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1 | INTRODUCTION

James D. Tang |

Bryan W. Berger

Abstract

Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic fluorinated
chemicals with surface active and water-repellent properties. The combination of
wide-spread use in numerous consumer and industrial products and extended bio-
logical half-lives arising from strong carbon-fluorine bonds has led to significant
accumulation of PFAS in humans. As most human interaction with PFAS comes from
ingestion, it is important to be able to detect PFAS in drinking water as well as in
agricultural water. Here we present an approach to designing a fluorescence-based
biosensor for the rapid detection of PFAS based on human liver fatty acid
binding protein (hLFABP). Introduction of solvatochromic fluorophores within the
ligand binding pocket (L50) allowed for intrinsic detection of perfluorooctanoic acid
(PFOA), perfluorooctanesulfonic acid (PFOS), and perfluorohexanesulfonic acid
(PFHXxS) via blue-shifts in fluorescence emission spectra. Initially, a single tryptophan
mutation (L50W) was found to be able to detect PFOA with a limit of detection
(LOD) of 2.8 ppm. We improved the sensitivity of the biosensor by exchanging
tryptophan for the thiol reactive fluorophore, acrylodan. The acrylodan conjugated
C69S/F50C hLFABP variant is capable of detecting PFOA, PFOS, and PFHXxS in PBS
with LODs of 112 ppb, 345 ppb, and 1.09 ppm, respectively. The protein-based
sensor is also capable of detecting these contaminants at similar ranges in spiked
environmental water samples, including samples containing an interfering anionic
surfactant sodium dodecyl sulfate. Overall, this study demonstrates engineered
hLFABP is a useful platform for detection of PFAS in environmental water samples

and highlights its ease of use and versatility in field applications.
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or sulfates, which impart unique interfacial properties such as the
ability to repel oils and water. As a result, PFAS are abundant in

Per- and polyfluoroalkyl substances (PFAS) have become increasingly
notorious environmental contaminants and a growing public health
concern. This large group of chemicals contain hydrophobic, highly
fluorinated carbon chains (C4-Cy0) and terminal hydrophilic head-
groups. These headgroups are typically comprised of carboxylic acids

everyday items including stain and water-resistant fabrics, nonstick
cookware, and even hygienic products like dental floss (Favreau
et al., 2017; Kotthoff et al., 2015; Robel et al., 2017; Schaider
et al., 2017; Wang et al., 2017). Additionally, aqueous film-forming
foams containing PFAS have been used for decades at airports as
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well as various manufacturing facilities where highly flammable fuel
or solvents are stored (Dauchy et al., 2017).

Among PFAS compounds, the medium chain perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are most com-
monly found in the environment. Over the last decade, medium-chain
polyfluoroalkyl compounds have been replaced by shorter-chain al-
ternatives like perfluorohexanesulfonic acid (PFHxS). However, these
short-chain derivatives have also been implicated in environmental
bioaccumulation and toxicity on par with their longer-chain counter-
parts (Butt et al., 2014; Harding-Marjanovic et al., 2015). Once in the
environment, PFAS compounds end up in groundwater, soils and
biosolids. The United States Environmental Protection Agency has set
drinking water advisory levels at 70 ppt for PFOA and PFOS combined
(United States Environmental Protection Agency Office of Water
4304T Health and Ecological Criteria Division, 2016a, 2016b). How-
ever, in areas where major PFAS release has occurred, individual
concentrations of PFOS and PFOA in surface and groundwater have
been detected between 100 and 1000 times that of recommended
levels (Carlson & Tupper, 2020; Cousins et al, 2016; Dauchy
et al, 2019). In leafy greens and other vegetables grown in con-
taminated areas, accumulation of PFAS can reach 1mg/kg of dry
weight (Blaine et al., 2013, 2014). As a result, most people are exposed
daily to PFAS in drinking water and food; according to recent data
from the Centers for Disease Control and Prevention, PFAS (including
PFOA and PFOS) were detected in the serum of all survey participants
at ng/ml levels (Calafat et al., 2006, 2007).

