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Perfluoroalkyl acids (PFAAs), an emerging class of globally environmental contaminants, pose a
great threat to humans with wide exposure from food and other potential sources. To evaluate the
toxicity of PFAAs at the protein level, the effects of three PFAAs on bovine serum albumin (BSA)
were characterized by fluorescence spectroscopy, synchronous fluorescence spectroscopy, and
circular dichroism (CD). On the basis of the fluorescence spectra and CD data, we concluded that
perfluoropentanoic acid (PFPA) had little effect on BSA. However, perfluorooctanoic acid (PFOA)
and perfluorodecanoic acid (PFDA) exhibited remarkable fluorescence quenching, which was
attributed to the formation of a moderately strong complex. The enthalpy change (AH) and entropy
change (AS) indicated that van der Waals forces and hydrogen bonds were the dominant
intermolecular forces in the binding of PFAAs to BSA. Furthermore, the BSA conformation was
slightly altered in the presence of PFOA and PFDA, with a reduction of a helix. These results
indicated that PFAAs indeed impact the conformation of BSA, and PFAAs with longer carbon chains
were more toxic, especially at lower concentrations.
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INTRODUCTION

Perfluoroalkyl acids (PFAAs) are a family of synthetic per-
fluorinated chemicals that are composed of a carbon backbone
typically 4—14 atoms in length and a charged functional group
(primarily carboxylate, sulfonate, or phosphonate). The eight-
carbon molecules known as perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) are two of the most common
representatives. The unique chemical properties of PFAAs (1)
make them highly desirable in the manufacture of a variety of
products, such as fabrics, floor waxes, polymeric products, food
packaging, and industrial surfactants (2, 3).

The carbon—fluorine bond is one of the strongest bonds in
organic chemistry; thus, these fully fluorinated hydrocarbons are
exceedingly stable and resistant to degradation by natural pro-
cesses, such as metabolism, hydrolysis, photolysis, or biodegra-
dation. PFAAs have been identified at low concentrations in
environmental media samples, wildlife, and even humans (4—7).
Because of their broad exposures in the environment, many
studies have been performed to evaluate their potential human
health effects (8—10). The treatment of rodents with PFOA
and PFOS can cause reductions in body weight, peroxisomal
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f-oxidation in cultured hepatocytes, and decreases in serum
cholesterol and triglycerides (/7, 12). In addition, PFAAs with
various alkyl chain lengths show major differences in their toxic
effects. The rate of elimination is enhanced for short carbon chain
lengths, while PFAAs with longer chains are more bioaccumu-
lative according to the biomonitoring data (13, 14). However, their
distributions are different from other persistent organic pollutants
(POPs), which accumulate in human adipose tissue. Interestingly,
PFAAs are accumulated mainly in plasma, liver, and kidney
because of their hydrophilic nature (15). In recent years, consider-
able public attention has been paid more to the toxicities of PFOA
and PFOS because of their wide distribution (16, 17), yet the lack
of toxicological data for other PFAAs still greatly limits risk
assessment of the environmental pollution caused by PFAAs.
Previous studies have shown that these perfluoroalkyl chemicals
could interfere with the binding affinity of fatty acids with
liver—fatty acid binding protein (/8). Besides, they are suspected
to be circulated throughout the body by noncovalent binding to
plasma proteins primarily with serum albumins (/5). However,
there are few detailed studies on the protein binding properties and
potential toxicological relationship of PFAAs in the same class,
which are potentially important for understanding and predicting
the toxicity of PFAAs in the human plasma.

Serum albumins are the major soluble proteins of the circu-
latory system and have many physiological functions. They serve
as a depot protein and play important roles in the transportation

Published on Web 04/19/2010 pubs.acs.org/JAFC
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Figure 1. Effectof (A) PFPA, (B) PFOA, (C) PFDA on the fluorescence intensity of BSA; (D) Normalized fluorescence intensity of BSA with (l) PFPA, (@) PFOA
and (a) PFDA concentrations. PFPA (x107® molL) 1—6: 0, 1, 3, 5, 7, and 10. PFOA (><1O_6 moll) 1—10: 0, 1, 2, 3, 4, 5, 6, 7, 10, and 20. PFDA
(x 107 mollL) 1—10: 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 5, and 7. The concentration of BSA: 1 x 10™® mollL; Buffer: NaH,PO,—Na,HPO,, pH =7.40; T =300 K.

of a variety of endogenous and exogenous compounds in blood (19).
It has been proposed that the distribution and metabolism of many
biologically active compounds, such as metabolites, drugs, and even
some toxins, in the body are correlated with their affinities toward
serum albumin (20, 21). The binding of toxicants to serum albumin
can impede the transport of endogenous substances and cause
conformational changes of protein, which may affect its activity or
even change its physiological function (22, 23). Because of its
structural homology with human serum albumin (HSA), bovine
serum albumin (BSA) has been one of the most extensively studied
members of this group of proteins (24).

