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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic fluorinated chemicals
with surface active and water-repellent properties that have been considered “forever chemicals”
due to their rapid emergence as environmental contaminants and resistance to biological
degradation. PFAS have been developed for use and production of everyday items like stains, oil
and water-resistant textiles non-stick cookware and, a majority of aqueous-film forming foams
used in fire suppression. The combination of wide-spread use in industrial processes and consumer
products with the chemicals’ extended biological half-lives leads to accumulation of PFAS in the
environment and subsequently people. Exposure and accumulation of PFAS chemicals,
specifically perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS), has been
linked to a multitude of health effects, and a majority of human exposure is linked to ingestion
through water and food grown in contaminated soils. However, remediation of these contaminants
across a wide range of conditions remains difficult as their strong carbon-fluorine bonds result in
limited reactivity and resistance to degradation. Even the detection of PFAS poses a unique
challenge and often requires expensive and timely analysis techniques unsuitable for on-site
diagnostics. As the extent of the PFAS problem continues to be revealed, the overall goal of this
work is to begin addressing the need for quick, on-site detection technologies as well as feasible

methods for remediation of soils using biological methods.

For detection strategies, we focused on the creation of biosensors for PFAS detection by utilizing
human liver fatty acid binding protein (hLFABP) as a scaffold. Chapter 2 focuses on the
development of a purified protein-based sensor capable of detecting several PFAS through a

rationally incorporated fluorophore (acrylodan) while Chapter 3 shows the application of this



biosensor on environmental samples and comparison to analytic methods. Chapter 4 illustrates the
development of a separate biosensor based the on incorporation of circularly permuted green
fluorescent protein (cpGFP) into a split h(LFABP motif that is promising for genetically encoded
whole cell sensing. Chapter 5 addresses remediation of soil by studying phytoaccumulation and
distribution of PFAS into industrial hemp (Cannabis sativa). Collectively, this dissertation lays
important groundwork for the use of synthetic biology and other biologically inspired techniques

to begin overcoming the challenges in PFAS detection and remediation.
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Chapter 1

Introduction

1.1 Per- and polyfluoroalkyl substances

Per and poly-fluoroalkyl substances (PFAS) are a group of man-made chemicals that have become
an increasing concern. Entitled “forever chemicals” by news and media outlets, these
fluorochemicals are pervasive environmental contaminants without a robust natural degradation
pathway.!? First manufactured in the 1940s, PFAS have been used in a variety of industrial and
commercial products including fire-fighting foams, synthetic fabrics, medical devices, food
packaging, and cosmetic goods.>® PFAS consist of chains of highly fluorinated carbon atoms
bound to polar head groups which are typically carboxylic acids, tertiary amines, or sulfide
moieties."”” Over 3000 different types of PFAS have been industrially manufactured with two
major categories consisting of perfluorocarboxylic acids (PFCAs) and perfluorosulfonic acids
(PFSAs).! Due to their unique chemical composition, PFAS are water and/or oil resistant which is
valuable in a number of commercial applications. As a result, PFAS are abundant in everyday items
including stain and water-resistant fabrics, non-stick cookware, and even hygienic products like
dental floss.5*!! Furthermore, their amphiphilic properties confer high solubility under aqueous
conditions, causing these chemicals to be a prevalent and mobile set of environmental

contaminants.!?14



While a universally accepted definition still lacking, a broad interpretation has been recently
proposed as: “fluorinated substances that contain at least one fully fluorinated methyl or methylene
carbon atom (without any H/Cl/Br/I atom attached to it), i.e., with a few noted exceptions
(represented by a carbon atom instead having H/Cl/Br/I atoms attached), any chemical with at least
a perfluorinated methyl group (—CF3) or a perfluorinated methylene group (—CF2-) is a PFAS” 2
These chemicals are classified through the length of their fluorinated carbons chain (C4-C17) and
grouped into either polymeric or non-polymeric molecule categories.! Polymeric PFAS include
fluoropolymers like polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF), side-
chain fluorinated polymers like fluorinated acrylate polymers, and perfluoropolyethers. These
chemicals often break down in the environment into non-polymeric PFAS which are classified into
groups representing perfluoroalkyl and polyfluoroalkyl substances. Polyfluoroalkyl PFAS contain
at least one partially fluorinated carbon atom bound to oxygen or hydrogen, while perfluoroalkyl
substances include chemicals with carbon chains completely fluorinated aside from the terminal
end. This terminal moiety is a polar function group such as carboxylates, sulfonates, or phosphates,
and the combination of saturated fluoro-carbon chains and ionic head group confer amphiphilicity.
Perfluoroalkyl PFAS can then be further subdivided into groups among which perfluoroalkyl acids
(PFAAs) contain some of the most common and extensively studied PFAS like perfluorooctane

sulfonate (PFOS) and perfluorooctanoic acid (PFOA).'

1.1.1 PFAS health effects and human exposure pathways
Despite only having been manufactured for less than a century, most residents of industrialized
countries have been exposed to PFAS.!%18 Among a representative sample of the U.S. population,

95% of human serum analyses yielded a positive result for PFAS.!*2° With a half-life of several



years and the inability to naturally degrade, PFAS can accumulate in human tissues through long-
term exposure, even with a source containing relatively low concentrations.>?! While new
toxicological effects are continuing to be discovered, long-term exposure to PFAS, specifically
medium chain perfluoroalkyl acids like PFOA, have been linked to numerous health problems

2224 various cancers 2>~27, and reproductive issues 2®. Recent

including increased cholesterol levels
studies have suggested high levels of PFOA are correlated with reduced vaccine response,-*° and
chronic exposure to PFAS could render a person more susceptible to pathogens or viral
infections.?! PFAS have been shown to transfer from mother to fetus,’? and prenatal exposure to
PFAS has been linked to low birth weight,*> neurobehavioral issues,**> as well as childhood

36,37

adiposity Many reviews summarizing toxicity and health information have been

published.>?#-38-40 Furthermore, biomonitoring studies in a variety of species have shown that upon
accumulation, the highest concentrations of PFOA are found in the blood plasma and liver. !4
This has since been further elucidated as PFOA is shown to bind to relevant proteins including
liver fatty acid binding protein (LFABP) and serum albumin.*** Human exposure to PFAS has
been contributed to multiple pathways including ingestion of contaminated drinking water and

food including crops grown in contaminated soils and biosolids as well as general dermal

adsorption.*’

1.1.2 Environmental distribution and accumulation of PFAS

Environmental release of PFAS occurs through a variety of sources. Many PFAS are directly
released in the form of chemical intermediates, waste, and final products from industrial
production of fluoropolymers, building materials, and other consumer commodities like textiles,

food packaging, and cosmetics. Major sources of PFAS contamination, however, are contributed



to the professional use of aqueous firefighting foams (AFFFs)***7_ industrial and municipal waste-
water treatment plants (WWTPs)*4 landfills>’, and even plants specifically created for the
recycling and incineration of PFAS-containing products®'. By virtue of their chemical properties
and global use, PFAS have been found in almost every region on Earth in a variety of
environmental matrices, living organisms, and even humans. While resistant to biotic and abiotic
degradation, some polyfluorinated forms of PFAS, including the long chain fluorotelomer-based
compounds used in these AFFFs, undergo partial biotransformation which results in shorter chain
PFAS like PFAAs which have even greater biologic impacts.’?°*’ PFOA and PFOS, in particular,
are often directly released into the environment as industrial impurities but are also formed through
the degradation and even atmospheric oxidation of fluorotelomer alcohols and other long chain

PFAS.

Atmospheric dispersion of PFAS has a nontrivial impact on subsequent transport and deposition
into other environmental medias like soil and water.>*>7 Volatile PFAS, like fluorotelomers, can
partition into the atmosphere partially contributing to these chemicals’ environmental ubiquities.
Studies have found various volatile PFAS in numerous places including indoor air in schools and
residences®® and in the atmosphere above several oceans and seas®>. Even nonvolatile PFAS are
highly mobile in the air due to their high adsorption onto organic particulates in the atmosphere,®
as many varieties have been found to reach polar regions like Antarctica as well as Tibetan

highlands®!-62,

Some PFAS, including ionic PFAAs with short to medium carbon chains (C<8) are extremely

soluble in water and partition at air-water interfaces®® while longer chain chemicals tend to be



found in water-sediment fractions®. Therefore, bodies of water, including drinking water, are
consistently found to contain PFAS and act as major vehicles for further contamination. In fact,
exposure to PFAS through drinking water is a global human-health concern; studies conducted by
the United States Geological Survey indicate at least one PFAS substance is detected in 45% of
United States drinking water.% In response to rising concerns, the United States Environmental
Protection Agency proposed in March of 2023 to change national drinking water limits to 4 parts

per trillion for PFOA and PFOS.5¢

Atmospheric deposition of PFAS leads to soil contamination even in areas where direct human
activity is absent with PFOA and PFOS being common at low levels.®>¢7-¢8 However, soil is
primarily polluted through water run-off, direct contamination, or application of contaminated
biosolids and irrigation water. High concentrations of PFAS are found near manufacturing sites
and areas where AFFFs have been consistently utilized. Studies have shown concentrations on the

69-71

order of multiple milligrams per kilogram of soil after acute or chronic use of AFFFs as well

as manufacturing facilities?.

Soil, specifically in areas of agricultural use, are also commonly contaminated with PFAS through
the use of recycled water and sludge materials from WWTPs.”>7* Discharge of contaminated
effluents from treatment facilities is a large contribution of PFAS in the environment.!3#%75 In fact,
WWTPs often have higher outputs of PFAAs as polyfluorinated precursors are oxidized to
recalcitrant PFAS by the diverse community of microorganisms vital in water treatment
processes.*®4%7¢ Since municipalities are not capable of removing PFAS, accumulation is often

seen in the sludge produced.””” This sludge is a byproduct formed after chemical and/or biological



treatment of waste solids after separation. After treatment, biosolids are often added to landfills,
applied to agricultural cropland, or used at reclamations sites due to the numerous benefits it has
as a sustainable fertilizer source with nitrogen and nutrient boosting properties; In 2018, the
National Biosolids Data Project estimated about 40% (~2.3 million dry metric tons) of biosolids
were recycled and applied to agricultural soils in the United States while another 45% was either
landfilled or incinerated.”® However, adsorption of PFAS into these materials has been seen to
cause contamination in the U.S. in the realm of 1000-6000 pg/kg dry weight with PFOA, PFOS,

and PFDA as major contributors.””

Water and soil contamination, regardless of source, contribute to the entry to PFAS into the
terrestrial food chain. While studies are limited, it has been shown that livestock exposed to
contaminated water, soil, air, or food accumulate the chemicals which can be transferred to
offspring as well as commercial products like milk and eggs.3’ 8> There are many studies that show
the uptake of PFAS into edible crops grown in contaminated soils as well as hydroponic systems.
In fact, PFAS have been found to accumulate in a large variety of food crops: cereals like wheat

86,89

corn and o0ats®*®, tomato and other fruits®¢°, and a wide array of vegetables including carrots

celery radishes lettuce and cucumbers®89-1,

1.2 Detection of PFAS

With a rise in evidence of PFAS accumulation and toxicity comes a wave of regulatory changes
and calls for action that highlight the necessity of quick, relatively easy ways to detect chemicals
like PFOA.%2 However, this challenge has proven non-trivial given the diversity of the chemicals

as well as their limited reactivity and vast concentrations ranges. Currently, standard PFAS



detection relies on chromatography techniques coupled with tandem mass spectroscopy. These
methods are highly precise with detection limits in the range of 1 ng/L for aqueous samples (EPA
Methods 533, 537, and 537.1).%3-%° These methods also require highly sophisticated equipment and
training, and therefore are not readily available for widespread, rapid use in testing foods,

commercial products or water samples.”>%

Increasing health concerns and new regulations in response to these concerns have led to
development of new PFAS sensors capable of detecting compounds in drinking water. Most PFAS
technologies rely on complexation with organic dyes, allowing for optical detection. Specifically,
complexation of PFAS with a cationic dye has been used to develop an app-based test kit for
PFOS.”” 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 detection.”” Additionally, immunoassays take
advantage of receptor-ligand interactions, e.g. peroxisome proliferator-activated receptor alpha
response elements were modified with gold nanoparticles to detect PFOS at ppt levels using optical
density changes.”® While promising, immunoassays can be challenging to implement in field
applications due to the time, infrastructure and reagents required for multiple washing and
incubation steps prior to detection, as well as a need for pre-treatment to remove potentially
interfering compounds in complex mixtures. While still constrained to bench level research, the
most successful technologies revolve around the use of molecularly imprinted polymers (MIPS)
to capture and detect PFAS down to the ppt levels determined in health advisories set by the

EPA .%69-101 Nonetheless, these methods often require extensive sample preparation, and/or are



limited to drinking water samples making PFAS detection impractical for other applications and

inaccessible for most communities.

1.3 Biosensors

In contrast to sensors with synthetic scaffolds such as nanoparticles and polymers, biosensors,
provide alternative detection strategies by utilizing biological recognition elements as receptors.
Biosensors have seen rapid development due to their abilities to identify wide ranges of analytes
and their applicability to numerous fields including environmental monitoring where matrix
complexity are a challenge.!"%!9 Qverall, biosensors are commonly classified by the most
important components, bioreceptors and transducers.!® Bioreceptors biochemically recognize
elements from analyzed samples while transducers convert the outcome into a quantified signal;
this signal can be electrical, thermal, or optical.!% A general overview of biosensors and is outlined

in Figure 1.1.
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Figure 1.1: Overview of main biosensor components: analyte, biorecognition unit (bioreceptor),
and transducer that produces a signal. Created with Biorender.

Successful bioreceptors are comprised of biological molecules including proteins, nucleic acids,
antigens, cells, tissues and are commonly grouped as biocatalytic, bioaffinity, or microbial
based!?. Biocatalytic systems use enzymes as sensing elements, and their signals are created
through enzymatic reactions. Bioaffinity based sensors utilize specific binding interactions
between analytes and biomolecules like antibodies, nucleic acid or peptide aptamers, and binding
proteins. Microbial sensors are whole cell systems utilizing microbes like yeasts, bacteria, and
algae for detection. Cells are capable of producing recognition elements without the need for
purification or extraction and exhibiting biochemical responses upon analyte interaction.!%-1% The
vast array of design elements outlined in Figure 1.1 highlights the multidisciplinary nature of
biosensor design. After bioreceptor and analyte interaction optimization, biosensor design focuses

on increasing signal transduction and amplification processes in which the incorporation of



nanoparticles and microfluidic devices have become areas of increasing interest.!”-!!! However,
one of the main benefits of biosensor technology revolves around the tunability of biomolecules.
Through the use of genetic engineering and molecular biology techniques, bioreceptors with
improved sensitivity and selectivity can be identified or produced for a variety of applications.
Specifically, the work in this dissertation focuses on the development of novel PFAS bioreceptors

with incorporated fluorescent optical signal methods for detection.

1.4 Remediation of PFAS

Resistance to biodegradation, low volatility, and high electronegativity from fluorine have created

"2 Tn fact, most conventional water

a significant challenge when it comes to PFAS remediation.
treatment options including flocculation, sedimentation, as well as anaerobic biological treatment
are ineffective in treating PFAS!!3; therefore current treatment methods focus on sequestration of
PFAS using adsorption onto matrices like granulated activated carbon (GAC) and ion exchange
resins or filtration through reverse osmosis and nanofiltration.!'* While these techniques are
effective in removal of PFAS from water, some have high operation costs (filtration) while others
have limited capability in trapping shorter chain PFAS molecules (adsorption). Furthermore, all
these remediation techniques result in secondary waste from matrix regeneration or single use
resins and filters.!'>-!17 Currently, this waste is dealt with by incineration which mineralizes PFAS

incompletely, leaving behind short chain intermediate species byproducts.!!”-!18

Emerging technologies for breakdown of PFAS molecules are often based on advanced redox

reactions that require high chemical and/or energy requirements. Electrochemical oxidation

utilizing metal oxide anodes have been proven effective as breakdown occurs through

10



decarboxylation via direct electron transfer. Specifically, boron doped diamond anodes have been
shown to breakdown many PFAS molecules including fluorotelomers as well as shorter chain
PFCAs like PFOA and PFOS.!'!*120 However, electrochemical oxidation becomes less effective
for shorter chain PFAS and these intermediates persist even after residence times of 10 hours. In
addition, electrochemical oxidation also creates other toxic by-products like perchlorate, hydrogen

fluoride, chlorine gas, and organic halides.!!%!20

While ongoing work is being done to investigate effective breakdown techniques and mechanisms,
emerging technologies focusing on degradation are only feasible for highly concentrated amounts
of PFAS making them unfit full-scale application.'?! Therefore, the development of large scale,
economically viable solutions for remediation and/or concentration of PFAS is vital. Furthermore,
PFAS’ absorption tendencies, heterogeneous nature of environmental matrices, and sheer volume
of material make the remediation of contaminated soils an even bigger challenge. Currently, two
broad approaches, mobilization and immobilization, may prove to be economically viable
approaches for soil remediation. Immobilization redistributes contaminants and reduces mobility
through sorption onto various materials akin to the water sequestration described above. Activated

carbon, %7123

ionic polymer,'?%127 and organic matter'?-13% based amendments are potentially
valuable for PFAS immobilization. While these techniques can reduce PFAS leaching significantly,
the actual removal of these contaminants from soil, or mobilization, is necessary to remediate soil
for societal use. Soil flushing and washing are in situ processes in which solutions are used with
the goal of extracting contaminants. However, this often utilizes harsh chemicals like organic or

inorganic acids and bases or harsh solvents and requires the use of copious amounts of water that

then must be further decontaminated.!3! Due to their proven ability to accumulate in a multitude

11



of plants, phytoremediation could be an effective strategy of sequestering PFAS from various
contaminated water and soil systems. Phytoremediation is a technique that has been used for

132133 Fyrthermore, many studies have shown the

decades in soil remediation of heavy metals.
application and potential of this technique for the clean-up of a variety of pollutants including
radionuclides!**, herbicides'?®, and hydrocarbons!*®. This concept is based around the use of plants
and their related microenvironment and soil amendments to remove degrade or stabilize pollutants
and can be divided into several categories: phytoextraction/phytoaccumulation, phytodegradation,

rhizofiltration, phytostabilization, and phytovolatilization.!*” As PFAS are resistant to

biodegradation, phytoaccumulation is a feasible strategy for sequestration of these chemicals.

12



1.5 Research Objectives

The overall goal of this thesis is to address the need for quick, on-site detection technologies for
per- and polyfluoroalkyl substances (PFAS) as well as feasible methods of remediating agricultural

and other lands through the use of biological methods and inspiration.

Chapter 2 discusses the development of a biosensor based on human liver fatty acid binding
protein (hLFABP) that can detect several PFAS molecules through the solvatochromic
fluorophore, acrylodan. Chapter 3 goes on to demonstrate the application of this Ac-hLFABP
sensor on real world environmental samples through comparison with the gold standard method,
LC-MS/MS. Chapter 4 illustrates the development of a separate biosensor based on incorporation
of circularly permuted green fluorescent protein (cpGFP) into a split hLFABP motif that is
promising for the incorporation into a genetically encoded whole cell sensing system. Chapter 5
goes on the address remediation of soil from PFAS. Explicitly this chapter discusses the feasibility
and study of phytoaccumulation and distribution of PFAS into industrial hemp (Cannabis sativa),

a well plant well known for phytoremediation potential.
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Chapter 2

Engineering human liver fatty acid binding
protein for detection of per- and

polyfluoroalkyl substances

This chapter has been adapted from the following publication: Mann, M.M., Tang, J.D., Berger,
B.W. “Engineering human liver fatty acid binding protein for detection of poly- and perfluoroalkyl

substances.” Biotechnology and Bioengineering 2022

2.1 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 biological 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 (F50)
allowed for intrinsic detection of PFOA, PFOS, and PFHxS via blue-shifts in fluorescence
emission spectra. Initially, a single tryptophan mutation (F50W) was found to be able to detect
PFOA with a LOD of 2.8ppm. We improved the sensitivity of the biosensor by exchanging

tryptophan for the thiol reactive fluorophore, acrylodan. The acrylodan conjugated C69S/F50C
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hLFABP variant is capable of detecting PFOA, PFOS, and PFHxS in PBS with LODs of 112ppb,
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 SDS. Overall, this work 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.

2.2 Introduction

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 (Cs-Cio) and terminal hydrophilic headgroups.
These headgroups are typically comprised of carboxylic acids or sulfates, which impart unique
interfacial properties such as the ability to repel oils and water. As a result, PFAS are abundant in
everyday items including stain and water-resistant fabrics, non-stick cookware, and even hygienic
products like dental floss!=. Additionally, aqueous film-forming foams (AFFFs) containing PFAS
have been used for decades at airports as well as various manufacturing facilities where highly

flammable fuel or solvents are stored®.

Prolonged exposure to PFAS has been linked to several negative health effects,” including
increased cholesterol levels,®? liver and kidney disease!®!! as well as impairment of the immune

system. Recent studies have suggested high levels of PFOA are correlated with reduced vaccine

12,13

response, =~ and chronic exposure to PFAS could render a person more susceptible to pathogens

5

or viral infections'*. PFAS has been shown to transfer from mother to fetus,!> and prenatal
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17,18

exposure to PFAS has been linked to low birth weight,'® neurobehavioral issues, as well as

19,20

childhood adiposity

The current standard for detection of PFAS is via liquid and gas chromatography coupled with
mass spectrometry.?! This method is highly sensitive, capable of detecting ppt levels depending on
the type of sample matrix being tested. These methods also require highly sophisticated equipment
and training, and therefore is not readily available for widespread, rapid use in testing foods,
commercial products or water samples.?!?> Given the diversity of PFAS contaminated materials,
the range of concentrations necessary for testing, and desire for portable and flexible testing, there

is an increasing need to develop rapid and robust methodologies for PFAS detection.

In contrast to synthetic scaffolds such as nanoparticles or polymers, 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 expressed in the liver, kidneys, and intestines?® whose expression has been shown
to be upregulated in response to PFOA exposure.?* LFABP contains a large hydrophobic B barrel
binding region composed of antiparallel 3 sheets with two o helices covering one end creating a
helix-turn-helix (HTH) motif.?>2¢ 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.>>?® PFAS,
particularly perfluoroalkyl acids, share a structural similarity to the natural ligands of hLFABP. 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.?” Also, the native forms of both rat and
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human LFABP binds PFOA and PFOS as well as short-chain PFHxS with moderate affinity and

micromolar dissociation constants (Kgq).24%*

In this study, we describe a strategy to reengineer human LFABP (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 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 residue
(Phe50) with the solvatochromic fluorophore, 6-acryloyl-2-dimethylaminonaphthalene
[acrylodan], we significantly increased the limit of detection to ppb levels. Furthermore, we
demonstrate 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 possible improvements for further

detection of this challenging and important class of environmental toxins.

