinal chemistry. This work reports studies on the interactions of the tetra-
kis(acetato)chloridodiruthenium(ILIII) complex (RuAc), [Ru,(u-O,CCH;)4Cl], and the corresponding
Ru,(ILIII)-non-steroidal anti-inflammatory drug (NSAID) metallodrugs of the NSAIDs ibuprofen
(Rulbp) and ketoprofen (RuKet) with the human serum albumin (HSA). Circular dichroism (CD)
studies showed that the three Ru, complexes interact with the HSA and induce conformational
changes on the secondary structure of the protein. The reaction of the RuAc complex with the protein
was monitored and the RuAc/HSA binding constant was estimated on the basis of electronic absorp-
tion spectroscopy data. Fluorescence emission spectroscopy studies were performed for all the Ru,
complex/HSA systems and the Stern—Volmer constants and the thermodynamic parameters were
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determined for the RuAc/HSA binding. Mass spectrometry data confirmed the presence of the Ru,
complexes in the protein phase after ultrafiltration. The studies suggest that the nature of the RuAc
binding to the HSA is distinct from that of the derived Rulbp and RuKet metallodrugs. Electrostatic
forces, accompanied by coordination of the metal to the amino acid side chains of the protein, seem to
be the main forces acting in the RuAc/HSA binding, while non-covalent/hydrophobic forces might be
predominant in the Ru,-NSAID metallodrug/protein interactions. The findings suggest that the HSA
protein might be a potential carrier in the blood plasma for the Ru,(ILIII)-NSAID metallodrugs.

Keywords: Diruthenium complexes; Anticancer metallodrugs; Ibuprofen; Ketoprofen, Human serum
albumin

1. Introduction

Complexes bearing metal-metal multiple bonds have been theoretically and experimentally
explored since their discovery by Cotton and coworkers [1]. The first evidence for a strong
Ru-Ru bond in diruthenium tetracarboxylates appeared in 1969 [2], three years after the
synthesis was reported by Stephenson and Wilkinson [3]. The known tetrakis(acetato)chlori-
dodiruthenium(ILIIT) (or RuAc) of formula [Ru,(u-O,CCH;3)4Cl] displays a dimetallic cen-
ter that contains two Ru ions directly connected in a short distance (2.28 A) with a bond
order of 2.5 [1, 4, 5]. The [Ruy(u-O,CR)4]" unit [figure 1(a)] adopts the paddlewheel
geometry stabilized by coordination of the Ru, core to four equatorial carboxylate bridging
ligands. The chlorido-species, in which the chloride is axially coordinated to the Ru, core,
display infinite polymeric chains linked by Ru—Cl axial bonds in the solid state [I].
Although the mixed-valence Ru,(ILIII) core exhibits formally oxidation states 2 and 3, it
actually contains two equivalent metal ions in averaged oxidation state 2.5. The [Ru,]>"
core shows unusual stability that is assigned to the near-degeneracy of the two highest lying
occupied molecular orbitals (m* and §*), thus resulting in a ¢°n*8* (§*1*)’ ground state
electronic configuration with a high spin state (S = 3/2) and three unpaired electrons per
Ru, core [1, 6, 7]. The class of Ru,(ILIIl) complexes shows unique structural, electronic,

H;C 0) CH;
COOH
Oy e
CH;

Figure 1. Structure of the [Ruy(p-O,CR)4]+ paddlewheel unit (a), and structures of the non-steroidal anti-in-
flammatory drugs Ibuprofen, HIbp (b), and Ketoprofen, HKet (c), representing the racemic forms of the drugs.
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spectroscopic, electrochemical, and magnetic properties, which account for potential
applications in a variety of fields [1, 8, 9], including synthesis [1, 8, 10, 11], supramolecu-
lar/materials chemistry [12—19], biological chemistry [20-23], and catalysis [24—36].

In the context of the relevant role of ruthenium compounds in medicinal chemistry [see,
e.g., 23, 37-43], we are interested in investigating the biological/pharmacological potential
of the mixed-valence Ru,(ILII) complexes. A novel class of melallodrugs containing the
[Ru,(1-O,CR)4]" unit, where the carboxylate anion derives from a pharmaceutical drug, has
been prepared, characterized, and investigated for biological properties [22, 23, 44-50].
Notably, the diruthenium complex [Ru,(Ibp)4Cl], or Rulbp, of the non-steroidal anti-
inflammatory drug (NSAID) Ibuprofen (HIbp), figure 1(b), was found to show similar anti-
inflammatory properties, but to cause reduced stomach ulceration, when compared to the
HIbp parent drug. More interestingly, Ru,~NSAID complexes are capable of inhibiting
proliferation of glioma cancer cells. Rulbp was shown to exhibit anticancer activity in vitro
(in rat and in human glioma cell lines) and also in vivo, thus revealing interesting properties
for further studies targeting brain cancer therapy [47]. Rulbp and the analog complex of the
Ketoprofen (HKet) ligand, figure 1(c), [Ru,(Ket)4CI] or RuKet, display mild anti-prolifera-
tive activity in Caco-2 and HT-29 colorectal cancer cells [50].

The biological role of ruthenium drugs is highly dependent on their interactions with a
variety of biomolecule targets, which may (or not) be associated to pro-drug transformations
(reduction—oxidation and/or ligand substitution reactions) in the physiological environment
[23, 37]. Ru(IIl)-N-heterocyclic complexes currently in clinical trials, i.e., the NAMI-A anti-
metastatic drug [51] and the KP1019 and NKP1339 [52] cytotoxic drugs, as well as Ru(II)
organometallics [53, 54] have been suggested to undergo pro-drug transformations and pro-
tein binding. The reactivity of the Ru,(IL,III) paddlewheel framework with biomolecules has
been exploited recently [55, 56]. The RuAc complex undergoes chloride/water axial ligand
substitution reactions and the corresponding diaqua-species, [Ru,(u-O>CCHs)4(H,0),]", are
able to displace one water molecule by amino acid ligands, as shown for His, Cys, Trp, and
Gly [55]. The diaqua-species also undergo chemical reactions with biological reductant
agents, ascorbic acid or glutathione, which involve an axial water/bio-reductant substitution
followed by a [Ru,]>*/[Ru,]*" intramolecular electron transfer process that is accompanied
by oxidation of the reductant [56]. The RuAc complex binds to the model protein hen egg-
white lysozyme by exchanging two of the acetate ligands as shown by the crystal structure
that displays two Ru, moieties bonded to Aspl01 and Aspl19 residues of the protein,
respectively [57].

