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Abstract

With an increasing number of health-related impacts of per- and polyfluoroalky! substances
(PFAS) being reported, there is a pressing need to understand PFAS transport within both the
human body and the environment. As proteins can serve as a primary transport mechanism

for PFAS, understanding PFAS binding to proteins is essential for predictive physiological
models where accurate values of protein binding constants are vital. In this work we present a
critical analysis of three common models for analyzing PFAS binding to bovine serum albumin
(BSA) based on fluorescence quenching: the Stern-Volmer model, the modified Stern-\Volmer
model, and the Hill equation. The PFAS examined include perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluorobutanesulfonic acid
(PFBS), perfluorohexanesulfonic acid (PFHxS), perfluorooctanesulfonic acid (PFOS), and

the replacement compound 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoate (HFPO-DA or
GenX). While all three models capture the general effects of hydrophobicity and steric
limitations to PFAS binding, the Hill equation highlighted a unique relationship between binding
cooperativity and the number of fluorinated carbons, with PFOA exhibiting the greatest binding
cooperativity. The significance of steric limitations was confirmed by comparing results obtained
by fluorescence quenching, which is an indirect method based on specific binding, to those
obtained by equilibrium dialysis where PFAS binding directly correlated with traditional measures
of hydrophobicity. Finally, the binding constants were correlated with PFAS physicochemical
properties where van der Waals volume best described the steric limitations observed by
fluorescence quenching.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are synthetic compounds produced for a wide
range of applications including nonstick industrial and commercial products, textiles, and
firefighting foams. Due to their persistence in the environment, human and ecosystem-
related exposures can occur long after release (Domingo and Nadal, 2017). Ninety-eight
percent of the United States population is expected to have detectable amounts of PFAS
in their blood (Hu et al., 2016). Water treatment plants are not equipped to remove all
PFAS from water and thus, drinking water creates another continuous exposure route
(Ross et al., 2018). Although more robust remediation systems are being created for the
legacy compounds such as perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS), shorter and longer PFAS may not respond to the new treatment systems
(Ahrens and Bundschuh, 2014; Xiao et al., 2020). It is estimated that there are over 4,700
different PFAS and limited knowledge about even the simplest of compounds (Boston et al.,
2019). Once these PFAS enter the body, they are linked to negative health effects such as
immunosuppression, obesity, and insulin resistance (Cardenas et al., 2017; Grandjean and
Budtz-Jagrgensen, 2013; Hartman et al., 2017)

As the scientific community discovers more PFAS, there is a need to understand the effect
on ecosystems and humans. Using bioaccumulation modeling, Ng and Hungerbihler (2014)
explained that both protein and lipid association are vital to the adaptation of models

for different PFAS. Dassuncao et al (2018) also used bioaccumulation modeling but were
limited by information available related to protein binding and lipid association. Another
predictive tool used is physiologically based pharmacokinetic/ pharmacodynamic (PBPK/
PBPD) modeling but also requires accurate tissue-protein partitioning coefficients.

Due to the lack of PFAS protein binding data, researchers have used both computational
models and laboratory experiments to obtain binding constants for different PFAS (Chen
et al., 2015; Chen and Guo, 2009; Cheng and Ng, 2018; Fedorenko et al., 2021; Qin et
al., 2010; Salvalaglio et al., 2010; Wu et al., 2009). Most of this work has been limited to
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legacy PFAS (PFOA and PFOS). Bovine serum albumin protein (BSA) and/or the human
equivalent (HSA) are used because they are the most abundant in the blood and albumin has
been shown to be the major carrier of PFAS in the body (Forsthuber et al., 2020). In addition
to transport, serum protein binding of PFAS may provide insight into the effect of PFAS on
the liver, as serum albumin is catabolized in the liver and kidneys (Gitlin et al., 1958). A
limited number of studies have used equilibrium dialysis as a direct measure of the amount
of PFAS bound to serum albumin (Allendorf et al., 2019; Bischel et al., 2010; Gao et al.,
2019; Wu et al., 2009). This approach captures nonspecific interactions and specific binding
events within the hydrophobic pocket of serum albumin.

