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ABSTRACT

Bioconcentration is a term used to quantify the concentration of a solute within an
organism with respect to the source of exposure. Recently, bioconcentration has been a major
field of study for analytical and environmental chemists since the rise of synthetic chemicals
appearing within the environment. The work described here uses fluorescence spectroscopy,
light scattering, and thermoanalytical techniques to describe the impact of bioconcentration
mechanisms on the structure and function of biological material, including model biological
membranes and transport proteins. The studies performed in this body of work investigate
solute-membrane and solute-protein interactions by analyzing the behavior of both the solute,
and the biological material of interest in order to uncover the wholistic effect of the solute on
a biological system.

Each body of work either altered the solute studied for bioconcentration or the biological
material itself, to get a deeper understanding of bioconcentration mechanisms. The first body
of work describes a study looking into the partitioning behavior of the amino acid L-
Phenylalanine into model biological membranes. Experiments showed that L-Phenylalanine
integrates into the membrane and experiences a conformationally restricted environment. The
second body of work inspects an environmental contaminant known as Perfluorooctanoic
acid (PFOA), and the effects it has on lipid bilayer vesicles structure, as well as secondary
solute partitioning behavior at concentrations close to the EPA regulatory limits. Experiments
revealed that 100 nM PFOA increases membrane fluidity and increases secondary solute
partitioning into the acyl chains of the lipid bilayer. The third body of work explores
Perfluorooctanoic acid’s effects on the protein Human Hemoglobin, and discovered that
PFOA induces a change in the fluorescence mechanism of the native Tryptophan residues,
and binds at concentrations as low as 10 nM.



CHAPTER ONE

INTRODUCTION

Motivation

Bioconcentration and Bioaccumulation

Bioconcentration is a simple idea to describe: the tendency of solutes in aqueous solutions to
concentrate within living systems. * Bioconcentration is generally construed as a harmful
outcome of pollution or other contaminants adversely affecting an individual’s health, but
bioconcentration can also describe beneficial effects such as nutrient or pharmaceutical uptake. 4
Bioconcentration and bioaccumulation describe the absorption of a solute within an organism
with respect to the source of exposure, and both are used as a descriptor for the potential toxicity
of a solute. 23> However, the underlying mechanisms driving bioconcentration and
bioaccumulation remain largely unexplored. Questions remain about not only where the solute
will concentrate (lipid membranes, proteins, DNA), but also how these solutes affect the
biological function of those structures into which they partition. Biological structures including
lipid membranes and proteins are complex systems, with variable local solvation environments
and a multitude of possibilities for chemical interactions. The research described in this
dissertation uses complementary methods including optical spectroscopy, light scattering, and
calorimetry to examine partitioning behavior of both environmentally and biologically relevant
solutes with model lipid membranes and heme-proteins. The goal of this work is to develop a
clear understanding of how the complexity found in biological systems controls solute
partitioning. Our discoveries show that bioconcentration of biological solutes such as amino

acids or synthetic solutes such as PFAS, are complex mechanisms which can significantly alter



the function of the target biological material. The impact of this work will show that
bioconcentration mechanisms, while somewhat predictable, can be complicated and nuanced
when interacting in a biological system.

Bioconcentration and bioaccumulation are both measures of a solute’s uptake into organisms,
with the difference being the source of exposure to the solute. ® Bioconcentration is the most
common measure of solute partitioning and analyzes solute absorption through respiratory and
dermal surfaces. The bioconcentration factor (BCF) is calculated as the ratio of solute
concentration in an organism (Cg) to solute concentration in the surrounding aqueous

environment (Cw) (Equation 1). >/

BCF = <& Eq. 1

Cw
The bioaccumulation factor (BAF) takes into consideration how solute uptake can occur
from other environmental sources, dietary uptake, inhalation, metabolic transformation, dilution
of the solute from organism to organism, and excretion. BAFs are calculated as the ratio of the
solute concentration within an organism relative to the sum of the concentration of the solute in

the water, sediment (Cs), and food (Cg) (Equation 2).”

;]
Cyw+Cs+Cfp

BAF = Eq. 2

An important point to note is that both BCFs and BAFs are purely empirical, based solely
on observation and measurement, and provide only a simple, single quantity to describe solute
uptake. Although BCFs and BAFs are instructive, they fail to provide any direct chemical insight

into the phenomena they describe.



Figure 1.1: Schematic representation of bioconcentration of different solutes partitioning into an
organism from the surrounding environment

BCFs and BAFs are often used to characterize a solute’s persistence in the environment,
although these numbers can be difficult to measure directly. A solute’s partitioning coefficient,
known as log P, is one empirical way to predict partitioning behavior of a solute, and this
information is then used to determine the BCF. Log P is the log of the equilibrium partitioning of
a solute between an organic phase (1-octanol) and an aqueous phase (water) (Equation 3). 178

_ [solute]octanot
IOgP - log( [solutelwater Eq 3

While log P can be a useful indicator of solute-membrane affinity, the scale is a simple
solubility description and has shortcomings. One major fault of the log P measurement is that it
fails to account for ionizability of the solute. log D, also known as the distribution coefficient, is
another partitioning description intended to account for pH-dependent solubility of ionizable
compounds. Like the log P scale, the log D scale considers the equilibrium distribution of solutes
between 1-octanol and water, but accounts for both the ionized and nonionized population of the

solute. °



[solute]octanot Eq 4

SOlute]floq”ized+ [Solute]ggnionized

logD = log([

Another more advanced prediction technique is Kmw Or is the phospholipid membrane-
water partition coefficient, that replaces the 1-octanol used in log P and log D descriptors with a
lipid membrane. This technique is an inherently more useful prediction tool as it directly
measures concentrations of solutes between an aqueous environment and biologically-similar

membranes to gauge solute tissue distribution and cell membrane penetration. 1% 1

olutelmembrane Eq 5
[solutelwater .

logk,w = log([s

More recently, molecular modelling and computational chemistry approaches have been
used to more accurately predict log P, log D, and log Kmw values. 1> 13 Computational methods
can be more beneficial than experimental methods for predicting partitioning values since they
allow more high-throughput screening of solutes, reducing the time required to predict solute
lipophilicity. Multiple public log P calculators currently exist, and can be classified into four
families, 1) atom-based methods, 2) fragment-based methods, 3) topology or graph-based
methods and 4) structural property-based methods. 12 Atom-based methods sum the contribution
from each individual atom of the molecule. While this approach has proven suitable for small
molecules, it becomes increasingly inaccurate with more complex molecular structures, or when
the electronic structure of the overall molecule effects the log P value. Some methods attempt to
overcome these shortcomings by using additional corrections to account for neighboring atom
interactions. 13

Fragment-based methods are another additive approach that considers the summation of
molecular fragments that contribute to a molecule’s hydrophobic character. These calculations
also consider interactions such as hydrogen bonding, proximity interactions, and hydrophobic-

shielding effects. However, fragment-based methods require rigorous interpretation of solvation



interactions, and the computations tend to be expensive, making them less attractive for
widespread screening. Topology or graph-based models use topological descriptors to generate
models, typically using 2-D generated structures. Structure-property based methods are more
robust, requiring 3-D structures to perform quantum-mechanical computations to develop a
chemically specific perspective into the forces that control partitioning. These computational
methods have made predicting solute lipophilicity much more accessible and for a larger range
of molecules than the traditional experimental methods. Unfortunately, shortcomings of
computational methods are still present insofar as predictions from these studies have not been
experimentally validated. Furthermore, these computational methods are also expensive, and the
they have not been employed to predict the effects that partitioned solutes have on subsequent
biological structure and function. 3

Another shortcoming of the log P, log D, and log Kmw techniques is their primary focus
on membranes as the target for solutes since these descriptors are all a measure of a solute’s
general lipophilicity. However, membranes are not the only biological material that can
bioaccumulate secondary solutes. DNA and proteins are also capable of attracting solutes in
ways that build up secondary solute concentrations within organisms. 4 > Proteins such as
Serum Albumins are widely recognized as candidates to accumulate hydrophobic solutes due to
the large hydrophobic “pocket” within the protein that can act as an energetically favorable site
for these molecules. 1% 7 However, with thousands of different proteins in organisms, identifying
protein specific solute affinities as well as solute binding effects on protein structure and function
is a daunting challenge.

Protein affinity experiments typically quantify solute binding using either an equilibrium

association constant, or dissociation constant. Equilibrium dialysis measurements are the gold



standard for evaluating these descriptors. 18 In an equilibrium dialysis experiment, the solute or
ligand is separated from the protein or macromolecule by a semi-permeable membrane where the
solute can permeate through, but the protein remains on one side. Once the system reaches an
equilibrium, or steady state, the amount of free solute should be equal on both sides of the
dialysis membrane. The solute concentration on the protein side is the combination of bound and
free solute, whereas the concentration on the other side is simply free solute. The concentration
of bound solute can be found by taking the difference between the total solute concentrations
present in both compartments. Careful consideration must be exercised when choosing a dialysis
membrane, as thickness, membrane type, and membrane impurities can impact the values
measured in an equilibrium dialysis experiment. '8 Equilibrium dialysis is the standard method
for examining solute binding, however, like most affinity techniques, dialysis data lack the
insight into how solute binding affects protein structure and function. Most systems that use
equilibrium dialysis pair results with LC-MS measurements to determine ligand binding amount,
but not many directly study the protein after reaching steady-state.

While these experiments provide insight into the toxicity limits and bioconcentration factors,
they fail to capture the specific solute-lipid and solute-protein interactions responsible for solute
accumulation mechanisms in biological systems. Work described in the following chapters
tackles questions about solute affinity for membranes and proteins with the intent of developing
quantitative and chemically specific descriptions of solute partitioning. Fluorescence
spectroscopy in combination with thermoanalytical and dynamic light scattering methods were
employed to address the following questions:

1. Do specific solutes partition into the biological material?

2. If so, where in the biological material do solutes accumulate?



3. What is the quantitative distribution of solutes within membranes and proteins?

4. Do partitioned solutes alter membrane/protein properties?

Each chapter in this body of work analyzed different classes of solutes, or different biological
materials to develop a quantitative, mechanistic understanding of solute partitioning behavior.
Specifically, this work focused on amino acids and PFAS interacting with model biological

membranes, and PFAS binding to the protein human hemoglobin (Hb).

Membrane Complexity

Biological cellular membranes are a complex network of phospholipids, cholesterol, proteins,
and carbohydrates following the fluid mosaic model or the raft hypothesis. ** 20 Due to their
heterogeneous structures and varied functions, biological membranes are often modeled using
phospholipid bilayers as surrogates. 222 The amphiphilic nature of the lipid is the source of the
bilayer, the polar headgroups will orient themselves to the surrounding aqueous environment
while the non-polar tails will orient towards the center of the membrane. These hydrophobic
forces are the main source of bilayer formation, while van der Walls and electrostatic interactions
stabilize the bilayer structure. 22 The phosphatidylcholine membranes used in this study create a
heterogenous chemical environment across a membrane width of ~7nm. To fully understand
solute partitioning behavior complex lipid bilayer environments, first the solute must be
characterized in a variety of bulk solvents which model the local solvation environment that
solute might experience in the membrane. Carbonate buffer was chosen to model the aqueous
environment surrounding the membrane. Acetonitrile was used to model the polar aprotic head
groups before membrane hydration takes place, and methanol was used to model the polar protic
head groups after membrane hydration occurs. Cyclohexane was chosen to model the non-polar

environment of the long carbon chain tails of the lipid.



An important point to remember is that the glycerol 3-carbon chain backbone is naturally
polar aprotic and is a hydrogen bond acceptor but not a donor, until water can penetrate the
membrane at the lipid bilayer gel to liquid-crystalline phase transition known as Tgel.ic. This
phase transition occurs at a specific temperature for a given lipid, and can vary based on carbon
chain length, or having other molecules within the bilayer such as cholesterol. From a physical
perspective, Tgelic is where the lipid bilayer goes from a more rigid and ordered structure in the
gel state to a more loosely associated structure called the liquid crystalline state. 2 At this point,
water can enter the membrane and hydrate the polar aprotic headgroups, making them have a
polar protic local solvation environment. This liquid-crystalline state also opens new

opportunities for solute interactions which might not occur in the gel state.

gel state lig. crystalline

Figure 2.1. Schematic representation of a lipid bilayer going from the rigid, and more ordered gel
state to the less ordered liquid-crystalline state caused from an increase in temperature.

Time-Resolved Fluorescence Emission

Time-resolved emission studies are based on the delayed detection of an emission photon
following electronic excitation, where the excitation laser pulse is shorter than the fluorescence

lifetime of the molecule of interest. Time-resolved emission can provide important insight into



the relaxation dynamics of a solute, including energy transfer between molecular states,

molecular rotation, and fluorescence quenching dynamics.
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Figure 3.1: A simplified Jablonski diagram representing the excitation of a molecule to a higher

electronic energy level, and the resulting possible relaxation mechanisms the molecule can have.
A radiative transition will result in the release of a lower energy photon whereas a non-radiative
pathway will result in no emission photon.

Fluorescence decay of an excited molecule can be described by first-order rate Kinetics
and depends on the radiative lifetime (t;) of the solute. The fluorescence lifetime of a molecule
can be described by eq. 2, which considers the radiative (k) and non-radiative (knr) decay of the
molecule. On a molecular level, t describes the time required an excited state population to its

1/e value and contains information about a molecule’s radiative and non-radiative lifetimes.

1

T=— Eq. 6
kr+Yknr a

Tau (t) can be experimentally determined by exciting the population of molecules and
recording the fluorescence intensity decay. The intensity decay follows a single exponential

model when the population of molecules exhibits a single lifetime and is described by Eq. 3.

1(t) = I,e™® Eq. 7
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Where t is the time from excitation, lo is the initial intensity, and () is the time it takes to
decrease 1/e of its initial value. Fluorescence decay plots are typically plotted on a logarithmic
scale. For the most part, fluorescence decays are fit with a single exponential decay model,
however for more complex decays with two or more lifetimes, a more complicated fitting model,

such as Eq. 8, is required to determine the lifetimes and corresponding amplitudes.

TCSPC of Coumarin 152 in Menthanol and Acetonitrile

— IRF
Methanol
—— Acetonitrile

Counts
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2 1
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Figure 4.1: Example of time-resolved fluorescence of laser dye Coumarin 152 in methanol and

acetonitrile. This figure shows how solvent can play a role in the time-resolved emission of a
solute.

If only one single exponential decay for a molecule is measured, there is one radiative
decay mechanism, whereas if a decay is characterized by two or more lifetimes, multiple
independent decay mechanisms are occurring. The lifetime itself is also an indicator of the non-
radiative decay, if a long lifetime (~2+ ns) exists for a solute, the non-radiative decay is very
slow, but if the lifetime is short (~0.5 ns) the non-radiative decay becomes more important.
Understanding these fluorescence decay characteristics is vital to determining the behavior of a

solute in solution, especially when in complex systems like model biological membranes.
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L-Phenylalanine (L-Phe) is one of three naturally fluorescent amino acids, the other two
being L-Tryptophan (Trp) and L-Tyrosine (Tyr). Due to the low quantum yield of L-Phe in
aqueous solutions at 0.023, it is the least studied of the fluorescent amino acids; with Trp and Tyr
having quantum yields of 0.14 and 0.13 respectively. 2 26 Fluorescent lifetimes of L-Phe are
dependent on solvent interactions with the molecule. In solvents with higher polarity, such as
water or methanol, the lifetime of L-Phe remains long (~6 ns), whereas in less polar solvents
such as acetonitrile and cyclohexane, the lifetimes are reduced due to the polarity of the solvent
at 3.3 ns and 1.1 ns respectively. Additionally, L-Phe can experience other lifetimes not
represented by any bulk solvent, due to rotamer states of L-Phe which can occur when either at
higher temperature (~60°C), when sterically trapped inside a peptide, or when physically trapped
by a lipid bilayer and accessible to water molecules. Greater detail on this subject will be
covered in Chapter 2.

Coumarin 152 (C152) is a common laser dye and the bulk solvent fluorescence behavior,
as well as the behavior when in a solution with model biological membranes, has been studied
extensively by the Walker Research Group. C152 has distinct behavior in the bulk solvents,
making it a phenomenal solute to understand solute-membrane behavior. In an aqueous solution
such as carbonate buffer, C152 has two distinct lifetimes, a short (0.5 ns) lifetime and a long
(3.52 ns) lifetime. The short lifetime which comprises a majority of the fluorescence decay
(~85%) is due to a twisted intramolecular charge transfer (TICT) state which occurs due to
solvent interactions with C152. However, some of the population of C152 (~15%) does not
undergo TICT, and this is reflected in the long lifetime due to a lower non-radiative decay. This
short lifetime due to TICT reflected in the methanol lifetime which is measured as a single

exponential decay and a lifetime on the order of 1 ns. In polar aprotic (Acetonitrile) and non-
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polar solvents (non-polar), the TICT state cannot occur, and results in longer measured lifetimes
of ~2.2 ns and 3.7 ns respectively. 27 Findings described in Chapter 3 of this dissertation rely on
changes to the fluorescence of C152 within membranes with and without the presence of PFOA.