2.3 Materials and Methods

2.3.1 Molecular biology

An E. coli codon optimized form of human liver fatty acid binding protein (NCBI 2168) was
synthesized 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 standard methods supplied by
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manufacturers. For site-directed mutagenesis, primers were designed using PrimerX, and
mutations were introduced using the QuikChange II 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.

2.3.2 Protein expression and purification

Transformed E. coli BL21 cells were grown to saturation in 10 mL of LB containing kanamycin
(50 pg/mL) overnight at 37°C with 200 rpm agitation. The next day, cells were pelleted by
centrifugation (3,000 g), and resuspended in fresh media containing kanamycin. The suspension
was grown to an OD of 0.7 at 37°C. Protein expression was then induced via addition of 1mM
isopropyl B-D-1-thiogalactopyranoside (IPTG), and cultures transferred to 20°C. Cells were
harvested after an 18-hour growth by centrifugation (12,000 g) and resuspended in lysis buffer
(50mM Tris-Cl, 100mM NaCl, 5% v/v glycerol) before lysis via sonication. The lysis mixture was
clarified by centrifugation (12,000 g), and the insoluble fraction discarded. The supernatant
containing soluble protein was then separated by affinity chromatography on a 1mL 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 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 equivalent resin. Resin was equilibrated with buffer for 1 hour at 37°C
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before sample was applied and incubated for 2 hours at 37°C with gentle agitation. Protein samples
were collected after centrifugation and filtration through a 0.2 micrometer filter. Concentration of

all protein samples was measured using a Pierce BCA protein assay Kkit.

2.3.3 Acrylodan Labelling

Acrylodan labelling reactions containing 20 mM protein, 50 mM acrylodan and 8 M urea in 5 mL
of PBS (pH 7.5) were incubated at room temperature for 10 hours with gentle mixing. Removal of
unreacted acrylodan and refolding of denatured protein was performed on-column with a gradient
from 8 M to 0 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 labelling 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-'cm™).?’ Degree of labelling for C69S/F50C hLFABP was 1.0.

2.3.4 Fluorescence displacement assays

Binding of the fluorophore 1-anilinonaphthalene-8-sulfonic acid (ANS) to hLFABP was
performed in a similar manner as described previously in order to obtain max fluorescence
intensity for the complex.’® 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 5
minutes, fluorescence emission spectra between 420 and 600 nm as well as end point intensity 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 (Kg, ans) were determined by fitting the fluorescence intensity
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(F) and corresponding concentration of ANS ([ANS]) to a one-site binding model using nonlinear

regression:

[ANS]
(Kq,ans+[ANS])

F = Fpax * 1)

This Ka,ans 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 displacement of bound ANS. hLFABP
(2 uM) was first equilibrated with ANS (100 pM) in excess for 5 minutes. PFAS was then titrated
into hLFABP-ANS samples resulting in a final protein concentration of 1 uM. After a 5-minute
incubation, fluorescence emissions spectra were collected between 420-600 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% (IC50) was found by fitting displacement data to a sigmoidal dose-
response curve where Fumin and Fmax represent the maximum and minimum ANS displacement by

PFAS respectively:

(Fmax_Fmin) (2)

0 111 = .
% Initial Fluorescence = F,;, + (1+10(0080C50)-Tog(PFOADHS))
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The inhibition constants (K;) were then found by relating the value to the half maximal inhibitory

constants (IC50) and the dissociation constant for ANS in the absence of PFAS (K4 ans).

IC50
Kj = [ANS]tota1+1( )

K4 ANS

2.3.5 Circular dichroism

Human LFABP variant C69S/F50C unlabeled and labelled with acrylodan were diluted to 10uM
in 50mM sodium phosphate buffer (pH 7.5). Circular Dichroism spectra were obtained in a quartz
cuvette (0.1cm) at 20C using a Jasco J-1500 CD spectrometer from 250 to 190 nm. Reported
Spectra are averages of 4 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 labelled C69S/F50C hLFABP respectively. The content of structural elements were

estimated using the web based server BeStSel.3!

2.3.6 Equilibrium fluorescence titration assays

All fluorescence measurements for wild type 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 wild type hLFABP and tryptophan containing variants (L28W, F50W, F18W, F63W)
in 50 mM Tris-Cl buffer (pH 8). After a 5-minute incubation, fluorescence spectra were recorded

for a wavelength range of 300-400 nm after excitation at 280 nm.

38



For the acrylodan labelled C69S/F50C hLFABP variant, PFAS binding assays were performed by
titrating PFAS into 1uM 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 sodium dodecyl sulfate (SDS) at a final concentration of 1 pM. Samples were
allowed to equilibrate for 5 minutes 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.
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2.3.7 Limit of Detection Calculations

The limits of detection (LOD) were calculated for each non-linear system similarly to existing
literature®?. The base equation (Eq. 5) determines LOD, the lowest analyte concentration that can
be distinguished from blanks, by utilizing the limit of blank (LOB) which is the highest apparent
analyte concentration to be found in blank replicates. The LOB is first determined using Eq. 6 in
which the 1.645 constant is multiplied to the standard deviations such that no more that 5% of

values fall out of range.*?

LOD = LOB + 1-64’5(Sl)low concentration sample) (5)
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LOB = meanpgnk + 1-645(5Dblank) (6)

2.4 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.?*-** Human
LFABP 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.*> 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 2.1.%¢

Figure 2.1: 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)

40



Several tryptophan containing hLFABP variants were created, including L28W as well as
conservative phenylalanine to tryptophan mutations along the inner binding pocket (FSOW and
F63W). These mutations were chosen based on proximity to natural ligands as shown in Figure
2.1. While neither L28W and F63W showed changes in emission nor fluorescence intensity upon
PFOA binding, one mutant (FS0W) exhibited blue-shifted emission spectra upon titration of PFOA
as shown in Figure 2.2A. This suggests that upon PFOA binding, aqueous solvent is displaced
within the inner binding pocket and the polarity of the microenvironment surrounding FSOW is
decreased. This reduction in polarity decreases solvent relaxation of the fluorophore after
excitation, leading to lower energy emission and a blue-shifted spectrum.?”-3® Published molecular
dynamics studies of PFOA binding to wild type 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 F50.24273° Thus, at equilibrium PFOA may not sufficiently interact
with the 28" residue located in the more solvated outer binding region nor the 63™ residue, located
slightly deeper within the inner binding pocket than the 8-carbon ligand is able to interact 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 FSOW hLFABP mutant, the shifted spectra data
was fit to a dose response model (Figure 2.2A), and a limit of detection (LOD) of PFOA for the

tryptophan was calculated to be 6.7uM (2.8 ppm).
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Figure 2.2: (A) Weighted average center of mass of fluorescence spectra for FSOW hLFABP
(10uM) after titration with PFOA. (B) Binding of 1,8-ANS to wild type (WT) and FSOW hLFABP
(1uM) characterized using relative fluorescence intensity as a function of fluorophore (1,8-ANS)
concentration. The data was 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.

Affinity for PFAS ligands to WT and mutant hLFABP was measured by ANS displacement. First,
binding affinity of the fluorescent dye ANS to wild type (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 (Kg, ans). Figure 2.2B 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 quenched. Thus, the displacement of
the ANS fluorophore was characterized 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
IC50 values. Figure 2.2C demonstrates PFOA binding to WT and FSOW hLFABP. The IC50

values obtained in this way were then used to calculate an inhibition constant for PFAS (Kjproa).

All calculated inhibition constants, shown in Table 2.1, are in the micromolar range, and it can be
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inferred that the addition of all mutations does not negatively affect the binding of PFAS

molecules.

Table 2.1: Binding parameters of PFOA for WT and F50W hLFABP as well as PFOA, PFOS,
and PFHxS for C69S, C69S/F50W, and C69S/F50C hLFABP. These values were determined
using displacement of the fluorophore 1,8-ANS. Error is reported as propagated SEM.

1,8 ANS PFOA PFOS PFHxS

KiuM) — log(IC50) Ki(udM)  log(IC50) Ki(uM)  log(IC50)  Ki(uM)
WT 376 £0.61 1.62+0.09 2.92+0.60 -- - - -
F50W 297+055 2.00+£026 566340 -- -- - -
C69S 8.78+3.28 160005 588=+£0.75 1.00+£0.03 149+0.12 1.59+0.05 5.77 £0.68

C69S/FS0W  489+1.70 2.18+0.15 13.34+4.68 1.60+0.03 3.51+0.25 1.89+0.21 6.96=+3.37
C69S/FS50C  586+1.80 1.95+0.15 929+3.14 1.40+0.04 2.65+026 197+027 9.90+6.16

To increase the sensitivity of the detection system, tryptophan was replaced with another
solvatochromic fluorophore, 6-Acryloyl-2-Dimethylaminonaphthalene [Acrylodan]. Acrylodan is
a prodan derivative that has been used to study protein conformational changes and ligand binding
due to its high sensitivity to polarity.**~** 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.***

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 2.3A. 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

labelling was confirmed by comparing CD spectra before and after fluorophore conjugation
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(Figure 2.3B). The spectra for unlabeled and labeled proteins are essentially identical, with both
samples containing 9.3% a-helix and 30.6% [-sheet as determined using the web-based server,
BeStSel. BeStSel allows for characterization of eight different elements of protein structure to
provide a more detailed description of protein secondary structure: regular a-helix, distorted o.-
helix, left twisted B-strand, relaxed B-strand, right-twisted B-strand, parallel B-strand, turn and
other 3!. 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.
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Figure 2.3: (A) SDS-PAGE gel of His-trap purified [Lanes] 1: whole cell lysate, 2: column
flowthrough, 3-6: purified protein:: FSOW hLFABP containing both monomer (~19kDa) and
formed dimer (~38kDa) bands. FSOW/C69S hLFABP containing only monomer band (~19 kDa)
(B) CD Spectra for unlabeled (—) and acrylodan labeled (--) C69S/F50C hLFABP.

After acrylodan conjugation, the protein was titrated with three PFAS molecules (PFOA, PFOS,
and PFHxS) and equilibrium fluorescence 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.
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Fitted data of the calculated spectra center of mass are shown in Figure 2.4A-C, with a larger
dose-response shift in fluorescence upon titration of PFAS ligand to the tryptophan-containing
protein (F50W; Figure 2.2A). 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 4-fold increase in signal as compared to PFOA
binding to the tryptophan-based system, indicating improved sensitivity of detection using
acrylodan. The estimated 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 com-pared to the FSOW mutant. The calculated LOD for PFOS and PFHxS
are 345 ppb, and 1.09 ppm respectively. Thus, use of acrylodan enhances LOD by an order of
magnitude as compared to tryptophan and enables detection directly from solution with a LOD

within the reported range for other fluorescence and optical-based detection methods for PFAS.
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Figure 2.4: (A-C) Weighted average center of mass of fluorescence spectra for acrylodan
conjugated C69S/F50C hLFABP (1uM) after titration with PFOA (A), PFOS (B), and PFHxS (C)
in PBS as well as in creek water. Blue shift in spectra upon increased PFAS concentration
corresponds to binding and is visualized as a decrease in spectra center of mass (X,cm). :: (D)
Binding of PFAS to acrylodan conjugated C69S/F50C hLFABP (1uM) fitted to a one site binding
model with the fractional occupancy represented as the magnitude of change in center of mass
(|AX,cm)|. (E) Fluorescence spectra of acrylodan conjugated C69S/F50C hLFABP (1uM) with

(--) and without (—) PFOA in PBS.

Binding affinity for the acrylodan conjugated protein was assessed by using non-linear 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 ( IAX, em [). The binding data conformed well only to
the one site model (Figure 2.4D) which is consistent with previous studies suggesting PFOA is
only capable of interacting with one binding site on the wild type hLFABP.?” Dissociation
constants for PFOA, PFOS, and PFHxS were obtained from the one site model and are 1.18 £0.15
uM, 1.73 £ 0.37 uM, and 9.48 + 2.20 uM respectively. Binding affinity of PFHxS to the acrylodan

labelled hLFABP variant is slightly weaker than the longer chain PFAS molecules PFOA and

46



PFOS. This is consistent with binding affinities for hydrocarbon-chain containing fatty acids
ligands, where binding affinity has been shown to increase with carbon chain length for C4-C11
molecules as their hydrophobic tails are able to fully extend in hLFABP’s inner binding pocket.*
Thus, it is possible that the shorter-chain PFHxS, when bound to the inner binding pocket, provides
less available contact area for specific interactions and stabilization. This is also consistent with
the higher LODs the acrylodan labelled sensor has for PFHxS. It is speculated that the shorter
chain PFAS interacts less with the 50" residue resulting in decreased change in polarity as

compared to the 8 carbon PFOA and PFOS.

The specificity of the acrylodan-conjugated hLFABP variant was further tested by introducing the
anionic surfactant, sodium dodecyl sulfate (SDS), as a competitor for binding. Figure 2.5 shows
the change in spectral center of mass for the protein sensor (1uM) in PBS containing SDS (1uM)
upon titration of both PFOA and PFOS. The LODs for PFOA and PFOS were calculated to be 112
ppb 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.
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Figure 2.5: Weighted average center of mass (X,cm) of fluorescence spectra for acrylodan
conjugated C69S/F50C hLFABP (1uM) after titration with PFOA and PFOS in PBS containing
SDS (1uM).

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 environmental samples is possible and detection is not
impaired by the presence of interfering ligands such as SDS, unlike other approaches that require
pre-treatment to enrich PFAS or remove interfering substances. We also demonstrate the ability to
modify the protein to 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 detection strategies. Given that protein-based sensors have been
developed as green, effective alternatives for detection of many environmental contaminates
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 matrices.*%*
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Chapter 3

Field performance of acrylodan labeled
human liver fatty acid binding protein

biosensor

3.1 Abstract

Per- and polyfluoroalkyl substances (PFAS) are a large set of emerging contaminants pervasive in
the environment due to amphiphilic properties and strong carbon-fluorine bonds resistant to
biodegradation. With an ever-increasing prevalence, the need for precise detection of these
chemicals at low levels in drinking water is clear. However, ground and surface water as well as
soil and other biosolids have become reservoirs for PFAS at extremely high levels. In fact, PFAS
concentrations at part per billion and part per million levels are found in environmental samples
taken near high contamination sites including industrial facilities and military bases. In this work,
we demonstrate the application of a biosensor based on human liver fatty acid binding protein to
detect perfluorooctanoic acid (PFOA) in surface water samples taken near Loring Airforce Base.
We show this sensor can detect the high levels of PFOA found in the samples quickly and easily
without the use of extensive sample pre-treatment or analytical methods. Therefore, we hope the

future of this technology will better assess PFAS detection needs for a multitude of end point users.
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3.2 Introduction

PFAS (per-/polyfluoroalkyl substances) are a group of environmental and toxicological
contaminants of increasing concern. Since their development in the 1940s, over 3000 variants of
PFAS have been manufactured and have entered the global market for use in industrial and
consumer applications.!> While their fluorinated carbon chains and polar head moieties impart oil
and water repellency ideal for industrial surfactants as well as consumer goods*~, the unparalleled
chemical stability of environmental end products like perfluoroalkyl acids (PFAAs) allow for
extreme environmental accumulation.*® Accumulation of these shorter chain PFAS like
perfluorooctanoic acid (PFOA) and perfluoroctane sulfonic acid (PFOS) has become increasingly
prevalent in humans®>’- and has been linked to a variety of health effects including endocrine
dysfunction, thyroid, pancreatic, and liver diseases®!! as well as a variety of reproductive issues

and cancers®1%15,

In recent years many new regulations have been developed and proposed to ensure strict limits on
PFAS in drinking water.!®"!8 Therefore, detection of these contaminants at the extremely low (part
per trillion) levels relevant for drinking water has become a growing priority for researchers.
However, it is important to note that human exposure to these chemicals occurs through multiple
avenues including food ingestion as well as general contact.!* Specifically, it is becoming
increasingly relevant to be able to quickly and easily detect the presence of PFAS in the soil and

groundwater around sites with large amounts of these types of contaminants.!*-2!

In this study we aim to show the feasibility of a protein-based biosensor to detect PFAS in

groundwater samples collected in Aroostook County, Maine. Loring Air Force base is located in
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the town of Limestone within Aroostook County and is an EPA Superfunds site with PFAS
contamination. Adjacent to this site are lands belonging to the Mi’kmaq Nation as well as the
Aroostook National Wildlife Refuge??; prior studies have investigated use of phytoremediation to
remove PFAS from soils at Loring AFB, and recent testing has detected PFAS in drinking water
in Aroostook County. Our prior work developing and benchmarking an acrylodan [6-acryloyl-2-
dimethylaminonaphthalene] labeled biosensor based on human liver fatty acid binding protein
(hLFABP) enabled detection of PFOA and PFOS in spiked creek water samples with limits of
detection in the hundreds of parts per billion.?* In this study we demonstrate this sensor can detect
PFAS compounds such as PFOA in contaminated water samples collected adjacent to Loring AFB
and are in agreement with independent LC/MS-MS testing for PFAS using method EPA
1633.24 These results provide an important initial validation of our biosensor to augment LC/MS-
MS testing and demonstrates the use of engineered biosensors for rapid detection of environmental

contaminants.

3.3 Materials and Methods

3.3.1 Sample collection
Samples were collected in June onsite in Aroostook County, ME. Unless otherwise stated, water

samples collected were shipped to University of Virginia and Cyclopure for analysis.

3.3.2 LC/MS-MS quantification
Surface water samples were first filtered using a 0.2pum filter to remove particulates and diluted as

needed in sterile, ultrapure water. PFAS levels in filtered, diluted samples were measured using
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the Water Test Kit Pro (Cyclopure), which provides measured concentration of 55 PFAS

compounds utilizing EPA methods 533, 537 and 1633.

3.3.3 Sensor production

Acrylodan labeled hLFABP (Ac-hLFABP) was produced as previously described.?* Briefly, the
single cysteine containing hLFABP F50C/C69S mutant was expressed via the pET28a(+) vector
in E. coli BL21 (DE3). The protein was then purified using nickel affinity chromatography,
dialyzed against PBS (pH 7.6), and thrombin cleaved using Thrombin CleanCleave Kit (Sigma
Aldrich) to remove the N-terminal histidine tag. After cleavage, the protein was conjugated with
acrylodan [6-acryloyl-2-dimethylaminonaphthalene] at a 2.5:1 fluorophore to protein ratio in
denaturing conditions (8M urea). Removal of unreacted acrylodan and refolding of the denatured
protein was performed on-column with a step-down gradient to OM urea. Properly folded Ac-
hLFABP was removed using 500mM imidazole, and once again dialyzed into PBS (pH 7.6).
Protein concentration was found using a BCA protein assay (Pierce), and acrylodan concentration
was measured by absorption at 370 nm (extinction coefficient 16,400 M-cm-+)*. The degree of

labeling for acrylodan conjugated C69S/F50C hLFABP was 1.0.

3.3.4 Sample analysis

Fluorescence measurements were performed using a Synergy Neo2 Hybrid Multi-Mode
Microplate Reader (Biotek) at room temperature and under steady state conditions. Calibration
curves and sample data were collected as previously described.?® Calibration curves were
generated by titrating PFOA in water into Ac-hLFABP in PBS (pH 7.6) to a final micromolar ratio

of 100:1 ligand to sensor respectively. Samples and standards were allowed to equilibrate for 5
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minutes before fluorescence spectra were recorded over 400-600 nm after excitation at 360 nm.
Signal was quantified as the shift in fluorescence spectra calculated as the change in the average
center of mass (Dx,,,) from 400-460nm (Eq. 1). Calibration curve data was fit to a four-parameter
log dose response model (Eq. 2), and sample PFOA concentrations were calculated using the
obtained fit parameters: Hillslope coefficient (HS), minimum and maximum signal (AXcm,,;,, &

AXcmy, ., ), and half maximal effective concentration (EC50).

12
X Xt Lixi M
cm T Tol2
Yt i

[PFOAITS x(AX e gx—AXCMinin)
AXcmHS+EC50HS

AXcm = AXcmpin + #))

3.4 Results and Discussion

The developed protein-based biosensor utilizes human liver fatty acid binding protein (hLFABP)
as a PFAS-binding scaffold.?} In the body, hLFABP is upregulated in response to PFOA exposure
and has also been shown to bind several PFAS variants with moderate affinity due to their
structural similarity to endogenous fatty acids.?6?® By introducing a thiol conjugated
solvatochromic fluorophore (acrylodan) at the 50th residue position within the ligand binding
pocket, the hLFABP mutant FS0C/C69S is capable of binding several PFAS compounds including
PFOA while producing a dose dependent blue-shift in acrylodan emission spectra. This shift in
emission spectra to higher energy wavelengths occurs due to a polarity change in the acrylodan
microenvironment upon ligand binding. The spectral shift is then quantified as the change in peak

center of mass (AXcm).
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Aqueous fire-fighting foams (AFFFs), such as those found at Loring AFB, can consist of over 50
different PFAS compounds ranging from C2-C12 in length as well as many fluorotelomers that
act as precursors to PFAAs such as PFOA and PFOS.%?%3° Wide use of AFFF chemicals at military
bases during training, emergency responses, and equipment maintenance make these sites high
risk for PFAS contamination.?>*° In fact, AFFF fluorotelomers as well as perfluorocaboxylates
and perfluorosulfonates of varying chain sizes have been found at multiple U.S. military sites,

19,20,31-33

sometimes even reaching part per million levels in groundwater, and are known to have

extremely high transport potential 2?43

Like many other military sites, Loring AFB was a site of known contamination with many
hazardous toxins including PFAS, and in the years following the base’s deactivation, it remains a
EPA Superfunds cleanup site.?**¢ Recently, concerns have been raised about persistent
contamination based on high levels of PFAS found in drinking water in Aroostook county as well
as in agricultural soils on land belonging to the Mi’kmaq; one potential source of this
contamination is from overuse of firefighting foams that contain PFAS.3” Over 70 different types
of PFAS have been detected in soil samples around the Loring AFB, with sulfonic and carboxylic
acids being the primary contaminants at concentrations of up to 150 ppb in so0il.*® A recent test of

area schools in Aroostook County show unsafe levels of both lead and PFAS in drinking water.?%-3

To demonstrate our biosensor’s utility in application settings, we measured total signal for PFAS

binding in samples collected adjacent to the Loring AFB as well as in major waterways such as

the Aroostook River. Figure 3.1 illustrates the sites where samples were collected.
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Aroostook Band of
Micmac Trust Land

Figure 3.1: Illustration of collection sites near (A) Chapman pit and (B) Malabeam Lake. The left
panel depicts the area around Loring Airforce Base with an approximation of the Aroostook
National Wildlife Refuge overlaid in white.

Based on LC/MS-MS analysis, all samples contained primarily PFOA and PFHxS, accounting for
87-98% of the total PFAS levels measured across all samples collected; PFHxS was commonly
used in AFFF, and PFOA is one of the most abundant PFAS compounds found in the environment,
and often is a breakdown product formed from higher molecular weight PFAS compounds. The
results of the LC/MS-MS data are summarized in Table 3.1. Our previous work showed the
biosensor is most sensitive to PFOA at <1 ppm levels unlike PFHxS at greater than >1 ppm levels.

