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Abstract The binding of [Ru(H,0),(bpydip)]*™** (bpy-
dip = N,N'-bis[1-(2-pyridinyl)ethylidene]-1,3-propanedi-
amine) to human serum albumin was investigated by
spectroscopic techniques. The hydrophobic interaction
between ruthenium(Il) complex and HSA was spontaneous
with the binding constants calculated to be 1.27 x 10° dm?
mol ™" (298 K),7.74 x 10> dm’ mol~' (303 K), and 9.46 x
10* dm® mol™" (308 K). The binding of ruthenium(III)
complex to HSA induced the hybrid quenching mechanism
with the binding constants estimated to be 1.25 x 10° dm’
mol™! (298 K), 1.31 x 10° dm® mol™! (303 K), and
3.57 x 10° dm® mol™" (308 K). Thermodynamic parame-
ters (AH=76kImol™'; AS=515Jmol”" K™
indicated that hydrophobic forces played a major role in the
binding of ruthenium(III) complex to HSA. In addition, the
number of binding sites (n) for ruthenium(Il) complex was
approximately 1, whereas ruthenium(III) complex recorded
2. CD data indicated that the secondary structure of HSA is
not changed in the presence of complexes.
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Introduction

With advances in the development of new metallodrugs
with antitumor functions, the platinum drugs, which are
used in treatment today, are gradually being replaced by
other ones which are more efficient and less toxic [1-6].
Among these new drugs, those with ruthenium as a central
metal are the most promising, thanks to their biocompati-
bility, rapid elimination by the body, and lower toxicity [7—
10]. Some compounds based on ruthenium show a
promising impact on curing cancer. For example, cis-
[Ru(DMSO),Cl,] and cis-[Ru(NH3)4Cl,] are active against
the P388 leukemia [11, 12], whereas binuclear ruthe-
nium(IT) complexes exhibit activity against cervical cancer
and gastric cancer tumour cell lines [13]. Two ruthenium
based drugs NAMI-A and KP1019 are already in the
advanced stages of approval for medical use [14-16].

The mechanism by which ruthenium drugs act in tumor
treatment was investigated and originally described by
Kelman et al. [17], and is known as the action by reduction
mechanism. Recently, the redox chemistry of ruthenium
has been studied as an aspect of the mechanism of action of
metallodrugs [18-22].

To reach the zone of action, drugs need to be bound to
carrier systems, traveling through the body without any
undesired reactions on the way. Many drug delivery sys-
tems have been developed with this characteristic, like
liposomes, surfactant mediums, and modified proteins, for
example [23-26]. However, in the mammalian body, there
are serum albumin proteins, which have the ability to
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distribute all of these substances throughout the body [27,
28]. In the human body, human serum albumin (HSA)
performs this role. With 585 amino acid residues, separated
into 3 different subdomains (I, II, and III), each of which in
turn is separated into another two (A and B), HSA differs
from the other forms of mammalian albumin thanks to the
presence of only one tryptophan residue (Trp214), allo-
cated in subdomain ITA [29, 30]. This specific residue is the
main factor responsible for the intrinsic fluorescence of this
protein, allied with the lower fluorescent intensity of tyr-
osine residues spread throughout the structure.

According to Sudlow et al. [31, 32], two main binding
sites to endogenous and exogenous substances can be
found in the HSA structure; these are known as Sudlow’s
site I (subdomain ITA and a small part of subdomain 1IB)
and Sudlow’s site II (subdomain IITA). Subsequent studies
revealed that most drugs have a preference for binding to
site I, thanks to its malleability, hydrophobic framework,
and diversity of amino acids [33]. Thus, fluorescence
quencher studies using drugs with a known binding site
(site markers) compared with new ones can provide a better
understanding of the location of this new species in the
albumin framework and, consequently, understand its body
distribution behavior until the drug action zone [34, 35].

