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In this study, the toxic mechanism and effects of perfluorooctane sulfonate (PFOS), perfluorohexane

sulfonate (PFHS), and perfluorobutane sulfonate (PFBS) were investigated via spectroscopy, molecular

modeling, and calorimetry techniques. Results showed that all three perfluoroalkyl sulfonates (PFASs)

bound to human serum albumin (HSA) mainly through electrostatic forces and hydrogen bonds. The

backbone and secondary structure of HSA did not significantly change after exposure to PFASs. It may

be proposed that the binding changed the local structure around the active site and affected the

esterase activity of HSA. Compared with the control group, the inhibited esterase activity of HSA
decreased to 28.6%, 43.2%, and 54.4% under the exposure of PFOS, PFHS, and PFBS at 1.3 x 104 mol
L~% respectively. The ITC result reflected that the binding ability increased after lengthening of the
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carbon chain, which also explained the decreased esterase activity with the increased lengthening of

carbon chain. The fluorescence spectra also indicated that the influence on the microenvironment of
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1. Introduction

For several decades, persistent organic pollutants (POPs) have
attracted great public concern due to their adverse effects on
human health and environment. Perfluorinated compounds
(PFCs), which are both hydrophobic and lipophobic, are stabi-
lized by the strong covalent bond between carbon and fluorine.*
PFCs demonstrate some useful properties such as high surface
activity and heat and acid resistance. Therefore, PFCs have been
widely used in industry and consumer products. However, these
properties also enable some PFCs to resist environmental and
biological breakdown.>* Hence, PFCs have become a new type of
POPs.* As one of the most widely used PFCs, perfluorooctane
sulfonate (PFOS) (Fig. S1f) has been used as a surfactant in
detergents, surface treatment coating in textiles and leather-
wares, food contact papers, and so on because of its anti-wetting,
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HSA decreased with the shortening of the carbon chain. This study provided evidence regarding the
interaction mechanism and toxicity of PFASs towards HSA in vitro.

low volatility, and surfactant properties.>® The total commercial
production of PFOS chemicals was estimated to be about 100 000
t from 1970 to 2002.” Since 2003, the main producer 3M no
longer manufactures PFOS chemicals. Due to its biopersistence
and bioaccumulation, PFOS has been ubiquitously found even in
the Arctic and detected in humans and wildlife.*° In recent years,
due to the environmental persistence and potential toxicity,
PFOS has attracted extensive attention in living organisms
including human beings.'®** Unlike other POPs, PFOS mainly
distributes in the blood and liver and binds to proteins.**
According to previous reports, the concentration of PFOS in
serum ranges from 4.1 pg L™ to 1656.0 pg L' with a geometric
average of 34.9 ug L' in Americans.® In nine cities of China, in
85 samples of whole blood, PFOS was the predominant
compound amongst the 10 measured PFCs. The maximum
concentration of PFOS was measured to be 79.2 ug L™ " in the
samples obtained from Shenyang and the minimum concen-
tration was found to be 3.72 ug L™ " in the samples obtained from
Jintan.** In Uyghurs in the Sinkiang-Uighur Autonomous Region
of China, amongst 110 blood specimens, PFOS was detected in
102 samples and its concentration ranged from 0.01 to 22.63 pg
L' with a median of 1.93 pg L™".** Since the use of PFOS has
been banned, some short-chain PFCs such as perfluorohexane
sulfonate (PFHS) and perfluorobutane sulfonate (PFBS) (Fig. S1t)
have been widely used instead of PFOS.'®

Human serum albumin (HSA) is one of the most important
proteins abundant in blood plasma, which has a wide range of
metabolites and high affinity for binding with drugs."”'® HSA is
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composed of 585 amino acid residues via a polypeptide chain
with three a-helical domains stabilized by disulfide bonds.***°
On account of the binding capacity, HSA has been widely used in
the transport of exogenous and endogenous ligands and the
distribution of metabolism of the drugs.**** Therefore, HSA is
usually used as a model protein for studies to investigate the
interaction between the ligands and proteins.>*™*