A common but indirect method to determine PFAS binding to serum albumin has been
fluorescence quenching (Chen et al., 2015; Chen and Guo, 2009; Hebert and Macmanus-
spencer, 2010; Macmanus-spencer et al., 2010; Qin et al., 2010; Wu et al., 2009).
Fluorescence quenching is a widely used spectroscopic technique that measures the binding
of small organic molecules and ions to proteins based on the intrinsic fluorescence of amino
acid residues within the protein structure. In bovine serum albumin (BSA, Figure S1), the
fluorescence stems from two tryptophan (Trp) residues, one located within the hydrophobic
cavity of the protein (Trp-213) and one closer the surface (Trp-134) and more accessible by
the solvent (water) (Steinhardt et al., 1971). The quenching behavior of these Trp residues
indicates the extent of proximal molecular binding and changes in the local polarity of the
solvent environment, revealing information about the binding mechanism. Limitations to the
fluorescence quenching method include the assumptions behind the quenching models and
the apparent lack of consensus as to the appropriate ratio of PFAS to albumin.

In our previous work, Fedorenko et al. (2021) examined the entropic driving force for
PFAS binding to BSA using fluorine nuclear magnetic resonance spectroscopy (1°F-NMR)
and concluded that binding occurs via both specific binding within the hydrophobic pocket
as well as adsorption to the surface of the protein. Here, our aim was to examine how
those different types of binding events influence the fluorescence quenching of BSA and
to evaluate the three common models used to calculate PFAS-BSA association constants
against equilibrium dialysis.

This work examined a range of perfluoroalkylcarboxylates (PFCA, C; g to Cg r where Cy p
denotes the number of fluorinated carbons), perfluoroalkylsulfonates (PFSA; C4 g, Cg r and
Cs r), and the replacement compound 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoate
(GenX; Cs , note that only three carbons are perfluorinated) and established binding
relationships for PFAS physicochemical properties (Scheme 1). Three different data analysis
techniques were used to correlate fluorescence quenching with protein binding: the Stern-
Volmer model, the modified Stern-Volmer model, and the Hill equation. Comparisons
between fluorescence quenching and equilibrium dialysis results provided key insights

into the underlying mechanisms. Relationships were established between octanol-water
partitioning coefficients (log Kg,,) as well as van der Waals volume and the extent of BSA
binding to aid in prediction tools for the wide range of PFAS.
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MATERIALS AND METHODS

Materials.

Bovine serum albumin (lyophilized powder, 99% fatty acid free) was obtained from Sigma-
Aldrich (St. Louis, MO). A BSA concentration of 1.25 uM in pH 7.4 phosphate buffered
saline (1X PBS) was used in each fluorescence quenching experiment. The solution of BSA
was kept at 4°C prior to use.

Perfluorooctanoic acid, perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA),
2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoate (Gen X), perfluorooctanesulfonic
acid, perfluorohexanesulfonic acid (PFHxS), and perfluorobutanesulfonic acid (PFBS) were
obtained from Accustandard, Inc (New Haven, CT). PFAS solutions in PBS were stored at
room temperature in polypropylene containers.

Equilibrium Dialysis.

Samples were prepared in a rapid equilibrium dialysis device (RED; Thermo Fisher,
Waltham, MA) such that the final concentrations of each mixture would contain 10

UM bovine serum albumin (BSA) with either 10 uM, 1 uM, or 20 uM PFAS in

phosphate buffered saline (PBS). These samples were incubated for one hour at 37°C
prior to experimentation. The RED procedure was followed as described previously and as
recommended by the manufacturer (Gao et al., 2019; Waters et al., 2008). Controls of 10
UM of each PFAS were also added to the plate to account for PFAS adsorption onto the
membrane or sides of the chamber. After four hours of incubation at 37°C under constant
shaking, samples were collected from both sides. Samples from the buffer side, containing
no protein, were prepared for analysis by liquid chromatography/mass spectrometry (LC/
MS). Details of the full LC/MS procedure and association constant analysis can be found in
the Supplementary Information.

The fraction of bound PFAS was determined by mass balance as = ([PFAS]initial —
[PFAS]unbound)/[PFAS]initial where [PFAS]initial — [PFAS]unbound = [PFAS]pound- From 7
the protein/water partition coefficient, Kpy (g bound PFAS mL~1 BSA)/(g free PFAS mL™1
water), was determined as

Kow = oPIT=1) ”

where ppis the specific volume of the protein (0.733 mL g~1) and [P] is the total BSA
concentration (10 uM or 6.6x1073 g mL™1) (Bischel et al., 2011). The association constant,
K, (M™1), was calculated as (Allendorf et al., 2019)

[PFAS]bound

Ka - ([P] - [PFAS]bound)[PFAS]unbound

@

where the term ([P] — [PFAS]pound) represents the residual unbound BSA protein assuming
1:1 molar binding.
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Fluorescence Quenching.

