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The interaction between bovine serum albumin (BSA) and thimerosal (TM), an organomercury compound
widely employed as a preservative in vaccines, was investigated simulating physiological conditions and using
different spectroscopic techniques. The results, employing molecular fluorescence showed the interaction occurs
by static quenching through electrostatic forces (AH < 0 and AS > 0), spontaneously (AG = —4.40 k] mol~') and
with a binding constant of 3.24 x 10°> M~". Three-dimensional fluorescence studies indicated that TM causes
structural changes in the polypeptide chain of the BSA, confirmed by circular dichroism that showed an increase
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Thimerosal in a-helix (from 43.9 to 47.8%) content after interaction process. Through synchronized fluorescence and
BSA and ethylmercury employing bilirubin as a protein site marker, it was confirmed the preferential interaction of TM in the

subdomain IB of BSA. The interaction mechanism proposed in this work is based on the reaction of TM with
BSA through of free Cys34 residue, forming the adduct BSA-HgEt with the thiosalicylic acid release, which possi-
bly interacts electrostatically with positive side chain amino acids of the modified protein. Finally, it was proven
that both TM and EtHgCl accelerate the protein fibrillation kinetics in 42 and 122%, respectively, indicating the

Interaction mechanism
Protein fibrillation

toxicity of these compounds in biological systems.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Thimerosal (TM, Fig. 1) is an organomercury compound containing
49.55% of mercury mass and may form ethylmercury in the aqueous me-
dium. TM is used as a preservative in pharmaceutical products, cos-
metics, antiseptic spray, cleaning products and vaccines because it has
bactericidal and antifungal properties [1]. Hepatitis B, HIN1, and triple
viral vaccines are some examples of the use of this preservative, where
the declared TM concentration is of the order of 25 pg Hg per 0.5 mL
[2]. Regarding this aspect, several studies show a relation of the use of
TM associated with deleterious effects on health, mainly in children
and pregnant women.

Goldman [3] demonstrated the application of a single dose of vaccine
containing TM in pregnant women within the first eight weeks of gesta-
tion could generate a fetal exposure to mercury about 125,000 times
the Environmental Protection Agency (US EPA) allowable value, resulting
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in the inadequate formation and even fetal death [3]. According to Geier
et al. [4], children that receive doses of TM from vaccines in the first
months of life are more prone to develop neurological disorders such as
autism and hyperactivity. Lee et al. [5] showed TM induces to oxidative
stress in epithelial cells leading them to apoptosis, indicating the cytotox-
icity of this compound [5]. Harmful effects of TM are under constant in-
vestigation due to this compound is the third largest way of mercury
contamination, being supplanted by the exposure through dental amal-
gams that has in its composition elemental mercury and by the ingestion
of foods contaminated with methylmercury such as fish and rice [6].

In general, organic compounds of mercury are more toxic than inor-
ganic. For example, the ICsq for neural cells is 1.15 to 10.31 pM for the
methylmercury and 6.44 to 160.97 puM for the Hg(II) [7]. In this context,
the damage associated with TM is mainly due to the cleavage of the
S—Hg bound with the possible release of ethylmercury, a neurotoxin,
which presents toxicity compared to the methylmercury [8]. Despite
the evidence of toxicity to human health and environmental contamina-
tion [6], the United States and other countries still use the TM neglecting
its potentially harmful effects [9].

Thimerosal in biological medium can interact with biomolecules and
be distributed through several tissues. One of these (bio)macromolecules
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Fig. 1. Thimerosal (TM) equilibrium in aqueous medium forming the thiosalicylic acid (TSA) and ethylmercury (EtHg™).

is the albumin, the most abundant protein in plasma in the human body
and its main function is the transport of fatty acids, metal ions, drugs, vi-
tamins, hormones, among other species [10]. The protein BSA (bovine
serum albumin) is employed as a model for the HSA (human serum al-
bumin) due to the similarity of 76% in the amino acid sequence and
homology of 80% [11]. This protein contains three domains structurally
similar classified as I, Il and III, which are subdivided in subdomain A
and B [12]. In its structure there are two regions where the probability
of interaction is greater, called sites I and II located in the subdomains
IIA and IIIA, respectively [13]. The main differences between these al-
bumins are the tryptophan residues number. The HSA has only one
(Trp214), while the BSA has two residues, one at the site [ (Trp213)
and the other near the subdomain IB (Trp134), where there is the
only free cysteine residue (Cys34), in both proteins [14].