Unlike the previously described fluorescence mechanisms which were focused on a loose
solute within a given solution, Chapter 4 discusses the fluorescence of Tryptophan residues
within the protein structure of Human Hemoglobin (Hb). Hb is a heme-based oxygen transport
protein consisting of a dimer of dimers, with each dimer containing one alpha and one beta
subunit, and each subunit containing an iron-heme complex. Each alpha subunit contains one
Trp residue and each beta subunit contains two Trp residues, resulting in six total Trp residues
which can be utilized for fluorescence studies without the need for a fluorescent marker. Due to
the complex nature of Hb, each Trp residue experiences a distinct conformation and fluorescence
due to solvent accessibility and fluorescence quenching. Trp residues which are structurally close
enough to the heme complex have fluorescence lifetimes which are defined by fluorescence
quenching due to Forster Resonance Energy Transfer (FRET) with the heme group, which causes
a fast non-radiative decay and therefore an ultrafast lifetime on the order of 0.05 ns. Additionally,
fluorescence quenching can also occur from Trp residues to the peptide backbone resulting in
vibrational relaxation, or other amino acid residues which are able to accept electronic energy
such as Tyrosine, and is defined by a lifetime around 0.5 ns. Some Trp residues are solvent
accessible and go through neither of these quenching pathways, resulting in a lifetime
reminiscent of free Trp, with a lifetime on the order of 2 ns. 2830 Qverall, the natural fluorescence
of Hb when using the native Trp residues becomes quite complicated, but the lifetimes due to

quenching can be diagnostic of protein conformation and stability.
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Perfluorooctanoic acid

Solute partitioning into biological membranes can also depend on other species in
solution. Specifically, if a contaminant alters the cohesive properties of a biological membrane,
secondary solute accumulation may be enhanced. Chapter 3 of this dissertation examines how
one of the legacy ‘forever chemicals’, perfluorooctanoic acid (PFOA), affects secondary solute
partitioning. PFOA, along with several other perfluoro alkyl substances (PFAS), has been among
the most concerning environmental contaminants of the 21% century. PFOA has been linked to a
multitude of health effects such as reduced vaccine response, high cholesterol, and a variety of
cancers. Recently, the U. S. Environmental Protection Agency (EPA) mandated a maximum
allowable drinking water concentration of 4 ppt for several PFAS species. PFOA itself has long
been used as antifire foams, as well to waterproof products including cookware (Teflon), textiles,
and food packaging material. While PFOA is no longer produced for commercial use, the
molecule’s chemical stability means it will remain an environmental and health hazard for
decades. More discussion on the environmental and health impacts of PFOA will be discussed in
Chapter 3.

A major concern for PFAS and PFOA is the fact that it can bioconcentrate in organisms.
With a half-life in the human body on the order of 7 years, PFOA is expected to interact with
biological material such as membranes and proteins by accumulating in hydrophobic
environments. This behavior will lead to bioconcentration and may influence secondary solute
accumulation. For example, if PFOA bioconcentrating alters the cell structure and causes
structural defects, bioconcentration mechanisms of other environmentally relevant synthetic

organic solutes such as herbicides, pesticides, or pharmaceuticals may be impacted. Chapter 3
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considers how PFOA affects model membrane structures, as well as the impact PFOA has on the

partitioning behavior of secondary solutes.

Experimental Methods

Sample preparation The lipid bilayer vesicles used in Chapters 2 and 3 were created from

monomers of the lipid dipalmitoylphosphatidylcholine (DPPC) at concentrations of 1.5 mM for
optical studies and 20 mM for calorimetry studies. Vesicle solutions used for optical studies were
extruded and filtered using an Avanti Lipid Mini-Extruder (Alabaster, AL) to create large
unilamellar vesicles (LUVs) having ~200 nm diameters. A defining feature of this lipid bilayer
membrane, like most other lipids, is a transition temperature known as Tgel-Lc Which occurs at
40.5°C. This transition describes bilayer melting when the bilayer goes from having a more rigid
and structured gel phase with ‘frozen’ acyl chains to a less ordered and more fluid structure
known as the liquid-crystalline phase. At temperatures slightly lower than Tgel.Lc the membrane
experiences a pre-transition known as the ripple phase, where water can intercalate into the polar
head group. Studies described in Chapters 2 and 3 were performed as a function of temperature
to investigate solute interactions with lipid bilayers across Tgel-Lc, as well as study the
reversibility of observed partitioning mechanisms.

As mentioned previously, Human hemoglobin is a complex transport protein which
functions as a dimer of dimers, the dimers consisting of one alpha subunit and one beta subunit.
Each subunit has its own heme group, which is responsible for binding oxygen for transport
throughout the body. Hemoglobin is an allosterically modulated protein, meaning that the solute
binding at one site can cause conformational changes to the global structure of the protein. The

study described in Chapter 4 uses lyophilized human hemoglobin that was rehydrated for
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experiments. Before experiments were conducted, the solution containing Hb was spun in a
microcentrifuge to reduce major aggregates of the protein that could be present. For native mass
spectrometry experiments, this step was taken further, and the solution was spun in a
microcentrifuge using 30 kDalton filters to remove additional fragments having sizes lower than
the native quaternary structure.

Time-resolved emission studies on human hemoglobin were performed using the intrinsic
fluorescence of the Tryptophan residues of the protein. Human hemoglobin has six Trp residues,
two on each beta subunit and one on each alpha subunit. Due to the presence of a conjugated
porphyrin (heme) within each subunit, time resolved fluorescence emission is dominated by an
ultrafast (50 ps) fluorescence lifetime that reflects efficient fluorescence quenching of the Trp to
the heme via Forster Resonance Energy Transfer. While this lifetime is outside the capabilities of
our TCSPC to accurately measure, this ultrafast lifetime becomes a significant diagnostic of the

protein structure.

Steady-State Fluorescence Spectroscopy.

The steady-state excitation and emission behavior of solutes in all bulk solvents were
characterized using a Horiba Fluorolog-3 (Irving, CA). To understand each solutes interaction in
each of the lipid local solvation environments, a wavelength that overlapped for each solvent was
chosen for excitation and emission in a lipid vesicle solution to probe all possible solvation
environments. Steady-state spectroscopy was also used to characterize human hemoglobin’s
natural fluorescence, targeting the Trp residues as the major contributor to the protein’s

fluorescence.
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Time-Correlated Single-Photon Counting

The TCSPC assembly was built around a Ti:sapphire oscillator (Coherent Chameleon, 80
MHz, 85 fs pulse length, 680-1040 nm wavelength range, Santa Clara, CA) coupled with an APE
autotracker harmonic generator (Berlin, Germany). The harmonic generator was used to
frequently double (second harmonic generation) and triple (third harmonic generation) the
fundamental wavelength. For second and third harmonic generation, a Conoptics Model 350-10
modulator, and a Conoptics 350-80 modulator (Danbury, CT), respectively, was used to reduce
the repetition rate to 4 MHz. Picoguant Picoharp 300 and FluoTime 200 software were used for
data collection. Samples were equilibrated at the reported temperature for 7 minutes using a
Quantum Northwest TC125 control (Seattle, WA). A long pass filter was placed after the sample
and before the detector to cut any fundamental excitation wavelength. The filter was sample
specific and chosen to be an intermediate wavelength between excitation and emission
wavelengths to reduce scattering from the sample and set-up. For experiments with vesicle-
containing solutions, the excitation wavelength chosen was one that overlapped with all four
bulk solvents in steady-state spectra.

All time-resolved emission data in vesicle containing solutions were fit independently
and all determined lifetimes and amplitudes were obtained using fitting parameters adjusted to
minimize residuals and optimize chi-square. A linear combination of lifetimes determined by
fitting was used to determine the local solvation environment of the solute in vesicle containing
solutions by comparing the lifetimes to bulk solvents. The fluorescence decay and amplitude
expression are shown in Equation 8 where i and A; are the lifetime and amplitude if the it"

component, respectively.

t—t'

I(t) = [JIRF ()X, A" = dt’ (Eq. 8)
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Each decay trace was fit independently with no constraints for the lifetimes and amplitudes,
with a typical chi-square between 0.9 — 1.1 when accounting for, at most, three lifetimes. Data
presented herein represent an average of 3-5 independent, and equivalent experiments. Lifetime
uncertainties are reported as +- 0.2 ns due to the TCSPC instrument response function (IRF);
however, lifetimes reported here are an average of all 3-5 trials with a single standard deviation
reported for the average of those trials. Uncertainty of amplitudes in time-resolved experiments
is 0.4%. For temperature dependent and concentration dependent studies, this technique was
done at each temperature or concentration independently, and only corresponding temperatures

or concentrations were compared and averaged.

Differential Scanning Calorimetry (DSC)

A TA Instruments DSC2500 (New Castle, DE) was used for calorimetry experiments. Vesicle
containing solutions were made at 20 mM concentrations for DSC experiments. To make the
vesicles, the DPPC was dissolved in chloroform in a round bottom flask and the chloroform was
subsequently evaporated via rotary evaporation at 50°C (10°C above the lipid gel-liquid
crystalline transition) to form a thin film. The thin film was then rehydrated with either a pure
buffer solution, or a solvent-buffer solution. Rehydrated vesicles were then sonicated at 50°C for
30 minutes to form vesicles. The resulting solution was not filtered to any specific size, and was
left to sit in the fridge for a minimum of 10 minutes before calorimetry experiments were
conducted. Hermetic Tzero pans and Tzero lids from DSC Consumables. Calorimetry
experiments were performed by equilibrating the sample at 4°C and ramping the temperature at
1°C/min to 55°C. Temperature uncertainty from the DSC2500 is +-0.025°C. Data were analyzed

using TA Instruments TRIOS software.
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Dynamic Light Scattering (DLS).

DLS is a highly sensitive and non-invasive analytical method used to determine the size
and size distribution of particles (typically sub-micron) in a solution. DLS works by using the
light intensity autocorrelation function to determine the size of particles in suspension. An initial
“snapshot” of the intensity of light coming through the sample us used as a reference before the
experiment begins. Then, as time progresses, the light intensity changes as particles move around
in solution due to Brownian motion. Faster changes to the light intensity mean the
autocorrelation falls off sooner, and is representative of smaller particles. Slower changes to the
light intensity result in a slower fall off of the autocorrelation and is representative of larger
particles in solution. Solvent viscosity and refractive index can affect DLS results. For DLS
experiments, a Malvern Panalytical (Malvern, UK) Zetasizer Pro was used. Sample preparation
for DLS experiments followed the same lipid generation and filtration methods described in the
Steady-state and TCSPC methods section. Each sample for DLS experiments was equilibrated at
temperature for a minimum of 2 minutes, then subjected to 3 trials through the ZS Xplorer
software provided by Malvern Panalytical. The software averages 3 trials to find an accurate size
and size distribution of the vesicles within solutions. The polydispersity index (PDI) is a measure
of the homogeneity of the solution, a PDI less than 0.2 means the size distribution of the particles
is relatively homogenous, whereas a PDI of 0.7 and above represents a solution with a high
variability in particles sizes. Reported DLS experiments were only taken for samples with PDI

values below 0.35 to ensure dust or other contaminants were not affecting the results.

Thesis Outline

Research discussed in this work was all done to understand the bioconcentration

mechanisms and consequences of biologically and environmentally relevant solutes with
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biological material. The first part of this work (Chapter 2) focuses on the partitioning behavior of
the amino acid L-Phenylalanine (L-Phe) with lipid bilayer vesicles, the effects on vesicle
properties, and discoveries about L-Phe’s fluorescent properties when in solution with vesicles.
Chapter 3 consists of work done to understand how the forever chemical PFOA affects secondary
solute bioconcentration mechanisms. This work uses a secondary solute Coumarin 152 (C152)
to quantify partitioning and compares C152’s behavior in vesicle containing solutions in studies.
Chapter 4 studies PFOA binding and impact on Human Hemoglobin (Hb) at micro-molar and
sub-micromolar concentrations using the fluorescence from Hb’s native tryptophan residues as
well as native mass spectrometry. Chapter 5 involves a study looking into phenylalanine-based
dipeptide interactions with lipid vesicles, with the intention of increasing the complexity of the
system of study to begin including peptide chains. Chapter 5 also presents experiments of lipid
bilayer vesicle interactions with other PFAS molecules to see if trends are similar to PFOA.
Chapters 2 and 3 are journal articles published in 2023 and 2024 respectively. Chapter 4 is a
prepared manuscript which has been submitted to a journal for publication. Due to their
publication in literature, information in the introduction, materials and methods sections of these

chapters will, at times, be redundant.

Chapter 2. Quantitative Membrane Partitioning Studies of L-Phenylalanine

Motivated by previous work done in the Walker group looking into amino acid affinity
for model biological membranes, this study was done in an effort to confirm the hypothesis that
L-Phenylalanine integrates into the polar head group of the bilayer and disrupts cohesive lipid-
lipid chain forces. Time-resolved emission studies comparing L-Phe in bulk solvents to L-Phe in
vesicle solutions showed, initially, at 10°C, all of the L-Phe in a vesicle solution is within the

surrounding buffer environment. However, as the temperature of the system gets closer to the
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Tgel-Lc, @ Second lifetime appears, which does not correspond to any bulk solvent lifetime. As the
temperature passes Tgel-Lc and gets closer to 70°C, this 2" lifetime comprises ~30% of the
overall fluorescence from L-Phe. We interpret this 2" lifetime as an optically trapped rotamer
state of L-Phe, which has integrated with the bilayer before Tgel.Lc, but only becomes optically
visible when water is able to intercalate into the membrane during the membrane pre-transition.
To confirm this, multiple lipids were examined for this behavior, all phosphocholine lipids with
the same head group as DPPC, but with varying chain length which will change Tgei-.Lc. Results
from these studies showed that the second lifetime of L-Phe becomes optically visible around the
pre-transition in each different chain length membrane. This body of work confirms the
hypothesis that L-Phe integrates into lipid bilayer membranes. All supplemental work can be
found in appendix A and is indicated as such within the chapter. This work was published by the

ACS journal Journal of Physical Chemistry B in 2023.

Chapter 3. Nanomolar PFOA Concentrations Affect Lipid Membrane Structure: Consequences

for Bioconcentration Mechanisms

Motivated by recent EPA federal regulations declaring a maximum allowable drinking
water concentration of 4 ppt for several PFAS species, this body of work delves into low
concentration PFOA effects on the structure, function, and secondary solute accumulation of
model biological membranes. This study was done in an effort to test the hypothesis that PFOA
will bioconcentrate and effect the structure and function of lipid bilayer vesicles at
concentrations close to the EPA regulatory limits. Results from Dynamic Light Scattering and
Cryo- Electron Microscopy revealed significant changes to the structure of the vesicles when
generated in the presence of just 100 nM PFOA. Notably, these studies revealed that the overall

vesicle size is increased, and the lipid bilayer width is decreased with 100 nM PFOA present.
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Alongside this, both Cryo-EM and DLS studies revealed the appearance of secondary structures,
smaller than the average vesicle which were determined to be noisome-like structures. Cryo-EM
also unveiled significant structural defects within the lipid bilayer structures including the
appearance of multilamellar vesicles and more faceted bilayers. Time-resolved emission studies
were used to determine if secondary solute partitioning is affected by the presence of PFOA with
the vesicles. Using a laser dye, Coumarin 152, which has been well characterized in the Walker
Research Group, we discovered that PFOA has a significant impact on the partitioning
mechanism of the laser dye. In particular, we found that there was a ~30% increase in the non-
polar lifetime contribution of the laser dye across temperature ranges, and a ~15% decrease in
the contribution from the aqueous and polar lifetimes; leading us to the conclusion that PFOA is
causing defects in the lipid bilayers which drives more C152 into the non-polar region of the
membranes, increasing bioconcentration of the laser dye. All supplemental work can be found in
appendix B and is indicated as such within the chapter. This work was published by the ACS

journal Environmental Science and Technology in 2024.

Chapter 4. Perfluorooctanoic Acid Destabilizes Hemoglobin Structure at sub-Micromolar

Concentrations

Bioconcentration targets are not only membranes but rather any biological material
including proteins and DNA. This study was performed to broaden the understanding of
bioconcentration mechanisms of PFOA specifically with Human Hemoglobin. Motivated by the
previous body of work, this study looked at the impact PFOA has on protein structure when
PFOA concentrations begin to increase as bioconcentration would, to confirm the hypothesis that
PFOA will interact at with Hb at low concentrations, and due to the allosteric nature of the

protein, cause conformational changes, which also result in functional changes to the protein.
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Time-resolved emission experiments unveiled a change in the fluorescence quenching
mechanism which occurs in heme-based proteins. When exciting the native tryptophan residues
of the protein, Forster Resonance Energy Transfer (FRET) occurs from the excited Trp residue to
the heme group, resulting in an ultrafast lifetime, deterministic of fluorescence quenching.
However, as PFOA concentration increases into the 100 uM range, there begins to be a shift from
the major quenching mechanism of FRET, to fluorescence quenching via the peptide backbone,
suggesting that a structural change is causing heme loss, or significant structural changes to the
protein. Native mass spectrometry was performed to examine changes in structure when PFOA is
present, and results showed that PFOA binds to Hb at concentrations as low as 10 nM. NMS -
lon mobility experiments also revealed that at 20 uM PFOA, Hb experiences two distinct
conformations, and we also witness loss of the alpha subunit from the overall protein structure,
confirming the time-resolved emission studies. All supplemental work can be found in appendix
C and is indicated as such within the chapter. This work is currently under review with the ACS

journal Journal of Physical Chemistry B.
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Abstract.