Therefore, we prepared standards containing solely PFOA to calibrate the biosensor, determine

apparent signal from PFAS binding in environmental samples, and compare to LC/MS-MS results.
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Table 3.1: Results of surface water samples from LC/MS-MS. Verified concentrations are in

ng/L with LOQ defined as limit of quantification.

Chapman Pit Malabeam Lake

A) (B)

PFBA <LOQ <LOQ
PFPeA 112.50 <LOQ
PFHxA 183.75 47.73
PFHpA 1417.50 202.27
PFOA 50477.50 78840.91
PFNA <LOQ <LOQ
PFDA 86.25 <LOQ
HFPO-DA (GenX)  <LOQ <LOQ
PFBS 268.75 831.82
PFHxS 581.25 47920.45
PFOS 881.25 1379.55
YPFAS 54008.75 129222.73

The right panel of Figure 3.2 shows the calibration curves of the assay replicates utilized for
sample PFOA quantification. These data were fit to four-parameter log-dose response models
where Hillslope coefficient (HS), minimum and maximum signal (AXcm,y,;, & AXcm,,,,), and
half maximal effective concentration (EC50) constants were derived. Four separate sets of derived
constants were used for quantifying PFOA concentration in the water samples rather than an

average amongst the replicates to gauge concentrations more accurately in lower PFOA containing

samples and reduce day to day error.
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Figure 3.2: (LEFT) Sensor calibration curves for varying PFOA concentrations spiked in water.
Data from these spiked standards were fit to a four-parameter log-dose response model, and water
sample concentrations were calculated using the parameters obtained from the non-linear
regression for each day the analysis was performed. (RIGHT) Comparison of predicted and
verified concentrations of PFOA and total PFAS in parts per billion (ppb) for surface water
samples. The calculated concentrations are mean values + SE with n=3.

The results of LC/MS-MS indicated samples A and B contained 50 and 79 ppb PFOA respectively.
Based on our calibration curve using PFOA, from our biosensor measurements we obtained values
of 59 + 5ppb and 83 + 2ppb for these samples; this provides further evidence that the biosensor is
robust to environmental testing and can be used for direct determination of PFOA. PFOA was the
main contaminant found in sample A which was taken from Chapman Pit. Along with PFOA,
sample B, taken from Malabeam Lake, also contained 48 ppb PFHxS, a 6-carbon sulfonated
perfluoroalkyl acid. The ability of the biosensor to detect PFOA in this sample with relative
accuracy but not PFHxS indicates a selectivity for the 8-carbon chain carboxylic acid contaminant.
This is consistent with prior work that suggests shorter chain PFAS like PFHxS, when bound to
the inner binding pocket of hLFABP, provides less available contact area for specific interactions

and stabilization.23-40

63



It is important to note challenges with sample variability; for surface water, constituents including
organic matter and other co-contaminants can interfere with PFAS detection. While our testing on
field samples with relatively limited sample pre-processing generated results consistent with
independent LC/MS-MS detection, further application of this biosensor requires analysis of how
other pollutants or compounds might interfere with PFAS detection. Our prior work demonstrated
that representative surfactants such as SDS which bind hLFABP do not interfere with PFAS
detection; however, as a Superfund site, the Loring base was identified as having soil and
groundwater containing volatile organic compounds (VOCs), polychlorinated biphenyls (PCBs),
polyaromatic hydrocarbons (PAHs), pesticides, metals, and other petroleum related compounds.?*
Even among AFFFs, formulations include various hydrocarbon surfactants, polymers, and organic
solvents amongst the fluorinated chemicals.*!~** Because hLFABP is known to bind aliphatic fatty
acids, it is likely that aliphatic, hydrocarbon-based contaminants could also be detected using this
biosensor despite low hydrocarbon solubility in water. Our current efforts are focused on
determining what hydrocarbons and other pollutants may be present in field samples and how they

impact biosensor sensitivity, as well as methods to multiplex co-detection of multiple pollutants.

Overall, this study provides evidence that an engineered, protein-based biosensor can be used to
detect PFAS in field samples using fluorescence readout with minimal pre-processing. With recent
studies indicating widespread and significant PFAS levels in soils, water, agricultural products,
food, consumer products and the human body, a multi-faceted approach to PFAS detection using
multiple approaches is needed. As illustrated in this work, biosensors have the advantage of
straightforward implementation with reduced sample pre-processing; as such, they can serve as a

useful initial screen for contamination to augment more sophisticated, detailed detections methods
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such as LC/MS-MS. As more studies show that PFAS levels in surface water and soils can reach
levels greater than parts per trillion (ppt), it is also important to develop testing methods able to
give reliable results in this concentration range that are cost-effective and readily available. As
mentioned above, our current efforts are focused on understanding how other pollutants or
environmental compounds impact detection, as well as extending detection to other compounds

often found where PFAS contamination is present.
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Chapter 4

A genetically encoded biosensor for direct

detection of perfluorooctanoic acid

4.1 Abstract

Determination of per- and polyfluoroalkyl substances (PFAS) in drinking water at the low levels
set by regulatory officials has been a major focus for sensor developing researchers. However, it
is becoming more apparent that detection of these contaminants at part per billion and even part
per million levels is extremely environmentally relevant and necessary. Here, a fluorescent
biosensor for the rapid detection of PFOA was engineered based on human liver fatty acid binding
protein (hLFABP). By conjugating circularly permuted green fluorescent protein (cp.GFP) to a
split hLFABP construct, the biosensor was able to detect perfluorooctanoic acid PFOA in PBS as
well as spiked environmental water samples with LODs of 235 and 335 ppb respectively.
Furthermore, the E. coli cells cytosolically expressing the protein-based sensor were demonstrated
to quickly detect PFOA, demonstrating feasibility of whole-cell sensing. Overall, this work
demonstrates a platform technology utilizing a circularly permuted GFP and split hLFABP

conjugate as a label free optical sensing strategy for PFOA.
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4.2 Introduction

With a rise in evidence of PFAS accumulation and toxicity comes a wave of regulatory changes
and calls for action that highlight the necessity of quick, relatively easy ways to detect chemicals
like PFOA.!? However, this challenge has proven non-trivial given the diversity of the chemicals
as well as their limited reactivity and vast concentrations ranges. Currently, standard PFAS
detection relies on chromatography techniques coupled with tandem mass spectroscopy. These
methods are highly precise with detection limits in the range of 1 ng/L (1 ppt) for aqueous samples
(EPA Methods 533, 537, and 537.1).35 Increasing health concerns and new regulations in response
to these concerns have led to development of new PFAS sensors capable of detecting compounds
in drinking water. While still constrained to bench level research, the most successful technologies
revolve around the use of molecularly imprinted polymers (MIPS) to capture and detect PFAS
down to the ppt levels determined in health advisories set by the EPA.%5® Nonetheless, these
methods often require extensive sample preparation, and/or are limited to drinking water samples

making PFAS detection impractical for other applications and inaccessible for most communities.

Human exposure to PFAS has been contributed to multiple pathways including ingestion of
contaminated water and food including crops grown in contaminated soils and biosolids as well as
general dermal adsorption.” Therefore, as PFAS contamination is found to be more and more
ubiquitous in the environment, the necessity of detection at these higher concentrations and in a
vast variety of matrices becomes clearer. In fact, several states in the U.S. report PFOA and PFOS
concentrations in the part per million (ppm) in non-drinking water and various soil sources.!®!!

High levels of PFAS pollution are common near manufacturing facilities, sites storing PFAS

related waste, and areas utilizing fluorinated AFFFs like airports.'? In fact, limited analyses of

72



ground water and sediment samples in locations where PFAS containing AFFs were used, have
demonstrated that a wide variety of PFAS chemicals can persist in the environment at high

concentrations, several decades after release.!>"!’

Agricultural lands have become reservoirs for PFAS as these chemicals are emitted directly into
the environment or brought in through irrigation waters and soil amendments like treated sewage
sludge and soil conditioners.'®2° Therefore, this contamination is reflected in food crops. Studies
have shown plants are capable of taking up and accumulating PFAS with preference to medium
and short chain chemicals like PFOA and PFOS.?!?? Specifically, for highly contaminated areas,
this has been shown to range from mg/kg to mg/kg dry weight levels in a variety of crops*2,
which is orders of magnitude above the limits set for drinking water. With this is mind, there is a
clear need for easy and rapid PFAS detection in a multitude of matrices and in a wide range of
concentrations with minimal pre-processing. In order to grow necessary food crops and livestock,

and allow safe use of outdoor recreation areas, people must be able to easily determine

contamination.

Biosensors have often been used for detection of pathogens and contaminates in agricultural
products and environmental samples as they offer the advantage of tunability in terms of sensitivity
and selectivity as well as the possibility for minimal sample pre-treatment.?®2° Despite not having
been assessed for real world feasibility, several biosensor platforms have been developed for PFAS
detection. Some of these technologies are considered “whole cell biosensors”, created around
bacteria with engineered biological promoters that induce fluorescent protein expression upon

PFAS interaction.’®*! However, these have yet to be optimized for quick read-outs, often taking
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24-48 hours. Biosensors utilizing individual binding proteins and antibodies as PFAS receptors
rather than whole cell systems, have also been shown to detect PFOA and/or PFOS with various
transducers including fiber optics.’?>*3 We previously designed an acrylodan based fluorescent
sensor for detection of several PFAS in water based on human liver fatty acid binding protein
(hLFABP).** While promising, to utilize the robustness and ease of whole-cell biosensors for direct
detection in a variety of sample formats, we must first develop a genetically encoded system or

protein capable of intrinsic detection of PFAS.

In this study, we introduce a biosensing scaffold capable of detecting PFOA in aqueous solutions
based on hLFABP and utilizing circularly permuted green fluorescent protein (GFP) that can be
further optimized for whole cell detection. This fusion protein construct shown in Figure 6.1,
exhibits increased intrinsic fluorescence upon PFOA binding in vitro with a LOD of 236 ppb, a
level well within concentration ranges seen in highly contaminated sites. This is also achieved with
minimal protein expression and purification steps and no secondary, post purification
modifications. We also demonstrate the feasibility of this construct to be utilized in vivo through
cytosolic E. coli expression. Our results provide a promising detection platform for use in non-
aqueous and heterogeneous media detection as whole cell sensors offer robustness, ease of use,

application flexibility as compared to sensors based on purified proteins.*
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4.3 Materials and Methods

4.3.1 Molecular Biology

For DNA maintenance, E. coli strain DH5a was used and E. coli strain BL21 (DE3) was used for
protein expression. Unless otherwise stated, all molecular biology procedures for PCR
amplification, plasmid preparation, cell transformation and subcloning were performed according
to standard methods supplied by manufacturers. The gene encoding E. coli codon optimized human
liver fatty acid binding protein (hLFABP) (NCBI 2168) was previously subcloned into pET-28a(+)
using BamHI/Xhol restriction sites®* and the ¢cp.GFP.PPYF gene fragment was amplified from
EcMBP165-cpGFP.PPYF.pRSET (Addgene plasmid #33372)*. The cp.GFP.PPYF fragment as
well as the destination vector, hLFABP-pET28a(+) were amplified using primer sets
FragmentCP.GFP and VectorCP.GFP respectively. The insert and linear vector were then
simultaneously digested and ligated via Golden Gate assembly utilizing PagCIl and T4 DNA
Ligase (New England Biolabs). All ligated sequences were verified by Sanger Sequencing
(Europhins Genomics).

FragmentCP.GFP_F: 5' TATCACCTGCACTAggcagcggcagctacaacgtcttcat 3'

FragmentCP.GFP_R: 5' TATCACCTGCACTAacccccgttaaagtigtactccagcettg 3'

VectorCP.GFP_F: 5' TATCACCTGCACTAgggtaaagtgatccaaaacgaatttaccgttg 3'

Vector.CP.GFP_R: 5' TATCACCTGCACTAtgccgctgeccgeggtaat 3'

4.3.2 Protein expression and purification
The recombinant protein was produced after transformation into E. coli BL21 (DE3). Saturated

cell solutions were pelleted by centrifugation (3,000 g), resuspended in fresh LB media containing
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kanamycin (50 pg/mL), and grown at 37°C to an OD600 of 0.6. Protein expression was then
induced via addition of ImM isopropyl B-D-1-thiogalactopyranoside (IPTG), and cultures
transferred to 20°C for 18 hours. Harvested cells were then pelleted by centrifugation (10,000 g)
and resuspended in lysis buffer (50mM Tris-Cl, 100mM NaCl, 5% v/v glycerol, 1mM
phenylmethylsulfonyl fluoride) before lysis via sonication. The clarified supernatant was then
purified by Ni?*-affinity chromatography using Chelating Sepharose Fast Flow (Cytiva). The 1 mL
column was equilibrated with 50 mM Tris-ClI 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 fractions were then pooled and dialyzed
against phosphate buffered saline (PBS) pH 7.6. Concentration of all protein samples was

measured using a Pierce BCA protein assay kit.

4.3.3 Spectroscopy
All absorbance and fluorescence measurements for cpGFP.hLFABP were performed using a
Synergy Neo2 Hybrid Multi-Mode Microplate Reader (Biotek) at room temperature and under

steady state conditions.

4.3.4 In vitro assays

PFOA binding assays in vitro were performed by titrating PFOA into protein (I puM final
concentration) in either PBS buffer (pH 7.6) or creek water taken from the Dell and Meadow Creek
on the grounds of University of Virginia. To determine sensor ability in systems containing other
anionic surfactants, the assay was also performed in PBS buffer (pH 7.5) with sodium dodecyl

sulfate (SDS) at a final concentration of 1 pM. Samples were allowed to equilibrate for 5 minutes
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before fluorescence spectra were recorded over 500-600 nm after excitation at 395 and 485 nm.
For more quantitative data, fluorescence intensity endpoint reads at 510 nm after excitation at 485
nm were also collected. The dissociation constant (K4) was determined by fitting the fractional
change in fluorescence intensity (F) at 510nm and corresponding PFOA concentrations to a one-
site binding model using nonlinear regression after correcting for protein in buffer only

fluorescence:

AF _ OF [PFOA]
Fo Fopax (Kdproa+[PFOA])

()

4.3.5 In vivo assays

For in vivo assays, the induced cells were harvested and resuspended in PBS (pH 7.6) to cut down
on background media fluorescence. After titration with PFOA, cells were allowed to equilibrate
for 30 minutes at room temperature. After 30 seconds of orbital shaking, the fluorescence spectra
as well as endpoint data were collected as described above. After fluorescence data was normalized
by OD600, the fractional change in fluorescence intensity at 510nm was plotted against PFOA
concentration. However, to account for more nonspecific interactions, the data were fit to a log-

dose response model where a half maximal effective concentration (EC50) was obtained:
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4.3.6 Limit of Detection Calculations

The limits of detection (LOD) were calculated for each non-linear system similarly to existing
literature.>’” The base equation (Eq. 3) determines LOD, represented by the deviation in
concentration (xp), by multiplying the standard deviation of blank samples, (s,,), with the

coefficient for a Student’s t distribution, (¢)3®.

Xp =t*Syy ()

While this is often the simplest method for LOD determination, it does not accurately consider
response deviation, nor does it measure standard deviation of calibration measurements. For in
vitro assays, we see a first order binding dependence of signal on PFOA concentration shown in
Eq. 4 after rearrangement and simplification of Eq. 1. Concentration of PFOA is now represented
as (x) while the change in fluorescence response is now (y) with max response as (B). Therefore,
to properly obtain LOD, we must calculate the contribution of all terms in Eq. 4 in the deviation

of x.

_ B*K g4
(B-y)

“4)

dx 2 dx 2 ox 2
s2=(2) i+ () stat+(3) 2 ®

Standard deviation of x, (sx) was calculated based on Eq. 5 with (s)), (Skq), and (sg)

representing error in the calibration curve from the response signal, dissociation constant, and
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maximum signal respectively. The calculated deviation obtained at a specific point, (s,,), from
Eq. 5 was substituted into Eq. 3 to calculate LOD. As our system is based on the change in

fluorescence, measurement deviation from a low concentration standard was used for s,,, rather

y

than blank samples. The final equation (Eq. 6) was then used for calculation of LOD for in vitro

assays with the confidence factor t=3 as it corresponds to the confidence level of 95%.

1
2

*p =t [(%)2 Sy0 + ((_lf—yoy)z)z sp+ ((B{Oyo))2 S’Z“l] (©)

This process was done similarly for the LOD calculation of the cell-based assays. However, Eq. 2
was used as the basis instead of Eq. 1 in order to properly model the non-specific effects that come

with the complexity of using whole cells instead of purified protein for binding assays.

4.4 Results and Discussion

Fluorescent proteins (FPs) contain optical properties that are extremely dependent on the
microenvironment surrounding their chromophores.?*#° This chromophore sensitivity has thus led
to the wide use of FPs like GFP as sensing tools since small changes to protonation equilibrium
are transduced easily. This can be through direct interaction of analytes and chromophores like
with FP based pH and ion sensors*! or through the addition of a separate binding unit where ligand
induced conformation change leads FRET-based activity or even allosteric based fluorescence
changes.**** While the addition of ligand-binding receptors to FPs is conducive for binding events
that lead to large changes in receptor conformation, the use of circularly permuted GFP has been

proven to be capable of transducing binding events for proteins with a wide range of
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conformational flexibilities.*> The circular permutation process involves fusing the natural GFP
termini which forms new termini that can then be fused to insert a receptor of interest closer to the

chromophore.*®

To create a sensor capable of detecting PFOA, circularly permuted GFP (cpGFP) and human liver
fatty acid binding protein were utilized as optical signal and recognition units respectively. The
chosen receptor, hLFABP has not only been shown to bind PFOA with moderate affinity*”*® but
has also been used previously as a scaffold for a PFAS biosensor not suitable for genetic
encoding.* However, hLFABP is not known to have extensive conformational changes upon
binding of endogenous fatty acids,*>->* and the little structural information of PFOA binding shows
only minimal changes in alpha helical composition.*->! Therefore, it is imperative that the cpGFP
construct is fused near the PFOA binding region of hLFABP without interrupting residues directly
responsible for ligand interactions. The residues S56 and K57 in the loop region shown in Figure

4.1 were chosen for domain splitting.
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Figure 4.1: cpGFP.hLFABP construct design overview. (A) linear representation of construct with
linkers L1 (GSG) L2 (GGTGGS) and L3 (GG) (B) schematic of circularly permuted GFP.hLFABP
at the protein level depicting binding of PFAS (C) overlay of apo form (orange) and holo form
(blue) of wild type hLFABP complexed with palmitic acid (PBD IDs 3STN and 3STK
respectively) °°. Location of receptor splitting was partly based on perturbations at residues 56 and
57. Figure created using Biorender.com.

While located in a flexible region away from residues taking part in electrostatic interactions 4’4,

S56 and K57 are in a region where modest change in structure occurs upon binding of palmitic
acid as shown in Figure 4.1 as the overlay of the apo and holo form of hLFABP. (PDB 3STN and
3STK respectively).’® Furthermore, previous work in our lab has shown insertion of the
fluorophore, acrylodan, into a reasonably close residue (F50) of hLFABP is able to probe PFOA
binding.’* Figure 4.1 also shows a linear map of the construct as well as a graphical overview of
the sensor function. As ligand is bound by the split hLFABP, the change in microenvironment
around cpGFP’s chromophore will elicit a change in fluorescence. Specifically, this change is seen

as an increase in fluorescence after excitation.
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The designed construct was subsequently cloned as described above, expressed in E. coli BL21
(DE3), and purified via immobilized metal affinity chromatography. Purified fractions containing
the single band of cpGFP.hLFABP at ~46.5 kDa (Figure 4.2) were then dialyzed and used for in

vitro analysis.
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Figure 4.2: SDS-PAGE analysis of cpGFPhLFABP purification via Ni-NTA resin. Lane M:
protein marker, Lanes 1-6: purification fractions containing increasing concentrations of imidazole
(50, 75, 100, 125, 200, and 500mM respectively). cpGFP.hLFABP is shown as a band of
approximately 46.6 kDa.

Enhanced green fluorescent protein (EGFP), the original basis of this cpGFP signal unit, as well
as our cpGFPhLFABP fusion have absorbance peaks (Figure 4.3) corresponding with the
protonated and deprotonated forms at ~395nm and ~490nm respectively.’? Upon titration of
PFOA, the absorbance at 395nm increased and decreased at 485nm. This indicates shifts in the

equilibrium state of the chromophore from protonated to deprotonated states upon binding of

PFOA to the split hLFABP.
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Figure 4.3: Representative absorption spectra for coGFP.hLFABP (2uM). Spectral changes upon
increased PFOA addition show a decreased and increased trend in intensity at 395nm and 485nm
respectively. Curves are smoothed for qualitative analysis.

Fluorescence response at these two wavelengths was assessed upon addition of PFOA. Figure 4.4

shows that while emission spectra changes occur at both wavelengths, excitation at 485nm exhibits

a much more exaggerated response in overall fluorescence intensity change.
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Figure 4.4: Representative fluorescence emission spectra for cpGFP.hLFABP (1uM) after
excitation at 395nm (LEFT) and 485nm (RIGHT). Spectral changes upon PFOA titration shows a
decreased and increased overall intensity for excitation at 395nm and 485nm respectively. All
curves are smoothed for qualitative analysis.
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Therefore, to quantify binding of PFOA to cpGFP.hLFABP, endpoint intensity at 510nm after
excitation at 485nm was used. Figure 4.5 shows binding of PFOA to cpGFP.hLFABP in PBS (pH
7.6) as a fractional change in fluorescence. This data is shown fitted to a one site binding model
based on the best fit to experimental data. This is consistent with studies suggesting PFOA binds
in a 1:1 stoichiometry to WT hLFABP despite cpGFP.hLFABP utilizing a split hLFABP
domain.>***! The calculated dissociation constant K4 was determined to be 11.9 & 1.6 mM which
is also consistent with previous studies characterizing binding of PFOA to WT hLFABP and

variants, 34485153

-+ PBS
= Creek Water
+ PBS (1uM SDS)

0 20 40 60 80 100

PFOA (uM)

PBS Creek Water PBS + SDS
K, (uM) 10.4+1.4 82+0.8 19.4+23
(AF/F ).« 0.91+0.04 0.58+0.02 0.99+0.04
LOD (uM) 0.57+0.2 0.8+0.3 1.13+£0.7
LOD (ppb) 236 330 467

Figure 4.5: Binding of PFOA to cpGFP.hLFABP (1uM) after titration in PBS (black circles), creek
water (blue squares), and PBS containing 1uM SDS (green triangles). Data are fitted to a one site
binding model with the fractional occupancy represented as the fractional occupancy represented
as the fractional change in fluorescence intensity at 510nm after excitation at 485nm. The
represented points are mean values £SEM with n=3. Bottom table displays calculated model
constants and limits of detection in all systems.