Prolonged exposure to PFAS has been linked to several negative
health effects (Fenton et al., 2021), including increased cholesterol
levels (Steenland et al, 2009, 2010), liver and kidney disease
(Armstrong & Guo, 2019; Stanifer et al., 2018) as well as impairment
of the immune system. Recent studies have suggested high levels of
PFOA are correlated with reduced vaccine response (Abraham
et al., 2020; Looker et al., 2014), and chronic exposure to PFAS could
render a person more susceptible to pathogens or viral infections
(Bulka et al., 2021). PFAS has been shown to transfer from mother to
fetus (Mamsen et al., 2019), and prenatal exposure to PFAS has been
linked to low birth weight (Washino et al., 2009), neurobehavioral
issues (Hoffman et al., 2010; Vuong et al., 2016), as well as childhood
adiposity (Mora et al., 2017, 2018).

The current standard for detection of PFAS is via liquid and gas
chromatography coupled with mass spectrometry Shoemaker (2020).
This method is highly sensitive, capable of detecting parts per trillion
(ppt) levels depending on the type of sample matrix being tested.
These methods also requires highly sophisticated equipment and
training, and therefore is not readily available for widespread, rapid
use in testing foods, commercial products or water samples
(Hu et al., 2020; Shoemaker, 2020). Given the diversity of PFAS
contaminated materials, the range of concentrations necessary for
testing, and desire for portable and flexible testing, there is an in-
creasing need to develop rapid and robust methodologies for PFAS
detection. Most PFAS technologies rely on complexation with or-
ganic dyes, allowing for optically based detection. Specifically, com-
plexation of PFAS with a cationic dye has been utilized to develop an

app-based test kit for PFOS (Fang et al., 2018). While this technology
is portable and offers detection on the order of parts per billion (ppb),
prior clean-up steps in the form of liquid or solid phase extraction are
required as interference of inorganic ions like chloride inhibit de-
tection (Fang et al., 2018). Molecularly imprinted polymers (MIPs) and
immunoassays are other promising PFAS sensors with significantly
lower limits of detections (Feng et al, 2014; Jiao et al., 2018;
Karimian et al., 2018). A chitosan MIP doped with carbon quantum
dots allows for the fluorescent detection of PFOS in the ppt range as
the contaminant interacts with cavities previously imprinted with the
targeted analyte (Jiao et al., 2018). However, the fluorescent cap-
abilities of this MIP are limited to their specifically targeted analytes;
while MIPs are most often used for their high sensitivity and se-
lectivity, they are unable to simultaneously detect multiple PFAS
compounds in a mixture. Recent MIP work using electrochemical
detection was able to demonstrate high sensitivity for PFOS, but
unable to distinguish it from other PFAS compounds (Kazemi
et al, 2020). Additionally, immunoassays take advantage of
receptor-ligand interactions, for example peroxisome proliferator-
activated receptor alpha response elements were modified with gold
nanoparticles to detect PFOS at ppt levels using optical density
changes (Xia et al.,, 2011). While promising, immunoassays can be
challenging to implement in field applications due to the time, in-
frastructure, and reagents required for multiple washing and in-
cubation steps before detection, as well as a need for pretreatment to
remove potentially interfering compounds in complex mixtures.

In contrast to synthetic scaffolds such as nanoparticles or poly-
mers, engineered proteins can be tuned for selectivity and affinity for
a given ligand from complex mixtures (e.g., environmental samples)
and can incorporate fluorescence and other highly sensitive optical
detection methods. One such potential protein scaffold is the human
liver fatty acid binding protein (hLFABP), a cytosolic protein ex-
pressed in the liver, kidneys, and intestines (Atshaves et al., 2010)
whose expression has been shown to be upregulated in response to
PFOA exposure (Sheng et al., 2018). LFABP contains a large hydro-
phobic B barrel binding region composed of antiparallel § sheets with
two a helices covering one end creating a helix-turn-helix (HTH)
motif (Sharma & Sharma, 2011; Thompson et al., 1997). This well-
defined B barrel motif is typical of other fatty acid binding proteins,
but LFABP is unique in its ability to bind two cognate ligands (Sharma
& Sharma, 2011; Thompson et al., 1997).

PFAS, particularly perfluoroalkyl acids, share a structural simi-
larity to the natural ligands of LFABP. In an attempt to understand
toxicity and bioaccumulation, others have shown that PFAS can bind
to the protein in a similar manner as native fatty acid ligands (Sheng
et al.,, 2016). Also, the native forms of both rat and human LFABP
binds PFOA and PFOS as well as short-chain PFHxS with moderate
affinity and micromolar dissociation constants (Kg) (Cheng &
Ng, 2018; Sheng et al., 2016).