Time-resolved fluorescence spectroscopy in combination with differential scanning
calorimetry (DSC) was used to study the chemical interactions that occur when L-Phenylalanine
is introduced to solutions containing phosphatidylcholine vesicles. Studies reported in this work
address open questions about L-Phe’s affinity for lipid vesicle bilayers, the effects of L-Phe
partitioning on bilayer properties, L-Phe’s solvation within a lipid bilayer, and the amount of L-
Phe within that local solvation environment. DSC data show that L-Phe reduces the amount of
heat necessary to melt saturated phosphatidylcholine bilayers from their gel to liquid-crystalline
state but does not change the transition temperature (Tger-ic). Time-resolved emission shows only
a single L-Phe lifetime at low temperatures corresponding to L-Phe remaining solvated in
aqueous solution. At temperatures close to Tger-ic, @ Second, shorter lifetime appears that is
assigned to L-Phe already embedded within the membrane that becomes hydrated as water starts
to permeate the lipid bilayer. This new lifetime is attributed to a conformationally restricted
rotamer in the bilayer’s polar headgroup region and accounts for up to 30% of the emission

amplitude. Results reported for dipalmitoylphosphatidylcholine (DPPC, 16:0) lipid vesicles
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prove to be general with similar effects observed for dimyristoylphosphatidylcholine (DMPC,
14:0) and distearoylphosphatidylcholine (DSPC, 18:0) vesicles. Taken together, these results
create a complete and compelling picture of how L-Phe associates with model biological
membranes. Furthermore, this approach to examining amino acid partitioning into membranes
and the resulting solvation forces points to new strategies for studying the structure and

chemistry of membrane soluble peptides and selected membrane proteins.

Introduction.

Small molecule accumulation in lipid membranes can have far reaching effects on
membrane properties. Solutes such as chloroform, diethyl ether, and others have long been
known to have anesthetic effects.3! 32 Fat soluble vitamins such as vitamins A and E serve as
antioxidants, protecting lipid membranes from reactive oxygen species.®* Small molecule
partitioning into lipid membranes can also result in cell death through deactivating
transmembrane ion channels and subsequent accumulation of reactive oxide species.3+%
Historically, a solute's tendency to partition is empirically predicted by the partitioning
coefficient (logP) that calculates a solute's solubility preference for an organic (1-octanol) phase
in comparison to an aqueous phase.3” LogP has long historical relevance and is still being used
today in agriculture and pharmaceuticals.? 3 While logP is a useful, zeroth-order predictor, it is
still a solubility argument and therefore does not account for the chemical complexity found
within biological membranes. Understanding specific chemical interactions that occur is
important as actual partitioning behavior depends on much more than calculated and measured
molecular properties used to develop quantitative structural activity relationships (QSARS) and

linear solvation free energy relationships (LSERs).3%4?
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To identify and isolate solute-membrane interactions, biological membranes are often
simplified and represented by pure lipid bilayer vesicles. Real biological membranes are
decidedly complex in nature as they include proteins, carbohydrates, and cholesterol within the
bilayer as depicted in the fluid mosaic model.*® #3 In this context amino acids play an important
role as changing individual residues on membrane peptides and proteins can change structure,
orientation and stability.**-*¢ Amino acids in membrane proteins have also been used as sensors
of a membrane’s physical state.*” 48

Specific to Phenylalanine (Phe or L-Phe), L-Phe aggregate interactions with membranes
is responsible for the inherited disease, phenylketonuria (PKU). Model membranes were used to
study how phenylalanine interacts with biological membranes.*® >0 One study analyzed oleic acid
vesicles and a fluorescent probe to analyze Phe’s effects on vesicle properties and found Phe
reduces vesicle rigidity and changes membrane hydration.>* Another study analyzed L-Phe’s
effects on lipid monolayers and discovered L-Phe integrates into the film and affects surface
tension, phase morphology and ordering of the lipid film.5? While instructive, neither of these
studies were able to quantify the amount of L-Phe that could be accommodated by a lipid
membrane, nor where within the membrane L-Phe or its aggregates were accumulating.

A recent study by Perkins et. al. found that Phenylalanine (L-Phe, Phe) increases membrane
permeability.*® Using cryo-TEM, the authors proposed that Phe aggregated to form fibrils that
reduced membrane rigidity making it more permeable. Motivated by this study, recent work in
our lab studied the effects that the isomer L-Phe has on coumarin partitioning in lipid bilayer
vesicles.>® Results showed that L-Phe increased relative solute partitioning into the lipid bilayer’s
nonpolar region but blocked a large amount of solute from partitioning while the lipid was in the

rigid and structured gel phase.5?
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The calculated logP value for L-Phe is -1.4 in the uncharged, neutral phase indicating a
solubility preference for the aqueous environment rather than the organic phase.3” 53 % However,
at a biologically relevant pH (~7.4), L-Phe is zwitterionic, and although the net charge is zero, its
logP value rises to 0.12 predicting that L-Phe is just as likely to partition into a polar organic
phase as remain in an aqueous phase. Initial literature reports by Chakrabarti et al. predicted that
only the uncharged neutral — not zwitterionic — form of L-Phe permeates into the membrane and
comprises only a small fraction of the total amount of L-Phe in solution.>® % However, more
recent studies determined L-Phe in its zwitterionic form permeates deeper into the membrane
allowing L-Phe monomers to be more dynamic as they interact with the lipid.>? The zwitterionic
L-Phe intercalates into the polar headgroup of the lipid, primarily through membrane deformities
when the membrane is in its frozen gel phase.>> >-5" Computational studies show that L-Phe’s
aromatic ring increases the solute’s tendency to enter into the lipid bilayer displacing the water
that is in the polar headgroup creating a polar aprotic environment.>* L-Phe then arranges itself
with its aromatic ring aligning normal to the nonpolar acyl chains.>8-61

L-Phe is one of three aromatic amino acids that are naturally fluorescent and contribute to
protein fluorescence. L-Phe is the least fluorescent of the three of aromatic amino acids with a
quantum yield of 0.023 in an aqueous solution. For comparison, the quantum yields for Tyrosine
(Tyr) and Tryptophan (Trp) are 0.14 and 0.13, respectively.?5 62-64 Interestingly, L-Phe does not
directly contribute to a protein’s fluorescence emission as it efficiently transfers its energy to Tyr
then to Trp. Because of this lack of direct contribution to protein fluorescence and low quantum
yields, the excited state photochemistry of L-Phe has not been studied as thoroughly as for Tyr
and Trp.52 6569 The emission behavior of L-Phe has been studied with differing functional groups

in effort to understand how each addition affects its photophysical properties.”® 7*
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Phenylalanine’s behavior in a short peptide was characterized when phenylalanine and serine
were analyzed as monomers in the gas phase and then again in its excited state as the two
monomers dimerized and relaxed to form a short chain dipeptide.®’

In most of the studies described above, L-Phe and other amino acids have been analyzed
indirectly either by using a fluorescent probe or through computational studies intended to
predict L-Phe partitioning into membranes.” These surrogate studies were simpler to carry out
relative to direct measurements due to L-Phe’s intrinsically low fluorescence yields. Findings
reported below measure L-Phe’s partitioning behavior directly using time-resolved fluorescence
spectroscopy in four different lipid bilayer systems. Using time-resolved and steady-state
fluorescence spectroscopy, this work examines the chemical interactions that occur when L-Phe
is introduced to a model biological membrane. Specifically, these studies identify where within
the membrane does L-Phe integrate; how much L-Phe partitions within the heterogeneous

membrane environment; and the effects L-Phe has on the lipid bilayer properties.

Experimental Methods.

Materials

L-Phenylalanine (L-Phe) was purchased from Alfa Aesar and used as received. Organic
solvents used were purchased from Sigma-Aldrich and used as received. Millipore water (18.2
MQ) was used to make the vesicle solutions. The vesicle solutions consisted of an aqueous
solution containing 0.84 g of sodium bicarbonate (Sigma Aldrich, 99.99%) with the pH adjusted
to 7.0 £ 0.1 at 20°C using concentrated HCI. Allowing for the Na* and HCO3 concentrations at
pH 7, vesicle solution ionic strength 47.5 mM. 1,2-dilauroyl-sn-glycero-3-phosphocholine (12:0
DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0 DMPC), 1,2-Dipalmitoyl-sn-

glycero-3-phsophocholine (16:0 DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (18:0
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DSPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and used as received. Vesicle
solutions were prepared with 1.5 mM lipid content for fluorescence experiments and
20 mM lipid content for DSC measurements. Structures of all molecules can be found in

Appendix A (Figure A-2.1).

Lipid Bilayer Vesicle Preparation

Lipid bilayer vesicles were prepared by dissolving the lipid in chloroform and
subsequently drying the solution via rotary evaporation. The resulting thin lipid film was then
rehydrated using a 10 mM L-Phe in the pH 7 carbonate solution to form a solution with
multilamellae lipid bilayers. While the carbonate concentration of this solution is not sufficiently
high to be considered a buffer, we noted that adding the L-Phe to the solution changed the overall
solution pH by less than 0.02.

Our choice of 10 mM L-Phe for these experiments was the result of two conflicting
considerations. The low quantum yield of L-Phe encouraged experiments to be performed at
higher concentrations for better S/N. However, we also wished to work with low L-Phe
concentrations to minimize the possibility of aggregation effects. To ensure that the 10 mM
results were the result of L-Phe monomers either in bulk aqueous solution or partitioned into the
bilayer, we performed a series of fluorescence emission measurements using 2.5 mM L-Phe.
These results are shown in Appendix A (Figures A-2.2 and A-2.3 and Table A-2.1). Close
agreement in the data from these two systems implies that L-Phe aggregation is not an important
consideration at 10 mM.

Solutions were sonicated for 30 minutes at temperatures 10 °C higher than each lipid’s
respective gel-liquid crystalline transition temperature (Tgel-ic). The solution then extruded

through a PTFE syringe filter (450 nm) to remove giant unilamellar vesicles. Solutions were
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again heated to 10 °C higher than Tgel.ic and extruded through an Avanti Mini Extruder 11 times
with a membrane pore size of 200 nm. Vesicles sizes were determined via Dynamic Light
Scattering analyses (Figures A-2.4 and A-2.5, and Table A-2.2), showing that the Pure DPPC and

DPPC with L-Phe had diameters of 132 and 166 nm respectively.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using a TA
instruments Discovery DSC 2500. The vesicles for DSC experiments were not filtered to any
specific vesicle size. For experiments, Tzero pans and Tzero hermetic lids (TA instruments) were
used. To prepare the sample 2 £ 0.1 mg of a vesicle solution was added to the pans and the
samples were sealed. Care was taken to ensure that the entire solution was deposited in the pan
and no stray drops touched the pan. Except for experiments with DLPC, temperature scans
began at 15 °C below the Tger-ic and heated 1°C/min to 15 °C above the Tgel.ic to capture the full
gel-liquid crystalline transition temperature (Tgei-ic). (DSC experiments with DLPC began at

temperatures near -5°C, only 3° below DLPC’S Tgel.Lc 0f -2°C.)

Time-Correlated Single-Photon Counting (TCSPC)

Fluorescence experiments were measured following L-Phenylalanine excitation by a
Ti:sapphaire oscillator (Coherent Chameleon, 80 MHz, 85 fs pulse duration, 680-1040 nm
wavelength range) coupled with an APE autotracker harmonic generator used to frequency triple
the fundamental wavelength. A Conoptics model 350-80 modulator was used to reduce the
repetition rate to 4 MHz. Picoquant PicoHarp 300 and FluoTime 200 software were used for data
collection. Samples were equilibrated at the reported temperatures for 5 minutes using a
Quantum Northwest TC125 control (Seattle, WA). A long pass filter (90% transmission >280

nm) was placed after the sample to reduce scattering from the vesicles. Photon emission was
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collected at 290 nm, a wavelength that overlapped all emission spectra in bulk solvents.
Excitation wavelength chosen was 260 nm for all solutes, a wavelength that overlapped in each
of the bulk solvents.

Time-resolved emission data from vesicle-containing solutions were fit with a linear
combination of independent lifetimes and amplitudes using fitting parameters that are adjusted to
minimize residuals and optimize x2. The resulting fluorescent lifetimes were then compared to
the lifetimes of the solute in different solvents chosen to mimic local solvation environments
within the lipid bilayer. The fluorescence decay and amplitude expression are shown in Eq. 2.1,

where A; and 1 are the amplitude and the lifetime of the i component, respectively.

t—t'

I(t) = [JIRF ()X, Ae” = dt’ (2.1)
Each trace was fit independently, without any constraints, for the lifetimes and
amplitudes. The typical x> were from 0.9-1.1 when accounting for at most three lifetimes.
Typically, uncertainties in lifetimes and amplitudes were 0.2 ns and 0.04, respectively. There is
an inherent uncertainty in the lifetimes reported of + 0.3 ns due to the detection limit of the
instrument; however, the data and error bars presented in this work represent results from at least
3 independently prepared, equivalent trials averaged together with a single population standard
deviation of those trials. The average lifetime and amplitudes and their respective standard
deviations are reported for each specific temperature and only compared to their respective

temperature.
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Results.

Analyzing L-Phe’s effect on DPPC lipid vesicles with DSC

To understand how, or even if, L-Phe interacts with DPPC bilayers, differential scanning
calorimetry (DSC) was employed to understand the effect L-Phe has on bilayer properties. Two
separate lipid vesicles solutions at a 20 mM concentration were hydrated with a
carbonate-containing aqueous solution with and without L-Phe. Previous work has shown that
small solutes associating with lipid bilayers can disrupt monomer-monomer interactions leading
to a decrease in the bilayer gel to the liquid-crystalline phase transition temperature (Tgel-ic). /> ™
Alternatively, some studies have reported that strong solute-headgroup association can dehydrate
the membrane’s outer layer, enhancing monomer-monomer interactions and increasing Tgel-ic.”
76

The DSC traces of DPPC lipid vesicles with and without L-Phe show that the Tgel-ic
remained unchanged from the addition of the amino acid to the vesicle system (Figure 2.1).
However, the addition of L-Phe to the lipid bilayer vesicle resulted in a decrease in the heat flow
required to drive the gel phase into the liquid-crystalline phase transition with a slight,

asymmetric widening of the peak base to lower temperatures.
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Figure 2.1. DSC spectra of pure DPPC vesicle solutions and DPPC vesicle solutions containing
10 mM L-Phe. The two endotherms are offset for the ease of viewing.
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From this result, we infer that any L-Phe that does partition into the bilayer has minimal
effect on the cohesive chain-chain interactions, although any impact is assumed to be weakly
disruptive given the subtle low-temperature tailing in the DSC trace. Such a result could arise if
L-Phe in the bilayer disrupted local acyl chain interactions without disrupting the overall long-
range order characteristic of DPPC bilayers in their gel state. This suppression of heat flow is
monotonic with L-Phe concentration. We performed equivalent experiments with solutions
containing less L-Phe (1, 6, and 8 mM) and noted that while the endotherm grew in magnitude,
even at 1 mM, the maximum heat flow was still 25% smaller than the pure DPPC endotherm.
These data are shown in Appendix A (Figure A-6.1.)

DLS measurements of DPPC vesicles in aqueous solution both with and without L-Phe support
this interpretation. Adding L-Phe to DPPC-containing solutions leads to a ~25% increase in the
vesicle diameter and significantly broadens the distribution, again implying some disruption in
the lipid bilayer, but not enough to changes the fundamental thermodynamics of the gel-liquid
crystalline transition. (DLS results for DPPC vesicles in aqueous solution and solutions

containing 5 and 10 mM L-Phe are shown in Appendix A, (Figures A-5.1 and Table A-2.1).

TCSPC of L-Phe in model bulk solvents.

