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Abstract

The continuous search for new molecules with therapeutic abilities has led
to the synthesis and characterization of a large number of metal complexes, proven
to exhibit potential as pharmacological agents through their antibacterial, antiviral,
antifungal and antineoplastic properties. As serum albumins play a key role in drug
pharmacokinetics and pharmacodynamics, the study of coordination compounds
affinity towards this class of proteins, as well as understanding the mechanism through
which they interact is crucial. The aim of this review is to focus on the structure and
biological functions of bovine serum albumin, the design of metal complexes that are
able to bind to the biomolecule, as well as the experimental techniques employed in the

study and evaluation of these interactions.
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Introduction

Ofall the molecules encountered in living organisms,
proteins are the most abundant and diverse from a functional
point of view. From the hormones and enzymes that control
metabolism, the framework forming collagen in bones, the
contractile proteins in muscles, to the haemoglobin and
albumin in the bloodstream and immunoglobulins fighting
infections, almost every life process relies on this class of
molecules.

Albumin is the most abundant protein in the
vertebrates’ organisms (up to 40 mg/ml) and the most
prominent plasma protein (about 60% of the total protein
content of plasma). It is one of the first discovered and most
intensely studied proteins [1].

The investigation of the binding amplitude and
mechanism of interaction of small molecules with
serum albumins is crucial for the understanding of drug
pharmacodynamics and pharmacokinetics, as the nature
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and strength of that interaction has a great influence on drug
absorption, distribution, metabolism and excretion [2,3].

When approaching the evaluation of small molecules
affinity for albumins, bovine serum albumin (BSA) is
usually selected as a relevant model, due to its structural
similarity with human serum albumin (76%) [4,5], its low
cost and wide availability.

Bovine serum albumin structure and
biological functions

The studies conducted by Brown and co-workers
regarding bovine serum albumin materialized in solving its
complete chemical sequence, while the crystal structure of
the protein was published in 2012 by Majorek et al. [6].

The BSA molecule consists of 583 amino acids,
bound in a single chain cross-linked with 17 cystine residues
(eight disulfide bonds and one free thiol group), and has
a molecular mass of 66400 Da [1]. The amino acid chain
is made up of three homologous but structurally distinct
domains (I, I and III), divided into nine loops by the
disulfide bonds and arranged in a heart-shaped molecule.
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Each domain consists of two sub-domains, A and B. The
secondary structure of the protein is mainly o-helical
(74%), with the remaining polypeptide chain occurring
in turns and in extended or flexible regions between sub-
domains [1,6,7].

One of the characteristic structural features of BSA
is its low tryptophan, methionine, glycine and isoleucine
content, while it is abundant in ionic amino acids, such
as glutamic acid and lysine. The ionized residues confer
the protein a high total charge, of 185 ions per molecule at
neutral pH, contributing to its solubility [1].

BSA is a globular non-glycosylated protein, one of
the few plasma proteins lacking carbohydrate groups, as
it is synthesized in the liver without prosthetic groups or
other additives.

Many endogenous and exogenous compounds
(including drugs, hormones, xenobiotics and fatty acids
[8]), once entered the blood stream, are transported and
disposed of as a consequence of forming a complex with
serum albumins. This class of proteins also contribute to
the colloid blood osmotic pressure and the maintenance of
blood pH [9,10], but one of the most important property
of albumins is that they bind to different compounds
in a reversible manner. The protein often increases the
apparent solubility of hydrophobic drugs in the plasma and
influences the circulation, metabolism and efficacy of drugs
[1,4]. Serum albumins are also involved in controlling the
ionized or biologically active concentrations of Ca** and
Mg*" in mammals [6].

It is known that the drug affinity for plasma proteins
directly influence the drug concentration in the bloodstream
and its biological effect. Generally, the effect of weak
protein binding is short lifetime or poor distribution, while
strong binding leads to a decrease in drug concentration,
as it is the unbound fraction of the drug that shows
pharmacological activity.

BSA shows discrete binding sites with different
specificities, the most important ones being referred to as
site-1 and site-II, located in hydrophobic cavities of sub-
domains ITA and IIIA, respectively [1]. Site markers are
small molecules that have specific binding locations in
the albumin structure and are often used in studying the
interaction of different ligands with the protein. Site-I
markers include warfarin, phenylbutazone, dansylamide
and iodipamide, while ibuprofen, flufenamic acid and
diazepam are site-1I markers [11].