To assess feasibility and selectivity of the sensor in more realistic application systems, these

experiments were also done with spiked water samples taken from the Dell and Meadow Creek on
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the grounds of University of Virginia as well as in buffer containing the anionic surfactant, sodium
dodecyl sulfate (SDS), as a competitor for binding (Figure 4.5). While Kq values obtained in all
buffer systems were similar as shown in Figure 4.5, the maximum response, and limits of detection
(LODs) varied. While maximum response, (AF/Fo)max, 1s reduced in creek water-based assays, the
overall binding affinity and limits of detection remain comparable to PBS based data with LODs
in the hundreds of ppb. While this limit is pushed toward the part per million for buffer containing
SDS, the ability to detect PFOA at this level in a system with a known hLFABP binder is promising

for application of samples that contain other anionic surfactant co-contaminants.

One of the most valuable aspects of genetically encoded sensors is the ability to be used in vivo.
Specifically, in environmental detection, utilizing whole bacterial cells introduces a robustness to
a sensor as compared to proteins alone in terms of tolerance to physical changes like pH and
temperature as cell membranes act as a barrier from harsh environmental conditions.>*
Furthermore, whole cell-based systems are usually more amenable to immobilization-based
implementation than proteins® and offer advantages such as portability and the possibility of

detection in complex matrices with minimal sample preparation.>®

Therefore, as a first pass at feasibility of whole cell detection, E. coli cells expressing
cpGFP.hLFABP cytosolically were incubated with PFOA, and changes in fluorescence monitored.
The increase in fluorescence upon PFOA titration is shown in Figure 4.6. To account for
complications the bacterial interactions bring, the data was fit to a log-dose response model rather
than a one site binding model. While only eliciting a maximal response of around 10%, the sensor

expressing cells are capable of detecting PFOA in PBS (pH 7.6) with a LOD of 2.4 ppm.
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Figure 4.6: Fluorescence intensity change at 510nm after excitation at 485nm of E. coli expressing
cpGFP.hLFABP upon PFOA titration. Data are normalized by cell concentration (OD600) and
fitted to a dose response model. The represented points are mean values + SEM with n=3.

Overall, in this study we demonstrate the design and initial applicability of an intrinsic fluorescent
PFOA sensor based on conjugation of cpGFP to a split hLFABP construct. The purified fusion
protein exhibited dose-dependent changes in absorption spectra as well as fluorescence intensity
that demonstrate saturation behavior. This shows that despite small changes in structural

conformation, splitting hLFABP allows PFOA induced changes large enough for transduction by

cpGFP without detrimental changes to binding as compared to wild type hLFABP.

Direct detection of PFOA was achieved in buffer as well spiked water samples with LODs within
relative environmental concentration ranges without sample pre-treatment. We also demonstrate
the feasibility of utilizing this construct in whole bacterial cells through cytosolic expression to
detect PFOA. This is extremely promising as minimal optimization was done in terms of individual
GFP and hLFABP moieties. As has been shown prior, just optimizing the linkers between cpGFP

and receptor proteins can improve optical signal by more than 200%.
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4.5 Conclusions and Future Directions

As further evidence continues to elucidate the wide-reaching contamination of PFAS chemicals,
the need for detection strategies grows. Specifically, detection in a wide variety of sample types
and concentrations are necessary. As mentioned above, biosolids and irrigation waters have
become reservoirs as well as transporters of PFAS to crops, livestock, and people. In the last 10
years, PFAS have been found at detectable levels not only in food crops but also livestock,
including milk from dairies with groundwater and hay contamination.>” Therefore, to address the
need for easy detection in all sample types, our lab looks towards utilizing synthetic biology. At
the bench scale, biosensor feasibility studies are usually conducting in liquid culture. However,
genetically encoded biosensors have the capability for a multitude of applications including
immobilization for the design of test strips, and microfluidic devices.>>=> We also know that with
biological tool kits, researchers have the capability to modify proteins and enzymes to enhance

sensitivity and selectivity drastically.*>>®

Furthermore, genetically encoded biosensors can be
designed with multiple functions. By introducing new proteins and enzymes or creating genetic
circuits, whole cell sensors seem to have unlimited capabilities, including pre-treatment
simplification.?®% Therefore, by demonstrating cpGFP.hLFABP as a promising platform for
intrinsic fluorescent-based detection, we hope to enable further synthetic biology-based
approaches for PFAS detection. In this section I will discuss strategies to improve the whole cell-

based utilization of the cpGFP.hLFABP biosensor as well as outline at a high level several methods

for improving sensitivity and specificity of the biosensor.

Whole cell biosensors most commonly use simplistic gene circuits for analyte detection which can

be transcriptionally or translationally based. As a simplistic overview, transcriptionally based
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systems rely on specific interactions of analyte species with sensing domains (oftentimes
transcription factors) that then drive the transcription and translation of reporter proteins.>®
Translational sensing mechanisms often use regulatory RNA molecules for sensing where aptamer
domains are linked to regulatory domains.> These “riboswitches” regulate expression of reporter
genes through specific binding. Unlike these categories of sensors, the discussed cpGFP.hLFABP
construct does not rely on the regulation of reporter gene expression. Instead, the sensing
mechanism and signal output are fused allowing for coupled activation and reporting. While this
creates a simpler and more robust system than classic genetic circuit-based sensing, response to
extracellular contaminants still poses a challenge for all whole-cell biosensors as the physical cell
walls and membranes act as physical barriers. Approaches to circumvent this issue revolve around
increasing the physical interaction of protein and analyte through increased uptake of

environmental contaminants into the cell or expression of the protein biosensor on the cell surface.

One such method would be through the use of expression host systems with more permeable
membranes to increase analyte uptake. Specifically, future work should look at the use of E. coli
AS19. As further discussed in Appendix A, AS19 have hyperpermeable outer membranes due to
defects in the lipopolysaccharides of the outer membrane.®® Aside from changing the overall outer
membrane integrity, it is possible to adjust membrane permeability through the deletion or
amplification of genes encoding membrane proteins. Membrane proteins account for about 20-
30% of synthesized proteins in all organisms and are essential to a variety of cellular functions
including selective passage of solutes and key metabolites across cell membranes.>* In E. coli there
are two main proteins required for transport of exogenous fatty acids; FadL and FadD which

facilitate fatty acid uptake through the outer and inner membranes respectively.®!-*? Since PFAS
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like PFOA have been shown to bind to fatty acid binding proteins with moderate affinity, it is
believed that overexpression of the outer membrane transport protein FadL will facilitate uptake
of PFAS molecules and increase interaction of these analytes with our protein biosensor. It has
even been previously shown that increased FadL expression in E. coli leads to increased uptake of

palmitic acid.®

Preliminary studies were conducted on the effect of FadL overexpression on biosensor sensitivity
for whole cell PFOA detection, and experimental details are outlined in the Supplemental
Information section of this chapter. The native E. coli gene fadL was cloned into the pRSET
plasmid and the outer membrane protein was co-expressed through a T7 promoter system with our
cpGFP.hLFABP construct. Upon direct comparison of PFOA sensing in Figure 4.7, it appears that

greater sensitivity was not achieved.
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Figure 4.7: Fluorescence intensity change at 510nm after excitation at 485nm of E. coli expressing
cpGFP.hLFABP with (blue) and without (black) FadL expression upon PFOA titration. Data are
normalized by cell concentration (OD600) and fitted to a dose response model. The represented
points are mean values + SEM with n=3.
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The transport of fatty acids through the B-barrel protein is thought to involve lateral diffusion of
the substrate as well as conformational change of FadL that results in the formation of the exit
channel.%* Since PFOA (8 carbons) is smaller than average long chain fatty acids (12-18 carbons)
it is possible the interaction of PFOA with FadL does not sufficiently activate the exit formation
resulting in low uptake and transport. However, the feasibility of this method cannot be ruled out
as membrane proteins are notoriously difficult to express recombinantly. Specifically,
overproduction of membrane proteins often leads to incredibly low yields and can overwhelm the
hosts folding machinery or lead to host toxicity.® The challenge of low yields is extrapolated
through the co-expression of cpGFP.LFABP as cellular machinery and energy are expended in the
formation and folding of this extremely soluble and easily expressed protein. Therefore, further
work should investigate optimization of both FadL expression as well as co-expression of the

membrane protein and biosensor.

Along with increasing analyte uptake, the method of cell surface display could improve biosensor
sensitivity by removing the physical cell barrier to maximize sensor-PFOA interaction and
decrease noise from intracellular expression. Expression of recombinant proteins on a cells surface
is used in a multitude of applications, most commonly in the development and screening of protein
and antibody libraires. This technique has even been utilized for biosensor applications in several
prokaryote and eukaryote hosts including phages, yeast, and bacteria.®® Outer membrane proteins
and autotransporters are frequently used as protein carriers for Gram-negative bacteria like E.
coli.% Therefore, preliminary work with methods outlined in the Supplemental Information section
of this chapter investigates the ability of surface display of cpGFP.hLFABP on E. coli BL21

through a system based on the autotransporter protein AIDA-I. Autotransporter proteins function
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in cell adhesion and protein hydrolysis, and their structure promotes translocation of N-terminal
linked passenger proteins across membranes through their porin-like B-barrel structures.®’-6% As
they do not require other proteins for translocation, they are capable of transporting larger proteins
than common outer membrane proteins used for bacterial surface display like OmpF.%7°
Autotransporter proteins like AIDA-I are also extremely efficient and can exhibit more than
250,000 passenger proteins on the surface of a single bacterial cell.”! However, as with all
membrane proteins, many factors play into their expression efficiency. The protein surface display
system consists of several elements; an AIDA specific signal sequence for localization, passenger
protein (cpGFP.hLFABP), linker and myc antibody tag regions, and the translocation unit

(AIDAc).

Upon expression of the biosensor-AIDAc fusion, however, cells were no longer visibly fluorescent
compared to cytosolically expressed cpGFP.hLFABP. While it is possible that the efficiency of
cytosolic expression outmatches that of surface display, the western blot in Figure 4.8 indicates

improper surface expression.
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Figure 4.8: Anti myc-tag Western Blot of whole cell lysates for E. coli expressing (1)
cpGFP.hLFABP-AIDAC fusion and (2) AIDAc protein without passenger protein used as a control.
Arrow points to band representing full length cpGFP.hLFABP-AIDACc fusion (~90 kDa)

Specifically, there is clear indication of the presence of the AIDAc protein at ~60 kDa in both
cpGFP.hLFABP.pAIDA as well as the pAIDA control in which no passenger was attached. While
the full-size fusion protein (~90 kDa) is seen, the band is faint indicating possible cleavage at the
TEV protease site or other degradation. Therefore, more work should be done to develop the

surface display of this biosensor. The use of different £ coli strains to reduce cleavage of surface

expressed proteins® or the removal of proteolytic regions are natural starting points.

There are many methods for optimizing and designing whole cell biosensors. One of the most
appealing aspects of protein-based sensing is the ability to increase specificity and selectivity of
analytes to the recognition protein. This is often done through the use of directed evolution to
mutate proteins and screen for those with increased function. The design and implementation of a

library for increased hLFABP binding affinity to PFOA is discussed in Appendix A. However, the
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fluorescent nature of the circularly permuted, split hLFABP fusion is an ideal candidate for future
library screening as increases in fluorescence upon binding allows the utilization of optical
screening methods. Aside from protein engineering, there are many other areas for optimization of
biosensors including choice of host, expression system and location, as well as implementation
and integration into an end-use system. In this section, I hope to outline a starting point for future
optimization of our genetically encoded platform system utilizing cpGFP.hLFABP for PFOA

detection.

4.6 Supplemental Information

Simultaneous expression of cpGFP.hLFABP and FadL for in vivo PFOA detection

The gene encoding the FadL protein was PCR amplified from E. coli after genomic DNA
extraction (Monarch Genomic DNA Purification Kit) using primers FadLFrag_F and FadLFrag R.
The insert was then ligated into the pRSET vector via golden gate cloning with pagCI and T4 DNA
Ligase (New England Biolabs) after backbone amplification with primers pRSET F and
pRSET R. After transformation into E. coli BL21, protein expression and assays were conducted
as previously described in this chapter with the exception of antibiotic marker; pRSET includes

resistance to ampicillin so cells were grown in LB media containing (50 pg/mL) ampicillin.

FadLFrag F: 5'tattcacctgcactacaccatgagccagaaaaccctgtttacaaag 3'

FadLFrag R: 5'tattcacctgcactatctcagaacgcgtagttaaagttagtaccga 3’

pRSET F: 5'tattcacctgcactagagaattcgaagctigatccggcet 3'

pRSET R: 5'tattcacctgcactaggtgggatccttatcgtcatcg 3'

93



Bacterial surface display of coGFP.hLFABP

The gene encoding cpGFP.hLFABP was PCR amplified out of cpGFP.hLFABP-pET28a(+) using
primers cpGFPLFABP _SD F and cpGFPLFABP_SD R to add Sphl and Sacl sites onto 5° and 3’
ends respectively. After amplification of the pAIDA1 vector (Addgene plasmid #79180)% using
primers pAIDA F and pAIDA_F to add the corresponding Sph/ site both the insert and backbone
DNA were doubly digested with Sphl/Sacl, ethanol precipitated, resuspended in nuclease free
water, and ligated overnight at 16°C using T4 DNA Ligase (New England Biolabs). After
transformation into E. coli BL21, protein expression was conducted as previously described in this
chapter with the exception of antibiotic marker; pAIDAI includes resistance to chloramphenicol
so cells were grown in LB media containing the antibiotic at 25 pg/mL. After induction, cells were
pelleted via centrifugation (3,000 g), resuspended in a 20mM Tris based lysis buffer containing
5SmM EDTA and 0.5% SDS, and heated at 90°C for 10 minutes. Lysed whole-cell samples were
run on 16% Tris-tricine SDS-PAGE under reducing conditions and transferred to nitrocellulose
membrane using standard protocols for Western Blot analysis with HRP-conjugated rabbit anti-

myc tag antibody (Abcam).

cpGFPLFABP_SD F: 5’ cagcgtacccgcatgcatgagcttcageggea 3'

cp.GFPLFABP_SD R: 5'cagtacagagctcaatacgtttgectgatacge 3'

pAIDA _F: 5'acagcgtaccgagctcgaaa 3'

pAIDA R: 5'cagttctggcatgecggaccctggaacageg 3'
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Chapter 5

Uptake and distribution of perfluoroalkyl
substances in industrial hemp (Cannabis

sativa)

5.1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are considered “forever chemicals” due to their rapid
emergence as environmental contaminants and their resistance to biological degradation.! This
large group of amphiphilic molecules are abundant in the products we use every day, such as foams
in fire extinguishers, stain and water-resistant fabrics, and non-stick cooking items.? The risk posed
by these man-made chemicals is enhanced by their ability to stick around, accumulating in the
water, soil, and even the human body. Long term exposure and buildup of PFAS can lead to adverse
health effects like neurotoxicity and certain types of cancers.’ For most people, exposure to PFAS
occurs through consumption of contaminated drinking water as well as food exposed to the
chemicals during production or packaging. Specifically, soil and groundwater can act as reservoirs
and vehicles for PFAS rendering a large amount of land useless for agricultural, recreational, and

other purposes.*?

In the face of PFAS and their inability to biodegrade, phytoextraction or phytoaccumulation could
be an efficient option for remediation of heavily contaminated regions. In fact, recent studies have

shown the ability of a variety of plant species to take up PFAS including crops like lettuce®”,
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10-12 a5 well as a multitude of tree, reed, and bushes species!'>~!°. While this is

tomato®’ and grains
deemed an incredible issue in the realm of agricultural crop plants meant for consumption, it opens

the door to potential phytoremediation of these chemicals.

Uptake of contaminants into plants is predominately achieved through active transport, and
efficiency of PFAS movement past the root systems is mainly governed by sorption of the
chemicals to root-solids'®!8, Previous work has elucidated several factors that affect the uptake of
PFAS in plants including chain length, and functional group. Hydrophobicity and lipophobicity
increase with increasing chain length of PFAS. Therefore, mobility and overall uptake of PFAS
decreases as carbon number increases, and long chain PFAAs are more likely to be found in root

systems than above ground foliage.®!*-2!

Ideal candidates for phytoremediation species are hyperaccumulators with high biomass
production that are known to have effective evapotranspiration rates meaning quick absorption of
water and nutrients from soil and efficient transport into plant shoots?>?*. One such widely studied
hyperaccumulator is industrial hemp (Cannabis sativa). Hemp is an annual herbaceous plant with
short maturation periods, a 4 to 8 month life cycle, and fast growth rate that lead to high biomass
yields?*. Industrial hemp also develops dense root systems capable of penetrating up to 2 meters
into soil increasing surface area and therefore accumulation potential?>?6, As a whole,
phytoremediation has been proven to be a cost and labor effective, sustainable, and simple method
for environmental contamination removal. Hemp, however, has low nutrient requirements and a
high tolerance to toxic contaminants allowing it to survive in sites like landfills and industrial

mining areas?’. While hemp has been extensively proven to remediate soil from contamination of
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various heavy metals?®-3!

, it has also been used to detoxify soils of polycyclic aromatic
hydrocarbons, petrol hydrocarbons, and other contaminants of emerging concern®>3, In this and

ongoing work, we look to assess the potential of industrial hemp for PFAS phytoextraction by

determining concentrations and plant distribution of several PFAS: PFOA, PFOS, and PFHxS.

5.2 Preliminary Studies

5.2.1 Materials and Methods

Experiments were conducted in the greenhouse at the University of Virginia where temperatures
reached approximately 35 £ 5 °C during the day and 25 + 5 °C at night with 70% =+ 20% relative
humidity. Hemp plants were grown for 4 weeks in growing medium consisting of PRO-MIX high
porosity mycorrhizae soil. After this period, soil dehydration was achieved through water
withholding for 8 hours. Plants were then grown for seven days with daily watering of water
containing either high doses (10ppm), low doses (10ppb), or no PFAS; PFAS studied include
perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), and perfluorohexane
sulfonic acid (PFHxS) at 10 ppm. On Day 1 plants were given 300mLs of water and 200mLs every
day after for seven days; a total of 1.7 liters was given to each plant with a total of 17ug and 17mg
of PFAS given to low and high dose samples respectively. After seven days of growth, four
biological replicates in each treatment group were harvested and roots were washed thoroughly in
deionized water before extraction and analysis. Samples were sent to Pace Analytical for tissue

matrix extraction and quantitative analysis of 36 perfluorinated compounds using method DOD

QSM 5.3.
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5.2.2 Results and Discussion

After seven days of growth in soil watered with extremely high concentrations of PFAS in a
cumulative manner, the plants still appeared to be unaftected; all sample groups grew and flowered
normally as compared to control plants receiving only water as shown in Figure 5.1. This attests
to the extreme robustness of hemp in the face of environmental toxins and aligns well with their

use for soil cleanup of a variety of toxins.

PFOA 10ppm , PFOS 10ppm PFHxS 10ppm

Figure 5.1: Hemp plants grown in high dosed (10ppm) soil after 7 days of growth in comparison
to control plants.

Not only the plants appear resistant to PFAS toxicity at extremely high levels, but sample analysis
shows promising uptake in both high and low dose plant pools (Figure 5.2). Here we see pg per
kg wet weight uptake for both PFOA and PFOS in low dose plants and even mg per kg levels of
all three studied PFAS at the high dose concentrations. At low concentrations, PFOA was taken up
at a higher level than PFOS. This is attributed to the differing functional groups (carboxylate and
sulfonate for PFOA and PFOS respectively) as PFCAs are known to have better root uptake
compared to PFSAs.!>1618 [t is interesting to note that high doses of PFOS accumulate similarly
to the shorter chain PFHxS and carboxylic acid containing PFOA. This could be attributed to soil

adsorption differences in the three compounds driving bioavailability. Sorption affinity and
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reversibility decrease when hydrophobicity of PFAS increases, and the sulfonated chemicals
absorb stronger to soil organic matter.!”3* Therefore, saturation of the soils in the high dose

samples could decrease the bioavailability burden of PFOS through soil adsorption.

Low Dose (10ppb) High Dose (10ppm)
60
= 7483
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Figure 5.2: PFAS concentration (ug kg™! wet weight) of hemp grown in cumulatively spiked soils
at either low (LEFT) or high (RIGHT) concentrations.

5.3 Ongoing work and future directions

5.3.1 Materials and Methods

Experiments were conducted in the greenhouse at the University of Virginia. Hemp plants were
grown for seven weeks in pots with a layer PRO-MIX high porosity mycorrhizae soil topped with
Turface soil aggregate under ~20 hours of light daily. Experiments were conducted in the
greenhouse at the University of Virginia where temperatures reached approximately 28 + 5 °C
during the day and 18 + 5 °C at night with 50% + 10% relative humidity. Flowering was induced
through the switching of light cycle time to include 12 hours of light daily. However, it must be
noted that along with artificial light, environmental sunlight exposure through windows extended

daylight to around 13.5 hours and prolonged the flowering period. Soil dehydration was achieved
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through water withholding for 8 hours prior to PFAS addition. Plant soils were spiked with
concentrations of 1 mg kg! of either perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid
(PFOS), perfluorohexane sulfonic acid (PFHxS), or no PFAS and allowed to grow and flower over
the course of 3 weeks. During this period, plants were irrigated with water containing 15-15-15

fertilizer at 200 ppm nitrogen to ensure proper hydration.

The above root sections of plants were harvested after 3 weeks of growth and flowering. Samples
were separated into shoots, leaves, and flower sections, and 3 biological replicates for each
condition were sent to CEM for solvent extraction and quantitative analysis via LC-MS/MS.
Samples of growth media were also sent for extraction and analysis. Upon analysis completion,
the bioconcentration factors for the three plant parts will be calculated using the following

equation:

BCF — PFAS concentration in plant part (ng kg™1)

PFAS concentration in soil (ng kg=1)

5.3.2 Expected outcomes and future work

In this study, we will look at uptake of several perfluoroalkyl acids at environmentally relevant
soil concentrations and determine distribution into various plant parts: leaves, flowers, and
vasculature stems. By also focusing on hemp plants in the flowering phase, we hope to elucidate
PFAS distribution and accumulation in a crucial and extensive phase of the plant’s life cycle. The
preliminary studies outlined above show uptake of pg kg! levels of PFAS on a wet weight plant
mass basis. These studies were performed at PFAS concentrations orders of magnitudes higher

than most environmentally contaminated soils, with younger and smaller plant samples. Therefore,
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for this study we expect to see ng kg™! levels of total uptake with low pg kg! concentrations feasible
given the 3-week growth period. In alignment with our low concentration studies as well as work
on accumulation in other plant species, we expect to observe lower concentrations of PFOS. The
main mechanism of PFAS uptake in plants is through vasculature tissues. Therefore, it is intuitive
that PFAS with higher water solubilities like PFOA and PFHxS will accumulate at high levels than
that of PFOS, especially in the tissues farthest from root systems like flowers and leaves. Hemp
flowers contain a high concentration of polyunsaturated fatty acids as well as other molecules like
terpenes that contain hydrophobic characteristics.®> It is expected that accumulation trends in
flowers will prove to be interesting as PFAS molecules are amphiphilic with extremely
hydrophobic carbon-fluorine chains making them a candidate for final PFAS destination in the

plants.