Blood plasma proteins are relevant biomolecule targets for metallodrugs in the blood
stream. Human serum albumin (HSA), the most abundant serum protein (ca.
6 x 107" mol L™" blood concentration), shows exceptional capacity for reversibly binding
and transporting bioactive molecules from the blood stream to specific targets, thus acting
as an important nanovehicle for low molecular weight molecules in the human body
[58, 59]. HSA binding can strongly affect biodistribution, bioavailability, pharmacological
efficacy, and toxicity of metallodrugs. The polypeptide contains 585 amino acids, there is a
sole Trp residue (Trp214), and the Cys residues, except for Cys34-free thiol, form disulfide
bridges. The HSA secondary structure is dominated by a-helices (68%) and the arrangement
of three domains (I, II, and III), each one having two subdomains (A and B, composed by
six and four a-helices, respectively), leads to a globular heart-shaped conformation. The
binding sites are classified as I-V Sudlow’s drug sites (according to the ligand affinity) [60]
or as FA1-FA9 fatty acid sites (that binds a variety of drugs) [59] (figure 2). Hydrophobic
pockets in subdomains IIA and IIIA are relevant binding sites for various compounds
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Figure 2. Schematic drawing representation of subdomains and binding sites of HSA. Domains I and II are
almost perpendicular to each other. The interface region between IA and IB is connected to IIA by hydrophobic
interactions and hydrogen bonds. Domain III interacts only with IIB, projecting out from it to give a Y-shaped
assembly for II/III and shows few contacts with domain I due to the big channel created by IB/IIIA/IIIB. Sudlow’s
sites I and II are in subdomains ITA and IIIA, respectively. FA sites are FA1 (at IB), FA2 (at IA/IIA), FA3-FA4
(Sudlow’s site I, at IIIA), FAS (in a hydrophobic channel in IIIB), FA6 (IIA/IIB interface), FA7 (Sudlow’s site I, at
the hydrophobic cavity of IIA), FA8 (at the base of IA-IB-IIA/IIB-IIIA-IIIB gap), and FA9 (lying in an upper
region of the same gap) (adapted from [58, 59, 78]).

[58, 59]. FA3—-FA4 (Sudlow’s site II, at subdomain IITA) is the primary site for Ibuprofen,
while FA6 and FA2 are the secondary and tertiary sites, respectively. FA7 (Sudlow’s site I,
at the hydrophobic cavity of IIA) binds the site marker warfarin. HSA can also bind a diver-
sity of metal ions in at least three major metal-binding sites (N-terminal, free Cys34 thiol
group, and cadmium site) [59]. Studies on interactions of albumin with the racemic forms
and also with the enantiomeric forms of Ibuprofen [61-63] and Ketoprofen [64—66] by
diverse techniques have been described.

The relevance of HSA as a biomolecule target, which plays a key role in the pharmaco-
logical properties and efficacy of ruthenium drugs, has been demonstrated [67]. Ru(IIl)-N-
heterocyclic drugs in human trials, upon intravenous administration, can readily bind to the
protein, following ligand exchange via its side chain (Hys and Cys) to form stable protein-
bound adducts [52, 68]. Notably, differences in NAMI-A and KP1019 protein binding may
account for their distinct biological activities and cellular uptake. NAMI-A binding to HSA
has been suggested to involve covalent interactions. However, it has also been found that
the Ru(Il)-reduced form of the complex favors protein binding, although the reduction is
disfavored for the covalently bonded in relation to the non-covalently bonded species
(which are readily reduced by ascorbic acid) [68—71]. Conversely, the binding of KP1019
to HSA occurs mostly in a non-covalent manner, probably due to favorable interactions of
the indazole ligands with the hydrophobic domains of the protein [72]. KP1019-HSA bind-
ing has been detected in blood samples from patients, showing that the albumin is the
thermodynamically preferred binding partner in relation to transferrin [73—75]. KP1019 and
its analog NKP1339 were found to bind sites I and II of HSA with moderately strong
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affinity [76]. Moreover, HSA accumulates in tumor tissues and its recombinant form
(rHSA) has been suggested as a carrier for ruthenium anticancer drugs [77].

Previous studies based on CD and SDS-PAGE performed in our laboratory suggested that
the Rulbp metallodrug binds to HSA and induces conformational changes in the protein
secondary structure without causing significant protein cleavage [46]. The present work
extends our studies by investigating the interactions of the Ru,(ILIII) complexes, i.e., RuAc,
Rulbp, and RuKet, with HSA. Electronic absorption spectroscopy is used to investigate the
binding of the more soluble complex (RuAc) with the protein. Investigation of the interac-
tions of the three Ru, complexes with the protein is conducted by CD and fluorescence
emission spectroscopy. Mass spectrometry confirms the presence of the Ru, complexes in
the protein phase after ultrafiltration experiments.