Former studies have simultaneously evaluated the toxicity of
PFOS, PFHS, and PFBS at both animal and cell level. For Xen-
opus embryo, the acute embryo toxicity of PFHS and PFBS was
lower than that of PFOS.*”” PFOS increased the intracellular ROS
production in human HepG2 cells, whereas PFHS and PFBS did
not generate ROS.”® PFOS and PFHS were found to inhibit gap
junctional intercellular communication (GJIC), which is the
major pathway of intercellular signal transduction. However,
PFBS showed no significant effect on GJIC.” These studies re-
flected the increasing toxicity of perfluoroalkyl sulfonates
(PFASs) with the lengthening of the carbon chain. To date, the
toxicity of PFASs has only been reported in a few studies; in
particular, the toxicity of PFASs with different lengths of carbon
chain has rarely been reported at the molecular level.

Moreover, since PFOS mainly distributes in the blood, it may
bind to HSA and influence the structure and function of HSA. As
substitutes of PFOS, the toxicity of PFHS and PFBS to HSA has
been rarely reported. In this study, the effects of PFASs with
different chains on the structure and function of HSA were
investigated by spectroscopic and calorimetric methods, as well
as esterase activity assays and molecular docking calculations.
This study reveals the effect of PFASs on HSA and the rela-
tionship between the conformation and function of HSA, which
are helpful for understanding the bioactivities of PFASs in vitro.

2. Materials and methods

2.1. Reagents

HSA was purchased from Sigma Chemical Company, and its
molecular mass is 66 478 Da. The protein was dissolved in ultra-
pure water to obtain 1 x 10 > mol L™ " and 3 x 10> mol L™ " stock
solutions. Phosphate buffer (a mixture of NaH,PO,-2H,0 and
Na,HPO,-12H,0, 0.2 mol L’l) was used to maintain the pH value
at 7.4. The potassium salts of PFOS, PFHS, and PFBS were
purchased from Sigma Chemical Company. These were dissolved
in ultrapure water to form solutions of concentration 1 x 10~ mol
L~" and diluted as required. All the solutions were stored at 0~4 °C.
4-Nitrophenyl acetate was bought from Sigma Chemical Company
and stored at —20 °C. The ultrapure water used in the experiments
had a resistivity of 18.25 MQ and it was used throughout the
experiments. All the reagents were analytical-reagent grade.

2.2. Apparatus and methods

2.2.1. Fluorescence measurements. Fluorescence spectra
and synchronous fluorescence spectra were obtained using an
F-4600 spectrofluorimeter (Hitachi, Japan).

The excitation wavelength of the fluorescence spectra was set
at 280 nm and emission wavelength ranged from 290 to 450 nm.
The voltage of the photo multiplier tube was set at 750 V. For
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synchronous fluorescence spectra, AA = 15 or 60 nm, the exci-
tation wavelength was set at 265 or 310 nm, and the emission
wavelength ranged from 250 to 350 nm. All the measurements
were conducted with the increasing concentrations of PFASs at
298 K. In these experiments, the concentration of HSA was 1 X
10~° mol L' and the concentration of PFASs ranged from 2 x
10°to1 x 10 *mol L™,

2.2.2. UV-visible absorption spectra. UV-visible absorption
spectra and activity results were obtained via a UV-2450 spec-
trophotometer (Shimadzu, Kyoto, Japan).

The absorption spectra of the solutions were scanned from
190 to 350 nm at 298 K. For each measurement, the solution was
prepared in the same way as for the fluorescence measurement,
and the reference solution was prepared without HSA.

2.2.3. CD measurements. CD spectra were obtained using
a J-810 CD spectrometer (JASCO).

The CD spectra of HSA were obtained from 190 to 260 nm at
298 K at the scan speed at 200 nm min ', using a 1.0 mm quartz
cell. Nitrogen gas was used throughout the experiment. The
phosphate buffer baseline was used to eliminate any possible
interference in the CD spectra. Each CD spectrum is the average
of three scans. The results were analyzed by CD Pro software
(available at http://lamar.colostate.edu/~sreeram/CDPro/) and
it was also employed to estimate the secondary structure
contents of HSA from the CD spectra.’* The concentration of
HSA was 1 x 10~° mol L™" and that of PFASs ranged from 5 x
10 °to1 x 10 * mol L.