There are many factors that affect PFAS uptake into plants species including soil content and the
presence of microbial species and their interactions. Studies have shown that PFAS adsorb to a
wide variety of matrices. In soil specifically, it has been found that increasing mineral
concentrations like Ca?* found in many fertilizers increases PFAS sorption to soils, while soil
organic matter and soil organic carbon concentration and make up play a significant role in soil
sorption.”!”-3¢ Microbial communities are important for plant growth optimization as they convert
organic nutrients like nitrogen and phosphorus into available forms, boost plant immune responses,
and promote production of an array of bioactive compounds.’’” Future work in the
phytoaccumulation of PFAS into industrial hemp should look at the effects of soil and microbiome

makeup and the addition supplements on PFAS uptake in order to estimate the practicality of using
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hemp for remediation. This work would also help elucidate ways to increase the efficiency of

uptake.

Overall, this work looks to assess feasibility of phytoaccumulation in industrial hemp for PFAS
remediation. Sequestration of these contaminants from otherwise unusable lands can then be
further coupled with degradation techniques that are only economically viable and scalable for low

amounts of highly concentrated matrices.
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Chapter 6

Conclusions

The work presented in this thesis focused on designing platform technologies for the detection and

remediation of per- and polyfluorinated alkyl substances (PFAS).

In Chapter 2, we focused on engineering human liver fatty acid binding protein (hLFABP) for
PFAS detection. By introducing the solvatochromic fluorophore, acrylodan, within the ligand
binding pocket (F50) we could detect several PFAS via blue-shifts in fluorescence emission
spectra. The protein-based sensor was capable of detecting PFOA, PFOS, and PFHxS with LODs
of 112 ppb, 345 ppb, and 1.09 ppm respectively and demonstrates hLFABP as a useful sensing
platform. In Chapter 3, we demonstrate the application of this acrylodan labeled hLFABP
biosensor to detect perfluorooctanoic acid (PFOA) in surface water samples taken near Loring
Airforce Base. We show this sensor can detect the high levels of PFOA found in the environmental
samples quickly and easily without the use of extensive sample pre-treatment or analytical

methods.

In Chapter 4, we developed a separate fluorescent biosensor for the rapid detection of PFOA by
conjugating circularly permuted green fluorescent protein (cp.GFP) to a split hLFABP construct.
This biosensor was able to detect perfluorooctanoic acid PFOA in PBS as well as spiked

environmental water samples with LODs of 235 and 335 ppb respectively. Furthermore, the E. coli
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cells cytosolically expressing the protein-based sensor were demonstrated to quickly detect PFOA,

showcasing the feasibility of whole-cell sensing.

Chapter 5 then focuses on remediation of PFAS from soils through phytoaccumulation. Our
preliminary studies show industrial hemp (Cannabis sativa) is capable of surviving in media
containing large amounts of PFAS and hyperaccumulates to ug kg! and even mg kg'! plant
material depending on soil concentration. Ongoing work described in this chapter looks to
characterize uptake of several PFAS by studying distribution into various plant parts to further

assess phytoaccumulation potential.

Taken together, this dissertation develops a multitude of platform technologies for PFAS detection
and remediation using biology-based approaches. By engineering protein-based detection
strategies and studying phytoaccumulation, we hope to open the door for further PFAS biosensor

design and implementation as well as feasible remediation strategies.
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Appendix A

Towards improving sensitivity of hLFABP
based PFAS detection systems

A.1 Introduction

Protein based sensors have been proven to be convenient and cost-effective green alternatives for
detection of many environmental contaminants including heavy metals, pharmaceuticals, and
pesticides.!> While, to our knowledge, the acrylodan labeled sensor engineered in Chapter 2 is
the first direct fluorescent biosensor designed for PFAS detection, much improvement can be made
in order to decrease limits of detection. While this acrylodan labelled sensor was shown in Chapter
3 to be extremely useful for detecting PFOA at the high levels seen in overly contaminated sites,
we believe it is feasible to reach sub-ppb limits through optimization flexibility unique to
biosensors. This can be achieved by focusing on two critical aspects of biosensor design outlined
in Chapter 1: the receptor binding domain (hLFABP) and the signal output (fluorophore).
Specifically, by improving binding affinity of the protein receptor to PFAS ligands, the specificity
and sensitivity of the engineered biosensor can be increased. In a similar sense, limits of detection
can also be decreased via the introduction of more sensitive fluorophores in place of the

implemented acrylodan in Chapter 2.

By harnessing nature through directed evolution, researchers have been able to alter ligand

specificity and affinity for various proteins and even improve binding protein affinity for ligands
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by several orders of magnitude (nanomolar to femtomolar).® Directed evolution is an in vitro tool
capable of generating proteins with enhanced functions through creation of a genetic library via
iterative mutations and subsequent screening of the created new protein variants for enhanced

desired properties.

In this work, we designed a library of hLFABP mutants through mutagenesis saturation of several
residues near the estimated binding site of PFOA to increase binding affinity. We also developed
and utilized an in vivo library screen based on the survival of E. coli strain AS19 challenged by
high concentrations of PFOA. Library mutant sequencing and characterization shows extreme bias
towards shortened and aggregated forms of hLFABP. These results, while unexpected, shed light
on the relationship of PFOA-protein interactions in vivo and offer starting platforms for the further
optimization of hLFABP based sensors as well as a survival-based screening methods for directed

evolution of a variety of proteins.

A.2 Materials and methods

A.2.1 General Molecular Biology

For DNA maintenance, E. coli strain DH5a was used. E. coli strain AS19 was used for the library
screen, and E. coli strain BL21 (DE3) was used for protein expression for the intent of purification.
Unless otherwise stated, all molecular biology procedures for PCR amplification, plasmid
preparation, cell transformation and subcloning were performed according to standard methods
supplied by manufacturers. The gene encoding E. coli codon optimized human liver fatty acid
binding protein (W(LFABP) (NCBI 2168) was previously subcloned into pTrcCDF,pelB. This vector

(sequence in supplemental) was previously made in our lab to facilitate golden gate assembly
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cloning as it contains no Bsal sites. The backbone also contains the Pectobacterium
carotovorum PelB leader sequence for periplasmic expression of recombinant proteins.* All oligos
used for this work are listed in supplemental (Table A.S1), and all PCR was done using high

fidelity Phusion polymerase with HF buffer (New England Biolabs).

A.2.2 Library Generation and cloning

Saturation mutagenesis was performed using hLFABP-pET28a(+) as a template to introduce NNK
codon degeneracy at 7 positions simultaneously. The NNK codons were introduced into hLFABP
using degenerate oligonucleotides containing the mixed bases as primers for PCR. Four sets of
degenerate oligos were purchased from Integrated DNA Technologies that were used to encode for
this randomization through PCR amplification of the gene in four separate fragments. Bsal
restriction sites were incorporated on the 5’ and 3’ ends of each degenerate oligo primer. Primers
pTrcCDF_LibF and pTrcCDF_LibR were used to amplify the destination vector pTrcCDF with
Bsal sites on 5’ and 3’ end. The library fragments as well as amplified pTrcCDF were purified and
concentrated using a Monarch DNA and PCR cleanup kit and eluted in sterile deionized water.
The library constructs were then “stitched” together and simultaneously ligated into the pTrcCDF
vector through Golden Gate Assembly. This construction method is outlined in Figure A.S1 for
clarity. Mutants chosen for further characterization were then PCR amplified out of the pTrcCDF
vector using primers Lib_FullF and Lib_FullR and ligated into pET28a(+) using BamHI and Xhol.
Sequences were verified through sanger sequencing (Europhins). Purified DNA for each mutant
was then transformed via electroporation into E. coli BL21 (DE3) for protein expression. Trigger
factor (TF) hLFABP mutant library fusions in pET28a(+) were created utilizing golden gate

assembly with PaqCI digestion after amplification of trigger factor from TF-silicatein-pet28
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(Addgene #205479) using primers TF_FragF and TF_FragR. hLFABP pET28a(+) mutant vectors

were amplified with primers TF_VectorF and TF VectorR.

A.2.3 Library Transformation and survival screen implementation

After assembly, the library DNA (approximately 250ng) was ethanol precipitated, and gently
mixed with 100uL of electrocompetent AS19 cells, incubated on ice, and transformed via
electroporation. The cells were allowed to recover for 30 minutes in 0.4M NaCl containing LB
before spectinomycin (50 pg/mL) was added and protein expression was induced with 1mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). After 2 hours of induction, cells were further
incubated for 2 hours after addition of either 250 or 500 parts per million (ppm) PFOA. Cells were
then plated on LB agar plates containing spectinomycin (50 pg/mL). Colonies were selected from
the high PFOA (500ppm) containing agar plates and grown overnight for plasmid harvest,
extraction, and sequencing via Sanger sequencing (Europhins). All other transformations for

protein production were conducted via standard protocols for electroporation.

A.2.4 Protein production

E. coli BL21 cells transformed with hLFABP variants in pET28a(+) were grown to saturation in
10 mL of LB containing kanamycin (50 pg/mL) overnight at 37°C. The next day, cells were
pelleted by centrifugation (3,000 g), and resuspended in fresh media containing kanamycin. The
suspension was grown to an OD of 0.6 at 37°C, and protein expression was induced via addition
of 1mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cultures were harvested after an 18-hour
growth at 20°C, harvested via centrifugation (10,000 g), and resuspended in lysis buffer (50mM

Tris-Cl, 100mM NaCl, 5% v/v glycerol, 0.5mM PMSF protease inhibitor) before lysis via
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sonication. The lysis mixture was clarified by centrifugation (12,000 g), and the insoluble fraction
was resuspended in 8M urea. Lysates and solubilized pellets were analyzed for recombinant
protein via SDS-PAGE analysis. For soluble mutants, the supernatant containing soluble protein
was purified by Ni**-affinity chromatography using Chelating Sepharose Fast Flow (Cytiva). The
I mL 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. For insoluble
mutants, the pellets were solubilized in 8M urea for 30 minutes. Purification was done similarly
as described above with the addition of 8M urea in all buffers. The fractions collected were
analyzed by SDS-PAGE to determine purity. Pure fractions were then pooled and dialyzed against
phosphate buffered saline (PBS) pH 7.6. For insoluble mutants, dialysis was done in a step-down
urea system. Buffers were replaced with PBS pH 7.6 with lower urea concentrations after 4 hours
of equilibration until proteins aggregated. Concentration of all protein samples was measured using

a Pierce BCA protein assay Kkit.

A.2.5 Fluorescent Displacement Assays

Characterization of PFOA binding to the hLFABP mutants was conducted via displacement of the
fluorophore 1-anilinonaphthalene-8-sulfonic acid (ANS). These assays were performed as
described previously in Chapter 2. Briefly, hLFABP (1 uM) in either PBS buffer (pH 7.6) was
titrated with ANS. After an equilibration time of 5 minutes, fluorescence intensity at 470 nm were
collected after excitation at 400 nm. The maximum fluorescence upon saturation of fluorophore
(Fmax) as well as the dissociation constant (K4, ans) were determined by fitting the fluorescence
intensity (F) and corresponding concentration of ANS ([ANS]) to a one-site binding model using

nonlinear regression:
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[ANS]

F= Fmax*(KdANyﬁANSD M

The binding of PFAS to hLFABP variants was measured by displacement of bound ANS. hLFABP
variants (2 pM) were first equilibrated with ANS (100 uM or 200 uM for TF fusions) in excess,
and PFAS was then titrated into protein-ANS samples resulting in a final protein concentration of
1 uM. After a 5-minute incubation, fluorescence emissions spectra were collected between 420-
600 nm with excitation at 400 nm. Measurements were corrected using blanks containing the ANS-

protein 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% (IC50) was found by fitting displacement data to a sigmoidal dose-response curve where Fuin

and Fmax represent the maximum and minimum ANS displacement by PFAS respectively:

(Fmax_Fmin) (2)

0 it = .
% Initial Fluorescence = F,;, + (17 100080 C50)Tog (PFOADHS),

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

constants (IC50) and the dissociation constant for ANS in the absence of PFAS (K4 ans).

Ki — IC50 (3)

ANS
[ ]tota1+ 1
Kd,ANs
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A.3 Results and discussion

A.3.1 Library Generation

There are many ways to create DNA libraries of varying diversity including completely random
error prone PCR, DNA shuffling between genes with varying degrees of homology, and rational
based chosen point mutations. As discussed previously, it is known that upon binding of fatty acid
ligands as well as PFAS like PFOA and PFOS, hydro and fluorocarbon chains are stabilized by
hydrophobic interactions with residues in lining binding pocket.>® Therefore, seven specific
residues believed to be capable of interacting with PFAS ligands were randomized utilizing NNK
codons. Currently, there are no solved crystal structures of hLFABP:PFAS interactions available.
Therefore, these residues were chosen based on a solved crystal structure of hLFABP with bound
oleic acid (PDB 2LKK) as well as residue interaction insight of hLFABP:PFAS binding events
from published molecular dynamics studies.> These seven residues chosen are shown highlighted
in the sequence alignment of the wild type (WT) hLFABP with full-length mutants shown in

Figure A.1.
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& N N |
MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSEXVQNGKHFKFTXTAGSKVIQNEXTVGEECE

10 20 30 40 50 60 70

Wild Type MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSEIVQNGKHFKFTITAGSKVIQNEFTVGEECE 70
17 MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSEKVQNGKHFKFTHTAGSKVIQNEATVGEECE 70
28  MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSEIVQNGKHFKFTVTAGSKVIQNEATVGEECE 70
33 MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSEPVQNGKHFKFTVTAGSKVIQNEHTVGEECE 70
34 MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSETVQNGKHFKFTKTAGSKVIQNEKTVGEECE 70
47 MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSENVQNGKHFKFTATAGSKVIQNESTVGEECE 70
48 MSFSGKYQLQSQENFEAFMEAIGLPEELIQKGKDIKGVSEAVQNGKHFKFTGTAGSKVIQNELTVGEECE 70
50 MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDIKGVSEGVQNGKHFKFTETAGSKVIQNEQTVGEECE 70

.+ _BR
LETMTGEKVKTVVQLEGDNKLXTXFKNIKXVXELNGDIITNTMTLGDIVFKRISKRIL

80 90 100 110 120

Wild Type LETMTGEKVKTVVQLEGDNKLVTTFKNIKSVTELNGDIITNTMTLGDIVFKRISKRIL 128
17 LETMTGEKVKTVVQLEGDNKLPTPFKNIKFVEELNGDIITNTMTLGDIVFKRISKRIL 128
28 LETMTGEKVKTVVQLEGDNKLNTSFKNIKRVGELNGDIITNTMTLGDIVFKRISKRIL 128
33 LETMTGEKVKTVVQLEGDNKLPTVFKNIKEVPELNGDIITNTMTLGDIVFKRISKRIL 128
34 LETMTGEKVKTVVQLEGDNKLETKFKNIKTVDELNGDIITNTMTLGDIVFKRISKRIL 128
47 LETMTGEKVKTVVQLEGDNKLSTLFKNIKDVSELNGDIITNTMTLGDIVFKRISKRIL 128
48 LETMTGEKVKTVVQLEGDNKLATSFKNIKRVVELNGDIITNTMTLGDIVFKRISKRIL 128
50 LETMTGEKVKTVVQLEGDNKLRTSFKNIKRVNELNGDIITNTMTLGDIVFKRISKRIL 128

Figure A.1: Sequence alignment of Wild Type hLFABP with full-length mutants from library
screening. Blue highlighted residues show variation from Wild Type at residues 141, 152, F63, V92,
T93, S100, and T102. Mutant #48 also has variation at residue K21. MSAs generated with
SnapGene.

A.3.2 Screen

After generation of a large library of potential hLFABP variants, an efficient screen is necessary
to determine high affinity binding proteins for PFOA. Previous studies have demonstrated that the
toxicity of PFOA to E. coli is largely due to oxidative stress, DNA damage, and membrane
disruption.” Along with increased membrane fluidity due to lipid peroxidation of polyunsaturated
fatty acids and damage to DNA encoding membrane proteins regulating permeability, PFOA
causes cytoplasm outflow in E. coli which points to overall disruption of cell membranes.®? This
membrane disruption and toxicity may also be explained by the overall chemical properties of the
contaminants. PFOS and PFOA have low polar surface areas, and readily partition into and disrupt
phospholipid assemblies like the lipid bilayers composing cell membranes.!® Therefore, we

developed a survival assay based on the notion that increased binding of PFOA to expressed
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protein would in turn lower the concentration of toxic PFOA in solution. Thus, there would be

increased survival of the bacterial host cells that express proteins with higher binding affinity.

As mentioned before, PFOA cell toxicity has been largely attributed to cell membrane disruption.
Because of this, another E. coli strain with an already weakened cell membrane was also chosen
to test growth inhibition. E. coli AS19 is a -lactam antibiotic sensitive B strain derivative created
through chemical mutagenesis for study of E. coli uptake of charged antibiotics.!! Through later
studies, it has been determined that AS19 hypersensitivity is due to defects in the
lipopolysaccharides (LPS) of the outer membrane; specifically, weak attachment of LPS to the
peptidoglycan layer.!? It has also been previously shown that E. coli has greater sensitivity to the
anionic surfactant sodium dodecyl sulfate (SDS) in high-osmolarity solutions.!? Therefore survival
screenings were performed through incubation of AS19 expressing hLFABP mutants with PFOA
in LB containing 0.4M NaCl. The transformed cells after screening were plated on LB agar and

shown in Figure A.2.

Figure A.2: E.coli AS19 library transformation plated on spectinomycin containing LB agar after
incubation with 250 ppm (LEFT) or 500 ppm (RIGHT).
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A.3.3 Mutant selection and characterization

DNA sequencing showed <25% of the AS19 library colonies harvested, contained hLFABP
mutants of full length with ~50% being less than half the length of the wild-type protein. The genes
of full length mutants (alignments in Figure A.1) were then cloned into pE28a(+) for recombinant
overproduction in BL21. Following expression, cells were lysed, and soluble fractions were
separated from insoluble pellets via centrifugation. After pellet solubilization in 8M urea, soluble
and insoluble fractions were assessed via SDS-PAGE analysis. Figure A.3 shows that while WT
and mutant 17 are evident in the soluble cell lysate fractions, the other six hLFABP variants are

only expressed in the insoluble pellet after lysis.

Soluble Insoluble Soluble Insoluble
17 28 33 34 kDa 17 28 33

47 48 WT 47 48 WT 50

————

Figure A.3: SDS-PAGE analysis of Wild Type (WT) hLFABP and full-length mutant expression
solubility. Bands representing protein variants are depicted at ~19kDa.

This indicates that aside from 17, all full-length hLFABP mutants were expressed as insoluble
inclusion bodies. To compare binding of PFOA to hLFABP mutants, assays characterizing the
displacement of the fluorophore 1,8-ANS were used to obtain inhibition constants (Kj) as discussed
in detail in Chapter 2. Briefly, binding of PFOA to our proteins (as quantified by Kj) is correlated

to direct binding of the fluorophore (Kgans) as well as the concentration of PFOA necessary to
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displace 50% of the fluorophore from the protein (IC50); this is seen in Eq. 3. Characterization of
mutant 17 was done directly and compared to wild type hLFABP. Figure A.4A shows the
displacement of 1,8-ANS by PFOA quantified as the % of initial fluorescence and fit to Equation
2. We see similar inhibition constants in the micromolar range for both wild type hLFABP as well

as mutant 17 (Table A.1) indicating similar binding capabilities.
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Figure A.4: Binding of PFOA shown through displacement of 1,8-ANS. Fluorescence decrease is
quantified as the % of initial fluorescence. Data were fit to a dose-response model.

Several insoluble mutants were characterized after the addition of trigger tactor (TF) as a solubility
tag to the N-terminal of the proteins. This native E. coli chaperone protein is often used as a
solubility enhancing tag for insoluble proteins.!*!> Direct comparisons of these mutant fusions
with the TF-WT hLFABP fusion in Figure A.4B and Table A.1, shows decreased binding affinity

for PFOA in all mutants studied (#28, #34, and #50).
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Table A.1: Binding parameters for PFOA-protein interactions. Values were determined using
displacement of the fluorophore 1,8-ANS (ANS)

WT 17 TF-WT TF-28 TF-34  TF-50
Kians (uM) | 435 230 21.99 53.26 101.89 92.91
IC50 (uM) | 44.50 | 70.07 H 1519.84 | 1576.97 | 1804.10 | 1535.29
Kiproa(uM) = 3.56 | 3.08 | 273.97 @ 548.02 @ 910.50 | 739.43

The majority of full length hLFABP library mutants were insoluble and showed no sign of
improved binding when expressed fused to a solubility tag. While it is possible the addition of a
bulky tag like trigger factor (~48kDa) hinders interaction with PFOA, the TF-WT control was
utilized as a comparison. Therefore, it is possible that survival against PFOA for cells expressing
these mutants is contingent on the aggregation and inclusion body expression. Inclusion bodies are
amorphous aggregates of proteins that often arise during recombinant over expression of proteins
in bacteria due to an unbalanced equilibrium between translation, protein folding, aggregation, and
degradation.!® While there are many ways to try and mitigate the formation of inclusion bodies
including regulating the rate of protein expression through changes in promoter, plasmid, copy
number, and codon usage, this requires empirical optimization. Furthermore, these insoluble
hLFABP mutants show little to no soluble expression indicating aggregation is not an artifact of
flux incompatibilities between translation and folding.!® While not well understood, inclusion
bodies formed upon protein expression have been shown to maintain biological activity after
solubilization in chaotropes, purification, and proper refolding.!” Therefore, to assess function of
refolded hLFABP mutants, step-down dialysis was performed on mutants purified in 8M urea. In
this process all insoluble mutants re-aggregated during equilibration to 4M urea (data not shown).
This further points toward the formation of these aggregates being inherent to protein structure

rather than an anomaly is overproduction.
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A.4 Future Work and Considerations

There are a multitude of avenues that can be explored based on the work displayed in this chapter.
Overall, a library of hLFABP mutants was created via saturation mutagenesis of seven residues
near the expected binding site of PFOA. This library was screened through a novel survival-based
screen designed to select based on increased binding affinity for the contaminant. However, the
mutant sequences show less than a quarter of variants with full-length sequences with no
correlation in truncations, and characterized full-length mutants show limited to no solubility.
Therefore, it is hypothesized that our library screen shows preference toward aggregated proteins
expressed in inclusion bodies that could act as a physical barrier for non-specific binding of PFOA.
It is also possible that aggregation or insolubility of mutant variants confers survival through
allosteric binding of oligomerized hLFABP variants as PFOA binding is predominantly driven by

hydrophobic interactions.>:!8

Therefore, further study should focus on utilizing in cell study of
protein-ligand interactions of the library mutants and/or implementation of a library screening that

does not rely on cell survival.