Some studies demonstrated the formation of adducts between Hg(II),
MeHg*, EtHg ™", phenylmercury, among other species, with HSA and BSA
from the bound with thiol groups present in biomolecules [15]. Triimpler
et al. simulating conditions of an intravenous injection showed the pres-
ence of proteins accelerates the TM hydrolysis process, resulting in the
formation of EtHg ", which reacts with the free cysteine residue of protein
[16]. In addition, Guo et al. [17] demonstrated organomercurials specific-
ity for regions containing sulfhydryl groups in peptides and proteins.
Chunmei et al. [19] and Shen et al. [18] evaluated the interaction between
Hg(II) and BSA and verified changes in the secondary structure of the
protein. The variations in the protein structure induced by mercury and
derivatives may represent a defense mechanism, since when albumin
binding to toxic species of mercury prevents them from remaining
in free form in the biological environment. In contrast, it may also be
associated with a more efficient distribution of these species in the
body, affecting different physiological functions [20].

There are few studies about the interaction between species derived
from mercury with carrier proteins to explain the possible loss or not of
its functionality. However, these works not mention the preferential re-
gion where the interaction occurs in the protein, the interaction mecha-
nism is not proposed, and the experiments are performed under non-
physiological conditions [15,19,20]. Therefore, is pertinent to evaluate
the interaction between carrier proteins and TM aiming to clarify the
main parameters associated with the interaction process, to contribute
to the understanding of the possible damages caused by the TM to the
organism.

In this work, we evaluated the interaction between BSA and TM sim-
ulating physiological conditions using spectroscopic techniques such as
molecular fluorescence, UV-vis, circular dichroism (CD) and nuclear
magnetic resonance (NMR). Thus, the magnitude of the interaction,
thermodynamic parameters, forces that act on this process, preferential
binding site and the structural changes in the protein were verified. Fi-
nally, we propose the mechanism of interaction and suggest one of the
possible causes of TM toxicity may be associated with its ability to in-
duce the protein fibrillation, which is related to several conformational
diseases.

2. Experimental
2.1. Reagents and solutions

Bovine serum albumin (BSA, purity > 98%), thimerosal (purity 97—
101%), warfarin, ibuprofen, diazepam, bilirubin, 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB), EtHgCl, N-ethylmaleimide (NEM), thiosalicylic
acid (TSA), 2,2'-dithiodibenzoic acid (DTSA), cysteine and thioflavin T
were obtained from Sigma-Aldrich (USA). Other reagents employed in
the assays were of analytical grade with purity above 98%. Stock and
work solutions of TM (1 mM) and BSA (100 M) were prepared in 50
mM Tris-HCl buffer (pH 7.4 £ 0.1) with NaCl 100 mM for ionic strength
adjustment. Ultrapure water (18.2 MQ cm™!) was used in all the exper-
iments to prepare the solutions (Millipore, USA). The differences in the
concentrations of BSA and TM used are related to the sensitivity and
specificities of each technique or method employed.

2.2. Molecular fluorescence

The steady-state molecular fluorescence spectra were obtained
using a spectrofluorophotometer model RF-5301PC (Shimadzu, Japan)
with a xenon lamp (150 W) as radiation source. The measurements
were made in a quartz cuvette with an optical path of 10 mm. The slit
used in all experiments was 5 nm for excitation and emission, respec-
tively. In the spectrofluorometric titrations of protein (Aex/Nem = 280/
342 nm), increasing increments of TM (0-80 M) was added in BSA so-
lution (2 pM) at different temperatures (22, 30 and 38 °C). In this proce-
dure, Nex = 280 nm was employed to obtain overall information on the
interaction process considering the Tyr and Trp residues.