Quenching experiments were conducted using a PerkinElmer LS 55 Fluorescence
Spectrophotometer with a 150 W xenon discharge lamp. The temperature was set to 25°C,
30°C, 35°C, or 40°C using a PerkinEImer PTP-1 Peltier Temperature Programmer. The
excitation wavelength was set to 295 nm, data was collected from an emission range of
300 nm to 500 nm at a rate of 100 nm/min, and the slit widths for both the emission and
excitation were set to 6 nm.

A solution of BSA (2 mL) was added to a 1 cm quartz cuvette (Starna Cells, Atascadero,
CA) and the fluorescence spectrum of BSA alone was measured to provide a baseline.
Aliquots of PFAS stock solutions were added incrementally to achieve the desired
concentration range. A linear calibration curve of BSA fluorescence intensity over a range of
concentrations was used to correct for dilution of BSA. The quenching analyses performed
herein were based on the emission intensity at a wavelength of 349 nm, which was the
wavelength for maximum emission intensity for BSA alone.

RESULTS AND DISCUSSION

PFAS binding by equilibrium dialysis
Equilibrium dialysis provides a direct measure of PFAS-protein binding through specific
and non-specific interactions, and a comparative basis for fluorescence quenching-based
association constants. The fraction of bound PFAS fat 37°C, the resulting protein/water
partition coefficient Ky, and the calculated association constants K are reported in Table
1. In addition to representing physiological temperature, 37°C was used in accordance with
reported protocols for protein binding determined by equilibrium dialysis.

The values for the fraction of bound PFAS, 7, and the resulting Kpyy,values obtained in this
work are in agreement with Bischel et al (2011) for the longer compounds (PFNA, PFDA,
and PFOS) but not for the shorter compounds where fvalues =0.99 were reported for PFOA,
PFBS, and PFHXxS. The fvalues for these shorter compounds fall between those reported by
Bischel et al. (2011) and Allendorf et al. (2019), where low bound fractions were observed
for PFOA and PFBS (f= 0.44), and PFHXS (f=0.62). In this work, fincreased with the
number of fluorinated carbons from Cy4  to Cg r. There was no apparent evidence for longer
compounds adopting a helical structure that would result in maximum Kpy, values at Cg ¢
with decreases in Kpyabove Cy g (Bischel et al., 2011).

A positive correlation was observed between the association constants and the logarithm
of the octanol-water partition coefficient, log Kqy, for non-ionic (associated; obtained
from Pubmed; Figure 1A) and ionic (dissociated at pH 7.4; calculated using Marvin
Sketch; Figure 1B) PFAS species, in agreement with values reported previously using
PFAS chain length as a proxy for hydrophobicity (Table 1) (Allendorf et al., 2019). The
PFCA correlation includes GenX, suggesting that binding of this alternative PFAS based
on hydrophobicity is similar to the linear PFCA. Log Ko, correlations are used to examine
quantitative structure-activity relationships (QSAR) governing ligand binding to proteins,
with the log K, coefficient reflecting the strength of hydrophobic binding and depth of
insertion into the protein structure (Hansch and Klein, 1986). A coefficient = 1 indicates a
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strong dependence on hydrophobicity and deep insertion upon binding, which was observed
for PFCA and PFSA. Larger log K,y coefficients were determined for PFCA, suggesting a
stronger dependence on hydrophobicity.