2.2.4. HSA esterase activity measurement. 4-Nitrophenyl
acetate can interact with HSA and generate 4-nitrophenol,
which has a maximum absorption at 400 nm.** Thus, UV
absorption spectra could be used to measure the activity of HSA
by detecting the changes in 4-nitrophenol absorption at
400 nm.

In this measurement, the concentration of HSA and 4-
nitrophenyl acetate was controlled at 3 x 10> mol L™ " and 3.75
x 107> mol L™, respectively. Then, 1.0 mL of HSA, 1.0 mL of
phosphate buffer, and different volumes of PFASs solution were
added into 10 mL colorimetrical cylinders and diluted to 10 mL.
After incubating for 20 min at 298 K, the absorption spectra
were obtained by mixing 1.0 mL of the prepared mixture and 2.0
mL of 4-nitrophenyl acetate in a 1 cm quartz cell.**

The esterase activity inhibition rate was calculated using the
following equation:

Inhibition (%) = Aby/Ab,

where Ab, represents the absorption value at 400 nm in 8 min
after the addition of 4-nitrophenyl acetate without PFASs and
Ab, represents the absorption value with different concentra-
tions of PFASs.

2.2.5. Isothermal titration calorimetry. Isothermal titration
calorimetry (ITC) experiment was conducted using a Microcal
ITC200 microcalorimeter (General Electric Company,
Fairfield, CT).

The ITC experiment was conducted at 298 K. The changes in
enthalpy, entropy, and Gibbs free energy were calculated to
investigate the thermodynamic parameters of the interactions,

This journal is © The Royal Society of Chemistry 2017
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binding constant, and binding stoichiometry between HSA and
PFASs. HSA and different PFASs solutions were diluted with
phosphate buffer. PFASs (1 x 10> mol L™ ") were loaded in the
syringe (40 uL), and HSA (1 x 10~° mol L") was added into the
sample cell with a volume of about 280 uL. The total injections
of HSA was injected 14 times (the first injection was about 0.4
uL, followed by 13 injections with 3.0 uL for each) under a stir-
ring speed of 1000 rpm. The blank experiment was carried out
by titrating PFASs into the phosphate buffer solution.

2.2.6. Molecular docking study. Molecular docking calcu-
lations were performed via the software Molecular Operating
Environment (MOE). The structures of PFASs were obtained
from the zinc site (http://zinc.docking.org/). The model of HSA
protein (PDB code 1BJ5) was obtained from RCSB (http://
www.resb.org/pdb/home/home.do). Before the -calculations,
H,0 molecules of HSA were removed and the enzymes were
protonated by adding hydrogen atoms.

3. Results and discussions

3.1. Fluorescence measurements

Fluorescence spectroscopy is an effective method to study the
interactions between the ligands and biomacromolecules.** The
intrinsic fluorescence of protein is mainly from the tryptophan
(Trp), tyrosine (Tyr), and phenylalanine (Phe) residues.**** In
HSA, the emission is dominated by tryptophan.* We investigated
the changes of HSA structure by analyzing the microenvironment
of the amino acids. As shown in Fig. 1, with the increase of PFAS
concentrations, the fluorescence intensity of HSA regularly
changed. With the addition of PFOS, the fluorescence intensity of
HSA increased with an apparent blue shift. With the addition of
PFHS, the intensity decreased with a visible blue shift. With the
addition of PFBS, the intensity increased without a significant
shift. The peak at 308 nm was due to tyrosine fluorescence.’”
These indicated that the microenvironment around the fluo-
rophores changed after PFOS or PFHS was added, whereas PFBS
had only a slight impact on the microenvironment.****

The synchronous fluorescence is an efficient way to
provide information about the changes in the microenvi-
ronment of a specific residue because it can avoid some
overlapping spectra and interferences.*>** When the wave-
length interval (A4) is set at 60 or 15 nm, synchronous fluo-
rescence generates the characteristic information of Trp or
Tyr residues.**** The results depicted in Fig. S21 show similar
changes in the fluorescence intensity of HSA as those shown
in Fig. 1, suggesting that PFOS and PFHS had effects on the
microenvironment of the Trp residues. The polarity around
the Trp residues was found to decrease, which left the Trp
residues in a less hydrophilic environment. However, PFBS
had a little effect on the microenvironment of the Trp resi-
dues. As shown in Fig. S3,f the fluorescence intensity
increased in a dose-dependent manner, whereas the fluo-
rescence peak position of HSA had no significant shift. When
we considered the Tyr residues, the results indicated that all
three PFASs had little effect on the microenvironment of the
Tyr residues in HSA.*>*