2. Materials and methods

2.1. Materials

All chemicals were of analytical reagent grade. Ruthenium(IIl) chloride, Ketoprofen
(racemic), and other chemicals were purchased from Aldrich, except for Ibuprofen (race-
mic) that was from Natural Pharma manipulation pharmacy (Sdo Paulo, Brazil). Solvents
were from Merck or Synth suppliers. [Ru,(pu-O,CCH;3)4Cl] [55], [Ruy(Ibp),Cl] [45], and
[Ru,(Ket)4Cl] [50] were prepared and characterized according to previously reported proce-
dures. HSA was purchased from Sigma Aldrich and used without further purification. Stock
solutions of HSA, freshly prepared in pH 7.4 physiological buffer (NaH,PO,4 0.004, NaCl
0.100, NaHCO5 0.025 mol Lfl), were diluted with the buffer solution to the required con-
centrations and used immediately. The molar concentrations of the stock solutions of HSA
were determined spectrophotometrically at 280 nm by using the molar absorptivity value of
3.6 x 10*mol ' L em ™" and the molecular weight of 66 kDa [79]. Deionized water was
used throughout the experiments.

2.2. Instrumentation

The electronic absorption spectra were registered on a Shimadzu UV-1650 PC spectropho-
tometer equipped with thermostated cell holders from 190 to 1100 nm (electronic absorp-
tion spectroscopy studies for RuAc) or on a PerkinElmer Lambda 25 at 200-700 nm (inner
filter correction). CD spectra were recorded on a JASCO J-720 (studies of interaction of
HSA with the drugs, at 195-260 nm) or JASCO-815 spectropolarimeter (studies of the Ru,
complexes, at 200-700 nm). Fluorescence spectra were recorded on a Varian Cary Eclipse
spectrofluorimeter equipped with a Lauda Master Proline RP 845 thermostatic bath. Induc-
tively coupled plasma—atomic emission spectroscopy (ICP—AES) analyses on a Spectro
Ciros Arcos spectrometer, and matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) analyses on a MALDI Ultraflextreme Bruker Daltonics
equipment (with the matrices sinapinic acid and a-cyano-4-hydroxycinnamic acid (HCCA)
for the m/z ranges of 20,000-200,000 and 800—4000, respectively) were performed at the
Analytical Center of the Institute of Chemistry, University of Sdo Paulo.
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2.3. Electronic absorption spectra studies

In a first experiment, solutions of HSA (8.0x10*molL™") and RuAc
(8.0 x 10~* mol L™") in pH 7.4 physiological buffer were mixed in a 1.0-cm tandem cuvette
at 25 °C. The reaction was followed as a function of the time by recording the electronic
absorption spectra from 200 to 1100 nm.

In a second experiment, solutions containing HSA (8.0 x 107" mol L™!, pH 7.4) and vari-
able concentrations (from 8.0 to 24.0 x 10™* mol L™', pH 7.4) of the RuAc complex were
incubated at 37 °C for 24 h. After that, the mixed solutions were transferred to a 1.0-cm
cuvette and the electronic absorption spectra were recorded at 200—1100 nm. The value of
the equilibrium constant (K) was determined by equation (1) [80]:

[P+ [L] = &[P][L]/Aabs — 1/K (1)

where [P] = HSA protein concentration, [L] = Ru, complex ligand concentration, ¢ = molar
extinction coefficient of the adduct, A,,s = absorbance changes at A= 545nm, and
K = equilibrium constant for the reaction between P and L.

2.4. CD measurements

The protein solution (1.5 x 107> mol L™") was prepared by dissolving HSA in pH 7.4
physiological buffer. Solutions of RuAc dissolved in the physiological buffer and Rulbp,
RuKet, Hlbp, and HKet dissolved in ethanol were individually mixed with the HSA solu-
tion to give final concentrations of 1.5-7.5x 10> mol L™' (Ru, complex) or 1.5
30.0 x 107> mol L™' (NSAIDs). The final concentration of ethanol was less than 2% v/v.
After incubation at 37 °C during 24 h, the mixed solutions were transferred to a 1.0-mm
quartz cuvette and the CD spectra were recorded at 195-260 nm. The mean residue elliptic-
ity (MRE) or simply molar ellipticity (6 = ° cm® dmol ") values were calculated from equa-
tion (2) [81]:

MRE (0) = CDqps/[P] nl 10 )

where MRE (6) is mean residue ellipticity, CD,, is the observed CD, [P] is the protein
molar concentration, n (= 585) is number of amino acid residues, and / is the path length.
The estimated a-helix, f-content, and random contributions for the secondary structure of
HSA were calculated using the K2d® software [82].

2.5. Fluorescence measurements

Fluorescence spectroscopic measurements were performed to follow changes on the protein
emission band in the presence of the Ru, complexes. Appropriate volumes of stock solu-
tions of RuAc in water (1.0x 10 *molL™") and Rulbp and RuKet in ethanol
(2.0 x 107> mol L™") were diluted with solution of HSA (2.0 x 107 ® mol L™!, pH 7.4) to
give final concentrations of 0—4.0 x 107> mol L™' (HSA : Ru, molar ratio from 1:0 to
1 : 20). The final concentration of ethanol was 2% (v/v). The mixed-component solutions
were individually incubated at four distinct temperatures (10, 25, 37 and 45 °C) during
24 h. After that, the fluorescence emission spectra of the solutions in a 1.0-cm cuvette were
recorded at 310-400 nm. The excitation wavelength was set at 295 nm to excite the Trp
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214 residue selectively. A second experiment was performed in similar way, but at 37 °C
for solutions of HSA (4.0 x 10~® mol L™") containing Rulbp or RuKet concentrations that
varied from 0.8 to 8.0 x 107 mol L™' to give HSA : Ru, complex molar ratios at the range
1:0.2to1:2, respectively.

2.6. Correction for inner filter effect

The fluorescence intensities at the maximum emission wavelength were corrected for
absorption of excitation light and reabsorption of emitted light (inner filter effect) with the
basis on the absorption spectra data for each sample by applying equation (3):

Feom = Fops x 10U t4ac)/2 o

where F.o, is the corrected emission intensity, Fyps is the recorded emission intensity, and
Aexc and A, is the solution absorbance at the excitation and emission wavelengths, respec-
tively [83].