PFAS binding by fluorescence quenching

In contrast to equilibrium dialysis measurements, fluorescence quenching-based
measurements are based on PFAS binding to specific sites on BSA containing tryptophan
(Trp) residues. The extent of fluorescence quenching can be directly related to PFAS
concentration through the Stern-Volmer equation, which has been reported for PFAS-BSA
binding (Bischel et al., 2011, 2010; Chen et al., 2015; MacManus-Spencer et al., 2010; Qin
et al., 2010). The Stern-Volmer equation is written as (Lakowicz, 2006)

F,
0= Kg 0] @)

F
where Fis the fluorescence emission intensity at a specified wavelength (349 nm) of the
protein in the presence of the quencher, A is the fluorescence emission intensity of the
protein in the absence of the quencher, Ksy is the Stern-Volmer association constant, and
[{] is the concentration of the unbound quencher, [PFAS]ynbound- In terms of BSA and
PFAS, Ksy is the degree of association between the quencher and the protein at equilibrium

[PFAS] +[BSA] = [BSA — PFAS| @
o [BSA- PFAS]
Ksv = Keq = TPFAS|[BSA] ©)

where [BSA-PFAS] is the concentration of the bound complex. The Stern-Volmer equation
is based on the following assumptions (Eftink and Ghiron, 1981; Lakowicz, 2006): (i) The
concentration of the quencher is large relative to protein concentration such that [ Qliotal
(or [PFAS]total) can be substituted for [] (or [PFAS]unbound), (ii) the protein-quencher
complex is nonfluorescent, and (iii) binding is noncooperative.

Exemplary spectra and Stern-Volmer plots are shown in the Figures S2 and S3, respectively.
With the exception of PFNA, equation 3 yielded a linear curve suggesting a static quenching
process where the BSA-PFAS complex is non-fluorescent. However, fitted K, values over
[PFAS] from 0 to 6.8 UM did not change appreciably over the temperature range examined
(Figure 2A; Table S2), in contrast with reported studies showing a strong temperature
dependence indicative of enthalpic binding. This may reflect a more dominant entropic
contribution as previously shown using 1°F-NMR (Fedorenko et al., 2021) or an apparent
combined static and dynamic quenching process, where elevated temperatures increase

the diffusivity of binding ligands and thus the collision frequency with the binding site.
Compared to previous studies, the K, values obtained in this work at 25°C are on the same
order of magnitude for PFOA and PFOS at reported temperatures ranging from 21°C to
27°C (Chen et al., 2015; Li et al., 2010; Qin et al., 2010).
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The first limiting assumption of the Stern-Volmer equation is that [PFAS]iotal ~
[PFAS]unboung- To test this assumption, [PFAS]iota) Was increased ten-fold and [BSA] was
held constant. Results for fluorescence quenching decayed exponentially with increasing
[PFAS], displaying a plateau at high [PFAS]. In this case, the modified Stern-Volmer
equation was required to account for saturation by incorporating a fractional accessibility
term, £, of the PFAS to the quenching site (Chen and Guo, 2009; Qin et al., 2010)

Fo  _ 1 L L
Fo—F "~ f.KmusvlO]  fa

(6)

where K)j,s\/is the modified Stern-Volmer association constant. Equation 6 accounts for
downward curvature in Stern-Volmer plots and assumes that, as [Q] > ©9, only the
inaccessible fluorescent amino acid residues can fluoresce. Thus, it allows for two types of
fluorescent residues in a protein—those accessible to the quencher and those not accessible
to the quencher—with no allowance for a partially accessible fluorophore or for binding
cooperativity (Lakowicz, 2006). For BSA this involves PFAS binding near Trp-214 and
Trp-134, with one of these sites being inaccessible. The modified Stern-Volmer equation was
applied over [PFAS] ranging from 14.7 to 68.2 uM for PFCAs and 7.4 to 74.2 uM or 35.7 to
74.2 uM for PFSAs. Data obtained below these lower [PFAS] limits led to poor fits.

Fitted K5, were similar to K, for many of the PFAS examined (Figure 2, Tables S2 and
S3), which implies that the assumption [PFAS]iotal ® [PFAS]unbound iS reasonable for the
Stern-Volmer model and that ‘fractional accessibility’ accounts for saturation at high [PFAS]
in the modified Stern-Volmer model. However, the trends in the association constants with
PFAS size were different with the exception of the two smallest PFAS, GenX and PFBS.
These trends are shown below for 25°C with the largest PFAS, PFDA, in bold and the
sulfonates underlined to distinguish them.