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Fluorescence emission spectra of HSA with different concen-
trations of PFASs. Conditions: HSA: 1 x 107® mol L™% A (PFOS), B
(PFHS), and C (PFBS) (a—h): 0,2 x 1078, 6 x 1076, 1 x 107%,3 x 1075, 5
x107°%7%x107% and1 x 10* mol L% pH = 7.4; and T = 298 K.

In summary, all three PFASs impacted the microenviron-
ment of HSA, particularly around the Trp residues. The inter-
action decreased the polarity around the Trp residues and left
the Trp residues in a less hydrophilic environment. The influ-
ences of PFOS and PFHS on the structure of HSA were both
stronger than that of PFBS.

RSC Adv., 2017, 7, 24781-24788 | 24783
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3.2. UV-visible absorption spectra

UV-visible absorption spectroscopy is widely used as a practical
method to investigate the changes in protein conformation.****
The spectra of HSA in the presence of three PFASs are presented
in Fig. S4.7

The strong absorption peak at about 203 nm reflects the
framework of HSA.***¢ According to Fig. S4t and the peak data
plotted in Fig. 2A, the absorbance of HSA with different
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Fig. 2 The absorbance of HSA with different concentrations of PFASs
(A: 203 nm and B: 279 nm). Conditions: HSA: 1 x 10~ mol L™%; PFOS,
PFHS, and PFBS: 0,2 x 107, 6 x 1076,1 x 1075, 3 x 1075, 5 x 1075, 7
x 107 and 1 x 107* mol L™% pH =7.4; and T = 298 K.

Table1 The secondary structure contents of HSA in the absence and
presence of PFOS

Secondary structure content in HSA (%)

PFOS concentrations

(mol L™Y) a-Helix B-Sheet B-Turn Unordered
0 52.7 9.9 17.0 21.3
5% 10°° 53.9 6.3 15.2 24.8
1x10°° 55.4 6.3 18.1 22.1
5x107° 54.5 6.2 15.7 25.6
1x10* 54.1 5.8 17.4 25.1
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concentrations of PFASs slightly increased with a weak red shift.
Therefore, none of the three PFASs caused apparent changes to
the backbone of HSA.

The weak peak in the UV spectrum at about 279 nm reflects
the aromatic amino acids.***® With the addition of different
PFASs, the absorbance of HSA slightly changed (Fig. 2B), sug-
gesting that all three PFASs could change the microenviron-
ment of the aromatic amino acids of HSA, in accordance with
the fluorescence results.

3.3. CD measurements

As a sensitive technique, CD spectroscopy can analyze the
secondary structures of proteins. The binding of ligand to the
protein can change the secondary structure of the protein.
Therefore, CD spectroscopy is used to investigate the structural
changes in proteins.*®*” CD spectra performed in the presence
and absence of different PFASs are shown in Fig. S5.1 There

Table 2 The secondary structure contents of HSA in the absence and
presence of PFHS

Secondary structure content in HSA (%)

PFHS concentrations

(mol L™Y) a-Helix B-Sheet B-Turn Unordered
0 54.7 5.6 17.3 25.0
5x10°° 53.0 6.4 15.5 25.0
1x10°° 52.5 6.4 15.6 25.0
5% 10°° 51.7 8.0 15.7 25.9
1x10* 52.2 7.1 15.9 26.3

Table 3 The secondary structure contents of HSA in the absence and
presence of PFBS

Secondary structure content in HSA (%)

PFBS concentrations

(mol L™Y) a-Helix B-Sheet B-Turn Unordered
0 52.9 6.0 16.2 26.4
5x10°° 53.8 6.4 15.6 25.1
1x107° 53.7 3.8 15.4 27.6
5x107° 54.1 6.1 16.5 25.0
1x10* 53.4 6.6 16.3 25.2