2.7. Analysis of quenching mechanism

The quenching experiments were carried out at four distinct temperatures (10, 25, 37, and
45 °C). The decrease in the fluorescence emission intensity was analyzed by the Stern—Vol-
mer plot represented by equation (4) [83]:

Fo/F =1+ kqo[L] = 1 + Ksy[L] “4)

where Fy and F represent the fluorescence intensity in absence and presence of the
quencher, respectively, k4 is the bimolecular quenching rate constant, 7, (107%s) is the life-
time of the unquenched fluorophore, [L] is the concentration of the quencher ligand, and
Kgy is the Stern—Volmer constant associated to the quencher—fluorophore interaction [84].

2.8. Determination of the dissociation constant

Dissociation constants were determined by the non-linear plot represented by equation (5)
[85]:

[P); + L], + Ka — \/([PL + [L], + Ka)* — 4[P)[L],
2[P);

Fy—F = (Fy — F,) x (5)

where Fy and F' are the intensity emission of the protein in absence and presence of ligand,
respectively, F.. is the fluorescence of the fully bound protein, [P]; is the total protein con-
centration, [L], is the added ligand, and K is the dissociation constant. Equation (5), in
contrast to the Stern—Volmer linear plot, is not limited to cases where the concentrations of
free ligand and added ligand are approximately similar, and it can be applied for either
decrease or increase of protein fluorescence when the ligand binds the fluorophore.
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2.9. Thermodynamic parameters determination

The thermodynamic parameters AH, AG, and AS were calculated by equations (6) and (7)
[66, 86]:

anaZ/Kal = I/R(I/Tl — I/Tz)AH (6)

AG = —RTInK, = AH — TAS (7)

where K, is the binding constant at the corresponding temperature, AH, AS, and AG are the
enthalpy, entropy, and free energy changes, respectively, and R is the gas constant. The tem-
peratures (7) in Kelvin correspond to the experimental temperatures 10, 25, 37, and 45 °C.

2.10. Ultrafiltration experiments

Appropriate volumes of stock solutions of HSA (3.0 x 10™* mol L™', pH 7.4 physiological
buffer) and RuAc (3.0 x 107> mol L™ in water) were mixed to give a final solution of
1.0 x 10* mol L' HSA and 1.0 x 10> mol L' RuAc (1:10 HSA : Ru, molar ratio).
Appropriate volumes of stock solutions of HSA (6.0 x 107> mol L™', pH 7.4) and Rulbp or
RuKet (1.0 x 10 mol L' in ethanol) were mixed to give a final solution of
2.0 x 107> mol L' HSA and 2.0 x 10~ mol L' Ru,~NSAID complex (1 : 10 HSA : Ru,
molar ratio), having 20% (v/v) ethanol. All solutions were incubated at 37 °C for 24 h, and,
after that, 3000 pL of each one was transferred to an Amicon™ Ultra-4 30 K filter and cen-
trifuged at 7000 rpm in a Hermle Z383 centrifuge for 2—4 min. The protein- or Ru bound-
containing phase was washed twice with a solution of physiological buffer (pH 7.4, 20%
ethanol). The experiment was performed in duplicate to separate samples for analysis. For
ICP-AES analysis of Ru, the phase was quantitatively transferred to an Eppendorf tube,
diluted to 2.0 mL with physiological buffer, and then diluted with hydrochloric acid 3.3%.
The reliability and reproducibility of data obtained by this procedure were verified by per-
forming parallel analysis for a second sample to which determined volumes (100 or
200 pL) of Ru atomic absorption standard solution (Aldrich) have been added before
dilution. The % Ru was determined for both samples, and then, the % Ru of original
sample was subtracted from % Ru of sample containing standard Ru, and the % recovered
standard Ru was calculated. The values of % recovered standard Ru were found to be very
close to the added standard Ru (higher than 90% recovery). For MALDI-TOF-MS
spectrometry, the phase was diluted to 2.0 mL with physiological buffer.

3. Results and discussion
3.1. Electronic absorption spectroscopic studies for RuAc

3.1.1. Spectral changes of RuAc in the presence of HSA. The electronic absorption
spectra of RuAc and HSA at 300-700 nm are shown in figure 3A(a) and (b), respectively.
The band of RuAc at A,.x 424 nm is assigned to the m(Ru—O) — w*(Ru,) electronic transi-
tion. The shifting to higher energy in relation to the A,,.x expected for the chlorido-species
indicates predominance of the axially substituted [Ru,(u-O,CCHs)4(H,0),]" diaqua-species
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Figure 3. (A) Electronic absorption spectra of RuAc (4.0 x 107* mol L™") (a), HSA (4.0 x 10~* mol L™") (b), and
RuAc + HSA mixed solution (time scale 120-1500 s) (c), at 25 °C (pH 7.4). Insert: absorbance at 545 nm vs. time
for reaction (c). (B) Linear plot of [HSA] + [RuAc] vs. [HSAJ[RuAc]/A,us at 2 =545 nm for solutions of HSA
(4.0 x 10™* mol L™") and RuAc (4.0-12.0 x 10* mol L™") incubated at 37 °C for 24 h (pH 7.4).

in solution [55]. The spectrum of HSA at this region exhibits a shoulder at ~404 nm for
which no assignment could be found in the literature. The two major bands of HSA are
reported at ~220 nm, protein backbone transitions, and at 280 nm, arising from the phenyl
rings in the amino acids Trp, Tyr, and Phe [87-90].