In this work, we used fluorescence studies and knowl-
edge of the HSA structure to determine the binding
behavior of a new ruthenium-Schiff base complex with
protein and influence of the metal centre oxidation state on
this interaction. The complex chosen was Ru(H,0),(bpy-
dip)ICl,  (bpydip = N,N'-bis[1-(2-pyridinyl)ethylidene]-
1,3-propanediamine), illustrated in Fig. 1. The binding
Schiff base metal complexes and serum albumin has been
the subject of extensive research in recent years because of
its implications in numerous physiological functions [36—
42]. Furthermore, it has been shown that linkage of Schiff
base metal complexes to serum albumin increases the
antioxidant capacity of the protein [43—-45].
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Fig. 1 Structure of the ruthenium complex [Ru(H,0),(bpydip)]Cl,
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Results and discussion
Fluorescence quenching studies

HSA contain tryptophan, tyrosine, and phenylalanine
residues which contribute to their intrinsic fluorescence
[46]. When the excitation wavelength is 295 nm, tyrosine
and phenylalanine residues are not excited, and only
tryptophan emission is seen [47]. However, the fluores-
cence of HSA may be reduced or quenched as a result of
molecular rearrangements, energy transfer, ground-state
complex formation, or collisional quenching [48].

Two types of mechanisms for fluorescence quenching
have been recognized [48]: (a) dynamic quenching, where
the fluorophore groups, during their excited state lifetimes,
are able to collide with quenching molecules; (b) static
quenching, where there is a ground-state complex forma-
tion between the fluorophore and the quencher. The
dynamic and static mechanisms can be distinguished by
their different dependences on temperature and viscosity.
Since higher temperatures favor larger diffusion coeffi-
cients, the dynamic quenching constants are expected to
increase with increasing temperature. On the other hand,
increased temperature is most likely to result in the
decreased stability of the ground-state complex, and thus
smaller values for the static quenching constants [48].

The dependence of the fluorescence intensity on
quencher concentration can be determined by use of Stern—
Volmer equation:

Fo/F =1+ Ky[Q] (1)

where F and F is the fluorescence intensity in the absence
and presence of ruthenium complex, respectively. Ky, is the
Stern—Volmer quenching constant, and [Q] is the concen-
tration of ruthenium complex [49]. Thus, changes in
intrinsic fluorescence of HSA as a function of the quencher
concentration can be used to measure accessibility of small
molecules in the protein [47, 50]

As shown in Fig. 2, the fluorescence spectrum of HSA
in the absence of ruthenium(Il) complex has emission band
at 345 nm, when excited at 295 nm (curve a), and the
fluorescence intensity of HSA decreases gradually with the
increasing concentration of ruthenium(II) complex. In the
inset of Fig. 2, Stern—Volmer plots for interaction of
ruthenium(Il) complex with HSA at 298, 303, and 308 K
are shown. In three temperatures the plots are linear, which
indicate that only one type of quenching occurs (dynamic
or static quenching) [48]. The values of Stern—Volmer
constant decrease lightly with increase in the temperature
(Table 1), which suggest that quenching is due to the for-
mation of a nonfluorescent complex between the HSA and
ruthenium(Il) derivative, i.e. static quenching [48, 51]. For
ruthenium complexes, the most likely mechanism of
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Fig. 2 Fluorescence spectra of HSA in the presence of ruthenium(II)
complex at different concentration. [HSA] = 1.4 x 107> mol dm >,
[Ru(H,0),(bpydip)ICl, (a—m): 0.0 to 8.6 x 107> mol dm™>. The
inset corresponds to the Stern—Volmer plots (@ = 298 K; b = 303 K;
¢ = 308 K)

Table 1 Stern-Volmer quenching constants for interaction of ruthe-
nium(Il) complex with HSA at different temperatures

/K  10° Ksy/dm® R 10° Kdm®  f, R

mol ™! mol ™!
208 771 0.9957  7.56 0.94  0.9884
303 7.20 09942  7.49 0.90  0.9995
308 7.06 0.9955  7.16 094  0.9925

protein quenching is due to the formation of a ground-state
charge-transfer complex, where the metal center is con-
nected by a tryptophan residue [52, 53].

Therefore, the experimental data were reanalyzed using
modified Stern—Volmer equation:

FO/AF:{I/(}(&Ka)}l/[Q]‘F]/fa (2)

where AF = Fy — F, f, is the fraction of accessible fluo-
rophores, and K, is the quenching constant of the accessible
fraction [48].

The modified Stern—Volmer plots are shown in Fig. 3. In
all temperatures the plots are linear and yield 1/(f,K,) as their
slope. 1/f, can be obtained from the intercept of the plots of
Fo/AF vs. 1/[Q]. As seen in Table 1, the quenching constant
(Ksy and K,) from each method are in good agreement. The
differences in quenching constants determined by Eqgs. (1)
and (2) reflect the accessibility of ruthenium(Il) complex in
the protein. In this case, the fraction of the initial fluores-
cence which is accessible to the ruthenium(Il) complex (f,) is
nearly 90 %. For ruthenium(IIl) complex, Fig. 4, the fluo-
rescence intensity of HSA also decreases gradually with the
increasing concentration of complex.