In this study, we describe a strategy to reengineer hLFABP as a
scaffold for PFOA, PFOS, and PFHXS detection via the introduction
of solvatochromic fluorophores into the protein's ligand binding
pocket. Using a structure-guided approach, we identified key
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mutations in the inner binding pocket that are sensitive to PFAS
ligand binding as a function of chain length and demonstrated binding
using intrinsic tryptophan fluorescence. By modifying one such re-
sidue (Phe50) with the solvatochromic fluorophore, 6-acryloyl-2-
dimethylaminonaphthalene [acrylodan], we significantly increased
the limit of detection (LOD) to ppb levels. Furthermore, we demon-
strate robustness to and specificity of PFAS ligand binding in surface
water samples, and in samples spiked with the anionic surfactant,
sodium dodecyl sulfate (SDS), which can compete with PFAS binding.
Collectively, our results indicate that hLFABP can be reengineered to
significantly improve detection for PFAS ligands and suggests pos-
sible improvements for further detection of this challenging and

important class of environmental toxins.

2 | MATERIALS AND METHODS
2.1 | Molecular biology

An E. coli codon optimized form of hLFABP (NCBI 2168) was syn-
thesized and subcloned into the pET-28a(+) vector using BamHI/Xhol
restriction sites (GenScript). The gene includes N- and C-terminal
hexahistidine tags. Unless otherwise stated, all other molecular
biology procedures for PCR amplification, plasmid preparation, cell
transformation, and subcloning were performed according to stan-
dard methods supplied by manufacturers. For site-directed muta-
genesis, primers were designed using PrimerX, and mutations were
introduced using the QuikChange Il site-directed mutagenesis kit
(Agilent). Mutated sequences were verified by DNA sequencing
(GeneWiz). For DNA maintenance, E. coli strain DH5a was used and

for protein expression E. coli strain BL21 (DE3) was used.

2.2 | Protein expression and purification

Transformed E. coli BL21 cells were grown to saturation in 10 ml of
LB containing kanamycin (50 pug/ml) overnight at 37°C with 200 rpm
agitation. The next day, cells were pelleted by centrifugation (3000g),
and resuspended in fresh media containing kanamycin. The suspen-
sion was grown to an OD of 0.7 at 37°C. Protein expression was then
induced via addition of 1 mM isopropyl -p-1-thiogalactopyranoside
(IPTG), and cultures transferred to 20°C. Cells were harvested after
an 18-h growth by centrifugation (12,0008) and resuspended in lysis
buffer (50 mM Tris-Cl, 100 mM NaCl, 5% v/v glycerol) before lysis via
sonication. The lysis mixture was clarified by centrifugation (12,000g),
and the insoluble fraction discarded.

The supernatant containing soluble protein was then separated
by affinity chromatography on a 1 ml HisTrap HP column using an
AKTA Pure system (GE Healthcare). The column was equilibrated
with 50 mM Tris-Cl buffer (pH 8) containing 10 mM imidazole, and
protein was separated using a stepwise elution of imidazole up to
500 mM. The fractions collected were analyzed by SDS-PAGE to
determine purity. Pure hLFABP containing fractions were pooled and

R v
DIOENGINEERIN

dialyzed against 50 mM Tris-Cl buffer (pH 8) or phosphate-buffered
saline (PBS) buffer (pH 7.5).

Delipidation of the protein was performed at 37°C using
hydroxyalkoxypropyl-dextran (Sigma-Aldrich), a Lipidex-5000 equiva-
lent resin. Resin was equilibrated with buffer for 1 h at 37°C before
sample was applied and incubated for 2 h at 37°C with gentle agita-
tion. Protein samples were collected after centrifugation and filtration
through a 0.2 um filter. Concentration of all protein samples was

measured using a Pierce BCA protein assay kit.