=

=]

=]
1

a
<

Relative esterase activity(%)
o

0 033 066 2
Concentration(10-5mol/L)
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Fig. 3 HSA esterase activity with different concentrations of PFASs.
Conditions: HSA: 1.0 x 107> mol L% PFASs: 0,3.3 x 1075, 6.7 x 107°,
20%x107533x107% 6.6 x 107>, and 1.3 x 10 * mol L™%; pH = 7.4;
and T = 298 K. HSA activity was evaluated by comparison with the
control.
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were two negative peaks at 208 and 218 nm, which represent the
a-helix structures.*® The software CD Pro was used to estimate
the secondary structure contents of HSA via analyzing the CD
spectra (Tables 1 to 3).>° It proved that PFASs caused some
alteration in the HSA secondary structure. With the addition of
PFOS, the a-helix content of HSA slightly increased (~1.4%),
whereas the content of B-sheet showed an opposite trend
(~4.1%). However, opposite results were obtained when PFHS
was added, including a-helix content decrement (~2.5%) and B-

View Article Online
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sheet content increment (~1.5%). The content of a-helix and B-
sheet ambiguously changed after the addition of PFBS.

In summary, all three PFASs had limited impact on the
secondary structure of HSA, in accordance with the UV-visible
absorption results.*®

3.4. HSA esterase activity

As shown in Fig. 3, with the increasing exposure to PFASs, the
relative activity of HSA decreased. At low dosage, the decrease in
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L% pH =7.4; and T = 298 K.
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ITC results with the addition of different PFASs (A: PFOS, B: PFHS, and C: PFBS). Conditions: HSA: 1 x 10~> mol L™; PFASs: 1 x 10~ mol
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esterase activity with the addition of PFOS was similar to that
obtained with the addition of PFHS. Compared with the control
group, the esterase activity of HSA was inhibited to 72.3% and
75.0% under an exposure to PFOS and PFHS at 3.3 x 10~ ° mol
L™". At high concentrations, the effect of the PFASs decreased
with the shortening of the carbon chain. Compared with the
control group, the inhibited esterase activity of HSA decreased
to 28.6%, 43.2%, and 54.4% under an exposure to PFOS, PFHS,
and PFBS, respectively, at 1.3 x 10~ * mol L™ ". This effect caused
by PFASs could be attributed to the interaction of PFASs with the
active center of HSA or to changes in the structure of HSA
induced by PFASs. Based on the results of UV-visible and CD
spectra, which showed no significant changes in the structure,
we considered that the PFASs directly interacted with the active
center of HSA.

3.5. Isothermal titration calorimetry (ITC)

The ITC technique can be used to measure the thermodynamic
parameters, including binding affinity (K,), binding stoichi-
ometry (n), enthalpy changes (AH), and entropy changes (AS), of
the interaction between the ligands and macromolecules.*>*
The Gibbs free energy (AG) was calculated using the following
equation:

AG=AH - TAS=—-RTIh K

View Article Online
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In the abovementioned equation, T, R, and K represent the
thermodynamic temperature, the gas constant, and the binding
constant, respectively.

In Fig. 4, the top panel shows a plot of heat flow against time,
and the bottom panel shows the results of this system. The top
result indicated that the interaction of HSA with PFASs was an
exothermic reaction. The bottom result analyzed by the model
of sequential binding sites (1 site) showed that enthalpy
changes (AH) were negative and entropy changes (AS,) were
positive, suggesting that the predominant force of this system
was electrostatic interaction.>® The negative Gibbs free energy
reflected that the interaction between HSA and PFASs was
spontaneous.

As shown in Fig. 4, the Gibbs free energy increased with the
shortening of the carbon chain, indicating that the binding
constant (K) decreased with the shortening of the carbon chain.
It suggests that the binding ability increased with the length-
ening of the carbon chain.