Metal complexes interacting with BSA

In the recent years, Bioinorganic chemistry has
provided numerous examples of structures with high
affinity towards biomolecules, including nucleic acids and
proteins, and showing real potential to be developed into
therapeutic agents, fighting bacterial, viral and/or fungal
infections [12-16], targeting different types of tumors
[17,18], radiopharmaceuticals and superoxide dismutase

and insulin mimics [19]. Coordination compounds exhibit
unique properties offering interesting opportunities in
designing new pharmacologically active molecules, such
as adjustable ligand kinetics and redox activity and a large
variety of geometries and coordination numbers offered by
metal ions, resulting in high structural diversity [20].

The BSA interaction and binding ability of a large
variety of mononuclear and polynuclear Cu*, Ni**, Zn*,
Co*, Pt** complexes with aromatic ligands (some of them
bearing known pharmacologically active moieties) has
been investigated [2,3,9,10,21,22].

As in the case of the interaction of metal complexes
with other classes of biomolecules, it has been suggested
that the planarity of the ligands coordinating the metal
centre plays an important role in enhancing protein binding
ability [21].

A certain degree of binding specificity was observed
for metal complexes, due to weak interactions between the
ligand sphere and the protein binding site, as some studies
suggested that metal complexes most likely affect the
Trp134 residue, found on the surface of the protein, and
thus more accessible [23]. Other research groups, after
performing displacement experiments, concluded that
complexes preferentially bind to subdomain ITA (site-I)
[13,22].

An interaction between BSA and metal complexes
often leads to a perturbation of the secondary structure of
the protein, by disrupting the disulfide bonds and leading to
a partial loss of a-helix conformation with the subsequent
unfolding of the protein [22], or a change in the polarity
of the environment to which the tryptophan residues are
exposed [24], as a result of molecular interactions, such as
excited-state reactions, molecular rearrangements, energy
transfer, ground-state complex formation or collision
quenching [7,22,25].

Experimental techniques employed in the
study of the interaction between BSA and metal
complexes

Fluorescence spectroscopy studies

An efficient approach in evaluating the interaction
between metal complexes and BSA is the use of fluorescence
spectroscopy.

BSA has fluorescent properties and emits intensely
upon excitation. Responsible for its intrinsic fluorescence
are three amino acid residues found in its structure:
tryptophan, tyrosine and phenylalanine [1], but as the
relative ratio of fluorescence intensity for these amino acids
is 100: 9: 0.5, it seems probable that the fluorescence of
BSA arises mainly from its two tryptophan residues: Trp-
134 located on the surface of sub-domain IB and Trp-212
located within a hydrophobic binding pocket in sub-domain
1A [24,26].

The fluorescence spectra are recorded in the absence
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and in the presence of increasing concentrations of metal
complex. In the case of an interaction with the coordination
compound, the fluorescence intensity of the protein at
around 345 nm decreases regularly as the concentration of
the probe increases. Moreover, a red or blue shift of the
emission maximum in the fluorescence spectrum of the
albumin is indicative of an increase in the hydrophobicity of
the microenvironment around the tryptophan residues [27],
while no change in the position of the emission maximum
suggests no alteration in the local dielectric environment
of BSA [28]

Fluorescence quenching can occur by different
mechanisms, usually classified as static quenching (a
non-fluorescent ground-state complex is formed between
the fluorophore and the quencher), dynamic quenching
(a collisional process, the fluorophore and the quencher
interact during the transient existence of the excited state),
or a simultaneous static and dynamic quenching [5,25].

Aseries of parameters are used to define and evaluate
the interaction between BSA and the probe: the Stern-
Volmer quenching constant, the quenching rate constant,
the binding constant and the number of binding sites.

The fluorescence quenching is described by the
Stern-Volmer equation [25,29]:

[/1=1+K[Q]=1+ kth[Q]

where I and I are the fluorescence intensities of BSA in the
absence and in the presence of the quencher (i.e. the metal
complex), respectively, K is the Stern-Volmer quenching
constant, [Q] is the concentration of the quencher, kq is
the quenching rate constant of the biomolecule and 1, is
the average lifetime of the molecule in the absence of the
quencher.