The ionic strength influence was evaluated from the variation of the
NaCl concentration (0-150 mM ). For the 3D-fluorescence experiments,
BSA solutions (2 pM) in the absence and presence of TM (50 pM) were
excited in the 220-340 nm range with emission spectra recorded from
270 to 450 nm. Synchronous fluorescence studies were applied to mon-
itor the tryptophan (AN = 60 nm) and tyrosine (AN = 15 nm) residues
separately, as well as the evaluation of the polarity of the microenviron-
ment of these amino acids [19]. For the evaluation of the binding sites in
the BSA were used warfarin (site I), ibuprofen and diazepam (site II)
[21,22]. The subdomain IB was monitored using bilirubin [23]. The effect
of competitors present in the plasma under physiological conditions
was evaluated considering physiological normality concentration. All
experiments exploring molecular fluorescence were performed at 30
°C, except the spectrofluorometric titration, which was carried out at
three different temperatures.

2.3. Molecular absorption spectrometry (UV-vis)
The UV-vis measurements were performed using spectrophotometer

AJX-6100PC (Micronal, Brazil) of double beam equipped with a quartz cu-
vettes pair having 10 mm of optical path. The spectra of solutions of BSA
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(3uM), T™M (12 uM) and the respective mixture (BSA + TM) were ob-
tained in the absorbance module at 30 °C.

24. Circular dichroism (CD)

CD measurements were recorded on a Jasco spectropolarimeter
(model J-815, Japan) and Peltier type cooling system. A quartz cuvette
of 0.1 mm optical path was used, being each spectrum the average of
four scans at 50 nm min~'. The measurements were performed in the
200-260 nm range with 1.0 nm bandwidth and BSA (2 M) was titrated
with TM (0, 2, 4 and 8 uM) at 22 °C[15,19].

2.5. Ellman’s assay

For the spectrophotometric quantification of the free thiol group
(Cys34) present in the BSA it was applied the Ellman's assay. This test
is based on the reaction between DTNB (1 mM) and the thiol group
leading to the formation of the chromophore (TNB) in phosphate buffer
(pH 7.4) with Njpax = 412 nm [24]. The cysteine was used as a reference
and NEM as the control compound for blocking the thiol group in the
BSA. The influence of EtHgCl, TSA and TM on the total free thiol group
content in the BSA was evaluated at 30 °C. The concentration of all com-
pounds was fixed at 60 M.

2.6. Nuclear magnetic resonance (NMR)

The interaction between BSA and TM by 'H NMR were evaluated by
TM (1 mM) spectra profile in the absence and presence of 10, 20 and 40
UM BSA. Experiments were performed with salicylic acid (1 mM),
EtHgCl (1 mM), cysteine (1 mM) and the mixtures TSA + EtHgCl and
TM + Cys. The spectra were obtained on a Bruker 400 MHz spectrome-
ter (Bp = 9.4 T), using an indirect detection probe of 5 nm at 22 °C. The
solutions were prepared in 10 mM phosphate buffer (pH 7.4) using
H,0/D,0 (1:10) containing 40 uM sodium trimethylsilylpropionate
(TMSP). In the experiments containing the mixture TM and BSA the res-
olution, peaks multiplicity, and variation of the chemical shift (&) were
used as evaluation parameter.
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2.7. Evaluation of amyloid formation

In the fibrillation assay, was used BSA solution (2.5 mgL™') in
the absence and presence of TM and EtHgCl (both at 100 uM) and
thioflavin T (ThT, 20 uM) as fluorescent probe to detect the amyloid
formation. The solutions were maintained at 70 °C until 7 h, and al-
iquots of 10 pL were removed from the system at defined time inter-
vals, added to 990 L of the ThT solution and the emission signal was
recorded (Nex/Nem = 442/488 nm) at 30 °C [25].

3. Results and discussion
3.1. Binding and thermodynamic parameters

The residues of tryptophan (Trp) and tyrosine (Tyr) are the main re-
sponsible for the fluorescence emission in proteins and are used to
monitor conformational changes resulting from the interaction be-
tween the fluorophore (protein) and the quencher (ligand) [26-28].
To evaluate the BSA interaction under simulated physiological condi-
tions the protein was titrated with TM, being the variation of the fluo-
rescence signal of the macromolecule monitored at 342 nm. Fig. 2a
shows the addition of increasing concentrations of TM there was sup-
pression of fluorescence of BSA without a shift in the protein emission
wavelength and the TM does not shows intrinsic fluorescence. This re-
sult demonstrates the occurrence of interaction between the macromol-
ecule and ligand with the formation of a non-fluorescent complex
between BSA-TM.