K gy :PFNA > PFOS > PFOA > PFHxS > PFDA > GenX ~ PFBS

K15y :PFOA > PENA > PFOS > PFDA ~ PFHxS > PFBS > GenX

The 7, values (Table S3), ranged from approximately 0.5 to 0.7, with PFBS being the
exception (~0.3). Mechanistically, this means that the binding sites with fluorescent Trp
residues are less accessible to PFBS binding. Being the smallest and most water soluble
PFAS examined, PFBS (Cn,F = 4) may have lacked the hydrophobicity needed to insert
into the hydrophobic, tryptophan-containing regions of BSA. Interestingly, this argument
does not apply to GenX (Cy, g = 5), which showed similarly small K5\ values with 7,
values that were two-fold higher than PFBS. Despite GenX having access to the binding
sites, the affinity between GenX and the binding site was low. This may be due to the
non-linear structure where the CF3 group near the carboxylic acid headgroup sterically
hindered binding.
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The third model applied to the fluorescence quenching data — the Hill equation — also
accounts for the residual fluorescence upon saturation, ., but does not ascribe F.5t0
fractional accessibility. The model applied is based on the Hill approximation proposed by
Hebert et al for PEAS-protein binding (Hebert and Macmanus-spencer, 2010)

(K Q)"
1+ (Kgal o)™

Fo-F

7
FO_Fres @

where Kyjand ng;yare the Hill binding constant and coefficient, respectively. At high
[PFAS] relative to [BSA], this model accurately reflects the quenching conditions, which
are dependent upon the change in protein conformation with the type and concentration of
PFAS (Hebert and Macmanus-spencer, 2010). This dependence is described by 714, which
accounts for binding cooperativity. Hill coefficients greater than 1, r7,;,> 1, denote positive
binding cooperativity, 17y < 1 denote negative binding cooperativity, and 74;,= 1 denote
noncooperative binding. Unlike the Stern-Volmer and modified Stern-Volmer models where
data sets were truncated to accommodate the models, excellent fits were obtained for the
Hill model over the entire concentration range examined.

Comparisons between Ky, Kysyyand Ksy are shown in Figure 3 at the four temperatures
examined (data presented in Table S3). Overall, the association constants based on

Ky were similar to or greater than that for Kyss1,and Ksy; or alternatively, the Stern-
Volmer models underestimated PFAS-BSA binding compared to the Hill model. This was
particularly true for the most hydrophobic carboxylic acids, PFOA, PFNA, and PFDA. There
was comparatively better agreement between Ky Kysyyand Ky with the sulfonic acids.

Additional insight can be gained by analyzing the binding cooperativity described by 1.,
as a function of the number of fluorinated carbons (Figure 4). Results shown at 25°C and
35°C depict two regions — negative cooperativity or noncooperative/positive cooperativity —
that are independent of temperature. Negative binding cooperativity (/77 < 1) was observed
for small (PFBS, C,, g = 4) and large (PFDA, C,, p = 9) PFAS, while noncooperative (GenX,
PFNA) or positive binding cooperativity (PFHXS, PFOA, PFOS) was observed for PFAS
with Cp, f =510 8 (/12 1). The trend in binding cooperativity with C, ¢ may reflect the
ability for intermediate PFAS to ‘fit within’ and bind to the hydrophobic regions containing
Trp, leading to conformational changes within the protein that further increases binding
affinity (Bischel et al., 2011).

To further describe the trends in binding across the range of PFAS, the association constants
obtained via fluorescence quenching were compared to molecular descriptors. Results for K,
versus the number of fluorinated carbons (Figure 5A) agree with previous work showing that
PFOA and PFOS preferentially bind to a hydrophobic cavity within a serum albumin protein
(Chen and Guo, 2009; Salvalaglio et al., 2010). However, the number of fluorinated carbons
is not an adequate proxy for molecular size. PFNA showed the highest association constant,
higher than PFOS, despite having the same number of fluorinated carbons. An analysis of
the van der Waals volume, V{qw, shows that PFOS (Cg ) is larger than PFNA (Cg ¢) and
similar in size to PFDA (Cg ), which also showed a lower K; compared to PFNA (Figure
5B). The importance of steric hinderance is further denoted by PFOA (C5 r), which is less
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hydrophobic than PFOS and has a considerably smaller Vg, but similar association with
BSA. The trends in K, with Vg are similar to those with the ionic log Kg,, (Figure 5C),
which takes into consideration the headgroup charge, where the two largest PFAS, PFOS
and PFDA, are also the most hydrophobic yet exhibit a lower K than PFNA. This trend
was not captured with the associated log K, values (Figure 5D). Above an optimal size,
described by V{qw, the PFAS molecules no longer “fit’ into the same location on BSA
regardless of their hydrophobicity.