A linear I/ vs. [Q] plot indicates that a single
type of quenching mechanism is involved, either static or
dynamic, while a deviation from linearity suggests a mixed
quenching mechanism [30].

The K, value is obtained from the plot I /I vs. [Q].
Values with a magnitude order of 10° M for K are
considered to be indicative of a relatively strong interaction
between BSA and metal complexes [2,5,8,9,22].

Considering the well known connection between the
K, quenching constant and the kq quenching rate constant

kq =K /1,

and taking into account that the fluorescence lifetime
of the biopolymer is 10* s [22,28], the kq values may be
calculated, also providing information referring to the
type of quenching occurring in the presence of a certain
quencher [16].

Dynamic and static quenching show certain
characteristics, such as their different dependence on
temperature reflected in the changes in the fluorescence

spectrum of the fluorophore. In the case of static quenching,
an increase in temperature leads to a lower stability of
the complex and a decrease in the quenching constant.
In the case of dynamic quenching, a faster diffusion is a
consequence of an increase in temperature and, thus, the
quenching rate increases [5,22].

When small molecules bind independently to a set
of equivalent sites on a molecule, the equilibrium between
free and bound molecules is represented by the Scatchard
equation [9,10]:

log[(I-1)/1] = log[K,] + n log[Q]

where I and I are the fluorescence intensities of the protein
in the absence and in the presence of the quencher (i.e. the
metal complex) respectively, [Q] is the concentration of the
quencher, K, is the binding constant and n is the number of
binding sites.

The K, values are obtained from the plot log[(I-1)/1]
vs. log[Q]. Values with a magnitude order in the range of
10°-10° M for K, are reported as being indicative of an
efficient interaction with the protein [3,5,10]. Generally,
the binding constant of a compound to serum albumin
should be high enough to ensure that a significant amount
gets transported and distributed through the organism, but,
at the same time, low enough so that the compound can be
released once it reaches its target. Such an optimum range
is considered to be 10* — 10° M-'[31,32].

The number of binding sites indicates the number
of independent class of binding sites for the complexes on
BSA and are generally approximately n~ 1 [21].

UV-Vis absorption spectroscopy studies

A simple method used to distinguish between the two
possible quenching mechanisms is by UV-Vis absorption
spectroscopy. The absorption spectra are recorded in the
absence and in the presence of increasing concentrations
of metal complex. The absorbance spectrum of BSA shows
two characteristic bands, at around 220 nm and 280 nm,
due to the a-helix structure of the protein and the aromatic
amino acid residues respectively [22]. Usually, a marked
decrease in the 220 nm absorbance peak is reported,
due to the perturbation of the secondary structure of the
protein [22, 33], while the changes observed in the 280 nm
band are more subtle, indicating that, to some extent, the
environment in the close proximity of the aromatic amino
acid residues is altered [34].

A static quenching, consequence of a new species
formed between the quencher and the ground-state of
the fluorophore, leads to considerable changes in the
absorption spectra at 280 nm (either a red or a blue shift,
bathochromism or hypsochromism respectively). In the
case of dynamic quenching, the absorption spectra suffer
no modifications, as only the excited-state fluorescent
molecule interacts with the quencher [3,5,10].
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Conclusions

In the context of the increasing incidence of drug
resistance, the search for new therapeutic agents represents
a continuous struggle, and metal complexes are among
the promising types of molecules showing antibacterial,
antiviral and antineoplastic potential. One of the crucial
steps in developing a new and effective drug is studying
and understanding its ability to bind to albumins, as they
play a key role in its transport, distribution, metabolism
and excretion. With this in mind, we highlighted the
essential notions related to bovine serum albumin from the
point of view of its structure and functions, as well as the
elements to be taken into consideration when designing
metal complexes with protein binding abilities. Moreover,
the most important instrumental techniques employed
to study the type and strength of the metal complexes —
BSA interactions were discussed, as well as the type of
information they provide: fluorescence spectroscopy and
UV-Vis absorption spectroscopy.
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