Mathematical treatments were carried out to evaluate the interac-
tion of the complex formed between BSA-TM. The constant of Stern-
Volmer (Ksy) indicates the efficiency of the quencher (ligand) in sup-
pressing the fluorescence of the fluorophore (BSA) [29]:

M1k M

Fo and F are the fluorescence signals in the absence and presence of the
ligand, respectively. [Q] is the concentration of quencher (TM) and Ksy
is the Stern-Volmer constant. Ksy is obtained from the slope of linear re-
lation Fo/F vs [Q] (Fig. 2b).
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Fig. 2. a) Emission spectral profile of BSA (2 uM) at increasing concentration of TM (0-80 pM). b) Stern-Volmer quenching plot. ¢) Double logarithmic curve for calculation of the binding

constant. Conditions: pH of 7.4 at 30 °C. Experiments performed in triplicate.
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The calculation of the binding constant (K,) reveals the strength of
the interaction between the protein and the ligand, as well as the num-
ber of binding sites (n) between BSA and TM [30]:

F%ﬂ Ky + 1 log[Q] @)

log {

K, is the binding constant obtained from the determination of the
intercept of the equation (Fig. 2c), and n is the number of binding
sites (stoichiometry) between BSA and TM.

The reduction in the protein fluorescence signal with the addition of
TM indicates that there was energy transferring from the macromole-
cule to the quencher [31]. The Ksy values were calculated for three tem-
peratures (22, 30 and 38 °C) ranging from 2.96 to 3.09 x 10* M ™!
(Table 1), which shows quantitatively the interaction between BSA
and TM.

The dominant quenching mechanism in the protein-ligand interac-
tion process could be established for the evaluation of the Ksy variation
in function of the temperature. In the interaction process, may occur
two types of preferential quenching, static and dynamic. The static
quenching is characterized by the formation of the complex in the
ground state; while in the dynamic, collisions occur between the
fluorophore and the ligand, being governed by the diffusion coefficient
of the compound in the medium. Table 1 shows the Ksy values decreas-
ing with increases of temperature, indicating prevalence of the static
quenching mechanism [26,27].

The Ky, values for the BSA-TM interaction ranged from 2.95 to
4.13 x 10> M~ ! based on temperature variation (Table 1) and the n
was close to unity indicating molar proportion of 1:1 between TM
and BSA. The K, values obtained for the TM were higher
when compared to the studies between BSA and Hg(II) performed
by Chunmei et al. [19] (K, = 0.9 x 10> M~') and Shen et al. [18]
(Kp = 0.27 x 10> M~ ). These values were indicating higher affinity
of the protein for the TM.

The thermodynamic parameters were calculated based on the varia-
tion of the Ky, in function of the temperature. From the Van't Hoff equa-
tion [32] the values of AH and AS were determined:

AS

InKy = — %= 5| + 7 3)

AH [1
T

T is the temperature in Kelvin (K), and R is the universal gas constant.
These parameters were calculated from the slope and intercept of rela-
tion InKy, vs 1/T (Fig. S1). The AG value was obtained using the following
equation:

AG = AH—TAS (4)

The calculated thermodynamic parameters are presented in Table 1.
According to Ross and Subramanian [33], if AH<0 (—16.10 k] mol 1)
and AS >0 (+14.46 J mol~! K1) the interaction between BSA-TM is
governed by electrostatic forces. Additionally, all values of AG were neg-
ative indicating the spontaneity of the interaction.

This result is in agreement with the negative charge present in the
TM (Fig. 1). The pK, of the TM is 3.05 [34] and under physiological con-
ditions (pH 7.4) will be completely dissociated, possibility electrostatic
interaction through the positive amino acid residues of BSA. The

Table 1

evaluation of ionic strength influence confirmed the electrostatic inter-
actions in the BSA-TM system (Supplementary content).