2.3 | Acrylodan labeling

Acrylodan labeling reactions containing 20 mM protein, 50 mM ac-
rylodan, and 8 M urea in 5 ml of PBS (pH 7.5) were incubated at room
temperature for 10 h with gentle mixing. Removal of unreacted ac-
rylodan and refolding of denatured protein was performed on-
column with a gradient from 8 to O M urea in 50 mM Tris-HCI buffer
(pH 8) containing 10 mM imidazole. The protein was then eluted
using 500 mM imidazole containing buffer, pooled, and dialyzed into
PBS buffer overnight. The degree of labeling was determined by
measuring the protein concentration using a BCA protein assay, as
well as acrylodan concentration measured by absorption at 370 nm
(extinction coefficient 16,400 M tcm™1) (Prendergast et al., 1983).
Degree of labeling for C69S/F50C hLFABP was 1.0.

2.4 | Fluorescence displacement assays

Binding of the fluorophore 1-anilinonaphthalene-8-sulfonic acid
(ANS) to hLFABP was performed in a similar manner as described
previously to obtain max fluorescence intensity for the complex
(Velkov et al., 2005). Briefly, hLFABP (1 uM) in either 50 mM Tris
buffer containing 1 mM BME or PBS buffer (pH 7.5) was titrated with
ANS (0-50 uM). After an equilibration time of 5min, fluorescence
emission spectra between 420 and 600 nm as well as end point in-
tensity at 470 nm were collected with excitation at 400 nm. The data
were corrected for background free protein and ANS fluorescence.

The maximum fluorescence upon saturation of fluorophore (Fmax)
as well as the dissociation constant (K4 ans) were determined by fit-
ting the fluorescence intensity (F) and corresponding concentration
of ANS ([ANS]) to a one-site binding model using nonlinear

regression:

[ANS]

F = Finax (Kg,ans + [ANS])

This Kqans Value is equivalent to the concentration of free
fluorophore in the system at half the maximum fluorescence, and was
used to calculate the inhibition constant (K;) of PFAS for the proteins.

The binding of PFAS to hLFABP variants was measured by dis-
placement of bound ANS. hLFABP (2 uM) was first equilibrated with
ANS (100 uM) in excess for 5min. PFAS was then titrated into
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hLFABP-ANS samples resulting in a final protein concentration of
1 uM. After a 5-min incubation, fluorescence emissions spectra were
collected between 420 and 600 nm with excitation at 400 nm.
Measurements were corrected using blanks containing the ANS-
hLFABP complex as well as protein in buffer only.

The displacement of ANS was characterized as the percent loss
in fluorescence and was calculated as the decrease in area under the
emission spectra for various PFAS concentrations. The concentration
of PFAS necessary to displace half of the bound ANS and inhibit
fluorescence by 50% (ICsp) was found by fitting displacement data to
a sigmoidal dose-response curve where F,i, and F,.x represent the
maximum and minimum ANS displacement by PFAS respectively:

+ (Fmax - Fmin)
(1 + 10(llog(IC50)-log ([PFOA]) xHS))

%lnitial fluorescence = Fyin

The inhibition constants (K;) were then found by relating the
value to the half maximal inhibitory constants (ICso) and the dis-

sociation constant for ANS in the absence of PFAS (Kyans)-

ICso
Ki= [ANShotal , 4
Kd,ANS
2.5 | Circular dichroism

hLFABP variant C69S/F50C unlabeled and labeled with acrylodan
were diluted to 10 uM in 50 mM sodium phosphate buffer (pH 7.5).
Circular dichroism spectra were obtained in a quartz cuvette (0.1 cm)
at 20°C using a Jasco J-1500 CD spectrometer from 250 to 190 nm.
Reported spectra are averages of four scans and are expressed in
terms of mean residue ellipticity (MRE) (deg cm?/dmol). MRE values
are based on a mean residue weight of 112 and 113 for unlabeled
and acrylodan labeled C69S/F50C hLFABP, respectively. The content
of structural elements were estimated using the web based server
BeStSel (Micsonai et al., 2018).

2.6 | Equilibrium fluorescence titration assays

All fluorescence measurements for wild-type (WT) hLFABP and variants
were performed using a Synergy Neo2 Hybrid Multi-Mode Microplate
Reader (Biotek) at room temperature and under steady state conditions.

Initial PFOA binding assays were performed by titrating up to
1000 uM PFOA into WT hLFABP and tryptophan containing variants
(L28W, F50W, F18W, F63W) in 50 mM Tris-Cl buffer (pH 8). After a
5-min incubation, fluorescence spectra were recorded for a wave-
length range of 300-400 nm after excitation at 280 nm.