To evaluate the partitioning mechanisms of L-Phe, we first analyzed L-Phe’s
fluorescence behavior in bulk solvents chosen to model the possible local solvation environments
of a lipid bilayer vesicle: acetonitrile for a polar aprotic environment, methanol for a polar, protic
environment, and cyclohexane to model the hydrophobic region created by the hydrocarbon tails.
This approach has been used previously to identify changes in solvation opportunities within the
membrane interior as the membrane melts.>3 77-"® One important consideration is that the region

created by the lipid glycero-backbones is polar and intrinsically aprotic. Only when water begins
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hydrating this region is there any opportunity for hydrogen bond formation. Water is expected to
percolate into the membrane as the membrane adopts its ‘ripple phase’ or, equivalently, in the
vicinity of its gel-liquid crystalline pre-transition.89 DPPC’s ripple phase occurs at 35 °C.8! 82
The lipid bilayer vesicles used in this study are prepared in a 10 mM a pH 7 aqueous solution.
Consequently, similarities in L-Phe emission lifetimes in the aqueous solution and in solutions
containing DPPC vesicles are attributed to L-Phe solutes that do not associate with the bilayer.
L-Phe lifetimes in DPPC lipid vesicle solutions are determined independently from the daa
without consideration of what was measured in the different bulk solvents (including bulk
solution). After L-Phe’s lifetimes were determined in DPPC vesicle solutions, results were
compared to L-Phe behavior in the bulk solvents to assign L-Phe’s local solvation environment
within the lipid bilayer vesicle. The fluorescence properties of L-Phe in each of the bulk solvents
are reported in Table 2.1.

The first observation from Table 2.1 is the quantum yield of L-Phe is extremely poor in
aqueous solvents. The aqueous phase quantum yield of L-Phe is 0.023, much lower than Tyr and
Trp where quantum yields are 0.14 and 0.13, respectively.?® 2-64 The second observation is the
quantum yield of L-Phe changes depending on the solvation environment with the largest
quantum yield of 0.033 measured in a polar protic solvent, methanol. L-Phe’s quantum yield
decreases 5-fold to 0.006 in a polar aprotic environment (acetonitrile). A description of how the
values reported for each quantum yield in Table 1 were calculated can be found in the Supporting
Information. The quantum yield (¢r) and radiative rate (kf) of L-Phe in aqueous solution and
methanol were calculated as a function of temperature with the full list found in the Supporting
Information (Table A-2.3) with only those values calculated at 20 °C reported in Table 2.1. The

calculated quantum yields of L-Phe in aqueous solution as a function of temperature closely
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match those reported in literature.®® The quantum yield and radiative rate of L-Phe in acetonitrile

was only calculated at 20 °C due to poor solubility and low absorbance and emission intensities.

Table 2.1. Fluorescence properties of L-Phe in each of the bulk solvents at 20 °C. The steady-
state spectra for L-Phe in each of the bulk solvents can be found in the Appendix (Figure A-2.9).

ke
Aex  Aem 6
solvent (m)  (nm) ¢ (NS) of gllt))

Aqgueous 264 287 6.42 0.0232 3.52
Methanol 265 290 6.74 0.033 4.89
Acetonitrile | 262 299 3.22 0.006 1.72

1.01
(0.85),
Cyclohexane | 262 301 451
(0.15)
aQuantum yield were calculated in this study but consistent with literature.8
—— Carbonate Solution Methanol —— Acetonitrile = Cyclohexane
1 04 —— IRF — Fit

Counts
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Figure 2.2. TCSPC spectra of L-Phe in each of the bulk solvents taken at 20 °C. Results from
fitting these emission traces to Equation 1 are reported in Table 2.1. The gray trace is instrument
response function (IRF).

The time-resolved fluorescence behaviors of L-Phe in all bulk solvents are shown in
Figure 2.2 with the corresponding fluorescence lifetimes reported in Table 1. L-Phe fluorescence

emission in cyclohexane was best fit to two fluorescence decays with the 1.01 ns lifetime as the
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marker for a nonpolar environment due to the higher amplitude (0.85). The time-resolved
fluorescence behaviors of L-Phe in bulk aqueous solution and bulk methanol were measured,
separately, as a function of temperature and results are reported Appendix A (Tables A-2.3 and
Figure A-2.8). The resulting L-Phe lifetimes in carbonate buffer matched those found in literature
except for the appearance of a second lifetime at 60 and 70 °C not previously reported.® The

significance of this second lifetime will be discussed below.

TCSPC in DPPC vesicle solutions

The time-resolved fluorescence behavior of L-Phe in aqueous solution containing DPPC
lipid vesicles was characterized as a function of temperature through the Tgeiic of DPPC (41 °C)
up to 70 °C. Time-resolved emission spectra were also acquired as the solution cooled to test for
reversibility. The fluorescence decay data are shown in Figure 2.3 with the corresponding
calculated lifetimes and amplitudes reported in Table 2.2. For each temperature, the lifetimes
were calculated with the minimum number of lifetimes required for a 2 between 0.9 — 1.1. The
resulting lifetimes for each temperature were compared to lifetimes found in bulk solvents to
correlate local solvation environments experienced by L-Phe within the DPPC lipid bilayer. Each
amplitude was radiative rate corrected using the fluorescence quantum yield of L-Phe in aqueous
solution and methanol at each corresponding temperature. The explanation for why methanol
was chosen to radiative rate correct the amplitude of the second fluorescence lifetime can be

found in the Appendix A.
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Figure 2.3. TCSPC spectra of L-Phe in DPPC vesicles as a function of temperature. Results from
fitting these emission traces to Equation 1 are reported in Table 2.1.

Fitting the fluorescence decay traces in Figure 2.3 at both 10 and 20 °C requires only
single lifetime (6.6 ns at 10°C and 4.9 ns at 20°C). While slightly lower than L-Phe’s emission
lifetime in the bulk aqueous solution, we assign this emission to L-Phe that remains in the water
and not strongly associated with the DPPC vesicles. Once the temperature was raised to 30 °C,
however, the decay trace required two lifetimes with the first lifetime corresponding to L-Phe in
bulk solution and accounting for 85% of the overall fluorescence decay, and a second lifetime
(1.8 ns, 15%) that does not match any result found in bulk solvents but does correspond to L-Phe
in a polypeptide that is assigned to a different L-Phe rotamer state.®* This temperature is
approximately where the ripple phase (35 °C) occurs for DPPC lipid bilayers. As temperature
increases the 2" lifetime decreases (to 0.7 ns) and the amplitude increases 30%. These results are
quantitatively reversible

Given this lifetime’s clear correlation with L-Phe in vesicle containing solutions, we
assign this lifetime to a new radiative decay pathway for L-Phe associated with the lipid bilayer.

While the origin of this new pathway is not immediately apparent, we propose that it results from



39

L-Phe in the bilayer where rotational isomerization is restricted resulting in a shorter
fluorescence lifetime (Krot) that only becomes optically visible when water begins to penetrate
into the lipid bilayer. The basis for this assignment is presented in discussion section below.
These data summarized in Figure 2.4 where changes in the lifetimes and amplitudes are shown as
a function of temperature. (The fitting parameters used to generate Figure 2.4 are reported in
Table A-2.4 in Appendix A.) Also shown in Figure 2.4 is the dashed line corresponding to L-
Phe’s lifetime in bulk carbonate buffer and two vertical dashed lines that denote DPPC’s Tgel-ic.
Note that the x-axis reporting temperature starts at 10 °C, rises to 70 °C at the axis midpoint and
returns to 10 °C. The symmetry shown by all traces about the 70 °C high temperature mark

demonstrates reversibility of the observed effects.

Generalizing the effects of L-Phe

on vesicle bilayer properties

Given that the 2" shorter lifetime was attributed to L-Phe associated with the DPPC
bilayer that becomes hydrated as the system approaches Tgei-ic, additional experiments were
carried out to test whether or not this phenomenon was general. These subsequent studies used
three other lipid bilayer systems: DSPC (18:0, Tgel-ic = 53.5 °C), DMPC (14:0, Tger-ic = 22.5 °C),
and DLPC (12:0, Tgel-ic = -1.2 °C). All three lipids are phosphatidylcholine (PC) lipids and
contain the same headgroup with the only difference being in the length of the saturated acyl

chains and corresponding phase transition temperatures.
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Figure 2.4. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime
contribution (bottom) of L-Phe in DPPC lipid vesicles. The major lifetime is assigned to L-Phe
in carbonate buffer (t1, burgundy circles), and a restriction of L-Phe rotamer in the DPPC polar
headgroup region (t2, green squares). The dashed lines indicate the Tgel.ic 0f the DPPC lipid
bilayer at ~41.5 °C. Each point is an average of 3 independent trials and the respective error bars
are one standard deviation based on the results of those 3 trials. In some instances, the
uncertainty is smaller than the marker used to represent that data point.

The effect L-Phe has on the Tgeric was analyzed using DSC with lipid vesicles rehydrated
in aqueous solutions (20 mM lipid) as well as with 10 mM L-Phe/vesicle aqueous solutions.
Figure 2.5 shows the DSC traces of DSPC, DMPC, and DLPC in aqueous solution both with and
without L-Phe. The same behavior observed in DPPC lipid vesicles is consistent with DSPC and
DMPC. Namely, there was no change in the Tgel.ic but there was a decrease in peak intensity. For
DSPC and DMPC vesicles, the same peak broadening as in DPPC vesicles was observed. (L-Phe

did not affect DLPC’S Tgei.ic (at -2°C) nor did the amplitude of the endotherm change, in stark



contrast to DMPC, DPPC and DSPC.

Appendix A-2.10)

-80 x10°
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DSC data for DLPC with and without L-Phe is shown in

L-Phe in DSPC
— DSPC

Heat Flow (W/g)

—— L-Phe in DPPC
— DPPC

L-Phe in DMPC
— DMPC

16 18 20 22 24 26 28 30

Temperature (°C)

Figure 2.5. DSC spectra of DSPC (top, red), DMPC (middle, blue), and DPPC (previously
shown, bottom, green) vesicle containing solutions rehydrated with carbonate solution and 10
mM L-Phe in carbonate solution. All transitions are endothermic and offset for the ease of

viewing.

In a manner similar to studies performed with L-Phe in DPPC vesicle solutions, time-

resolved fluorescence behaviors of L-Phe in DSPC, DMPC, and DLPC vesicle solutions were

measured as a function of temperature (Figure 2.6). The temperature regions sampled were

adjusted for each lipid vesicle system to capture any behavioral changes with respect to each

bilayer’s Tger-ic. The data shown in Figure 6 were analyzed in the same way as the L-Phe/DPPC

system. (Quantitative fitting parameters are reported in Appendix A, Table A-2.5.)
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Figure 2.6. TCSPC spectra of L-Phe in DSPC (top), DMPC (middle), and DLPC (bottom) lipid
vesicles as a function of temperature. Results from fitting these emission traces to Equation 1 are
reported in Table 3.2.

L-Phe fluorescence emission in all lipid vesicle solutions is described by a single lifetime
at low temperatures. For L-Phe in DSPC and DMPC, the appearance of a second lifetime occurs
in the vicinity of the respective transition temperatures and, like DPPC, the second lifetime does
not match behavior observed in bulk solvents. In DLPC, L-Phe fluorescence is characterized by a
single lifetime corresponding to L-Phe fluorescence in bulk solution at all temperatures. From
these data, we conclude that L-Phe does not partition into DLPC vesicles. The second general
observation is that L-Phe in DSPC and DMPC vesicles behaves similarly to L-Phe in DPPC
vesicles. A more detailed assessment is provided below. (Fitting parameters that resulted from

analyzing these traces are reported in Appendix A, Table A-2.7.)
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Starting with DSPC (18:0, Tgeric = 53.5 °C), time-resolved emission was measured every
10 °C between 20 °C to 80 °C. Results in Figure 7 show a major lifetime that corresponds to L-
Phe in a bulk solution. For the DSPC vesicle system, the appearance of a second lifetime does
not appear until 40 °C, slightly below the ripple phase of pure DSPC lipid vesicles (~45 °C).8?

The reversibility of L-Phe in DSPC displays the same behavior as seen in DPPC vesicle

solutions.
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Figure 2.7. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime
contribution (bottom) of L-Phe in a DSPC lipid vesicle solution. The major lifetime is assigned
to a L-Phe in carbonate buffer (t1, maroon circles), and a second lifetime assigned to L-Phe in
the membrane appears at 40°C (2, dark green squares). The dashed lines indicate the Tger.ic Of the
DSPC lipid bilayer at ~53.5 °C. Each point is an average of 3 independent trials and the
respective error bars are one standard deviation based on the results of those 3 trials. In some
instances, the uncertainty is smaller than the marker used to represent that data point.

Results are not quite so definitive for L-Phe in DMPC vesicle containing solutions.

Results in Table 2.3 are shown in Figure 2.8 and depict the same long lifetime corresponding to
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L-Phe in in bulk solution. However, the appearance of the second lifetime does not occur until 25
°C or at approximately the same temperature as the DMPC Tgel.ic (22.5°C). This is behavior
differs from observations made in DPPC and DSPC lipid vesicle solutions where the second
lifetime appeared ~10-12 °C before the Tgel-Ic.

—@— Carbonate Solution —#- K; - - - Bulk Carbonate Solution

Lifetime (ns)

Lifetime Contribution

Temperature (°C)

Figure 2.8. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime
contribution (bottom) of L-Phe in a DMPC lipid vesicle solution. The major lifetime is assigned
to a L-Phe in carbonate solution (11, red circles), and a second lifetime assigned to L-Phe in the
membrane appears at 25 °C (tz, light green squares). The dashed lines indicate the Tgel.ic Of the
DMPC lipid bilayer at 22.5 °C. Each point is an average of 3 independent trials and the
respective error bars are one standard deviation based on the results of those 3 trials. In some
instances, the uncertainty is smaller than the marker used to represent that data point.

Lastly, DLPC with a pair of Cy2acyl chains and a Tgel-ic = -1.2 °C shows L-Phe emission
with only a single lifetime that is assigned to L-Phe in solution. From these findings, we
conclude that L-Phe does not associate in any measurable way with DLPC lipid bilayers. The
reasons for this pattern of L-Phe association with lipid bilayers — noticeably with DSPC and

DPPC, modestly with DMPC, and not at all with DLPC — are discussed below.
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Figure 2.9. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime
contribution (bottom) of L-Phe in a DLPC lipid vesicle solution. The single lifetime is assigned
to a L-Phe in carbonate buffer (t1, pink circles). The dashed lines indicate the Tge.ic of the DLPC
lipid bilayer at -1.2 °C. Each point is an average of 3 independent trials and the respective error
bars are one standard deviation based on the results of those 3 trials. In some instances, the
uncertainty is smaller than the marker used to represent that data point.

Discussion:

The partitioning behavior of L-Phe in model biological membranes was characterized using
time-resolved fluorescence spectroscopy in combination with differential scanning calorimetry.
From results reported above, three discoveries stand out and require discussion:

e DSC data show that L-Phe does not alter bilayer Tger.ic but does decrease the energy required
to melt the bilayer from its gel-phase to its liquid-crystalline phase. This finding applies to

DSPC, DPPC and DMPC but not to DLPC.

e In the vicinity of Tgel.ic, L-Phe time-resolved emission in vesicle solutions begins showing a

second, faster emission lifetime (< 2 ns) in addition to the persistent longer lifetime assigned
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to L-Phe in bulk solution. The shorter L-Phe lifetime is readily apparent in DSPC, DPPC, and
DMPC vesicle solutions but not in DLPC vesicle solutions. A short lifetime for L-Phe
matching those observed in the vesicle solutions does appear in bulk solution at temperatures
above 60 °C and this correlation forms the basis of our assignment of this lifetime to a

rotamer of L-Phe.

e The 2", shorter lifetime in vesicle solutions can comprise up to 30% of the amplitude in the
emission decay traces. In DSPC and DPPC vesicle solutions, this shorter lifetime decreases
from ~1.8 ns at temperatures just below the Tgeric to < 1 ns at 70 °C. Whereas in DMPC
vesicles, the lifetime stays almost constant at ~1.6 ns. Furthermore, in DSPC, DPPC and
DMPC vesicle solutions the amplitude of the short lifetime contribution rises with

temperature.

The discussion below considers each issue individually.

The L-Phe that integrates into the

bilayer does not change Tgel-Lc

The DSC traces in Figures 2.1 and 2.5 display the Tgel-ic phase transition behavior for
each lipid system studied with and without L-Phe in solution. Two observations stand out. First,
L-Phe does not affect the transition temperature for any of the lipid bilayers. The peak in the
different endotherms remain at 53.5 °C, 40.4 °C, and 22.5 °C for DSPC, DPPC, and DMPC,
respectively, regardless of whether or not L-Phe is present. (The transition temperature for
DLPC (-1.2°C) also remains unchanged as shown in Figure A-2.10.) Given that bilayer melting
is controlled by van der Waals forces between acyl chains and Coulomb forces between the
charged choline headgroups,”3# the DSC findings imply that some amount of L-Phe partitions

into the gel state bilayer. MacCallum, et al. calculated that Phe in the carbonyl and acyl chain
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region of the bilayer was ~10-12 kJ/mole more stable than in bulk aqueous solution, although
these simulations were carried out using a model DOPC bilayer in its fluid, liquid crystalline
state.”> What is clear is that L-Phe accumulation into the bilayer does not disrupt the
fundamental interactions responsible for the transition.