3.1.1. Competitors evaluation in the BSA-TM interaction process

In the plasma, several species can bind to albumin and, thus, favor or
hinder the transport of substances in the biological environment. There-
fore, was evaluated the influence of 15 possible competitors considering
physiological normality concentration (Table S1) in the BSA-TM inter-
action process. The influence of these competitors could be assessed
by the variation of the binding constant in the absence (K) and pres-
ence (Ky') of these species. Thus, the ratio between the constants of
the interaction BSA-TM in the presence and absence of the competitor
(Ky'/Kp) was the parameter used for this evaluation. If Ky,'/K, > 1 indi-
cates that the evaluated species favors the interaction process between
BSA and TM, the opposite Ky,'/K}, < 1, is related to the disadvantage of the
interaction. Most of the competitors did not significantly influence the
interaction process simulating the physiological conditions, since the
constant ratio was close to unity (Fig. S3). However, Ca(Il) and Fe(II)
did not follow this trend. There is a strong affinity between TM and Ca
(1) in intracellular systems [35] which may be related to increase of
the K. Moreover, Ca(Il) and Fe(Il) may be acting allosterically, causing
structural changes in the biomolecule and contributing for interaction
with TM [36].

3.2. UV-vis evaluation of interaction process

The UV-vis spectroscopy was employed to confirm the formation of
the BSA-TM complex by monitoring structural changes of the protein as
well as establishing the quenching mechanism associated with the fluo-
rescence suppression process [37].

The free BSA showed maximum absorption at 278 nm (Fig. S4) and
the aromatic residues of tryptophan, tyrosine and phenylalanine are
the main amino acids responsible for this absorption due to the transi-
tions 1 — 1" [38]. When TM was added to the BSA solution, occurred a
hyperchromic effect followed by a 5 nm hypochromic shift, indicating
an interaction between BSA and TM and the formation of the supramo-
lecular complex (BSA-TM). This affirmation was based on the resulting
spectrum from the subtraction of the system BSA-TM spectra by the
free ligand (TM) generated in a non-overlapping spectrum to the free
BSA spectrum (Fig. S4). Additionally, it was found that complex
absorbance value at a maximal wavelength (Agsa-tv = 0.152) was dif-
ferent from the sum of the free TM and free BSA absorbance values
(Arm + Agsa = 0.034 + 0.108 = 0.142). This result evidence there
was no additive effect of Beer's law (Arm + Agsa # Agsa-tm) and
confirming the protein and TM complex formation [39].

Finally, the BSA-TM complex formation demonstrated by UV-vis is
associated with changes in the ground state of the involved species in
the interaction process [40], confirming the static quenching mecha-
nism previously reported by molecular fluorescence results.

3.3. Evaluation of conformational changes in the structure of BSA

3.3.1. 3D fluorescence

Conformational variations in the protein structure when interacting
with the TM can be evaluated by 3D fluorescence, through characteristic
changes of the emission bands related to the polypeptide chain and the

Binding and thermodynamic parameters for the interaction between BSA and TM at different temperatures. Experiments performed in triplicate.

T(°C) Binding parameters Thermodynamic parameters
Ksy (10°M~1) r Ky (10° M~ 1) r n AH (k] mol~) AS (Jmol'K™1) AG (k] mol 1)
22 (295K) 3.09 + 0.03 0.9987 4.13 £ 0.03 0.9974 1.03 + 0.04 —4.28
30 (303 K) 3.01 + 0.04 0.9978 3.24 + 0.01 0.9971 1.01 £ 0.02 —16.10 +14.46 —4.40
38 (311 K) 2.96 + 0.02 0.9969 2.95 4+ 0.02 0.9963 1.00 £ 0.03 —4.51

r = linear correlation coefficient.
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tryptophan and tyrosine residues [41]. Fig. 3a shows the 3D fluorescence
spectrum for the BSA, where three peaks stand out. The first one refers to
the Rayleigh scattering, in which the wavelength of excitation is equal to
the emission (Nex = Nem), associated with the inelastic radiation scatter-
ing. The residues of tryptophan and tyrosine are responsible for the emis-
sion band correspondent to peak 2 (Aex/Aem = 285/342 nm). Peak 3 is
related to the polypeptide chain (Nex/Nem = 238/335 nm) showing tran-
sition T — 7 due to the group C=0 (in the peptide bond) typical of the
secondary structure of the protein [41,42]. According to Fig. 3b peaks 2
and 3 in the 3D fluorescence emission spectrum of the BSA-TM system re-
duced the emission intensity in 50.4 and 59.2%, respectively, due to the in-
teraction process (Table S2). In addition, the Stokes shift of peaks 2 and 3
was altered when TM was added indicating changes in polarity/confor-
mation of native protein may have occurred [43], which may lead to dam-
age or functional changes.