For the acrylodan labeled C69S/F50C hLFABP variant, PFAS
binding assays were performed by titrating PFAS into 1 uM protein in
either PBS buffer (pH 7.5) or creek water. To determine sensor ability
in systems containing other anionic surfactants, the assay was also
performed in PBS buffer (pH 7.5) with SDS at a final concentration
of 1uM. Samples were allowed to equilibrate for 5min

before fluorescence spectra were recorded over 420-600 nm after
excitation at 395 nm.

To quantify averaged shifts in fluorescence spectra after ligand
binding, the center of mass was calculated for each curve using the
following equation: For tryptophan fluorescence, the peak center of
mass was calculated over a wavelength (I) range of 300-400 nm

while a range of 420-600 nm was used for acrylodan.

A2
_ Sitna ixi

Xem = o5
itk

3 | RESULTS AND DISCUSSION

Tryptophan fluorescence is extremely sensitive to environmental
polarity, and is often used as an intrinsic probe for the study of
protein conformational changes and ligand binding (Markiewicz
et al.,, 2016; Royer, 2006) hLFABP contains no natural tryptophan
residues. Prior work has shown that replacing a leucine residue in
the outer binding pocket with tryptophan (L28W) creates a mutant
sensitive to natural fatty acid ligand binding (Hagan et al., 2005).
Therefore, single tryptophan mutations within the inner and outer
ligand binding pockets were introduced as probes for PFAS binding,
and residues chosen for mutation are shown in Figure 1
(Cai et al., 2012).

Several tryptophan containing hLFABP variants were created,
including L28W as well as conservative phenylalanine to tryptophan
mutations along the inner binding pocket (F50W and F63W). These
mutations were chosen based on proximity to natural ligands as
shown in Figure 1. While neither L28W and F63W showed changes
in emission nor fluorescence intensity upon PFOA binding, one mu-
tant (F50W) exhibited blue-shifted emission spectra upon titration of
PFOA as shown in Figure 2a. This suggests that upon PFOA binding,
aqueous solvent is displaced within the inner binding pocket and the

FIGURE 1 hLFABP in complex with two oleic acid molecules. The
residues chosen for mutation (L28, F50, F63) are highlighted in red.
Figure created using PyMOL (PDB: 2LKK). hLFABP, human liver fatty
acid binding protein
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FIGURE 2 (a) Weighted average center of mass (X, cm) of
fluorescence spectra for F5SOW hLFABP (10 uM) after titration with
PFOA. (b) Binding of 1,8-ANS to WT and F50W hLFABP (1 uM)
characterized using relative fluorescence intensity as a function of
fluorophore (1,8-ANS) concentration. The data were fit to a one-site
binding model using Prism. The represented points are mean

values + SE with n = 3. (c) Fluorescence decrease, quantified as the %
of initial fluorescence for PFOA. Data were fit to a dose-response
model using Prism. The represented points are mean values + SE with
n = 3. 1,8-ANS, 1-anilinonaphthalene-8-sulfonic acid; hLFABP, human
liver fatty acid binding protein; PFOA, perfluorooctanoic acid; WT,
wild type

polarity of the microenvironment surrounding F50W is decreased.
This reduction in polarity decreases solvent relaxation of the fluor-
ophore after excitation, leading to lower energy emission and a blue-
shifted spectrum (Draganski et al., 2017; Lakowicz & Masters, 2008).
Published molecular dynamics studies of PFOA binding to WT
hLFABP indicates that a single PFOA ligand docks in a “head-out”
mode, allowing the fluorinated tail to be stabilized by hydrophobic
residues within the binding pocket, including F50 (Sheng et al., 2018;
Zhang et al., 2013). Thus, at equilibrium PFOA may not sufficiently
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interact with the 28th residue located in the more solvated outer
binding region nor the 63rd residue, located slightly deeper within
the inner binding pocket than the eight carbon ligand is able to in-
teract with. This is consistent with the lack of tryptophan mutant
sensitivity to PFOA binding for the L28W and F63W mutants. As for
the binding sensitive F50W hLFABP mutant, the shifted spectra data
was fit to a dose-response model (Figure 2a), and a LOD of PFOA for
the tryptophan was calculated to be 6.7 uM (2.8 ppm).