The second observation is that L-Phe does change quantitative details related to Tgel-ic.
For DSPC, DPPC and DMPC, the presence of L-Phe significantly reduces the amount of heat
needed to drive the gel-liquid crystalline transition to completion. For vesicle solutions in the
absence of L-Phe, the heat required to drive the gel-liquid crystalline transition diminishes with
shorter chain length: +60 mW(/g for DSPC, +30 mW(/g for DPPC and +10 mW/g for DMPC.
When L-Phe is added to the solutions, these values drop to 20 mW/g, 14 mW/g, and 3 mW(/qg for
DSPC, DMPC and DLPC respectively. (DLPC shows no change in its Tger-Lc nor in the
magnitude of the endotherm and is not considered in this discussion.). This 2-3-fold reduction in
the heat required to melt the bilayer in the presence of L-Phe supports the hypothesis that L-Phe
partitions into the gel-phase bilayers and disrupts some of the chain-chain interactions but this
disruption is not extensive enough to completely fluidize the bilayer. In effect, we believe that
incorporating L-Phe into the bilayer introduces defects into the long-range order within the
frozen chains reducing cooperativity within the bilayer.25 We note also that the L-Phe’s effect on
the DSC data scales with L-Phe concentration. As noted at the start of the Results section, we
did perform equivalent experiments using solutions of DPPC containing 1, 6, and 8 mM L-Phe,
and as L-Phe concentration diminished, the endotherm approached (but never converged) to the
endotherm for DPPC vesicles in the absences of L-Phe. These data are shown in Appendix A,

Figure A-2.6.
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Assigning the 2" lifetime

To demonstrate the universal behavior of L-Phe in the lipid bilayer vesicle systems,
Figure 2.10 shows all fluorescence lifetimes of L-Phe in DSPC, DPPC, DMPC, DLPC, and bulk
carbonate solution across the entire temperature range sampled. Also included on Figure 2.10 are
L-Phe lifetimes in bulk carbonate solution including the second, shorter lifetime that appears
only at elevated temperatures (labeled as CS 1»).

In each vesicle-containing solution, the dominant contribution to the emission decay trace
matches L-Phe emission in bulk carbonate solution. This agreement enables us to assign the
major lifetime of L-Phe in vesicle-containing solutions to solutes that do not associate with lipid
vesicles. In the DSPC, DPPC and DMPC vesicle solutions, the second, shorter lifetime appears
at temperatures close to each lipid’s respective Tgeric. As noted in the Results section, the time
resolved emission of L-Phe in bulk carbonate solution also has a short lifetime that appears at
temperatures > 60 °C. This shorter lifetime does not coincide with emission behavior in any
bulk organic solvent, although it does match closely the 1.7 ns lifetime assigned to L-Phe in the
EGFRtm peptide as reported by Duneau, et al.?

Multiple studies have either inferred or predicted that the hydrophobic part of L-Phe
should insert into the lipid bilayer membrane through membrane surface defects.>#57.5% €0 |n jts
gel phase, the lipid bilayer is rigid and will limit the intramolecular conformational freedom of
embedded L-Phe. The benzyl-group of L-Phe is believed to extend into the nonpolar tails and
L-Phe’s zwitterionic carboxylic acid and amino groups are directed towards the lipid’s glycero-
backbone and headgroup.5* € Olsztynska et. al. reported the appearance of a second, shorter
L-Phe emission lifetime (2.6 ns) and proposed that this behavior resulted either from protonation
of the carboxylic acid or the formation of aggregates that enabled a faster radiative decay

pathway.8” Supporting this finding are reports of excimer excitation of 100 mM L-Phe in
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aqueous solution, as evidenced by an emission peak at 320 nm that disappears with decreasing
concentration.®3

Findings presented in this work do not support the proposal that the short lifetime reflects
L-Phe aggregation. First, in all three lipid systems where L-Phe shows membrane affinity, the
short lifetime amplitude increases with increasing temperature. If the short emission lifetime
observed in these systems were due to noncovalently bound aggregates, we would expect
aggregation to play less of a role at higher temperatures, not more. Second, emission spectra of
L-Phe in carbonate solution (Appendix A Figure A-2.9) show no evidence of excimer formation
at the concentrations used in these experiments. Third, a 4-fold concentration decrease of L-Phe
(2.5 mM) in DPPC vesicles showed no change in partitioning behavior from that of 10 mM L-
Phe in DPPC lipid vesicles (Appendix A Figures A-2.2 and A-2.3 and Table A-2.1). The
possibility that aggregation and excimer formation controls L-Phe photophysical behavior at
high concentrations as reported by Leroy and Laustrait cannot be discounted,?® but these effects

are unlikely to be present at the 10 mM L-Phe concentrations employed in this work.

a) —e- DSPC T, b) - DSPC 7,
12 =) o |2 # DSPCT, 2.0 & DPPC 1y
—.}' B S T | I -e-DPPCT, '.l = DMPC 1,
- N a S |g W DPPCT, 4 5] "N e CBT,
S 84 : : | -e-DwmPCT,
@ - DMPC 1,
£ ptecr, 1-07
S 4 ---cBT,
S | | s | CBr; 0.5
0 | T 0.0 | | | | | |
0 60 80 20 30 40 50 60 70 80
Temperature (°C) Temperature (°C)

Figure 2.10. Fluorescence lifetimes of L-Phe in bulk carbonate solution, DSPC, DPPC, DMPC,
and DLPC lipid vesicles. Left panel (a) overlays all major lifetimes assigned to a L-Phe in
carbonate solution (t1: DSPC, maroon circles; DPPC, burgundy circles; DMPC, red circles, and
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DLPC, pink circles), and a second lifetime assigned to L-Phe in the membrane appears (t2:
DSPC, dark green squares; DPPC, green squares; and DMPC, light green squares). Dashed
traces indicate L-Phe in bulk carbonate solution (CS) with long dashes indicating first
fluorescent lifetime and short dashes indicating second fluorescence lifetime. Solid vertical lines
indicate each lipid’s Tgeric and which are color coded using same scheme as color assignments
for lifetime attributed to carbonate solution and labeled as such within figure. Right panel (b) is
expanded view of 2" lifetime alone attributed to restriction of L-Phe rotamer (Krot) in the polar
headgroup region of L-Phe in DMPC, DPPC, and DSPC, and bulk carbonate solution (CS). Each
point is an average of 3 independent trials of each respective system.

An alternative hypothesis explaining the short L-Phe lifetime was proposed by Duneau,
et al., and attributed emission from L-Phe in two different peptides to L-Phe rotamer states at
room temperature.84 In the 29-mer peptide ErbB-2*tm, the single L-Phe residue shows three
different emission lifetimes, two of which are sub-ns and a longer, 2.2 ns lifetime. The longer
lifetime was assigned to different rotamer states that interconvert on timescales slower than the
measured emission lifetimes. L-Phe emission from a second peptide, EGFRtm, is characterized
by a single, 1.70 ns lifetime that matches the lifetime observed for L-Phe in the lipid vesicle
solutions. The authors proposed that the single lifetime either reflects different rotamers that
interconvert rapidly on the timescale of the experiment or L-Phe in a single rotamer state, before
concluding that the first explanation, that of rapidly interconverting rotamers, is more consistent
with their findings. Similarly, Rzeska et. al. analyzed analogues of L-Phe and determined that all
possible rotamer conformations result in a similar fluorescence lifetime and are indistinguishable
from one another.” 71

In contrast to Duneau, et. al, we believe that the short lifetime emission we observe at
higher temperatures is due to a single rotamer state. Cavanaugh et. al. studied the temperature
variations of NMR chemical shifts and coupling of L-Phe rotational isomerization.2 The authors

reported that temperature played a large role in intramolecular and intermolecular parameters of
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L-Phe, and the importance of these parameters changed depending on the local environment.
This NMR study had two conclusions: either the rotamer energies are temperature dependent and
gain stability as temperature increases, or the results require a deviation from the original
proposed rotamer structures to understand experimental data.® Our findings support the
conclusion that a distinctive rotamer structure is stabilized at higher temperatures long enough
for a radiative decay pathway to contribute to the overall fluorescence behavior. This
stabilization effect of high temperatures is evident in the appearance of a second fluorescence
lifetime in bulk carbonate solution starting at 60 °C.

We propose that L-Phe in the bilayer experiences a conformationally restricted
environment that forces L-Phe to adopt conformations that decay nonradiatively (as is the case in
polar, aprotic environments). As the membrane begins to become more fluid, L-Phe can adopt a
rotamer state that does decay radiatively. We expect that this emissive state is stabilized by water
as water will begin to percolate into the lipid bilayer’s polar glycero-backbone region as the
system temperature approaches Tger-ic.3% % We believe the second lifetime found in bulk
carbonate buffer at 60 °C arises from this same rotamer conformation that is only accessible in
bulk solution at higher temperatures, consistent with the first hypothesis proposed by
Cavanaugh.®

To assess what role the water plays in assisting rotamer formation, the fluorescence
lifetimes of L-Phe in a deuterated water (D2O) carbonate solution were measured as a function of
temperature (Appendix A Table A-2.6.) L-Phe in D20 carbonate solution displays an increase in
fluorescence lifetimes (tr at 10 °C = 10.81 ns) at low temperatures in comparison to H.O
carbonate solution (tr at 10 °C = 8.00 ns). Similarly, the appearance of a second lifetime (0.88 ns,

11%) at 60 °C also occurs in D20 carbonate solution. However, the amplitude of the second,
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short lifetime is significantly different as temperature increases from 60 — 80 °C. Namely, the
second lifetime displays a sharp increase in amplitude of up to 57% (80 °C) in D20 carbonate
solution in comparison to 20% (80 °C) in H.O carbonate solution. In D20, the hydrogen-bonding
capabilities are stronger than in H>O. This finding supports our premise that the new emissive
rotamer state observed in bilayers close to Tger-Lc and in carbonate solution at elevated
temperatures is stabilized by hydrogen bonding and stronger hydrogen bonding (by D20)

stabilizes this new rotamer even further.

Local solvation environment dependence of

the 2™ lifetime of L-Phe in lipid vesicles

The results described above show a strong dependence of L-Phe behavior on bilayer
phase with the appearance of the second lifetime. For the DSPC and DPPC lipid vesicles, the
appearance of the second lifetime occurs ~10°C before the transition temperature of the lipid
bilayer. Uniquely, the second lifetime of L-Phe in DMPC lipid vesicles does not appear until T >
Tgel-ic. NO second lifetime is apparent In DLPC vesicles solutions across the entire temperature
range. We propose this second lifetime, assigned to a confined L-Phe rotamer, becomes
‘optically visible’ only when water is present.

L-Phe in the polar headgroup of the lipid bilayer in its gel phase is subject to a polar,
aprotic solvation environment. Our studies of L-Phe in bulk acetonitrile show that in such an
environment, fluorescence is weak with the quantum yield of less than 0.01. (In acetonitrile,
L-Phe’s quantum yield is 0.006 (Table 2.1.).) However, as temperature increases and water

percolates into the polar headgroup, hydrogen bonding opportunities become available, and
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L-Phe can sample a polar, protic solvation environment where its quantum yield is > 5-fold
larger (0.033 in methanol) than in polar aprotic environments.

Consequently, we believe that L-Phe in the tightly packed, anhydrous, gel-phase bilayer
interior is optically invisible. Bilayer hydration near the gel-liquid crystalline transition
temperature allows L-Phe to become optically active and contribute to the overall fluorescence
decay. This result explains why the second lifetime appears at different temperatures for each of
the different lipid vesicle systems and in the vicinity of the Tger.c. For DSPC and DPPC, the
second lifetime appears ~10°C before the Tgel.ic and for DMPC, the lifetime appears shortly after
the Tgel-ic.

Before the lipids fully transition from the gel-phase into the liquid-crystalline phase, they
pass through a pre-transition (also known as the ripple phase) where water begins to percolate
into the lipid bilayer vesicle.?% 8 The ripple phase occurs at 16.5 °C, 35 °C, and 46.7 °C for
DMPC, DPPC, and DSPC, respectively.8% 8 Shinoda et. al. studied transition temperatures with
MD simulations and found the insertion of ethanol into the bilayer creates defects where water
can hydrate into the bilayer before the ripple phase and this effect is more pronounced for larger
lipids.® Therefore, we propose that the L-Phe in the membrane creates a pathway for water to
enter the bilayer at or near the ripple phase transition. The onset of the ripple phase and
additional membrane hydration is then responsible for the appearance of the second lifetime of
L-Phe in DSPC and DPPC vesicles.

As water begins to percolate into the membrane, the bilayer expands by ~25% for DPPC
vesicles® and transitions into the liquid-crystalline phase of the bilayer where the local solvation
environment is polar protic, and solutes have the conformational freedom, the hydrogen bonding

and sufficient thermal energy to adopt the new rotamer conformation having the shorter emission
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lifetime. As seen in Figures 2.4, 2.7, and 2.8, the concentration of L-Phe in the bilayer increases
in concentrations up to 30% at high temperatures.

The increase in concentration of the rotamer state implies one of two things: (1) more L-
Phe is entering the bilayer as the bilayer expands and experiences this rotamer state. Or (2), as
the bilayer expands and water increases concentration within the bilayer, more of the L-Phe that
is already in the bilayer becomes optically visible. Scenario (2) seems more likely as the free L-
Phe in bulk solvent would not experience a conformational restriction as the vesicles increase
and should be free to adopt a new, thermally accessible rotamer conformation. Instead, the more
likely explanation is that L-Phe already in the bilayer becomes optically active (or visible) as the
lipid bilayer becomes hydrated.

There is still a remaining question of the second lifetime after the Tger.ic of DMPC lipid
vesicles and the absence of a second lifetime in DLPC lipid vesicles. Literature has reported a
large temperature dependence of the fluorescence lifetimes of L-Phe in an aqueous solvent.® The
large temperature dependence is attributed to a switch in the non-radiative decay pathways as a
function of temperature. Leroy et. al. noted that at temperatures above 0°C, the main non-
radiative decay pathway of L-Phe in aqueous solvents is internal conversion.8 However, at low
temperatures (< 0 °C), the main non-radiative decay pathway begins changing from internal
conversion to intersystem crossing.® If this switch from internal conversion to intersystem
crossing begins to happen at higher temperatures (0-20 °C), then we would not expect to observe
a second lifetime in DLPC vesicles and, perhaps, observe a second lifetime in DMPC vesicle

solutions above Tgelc.
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Conclusion:

Studies reported in this work used time-resolved fluorescence spectroscopy in
combination with differential scanning calorimetry to understand the partitioning behavior of L-
Phe into model biological membranes. Results show that most L-Phe remains in the carbonate
solution, but the L-Phe that does partition into the bilayer does not significantly impact the Tgel-ic.
Evidence of a conformational rotamer fluorescence lifetime of 1.8 ns is seen in DSPC, DPPC,
and DMPC lipid vesicles close to their Tgei.Lc phase transition temperature. We propose that this
rotamer lifetime only becomes optically visible when water penetrates into the bilayer and the
local solvation environment switches from a polar aprotic to a polar protic environment,
increasing the quantum yield by an estimated factor of ~5 based on data from L-Phe in methanol
and acetonitrile. The L-Phe rotamer lifetime increases slightly in amplitude, eventually
comprising up to 30% of the time resolved emission at elevated temperatures. This behavior is
predicted to come from L-Phe already in the bilayer that becomes more optically visible as the
bilayer expands and increasing amounts of water make the bilayer headgroup region more protic.
We hope work reported here sparks further studies into the specifics of the rotamer conformation
and related photophysical behaviors of L-Phe, a naturally fluorescent amino acid whose optical
properties have been largely overlooked compared to the attention received by other fluorescent
amino acids, tyrosine and tryptophan. We also expect that findings reported here will aid in
quantifying the behavior of other aromatic amino acids and small peptide chains in lipid vesicle

bilayers.
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Abstract

Independent methods show that sub-microMolar concentrations of perfluorooctanoic
acid (PFOA), a member of the PFAS family of ‘forever chemicals’, change the properties of
DPPC vesicle bilayers. Specifically, calorimetry measurements show that PFOA at
concentrations as low as 0.1 nM lowers DPPC’s gel-liquid crystalline transition enthalpy by
several J/g without changing the transition temperature (Tgel-Lc), and dynamic light scattering
(DLYS) data illustrate that PFOA markedly broadens the size distribution of DPPC vesicles.
Furthermore, DLS results from PFOA-containing, DPPC vesicle solutions also contain smaller
objects having diameters of 30-50 nm. Close inspection of cryo-EM images reveals that DPPC
vesicles formed in the presence of PFOA are multi-lamellar and the smaller objects have a clear
bilayer structure making them resemble niosomes. A consequence of these PFOA-induced

changes to DPPC bilayer structure is that the bilayers themselves are more susceptible to
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secondary solute accumulation. Time resolved emission measurements of Coumarin 152 (C152)
report that C152 is 3-fold more likely to partition into the bilayer’s acyl chain, hydrophobic
interior when PFOA is present, and fluorescence lifetimes from C152 partitioned into the polar

region of the lipid bilayer show evidence of PFOA-induced membrane hydration below Tger-Lc.