3.3.2. Circular dichroism (CD)
Alterations in the protein secondary structure can be detected by the

CD technique. The content of a-helix present in the protein exhibits
negative bands at 208 and 222 nm, due to the ™ — 1" and n — 7" transi-
tions of the polypeptide chain [44-46]. The values expressed by CD are
given regarding the mean residue elliptic (MRE), according to [47]:

observed CD(m med)

MRE = CpxnxLx10

( deg cm? dmol’l) (5)

Cp, is the molar concentration of the protein (2 pM), n is the number of
amino acid residues (583 for BSA), and L is the length of the optical
path (0.1 cm). The amount of a-helix was calculated using the equa-

tion:

(—MRE,05 —4000)

33000—4000) * 190 ®)

a-helix(%) =

MRE,og represent the MRE values at 208, 4000 is the MRE of the B-form
and random coil conformation cross and 33,000 is the MRE value of pure
a-helix at 208 nm [47].

Fig. 3¢ shows CD spectrum profile of the BSA in function of the TM
concentration variation. The protein showed, in both bands, 208 and
222 nm, increasing of intensity with the addition of the ligand to the
system. In the absence of TM, the calculated a-helix content was
43.9%, when increases the TM ratio (1:1, 1:2 and 1:4) the a-helix con-
tent increased for both bands, in 45.1, 46.0 and 47.8%, respectively,
and no shift in the minima absorption wavelength was observed.

The increase in the a-helix content of the evaluated system can be
associated with the electrostatic interaction of the negative charge in
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the TM with the positive charges present on the surface of the BSA.
This situation provides a more stable structure of the protein, with in-
creased content of a-helix due to inter or intramolecular dipole-dipole
interactions [48]. In this way, the binding of TM to BSA causes changes
in the secondary structure of the protein. A similar profile was observed
by Chunmei et al. [19] in the evaluation of the interaction between BSA
(2 uM) and Hg(II) (0-20 uM) with the increasing of a-helix content
from 50.93 to 56.29%. Moreover, Li et al. [15], evaluate the interaction
between HSA with Hg(ll) and other species of mercury (MeHg™,
EtHg™" and PhHg™), also found changes in the secondary structure of
the protein after incubation for 12 h in the 1:10 ratio (HSA-ligand at
1.5 and 15 pM, respectively). However, an increase in the content of
3-sheet from 4.7 to 10% was observed after the interaction.

3.4. Synchronous fluorescence

Through the synchronous fluorescence, it is possible to monitor the
interaction process with the tryptophan and tyrosine residues, sepa-
rately (Fig. S5a). For this, it remains constant AN in function of the N,
being AN = 60 nm to monitor the residues of Trp selectively, and in
an analogous way when using AN = 15 nm, the Tyr residue is observed.
In addition, this assay can identify polarity changes in the microenviron-
ment of these amino acid residues as a function of the interaction pro-
cess [49,50].

Fig. S5b and c shows the synchronized fluorescence spectra profiles of

the Tyr and Trp residues with maxima emission at 299 and 337 nm, re-
spectively. After addition of TV, the fluorescence intensity of the BSA de-
creased without a change in the maximum emission of Tyr (Fig. S5b).
However, a red shift of 2 nm was observed for the Trp followed by reduc-
tion of the fluorescence signal when interacts with TM (Fig. S5¢), indicat-
ing that the microenvironment near this amino acid becomes more polar
and accessible to the solvent (water) [51]. Moreover, based on Table S3,
the K, value for Trp (1.36 + 0.08 x 10* L mol ) is higher compared to
Tyr (0.46 + 0.03 x 10 Lmol ™). Thus, TM is closer to the region that con-
tains the Trp residue in the interaction process with the protein. BSA has
two residues of tryptophan, one located at site [ (Trp213) and the other at
subdomain IB (Trp134). Although this result indicates the proximity of
the tryptophan residue in the interaction process, it cannot be inferred
which one (Trp213 or Trp134) the microenvironment had more signifi-
cantly altered. Chunmei et al. [19] and Shen et al. [18] obtained a similar
result in the interaction study between BSA and Hg(II) by synchronous
fluorescence, however, was not determined which region of the protein
occurs interaction. Therefore, the preferred sites of the TM interaction in
the protein structure were evaluated using specific regions markers bind-
ing of the BSA.
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Fig. 3. Three-dimensional fluorescence spectra of a) BSA and b) BSA-TM complex at 30 °C. Protein and ligand at 2 and 50 pM, respectively. ¢) Circular dichroism spectra of 2 uM BSA in the

presence of (2,4 and 8 uM) TM at 22 °C.
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Fig. 4. The binding constant ratio for protein site markers warfarin (WAR), ibuprofen
(IBU), diazepam (DIA) and bilirubin (BIL) all at 2 and 4 uM in the interaction process
between BSA (2 uM) and TM (0-80 uM) at 30 °C.