Fluorescence has been proven as a sensible method to provide
qualitative and quantitative information on the PFAA—albumin
interactions, especially at low PFAA concentrations (25). There-
fore, in this work, we use fluorescence spectroscopy, synchronous
fluorescence, and circular dichroism (CD) techniques to explore
the toxic effects of perfluoropentanoic acid (PFPA), PFOA, and
perfluorodecanoic acid (PFDA) on BSA under simulative physio-
logical conditions. The mechanisms of interaction of PFAAs with
different carbon chain lengths to BSA, such as their binding
constants and the impact on the conformational space, are
discussed. This report provides a new approach to explore the
biological toxicity of PFAAs at the functional macromolecular
level. In addition, it will also complement studies on the environ-
mental risk assessment of PFAA pollution.

MATERIALS AND METHODS

Reagents. BSA (electrophoretic grade reagent, 90% purity) purchased
from Beijing Chemical Reagent Corporation was prepared at 1.0 x 107
mol/L in 0.02 mol/L NaH,PO,—Na,HPO, (pH 7.40), then preserved

at 0—4 °C, and diluted as required. PFPA (97% purity), PFOA (95%
purity), and PFDA (97% purity) were all purchased from Alfa Aesar
(Ward Hill, MA). Stock solutions of PFPA, PFOA, and PFDA were
prepared at a concentration of 1.0 x 107>, 1.0 x 1073, and 1.0 x 10~*
mol/Lin 0.02 mol/L NaH,PO4—Na,HPO, (pH 7.40) buffer. All other
chemicals were of analytical grade. Ultrapure water was used
throughout the experiments.

Fluorescence Quenching Measurements. All fluorescence spectra
were measured on a F-4600 fluorophotometer (Hitachi, Japan) equipped
with a 10 mm quartz cell and a 150 W xenon lamp. A certain amount of
PFAA and 1 mL of BSA stock solution were added in turn to a 10 mL
colorimetric tube and made up to the mark with 0.02 mol/L NaH,-
PO,—Na,HPO, (pH 7.40) buffer. After equilibration for 20 min, the
fluorescence emission spectra were scanned in the range of 290—450 nm
using an excitation wavelength of 278 nm at three temperatures. The
excitation and emission slit widths were both set at 5 nm.

Principles of Fluorescence Quenching. Fluorescence quenching data
are first analyzed with the Stern—Volmer equation(26)

Fo/F =14+ Ky[0] = 1+kq7o[Q] (1)

where F and F are the fluorescence intensities of protein in the absence and
presence of the quencher, respectively, kq is the quenching rate constant of
the biomolecule, K, is the dynamic quenching constant, 7, is average
lifetime of the molecule without the quencher and is generally taken as
1078 s, and [Q] is the concentration of the quencher.

Otherwise, the data should follow the modified Stern—Volmer equa-
tion (26) for static quenching

Fo_1o11
AF LK 0T @)

where AF is the difference in fluorescence intensity with and without the
quencher at concentration [Q], K, is the effective quenching constant for
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Figure 2. Stern—Volmer plots for (A) PFOA and (B) PFDA with BSA
at (M) 300K, (») 310K, and (O) 320 K. The concentration of BSA =1 x
10~ mol/L. Buffer = NaH,PO,—Na,HPO, at pH 7.40.

Table 1. Stern—Volmer Quenching Constants of the PFOA—BSA and
PFDA—BSA Systems at Different Temperatures

K k

SV
T(K) (x10*Lmol™") (x10' moql L's™ R SD
300 5.43 5.43 0.99587  0.01171
PFOA 310 5.16 5.16 0.98562  0.02093
320 3.68 3.68 0.99142  0.01149
300 18.92 18.92 0.99599 0.01313
PFDA 310 17.73 17.73 0.9909  0.0186
320 17.30 17.30 0.99646 0.01128

the accessible fluorophores, and f, is the fraction of accessible fluorescence.
The dependence of Fy/AF on the reciprocal value of the quencher
concentration [Q] " is linear, with a slope equal to the value of (f,K,) .