Affinity for PFAS ligands to WT and mutant hLFABP was mea-
sured by ANS displacement. First, binding affinity of the fluorescent
dye ANS to WT and mutant hLFABP was assessed by measuring
equilibrium fluorescence intensities for 1 uM protein samples titrated
with increasing concentrations of ANS. Data were fit using nonlinear
regression to determine the dissociation constants (Ky ans). Figure 2b
presents fitted binding curves for WT and F50W, demonstrating no
change in ANS affinity. Second, displacement of bound ANS was
used to assess the binding of PFAS to hLFABP variants. Protein was
first equilibrated with excess ANS, and the fluorescence spectra after
PFAS titration was measured. As unlabeled ligand (PFAS) binds to the
protein, ANS is displaced from hLFABP and fluorescence is quen-
ched. Thus, the displacement of the ANS fluorophore was char-
acterized as the percent loss in fluorescence. These values were then
plotted as a function of PFAS concentration and fit to a sigmoidal
dose-response model to obtain ICsq values. Figure 2c demonstrates
PFOA binding to WT and F50W hLFABP. The ICsq values obtained in
this way were then used to calculate an inhibition constant for PFAS
(Ki.proa)- All calculated inhibition constants, shown in Table 1, are in
the micromolar range, and it can be inferred that the addition of all
mutations does not negatively affect the binding of PFAS molecules.

To increase the sensitivity of the detection system, tryptophan
was replaced with another solvatochromic fluorophore, 6-acryloyl-2-
dimethylaminonaphthalene [Acrylodan]. Acrylodan is a prodan deri-
vative that has been used to study protein conformational changes
and ligand binding due to its high sensitivity to polarity (Gilardi
et al., 1994; Hibbs et al., 2004; Hickey et al., 2017; Park et al., 2008).
Conjugation of this probe to intestinal fatty acid binding protein has
also been used to detect free fatty acid levels as well as membrane
partitioning of fatty acids (Richieri et al., 1992; Simard et al., 2007).

The native cysteine at position 69 was first replaced with serine
to ensure site specific thiol-fluorophore conjugation. This variant
(C69S/F50W) resulted in inhibited dimerization as shown in
Figure 3a. For labeling, the inner binding pocket-sensitive position for
ligand binding was replaced with cysteine (F50C), resulting in a single
cysteine containing hLFABP variant (C69S/F50C).

Proper refolding of C69S/F50C hLFABP after urea denaturation
during acrylodan labeling was confirmed by comparing CD spectra
before and after fluorophore conjugation (Figure 3b). The spectra for
unlabeled and labeled proteins are essentially identical, with both
samples containing 9.3% a-helix and 30.6% B-sheet as determined
using the web-based server, BeStSel. BeStSel allows for character-
ization of eight different elements of protein structure to provide a
more detailed description of protein secondary structure: regular

a-helix, distorted a-helix, left twisted B-strand, relaxed B-strand,
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Binding parameters of PFOA for WT and F50W hLFABP as well as PFOA, PFOS, and PFHXxS for C69S, C69S/F50W, and C69S/

TABLE 1
F50C hLFABP
1,8-ANS PFOA
Ka (uM) log (ICso) Ki (uM)
WT 3.76 £0.61 1.62+£0.09 2.92+0.60
F50W 2.97£0.55 2.00+0.26 5.66 £ 3.40
Cé69S 8.78+3.28 1.60+0.05 5.88+0.75
C69S/F50W 4.89+1.70 2.18+0.15 13.34+£4.68
C69S/F50C 5.86+1.80 1.95+0.15 9.29+£3.14

PFOS PFHxS

log (IC50) Ki (uM) log (ICs0) Ki (uM)
1.00+£0.03 149 +0.12 1. 59 +£0.05 5.77 £0.68
1.60 +£0.03 3.51+0.25 1.89+0.21 6.96 +3.37
1.40 £0.04 2.65+0.26 1.97+0.27 9.90+6.16

Note: These values were determined using displacement of the fluorophore 1,8-ANS. Error is reported as propagated SEM.