The spectral changes of a mixed solution of RuAc and HSA in equimolar concentrations
were followed with time [figure 3A(c)]. The visible band of the Ru, complex shifted to
higher energy (Apmax ~ 416 nm) while a new band appeared at 545 nm, accompanied by two
isosbestic points (at 420 and 480 nm) which may suggest the presence of equilibrium spe-
cies in solution. These spectral changes give evidence for interactions between RuAc and
the protein. The shift of the visible band accompanied by lack of significant intensity
decrease at 400-450 nm indicates that the [Ru,(u-O,CCHs),]" paddlewheel framework is
almost completely maintained in the presence of the protein. The appearance of a band at
~545 nm suggests that the RuAc diaqua-species interaction with albumin is likely to
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involve, at least partially, axial ligand exchange with the protein amino acid residues.
Similar spectral changes were observed in our previous studies showing that the [Ru,
(1-0,CCH;)4(H,0),]" species are capable of exchanging axially coordinated water with
amino acids [55]. The binding of KP1019 to HSA was also reported to give a visible band,
at ~580 nm [91, 92]. Moreover, the protein bindings of other ruthenium antitumor
complexes involve amino acid residues, e.g., Ru(Ill) complex binding mostly involves
His residues, while Ru(II)-arene complexes can bind to His, Met, and Cys residues on the
surface of albumin [67, 93, 94].

The absorbance values at 545 nm were plotted as a function of time [figure 3(A), insert]
showing no further significant changes after ~15 min reaction. Kinetic parameters could not
be determined since it was not possible to follow the reaction under pseudo-first-order
conditions due to the low solubility of the RuAc complex at the concentrations required for
these studies. Nevertheless, the trace at 545 nm, at the present experiment conditions, led to
estimate an observed rate constant of ~107> s~ magnitude order which is close to the
magnitude of values reported for reactions of albumin with KP1019 (3.3 x 107 s7") [95]
and Ru(II) organometallics (~2 x 107*s™") [96].

3.1.2. Estimation of the equilibrium constant. A number of Benesi—Hildebrand-derived
equations have been suggested for cases, such as low ligand/protein concentration ratio, in
which the classical double-reciprocal plot fails in determining equilibrium constants
[97-99]. Here, the equilibrium constant (K) was estimated by applying equation (1), since it
is useful for cases where [L] ~ [P], and RuAc and HSA were used in equimolar concentra-
tions. In addition, a 1 :1 binding system was assumed for the low concentration of the
complex in this experiment. The absorbance values at 545 nm were measured for solutions
of HSA containing variable concentrations of RuAc (1 :1 to 1:3 HSA : RuAc molar
ratio), which were previously incubated at 37 °C for 24 h. Spectral changes (not shown)
indicated increase of the band intensity at 545 nm with increasing RuAc concentration. The
values of [HSA] + [RuAc] were plotted against [HSAJ[RuAc]/A.ps [[figure 3(B)], and the
equilibrium constant (K) for RuAc/HSA binding from the intercept of the linear plot was
estimated as 9 x 10 mol™ ' L. This value is lower than those (~10* mol™' L) reported for
reactions of Ru(ll)-organometallics with HSA [100, 101]. However, it approaches the
equilibrium constant (8.5 x 10> mol™' L) found for the binding of albumin to the known
cisplatin chemotherapeutic drug [102].

3.2. CD studies

CD was used to investigate secondary structural changes of HSA in the presence of the Ru,
complexes or the NSAIDs. It is noteworthy to emphasize that the two Ru,-NSAID com-
plexes, Rulbp [55] and RuKet [56], already reported as metallodrugs by our group [22, 23],
have been prepared from the corresponding HIbp and HKet racemic mixtures, i.e., equimo-
lar mixtures of their two corresponding enantiomers, S(+) and R(—), which are the forms
commercially available for drug administration. It may be supposed that the Ru,-NSAID
complexes have tendency to form non-chiral compounds in the solid state, since the crystal
stereochemistry of the analog dimolybdenum-ibuprofen revealed that chiral ibuprofenate
ligands (from HIbp racemic mixture) coordinate to the dimetallic core in a sequence that
forms a [Mo,(R-Ibp),(S-Ibp),] centrosymmetric non-chiral complex [103]. The CD spectra
of Rulbp and RuKet (in ethanol) were investigated and compared to the spectrum of the
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Figure 4. CD spectra showing the effects of increasing RuAc concentration (1.5-7.5 x 107> mol L™") in the HSA
(1.5 x 107> mol L") solution (corresponding to 1 : 0 to 1 : 5 HSA : RuAc molar ratios), after incubation at 37 °C
for 24 h, pH 7.4 (a); a-helix and S-content contributions of HSA secondary structure in the presence of the Ruy(Il,
III) complexes or the NSAIDs (HSA:NSAID molar ratio are in the sequence 1:0, 1:1,1:2,1:4,1:8,1:12,
1:16,1:20).

non-chiral RuAc (in water). The CD spectra (not shown) of the three complexes were
similar and showed no relevant signal at the UV and VIS regions that could indicate the
presence of distinct stereoisomers in different relative concentrations for the Rulbp and
RuKet complexes. Therefore, these findings give evidence that both Ru,-NSAID metallo-
drugs show non-chiral behavior in solution.