As for the temperature-dependent thermodynamic parameters, they
could be studied on the basis of the van’t Hoff equation (27), if the
enthalpy change (AH) does not vary significantly over a certain tempera-
ture range

AH AS
K =———+— 3
8 RT R G)
where K is analogous to the effective quenching constants K, at the
corresponding temperature and R is the gas constant. In addition, the free
energy change (AG) can be estimated according to the following relationship:

AG = AH—TAS = —RTn K (4)

CD Studies. CD spectra of BSA in the absence and presence of PFAAs
were taken over the range of 200—250 nm on a J-810 CD spectrometer
(Jasco, Tokyo, Japan) using a quartz cell with a path length of 10 mm. The
scanning speed was set at 200 nm/min. Each spectrum was the average of
two successive scans.
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The CD results were expressed in terms of mean residue ellipticity
(MRE) in degree cm? dmol ™" according to the following equation (28):

observed CD (medg)

MRE =
Conl x 10

(%)

— MREjys — 4000

o helix (%) = —=500— 2000

x 100 (6)

where C,, is the molar concentration of the protein, 7 is the number of
amino acid residues, and /is the path length.

RESULTS AND DISCUSSION

Fluorescence Quenching Spectra of BSA. BSA is considered
to possess intrinsic fluorescence originating from the Trp-134
and Trp-212 tryptophan residues. Trp-212 is situated within a
hydrophobic binding pocket of the protein, which is in a well-
characterized binding cavity for small charged aromatic mole-
cules, while Trp-134 is thought to be located on the surface of the
molecule (/9). Consequently, fluorescence quenching can be
regarded as a technique for the measurement of binding affinities.

The fluorescence spectra of BSA at a series of concentrations of
PFPA, PFOA, and PFDA at 300 K are illustrated in Figure 1. As
shown in Figure 1A, the fluorescence intensity is slightly enhanced
by the addition of PFPA but there is no shift of the emission
wavelength. In contrast, the spectra of the other two systems,
PFOA—BSA and PFDA—BSA, manifest remarkable fluore-
scence quenching as the concentration increases (panels B and
C of Figure 1). Concomitantly, their emission peak wavelengths
significantly blue shift, which is attributed to the increased
hydrophobicity around tryptophan residues. The drop of fluore-
scence can be rationalized by the conformational changes of BSA
after the binding, which can lead to the gradual exposure of
tryptophan residues to water. To make the trends more clear, the
normalized fluorescence F/Fy of the spectra is plotted in Figure 1D
as a function of the PFAA concentration, where Fj and F are the
fluorescence intensities of BSA before and after the addition of
PFAAs, respectively. When the general trends of the three curves
in Figure 1D are compared, the slight rise of the PFPA curve
indicates that PFPA has little effect on the fluorescence intensity
of BSA. However, the other two compounds exhibit significant
drops in a certain range and then become steady at higher
concentrations. From the slopes of the PFOA and PFDA curves,
it can be concluded that the binding of PFDA to BSA is much
stronger than that of PFOA. In other words, PFDA could pose
more of a health threat than PFOA at lower exposures. Our
further research below into the mechanism of fluorescence
quenching was limited to PFOA and PFDA.

Mechanisms of Fluorescence Quenching. Fluorescence quench-
ing is the decrease of the quantum yield of fluorescence from a
fluorophore induced by a variety of molecular interactions with
quencher molecules. The different mechanisms of fluorescence
quenching are usually classified as either dynamic quenching,
resulting from collisional encounters, or static quenching, because
of the formation of a ground-state complex between the fluoro-
phore and quencher. In both cases, molecular contact is required
between the fluorophore and the quencher for fluorescence
quenching to occur (26). Yet the two forms of fluorescence
quenching can be distinguished by their different dependence
upon temperature and viscosity or preferably by lifetime mea-
surements.

To further elucidate the quenching mechanism induced by
PFAAs, the graphs plotted for Fy/F against [Q] according to the
Stern—Volmer equation are shown in Figure 2. The curves are
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Figure 3. Modified Stem—Volmer plots for (A) PFOA and (B) PFDA with
BSA at (W) 300K, () 310K, and (O) 320 K. The concentration of BSA =
1 % 107 mol/L. Buffer = NaH,PO,—Na,HPO, at pH 7.40.

Table 2. Modified Stern—Volmer Association Constants K, and Relative
Thermodynamic Parameters of the PFOA—BSA and PFDA—BSA Systems

K, AH AG AS
reagents T(K) (x10°molL™") R (kdmol™") (kJmol™") (J(mol""K™"

300 436 0.99497 —26.61

PFOA 310 2.93 099181 —27.61 —26.58 —3.32
320 217 0.9967 —26.55
300 68.46 0.99155 —33.55

PFDA 310 4417 0.99744 3714 —33.43 —11.96
320 27.22 0.99658 —33.31

linear with high R values, and the calculated quenching constants
at the corresponding temperatures are listed in Table 1.