Abbreviations: 1,8-ANS, 1-anilinonaphthalene-8-sulfonic acid; hLFABP, human liver fatty acid binding protein; PFHXxS, perfluorohexanesulfonic acid;

PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.
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FIGURE 3 (a) SDS-PAGE gel of His-trap purified [Lanes] 1: whole
cell lysate, 2: column flowthrough, 3-6: purified protein:: F50W
hLFABP containing both monomer (~19 kDa) and formed dimer
(~38 kDa) bands. F50W/C69S hLFABP containing only monomer
band (~19 kDa). (b) CD spectra for unlabeled and acrylodan labeled
C69S/F50C hLFABP. hLFABP, human liver fatty acid binding protein

right-twisted B-strand, parallel B-strand, turn, and other (Micsonai
et al., 2018). Unlabeled and labeled C69S/F50C hLFABP showed
identical compositions for all eight with 3%, 6.3%, 6.0%, 14.2%,
10.4%, 0.5%, 13.9%, and 45.6%, respectively, further confirming no
change in protein structure occurs upon labeling.

After acrylodan conjugation, the protein was titrated with three
PFAS molecules (PFOA, PFOS, and PFHxS) and equilibrium fluores-
cence spectra were measured in PBS buffer (pH 7.5) as well as in
water samples taken from the Dell and Meadow Creek on the
grounds of University of Virginia. For all three ligands, an increase in

fluorescence as well as a blue shift in spectra were observed in both

media systems suggesting this hLFABP variant is able to detect PFAS
binding. Fitted data of the calculated spectra center of mass are
shown in Figure 4a-c, with a larger dose-response shift in fluores-
cence upon titration of PFAS ligand to the tryptophan-containing
protein (F50W; Figure 2a). Binding of 10 uM of the longer-chain
PFAS molecules (PFOA and PFOS) to the acrylodan-based detection
system resulted in a shifted center of mass of 10 nm in both PBS and
surface water. This is more than a fourfold increase in signal as
compared to PFOA binding to the tryptophan-based system, in-
dicating improved sensitivity of detection using acrylodan. The esti-
mated detection limit of PFOA in PBS was significantly improved
with the substitution of acrylodan for tryptophan, with an LOD of
112 ppb and 10-fold reduction in protein needed for detection as
compared to the F50W mutant. The calculated LOD for PFOS and
PFHXS are 345 ppb and 1.09 ppm, respectively. Thus, use of acrylo-
dan enhances LOD by an order of magnitude as compared to tryp-
tophan, and enables detection directly from solution with a LOD
within the reported range for other fluorescence and optical-based
detection methods for PFAS. Figure 4d shows the fluorescence
spectra of the acrylodan conjugated protein with and without bound
PFOA in PBS buffer. Of note, not only is a shift in the center of mass
upon PFOA binding observed, but also an increase in overall fluor-
escence intensity. While the sensitivity of the fluorescence increase
upon binding does not result in the ppb LODs achieved utilizing the
center of mass shift, this intensity change could potentially be useful
for detection of PFAS at higher (ppm) concentrations.

Binding affinity for the acrylodan conjugated protein was as-
sessed by using nonlinear regression to fit the data to both a one site
and two site binding model. To correct for the negative response
upon binding that is associated with a decrease in spectra center of
mass, the binding occupancy was represented as the magnitude of
the shift (JAX, ¢ml). The binding data conformed well only to the one
site model (Figure 4e) which is consistent with previous studies
suggesting PFOA is only capable of interacting with one binding site
on the WT hLFABP (Sheng et al., 2016). Dissociation constants for
PFOA, PFOS, and PFHxS were obtained from the one site model and
are 1.18+0.15, 1.73+0.37, and 9.48 + 2.20 uM, respectively. Bind-
ing affinity of PFHxS to the acrylodan labeled hLFABP variant is
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FIGURE 4 (a-c) Weighted average center of (a) (b)
mass (X, cm) of fluorescence spectra for acrylodan 485 - 485
conjugated C69S/F50C hLFABP (1 uM) after
titration with PFOA (a), PFOS (b), and PFHxS (c) in 480 4801