3.5. Protein binding site

In the BSA there are two preferred regions for the binding of small
molecules called sites I and II. Warfarin (WAR), ibuprofen (IBU) and di-
azepam (DIA) (Fig. S6) are preferred markers for these regions, in which
warfarin binds to site [ while ibuprofen and diazepam to site II [29,52].
Therefore, assays in the presence of these site markers promote compe-
tition for these protein-binding regions. A reduction in the K, value of
BSA and ligand in the presence of the site marker is an indication that
both interact with the same protein region. Thus, it was considered

+H*

-H*

the ratio of the constants in the presence (Ky’) and in the absence (Kj,)
of this protein site marker as a parameter to identify the preferential
binding site of TM to BSA. If this ratio is less than the unity, indicates
competition for the same protein-binding site with the marker. All ex-
periments were performed with two distinct ratios of BSA and site
markers (1:1 and 1:2). Fig. 4 shows no decrease in binding constant
(Kp), indicating that TM does not migrate to site I and II of the BSA.

In the previous analysis exploring synchronous fluorescence the mi-
croenvironment of the Trp residues were more influenced in the in the
interaction process with TM than Tyr residues. Considering that the BSA
has two Trp residues, one at the site I (Trp213) and another at
subdomain IB (Trp134), and the site I residue was not altered, since
TM did not displace the warfarin (site I). Thus, the Trp134 residue in
subdomain IB was the main responsible for the changes observed in
the synchronous fluorescence.

In the subdomain IB of BSA is present the only residue of free
cysteine (Cys34) and, knowing the high affinity of mercury compounds
by amino acid containing sulfur [15], such as cysteine, possibly the TM
would be migrating to this region and interacting with the free Cys34
residue. To confirm this hypothesis, bilirubin (BIL, Fig. S6) was used
as the protein site marker for the subdomain IB [53]. Zunszain et al.
[54] found the bilirubin (BIL) binds selectively to the subdomain IB
through crystallography studies. Thus, when bilirubin was added to
the system the binding constant decreases, reducing the ratio of the
constants (Fig. 4). This result confirms the migration of TM to the re-
gion of the subdomain IB of the BSA, differently of traditional binding
sites, I and II.

Several studies show the formation of an adduct between mercury
species with thiols residues from the protein of biological importance.
To corroborate this proposal Krupp et al. [55] identified the bind of
methylmercury and Hg(II) to biothiols forming an adduct. Based on
this, the TM may react with the free Cys34 residue in the subdomain
IB of the BSA. Thus, to evaluate whether adduct formation occurs after
the cleavage of the thimerosal S—Hg binding in the presence of the pro-
tein, the reaction/interaction mechanism of TM with the BSA was
investigated.
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Fig. 5. Generic mechanism of reaction/interaction proposed for the thimerosal and BSA system under physiological conditions based on experimental evidences.
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Fig. 6. a) Fluorescence spectra profile of free ThT and in the system BSA and thimerosal after incubation at 70 °C. b) Kinetics of fibrillation for free BSA in the presence of TM and EtHgCl.

Experiments performed in triplicate at 30 °C.
3.6. Evaluation of interaction mechanism between TM and BSA

To propose a possible reaction/interaction mechanism between TM
and BSA experiments were performed simulating physiological condi-
tions. Therefore, was employing Ellman's assay to monitor the reactions
of the free Cys34 residue, BSA interaction with TM degradation prod-
ucts, the monitoring of reactions involving TM and derivatives by 'H
NMR and application of fluorescence resonance energy transfer to de-
termine critical distance between protein and TM (all these results are
presented and discussed in Supplementary content).