The CD spectral changes of HSA in the presence of RuAc [figure 4(a)] and in the pres-
ence of the two Ru,-NSAID complexes Rulbp, RuKet or the NSAIDs Hlbp and HKet
drugs (not shown) were very similar. The protein alone exhibits a typical CD spectrum with
two negative UV bands (at 209 and 220 nm) which are assigned to the helical structure
[104-106]. The addition of the Ru,(ILIII) complexes or the NSAIDs led to a decrease in
intensity of the two protein bands, thus giving evidence for interactions that cause con-
formational changes in the HSA secondary structure. On the other hand, the resemblance in
shape of all the CD spectra with that of HSA alone, along with the lack of any significant
band shift, suggests that the protein secondary structure remains predominantly helical. The
behavior shown by the Ru,(ILIII) complexes is distinct from that of other metal (ruthenium
[92, 107], platinum [108], and rhodium [109]) complexes that cause HSA conformational
changes with significant loss of helical stability.
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The estimated a-helix and S-content contributions for the secondary structure of HSA in
the systems investigated here are shown in figure 4(b). The random contribution (not
shown) was almost constant with variation <3% in the range of 31-34% for all the cases.
The contributions of a-helix and f-content for the secondary structure of HSA were found
to be 59 and 7%, respectively, at the investigated experimental conditions. Upon addition of
the Ru,(ILIII) complexes or the NSAIDs, a slight decrease in the a-helix contribution
accompanied by an increase in the f-content was observed, while the random content was
not significantly changed. Nevertheless, the a-helix loss was less than 15% for all the sys-
tems. The changes on the secondary structure of HSA were slightly dependent on the nature
of the Ru,(ILIII) complex, achieving stabilization according to distinct HSA : Ru, complex
molar ratios (1 : 3 for RuAc (50% a-helix, 17% p-content); 1 : 2 for Rulbp (48% a-helix,
21% p-content); and 1 : 1 for RuKet (47% a-helix, 21% fS-content), with results for Rulbp
that agree with our previous data [46]. The loss of a-helix content was slightly higher for
the Ru,(ILIII)-NSAID complexes than for RuAc, thus giving evidence for the key role of
the NSAID-derived ligand in interaction of the metallodrugs with the protein. On the other
hand, the a-helix loss was higher for HIbp and HKet than for their corresponding metallo-
drugs when the NSAIDs were added to the protein solution at molar ratios corresponding to
those of the NSAID-coordinated ligands in their respective complexes. The a-helix con-
tributions were 58% at 1:8 HSA : HIbp molar ratio (that corresponds to 1:2 HSA:
Rulbp) and 57% at 1 : 2 HSA : HKet molar ratio (that corresponds to 1 : 4 HSA : RuKet).
Moreover, the a-helix content did not show decreased stabilization up to 1:20 HSA :
NSAID molar ratio for both organic drugs. The distinct behavior of the Ru,(ILIII)-NSAID
complexes in relation to their respective parent NSAIDs suggests that the protein interacts
with the metallodrugs in a different manner than it interacts with the corresponding non-co-
ordinated NSAIDs.

3.3. Fluorescence spectroscopy studies

3.3.1. Fluorescence quenching of HSA by RuAc. The changes of conformation of HSA
in the presence of the RuAc complex were evaluated by measuring the intrinsic fluores-
cence of the sole tryptophan residue located in the hydrophobic pocket of subdomain IIA
(Sudlow’s site I). The fluorescence emission spectrum of HSA shows a strong band at
Aem ~ 340 nm (for excitation at Ao, 295 nm) due to the Trp 214 chromophore. Changes of
this emission give valuable information about the molecular environment surrounding the
chromophore and have been used to follow HSA-drug binding affinity, thus providing evi-
dence for interactions of drugs with the protein around the Trp pocket [105-107, 111,112].

The fluorescence emission spectrum of the protein was investigated in the presence of
RuAc. The changes of intensity of the fluorescence band of HSA in the presence of RuAc
are shown in figure 5(a). As the concentration of RuAc increased, the intensity of the
protein emission decreased indicating a quenching process which suggests significant
effects of the complex—protein binding on the conformation of the hydrophobic binding
pocket in site I. Additionally, the lack of pronounced spectral shifts indicates that the
protein folding is not significantly modified in the presence of the Ru,(ILIII) complex. This
finding suggests a complex-protein binding that would be relevant from the viewpoint of
transport properties of ruthenium drugs by the serum protein [113].

Analysis of possible fluorescence quenching mechanisms can be conducted on the basis
of experiments at distinct temperatures, since the Kgy constants from the Stern—Volmer
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Figure 5. Fluorescence emission spectra of HSA (2.0 x 107 mol L™!) (dashed line) and RuAc/HSA system,
[RuAc] = 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0, 12.0, 16.0, 20.0, 30.0, and 40.0 x 10" mol L™" (solid lines), after
incubation at 37 °C for 24 h, pH 7.4 (a). Stern—Volmer plots (b) and plots of (Fy — F) vs. [RuAc] (c), for 1:0 to
1 : 10 HSA : Ru, molar ratios, at the temperatures 10, 25, 37, and 45 °C.

equation (4) show opposed dependence on temperature that distinguishes static and
dynamic quenching mechanisms. In static quenching, a non-fluorescent quencher—fluo-
rophore adduct is formed in the ground state, while in dynamic quenching, the quencher
binds to the fluorophore during the lifetime of the excited state [84]. The stability of adducts
usually decreases with increasing temperature, consequently decreasing the static quenching
constant values. Higher temperatures favor larger diffusion coefficients, thus increasing the
bimolecular quenching constant in the dynamic process [114]. In addition, the diffusional
limit in collisional quenching leads to k; maximum value of 2 x 10" mol™" L s™' [110].
The values of Fo/F were plotted against [RuAc] according to equation (4) at the four
temperatures (10, 25, 37, and 45 °C) [figure 5(b)] showing good linearity. The Kgy con-
stants (table 1) for the RuAc/HSA binding system were determined by linear regression of
the plots Fy/F versus [L], showing the same order of magnitude of those reported for other
ruthenium  drugs, e.g., KP1339 (4.6 x 10*mol 'L, 25°C) [70], NAMI-A
(1.8 x 10* mol ' L, 37 °C) [115], and different Ru(Il) complexes (~10* mol™' L) [101,
116-118]. The values of Kgy constant (table 1) increased slightly with increasing tempera-
ture in the presence of RuAc, suggesting a quenching process initiated by a dynamic
mechanism. However, the calculated values of the k; quenching rate constants (table 1)
are of an order of magnitude (10" mol™' L s™") that is much higher than the maximum
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Table 1. Stern—Volmer quenching constant (Ksy), quenching rate constant (k), dissociation constant (Kg), and

thermodynamic parameters.