Generally speaking, during the dynamic process, the quench-
ing rate constants of the fluorescent complexes will increase with
the temperature, because the higher temperatures will result in
faster diffusion and, hence, lead to larger amounts of collision
quenching. Moreover, the maximum dynamic quenching con-
stant kg of the various quenchers is 2.0 x 10" L mol " s~ " under
normal circumstances (26). However, the constant K, in Table 1
isinversely correlated with the temperature, and k is much larger
than 2.0 x 10'° L mol ' s™'. Therefore, we preliminarily conclude
that the quenching mechanisms belong to static quenching.

The modified Stern—Volmer plots are displayed in Figure 3,
and the corresponding values of K, at three temperatures are
presented in Table 2. The quenching constants are found to
decrease as the temperature rises. Therefore, the data again
confirm that the quenching process between BSA and PFAAs
belongs to static quenching.

Thermodynamic Parameters and Binding Modes. There are four
types of interactions between small molecule ligands and bio-
logical macromolecules: hydrophobic forces, hydrogen bonds,

Qin et al.

10.7

A
1069 = InK=-0.39873+3320.55/T; R=0.99829

10.54

10.4 4

InK

10.3 4

10.2 4

10.1 4

10.04

9.9 T T T T
3.10 3.15 3.20 3.25 3.30 3.35

1000/T(K™T)

13.6

13.44
= InK=-1.43809+4467.6/T; R=0.99886

13.24

InK

13.04

12.84

12.64

12.4 T T T T
3.10 3.15 3.20 3.25 3.30 3.35

1000/T(K™1)

Figure 4. van't Hoff plot for the interaction of BSA with (A) PFOA and (B)
PFDA in phosphate buffer.

van der Waals forces, and electrostatic interactions. The signs and
magnitudes of the thermodynamic parameters (AH and AS) can
account for the main forces involved in the binding reaction. If the
temperature changes little, the reaction enthalpy change (AH) can
be regarded as constant and can be calculated on the basis of the
slope of a plot of In K versus 1/T (Figure 4).

Ross and Subramanian (27) have summed up the thermo-
dynamic laws to determine the types of binding associated with
various interactions. That is, if AH < 0 and AS < 0, van der
Waals interactions and hydrogen bonds play main roles in the
binding reaction. If AH > 0 and AS > 0, hydrophobic interac-
tions are dominant. Electrostatic forces are more important when
AH < 0 and AS > 0. The thermodynamic parameters and K,
values of the PFOA—BSA and PFDA—BSA systems are listed in
Table 2. The negative sign for free energy (AG) of the PFOA—
BSA system (Table 2) indicates that the interaction process is
spontaneous. In addition, the values of AH and AS for the
binding reaction are —27.61 kJ mol~' and —3.32 J mol ™' K™,
respectively, which demonstrate that hydrogen bonds and van der
Waals forces play major roles in the acting forces.

PFOA is known as a water and oil repellant (/, 2). In aqueous
solution, PFOA is lipophobic enough to insert into the hydro-
phobic cavity of BSA and the carboxylic acid can also form
hydrogen bonds with the protein side chains. PFDA exhibits the
same thermodynamic trends as PFOA, suggesting that hydrogen
bonding and van der Waals forces are predominant in the binding
of both molecules to BSA.

In addition, the K, (Table 2) of PFDA—BSA is much greater
than that of PFOA—BSA, revealing that PFDA, which has a
longer carbon chain, has a higher affinity than PFOA, which is in
accordance with the results in Figure 1D.

Conformational Changes Shown by Synchronous Fluorescence.
Spectroscopy is considered to be an ideal tool to observe
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Figure 5. Synchronous fluorescence spectra of (A) PFOA and (B) PFDA with BSA: (a) observing tyrosine residues as A4 = 15 nm and (b) observing
tryptophan residues at A =60 nm. (A) PFOA (x 10~ ®mol/L) 1—6:0, 1,3,5,7, and 10. (B) PFDA (x 10 ®mol/L) 1—6:0, 1,2, 3, 5, and 7. The concentration

of BSA =1 x 10 ® mol/L. Buffer = NaH,PO,—Na,HPO, at pH 7.40. T=300 K.

structural and conformational changes, because it allows non-
intrusive measurements of substances in low concentration under
physiological conditions. The intrinsic fluorophores in serum
albumins show significant advantages, because tryptophan is
highly sensitive to the local environment and also displays a
substantial spectral shift. As a result, the position of the spectra
maximum (4,,.,) depends upon the properties of the environment
of the tryptophanyl residues, and the fluorescence spectra depend
upon the degree of exposure of the tryptophanyl side chain to the
polar aqueous solvent and its proximity to specific quenching
groups (26, 29).