Fluorescent protein fusions could be implemented for either of these strategies. Fluorescent
proteins (FPs) contain optical properties that are dependent on their surrounding microenvironment
and have often been utilized for in vivo imaging, biosensing, as well as cell sorting and library
screening through flow cytometry.'~2! Specifically, we have discussed in Chapter 4 that circularly
permuted green fluorescent protein (cp.GFP) is capable of transducing PFOA binding when fused
to a split hLFABP moiety. Therefore, a strategy to improve binding of PFAS to hLFABP and

improve limits of detection for both the acrylodan labeled hLFABP and the genetically encoded
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sensors is to screen the created library as a fluorescent protein fusion. Overall, this work lays a
platform for directed evolution of hLFABP for PFAS binding as well as a survival-based assay

using E. coli AS19 that holds promise for future library screening applications.

A.5 Supplemental information

Table A.S1: Oligos used for library generation and cloning

Oligo Name Sequence (5’2 3°)

hLFABP_Lib1F | ggctacggtctccatgagcttcagcggcaagtaccag

hLFABP_LibIR | ggctacggtctcgagtgcttgccgtictgaacKNNctcgetcacgeectt

hLFABP_Lib2F | ggctacggtctcgcacttcaaatttaccNNKaccgegggcage

hLFABP_Lib2R | ggctacggtctcatggtttccagetegeattcctcgecaacggtKNNttegtttte

hLFABP_Lib3F | ggctacggtctcaaccatgaccggcgagaaggtgaaaaccgtg

hLFABP_Lib3R | ggctacggtctcgtaatgttcttgaaKNNggtKNNcagcttgttatcacc

hLFABP_Lib4F | ggctacggtctcgattaaaNNKgttNNKgagctgaacggtgacatc

hLFABP_Lib4R | ggtctaggtctccgggtggtggtegtesteatg

pTrcCDF_LIibF | ggtctaggtctcgacccgetgagceaataactage

pTrcCDF_LibR | ggctacggtctcgtcatggecatcgeeggetgggecagegaggag

Lib_FullF attctgacaggatccatgagcttcage

Lib_FullR aactcagctctcgagtctcgagaatacgtttg

TF_VectorF tatcacctgcactagcgggaggcagtggegg

TF_VectorR | tatcacctgcactatggatccgecgacccatttg

TF_FragF tatcacctgcactatccatgcaagtttcagttgaaacc

TF_FragR tatcacctgcactaccgectgetggttcatcage
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Figure A.S1: Representation of hLFABP gene library containing NNK codons for randomization.
Using the wild type hLFABP gene as a template, 4 segments will be amplified out using primers
containing NNK nucleotides. Once sections are amplified out using NNK containing primers, they
will be “stitched” back together and incorporated into expression vector using compatible
overhang sections created using Bsal restriction sites. Figure made using Biorender

Screen Development

Development of the survival-based screen is explained here. In an ideal survival-based screen you
would expect to see (1) almost complete decimation of cells expressing no protein or protein
variants with diminished binding capabilities and (2) slight increased survival in cells expressing
the wild-type protein to ensure the binding event is promoting cell survival. To develop the
screening method used in this chapter, we first looked at overall bacterial survival as well as
survival of cells expressing WT hLFABP. To do this, cells were first grown to saturation overnight

at 37°C. Cells (E. coli BL21 or AS19) were then harvested, washed in deionized water, and

resuspended in either LB media or LB media with added sodium chloride (4M final concentration)
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and varying concentrations of PFOA. Growth was then monitored over an 8-hour period. Figure
A.S2 shows final ODgoo data at 8 hours of growth normalized by the growth of the cultures
containing no PFOA. In both media conditions (Figure A.S2A), AS19 shows clear increased
sensitivity to PFOA compared to BL21. This sensitivity was further increased with addition of
high concentrations of NaCl; nearly complete inhibition is seen at 1000ppm and 500ppm PFOA

for the LB and LB+NaCl media, respectively.
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Figure A.S2: Final OD¢oo of E. coli after 8 hours of growth in varying PFOA concentrations.
Values are normalized by growth in no PFOA. (A) AS19 and BL21 strains grown in either regular
or 0.4M NaCl containing LB (B) AS19 grown in 0.4M NaCl containing LB expressing WT
hLFABP cytosolically compared to no protein expression.

Baseline survival of AS19 was further assessed upon cytosolic expression of wild type hLFABP.
After 4 hours of induction, AS19 transformed with either an hLFABP containing or empty
pTrcCDF were screened for PFOA survival in 0.4M NaCl containing LB. Figure A.S2B shows

increased survival of AS19 expressing the protein at all PFOA concentrations.
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Finally, utilization of a post-transformation, plate-based screen was assessed by plating AS19 on
high salt LB-agar containing PFOA after post-transformation recovery in high salt LB. Table 5.S2
shows the clear reduction in colony forming units from “Too Numerous to Count” on the control

to complete inhibition by 1000ppm PFOA.

Table A.S2: Colony Forming Units of AS19 E. coli plated on high salt LB media containing
0.4M NacCl. Cells were transformed with spectinomycin resistant plasmid and allowed to recover
in 0.4M NaCl containing LB for 2 hours prior to plating.
AS19 Post-Transformation Survival on PFOA
PFOA (ppm) 0 250 500 1000
Colony Forming Units TNTC 109 33 0
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Appendix B

Understanding how transmembrane domains
regulate interactions between human BST-2
and the SARS-CoV-2 accessory protein
ORF7a

This chapter has been adapted from the following publication: Mann, M. M.; Hsieh, M.-K.; Tang,
J. D.; Hart, W. S.; Lazzara, M. J.; Klauda, J. B.; Berger, B. W. “Understanding How
Transmembrane Domains Regulate Interactions between Human BST-2 and the SARS-CoV-2

Accessory Protein ORF7a” Biochimica et Biophysica Acta (BBA) - Biomembranes 2023

B.1 Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID,
replicates at intracellular membranes. Bone marrow stromal antigen 2 (BST-2; tetherin) is an
antiviral response protein that inhibits transport of viral particles after budding within infected
cells. RNA viruses such as SARS-CoV-2 use various strategies to disable BST-2, including use of
transmembrane ‘accessory’ proteins that interfere with BST-2 oligomerization. ORF7a is a small,
transmembrane protein present in SARS-CoV-2 shown previously to alter BST-2 glycosylation
and function. In this study, we investigated the structural basis for BST-2 ORF7a interactions, with
a particular focus on transmembrane and juxtamembrane interactions. Our results indicate that
transmembrane domains play an important role in BST-2 ORF7a interactions and mutations to the

transmembrane domain of BST-2 can alter these interactions, particularly single-nucleotide
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polymorphisms in BST-2 that result in mutations such as 128S. Using molecular dynamics
simulations, we identified specific interfaces and interactions between BST-2 and ORF7a to
develop a structural basis for the transmembrane interactions. Differences in glycosylation are
observed for BST-2 transmembrane mutants interacting with ORF7a, consistent with the idea that
transmembrane domains play a key role in their heterooligomerization. Overall, our results
indicate that ORF7a transmembrane domain interactions play a key role along with extracellular

and juxtamembrane domains in modulating BST-2 function.

B.2 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified to be the causative
agent of a fatal respiratory illness that emerged in the city of Wuhan, China at the end of 2019.!
Since then, the outbreak of COVID-19, the disease caused by SARS-CoV-2, has infected more
than 36.5 million individuals and claimed over one million lives worldwide.? The pathogenesis of
SARS-CoV-2 infection in humans has been well documented; SARS-CoV-2 enters the respiratory
tract through the binding of the viral structural spike (S) protein to the angiotensin-converting
enzyme 2 (ACE2) receptor that is present on the surface of host cells.>”7 Its genome organization
is shared with other betacoronaviruses, and has a 79% and 50% genome sequence identity with
SARS-CoV and Middle Eastern Respiratory Syndrome (MERS)-CoV, respectively.® In addition to
the functional open reading frames (ORFs) such as the replicase (ORF1a/ORF1b), spike (S),
envelope (E), membrane (M) and nucleocapsid (N), the SARS-CoV-2 genome also contains
several putative ORFs encoding accessory and nonstructural proteins interspersed between

structural genes that promote SARS-CoV-2 virulence and replication.’
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One of these accessory proteins, ORF7a, is a type-I transmembrane protein comprised of a N-
terminal signal peptide, an ectodomain, a transmembrane region, and a cytoplasmic di-lysine motif
(KRKTE) for ER localization.!® This protein shares 85.2% identity and 95.9% sequence similarity
with SARS-CoV ORF7a.!! It was previously shown that SARS-CoV-2 ORF7a has the ability to
antagonize the interferon (IFN-I) response by suppressing nuclear translocation of phosphorylated

signal transducers and activators of transcription 1 (STAT1) during IFN-I signaling.!? Similarly,

Cao et al. reported that upon IFN-O stimulation, ORF7a suppressed STAT2 but not STAT1

phosphorylation in a dose-dependent manner,'* suggesting that ORF7a does not effectively block
nuclear transport, which may explain the increase in sensitivity of SARS-CoV-2 to IFN
pretreatment. This inhibition of STAT2 phosphorylation may be attributed to ORF7a
polyubiquination which subsequently enhances IFN-I antagonism. A recent study has shown that
the SARS-CoV-2 ORF7a ectodomain binds to CD14+ monocytes in human peripheral blood with
high efficiency, leading to decreased antigen-presenting ability and inducing a dramatic expression
of proinflammatory cytokines by human immune cells.!* These cytokines, including IL-1p, IL-6,
IL-8, and TNF are dictated by NF-kB, and linked to cytokine release syndrome, implicating the
positive associations with severe disease outcome.!> A previous study demonstrated that ORF7a
of SARS-CoV-2 can activate NF-kB function and increases these proinflammatory cytokine
expressions.'® Since IL-1p is in part responsible for the cytokine storm by SARS-CoV and MERS-
CoV'!7, ORF7a may play a significant role in the clinical severity of COVID-19, however, further
studies are needed to characterize the molecular details and biological functions related to how

ORF7a initiates viral pathogenesis.
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Bone marrow stromal antigen 2 (BST-2; also known as CD317 or tetherin) is an IFN-inducible
gene. As viral infections trigger expression of IFN, BST-2 expression is increased due to IFN

responsive regulatory elements in BST-2’s promoter region. %!

BST-2 is known for its ability to block the egress of enveloped viruses from infected cells. In the
absence of an antagonist, BST-2 is incorporated into budding viral particles and homodimerizes
with other resident BST-2 molecules present on the cell surface,?” thereby ‘tethering’ the viral
particle to the host plasma membrane and restricting cell-to-cell virus spread. BST-2’s antiviral
function was first identified for HIV-1,2! where it was initially thought to restrict HIV-1 virus
release. Further studies revealed that BST-2 can also impair the release of various enveloped
viruses belonging to Retroviridae: HIV type 2 (HIV-2) such as simian immunodeficiency viruses
(SIVs),?? equine infectious anemia virus (EIAV),? feline immunodeficiency virus (FIV),*

prototype foamy virus (PFV), and Mason-Pfizer monkey virus (MPMV).%

The ability of BST-2 to impair the release of a broad spectrum of viruses would suggest that various
viruses have evolved a way to antagonize the cellular restriction factor(s) of BST-2. For instance,
the widely studied Vpu accessory protein of HIV-1 is known to physically interact with the
transmembrane (TM) domain of BST-2.2¢ Infection of cells by the virus results in the
internalization of BST-2 from the plasma membrane through a clathrin-dependent endocytosis
pathway compared to AVpu viruses.?’ This suggests that Vpu may affect resupply or surface
delivery of BST-2.27 Vpu was also found to reduce total cellular levels of endogenous as well as
exogenously expressed BST-2,28 although the mechanism of cell surface BST-2 downregulation is

unknown.? Interestingly, a recent analysis of the TM domains of human and rhesus BST-2
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revealed a number of differences including deletions and non-synonymous mutations that affect
Vpu sensitivity.>*-32 Previous studies indicated that a deletion of a GI amino acid motif present in

26,33 combined with mutation of T45],

human BST-2, but absent in non-human BST-2 variants,
resulted in complete loss of Vpu sensitivity.>! Similarly, a 148T mutation induced partial sensitivity

of rhesus BST-2 to Vpu,*® suggesting that the BST-2 TM domain contains the determinants

responsible for the species-specific sensitivity to Vpu.

Biochemical analyses reveal that BST-2 is post-translationally modified by N-linked
glycosylation, and forms stable cysteine-linked homodimers.** In a recent study, BST-2 was found
to significantly block human coronavirus 229E progeny virus release,* indicating that BST-2 is
also capable of inhibiting virus budding at intracellular membranes. Similarly, SARS-CoV ORF7a
was demonstrated to preferentially bind to unglycosylated BST-2, suggesting that the blocking of
glycosylation by ORF7a is directly responsible for the antagonism of BST-2.3¢ Several studies

2037 A recent

have implicated BST-2 dimerization as essential for inhibition of HIV-1 release.
investigation into the role of BST-2 dimer formation in the release of viral particles showed the
mutation of multiple cysteine residues (C53A, C63A, and C91A) prevented both dimer formation
and BST-2 function.?’3” However, single and double substitutions had no effect, suggesting that
promiscuous dimer formation is important for BST-2 anti-viral activity.?%3” Thus, the dimerization

interface of BST-2 and SARS-CoV-2 may play a unique role in viral release and BST-2

antagonism.

The present study focuses on identifying specific interactions between BST-2 and SARS-CoV-2

ORF7a, with particular emphasis on the TM domain interactions between BST-2 and ORF7a.
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Based on dimerization assays in cell membranes using the AraTM and DN-AraTM systems, we
demonstrate the sensitivity of homodimerization to varying BST-2 domain truncations as well as
point mutations within the TM domain. Similarly, we observed preferential heterodimeric
interactions of the TM domains within ORF7a and BST-2 as well as the 28T BST-2. Our results
in collaboration with the Lazzara lab at UVA also show that in expression of the full length
constructs, SARS-CoV-2 ORF7a disrupts BST-2 glycosylation for all variants studied which has
been previously linked to its viral restriction activity.*® Molecular dynamics (MD) simulations
completed by Jeff Klauda’s group at the University of Maryland College Park revealed the BST-2
and ORF7a protein-protein interface as well as the details of the heterodimerizations. By surveying
the heterodimeric configurations, the MD simulations provide molecular insights that the 128S
BST-2 variant has enhanced its helix-helix hydrophobic interaction, compared to the WT, to

support our observation from Ara-TM and DN-AraTM experiments.

B.3 Experimental materials and methods

B.3.1 Subcloning

Unless otherwise stated, all molecular biology procedures were performed according to standard
methods supplied by manufacturers. For site-directed mutagenesis, primers were designed using
PrimerX, and mutations were introduced using the QuikChange II site-directed mutagenesis kit
(Agilent). Mutated sequences were verified by DNA sequencing (GeneWiz). E. coli strain DH5a

was used for DNA maintenance.
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B.3.2 Plasmids

For bacterial assays, plasmids pAraTMwt and pAraTMDN were generated as previously described
from pTrcRSF and pTrc99a scaffolds respectively.’®3° The reporter plasmid, pAraGFP was
previously derived from plasmid pDS439.%® The DNA sequences coding for the BST-2 domains
of interest were cloned into the pAraTMwt (coding for AraC) plasmid, and the ORF7-a
transmembrane domains of interest for both COVID and SARS were cloned into the pAraTMDN
(coding for the inactive form of AraC, AraC*) plasmid. For mammalian cell expression, pPCAGGS-
mCherry as a gift from Phil Sharp (Addgene plasmid # 41583 ; http://n2t.net/addgene:41583 ;
RRID:Addgene 41583),* and pcDNA3.1(+) was purchased from Invitrogen. BST-2-FLAG was
constructed where the FLAG epitope was fused to the N-terminal of human BST-2 (UniProtKB —
Q10589) and amplified using forward primer (5°-
AAACTTAAGCTTGGTACCGCCACCATGGATTACAAGGA-3’) and reverse primer (5°-
CTCTAGACTCGAGCGGCCG-3’). PCR products were digested with Kpnl and NotlI and cloned
into pcDNA3.1(+). For the SARS-CoV-2 ORF7a-myc construct, forward primer (5°-
ATCATTTTGGCAAAGAATTCTAGCGCC-3”) and reverse primer (5-
GATCGAGATCTGAGTCCGGATTACAGA-3’) were used to amplify the sequence. A c-myc tag
was fused in-frame to the C-terminal of ORF7a to replace the stop codon at the 3’ terminal end.

The PCR product was then digested with EcoRI and BgllII and cloned into pPCAGGS-mCherry.

B.3.3 Ara-TM and DN-AraTM dimerization assays
Ara-TM and DN-AraTM dimerization assays were conducted as previously described.’®* The
constructs in the pAraTMwt plasmids and the reporter plasmid (pAraGFPCDF) were co-

transformed with or without the pAraTMDN constructs for the Ara-TM homodimerization and
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DN-AraTM heterodimerization assays respectively into the AraC-deficient E. coli strain SB1676
and streaked onto selective LB plates (100 pg/mL ampicillin, 50 pg/mL kanamycin, and 100
pg/mL spectinomycin). Colonies were picked for each construct and grown in 2mL of selective
lysogeny broth (LB) for 12 hours at 37°C and 250 rpm. Cultures were then diluted into selective
media with 1mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for protein induction and grown
in a 2.0-mL-deep, 96-well PP plate (PlateOne) for additional 6 hours at 37°C and 250 rpm. We
then transferred 200 pL of each culture to a black 96-well, clear bottom plate (Greiner).
Absorbance measurements at 600 nm as well as GFP fluorescence emission measurements at 530
nm after excitation at 485 nm were collected using a Synergy Neo2 Hybrid Multi-Mode Microplate
Reader (Biotek). The results are reported as the ratio of fluorescence emission at 530 nm to

absorbance at 600 nm.

B.3.4 BST-2 and SARS-CoV-2 ORF7a protein co-transfection

HEK293T cells were plated in 6-well plates at a density of 4e5 cells per well and allowed to adhere
overnight before transfection. Co-transfection was performed using Lipofectamine 3000
(Invitrogen) according to manufacturer’s instructions. A total of 5 pg of DNA was used, with 2.5
ug of pcDNA3.1(+)-BST2-FLAG (or empty vector control) and 2.5 pg of pPCAGGS-ORF7A-myc

(or control). Cells were lysed 48 hours after transfection.

B.3.5 Lysis and Western Blotting

Cells were lysed in standard cell lysis buffer (Invitrogen) supplemented with protease and
phosphatase inhibitors (Sigma-Aldrich, P8340, P5726, P0044). Lysates were clarified by

centrifugation at 20,000xg for 10 min at 4°C, and total protein concentrations were determined by
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micro-bicinchoninic assay (Pierce). Approximately 20 pg of denatured protein was loaded per lane
onto 4-12% gradient polyacrylamide gels (Thermo Fisher Scientific). Samples were transferred to
0.2 pm nitrocellulose membranes (Bio-Rad). Membranes were probed with antibodies and imaged
using a LICOR Odyssey CLx system or a Bio-Rad ChemiDoc. Antibodies used included FLAG
(Cell Signaling Technology, #8146), GAPDH (Santa Cruz, sc-32233), and myc-HRP conjugate

(Cell Signaling Technology, #9B11).

B.4 Results and discussion

B.4.1 AraTM and DN-AraTM dimerization assays

The Ara-C based transcriptional reporter assay, AraTM,*® was used to study the effects of BST-2
domains (cytoplasmic, transmembrane, and extracellular) on dimerization. In this assay (Figure
B.1A), varying domains of BST-2 are fused at the N-terminus to maltose binding protein (MBP)
which allows for placement in the bacterial inner membrane. The C-terminus is fused to the AraC
transcriptional factor which induces expression of eGFP through activation of the Psap promotor
upon dimerization. eGFP fluorescence is quantified from culture and directly correlates with the
extent of dimerization of the inserted BST-2 domains in the chimera.’® Note that BST-2 is a Type
II integral membrane protein, whereas ORF7a is a Type I integral membrane protein; constructs
were cloned into AraTM assays to reflect the appropriate Type I and Type II configurations for

each construct tested.
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Figure B.1: (A) AraTM and DN-AraTM assay. In the AraTM assay, pAraTMwt expresses the
full-length AraC fused to a target sequence under control of the PTrc promoter. This plasmid is co-
expressed with the pAraGFP plasmid that contains an eGFP reporter gene under control of the
PBAD promoter. In the DN-AraTM assay, addition of the pAraTMDN plasmid expresses the
truncated AraC (AraC*) fused to a competitor sequence under control of the PTrc promoter. Co-
expression of both constructs with pARAGFP in E. coli leads to a distribution of interactions
between AraC and AraC* fusions, and the relative affinity for homo- versus heterooligomerization
can be independently quantified in terms of eGFP expression; reduced GFP expression is indicative
of preferential heterooligomerization, whereas increased GFP expression is indicative of
preferential homooligomerization. (B) Truncated amino acid sequences of SARS-Cov-2 ORF7a
and BST-2 domains used for the current work. (C) Key residue contacting pairs of both WT and
128S heterodimerization revealed from MD simulations.

The MBP-BST2-AraC constructs containing various forms of the BST-2 domains were
transformed into the AraC-deficient E. coli strain SB1676 (Figure B.2) containing the engineered
araBAD::GFP reporter. Interestingly, domains containing the first 52 amino acids, which include
the cytosolic domain and transmembrane domain of BST-2, exhibit the highest dimerization in the
AraTM assay. Moreover, addition of extracellular domain regions to the TM and juxtamembrane

(JM) region of BST-2 (corresponding to amino acids 80-147) do not cause a substantial increase

in observed homodimerization, indicating that the primary signal observed in the AraTM assay is
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due to the TM and JM interactions. Previous crystal structures show that BST-2 forms a continuous
a-helix through the cytoplasmic domain that dimerizes through interactions at the C-terminus,
consistent with our observed results.*!*> While prior structures of ORF7a and BST-2 indicate that
potential regions within the soluble domains are also responsible for oligomerization, our primary
focus was on the role of TM and juxtamembrane interactions. Thus, the cytoplasmic tail and TM

domain containing BST-2 chimera (BST2-7) was used in the proceeding heterodimer assays.

Human BST-2 (full-length)

Cytoplasmic Tail Transmembrane Extracellular -C
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Figure B.2: AraTM homodimerization assay for varying BST-2 domains.

Ratios of GFP fluorescence intensity vs. cell concentration (OD600) for each construct are
compared with the background (bkgd). In the background sample, E. coli was transformed with
the empty pTrcRSF scaffold plasmid that does not express the MBP-AraC-construct. (Upper)
Representation of full-length human BST-2 protein and residue numbers used for all BST-2 domain
chimeras (Accession Number Q10589). (N=5, **** represents p<0.0001)

Relative Fluorescence/OD600

o

As discussed previously, BST-2 exhibits evidence of positive, adaptive selection in response to
exposure of viral pathogens, and therefore there are a wide range of identified variations in the TM

sequence for human BST-2. To investigate the effects of identified sequence variants available in
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dbSNPs*, mutants of the cytoplasmic-TM domain containing BST-2 chimera (BST2-7) were
created. To assess self-assembly and heterodimerization interactions of the cytoplasmic-TM
domain containing wild type (WT) BST-2 chimera (BST2-7) as well as BST2-7 SNP mutants 128S
and 128T with the TM domain of the ORF7a accessory protein from SARS-CoV-2 (C19), a
dominant-negative AraC-based transcriptional reporter assay (DN-AraTM) was used in addition
to the homodimer AraTM assay.** The DN-AraTM assay measures the relative affinity of two TM-
containing domains to heterodimerize and enables relative comparisons to TM-containing domain
homodimerization. This process is illustrated in Figure B.1A, where a wild-type AraC chimera
containing the TM and JM truncated form of BST-2 (BST2-7) is co-expressed with an inactivated,
dominant-negative form (AraC*) containing ORF7a or BST-2. When these chimeras are co-
expressed from unique plasmids (pAraTMwt and pAraTMDN), the AraC*-containing ORF7a or

BST-2 chimeras act as competitors to BST-2 self-association, thereby decreasing the GFP signal.