Following a similar approach to the of ruthenium(II)
complex, Stern—Volmer plots for interaction of ruthe-
nium(IIT) complex with HSA at 298, 303, and 308 K can

18

14

12 b

10

FolAF

T T T T T T T
10000 20000 30000 40000 50000 60000 70000 80000

1/[Ru* complex] / mol dm™
Fig. 3 Modified Stern—Volmer plots for the interaction of ruthe-
nium(II) complex with HSA at different temperatures (a = 308 K;
b =303 K; ¢ =298 K)
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Fig. 4 Fluorescence spectra of HSA in the presence of ruthenium(III)
complex at different concentration. [HSA] = 1.4 x 107> mol dm ™,
[Ru(H>0)»(bpydip)I>™ (a—k): 0.0-8.6 x 10™> mol dm>. The inset
corresponds to the Stern—Volmer plots at different temperatures

be obtained from expression of Eq. (1). The Stern—Volmer
plots for quenching by Ru(III) complex show clear upward
curvature (inset Fig. 4). The positive deviations from lin-
earity indicates that both static and dynamic quenching
occur for the same fluorophore. According to Lakowicz
[48], the fluorescence decay can be interpreted in terms of a
sphere of action static quenching model (or hybrid
quenching mechanism). This quenching mechanism can be
observed when the quencher species brings a sphere of
action (e.g., a solvation shell) that can primarily approach
the fluorophore to form the ground-state complex, which is
characteristic in static quench. This nonfluorescent com-
plex (or dark complex) can be undone and the fluorophore
decays by collisional mechanism [48].

Thus, in order to obtain the values of quenching constant
for interaction of ruthenium(IIl) complex with HSA, a new
mathematical approach is necessary [54, 55]. Equation (3)
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reflects the Stern—Volmer equation with the quench sphere
of action consideration, where w is the ratio of HSA
molecules quenched by the collisional mechanism, (1 — w)
is the contribution of protein molecules that are immedi-
ately quenched by the complex sphere of action, and K,p;, is
apparent quenching constant.

{1 = (F/F0)}/[Q] = {Kapp(F/Fo) } +{(1 - w)/[Q]}
(3)
The modified Stern—Volmer plots are shown in Fig. 5.

Modified Stern—Volmer quenching constants for ruthe-
nium(IIl) complex are listed in Table 2.
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Fig. 5 Modified Stern—Volmer plots for the interaction of ruthe-
nium(Il) complex with HSA at different temperatures (a = 298 K;
b =303 K; ¢ = 308 K)

Table 2 Apparent quenching constants for interaction of ruthe-
nium(III) complex with HSA at different temperatures

The differences in fluorescence quenching measured in
the ruthenium(II) and ruthenium(IIl) systems probably are
consequences of the fluctuations in the solvation shell
surrounding the complex after the redox process and the
effects of charge on the quencher. Ruthenium(II) is a hard
acid and it is less polarizable than ruthenium(II), and is less
richly covalent [56]. The change in the oxidation state of
the metallic center causes a rearrangement of the Schiff
base ligand, steric repulsion between pyridine rings on the
Schiff base and structural changes in the solvent shell [57—
59]. The electronic, structural rearrangement, and steric
effects facilitate the diffusion of ruthenium(IIl) complex by
protein structure and, consequently, leads to a strong
quenching of tryptophan fluorescence.

Binding constants and thermodynamic parameters also
are affected by environment surrounding of ruthenium
complex (solvation shell) and charge of metallic center, as
can be seen below.

Binding constants and binding sites

In order to completely understand the ruthenium complex-
albumin interaction, we determined the apparent binding
constant (K,) and the number of binding sites (n). These
parameters indicate the affinity between ruthenium com-
plex and HSA and are important for developing new
medicinal products [60, 61]. To obtain the binding
parameters, we made use of the equation:

log{(Fy — F)/F} = logKy + nlog|Q] 4)

As shown in Table 3, the K, value for ruthenium(II)
complex varies around 10° dm? molfl, whereas
ruthenium(IIl) complex record 10° dm®> mol™'. In
addition, the values of n for ruthenium(II) complex are
approximately 1, whereas ruthenium(III) complex record
2. This difference can be attributed to the preference of