Introduction

Per- and polyfluorinated alkyl substances, or PFAS, are a class of molecules that
threatens community and ecosystem health. PFAS are often called ‘forever chemicals’ because
of their environmental persistence, and PFAS have been linked to reduced vaccine response,
high cholesterol, compromised immune system function, and certain types of cancer.%3-%’

Despite the hazards they pose, PFAS have only recently been federally regulated as
environmental contaminants under the U. S. Clean Water Act, although previously at the state
level, more than 20 jurisdictions had imposed maximum allowable PFAS limits in drinking
water. These local regulatory limits ranged from 5 ppt (CA) to over 650 ppt (NV).%4 % New
federal limits released in 2024 by the U. S. Environmental Protection Agency (EPA) mandate a
maximum allowable drinking water concentration of 4 ppt for several PFAS species.%* 9%8-100
Such low concentrations can be challenging to quantify reliably, and the effects of these low
concentrations on biological materials are not well characterized. Findings presented below show
how one of the most common PFAS species — perfluorooctanoic acid (PFOA) — affects model
lipid membrane properties at concentrations approaching regulatory limits. Additional
experiments illustrate how sub-micromolar PFOA concentrations render model membranes more
susceptible to bioconcentration of secondary solutes, with implications for how pollutant

bioconcentration factors change in the presence of PFAS contaminants.
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PFOA is a legacy member of the PFAS family, having long been used as an aqueous film
foaming fire (AFFF) suppression agent as well a means of waterproofing products including
cookware, textiles, and food packaging material.®* While no longer produced for commercial
use, PFOA is expected to remain an environmental and human health hazard for decades.'o%

102 PFOA is a per-fluorinated, linear, eight carbon carboxylic acid. Considerable uncertainty
surrounds PFOA’s membrane affinity. Publicly available data compiled by ADC/Labs and made
available from the Royal Society of Chemistry ChemSpider site'®® report that PFOA in its
protonated form has a predicted logP value on the order of 7.7, and a predicted logD value of 1.8
at a biologically relevant pH (7.4), when it is deprotonated.'* (The logD scale considers solution
phase pH as a part of the partitioning scale.) We note that reports predicting octanol partitioning
behavior (log P) should be viewed with caution. Many algorithms do not differentiate behavior
between PFOA’s neutral and deprotonated forms. Nevertheless, both the logP and logD scales
predict that PFOA should be lipophilic regardless of charged state, although one expects PFOA’s
neutral protonated form should show much stronger affinity than the deprotonated PFOA
anion.1% Despite early controversy concerning an anomalously large apparent pK, (of 3.8),106-108
calculations and experiments now agree that PFOA’s pKa is in the vicinity of -0.1 - +0.7109-113
although this value is expected to rise if monomers aggregate.**4-116 A consequence of this

behavior is that PFOA should be exclusively in its anionic form under physiological conditions.

To our knowledge, PFOA’s membrane partitioning coefficient, Kmem-w has not yet been
directly measured, although the logP scale has been reported as an adequate surrogate for Kmem
for solutes having log P values < 5.7 Several studies using independent methods have examined
deprotonated PFOA’s membrane affinity for synthetic lipid bilayers, and results all show

deprotonated PFOA to be lipophilic. Ebert, et al. used dialysis measurements to quantify PFAS
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partitioning behavior into POPC liposomes and noted that experimental results generally agreed
well with predicted log Kmemw. Specific to PFOA, the authors reported experimental and
predicted partition values of 3.52 + 0.08 and 3.93, respectively.**” PFOA affinity for lipid
bilayers has also been noted by Droge who measured PFOA sorption to supported lipid bilayers
using liquid chromatography.*® Fluorescence anisotropy and calorimetry measurements have
noted that deprotonated PFOA partitioning into phosphatidylcholine bilayers is independent of

lipid chain length, 119 120

With its elevated partitioning tendencies, even at a biological pH, PFOA is a strong
candidate to bioconcentrate in lipid membranes, although PFOA’s effects on membrane
properties remain largely uncharacterized. By analogy, alkyl surfactants have long been used to
solubilize lipid membranes, and surfactants have also been shown to induce structural transitions
in membranes and micelles.*?t Mechanisms describing surfactant-lipid bilayer interactions begin
by assuming that the surfactant partitions into the bilayer up to a membrane solubility limit.
Surfactant accumulation leads to bilayer expansion, shape changes, and an increase in membrane
permeability.t2-123 Typically, these effects become pronounced for surfactant concentrations
> 0.5 mM.122.124 Even in studies focused on low surfactant:lipid ratios, surfactant concentrations
are rarely less than 100 uM. For PFOA and other PFAS species, these concentrations are close
to five orders of magnitude higher than the sub-nM PFOA regulatory limits. (For reference, a the

4 ppt regulatory limit for PFOA corresponds to an aqueous concentration of ~10 pM.)

PFAS are distributed widely throughout the environment given their high solubility in
ground and surface water!2>126.127 a5 well as their ability to be transported through air.128 129 130
This pervasive presence, coupled with PFAS tendency to bioconcentrate in wildlife has been well

documented.?3! Long chain PFAS (C > 6) accumulation has been measured in species including
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striped dolphins,*3? carp,'33 134 and other members in aquatic food webs.1%7: 135139 Individual
PFAS concentrations (including PFOA) vary widely ranging from <10 ppt (by mass) to > 7 ppm,
140

with higher concentrations found in organs known to be susceptible to bioaccumulation.

While numbers vary from study to study, a growing body of literature cites PFAS

bioconcentration factors in excess of 100 and as high as 23,000.10% 141-144

From a human health perspective, PFAS exposure has been correlated with liver
disease,*> reduced birth weights,'#6 compromised immune response,'4’ impaired platelet
aggregation,'*® and a host of other conditions. Given PFOA’s ability to bioconcentrate, lipid
membranes become effective storage media, even when ambient environmental PFOA
concentrations are low. 1° The effects of PFOA on membrane properties, however, remain
largely unexplored especially at low PFOA concentrations. Recently reported surface pressure
measurements and Brewster Angle Microscopy experiments demonstrated that PFOA and related
PFAS fluidize lipid monolayers formed from both synthetic and bacterial lipid mixtures.%°
These studies, however, considered PFAS concentrations on the order of 10-100 uM,

considerably higher than concentrations relevant to current regulatory limits.

Studies described in this work are motivated by the hypothesis that PFOA concentrations
approaching regulatory limits will affect lipid membrane structure and function. While such an
assumption is implicit in many of the reports cited above, never before have the effects of such
low PFAS concentrations on biological macrostructures been evaluated quantitatively. Data
presented below show that sub-uM PFOA concentrations lower DPPC bilayer transition enthalpies
and preferentially promote secondary solute accumulation in the bilayer’s hydrophobic interior.

Furthermore, these low PFOA concentrations interfere with lipid vesicle formation and promote
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niosome creation at surfactant:lipid ratios that are orders of magnitude smaller than previously
reported. This concerted investigation into PFOA affinity for lipid membranes and the resulting
consequences demonstrate sub-uM PFOA concentrations change lipid bilayer properties, and these
changes disrupt chain-chain interactions within the membrane making the lipid bilayer intrinsically
less cohesive. As scientists and public health officials continue to focus on the physiological
effects of PFOA and other PFAS on human and ecosystem health, findings reported in this work
will provide the insight necessary to anticipate how PFOA and other members of the PFAS family

affect membrane stability and bioconcentration in the low PFAS concentration limit.

Experimental materials and methods

Materials.

Perfluorooctanoic acid (95% purity) was purchased from Sigma Aldrich (St. Louis, MO)
and used as received. For carbonate buffer solutions, sodium bicarbonate was purchased from
Sigma-Aldrich (St. Louis, MO), dissolved in Millipore water, and set to a pH of 7.2 using 1 M
NaOH. PFOA was dissolved in either 10- or 50-mM carbonate buffer (pH 8) to make PFOA
solutions. Solutions having low PFOA concentrations were prepared by serial dilutions from 0.1
mM stock solutions. To aid in converting between concentrations expressed in Molar units and in
parts per billion and parts per trillion (ppb and ppt, by mass), Table 3.1 presents conversions

relevant for the concentrations used in these studies.
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Table 3.1. PFOA concentrations in units of molarity and ppb/ppt (by mass)
PFOA

Concentration

nM ppb/ppt
1000 400 ppb
100 40 ppb
10 4 ppb

1 400 ppt
0.1 40 ppt?
0.01 4 ppt?

aThe following states had previously set jurisdictional regulatory limits <40 ppt PFOA in drinking
water: California, Michigan, New York, New Hampshire, New Jersey, Massachusetts, Vermont,
Minnesota

PEPA PFOA regulatory limit for drinking water.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, powder, >99%) was purchased
from Avanti Polar Lipids (Birmingham, Alabama). All chemicals were used without further
purification. Millipore water (resistivity of 18.2 MQ-cm) was used for all aqueous sample
preparations. Coumarin 152 (C152) was purchased from Exciton (Edmonton, Canada) and used

as received. The bulk buffered C152 solution had a concentration of 6 uM.

Processing
Vesicle Preparation: Lipid vesicles were prepared by dissolving 16:0 PC (DPPC) 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine in chloroform. Chloroform was then evaporated off using a rotary
evaporator at 45°C. A thin film results and was then rehydrated using 10mM carbonate buffer

(pH = 7.2) for a pure DPPC vesicle solution. The solution was sonicated for 30 minutes at 45°C.
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The solution temperature was held constant as the solution was filtered ten times through an Avanti
Mini Extruder from Avanti Polar Lipids with a membrane pore size of 200 nm. For most studies
(DLS, Cryo-EM and TCSPC) DPPC vesicles were generated from solutions having 1.5 mM DPPC
concentration; for calorimetry studies the lipid concentration was increased to 20 mM to ensure

high S/N.

Methods.

Differential Scanning Calorimetry

DSC measurements were performed using a TA Instruments Discovery Q2000 DSC
(Hullhorst, Germany) that can measure transition temperatures with +/- 0.1 °C accuracy. Vesicle
solutions were made of 20mM DPPC vesicles rehydrated with 10 mM carbonate buffer (pH 7.2).
For DPPC vesicle solutions with PFOA, the 20mM DPPC samples were rehydrated with PFOA
solutions prepared in 50mM carbonate buffer (pH 7.2). Tzero pans and hermetic lids were
purchased from DSC Consumables Inc. (Austin, MN) and were used to hold the sample as it was
heated from 10 °C at a ramp rate of 1 °C/min to 55 °C to quantify the gel to liquid-crystalline
transition temperature. Samples for DSC experiments were not extruded unlike the DLS and
TSCPC experiments that were filtered to create a more uniform distribution of vesicle sizes (< 200

nm). DSC data are reported as the averages of five runs completed on separate days.

Dynamic Light Scattering

DLS measurements measuring DPPC vesicle size distributions were performed using a
Malvern Zetasizer Pro Red from Malvern Instruments Ltd. (Worcestershire, England) which
utilizes a non-invasive back scattering method at a measurement angle of 173° to measure particle
sizes ranging from 0.3 nm to 10 um. Samples are loaded into disposable polystyrene cuvettes

(Malvern Instruments Ltd.) and were run in triplicate after calibrating at the desired temperature
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for 60 seconds. The average of each run is reported. Samples were analyzed using L-curve analysis

with automatic attenuation. DLS experiments used 633 nm light for all scattering instruments.

Cryo-Electron Microscopy

Samples were plunge frozen on Quantifoil 200 mesh R2/1 Cu grids using a Vitrobot
Mark 1V plunge freezer set at 4° C and 95% humidity with cellulose blotting paper on both sides.
Sample sizes were 4 pL, blot times were 4 seconds at blot force 5. Frozen grids were then
imaged on a Talos Arctica transmission electron microscope operating at 200 kV. Images were
recorded with a Gatan K3 camera using SerialEM at magnification of 44,700x and defocus value

of -3.0 um. Exposure times were 5 sec at approximately 15 electrons per pixel per second.

Magnified pixel size was 1.104 e-/AZ2 and total dose was 45 e-/A2-

Time-Correlated Single Photon Counting

TCSPC is used to determine a solute’s excited state lifetimes in the sample. The TCSPC
assembly used in these experiments has been described previously.?5-15  Briefly, the assembly
consists of a Ti:sapphire oscillator (Coherent Chameleon, 80 MHz, 85 fs pulse length) with a
fundamental output range of 690-1040 nm. Doubling and tripling harmonic assemblies enable
output ranges of 345-520 nm and 230-346 nm respectively. A modulator (Conoptics Model 350-
10) is used to reduce the repetition rate of the laser to 4 MHz before entering the sample chamber.
Samples are excited using vertically polarized light, and fluorescence emission is collected at the
magic angle (57°). To reduce background scattering from the sample, a long pass filter is used

between the sample and the monochromator. Picoquant PicoHarp 300 and FluoTime 200 packages
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are used for data acquisition and analysis. The time-resolved emission data are fit to a linear
combination of lifetime decays alongside the relative amplitudes. By correlating solute lifetimes
measured in vesicle containing solutions with solute lifetimes in different bulk solvents, we can
approximate a solute’s local solvation environment and quantify where within a lipid bilayer the
solutes have accumulated. TCSPC has been used in our group previously to quantify how solute
partitioning depends on temperature and, more importantly, determine where in a membrane the

solutes accumulate.’®: 154-156

For Coumarin 152 fluorescence lifetimes measurements, the samples were excited at 400
nm and emission was collected at 500 nm. A 455 nm long pass filter was used before the PMT to
limit noise from scattering. Temperature dependent studies were performed using a Quantum
Northwest TC125 temperature control sample chamber. Samples were held at temperature for 7

minutes before performing each scan to allow for equilibration.

Results.

Differential Scanning Calorimetry.

Surfactants have long been used to solubilize lipid membranes and isolate membrane
proteins.'®” 158 Membrane solubilization requires that the lipid bilayer become saturated by the
surfactant before the membrane/surfactant system begins to form micelles having mixed
composition. Typically, this transformation occurs when surfactant:lipid molar ratios approach
unity.15%-161 At lower surfactant concentrations (surfactant:lipid ratios < 0.1), surfactants will
partition into the membrane and increase membrane permeability. All these phenomena reduce
lipid-lipid interactions resulting in a more fluid bilayer structure.*?* 162 Figure 3.1 shows DSC
results from DPPC vesicle solutions having different PFOA concentrations. In the absence of

PFOA, the DSC trace is characterized by a sharp endothermic feature at 40.5°C corresponding to
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the DPPC bilayer’s gel to liquid crystalline transition. As PFOA is added to solution, the
transition temperature does not change, but the amount of heat required for this melting

transition diminishes.
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Figure 3.1. (A) Differential scanning calorimetry isotherms of pure DPPC and DPPC with
increasing [PFOA] ranging from 0.1 nM to 10 uM. Isotherms have been offset vertically for
clarity. (B) Average enthalpies of the gel-liquid crystalline transition as a function of [PFOA].
The inset shows an expanded view of AH for [PFOA] < 100 nM. At a concentration of 10 uM,
the peak shows noticeable broadening. Note that the calculated enthalpy for pure DPPC vesicles
is assigned an arbitrarily low PFOA concentration of 10> nM to place it on scale.

Integrating the peak area results in a calculated gel-liquid crystalline transition enthalpy,
AHgel-Lc. (Figure 3.2b) The 44 + 1 J/g transition enthalpy measured for pure DPPC vesicles is
consistent with values reported in the literature.'3-165 As expected, higher PFOA concentrations

(> 1 um) lower the transition enthalpy. (Figure 3.2 and Table 3.2) Surprisingly, nM and even

sub-nM PFOA concentrations also lower DPPC bilayer transition enthalpies. Neither the
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transition temperature nor the width of the endotherm changes significantly for PFOA
concentrations <1 uM. The diminished enthalpy coupled with a sharp and invariant Tgel.L.c
implies that PFOA penetrates the bilayer and reduces the extent but not the nature of lipid-lipid
interactions.

Table 3.2. Average enthalpies of DPPC in the PFOA containing solutions. Tgei..c = 40.4-40.5 °C

for all PFOA concentrations. AT (FWHM) = 0.2°C. AHgel.Lc values are the averages of > 9
measurements and uncertainties are reported to one standard deviation.

[PFOA] nM AHger-L.c (J/9)

0 44 +1

0.1 39+3

1 39+1

10 371

100 3B+l
1000 33x1
10000 29+1

We note that the constant lipid gel-liquid-crystalline transition temperature coupled with
decreasing transition enthalpy is relatively common in solutions containing low concentrations
(< 1uM) of simple surfactants such as SDS or octanoic acid. 66 (See Reference 71 and Appendix
B.) Lung surfactant proteins have been known to modestly increase DPPC’S Tger-Lc by up to 2°C,
an effect assigned to enhanced interactions between the negatively charged DPPC phosphate and
positively charged residues within the proteins. 8’ In contrast, Maiti et al. studied the effects of
cationic gemini lipids on DPPC bilayer stability and discovered that these surfactants lowered
Tger-Lc IMmplying that these linked, charged, lipids (present at a 5-10 mole% concentration)
disrupted DPPC monomer-monomer interactions destabilizing bilayer structure.'®® Even PFOA
has been reported to lower DPPC’S Tgeli-Lc by 1°C but not until PFOA concentrations reaches

~200 pM.*?° From these and other reports, we conclude that while the low PFOA concentrations
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are sufficient to lessen the heat required to melt the lipid bilayer, the intermolecular forces

between DPPC monomers remain unchanged within detection limits.