. - € 1S
PBS as well as in creek water. Blue shift in spectra S 4751 S 475
upon increased PFAS concentration corresponds X x
to binding and is visualized as a decrease in 4701 e PBS A ] 4704 PBS
spectra center of mass (X, cm).:: (d) Fluorescence = Water [ i u Water
spectra of acrylodan conjugated C69S/F50C 46%_01 0:1 1 1'0 1(')0 10'00 468_01 0f1 1 1'0 160 10'00
hLFABP (1 uM) with (dashed) and without (solid) PFOA (uM) PFOS (uM)
PFOA in PBS. (e) Binding of PFAS to acrylodan (d)
conjugated C69S/F50C hLFABP (1 uM) fittedtoa  (C) =
one site binding model with the fractional 484 4 o 15001

. ~ Fay -- 100 uM PFOA
occupancy represented as the magnitude of 482 4 § A — 0 uM PFOA
change in center of mass (JAX, cm|). hLFABP, £ 480 1 § 1000 3 TN
human liver fatty acid binding protein; PBS, >°<’“478 E 2 ,/' R
phosphate-buffered saline; PFHXxS, 476 £ s00d / ‘\‘
perfluorohexanesulfonic acid; PFOA, e PBS 2 A
oI 474 &
perfluorooctanoic acid; PFOS, = Water 2
. . 472 T T T 1 x 0 T T T ;
perfluorooctanesulfonic acid 0.1 1 10 100 1000 400 450 500 550 600
PFHxS (uM) Wavelength (nm)

= PFOS
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slightly weaker than the longer chain PFAS molecules PFOA and
PFOS. This is consistent with binding affinities for hydrocarbon-chain 480
containing fatty acids ligands, where binding affinity has been shown 478 ]
to increase with carbon chain length for C4-C11 molecules as their 8476-
hydrophobic tails are able to fully extend in hLFABP's inner binding = \
pocket (Zhang et al., 2013). Thus, it is possible that the shorter-chain 474 < PFOS \,\i\‘__‘i
PFHxS, when bound to the inner binding pocket, provides less 472 " PFOIA . . .
available contact area for specific interactions and stabilization. This 0.01 0.1 1 10 100
PFAS (uM)

is also consistent with the higher LODs the acrylodan labeled sensor
has for PFHXS. It is speculated that the shorter chain PFAS interacts
less with the 50th residue resulting in decreased change in polarity as
compared to the eight carbon PFOA and PFOS.

The specificity of the acrylodan-conjugated hLFABP variant
was further tested by introducing the anionic surfactant, SDS, as
a competitor for binding. Figure 5 shows the change in spectral
center of mass for the protein sensor (1 uM) in PBS containing
SDS (1 uM) upon titration of both PFOA and PFOS. The LODs for
PFOA and PFOS were calculated to be 112 and 165 ppb,
respectively.

While the magnitude of the fluorescence shift is decreased
compared to system without SDS, the LOD values are comparable to
those containing no additional surfactant. Thus, the engineered
hLFABP sensor is capable of detecting both PFOA and PFOS at ppb
levels in complex media containing anionic surfactants such as SDS

that can act as inhibitors of binding.

FIGURE 5 Weighted average center of mass (X, cm) of
fluorescence spectra for acrylodan conjugated C69S/F50C hLFABP
(1 M) after titration with PFOA and PFOS in PBS containing SDS
(1 uM). hLFABP, human liver fatty acid binding protein; PBS,
phosphate-buffered saline; PFOA, perfluorooctanoic acid; PFOS,
perfluorooctanesulfonic acid

Our approach is a useful initial step in development of protein-
based biosensors to detect PFAS. Unlike PPARa and other mammalian
receptors that bind PFAS, FABP is a robust scaffold that can be readily
expressed and purified recombinantly in high yield versus extracted
from mammalian tissues. Furthermore, direct detection from en-
vironmental samples is possible and detection is not impaired by the
presence of interfering ligands such as SDS, unlike other approaches
that require pretreatment to enrich PFAS or remove interfering sub-

stances. We also demonstrate the ability to modify the protein to
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amplify signal and thus LOD, which we anticipate will enable further
engineering approaches to approve affinity and LOD, as well as a
complement to other ELISA- and QD-based biochemical PFAS de-
tection strategies. Given that protein based sensors have been de-
veloped as green, effective alternatives for detection of many
environmental contaminants including heavy metals, pharmaceuticals,
and pesticides, LFABP could eventually serve as a useful scaffold for
improved direct detection of PFAS in important solid and liquid ma-
trices (Rodriguez-Mozaz et al., 2004; Thavarajah et al., 2020).
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