Temperature
Complex Calculated parameters 10 °C/283 K 25°C/298 K 37 °C/310 K 45°C/318 K
RuAc Ksy (10* mol™' L) 3.29 +0.06 3.4+0.1 3.5+0.1 40+0.1
k%(lo‘2 mol 'Ls™") 3.3 3.4 35 3.5
R 0.9973 0.9925 0.9860 0.9938
Ky (107 mol L7 91 71 78+0.8 9+1
R 0.9944 0.9848 0.9953 0.9946
AH (kJ mol™") -0.6 -12.6 -19.4
AS (Jmol ' K1 +94.3 +56.7 +35.3
AG (k] mol ™) -273 -29.5 -30.3 -30.6
Rulbp nd nd nd nd nd
RuKet Ksv (10* mol ™' L) nd nd 42+02 nd
k%(lo‘zmor‘ Ls™h 42
R 0.9810
Kq (1077 mol L7 nd nd 3£2 nd
R? 0.9870

Notes: Data are expressed as mean of two measurements. nd = not determined value. R = correlation coefficient adjusted R
squared. F, value was about 0.40 and 0.75 for RuAc and RuKet, respectively.

diffusion rate constant (10'® mol™' L s™') of a fluorescence quenching initiated by adduct
formation in a static process [83, 110, 119, 120]. The apparently contradictory behavior
found for the RuAc/HSA system could be explained by considering an adduct which
becomes more stable at high temperatures (at the investigated range) or that the mechanism
is affected by the presence of fatty acids in the protein. The HSA used here contains fatty
acids and globulins which may compete with the Ru,(ILIII) complex for the protein
hydrophobic binding sites. In fact, there is evidence in the literature showing that the
quenching mechanism may change from dynamic to static when ruthenium compounds
bind to fatted HSA and HSA fatty acid free, respectively [121].

3.3.2. Determination of the dissociation constant for the RuAc/HSA system. The plots
of (Fo — F) versus [RuAc] [figure 5(c)] at distinct temperatures (10, 25, 37, and 45 °C)
were used to determine the RuAc/HSA binding constant through the dissociation constant
(Kg) from equation (5), by assuming the formation of 1 : 1 adduct at the low concentrations
used here. The Ky constants (table 1) are 107° mol L™' magnitude order, and closeness of
values at all temperatures suggests that the stability of the RuAc/HSA system is mostly pre-
served at the investigated temperature range.

3.3.3. The nature of interaction forces for the RuAc/HSA binding system. The main
forces in the binding process of a biomolecule binding to smaller species (ligand) may be
different, comprising electrostatic, hydrogen bonds, van der Waals, or hydrophobic forces
[122]. Protein association reactions with smaller species have been interpreted on the basis
of a conceptual model consisting of two steps: The first one, related to mutual penetration
of hydration layers with disordering of the solvent, consists of hydrophobic association and
partial immobilization to form a hydrophobically associated protein—ligand, while the sec-
ond following step involves short-range interactions to give the protein—ligand interacting
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complex [123]. According to this model, the main forces in protein—ligand binding can be
estimated from analysis of the thermodynamic parameters (AH, AS, and AG) associated to
the binding process. Basically, for spontaneous process (AG < 0), the acting forces in
protein—ligand binding are predominantly electrostatic forces when AH <0 or AH~0
and AS>0, van der Waals forces or hydrogen bonds when AH <0 and AS<0, and
hydrophobic interactions when AH > 0 and AS <0 [123].

In the present work, the AH parameter was determined from equation (6), where the
value of K, was assumed to be ~1/Ky4, and the reference temperature was 45 °C. The AG
and AS parameters were determined by applying equation (7). The values of enthalpy
change were relatively low and negative (AH < 0) and the values of entropy change were
positive (AS > 0), while the free energy change was negative (AG < 0), for all investigated
temperatures at the present experimental conditions (table 1). These results indicate a
spontaneous process that is driven by both enthalpy and entropy. According to the concep-
tual model for protein—ligand association [123], the low negative AH and the positive AS
suggest electrostatic forces as the main binding forces in the RuAc/HSA system. In fact,
this finding is in agreement with the predominant presence of the positively charged
[Ru,(p-O,CCH;)4(H,0),]" diaqua-species, which would be prone to interact with the pro-
tein in aqueous solutions of RuAc.

3.3.4. Effects of the Ru,(ILIII)-NSAIDs on HSA fluorescence changes. The changes on
the conformation of HSA were investigated for the Ru,-NSAID/HSA systems by monitor-
ing the effects on the protein intrinsic fluorescence upon addition of the metallodrugs. Spec-
tral changes (not shown) revealed a decrease in the fluorescence emission band of HSA
with increasing Ru,—~NSAID concentration (at the range 1:0 to 1 :20 HSA : Ru, molar
ratio). This behavior might suggest fluorescence quenching of the protein emission by the
complexes. The first analysis based on the fluorescence data without inner filter correction
fitted equations (4) and (5) for the Rulbp/HSA system to give values of Kgy and Ky of
order of magnitude ~10* mol™" L and 107 mol L', respectively. However, these data were
found later to be not reliable since the HSA solutions containing Rulbp showed high
absorption at the emission wavelength. In fact, the data after correction for absorption (inner
filter) revealed an opposed effect, i.e., that the emission intensity actually increased with
increasing Ru,-NSAID concentration. Therefore, the high absorption (absorbance > 0.3 for
HSA : Ru,-NSAID molar ratio > 1 : 1.4) of the Rulbp—HSA solutions led to non-reliable
data of binding constant from the Stern—Volmer plot at similar HSA : Ru, molar ratio range
of that of the RuAc/HSA system. The RuKet/HSA system also showed high absorption at
similar range of HSA : Ru, molar ratio.