Based on the different experiments the results indicate the preferen-
tial mechanism of reaction/interaction between TM and BSA must to
happen in a single step. Initially, occurs the formation of an adduct
BSA(Cys34)-EtHg due to cleavage S—Hg bound of TM with releasing
of free TSA. Finally, the thiosalicylic acid formed will interact electrostat-
ically in the region of the subdomain IB with positively charged amino
acids (Lys131, Lys159, His49, Lys41, Lys20 and His18) of the modified
protein [56]. The general mechanism of the reaction/interaction process
between the TM and the BSA was generically proposed and represented
in Fig. 5.

3.7. Evaluation of the amyloid formation

The formation of insoluble amyloids, rich in B-sheets with fibrillar
morphology is directly related to the development of at least 25 confor-
mational diseases such as type II diabetes, Alzheimer's and Parkinson's
diseases [57-59], and some species can accelerate the fibrillation by
interacting with protein, such as Cu(Il), Pb(Il) and carbon nanotubes
[60,61].

Mercury species present high toxicity to humans and are accumu-
lated and metabolized preferentially in the brain, where they can be
biotransformed in inorganic mercury [62] and contribute directly to

Table 2
Kinetics parameters of the BSA fibrillation in the absence and presence of thimerosal and
EtHgCl.

System AF (a. u.) kep (A1) n

BSA (2.5 mg mL~ 1) 82 1.30 + 0.10 1.07 + 0.16
BSA + TM (100 pM) 124 1.85 + 0.15 0.60 + 0.05
BSA + EtHgCl (100 uM) 138 2.89 4043 0.40 + 0.04

the process of protein fibrillation. To evaluate the effect of the possible
toxicity of the TM in a biological medium, the kinetics of the protein ag-
gregation was investigated, using EtHgCl for comparison. Thioflavin T
(ThT) was used as a fluorogenic probe to monitor the amyloid formation
[46]. The spectral profile obtained for the TM + BSA system about the
fibrillation process is shown in Fig. 6a, indicating that free ThT has low
fluorescence, but after the formation of the fibrils a significant increase
of the analytical signal of fluorescence emission occurs, stabilizing
after 2.5 h.

Kinetics parameters regarding the protein fibril formation (using
BSA as model) were calculated in the absence and presence of TM and
EtHgCl [25]:

F = F" + AFexp(—[kyt]") 7)

Fis the fluorescence intensity of ThT at time t, AF” is the maximum fluo-
rescence intensity, AF is the amplitude of the measured fluorescence
emission signals, and K, is constant about the rate of spontaneous fibril
formation. The effect of TM and EtHgCl for the protein fibrils induction is
shown in Fig. 6b. The presence of TM and EtHgCl in the system contain
BSA provides an increase in kgp 0f 42.3 and 122.3%, respectively, when
compared to the protein in the absence of the compounds (Table 2).
These mercury species favored the rate of BSA fibrillation, which can
promote intramolecular electrostatic repulsions favoring the formation
of fibrils [62]. Additionally, the system with TM and EtHgCl presented n
<1 indicating the kinetics fibrillation may be associated with multiple
mechanisms of the amyloid formation. Finally, the contribution of TM
and EtHgCl in the process of protein fibrillation, suggest its toxic effects
may be related to conformational diseases or biochemical processes as-
sociated with protein aggregation.

4. Conclusion

The interaction between BSA and TM simulating physiological con-
ditions revealed static quenching with the formation of a non-
fluorescent complex. The K}, value was 3.24 x 10> M~ (30 °C) and the
interaction process was preferably electrostatic. TM causes structural
changes in the BSA structure, providing the increase in the a-helix con-
tent and, Ca(II) and Fe(II) ions favor the interaction. The thimerosal in-
teracts preferentially in the subdomain IB of the BSA and the reaction/
interaction occurs by the transfer of ethylmercury from TM to BSA,
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leading to the formation of a BSA-HgEt adduct through the binding of
the free Cys34 with the mercury atom. The produced TSA interacts elec-
trostatically with positive amino acids of BSA. The distance from the TSA
to the Trp134 of the BSA-HgEt adduct was 2.06 nm. Finally, the TM and
EtHgCl induce the acceleration of the kinetic protein fibrillation, and this
process may be one of the possible causes of the toxic action of these
species in living systems.
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