The hydrophobic nature of the PFAS-protein interactions can be explored further by
evaluating the wavelength shift in the fluorescence spectra (Figure S5), consistent with
previous studies of both BSA and HSA (Liu et al., 2017; Qin et al., 2010; Wu et al.,

2009). A shift in the wavelength associated with maximum fluorescence emission indicates
a change in the solvent environment surrounding the fluorescent Trp residues. PFBS and
GenX do not show marked shifts in emission wavelength, consistent with low binding
affinity within the hydrophobic cavity of BSA and/or their inability to dehydrate the cavity
and cause local decreases in solvent polarity. For all other PFAS, the blue shift indicates
that PFAS binding created a more hydrophobic environment as the conformation of the
protein changes and bound water molecules are displaced by the PFAS (Vivian and Callis,
2001). The extent of wavelength shift roughly correlates with PFAS hydrophobicity. The
maximum shifts occur for PFNA (=13 nm) for the carboxylates and PFHxS (=10 nm) for
the sulfonates. The shift was not as great for the larger PFDA (=10 nm) or PFOS (=7 nm),
supporting the concept that these molecules do not fit as well within the cavity, which has
been reported for PFDA but not PFOS (Bischel et al., 2010; Macmanus-spencer et al., 2010).

Mechanistic insight comparing fluorescence quenching and equilibrium dialysis

The difference between the two experimental methods presented here is that fluorescence
quenching reflects PFAS binding within the hydrophobic cavity of BSA, while equilibrium
dialysis reflects all binding. Comparing these results can shed more light on the interaction
of different PFAS with BSA. For PFDA (Figure 6), the K, from equilibrium dialysis is

an order of magnitude higher than K}, values determined by fluorescence quenching. As
PFDA is the largest molecule studied (Figure 5B) based on V4w, Size exclusion from the
hydrophobic pockets may make binding to the surface more energetically favorable. For
sulfonates, PFOS shows a similar trend. Although PFOS and PFNA have the same number
of fluorinated carbons, PENA has a higher association constant than PFOS.

Based on the comparison in Figure 6, protein binding based on the Hill equation, which
accounts for binding cooperativity, is in closer agreement with the “true’ extent of binding
based on equilibrium dialysis, particularly for the more hydrophobic PFAS. However, the
results clearly demonstrate that both approaches should be combined to gain a mechanistic
understanding of PFAS binding as a function of their physicochemical properties.

The importance of understanding the effect of physicochemical properties on protein
binding becomes more apparent as industry producers move toward using shorter chain
length PFAS. However, shorter chains do not necessarily result in lower protein binding
affinities than longer chain PFAS (Allendorf et al., 2019). Our work shows, based on both
experimental techniques, that PFHXS binds to BSA with similar affinity as PFOS. This
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is significant to exposure assessment and health risks as albumin has been shown to be

the major carrier of PFAS in human blood (Forsthuber et al., 2020). As more PFASs are
developed as alternatives to legacy compounds, there is a pressing need to continue to
rigorously assess protein binding and identify correlations with PFAS molecular properties.
One way to accomplish this is through the link between log K, and degree of binding. For
example, as log Kq,y, (hydrophobicity) increases for the PFAS of Cg r and smaller in this
study, the degree of binding to BSA increases. As is shown with PFDA (Cg ), this model
parameter should be coupled with Van der Waals volume to account for steric hinderance to
binding.

CONCLUSIONS AND IMPLICATIONS

With albumin being a major protein carrier for PFAS /n vivo, accurate protein binding
constants and mechanistic insight into binding are imperative to guide bioaccumulation
models and physiologically based pharmacokinetic/pharmacodynamic (PBPK/PBPD)
models. In this work, a systematic analysis of fluorescence-based protein binding models
was conducted for an expanded range of PFAS and compared to equilibrium dialysis
experiments. Both experimental methods provide valuable and complimentary insight into
PFAS-BSA binding. While fluorescence quenching focuses on the hydrophobic pocket of
the protein, equilibrium dialysis reports all types of binding, whether in specific locations or
to the surface. By critically examining the differences between the equilibrium dialysis and
fluorescence quenching, we can gain insight into binding mechanisms, especially for those
PFAS-serum protein interactions that have not yet been characterized by crystal structure or
other methods.