T/K 10° Kypp/dm® mol ™' Range of w R amino acids residues, which are better electron donor than
503 202 0.03-0.68 0.9927 water, to bind and stabilize ruthenium(III) complex. The
203 39'2 0‘0470.68 0.9996 strongest interaction between ruthenium(IIl) complex
’ e ' with HSA 1is consistent with the likely electronic,
308 327 0-06-0.69 09924 gtructural rearrangement, and steric effects that
Table 3 Biqdiqg constant, Complex /K Ky/dm* mol™" n AG/KJ mol™! AH/KJ mol™! AS/T mol™' K™
number of binding sites, and
thermodynamic parameters for [Ru)*>* 298 1.27 x 10° 1.01 177
interaction of ruthenium 303 774 x 10° 101 226 15.4 578
complexes with HSA at 3
different temperatures 308 9.46 x 107 1.04 —24.2
[Ru** 298 1.25 x 10° 1.84  -519
303 131 x 10° 1.86 —53.1 76.0 515
308 3.57 x 10° 1.94 —56.3
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accompany the change in the oxidation state of the
metallic center.

Thermodynamic studies

Different types of intermolecular forces contribute to sta-
bilize the interaction of complexes with biomolecules, such
as hydrogen bonds, electrostatic forces, and hydrophobic
interactions [62]. In this work, we investigated the nature
of the interactions between ruthenium(II/IIl) complex and
HSA based on the van’t Hoff equation [47, 62], where
AH is the enthalpy change, AS is the entropy change and
R is the gas constant (8.314 J mol ™! Kil).

InKy = —(AH/RT) + (AS/R) (5)

To calculate the free energy (AG), the following equa-
tion was used:

AG = —RTInK, (6)

As shown in Table 3, the interaction of ruthenium(II)
complex with HSA is a spontaneous process in which the
Gibbs free energy change is negative, and is accompanied
by positive enthalpy and entropy changes. The changes in
the values of the Gibbs energy, enthalpy, and entropy that
accompany the formation of the ruthenium(III)—HSA
adduct can be explained on the grounds that as amino acids
are stronger o-donors than water, it increases the electron
density at the ruthenium and hence facilitates the formation
of adduct. According to Ross and Subramanian [62],

positive values for AH and AS suggest that the insertion
process of the compound on the HSA is determined by
hydrophobic interactions [46].

The adduct formation leads to minimal reorganization of
the proteic microenvironment, and exposes hydrophobic
moieties of HSA to the solvent, maximizing the
hydrophobic effect and the stabilization of the ruthenium—
HSA adducts [63].

Circular dichroism

The CD technique was used to elucidate possible changes of
the secondary structure of the protein promoted by binding of
the ruthenium complex to HSA [64]. In Fig. 6, we display the
CD spectrum of HSA that shows two negative bands at 208
and 220 nm related to the a-helical secondary structure [52].
The CD spectra of HSA in the presence of a five times higher
ruthenium complex concentration showed no significant
difference between the bands.

We estimate the o-helical residues according to the
following Eq. (7) where 0 is determined by Eq. (8) and 0,
is the emission observed in millidegrees, n the number of
amino acids in the HSA structure, / the path length, and Cp
the molar concentration of protein [65].

%o — helix = [(—[0],03—4000) /(33,000 — 4000)] x 100
(7)
(8)

For both complex interactions, we observed a reduction
of the o-helix ratio from 53.6 % in free HSA to 53.4 % in

[0] = Ogps/10nIC,.

Fig. 6 CD spectra of HSA in 60 60
the presence of ruthenium . 2 . 2
complexes: (A) ruthc'emum(H) L g 26 d cE> -26 d
complex; (B) ruthenium (III) 2 2 b
complex. T = 298 K. 40 - g ¢ 40 - £ 28 T
Concentration ratios of HSA:Ru _g',’ 20 & -0l
complex were: (a) 1:0; = J < 32 =2 32
(b) 1:0.5; (¢) 1:2.5; (d) 1:5 ° = 34 a g 2 a
.g 20 - 200 210 250 230 240 20 = 205 210 215 220 225 230
NE Wavelength / nm Wavelength / nm
5 4
[o)]
% 0 0
g
-20 -20 -
T A B
-40 T T T -40 T T T
200 250 300 200 250 300

Wavelength / nm
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the HSA-ruthenium complex (molar ratio 1:0.5), 49.4 %
(at 1:2.5), and 43.0 % (at 1:5).