Synchronous fluorescence spectra can supply characteristic
information about the molecular environment in the vicinity of
chromosphere molecules, such as tyrosine or tryptophan residues,
and have several advantages, such as spectral simplification,
reduction of the spectral bandwidth, and avoidance of different
perturbing effects (29). Besides, the synchronous spectra are
obtained through the simultaneous scanning of the excitation
and the fluorescence monochromators of a fluorimeter with a
fixed wavelength difference (A1) between them. Therefore, syn-
chronous fluorescence spectroscopy focusing on the tyrosine and
tryptophan residues of BSA was adopted to explore the structural
changes of BSA in the presence of various concentrations of
PFOA and PFDA.

It is apparent from Figure 5b that the emission peaks of the
tryptophan residues (A4 = 60 nm) show a slight blue shift upon
the addition of PFOA and PFDA. This phenomenon expresses
the conformational changes of the tryptophan residues, around
which the polarity is decreased and the hydrophobicity is in-
creased (30). Tyrosine (A1 = 15 nm) reveals the opposite intensity

trend from tryptophan (A4 = 60 nm), showing a rise in intensity
but no shift with the addition of PFAAs. These results further
confirm that conformational and micro-environmental changes
occur in BSA in the presence of PFAAs.

Secondary Structural Changes of BSA Shown by CD. CD is a
powerful technique to investigate the secondary structural
changes of proteins, because in the far-ultraviolet region, they
are related to the polypeptide backbone structure (37). There are
two negative peaksin the UV region at 208 and 222 nm, which are
characteristic of the a-helical structure of a protein.

CD experiments at various concentrations of PFOA (Figure 6A)
and other ones on all three PFAAs at the same concentration
(Figure 6B) show the possible impact of PFAAs on the secondary
structure of BSA. In Figure 6A, the proportion of o helix decreases
gradually with the concentration of PFOA. In Figure 6B, the
amount of a helix drops somewhat with the increase of the carbon
chain lengths. From the curves in Figure 6B, there is little a-helix
change in the PFPA—BSA system, indicating that PFPA has little
effect on the conformation of BSA, consistent with the conclusion
drawn from the fluorescence spectra. The other two PFAAs cause a
decrease in a-helix content, and PFDA leads to a greater change
than PFOA. All of these data confirm that the binding of PFAAs to
BSA results in a change of the secondary structure of the protein.

In conclusion, serum albumin is known as a multifunctional
plasma carrier protein for its ability to bind a wide variety of
ligands (24). Tests of the potential damage of PFAAs with
different carbon lengths to BSA were conducted at the molecular
level by spectroscopic methods. PFAAs with a greater number of
carbon atoms cause a stronger fluorescence quenching. PFPA
was found to have little effect on BSA based on both the
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Figure 6. (A) CD spectra of (1) free BSA, (2) PFOA (2 x 10~ ® mollL) +
BSA, and (3) PFOA (4 x 10~®moliL) + BSA. (B) CD spectra of (1) free
BSA, (2) PFPA (1 x 10~ ®mol/L) + BSA, (3) PFOA (1 x 10~ ® mollL) +
BSA, and (4) PFDA (1 x 10~ mol/L) + BSA. The concentration of BSA =
2 x 10”7 mol/L. Buffer = NaH,PO,—Na,HPOQ, at pH 7.40. T = 300 K.

fluorescence spectra and CD data. PFOA and PFDA displayed
static quenching on the fluorescence of BSA, which was produced
by the spontaneous formation of a moderately strong complex
with BSA. On the basis of the thermodynamic parameters,
hydrogen bonding and van der Waals interactions played major
roles in the binding of PFAAs to BSA. In addition, PFDA was
found to bind more strongly than PFOA. Furthermore, the CD
spectra confirmed that their binding could induce conformational
changes to BSA. These results demonstrate that the chain length
of PFAA has a profound impact on its binding affinity with BSA.
The data can supply some quantitative information for studies on
the molecular toxicology of the chain length and functional group
of this class of compounds. Further studies are needed to provide
a sound basis for health risk assessment of these chemicals.

ABBREVIATIONS USED

PFAA, perfluoroalkyl acid; PFPA, perfluoropentanoic acid,
PFOA, perfluorooctanoic acid; PFDA, perfluorodecanoic acid;
BSA, bovine serum albumin; CD, circular dichroism.
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