Dynamic Light Scattering.

As described in the Methods section, DPPC vesicle solutions were prepared by extrusion
above Tgei..c. DLS measurements from samples created in the absence of PFOA show a narrow
distribution of vesicles with a diameter centered at 115 nm and a 6 nm FWHM. (Figure 3.2)
Creating DPPC vesicles in solutions containing PFOA changes the distribution in several ways.
First, while the distribution center does not change systematically with PFOA concentration, the
distribution does become much broader. (Table 3.3) Second, addition of PFOA creates to a
second population of smaller bodies in solution having diameters between 35 and 40 nm. (Figure

3.2, Table 3.3)
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Figure 3.2. (top) Dynamic light scattering from DPPC vesicle solutions containing 0 nM, 1 nM,
100 nM, and 1 uM PFOA. (middle) DPPC vesicle size as a function of temperature in the
absence of PFOA. (bottom) DPPC/PFOA solutions at 25°C, heated to 50°C, and then returned to
25°C.

Heating the pure DPPC vesicle solutions above Tgel-Lc increases vesicle size by ~15%.
The process is not reversible as cooling the sample results in a broader distribution having a
larger average diameter than the original sample. (Figure 3.3b, Table 3.3). This result is
consistent with literature reports and has been attributed to thermally induced deformation of the
bilayer and a changing bilayer compression modulus.®® Interestingly, heating the DPPC
vesicle/PFOA solutions shows the same increase in vesicle size, but the smaller 35 nm objects

disappear from the DLS traces, only to reappear when the solution is returned to temperatures

below Tgel-Lc.
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Table 3.3. DPPC vesicle diameters (d) from the top panel of Figure 3.2 and size distributions (A)
at room temperature. Uncertainties in diameter (d) are £4 nm and in FWHM (A) are £8 nm
except for the pure DPPC vesicle solutions where uncertainties in d2 and A, are £2 and £4 nm,
respectively. Uncertainties reflect one standard deviation calculated from 9 measurements.

[PFOA] di (nm) A1 (nm) dz (nm) Az (nm)
(nM)

0 — — 115 6
1.0 40 7 116 28
100 35 5 112 32

1000 38 8 108 31

We note that the smaller objects are >10-fold larger than traditional micelle structures.
For reference, sodium dodecyl sulfate and sodium octanoate solutions above their CMCs form
micelles having diameters of 2.7 nm and 2.1 nm, respectively. Furthermore, the CMC for these
surfactants (8.3mM for SDS and 347 mM for sodium octanoate) are much higher than the PFOA
concentrations used in the current studies. The following section presents cryo-EM images that
show the smaller objects observed in the DLS traces have distinct, bilayer structures with an
aqueous buffer interior, suggesting that they are neither micelles nor disordered aggregates.
Instead, the smaller structures share many features in common with niosomes, small bilayer
objects composed of nonionic surfactants and other amphiphilic constituents including

cholesterol.*”® Niosomes have attracted considerable interest as drug delivery vehicles.t’* 172
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Table 3.4. Temperature dependent changes of DPPC vesicles in the absence of PFOA and in
100 nM PFOA solutions, d2 and Az refer to vesicle sizes. di and A; refer to the niosome-like
structures induced by PFOA.

Tem('?,%r;" ture di1 (nm) A1 (nm) d2 (nm) Az (nm)

25 - - 115 6

Pure DPPC 50 - - 133 12

25, post heat - - 129 11

DPPC + 100 nM 25 35 5 112 32

n
PEFOA 50 - - 124 25
25, post heat 52 9 127 38
Cryo-EM.

Figure 3.3 shows representative cryo-EM images of DPPC vesicles created from PFOA-
free solutions and solutions containing 100 nM PFOA. Additional images are included in
Appendix B. Figure 3.3A (pure DPPC, no PFOA) shows a representative single unilamellar
vesicle having a 121 nm diameter. Across 8 separate images, the average vesicle diameter
measured 117 + 20 nm, consistent with the DLS measurements reported in Figure 3.3 and Table
3.3. Careful measurements of bilayer dimensions result in an average thickness of 7.3 = 0.4 nm.
Experimental and MD simulations report DPPC vesicles with bilayer thickness ranging from 6.7

— 7.7 nm, 273174
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Figure 3.3. Representative cryo-EM images of DPPC vesicles prepared in a 10 mM carbonate
buffer solution. A) DPPC vesicle prepared in the absence of PFOA. B and C both show images
of DPPC vesicles prepared in the presence of 100 nM PFOA. Representative niosomes are
indicated with the short red arrows. Medium white arrows show multilamellar structures in
vesicles formed in PFOA solutions. The long black arrows show faceted vesicles.

PFOA-induced structural changes in the lipid bilayer are self-evident in Figures 3.3B and
3.3C. First, the vesicles in the PFOA solution are less round and appear faceted. This

phenomenon is ascribed to curvature strain caused by PFOA being integrated into the bilayer

during vesicle preparation.'?* Bilayer strain will cause the membranes to become thinner and



75

more flexible due to the bilayer being unable to accommaodate for the difference in sizes of the
DPPC and PFOA polar head groups and non-polar tails.*?* Membrane thickness was again
measured. Results showed that vesicles created in 100 nM PFOA solutions had an average size
slightly larger than pure DPPC vesicles (124 nm vs. 117 nm) and with a broader size distribution
(36 nm vs. £20 nm). Again, these observations are qualitatively consistent with results from
DLS measurements reported in Figure 3.2 and Table 3.3. In addition, vesicles containing PFOA

had more narrow bilayers (6.2 £ 0.5 nm).

Vesicles created in the presence of PFOA frequently contained dense, nested multi-
lamellar structures. We note that in instances where multilamellar structures, the images do not
allow us to assess a priori if the different objects are nested or simply show a 2-dimensional
projection of objects separated in three dimensions. We expect that conformal, multilamellar
structures are nested but proof of this assertion will require 3-dimensional, tomographic imaging
of structures such as those shown in Figure 3.3. The mechanism responsible for creating these
complex structures remains unknown but the interior lamellae having smaller radii are consistent

with the notion of bilayer strain described above.

Another effect of PFOA on vesicle formation is the appearance of objects having smaller
diameters but retaining a bilayer structure. The appearance of smaller structures is consistent
with niosome formation. Niosomes are vesicle-like structures typically generated from nonionic
surfactants and cholesterol for drug delivery purposes.t’® A surprising observation in the results
presented here is that while most niosomes are made with ratios of 1:1 surfactant: cholesterol, the
DPPC/PFOA solutions used to create the cryo-EM images shown in Figure 3.3 have a
DPPC:PFOA ratio of 15,000:1. These findings emphasize PFOA’s distinctive properties that fall

outside of what one expects for traditional (non-fluorinated) surfactants.!'® Again, when the
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niosome-like structures are superimposed on larger vesicles, we cannot determine if the
niosomes are inside of or external to the larger vesicles, but we expect that the niosomes are
outside of the uni- and multilamellar structures. Overall, sub-nM PFOA concentrations have
several effects on DPPC liposomes: i) PFOA induces a more heterogeneous distribution of
liposomes including many having multilamellar structures, ii) vesicles formed when PFOA is
present appear less faceted, and iii) PFOA enables the creation of bilayer structures resembling

niosomes that have diameters ~3-4 times smaller than the uni- or multilamellar DPPC vesicles.

PFOA effects on secondary solute partitioning.

Results from DSC, DLS, and cryo-EM measurements shown in Figures 3.1-3.3 illustrate
that sub-uM PFOA concentrations affect DPPC bilayer structure and properties. From these data
we have inferred that PFOA disrupts domain formation within the lipid bilayer’s gel phase and
creates smaller structures adjacent to the vesicles. We expect these changes to impact lipid
membrane function including the ability of membranes to accommodate secondary solutes from
bulk solution. Such secondary solute partitioning is foundational to bioconcentration

mechanisms.175-179

To understand the effects of PFOA on secondary solute partitioning into DPPC bilayers,
we measured the time resolved fluorescence emission from a coumarin dye, Coumarin 152
(C152), in solutions containing DPPC vesicles as well as solutions containing both DPPC
vesicles and 100 nM PFOA. C152 is a useful probe of membrane partitioning given that its time
resolved emission is largely single exponential and lifetimes depend on solvent polarity and
proticity. Previous studies have shown that C152 (LogP =2.7) is particularly sensitive to changes
in solvation environment in lipid vesicle solutions and that C152 emission can serve as a

sensitive measure of lipid membrane hydration.
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Figure 3.4 shows the time resolved emission from C152 in a DPPC vesicle solution
containing 100 nM PFOA as a function of temperature. The decay traces are multi-exponential,
and a minimum of three lifetimes are required to fit the time resolved data. The lifetimes include
a sub-ns contribution that coincides with C152 in bulk aqueous buffer. The other two lifetimes
are 1.5 ns and 4.5 ns at 10°C. Both lifetimes are sensitive to temperature, falling to 0.7 ns and
3.9 ns, respectively at 70°C. Previous studies have assigned these short, intermediate, and long
C152 lifetimes to C152 solvated in aqueous buffer, C152 that has partitioned into the lipid
bilayer’s polar, glycerol backbone region, and C152 solvated in the lipid bilayer’s hydrophobic

core, respectively.180-182
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Figure 3.4. TCSPC traces of DPPC vesicle solutions containing 6 uM C152 and 100 nM PFOA
as a function of temperature. The multiexponential decay visibly changes with temperature.

Data are fit to three independent lifetimes as described in Reference 35. Raw data for the TCSPC
traces can be found in Table B-3.1.

Figures 3.5 and 3.6 show how the lifetimes and the corresponding amplitudes change
with temperature. Also included on these figures (as dashed lines) are C152 lifetimes and

amplitudes in DPPC vesicle solutions with no PFOA present. (TCSPC data for C152 in PFOA-
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free DPPC vesicle solutions are reported in Supporting Information.) Several observations stand
out. First, C152’s intermediate lifetime (t2) at low temperatures (10°C) in the DPPC-PFOA
solutions lies between a polar aprotic limit (2.4 ns in acetonitrile) and a polar protic limit (1.1 ns
in methanol). We interpret this result as evidence that PFOA disrupts lipid packing, enabling
water to penetrate the bilayer and promote protic solvation within the bilayer below Tgel-Lc.

Above Tgel.Lc, T2 converges the polar protic limit indicating complete bilayer hydration in the

polar backbone region.180-182
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Figure 3.5. A plot of the 3 lifetimes of C152 as a function of temperature from 10-70-10 °C. The
dotted lines show the lifetime behavior of C152 in a solution of DPPC vesicles without PFOA.
The solid lines show lifetimes of C152 in a solution of DPPC vesicles and 100 nM PFOA. The
2" lifetime of C152 shows the largest change in lifetime when PFOA is present, an effect
attributed to PFOA-enabled hydration of the bilayer below Tgel-Lc.
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Figure 3.6. A plot of the relative amplitudes of each C152 fluorescence lifetime as a function of
temperature. The dotted lines show amplitudes for C152 in pure DPPC vesicle solutions and the
symbols show lifetime amplitudes for C152 in DPPC vesicle/100 nM PFOA solutions.

The second observation is that the amount of C152 in the hydrophobic part of the
membrane (As) is 67% higher in the PFOA containing solution (As = 0.70) relative to the PFOA-
free solution (Az = 0.42). This increased partitioning into the hydrophobic region of the bilayer
comes at the expense of C152 in aqueous solution (A1 = 0.1 with PFOA; A1 = 0.3 without
PFOA). This result is also consistent with PFOA disrupting lipid-lipid interactions within the
bilayer and making the nonpolar region more accessible to the hydrophobic C152. We note that
PFOA enhances C152 accumulation in the membrane’s hydrophobic region regardless of bilayer
state. The amplitude of the hydrophobic population remains approximately 2-fold greater when

PFOA is present in both the DPPC gel and liquid crystalline states.
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Table 3.5. Lifetimes and amplitudes data from fitting TCSPC decay traces of C152 in DPPC

vesicle solutions at 10, 50 and 70°C. Shown are results from both PFOA-free and 100 nM PFOA

solutions. Lifetimes are reported in nanoseconds and the amplitudes are normalized. Lifetime
precision is = 0.1 ns; amplitude precision is + 0.05. Lifetimes and amplitudes over all of the

temperatures sampled appear in Supporting Information.

Temperature Sample 11 (A1) 12 (A2) 13 (A3)
Pure DPPC 0.55 (0.30) 2.16 (0.27) 4.62 (0.43)
e DPPC PFOA 0.32 (0.10) 1.41 (0.22) 4.6 (0.68)
Pure DPPC 0.23 (0.21) 0.99 (0.57) 4.36 (0.22)
e DPPC PFOA 0.18 (0.11) 0.99 (0.44) 4.54 (0.45)
Pure DPPC 0.2 (0.32) 0.64 (0.43) 3.78 (0.25)
e DPPC PFOA 0.14 (0.24) 0.67 (0.34) 3.98 (0.42)

The temperature dependent lifetime and amplitude data in Figures 3.5 and 3.6 show that
C152 partitioning is reversible with temperature. Furthermore, the data show a similar
functional dependence with changing temperature with and without PFOA present. This
behavior again suggests that PFOA in the bilayer disrupts chain-chain interactions enabling C152
to access the bilayer’s hydrophobic interior more easily. Additional studies examined changes in
C152 partitioning behavior at lower PFOA concentrations to discover if similar behaviors were
observed. Equivalent experiments indicate that 1 nM PFOA concentrations did enhance lipid
membrane hydration below Tge-Lc relative to PFOA-free samples, although the fraction of C152
that partitioned into the membrane did not change measurably. (Appendix B Figures B.1-6 and
Tables B.2 and B.3) Taken together, the DSC, DLS, Cryo-EM, and TCSPC data support a
mechanism whereby PFOA partitions into biomembranes and fluidizes the membrane
hydrophobic interior, enabling access to secondary solutes and lowering collective cohesion

within the bilayer. While most studies examining PFOA-lipid interactions have focused on
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PFOA concentrations of 100 uM and higher, results presented in this work show that even at the
extremely low concentrations currently being considered by regulatory agencies, PFOA effects

on lipid membrane structure are profound.
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PERFLUOROOCTANOIC ACID DESTABALIZES HEMOGLOBIN

STRUCTURE AT SUB-MICROMOLAR CONCENTRATIONS

Rhys C. Trousdale?, Monika Tokmina-Lukaszewska?, Brian Bothner? and Robert A. Walker*2>,
aChemistry and Biochemistry Department, Montana State University, Bozeman, MT 59717
bMontana Materials Science Program, Montana State University, Bozeman, MT 59717

Abstract

Perfluorooctanoic acid’s (PFOA) effects on human hemoglobin (Hb) at micromolar and
sub-micromolar PFOA concentrations were investigated using time-correlated photon counting
(TCSPC) fluorescence, native mass spectrometry (NMS) and ion mobility spectrometry (IMS).
TCSPC results show that tryptophan fluorescence quenching mechanisms in Hb change from
Forster Resonance Energy Transfer (FRET) with the heme to charge transfer to the peptide
backbone as PFOA concentration increases. NMS showed 4 lower and 2 higher affinity sites for
PFOA interacting with Hb. At concentrations as low as 10 nM, 2 PFOA molecules bind to Hb
leading to destabilization of the complex, loss of an o subunit, and release of heme. Together,
these data show that PFOA alters the biophysical properties of human Hb in ways that suggest

allosteric inhibition



85

Introduction

Per- and polyfluorinated alkyl substances, or PFAS, are a class of molecules that
threatens community and ecosystem health. PFAS are often called ‘forever chemicals’ because of
their environmental persistence and have been linked to reduced vaccine response, high
cholesterol, compromised immune system function, and certain types of cancer®3 95 % 183,184
Perfluorooctanoic acid (PFOA) is a legacy member of the PFAS family, and despite no longer
being manufactured commercially, PFOA is expected to persist in the environment for decades.
The U.S. Environmental Protection Agency recently enacted regulatory limits restricting PFOA
levels in drinking water to < 4ppt.

To date, most PFAS-related research has focused on detection and correlating PFAS
levels with various pathologies. Considerably less work has examined the mechanisms
underlying how PFAS in general (and PFOA in particular) interact with biological materials.
With a log D value of 1.8, PFOA is expected to bioconcentrate in membranes'® and is expected
to show affinity for proteins.

In humans, serum proteins are thought to play a large role in PFOA transport throughout
the body*8 while fatty liver proteins may play a role in bioaccumulation®®”: 188, Several studies
have examined of PFAS molecules interacting with heme proteins and suggest they may alter
protein structure and function by inducing conformational changes to the central heme binding
pockets. Hemoglobin is normally associated with oxygen transport. However, Hb is also
involved in nitric oxide metabolism, metabolic programming, pH regulation and redox
balance!®®. In most vertebrates, Hb is an o2 tetramer that is well known as an allosteric protein

modulated by homo and heterotropic effectors. Understanding the impact of PFOA on Hb
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oxygen binding properties and regulatory functions has direct ramifications to human health and
long-term consequences for PFOA remediation strategies.