In an attempt to minimize absorption problems, the experiments were performed for more
diluted solutions of the complexes, at HSA : Ru,-NSAID molar ratio range of 1:0.2 to
1 : 2. This study was conducted only at the temperature of 37 °C since it had the aim of
estimating the binding constant rather than speculating quenching mechanisms. The data
obtained for the Rulbp/HSA system at this molar ratio range also failed to determine bind-
ing constants. The changes on both Fy/F (equation (4)) and (F, — F) (equation (5)) values
were insignificant, i.e., remaining almost constant, with increasing Rulbp concentration.
These findings suggest that site I is unlikely to be the preferred site for the Rulbp binding
to the protein. However, interactions in other sites may also cause conformational changes
that disturb the Trp environment. The fluorescence emission data (not shown) at the same
HSA : Ru,-NSAID molar ratio range for the RuKet/HSA system fitted both equations (4)
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and (5) to give Kgy and ky values of ~10* mol ' L and ~10"* mol ™' L s™", respectively, and
calculated Ky value ~3 x 107" mol L' Whereas the Kgy and kq values were of similar
magnitude to those found for the RuAc/HSA system, the Ky constant was approximately
one order of magnitude lower at 37 °C (table 1). Therefore, it would be plausible to suggest
that the Ru,-NSAID/HSA systems are slightly more stable in relation to dissociation than
the RuAc/HSA system system. Furthermore, these results might support the data obtained
by CD studies which show that the Ru,(ILIII)-NSAID complexes exert more pronounced
effects on the secondary structure of the protein, causing slightly higher loss of a-helix than
RuAc, at similar HSA : Ru, molar ratios.

3.4. Ultrafiltration and mass spectrometry experiments

Mixed solutions of the Ru,(ILIII) complexes and HSA containing the Ru,(ILIII) complexes
in 10-fold molar excess over the HSA, after incubation at 37 °C during 24 h, were submit-
ted to ultrafiltration process to separate the non-bound Ru, species from the bound Ru, spe-
cies interacting with the HSA. These experiments were performed in different conditions
compared to the others since higher Ru, complex concentrations were used to investigate
the maximum amount that could be retained in the protein phase. The high molecular
weight protein phase after ultrafiltration was analyzed by ICP-AES and MALDI-TOF-MS
spectrometry. The % Ru from ICP-AES indicated that approximately 70% of Ru, complex
was retained in the protein phase in all three cases (RuAc, Rulbp, and RuKet). These results
show high capacity of the protein phase in retaining the Ru,(ILIII) complexes at the investi-
gated experimental conditions. Moreover, the nature of the equatorial ligand seems to not
exert significant effects on the saturation capacity of the protein phase.

The MALDI-TOF-MS mass spectrum of the HSA alone (figure 6) shows two main
peaks, at m/z 66,628 ([HSA]") and m/z 33,347 ([HSAJ*"), which are in agreement with the

68581
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Figure 6. MALDI-TOF-MS spectra of HSA (1.5 x 10~* mol L™") and RuAc/HSA system (1 : 10 HSA : RuAc
molar ratio) in pH 7.4 physiological buffer, after incubation at 37 °C for 24 h, phase separated by ultrafiltration.
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literature [124—129]. After incubation in the presence of RuAc, the two protein peaks
shifted to higher m/z values (added m/z: 1953, [M]" and 982, [M]*") giving evidence for
the presence of [Ru,(n-O>CCH;),]" (439 Da) units. Conversely, the mass spectra of the
Ru,-NSAID/HSA systems (not shown) revealed small shifts of m/z values (~90 Da for
Rulbp and ~550 Da for RuKet), in relation to the original peaks of the protein, which could
not be assigned to any ruthenium species or even to free drug ligand. However, interesting
data obtained from the MALDI-TOF-MS analysis at the lower m/z range. The Rulbp/HSA
system showed a main peak at m/z 1024.26 with the isotopic pattern of ruthenium, which
could be ascribed to the [Ru,(Ibp),]" fragment (calculated m/z 1024.30), thus confirming
the presence of the Rulbp complex in the high molecular weight protein phase after ultrafil-
tration. The RuKet/HSA phase, in contrast, did not present any peak that could be assigned
to the [Ru,(Ket),]" fragment. Nevertheless a set of peaks (at m/z 955.94, 1020.99, 1086.05,
and 1151.10) could be associated to fragments of RuKet substituted-species, where the Ket
ligands were exchanged with the a-cyano-4-hydroxycinnamate anion (HCC) of the matrix
component o-cyano-4-hydroxycinnamic acid (HCCA) (i.e., [Ruy(HCC),]", [Ru,(Ket)
(HCO)]', [Rux(Ket)4(HCC),]", and [Ru,(Ket);(HCC)]", at calculated m/z 955.95, 1021.00,
1086.05, and 1151.10, respectively). Similar fragments were also detected in the mass spec-
tra (not shown) of the RuKet complex alone, thus confirming the presence of the original
RuKet complex in the high molecular weight protein phase.

4. Conclusion

The three Ru,(ILIIT) complexes, RuAc, Rulbp, and RuKet, bind HSA and induce conforma-
tional changes on the secondary structure of the protein. Fluorescence measurements indi-
cate that the conformation of the hydrophobic binding pocket in subdomain ITA (site 1) is
affected by the presence of the compounds. The Kgy and k, constants determined for the
RuAc/HSA system suggest a quenching mechanism that might be initiated by dynamic pro-
cess. Analysis of thermodynamic parameters points toward spontaneous process where elec-
trostatic forces may play a key role in the RuAc/HSA binding, and the electronic spectral
changes suggest metal coordination to the protein amino acid side chains. In contrast, the
Ru,(ILIIT)-NSAID complexes seem to interact with the HSA mostly through non-covalent/
hydrophobic forces. These differences might be explained by considering that the volumi-
nous NSAID anion ligands cause steric hindrance, thus making the axial sites in the
[Ru,(u-0,CR)4]" paddlewheel units of the metallodrugs less accessible to ligand substitu-
tion compared to RuAc. Moreover, the high hydrophobicity of the NSAID-derived ligands
may favor interactions of the metallodrugs with the protein in its hydrophobic regions. The
protein showed high capacity in retaining all the Ru,(ILIII) complexes after ultrafiltration.
The findings suggest that HSA might be a potential carrier in the blood plasma for the
Ru,(ILIIT-NSAID metallodrugs.
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