Fluorescence quenching has been used to evaluate PFAS binding to serum albumin proteins
but there is no clear guidance on the applicability or limitations of the three models
discussed in this work: the Stern-Volmer model, the modified Stern-Volmer model, and the
Hill equation. By limiting analysis to one of these methods, valuable insight about binding
cooperativity and fractional accessibility to binding sites may not be gained. Combining
models affords another layer of mechanistic insight. As with any model, understanding the
assumptions and limitations is vital to interpretation of the underlying mechanisms.

In addition, the trend in association constants with respect to physicochemical properties
suggests that both hydrophobic and steric effects play a role in degree of binding to serum
albumins. As models are developed to predict transport of PFAS through the human body;,
these intrinsic physicochemical properties are extremely useful. Additional work must be
completed in this area, especially for PFAS of different structures than those studied herein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. PFAS-albumin binding measured by fluorescence and equilibrium dialysis.
. Analysis of fluorescence quenching models suggests cooperative PFAS
binding.
. PFAS hydrophobicity and size collectively describe trends in albumin
association.
. Fluorescence and dialysis differentiate specific and non-specific binding.
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Figure 1.
PFAS-BSA association constant determined by equilibrium dialysis as a function of the

logarithm of the octanol-water partition coefficient, log Koy, for (A) non-ionic (associated;
obtained from Pubmed) and (B) ionic (dissociated at pH 7.4; calculated using Marvin
Sketch) PFAS species. Standard error bars not observed are smaller than the symbols. K in
the fitted equations has units of 10° M1,
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A) Stern-Volmer (Ksy; equation 3, Figure S3) and B) modified Stern-Volmer (Kysyv;
equation 6, Figure S4) association constants for PFAS binding to BSA as a function of
temperature. Standard error bars shown are based on two independent measurements.
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Figure 3.

Comparison of PFAS-BSA association constants determined by fluorescence quenching
from the Hill equation (K, to those determined using the (A) Stern-Volmer (Ksy) and
(B) modified Stern-Volmer (Kj,s1) equations. The data points for each PFAS were obtained
at temperatures of 25°C, 30°C, 35°C, and 40°C (data shown in Table S3). The solid lines
represent the condition where the association constants are equal.
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Figure 4.
Hill coefficient, obtained from the Hill model fitting (equation 7), describing PFAS-

BSA binding cooperativity. Standard error bars shown are based on three independent
measurements for PFCAs and two independent measurements for PFSAs. PFCA and PFSA
are abbreviated as CA and SA, respectively.
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Figure 5.
PFAS association constants determined by fluorescence quenching as a function of

molecular descriptors: A) the number of fluorinated carbons, B) the calculated van der
Waals volume, C) the logarithm of the ionic the octanol-water partitioning coefficient, or
ionic log Kg,, calculated at pH 7.4, and D) the logarithm of the octanol-water partitioning
coefficient or log Ko, obtained via PubChem as of March 22, 2021. Closed symbols
correspond with PFCA and open symbols PFSA.
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A comparison of association constants determined at 35°C by fluorescence quenching and
equilibrium dialysis. The solid lines represent the condition where the association constants
are equal. Closed symbols correspond with PFCA and open symbols PFSA.
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Scheme 1.
PFAS examined. Cy  denotes the number of fluorinated carbons.
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Table 1.
Equilibrium dialysis results for PFAS-BSA binding at 37°C.

PFAS £2 Kow (1052 K, (105 M) K, (105 M1)°
PFOA  0.755(0.038) 0.66(0.13)  3.77 (0.80) 11(11)
PFNA  0.975(0.005) 852(162) 4405 (8.37) 14(22)
PFDA 0983 (0.004) 12.66(323) 6162(1572)  36(3.2)
pppsC 0249 (0.064) 007(0.02)  093(055) 11(0.28)
PFHXS 0.842(0.008) 111(0.06)  6.48 (0.39) 44(35)
PFOS  0.942(0.004) 3.39(027)  17.99 (1.44) 32(4.9)
o xC 0265(0006) 007(0.002)  065(004)  0.23(0.05)

aStandard error shown in parentheses
bReported by Allendorf et al. (2019)

cprand Kgdetermined at a PFAS:BSA molar ratio of 2:1. All other values are determined at a 0.1:1 molar ratio (Additional details in the
Supplemental Information).
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