As there is no significant modification between the ratio
values, we suggest that an association between HSA and
ruthenium complexes does not significantly alter the sec-
ondary structure of the protein; this is quite similar to that
observed in the nickel Schiff base complex [66].

Conclusion

We studied the interaction of the same ruthenium—Schiff
base complex with HSA in two different oxidation states
(Ru™ and Ru™). Both complexes revealed a good interaction
with the protein, acting as quencher to the intrinsic albumin
fluorescence. The Ru™ complex quenches the protein fluo-
rescence by a static mechanism, while the Ru'" complex
reveals a hybrid quenching mechanism (static 4+ dynamic).
The complexes bind to HSA with different intensities. The
K, value for the Ru" complex is in the order of 10* dm?
molfl, while for Rum, the order is about 10° dm> mol~".
Positive values of AG reveal a spontaneous interaction of
both complexes of protein, and the values of AS and AH al-
low us to infer that both interact with proteins by electrostatic
interactions. Moreover, neither of the complexes changes the
conformation of the protein, as shown by CD spectra. Thus,
this work shows that modification of the oxidation state of the
center metal in ruthenium complexes can influence the way
this complex interacts with HSA and must be considered in
the development of new metallodrugs, which will bind to this
protein for transportation throughout the body.

Experimental

All reagents used in this work were of analytical grade and
used without further purification. Human serum albumin
(HSA, =96 % lyophilized powder, A1653), RuCls-nH,O0,
2-acetylpyridine, and 1,3-diaminopropane were purchased
from Sigma-Aldrich. All compounds were dissolved in
Tris=HCl  buffer solution  (0.05 mol dm™3 Tris,
0.10 mol dm—> NaCl, pH 7.4). The pH values were
checked with a suitably standardized pH meter. HSA
solutions were prepared based on a molecular mass of
66,500 ¢ mol~'. The doubly purified water used in all
experiments was from a Millipore® system.

Synthesis and characterization of the ruthenium Schiff
base complex, [RuCl,(bpydip)], were reported by de Souza
et al. [67]. IR and '"H NMR spectra were found to be
identical with the ones described in the literature [67].
When [RuCl,(bpydip)] was dissolved in water, it under-
went an aquation reaction, where two chloride ligands were
replaced by two water molecules, generating a product with

@ Springer

the formula [Ru(H,O),(bpydip)]Cl,. "H NMR and UV-Vis
spectra were found to be identical with the ones described
in the literature [67]. [Ru“(HzO)z(bpydip)]Pr was con-
verted to a [Rum(H2O)2(bpydip)]3 * upon electrooxidation
at 045V vs NHE. UV-Vis spectra were found to be
identical with the ones described in the literature [67]. The
electrolytic oxidation of [RuH(HZO)z(bpydip)]2+ was car-
ried out using a PARC potentiostat, model 173. A platinum
disc working electrode, a platinum wire auxiliary electrode
and Ag/AgNOj; reference electrode were employed for the
measurements.

Fluorescence analysis

We performed all of the steady decay fluorescence analysis
using a spectrofluorimeter model Cary Eclipse by Varian.
The emission and excitation slit was fixed at 5 for all
analysis. Preliminary tests allowed determination of the
HSA concentration in 1.4 x 107> mol dm™> , and
0.7-8.6 x 107> mol dm > for ruthenium complex titra-
tion. The titration process and analysis was performed in a
1.00 quartz cell, with the additions of a complex solution
and a 3 min wait between the addition and obtaining the
spectrum. We performed all of the analysis at temperatures
of 298, 303, and 308 K, at an excitation wavelength of
295 nm, for both complex forms. The spectra range was
from 300 to 540 nm and emission maximum was estab-
lished at 340 nm. Using these values and the specific
equations, we obtained the K, Ks,, w, Ky, and n values.
To obtain the AH, AS, and AG values was used the Vant’
Hoff equation method.

The fluorescence data were adjusted for inner filter
effect using Eq. (9), where F.,, and F,s are fluorescence
intensity corrected and observed, respectively, and A., and
Aem are the absorption and emission wavelength, respec-
tively [48].

Feor = obsantiIOg (Aex +Aem/2) (9)

Circular dichroism

We performed the analyses in a J-810 Spectropolarimeter,
in the absence and presence of ruthenium complex and
recorded in the range 200-260 nm min~'. In all analyses,
we used 0.1 cm quartz cells of and titration was made in
molar ratios of 1:0, 1:0.5, 1:2.5, and 1:5, HSA:ruthenium
complex.
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