3.6. Molecular docking simulation

The three-dimensional structure of HSA determined by X-ray
crystallography is composed of three domains I, II, and III,
which endow the protein with a heart-shaped molecule
form.>>** The principal binding sites of albumin are located in
the hydrophobic cavities in the subdomains IIA and IITA.>**

A 403,

Fig. 5 The interaction between PFASs and the amino acid residues (A
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Previous studies showed that domains III carried net charges of
+2e.°® Thus, negatively charged CgF;,S03;~ (PFOS), C¢F1350;™
(PFHS), and C4F,SO;~ (PFBS) may bind to HSA at the sub-
domain IITA. Based on the ITC results, the predominant force of
this system was electrostatic interaction. However, former
research showed that other forces, such as hydrophobic inter-
actions, existed in the binding of PFOS to HSA.*”

The software MOE was used to further define the binding
site. The simulation box was set to domain IIIA for PFASs.
Binding results after the energy optimization are shown in Fig. 5
and 6. The isoelectric point of arginine (Arg) and asparagine
(Asn) is 10.76 and 5.41. As a result, at pH 7.4, Arg is positively
charged and Asn is negatively charged. Thus, as shown in
Fig. 5A, PFOS mainly reacted with amino acid residues via
electrostatic forces and hydrogen bonds (Asn 391, Arg 410, and
Tyr 411). Fig. 6A shows the electrostatic and Gaussian contact
map superimposed with PFOS and HSA. The MOE results of this
system basically confirmed the results obtained from the ITC
experiment. Former research suggested that this region was one
of binding regions to the PFOS-HSA complex.*® As lower chain
homologs, we considered that the binding between HSA and
PFHS or PFBS was similar to the binding of PFOS to HSA. The
binding data between PFASs and main residues of HSA, through
hydrogen bonds, are presented in Tables S1 to S3.1 For example,
in Table S1,T the H atom on the hydroxyl of PFOS binds to the
carbon-oxygen double bond on Asn 391. The O atom on the
hydroxyl of PFOS binds to amino on Arg 410. The O atom on the
sulphonyl group of PFOS binds to hydroxyl on Tyr 411. The
distance between atoms is 1.39 A, 2.65 A, and 2.48 A.

Drug site II (in subdomain IITA) of HSA is the active site for
esterase activity. Both Arg 410 and Tyr 411 are in this site.>* The
results of the molecular docking calculation confirmed the

Fig. 6 Molecular simulation results of PFASs and the HSA system (A:
PFOS, B: PFHS, and C: PFBS). The electrostatic map superimposed with
PFASs and HSA (positive charge region is indicated in blue, negative in
red, and neutral in white). The Gaussian contact map superimposed
with PFASs HSA (hydrophobic preference is indicated in green,
hydrogen-bonding in pink, and mild polar in blue).

This journal is © The Royal Society of Chemistry 2017
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result of the esterase activity assay. According to the results of
the UV-visible and CD spectra, the backbone and secondary
structure of HSA did not significantly change. Based on the
results of molecular docking, it can be suggested that binding
changed the local structure around the active site, which
affected the esterase activity. The ITC result reflected that the
binding ability increased with the lengthening of the carbon
chain. This probably led to the decrease of esterase activity with
the lengthening of the carbon chain.

4. Conclusions

In this study, multiple spectroscopic methods, calorimetry
technique, and esterase activity assay were used to investigate
the interaction between PFASs and HSA. The ITC results indi-
cated that all three PFASs could bind to HSA through a sponta-
neous exothermic process, with a predominant force of
electrostatic interaction. All three PFASs changed the microen-
vironment of HSA; however, the influences of PFOS and PFHS
were stronger. When different PFASs were added, the backbone
and secondary structure of HSA did not significantly change.
The molecular docking study indicated that all three PFASs
bound to the Arg 410 residue in HSA, which belonged to an
active center of HSA. We considered that the binding changed
the local structure around the active site, which affected the
esterase activity. The esterase activity of HSA decreased and the
effect of PFASs decreased with the shortening of the carbon
chain. The binding ability increased with the lengthening of the
carbon chain, leading to the decrease of the esterase activity
with the lengthening of the carbon chain. Overall, the toxicity of
PFASs to HSA decreased with the shortening of the carbon
chain. The effect of PFBS was found to be less than that of either
PFOS or PFHS. PFBS did not bring about apparent conforma-
tional changes, but it induced functional changes in HSA. This
research may provide fundamental data for the mechanism and
toxicity of PFASs, which contained a different carbon chains,
towards HSA.
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