As expected, Figure B.3 shows co-expression of WT BST-2 in both wild-type and dominant-
negative AraC constructs causes a significant decrease in GFP signal, confirming the strong self-
association seen in the AraTM assay (Figure B.2). While BST-2 WT and I28T exhibit this self-
association, co-expression of these proteins with the AraC*-containing ORF7a also showed a
significant reduction in GFP indicating dimerization competition with the accessory protein.
However, the 128S mutant does not show self-association in the DN-AraTM assay. While
heterodimer competition with ORF7a cannot be studied in this system upon this loss of self-
association of the [28S variant, this lack of homodimerization upon a single nucleotide substitution
in the transmembrane domain of BST-2 is interesting to note; the lack of self-association of BST-

2 128S mutant relative to BST-2 WT renders it less susceptible to heterodimerization. Specifically,
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while promiscuous in mechanism, dimerization of BST-2 has been previously linked to viral
response function.?®7 Collectively, these results are consistent with heterodimerization with the
transmembrane domain of SARS-CoV-2 ORF7a being significant relative to BST-2 WT and 128T

homodimerization.
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Figure B.3: DN-AraTM dimerization assay for BST-2 SNPs with SARS-CoV-2 ORF7a.

Ratios of GFP fluorescence intensity vs. cell concentration (ODegoo) for each construct are
compared with the background (denoted as — in both the AraC and AraC* containing construct
table). In the background sample, E. coli was transformed with the empty pTrcRSF scaffold for
pAraTMwt and pTrc99a scaffold for pAraTMDN plasmids that do not express the MBP-AraC or
MBP-AraC* constructs. (N=5, *** ** ‘and * represent p<0.001, p<0.01 , and p<0.05 respectively)

B.4.2 Summary of Molecular Dynamic (MD) simulation work

Further evidence to support the experimental observations of differences in ORF7a-BST-2
interactions was provided through molecular dynamics (MD) simulations. This work from Dr.
Klauda’s lab and is discussed in more detail in the Supplemental Information section of this
chapter. Briefly, a structural model for the protein-protein interface is presented using multi-scale

MD simulations. Course grained MD provided conformations, and all-atom MD refined these
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structures. The heterodimeric structures have been classified by multilayer clustering including
GMVAE and contact map matching approaches, resulting in 4 and 5 configuration clusters for the
WT and 128S heterodimers, respectively. Figures B.4 & B.5 show contact map results of identified
GMVAE clusters for the ORF7a/WT BST-2 and ORF7a/I28S BST-2 dimerization interactions

respectively.
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Figure B.4: Results from AA-MD for ORF7a dimerization with WT BST-2.

(A-D): Contact maps of four groupings calculated by using the top 5000 configurations from the
center of GMVAE clustering groups. The color bars represent the percentage of contacting distance
less than 9 A. (E-H): Snapshots of dimer groups made by the superimposed top 50 configurations
from the center of the group. Nonpolar, polar, acidic, and basic residues are colored white, green,
red, and blue, respectively.
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Figure B.5: Results from AA-MD for ORF7a dimerization with mutant [128S BST-2.
(A-E): Contact maps of five groupings calculated by using the top 5000 configurations from the

center of GMVAE clustering groups. The color bars represent the percentage of contacting distance
less than 9 A. (F-J): Snapshots of dimer groups made by the superimposed top 50 configurations
from the center of the group. Nonpolar, polar, acidic, and basic residues are colored white, green,
red, and blue, respectively.

Among these clusters, residue contacts between the two peptides show variations in the domains
and intensity. Although many strong residue pairs have been observed in the EC and CYTO
domains, the tight helical packing structures revealed that coexisting interactions within the CYTO
domain (the salt bridges) and at the TM/EC interface (the interacting complex) are likely the
primary driving forces for stabilizing TM contacts in both heterodimers. The tight packing
structures also revealed a longer TM helix-helix contact region for the I28S dimer compared to the
WT. Figure B.6 shows that the 128S mutation affects the backbone structure by forming an extra

sidechain-backbone hydrogen bond (formation probability over 0.99) between S?® and L?* of BST-

2 which does not occur in the WT BST-2.
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Figure B.6: 128S mutation effects.
The 128S SNP in BST-2 alters the local molecular interactions and water contacts per residues. The

configurations demonstrate that (A) S?® forms an extra sidechain-backbone hydrogen bond with
L?*, which does not occur for (B) I?8. (C) The water contacts for each BST-2 residue computed
water contacting residues within 3 A over the WT Group 3 and 128S Group 4 which the individual
membership possibility of heterodimeric configuration is more than 0.75 for its own group.

128S appears to alter the rigidity of the helix structure, which affects the heterodimeric packing.
Examination of contacting water within 3 A of each BST-2 residue shows that contacting water
stops at G25 from the cytoplasm in the 128S Group 4 while it goes further to L in the WT Group
3. This indicates the extra hydrogen bond reduces the steric restriction which prevents water
molecules from penetrating deeper into the hydrophobic region and prompts the tight helix-helix
packing. Moreover, the increase in rigidity of the 128S BST-2 helix structure affects the whole

domain. By creating better alignment of the backbone atoms, the extended Lpeiix of 128S BST-2

about 3 residues (averaging over all groups) longer than WT BST-2 can promote hydrophobic
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interactions between the two helices. These MD simulations provide molecular insights on how
mutations at 128 can influence the dimerization profile with ORF7a and are explained in further

detail in the Supplemental Information.

B.4.3 Coexpression of SARS-CoV-2 ORF7a and BST-2 in HEK293T cells

As explained in a previous section, heterodimerization of 128S BST-2 with ORF7a could not be
assessed via the bacterial transmembrane DN-AraTM assay. However, the MD simulations
presented here have not only elucidated the probability of heterodimerization but also extensively
characterized these interaction mechanisms and compared them to wild type BST-2. Therefore,
protein-protein interactions were further assessed using the full-length sequences of both BST-2
and its variants as well as SARS-CoV-2 ORF7a in HEK293T cells. Previously, it has been shown
that SARS-CoV-2 ORF7a interferes with glycosylation of BST-2.3¢ Thanks to collaboration with
the Lazzara lab, we show that cells cotransfected with SARS-CoV-2 ORF7a also led to a higher
abundance of lower molecular weight bands for BST-2 (Figure B.7). This increase in
unglycosylated BST-2 also occurs in 128S and I28T variants despite the inhibition of self-

association for the 128S transmembrane domain seen in our bacterial assays.
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Figure B.7: HEK293T cells expressing BST-2 variants exhibit changes in glycosylation patterns
when cotransfected with SARS-CoV-2 ORF7a. (Top) Western blot of cells transfected with wild-
type as well as 128S and 128T BST-2 exhibit an increase in intensity for lower molecular weight
band upon coexpression with ORF7a. (Bottom) Densitometry analysis of protein bands
normalized to GAPDH internal controls. (n=3) This lower molecular weight band represents
unglycosylated BST-2 which suggests ORF7a expression leads to decreased levels of glycosylated
BST-2 in all variants.

In this work, we employed BST-2 mutational studies to show that oligomerization is regulated
through specific TM residue interactions. As alluded to previously, BST-2 exhibits evidence of
positive, adaptive selection in response to viral pathogen exposure. Therefore, there are a wide
range of identified single nucleotide polymorphisms (SNPs) within the TM sequence for human
BST-2. By analogy to HIV-1 Vpu, it is intriguing to speculate that these mutations may enhance
or diminish the heterooligomerization of BST-2 with SARS-CoV-2 ORF7a, thereby enhancing or

diminishing the immunomodulatory effect of ORF7a. Based on our bacterial AraC transcription-

based assay, we observed that preferential heterodimeric interactions of the TM domains within
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ORF7a and BST-2 occur but self-association of BST-2 may be affected by an 128 variant. Our AA
structural model for protein-protein interface, however, shows heterodimerization of ORF7a with
128S BST-2. Furthermore, it reveals the helix-packing motif involves more residue contacting pairs
in the 128S mutant that extend to the bottom TM domain compared to the WT which only exists at
the top and middle TM domains. This primary change alters the hydrophobic interaction of the TM
association promoting a strong helix-packing in the 128S heterodimeric configuration. We also
show that HEK293T cells co-transfected with SARS-CoV-2 ORF7a and BST-2 display different
glycosylation patterns. These patterns are consistent with the previously studied SARS-CoV
ORF7a — WT BST-2 interactions.’® As heterodimerization of SARS-CoV ORF7a with
unglycosylated BST-2 is preferred®®, these results are consistent with a mechanism by which
SARS-CoV-2 ORF7a could also be responsible for BST-2 antagonism, including both wild-type

and BST-2 variants studied.

B.5 Supplemental information

B.5.1 MD Simulation methods

Homology Modeling

A model of the ORF7a (amino acids 89-121 of NCB reference sequence: NC_ 004718.3;
(RQEEVQ*#Q**ELY SPIFLIVAAIVFITLCFTLKRKTE) (Figure B.1B) was generated by ab
initio modeling with ROBETTA..** This is a chimeric sequence where the N-terminus (EC domain)
is from SARS-CoV while the remaining sequence is SARS-CoV-2. The only difference is in the
two consecutive glutamines starting at the 94th residue, while only a single Glutamine at position

in SARS-CoV-2. This mistake should have minimal influence on our structures obtained below.
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Hence, we labeled the two consecutive Glutamine as Q%* and Q°*, for keeping consistency of the
sequence number with ORF7a of SARS-Cov-2. A model of the BST-2 (amino acids 1-52 of NCB
accession number BAD96844.1) (Figure B.1B) was generated using known crystal structures

(4P6Z (X-ray; 3A) (https://www.rcsb.org/structure/4p6z), 2L.K9 (NMR)

(https://www.rcsb.org/structure/2LK9 ~ BMRB: 17985), and 3MQC (X-ray; 2.8 A) with

MODELLER. The mutated BST-2 (128S) was also generated by MODLLER after the WT BST-2

model.

Coarse-Grained Molecular Dynamics (CG-MD)

MD simulations were performed on the TM interface between ORF7a and BST-2 and the
approaches is summarized in Figure B.S1. The wild-type structure of ORF7a was taken to form
dimers with the wild-type and the 128S mutant structures of BST-2 to identify the effect of the
mutation on dimerization. The initial structure was constructed using the CHARMM-GUI Martini
Bilayer Maker**7with a separation of ~2 nm based on their TM helical axis. Three selected
placements (Figure B.S1) were set for three replicas in both WT and 128S. The simulation box
also includes a 15 A layer of explicit nonpolarizable water as a buffer on the top and the bottom
of the system, a bilayer of 100 lipids of I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) per leaflet. MD simulations were conducted using GROMACS 2019.4%4° with the
Martini 2.2°%! on Intel® Ivy Bridge E5-2680v2 processors at the Deepthought2 High-Performance
Computing (HPC) cluster. First, the systems were energy minimized using 5000 steps of a steepest
descent algorithm followed by equilibrium runs. Then, 5 ps production runs (unscaled time) were
performed in the isothermal—-isobaric ensemble (NPT) ensemble at 310K and 1 bar. The Berendsen

method>? as applied with semi-isotropic scaling at a pressure of 1 bar for pressure coupling. The
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potential-shift>® was used for both electrostatics and van der Waals calculations with cutoff at 11
A. A 25 fs time step was used, and trajectories were saved every 125ps. The last 2.5 us of

simulations (after equilibrium) was taken to perform distance calculations and create inter-residue

contact maps using CHARMM scripts.

Initial structure

Initial structure

S ms eqilib. structure

Converted structure

(AA) (€G) (€G) (AA)
BST-2 All-atom v |
- ORF7a Martini22 5 5 ms converter ¢ 00" .
( ) - ‘ imerization
:‘ g % - analysis
},' g Gromacs '} Gromacs ‘g" ‘)’ NAMD
Y 8 $ :
Placement of initial dimer configurations
~,  BST22
7~
€ ; &
( @ 2 Tt
BsT2 O @ )
ORF7a @ BST-2
Replica 1 Replica 2 Replica 3

Figure B.S1: The procedure of the MD simulations and the initial placements of dimers.

All-Atom MD (AA-MD)

Each ORF7a/BST-2 dimer structures obtained from the last time step of CG simulations were taken
as initial configurations of AA-MD simulations. CG to AA conversion of a whole simulation
system including proteins, POPC lipids, and water, was conducted using the CHARMM-GUI
Martini to All-atom Converter.* The NAMD 2.14%-¢ simulation package was used with the

CHARMM36 (C36) force field for protein and lipids®’->® and TIP3P**%° for water, and NPT
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ensemble at 310K and 1 atm, performed on NVIDIA® Tesla® K80 and P100 GPUs at the Bluecrab
HPC cluster. The Lennard-Jones potential was used to describe van der Waals interactions, and a
force-based switching function in the range of 10-12 A was chosen.®’ Langevin dynamics
maintained the temperature, and the Nosé-Hoover Langevin piston algorithm was applied to
maintain the pressure.>3 Hydrogen atoms were constrained by using the RATTLE algorithm.%*

Simulations were run for 800 ns with a time step was 2 fs.

Clustering for AA configurations

A machine learning method, Gaussian mixture variational autoencoder (GMVAE),% that can
perform an unsupervised clustering of protein conformations using the distance matrix of Cq, as
inputs was applied to identify the main dimer clusters. The GMVAE has shown its capacity for
identifying configurations and used to study several proteins in their folding mechanism.% Here,
we will demonstrate the potential application of the GMVAE for clustering helix-helix
dimerization. The GMVAE clustering by the distance matrix of C, between two peptide chains
could sort the backbone configurations with structural similarity, which would not limit contacting
configurations. All three replicas (dropping the first 200 ns each) were combined for GMAVE
clustering. To further investigate the contacting of two peptides, we grouped the cluster with the
occupancy of contact map to remove the clusters with weak contacts and combined the clusters
with high similarity in their contact maps. These identified dimer clusters were further examined
for their contacts between ORF7a and BST-2 to construct the protein-protein interface structural

model for dimerization to provide the insight of molecular interaction at the atomic level.
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B.5.2 Detailed results of MD simulation work

Coarse-grained molecular dynamics simulations

Further evidence to support the experimental observations of differences in ORF7a-BST-2
interactions was provided through coarse-grained molecular dynamics (CG MD) simulations.
ORF7a-BST-2 heterodimers were separated initially in a POPC bilayer, and CG MD simulations
with MARTINI force field were performed (Figure B.S1). Within 100 ns, the helical dimers
associated from their initial separation and remained tightly packed for the 5 ps simulation. The
contact maps of the WT heterodimer, calculated by the distances of inter-residue backbone (BB)
units between two monomers (Figure B.S2A-C) and the end snapshots (Figure B.S2D-F), show
slight variations between replicas but consistently show interacting transmembrane (TM) and
cytoplasmic (CYTO) domains. Similarly, the BB contact maps between the ORF7a and the 128S
BST-2 (Figure B.S3A-C) as well as the end snapshots (Figure B.S3D-F) show a consistent
interaction in the TM and CYTO domains. Based on these CG-MD simulations, some slight
variations in the dimer interactions exist, but examples of complete dissociation are lacking. Thus,
heterodimerization is consistently observed over multiple interactions of specific TM and CYTO

interfaces of the ORF7a and BST-2 in both WT and 128S.
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Figure B.S2: Results from CG-MD for the ORF7a dimerization with the WT BST-2. The top three
panels are contact maps for three CG runs (A-C). The color bars are in angstrom (A), and the maps
are averages over the last 2.5 ps of simulation. End snapshots from the 5 ps CG-MD runs are
shown in the bottom panels (D-F), with nonpolar, polar, acidic, and basic residues colored white,

green, red, and blue, respectively. The phosphate atoms are colored gold.
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Figure B.S3: Results from CG-MD for the ORF7a dimerization with the 128S mutated BST-2. The
top three panels are contact maps for three CG runs (A-C). The color bars are in angstrom (A), and
the maps are averages over the last 2.5 ps of simulation. End snapshots from the 5 ps CG-MD runs
are shown in the bottom panels (D-F), with nonpolar, polar, acidic, and basic residues colored
white, green, red, and blue, respectively. The phosphate atoms are colored gold.
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All-atom MD and Clustering of Dimer Structures

Since the MARTINI FF used in this work is known to be in favor of residue affinity resulting in
an overestimation of protein-protein contacts,®” MD simulations with an all-atom representation
were performed to refine the modeled CG-based structure.®® The equilibrated AA trajectory data
were prepared by dropping the first 200ns of each replica and then combining three heterodimeric
replicas for both WT and the 128S sets. The approach to determining the hyperparameters for
heterodimeric clustering is described in previous work.%® The chosen hyperparameters for both

dimers were optimal based on a cross-validated reconstruction loss, shown in 7able B.S1.

Table B.S1: Hyperparameters for both dimerization systems.

systems | number number of | latent number of | Batch-size | Temperature | Kernel Learning | number pooling
of layers neurons dimension | clusters size rate of filters | sizes

WT 3 64 5 9 2500 0.05 [3,3,3] 0.001 [64,64,32] | [2,2,1]

128S 3 64 5 13 2500 0.05 [3.3,3] 0.001 [64,64,32] | [2,2,1]

During training, the data were split into a train/validation set with a fraction of 0.8 for the training
set and 0.2 for the validation set. The total loss, cross-entropy loss, and reconstruction loss
decreased during 100 epochs and remained at stable values for both dimerization data (Figure
B.S4-B.S5). Figure B.S6 shows the reconstruction loss as a function of the latent space dimension
for both systems, indicating higher dimensions result in better reconstruction loss. The latent space
dimension of 5 was chosen for minimizing the reconstruction loss of the validation set for both
systems. The cluster size was determined using the threshold scheme that has membership
possibility higher than 0.95 cut-off. A total of 9 and 13 clusters were identified for the dimerization

of ORF7a with the WT and the 128S mutant BST-2, respectively.
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The t-distributed stochastic neighborhood embedding (T-SNE)®® was applied to visualize the 5D
latent space by transforming the five-dimensional embedding into two dimensions (Figure B.S7),
showing the clusters are highly separated on this landscape with membership possibility over 0.75

for both systems.
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Figure B.S7: TSNE visualization of 5D latent space colored according to their cluster assignment
probabilities. Only points with more than 0.75 membership probability are shown.
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The distribution of data (7able B.S2-B.S3) shows the even fractions among the WT clusters from
single or two resource replicas for individual clusters while higher fractions in two clusters than
others for the 128S clusters only from single replica for each cluster. 91% and 96% of data points
have been identified for the WT and 128S clusters, respectively, with the membership probability

more than 0.75.

Table B.S2: Data distribution of the WT cluster form GMVAE clustering.

% of data from | % of data from | % of data from
% of total data | replica 1 replica 2 replica 3
Cluster 1 9.24 0 51 49
Cluster 2 12.33 100 0 0
Cluster 3 10.42 0 0 100
Cluster 4 8.28 100 0 0
Cluster 5 9.08 61 39 0
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Cluster 6 10.65 46 0 54
Cluster 7 10.96 0 100 0
Cluster 8 10.61 0 100 0
Cluster 9 9.5 0 0 100

Table B.S3: Data distribution of the 128S cluster form GMVAE clustering.

% of data from | % of data from | % of data from

% of total data | replica 1 replica 2 replica 3
Cluster 1 6.71 0 0 100
Cluster 2 10.49 0 100 0
Cluster 3 6.83 100 0 0
Cluster 4 6.88 0 100 0
Cluster 5 5.04 0 0 100
Cluster 6 4.96 0 100 0
Cluster 7 6.91 0 0 100
Cluster 8 7.22 0 0 100
Cluster 9 4.95 0 0 100
Cluster 10 6.58 100 0 0
Cluster 11 6.35 100 0 0
Cluster 12 12.77 100 0 0
Cluster 13 9.89 0 100 0

This GMAVE clustering approach demonstrates its capability to classify the dimer configurations
from AA MD dimerization simulations and sort data across different independent runs by using
the C, distances between two peptides only. Since the intra-peptide C,, distances and other detail
sidechain structural information have not been included, the structural variation within a cluster
were expected. These GMAVE clusters were taken to further build our structural model for the
protein-protein interface, where we are looking for mainly TM helix-helix packing of the
heterodimeric system. In examining the contact map of these clusters (Figure B.S8-B.S9), several
have a similar profile of contacting pairs since this GMAVE was not trained using criteria of

contacts between two peptides. Therefore, we further classified the GMVAE clusters into groups

by using the contacting occupancy within a whole contact map.
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Figure B.S8: Contact maps of the WT clusters form GMVAE with a membership possibility over
0.75. The color bars are in percentage of contacting distance less than 9 A.
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Contact Map

Figures B.4 and B.S8 show the contact maps (frequency of contacting distance less than 9 A) of
the GMVAE identified clusters for the ORF7a/WT BST-2 dimerization, showing the contacting
residue pairs occupy 0.21 ~ 2.3 % of the whole contact map (Table B.S4) for the identified
GMVAE clusters. The contacting occupancies for each division were listed as well. These clusters
were further grouped by the distribution of their regional contact occupancy. Specifically, the
regional contact domains on BST-2 were defined by ranges of residue positions: EC domain
(residue 49-52), top of the TM domain (residue 40-48), middle of the TM domain (residue 31-39),

bottom of the TM domain (residue 22-30) and CYTO domain (residue 1-21).

Table B.S4: Occupancy percentage of contact map for the WT clusters.

overall EC TM top T™ mid TM bot IC

Cluster 1 1.058 0.11 0.892 0.056 0 0.001
Cluster 2 2.364 0.012 0.556 0.547 0.075 1.175
Cluster 3 0.573 0.026 0.531 0.017 0 0

Cluster 4 2.044 0 0.007 0.416 0.186 1.435
Cluster 5 1.488 0 0.013 0.339 0.23 0.905
Cluster 6 1.795 0.171 0.76 0.137 0.095 0.633
Cluster 7 1.581 0.082 0.816 0.309 0.042 0.331
Cluster 8 1.25 0.025 0.861 0.327 0 0.037
Cluster 9 0.205 0.029 0.156 0.02 0 0

Figures B.4 and B.S10 also show the corresponding superpositions of the cluster snapshots which
were generated from the top 50 secondary configurations of peptides referring to the center of
individual clusters (sorting by argmax of RMSD) for visualizing the dimeric structures. The centers
of structural configuration represent the average C, coordinate over the whole cluster. Table B.S5
summarizes the grouping classification based on domain contacts for dimer clusters of ORF7a/WT
BST-2 as well as ORF7a/I28S BST-2. Note that the ORF7a/WT BST-2 cluster with an overall

occupancy of < 0.3%, i.e., Cluster 9, was not classified due to minimal contacts of the dimer.
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Cluster 9

Figure B.S10: AA dimer snapshots of the WT clusters made by the supper position of the top 50
configurations from the center of each cluster, with nonpolar, polar, acidic, and basic residues
colored white, green, red, and blue, respectively.
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Figure B.S11: AA dimer snapshots of the 128S clusters made by the supper position of the top 50
configurations from the center of each cluster, with nonpolar, polar, acidic, and basic residues
colored white, green, red, and blue, respectively.
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Table B.S5: Grouping of the GMVAE identified dimer clusters

Group* GMVAE clusters Contacting domains % of data
WT Group 1 Cluster 1, Cluster 3 top TM 19.66
WT Group 2 Cluster 2, Cluster 6 top and middle TM, CYTO 22.98
WT Group 3 Cluster 7, Cluster 8 top and middle TM 21.57
WT Group 4 Cluster 4, Cluster 5 middle and bottom TM, CYTO 17.36
128S Group 1 Cluster 1, Cluster10 middle and bottom TM 13.29
128S Group2  Cluster 3 middle and bottom TM, CYTO 6.83
128S Group 3 Cluster 2, Cluster 4, Cluster 6, Cluster 13 top and middle TM, CYTO 32.23
128S Group4  Cluster 5, Cluster 9 middle TM 9.99
128S Group 5 Cluster 12 EC, top TM 12.77

*WT groups classify the GMVAE clusters from ORF7a/WT BST-2 dimerization while 128S groups
classify the GMVAE clusters from ORF7a/I128S BST-2 dimerization.

The same grouping approach for ORF7a/128S BST-2 were applied after the dimer configurations

were clustered by GMAVE. Figure B.5 and B.S9 show the contact maps of the ORF7a/I28S BST-

2 dimer clusters with the contacting residue pair occupies 0.01 ~ 1.1 % of whole contact map

(Table B.S6) of the identified clusters. Note that Cluster 7, 8, and 11 were not included in the

grouping due to a low occupancy of their contact maps (ZTable B.S5). Therefore, a total of 4 and 5

structural groups with various contacting behaviors were identified for WT and 128S BST-2

respectively. The variation in residue contacts indicates the heterodimeric dimerization of BST-2

and ORF7a has multiple states of association.

Table B.S6: Occupancy percentage of contact map for the 128S clusters.

overall EC TM top T™ mid TM bot IC

Cluster 1 0.483 0 0.005 0.292 0.154 0.033
Cluster 2 0.64 0.037 0.259 0.246 0.008 0.09
Cluster 3 0.849 0 0.001 0.23 0.172 0.446
Cluster 4 0.584 0.036 0.279 0.243 0.016 0.009
Cluster 5 1.148 0.029 0.365 0.612 0.12 0.022
Cluster 6 0.772 0.011 0.39 0.327 0.04 0.005
Cluster 7 0.112 0 0 0.015 0.035 0.062
Cluster 8 0.16 0 0 0 0.028 0.132
Cluster 9 0.984 0.038 0.111 0.52 0.15 0.165
Cluster 10 | 0.342 0 0 0.206 0.135 0.001
Cluster 11 | 0.011 0 0.001 0.01 0 0
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Cluster 12 | 0.553 0.399 0.149 0.005 0 0
Cluster 13 | 0.578 0.001 0.274 0.279 0 0.025

Helix-Helix C, Backbone Packing

To examine the helical packing of each group, a tight packing form (the top 5000 sampling from
the center of each group) was analyzed and represent visually for individual groups. To further
examine the interaction of residues, the whole configurations (with a membership probability of

more than 0.75) will be included to obtain the energetic behavior of individual groups.

To construct the protein-protein interface structural model of these heterodimeric type I
transmembrane proteins, the lateral association of helix-helix crossing angle (Q2), packing distance
(Detix-Helix), " and packing motifs were examined using the C, coordinates of individual clusters.
Then, residue-residue interactions, including sidechain contacts, were further assessed by residue
binding energetics. The above clustering of atomic configurations enhancing their regional C,
contacts were used to assess the lateral helix-helix packing. Figures B.S12 and B.S13 demonstrate
the distribution of the Q and Drelix-nelix for each cluster in which the top 5000 samples of each
group (and cluster) were taken and the helices of each configuration were defined as the largest
continuously helical domain (including 3-helix, a-helix, and 5-helix structures) by using DSSP-
2.2.0.7! Tables B.S7, B.S8, and B.S9 summarizes the size (Lueiix, number of residues) of the helices,

Q and Duyelix-Helix for each heterodimeric cluster.
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Figure B.S13: Distribution of crossing angle (A, C) and helices distance (B, D) of the WT and
128S groups using the top 5000 configurations from the center of GMVAE clustering groups.

Table B.S7: Length, distance, and crossing angle of helices. The mean and standard error have

been provided.

BST-2 Ligeiix* ORF7a Lielix Dhelix-helix (A) Q (deg.)
WT Group 1 21.5+0.02 26.43 £0.03 11.1 £0.03 44 .85 + (.39
WT Group 2 26.37+0.03 25.9+0.02 11.67 £0.02 -13.07 £ 0.08
WT Group 3 20.57 +£0.04 27.36 £0.04 9.38 £0.02 -35.01 £0.13
WT Group 4 25.21 £0.05 25.28 £0.03 10.56 £ 0.01 -44.04 = 0.09
128S Group 1 29.18 £ 0.04 27.51+£0.03 11.24 £ 0.01 -37.41 £0.06
128S Group 2 29.89 +0.03 27.9+0.03 11.98 +£0.01 -38.5+0.06
128S Group 3 21.38 £0.02 24.36 £ 0.04 11.97 +£0.02 16.49 £ 0.15
128S Group 4 23.1£0.02 23.82+£0.03 11.13 £0.01 -21.53 £ 0.06
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| 128S Group 5

| 28.8+0.06

| 28.17£0.03

| 12.71£0.04

| 33.05+0.11

*Lpelix 1S the number of the residue in the DSSP identified biggest helix domain.

Table B.S8: Length, distance, and crossing angle of helices for the WT clusters. The mean and
standard deviation error were calculated over 5000 sampling of individual clusters.

BST-2 Lyelix ORF7a Lyelix Dielix-Helix (A) Q (deg.)

Cluster 1 21.55+0.02 26.6 £0.03 10.12 £ 0.02 -0.13+0.58
Cluster 2 25.16 £ 0.05 2425 +0.05 9.49 +0.01 -34.87 £ 0.07
Cluster 3 21.41 +£0.02 2443 £0.04 10.62 £ 0.03 36.21 £ 0.41
Cluster 4 25.78 £0.03 24.87 £0.03 10.1 £0.01 -45.65 +£0.05
Cluster 5 26.37 +£0.05 24.72 £ 0.04 11.15+0.01 -40.79 + 0.09
Cluster 6 23.5+0.04 25.9+0.03 12.31 +£0.02 -29.8 £0.18
Cluster 7 21.81 £0.03 27.52+0.04 10.4 £0.02 -26.51 £0.08
Cluster 8 22.4+£0.02 28.15+£0.02 8.45+0.01 -38.59 £ 0.08
Cluster 9 22 +£0.02 21.73 £0.03 13.76 £0.03 434+0.22

Table B.S9: Length, distance, and crossing angle of helices for the 128S clusters. The mean and
standard deviation error were calculated over 5000 sampling of individual clusters.

BST-2 Lyelix ORF7a Lyelix Dielix-Helix (A) Q (deg.)
Cluster 1 23.25+0.03 26.04 + 0.04 11.81 £0.01 -36.86 = 0.08
Cluster 2 21.48 £0.01 24.41 £ 0.03 11.57 £ 0.01 22.55+0.08
Cluster 3 29.89 +0.03 27.9 +£0.03 11.98 £ 0.01 -38.5+0.06
Cluster 4 21.08 £0.02 24.22 +0.04 12.32 £0.02 30.98 +£0.08
Cluster 5 22.62 +0.01 24.34 +0.03 10.75 £ 0.01 -23.9+0.05
Cluster 6 20.76 £ 0.01 25.33 +£0.03 11.34 £ 0.01 -6.1+£0.12
Cluster 7 23.26 £0.02 25.69 +£0.03 12.85 £ 0.02 -33.35+0.15
Cluster 8 23.25+0.02 26.22 £0.03 12.82 £ 0.02 -36.82 +£0.14
Cluster 9 23.54 +0.02 24.68 £ 0.03 11.74 £ 0.01 -23.58 £ 0.06
Cluster 10 29.47 +£0.02 26.84 +£0.05 12.03 £ 0.01 -37.27 £0.07
Cluster 11 28.84 +0.04 27.99 +£0.03 16.63 £ 0.02 -27.27 +£0.12
Cluster 12 28.81 £ 0.06 28.17 £0.03 12.71 £ 0.04 -33.04 £0.11
Cluster 13 21.68 £0.03 25.51+£0.02 10.26 = 0.02 2.72+0.1

In general, a single helical domain per peptide was found, but a short second helix domain was

found in 128S Group 4. A short B-p contact has been found in the CYTO domain in WT Group 2.

A variation of Q distributions indicate various orientations of both helices, and their associations

could be either right-handed (a negative crossing angle) or left-handed (a positive crossing angle)

crossing, though the right-handed crossing is the majority. Figure B.S13B shows a distinguishable
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Dtelix-Helix across WT groups while Figure B.S13D demonstrates the similarity of the Delix-Helix
distributions among the 128S groups. The results show helix packing variations between groups
demonstrating what appears to be high entropic heterodimeric dimerization of BST-2 and ORF7a.
It is worth noting that in Group 3 with the shortest Duelix-Helix, BST-2 has a short Lueiix compared
to other groups while the ORF7a Luelix is longest among all WT groups, resulting in ~7 residue
differences between the helixes in the WT packing. Also, the average Lueiix of BST-2 over 128S
groups is about 3 residues longer, compared to the WT BST-2 while the average Lueiix of ORF7a

1s the same in both heterodimers.

Binding Energetics and Heli-packing Motifs

Tables B.S10 & B.SI11 list the residue pairing with a distance less than the cutoff (i.e., 9 A)
indicating that the WT heterodimerization is more likely driven by the interactions within the
CYTO and EC domains, compared to the 128S heterodimerization. Examination of the contacts
within the TM domain demonstrate that various pairing residues in the helix-packing region neither
correlate to the length of the Luelix nor the strength of interactions in the CYTO and EC domains,
indicating the TM contacts result from a complex mechanism of protein-protein and protein-lipid
interactions. The hydrophobic interaction of these TM contacts is the main contributor to helix-
helix associations within the membrane. These contacts can vary from helix-helix packing that
spans the TM region to packing that is limited to shorter ranges. Extended TM contact exists for
the WT Group 2 and 3 (7able B.S10) and 128S Group 4 (Table B.S11), compared to more localized
regions with other classified groups. WT Group 3 has a tighter packing, having a shorter distance
average among the TM contacting pairs, compared to WT Group 2, as expected due to the shortest

Dtelix-Helix of WT Group 3.
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Table B.S10: Summary of WT Helix-Helix Ca Contacting Residues Pairs.

Group 1 Group 2 Group 3 Group 4

BST-2 ORF7a distance (A) BST-2 ORF7a distance (A) BST-2 ORF7a distance (A) BST-2 ORF7a distance (A)
P40 L102 6.89+0.01 G27 C113  8.78+0.01 133 V108 8.2+0.01 G27 F114  8.98+0.02
143 F101  7.91+0.02 G27 F114 8.86+0.01 136 V104  8.63+0.02 G27 1110  7.46+0.02
143 L102  6.74+0.02 G27 1110  8.67+0.01 136 V108  8.87+0.01 V30 1110  8.16+0.01
143 P99 7.99 +0.02 V30 1110  8.68+0.01 L37 A105  6.93+0.01 L31 A106  7.33+0.01
143 S98 6.51+0.01 L31 1110  7.78+0.01 L37 F101  7.41+0.01 L31 1107  8.04+0.03
F 44 E95 8.76 +0.02 134 A106  7.72+0.01 L37 V104  7.06+0.02 L31 1110  7.33+0.01
F 44 L102 7.33+0.01 G338 A106  8.98+0.01 L37 V108  8.84+0.01 134 A106  8.37+0.03
F 44 P99 6.57 +0.02 G338 1103 8.86+0.01 P40 F101  6.94+0.02 V35 A106  8.68+0.02

F 44 S98 6.1 £0.01 G338 L102 8.27+0.01 P40 1100 7.68+0.02

142 L102 8.16+0.02 P40 V104 8.29+0.01

142 P99 6.32+£0.02 P40 Y 97 8.1+0.02

142 S98 8.7 +0.02 L 41 F101  7.52+0.01

T 45 E95 8.33+0.03 L 41 Y 97 7.17 +£0.02

T 45 P99 7.49 +0.04 143 Q9%a  8.49+0.02

T 45 S98 7.59 +0.02 F 44 L 96 7.7 +0.02

146 E95 7.73 £0.03 F 44 Q9%a 5.34+0.01

146 P99 8.51+0.03 F 44 Q9%b  7.07+0.02

146 S98 8.88 +0.02 F 44 Y 97 6.18+0.01

T 45 Q9%a  7.35+0.02

T 45 Q9%b  83+0.03

T 45 Y97 8.76 +0.02

146 E91 8.75+0.03

146 Q9%a  8.08+0.02
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Table B.S11: Summary of 128S Helix-Helix Ca Contacting Residues Pairs.

Group 1 Group 2 Group 3 Group 4 Group 5
BiT— ORF7a dis(tgr)lce BiT— ORF7a dis(tgr)lce BiT— ORF7a dis(tgr)lce BiT— ORF7a dis(tgr)lce BiT— ORF7a dis(t;;ce
L29 C113 8.89+0.03 L29 C113 8.41+0.01 V35 1103 8.85+0.02 L29 1107 8.7+0.01 F44 L96 86?5;
L29 F 114 8.87+0.03 L29 1110 7.99 +0.01 V39 1100 7.63 +0.02 L29 T111 8.67+0.01 A48 L96 7(')2_g;
L29 1110 7.91+0.03 V30 1110 8.94 +0.02 V39 1103 8.61 +0.02 L29 V108 8.45+0.01 E 51 L96 86?5;
133 A 106 8.02+0.03 133 A 106 7.56 +0.02 142 1100 8.78 £0.03 133 1107 8.45+0.02 E 51 Vo3 7(')%);
133 1110 8.18 +0.03 133 F 119 8.51+0.02 143 1100 8.22+0.02 133 V104 6.56+0.01 A52 E95 66?3;
133 1110 8.28 +0.02 143 L96 8.04+0.03 136 1100 7.45+0.01 A52 L96 6&5;
L37 A 106 8.96 +0.02 143 Y97 8.44+0.03 136 1103 8.44+0.01 A52 Q 9%4a 8(';_‘3;
136 V104 7.92+0.01 A52 Vo3 6.6 £0.05
L37 F 101 8.55+0.01
L37 1100 6.77 +0.01
L37 V104 8.56+0.01
L37 Y97 7.86 +0.02
P40 1100 8.75+0.01
P40 L96 8.31+0.02
P40 Y97 8.61 £0.02
L41 L96 8.94+0.03

According to the C, pairing, the helix-helix packing motif could be identified as the “knobs-into-

holes” heptad®® repeats within the closest helix packing configurations (Figures 1C), but it was

not clear for other groups due to a short contacting region. The WT Group 3 helices associate

through DPSL37xxPOL4xxF4T4 and V!%xxAl0SVI0xxFI01T10xx Y9 7xxQ%%Q% of BST-2 and

ORF7arespectively and form a packing complex. On the other hand, the I128S Group 4 TM helices

pack with heptad repeats through L?xxxI>3xxPSL37xxP*L#! and V!8[107xx V104xxxT190xx Y?'L% of

BST-2 and ORF7a respectively, and form TM heterodimer structural complexes. Both involve

stacking interactions among F*, Y°7, and Q°* at the EC/TM interface. Figures B.S14-17 visualize

the helix-helix contacting motif including side-chain contacts identified based on a contact

distance of less than 3A in the center configuration of individual clusters. The contacting pairs in
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the WT Group 3 located across the top and middle of the TM domain while the contacting motif
in the 128S Group 4 dimerization shifts closer to the cytoplasmic side across the middle and bottom
of the TM domain, indicating the 128S mutation initiates helix-helix lateral association close to the

mutated position (at the bottom of the TM domain).
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Figure BS.14: Molecular structure of the helix-packing motif with detailed side chain
contacts in the WT Group 3 Oxygen, nitrogen, and carbon atoms colored red, blue, and gray,
respectively and BST-2 and ORF7a colored orange and pink in QuickSurf style. The labeled
residues have contacts with the other peptide chain within 3 A.

AL 180°

I128S Group 4

Figure BS.15: Molecular structure of the helix-packing motif with detailed side chain
contacts in the 128S Group 4. Oxygen, nitrogen, and carbon atoms colored red, blue, and gray,
respectively and 128S BST-2 and ORF7a colored orange and pink in QuickSurf style. The labeled
residues have contacts with the other peptide chain within 3 A.
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Figure BS.16: TM helix-helix interface of the WT groups.
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Figure BS17: TM helix-helix interface of the 128S groups.
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Figures B.S18-20 show the energetics of dimerization contributions from individual residues,
supporting the observation in the C, pairing. The energetics also revealed the binding enthalpic

contributions of mainly sidechain contacts quantitatively.
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Figure BS.18: Interaction energies for amino acid residues

(A) BST-2 and (B) ORF7a computed over the WT Group 3 and 128S Group 4. The individual
membership possibility of heterodimeric configuration is more than 0.75 for its own group. The
mutated residue is marked with an “*”.
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the 128S groups which the individual membership possibility of heterodimeric configuration is

more 0.75 for its own group.
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These TM helix pairings within helix-packing motif are stabilized by van der Waals interactions
of large side chain residues (valine, leucine, and isoleucine) which contribute to residue binding
energetics. Moreover, energetically strong interacting residues have been found in the CYTO
domain of loose packing groups. In WT Group 2 and 4 (Figure B.S19), energetic residues in the
CYTO domains of WT BST-2 (S°, Y, D7, Y8, and C°) interact with the CYTO residues of ORF7a
(F!4, TS K17 R KM and T'?%). On the other hand, in 128S Group2 (Figure B.S11), the
different interacting residues in the CYTO domain of 128S BST-2 (D7, R!°, E'4, D'°, G!6, and D7)

interact with the same region of the ORF7a CYTO domain (K''7, K!?, T!20 and E!?!).

In the most extended packing conformations (WT Group 3 and 128S Group 4), E'?! (ORF7a) in
the CYTO domain forms a salt bridge with R!” (Figure B.S21A) or K?! (Figure B.S21B) in the
WT with the formation probability of 0.83 and 0.76, respectively; E!?! (ORF7a) also forms a salt
bridge with R' (Figure B.S21C) in the 128S mutant with the formation probability of 1.10.
Moreover, the EC domain can dimerize with the formation of varied contacts. In WT Group 3,
either a salt bridge formed by E°! (ORF7a) and K*’ (BST-2) (Figure B.S22A) with the formation
probability of 0.21 or hydrogen bond between Q®* (ORF7a) and K*' (BST-2) (Figure B.S22B)
with the formation probability of 0.12 promotes an amino-r interaction between Q*** (ORF7a) and
F* (BST-2) and a m-m stacking between Y°7 (ORF7a) and F* (BST-2) with the formation
probability of 0.19 and 0.15, respectively. On the other hand, in 128S Group 4, the contacting
complex is formed by Q%% L%, Y°” (ORF7a) and F* (BST-2) (Figure B.S22C) where Q%%
(ORF7a) and F** (BST-2) form an amino-r stacking with its formation probability of 0.22 as Q%%
and Y*7 form a backbone hydrogen bonding. L°® (ORF7a) has a hydrophobic interaction in the

complex which contributed to its residual energy (Figure 8).
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Figure B.S21: Salt bridges formed in WT Group 3 and 128S Group 4

Salt bridges are formed by (A) E'?! (ORF7a) and R'"” (WT BST-2), (B) E!?! (ORF7a) and K?! (WT
BST-2) and (C) E'?! (ORF7a) and R' (128S BST-2). Nonpolar, polar, acidic, and basic residues in
secondary structure are colored white, green, red, and blue, respectively. Oxygen, nitrogen, carbon
and hydrogen atoms in highlight molecular structures are colored red, blue, cyan, and white,
respectively.

Figure B.S22: Contacting complexes of ORF7a/BST-2 heterodimerization at the EC/TM interface

In WT packing, (A) a salt bridge formed by E91 (ORF7a) and K47 (BST-2) or (B) a hydrogen
bond between Q94a (ORF7a) and K47 (BST-2) promotes an amino-m interaction between Q94a
(ORF7a) and F44 (BST-2) and n-n stacking between Y97 (ORF7a) and P44 (BST-2). In 128S
packing, (C) an ORF7a intra-hydrogen bond formed by Q94a and Y97 in the extended helix
domain promotes the same residues to form amino-rn stacking and a n-m stacking interactions.

These CYTO and EC interactions involving polar/charged residues (i.e., glutamine, glutamic acid,
lysine) can stabilize protein-protein binding by creating strong hydrogen bonding or salt-bridges.

Moreover, these residues present within a TM helix drive a highly stable helix-helix association
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(128S Group 4)%* and form a stacking interaction in a helix-packing complex even enhancing the
stability of both associations®. It has also been observed that the polar residues contribute to drive
stable heterodimerization, but they also interrupt the helix packing pattern. Interestingly, although
dimerization profiles vary in the BST-2 WT and 128S mutant, it is consistently observed that the
contacting region of the I28S dimerization extends deeper in the bilayer and away from polar
residues of both peptides, indicating interactions within the hydrophobic region could essentially
affect the helix-helix association of ORF7a and BST-2 heterodimer. According to the known
structural and biofunctional features of ORF7a of SARS-Cov-2, K119, as a ubiquitination
position®, shows a strong interactive energy in the WT packing (Groups 2 and 4), compared to the
128S packing, indicating tight dimeric packing would reduce the activity of the K''* and may
prohibit ubiquitination. Additionally, one of the identified key contact residues on ORF7a, A%,
has been reported as mutating to valine, resulting in a strong interaction among L%, 119, V104 and
A% which is associated with increased severity and lethality of the infection in a group of
Romanian patients®’. A'% is listed as a key contacting residue (Table S8) in the WT packing (Group
3), matching the observation in the study of Romanian cases. On the other hand, several identified
TM contact residues on BST-2 (Tables S8-S9): 134, L3, P4, L*!, and T* match those reported when

this protein forms a heterodimer with the HIV-1 viral protein U.%®
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