In 2011, based on optical spectroscopy studies, Qin et. al. reported that 30-160 uM PFOA
seemingly had little effect on bovine hemoglobin (Hb) and myoglobin (Mb) fluorescence, but did
report that perfluorodecanoic acid (PFDA) influenced the protein optical absorbance and
fluorescence.® More recently Yang et. al. claimed that PFOA had very little effect on Hb and
Mb structures and hemin release at concentrations of <100 puM, in contrast to PFOS, a molecule
structurally very similar to PFOA.1% (PFOS is identical to PFOA except for having a sulfonate
headgroup rather than a carboxylate group.) These authors reported that PFOS concentrations as
low as 50 uM resulted in very small but measurable increase in Hb steady state fluorescence.
This increase was attributed to PFOS monomers disrupting interactions between Hb’s native
fluorescent residues and the heme units. These authors also performed a molecular docking study
to predict the number of PFOA binding sites on Hb and Mb. Similar studies with serum albumin
and PFOA led to a prediction of one binding site’®?> while the crystal structure revealed four
distinct sites'®3. Another direct method of stoichiometry confirmation, electrospray ionization
mass spectrometry, revealed concentration dependent PFOA and PFOS binding to human and
bovine serum albumins. Perera. et. al. used spectroscopic methods to confirm PFOA binds to Hb
at low micro-molar concentrations, and inferred that binding alters ligand binding. At 50 uM
PFOA, these authors used circular dichroism to observe structural changes attributed to protein
unfolding.'® In addition, they concluded that there are at least two PFOA binding sites.

These detailed investigations are instructive, but often provide conflicting accounts describing

how many Hb bind to Hb (and other proteins), and none of these reports consider PFOA effects
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on Hb stability at concentrations approaching regulatory limits. Furthermore, specific
mechanisms describing how PFOA associates with Hb remain unresolved. Given the important
role of allostery in Hb function, this last issue — PFOA binding mechanisms - represents a
significant knowledge gap in our understanding of how this regulated analyte affects
biomolecular structure.

In this work, we report that sub-micromolar and micromolar PFOA concentrations affect
human Hb stability and impact natural fluorescence mechanisms. Native mass spectrometry
experiments reveal multiple PFOA molecules binding at concentrations as low as 10 nM, and
show significant structural defects occurring when stoichiometric ratios of Hb and PFOA are
matched. NMS also shows that when Hb and PFOA are at a 1:1 stoichiometric ratio, PFOA
induces heme loss from the o subunit and o subunit loss from the quaternary Hb structure. Time-
resolved emission studies used Hb’s natural fluorescence from its 6 native Trp residues and
uncovered detailed mechanistic consequences of PFOA binding at micromolar concentrations.
Specifically, Trp quenching changed as PFOA concentration increased indicating weakened

interactions between Hb heme units and the protein chain.

Materials and Methods

PFOA and lyophilized human Hb were purchased from Sigma, PFOA was used as received.
Human Hb Samples were prepared in a 100 mM ammonium acetate solution buffered to pH 7.5.
Human Hb concentrations were set 5 uM and processed differently for time-resolved studies and

mass spectrometry studies described below.
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UV-Vis experiments were performed on a Shimadzu UV-2101PC scanning spectrophotometer
at a medium scan speed. Hb samples were made in a pH 7.5 100 mM ammonium acetate solution

0 maintain consistency with NMS and TCSPC experiments.

Time-Correlated Single-Photon Counting Spectroscopy

Fluorescence lifetime experiments were measured following Trp excitation by pulses
from a Ti:sapphaire oscillator (Coherent Chameleon, 80 MHz, 85 fs pulse duration, 680-1040 nm
wavelength range) coupled with an APE autotracker harmonic generator used to frequency triple
the fundamental wavelength. Samples were excited at 290 nm to minimize excitation of/emission
from Hb’s other naturally occurring fluorescent residues, Phenylalanine (Phe) and Tyrosine
(Tyn).

A Conoptics model 350-80 modulator was used to reduce the repetition rate to 4 MHz.
Picoquant PicoHarp 300 and FluoTime 200 software were used for data collection. Samples were
equilibrated at the reported temperatures for 5 minutes using a Quantum Northwest TC125
control (Seattle, WA). A long pass filter (90% transmission >280 nm) was placed after the
sample to reduce scattering from the solution due to incident light. Photon emission was
collected at 335 nm via a PMT. Additional detail about the time correlated single photon
counting (TCSPC) assembly can be found in prior reports.5: 180
Time-resolved emission data from Hb/PFOA solutions were fit with a linear combination of
independent lifetimes and amplitudes using fitting parameters that are adjusted to minimize
residuals and optimize 2. fluorescence decay and amplitude expression are shown in Eq. 1,

where Ajand t; are the amplitude and the lifetime of the i’th component, respectively.

t—t’

I(t) = [} IRF (t') %, Ae” 7@ dt’ (1)
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Each trace was fit independently, without any constraints, for the lifetimes and
amplitudes. The typical x2 were from 0.9-1.1 when accounting for at most three lifetimes.
Typically, uncertainties in lifetimes and amplitudes were +0.2 ns and £0.04, respectively. There
is an inherent uncertainty in the lifetimes reported of + 0.3 ns due to the detection limit of the
instrument; however, data and error bars presented in this work represent results from at least 3
independently prepared, equivalent trials averaged together with a single population standard
deviation of those trials. The average lifetime and amplitudes and their respective standard
deviations are reported for each specific temperature and only compared to their respective
temperature.

Fluorescence lifetime measurements showed evidence of 3 lifetimes with an average y? of
1.22, corresponding to confidence levels in lifetimes and amplitudes between 97.5 and 99%.
Measurements were performed at 40 °C to simulate approximate biological temperatures. Human
Hemaoglobin solutions were spun in a microcentrifuge at 10,000 RPM for 8 minutes to remove
large hemoglobin aggregates before beginning fluorescence studies. For each PFOA
concentration, a new sample was mixed and allowed to equilibrate for ~30 minutes before
measurement.

TCSPC data for Hb/PFOA solutions with PFOA concentrations between 0 M and 500

mM are shown in Appendix C and reported in Table B-1.1.

Native Mass Spectrometry

PFOA'’s impact on hemoglobin structure was also investigated using native mass

spectrometry (NMS) and ion mobility spectroscopy (IMS). Briefly, hemoglobin and PFOA stock
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solutions were prepared in 100 mM ammonium acetate pH 7.5 (Sigma). The hemoglobin sample
at a protein concentration of 5 uM was washed with 100 mM ammonium acetate solution, pH 7.5
using 30-kDa molecular weight cutoff spin filters (Pall Corporation) and then incubated for 5
minutes and one hour at room temperature with following protein to PFOA molar ratios: 1: 0, 1 :
0.002, 1: 1and 1: 4. The resulting samples were immediately infused from in-house prepared
gold-coated borosilicate glass capillaries to the electrospray source (positive polarity) and
analyzed in TOF and lon Mobility modes. The instrument was tuned to optimize performance in
the high mass-to-charge range with the following settings: source temperature 30 °C, capillary
voltage 1.1-1.4 kV, trap bias voltage 16 V and argon flow in collision cell (trap) 7 mL/min.
Transfer collision energy was held at 2 eV while trap energy varied between 5 and 160 eV. In
addition, the MSMS experiment was performed on 4,032.46 m/z (16+ ion of the holo
hemoglobin tetramer) ramping trap energy between 10 and 105 eV. Data analysis was performed
in MassLynx software version 4.1 (Waters). In the lon Mobility mode, the similar instrument
setup was used except the trap bias voltage set to 45 V. In addition, wave velocity and height
were, respectively, 300 m/s and 6.1 V in the trap, 800 m/s and 25 V in the IMS cell, and 434 m/s
and 5 V in the transfer. IMS gas was nitrogen with a flow of 35 mL/min. Data processing was

performed in DriftScope v 2.9 (Waters) and MassLynx v 4.1 (Waters).

Results and Discussion

TCSPC

Time-resolved fluorescence-emission of native Trp residues is an instructive method to

follow protein dynamics and conformational changes.'® In the case of heme-based proteins,
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Forster resonance energy transfer (FRET) from Trp to the Hb hemes results in rapid fluorescence
quenching and an ultrafast picosecond lifetime.3% 1% 197 \While this lifetime is shorter than what
TCSPC can reliably measure, the presence of such a short lifetime is a useful diagnostic of Trp-
heme proximity (Fig. 4.1).

Fluorescence quenching can also occur between Trp and the protein’s amide backbone
resulting in a fluorescence lifetime of ~0.5 ns.?® In the absence of these quenching mechanisms,
Trp rotamer states in peptides have a ~2.5 ns lifetime similar to that of Trp monomers in aqueous
solution.?® These three Trp relaxation pathways — FRET to the heme, energy transfer to amide
backbone, and unperturbed radiative decay — result in a time resolved fluorescence emission
comprised of three distinct lifetimes. Changes in the relative amplitudes of these lifetimes report

on how Hb structure changes in the presence of PFOA.

IRF
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Figure 4.1. Time resolved fluorescence emission of hemoglobin with 500 LM PFOA. The
addition of PFOA alters the time resolved emission of Trp residues. Fits to the data are included
on the emission decay traces.



92

Fitting the fluorescence decay traces to three independent decay pathways results in three
lifetimes (ti) and their corresponding amplitudes (A;) (Fig. 4.2). A table containing all of the
fitting data used to create Figure 4.2 is included in appendix C. Fitting the decay traces requires a
minimum of three lifetimes to obtain a statistically reasonable y? and accurately reproduce the
data. This finding supports the anticipated three radiative decay pathways available to Trp noted
above.

The shortest lifetime (1) does not change significantly with increasing PFOA
concentration. The intermediate lifetime, 12, begins to lengthen, and the longest lifetime, ts,
begins to shorten for PFOA concentrations > ~300uM. These results are consistent with PFOA
induced conformational changes to the protein that alter the microenvironment(s) surrounding
Trp residues. The shortest lifetime, t 1, is too short for TCSPC to measure reliably but serves as
an indicator of Trp-heme quenching. An important note is that this ultrafast lifetime remains
present through increasing PFOA concentrations, meaning some population of Hb’s native Trp
residues continues to experience heme-based quenching.

The t3amplitude (As) remains largely unchanged and very small (~0.05) as PFOA
concentration increases, indicating that the relative fraction of solvent accessible Trp is
insensitive to PFOA concentration. The two shorter lifetimes, t1 and 1 2, contribute to the time
resolved emission in opposite manners when PFOA concentrations rise above ~300 uM.
Specifically, the shortest lifetime, 1, contributes less to the emission decay while contributions
from the intermediate lifetime, t, begin to grow.

The increase in Az is correlated to an increase in Trp quenching by the amide backbone.

The decrease in 11 indicates that Trp FRET to the heme is becoming less important as PFOA
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concentration increases. Both effects imply Hb conformational changes. These changes in
emission represent the first direct evidence that PFOA alters Hb’s internal photophysical
behavior by shifting the relative importance of different quenching mechanisms. The data,

however, cannot quantify how PFOA is changing Hb structure.
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Figure 4.2. Trp Fluorescence lifetimes depend on PFOA concentration and temperature. (A)
Fluorescent lifetimes (y-axis) versus PFOA concentration (x-axis) at 40 °C shows how the long
lifetime, 13, decreases as PFOA concentration increase, and the intermediate lifetime, 2,
increases. Both effects indicate changes in Hb structure. (B) Fluorescent lifetime contributions
for each t (y-axis) as a function of PFOA concentration (x-axis) at 40 °C. t1 and t2 show a
noticeable difference in percent contribution as PFOA concentration increases illustrating
changes in the relative importance of quenching mechanisms.

We note that Yang, et al.’s study of PFOS binding to bovine Hb reported changes in the

protein’s optical properties for surfactant concentrations of 50 uM, ~6-fold lower than where we
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observe PFOA effects on human Hb’s optical emission. This difference could arise from
differences in protein concentrations used in the two studies. Results from Yang, et al. used
solutions containing 20 uM Hb endowing those experiments with intrinsically better detection
limits compared to the 5 uM Hb solutions used in the current studies. Furthermore, Fronticelli,
et al. has reported that bovine Hb is more hydrophobic than human Hb.2%3 Increased
hydrophobicity is likely to enhance PFOS (and, presumably, PFOA) affinity for protein interiors.
If a more general sense, if relatively small changes in hydrophobicity result in measurable
changes in PFOS affinity for the closely related human Hb and bovine Hb, then PFAS effects on

proteins are likely to be very specific to individual PFAS-protein pairings.

Native Mass Spectrometry

To investigate PFOA binding and its impact on hemoglobin structure directly, we
performed NMS and ion mobility measurements. First, we examined a higher mass region (3,500
— 4,500 m/z) to observe PFOA-induced changes to the intact hemoglobin tetramer with all four
heme cofactors bound (Fig. 4.3). Between m/z values of 3,800 and 4,300, Hb shows three sharp,
distinctive peaks corresponding to Hb charges of +15, +16, and +17 (Fig. 4.3A). In the presence
of PFOA peaks broaden and shift in charge state distribution (Fig. 4.3B and 4.3C). Signal
deconvolution revealed that at the lower PFOA concentrations (10 nM, or 1 : 0.002 protein ratio
to PFOA), the sample contained Hb-bound with two PFOA , while at a Hb:PFOA stoichiometric
ratio (1 : 4 ratio) we detected multiple, PFOA-bound Hb species. In addition, at 20 uM PFOA
concentration, we observed increased in number of charges going from (15-17)+ to (16-18)+ in

both unbound and PFOA-bound Hb forms. This observation indicates that even unbound PFOA
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affects a protein solvation layer causing some degree of change to Hb folding. The lower
concentration data confirm a proposal made by Perera, et al. that inferred (at least) two PFOA
binding sites in Hb based on optical absorption titration measurements.'%

The shift in charge state distribution implies that the protein conformation has changed. To
explore this effect further, we collected ion mobility profiles to examine the Hb conformational
ensemble (Fig. 3C inset). In a typical ion mobility mass spectrometry experiment (IMS), the time
required for the biomolecule to progress through the ion mobility cell is measured. Flight time
depends on the molecule’s mass, charge, and shape.?® For example, small, well-folded proteins
travel faster than large complexes or denatured proteins. IMS is extremely sensitive to
differences in shape and allows for detection of changes from large movements (rigid body
motions) to very subtle alterations to protein structure. Comparison of the mobility patterns of
unbound and Hb-bound to 6 PFOA monomers revealed at least two distinct drift times for charge
state 17+, dt; and dto, indicating (at least) two distinct conformations. The dt; PFOA-bound form
is more compact and travels faster through the mobility cell. In fact, the PFOA-bound form
travels even faster than unbound Hb. The conformation corresponding to dt; travels more slowly
due to larger overall size (“shape”). That means PFOA has heterogenous impacts on Hb
structure, ranging from partially collapsed structures (smaller size) to partially (locally) unfolded

(larger size).
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Figure 4.3. Native mass spectra of PFOA-treated human Hb. Mass spectra were recorded in the
absence (A) or in the presence of (B) 10 nM or (C) 20 uM PFOA. At the lower PFOA
concentration (1 : 0.002 protein ratio to PFOA) Hb binds 2 PFOA monomers while at the
stoichiometric amount (1 : 4 ratio) several PFOA-bound Hb species are present. The open vs
close symbols represent (PFOA) unbound vs (PFOA) bound Hb. In panel (C) the blue and red
arrows point at the charge state 17+ of unbound Hb and Hb binding 6 PFOAS, respectively.
Mobilogram of PFOA-bound Hb (red line) in the panel (C) inset shows at least two distinct drift
times for charge state 17+, dt1 and dt2, indicating multiple conformations of PFOA-bound Hb.
The blue dashed line represents charge state 17+ of (PFOA) unbound intact (holo) Hb.

Motivated by findings from Yang, et al.** showing PFOS-induced heme loss from Hb at

100 uM concentrations, we performed additional analyses. We focused our attention on the lower
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mass region (500 — 3,500 m/z) to examine the a and B subunit spectral features. In the presence
of 10 nM PFOA (1 : 0.002 protein ratio to PFOA) NMS data showed an increase in free heme
(616.12 m/z) as well as a broader charge state distribution for the o subunit (with and without
heme) in comparison to free Hb (Fig. 4.4A and 4.4B). These effects are observed at
concentrations that are 4 orders of magnitude lower than optical studies of PFOS interacting with

Hb and 500-fold lower than reports from Perera et al.’s studies of PFOA indicating that 5 mM

PFOA introduced conformational heterogeneity near Hb’s heme units.1%*
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Figure 4.4. Native Mass Spectrometry analysis of PFOA binding on Hb structure and stability.
Mass spectra were recorded in the absence (A) or in the presence of (B) 10 nM PFOA (as in Fig.
4.3). a and B subunits are indicated with circles and squares, respectively. Open vs closed
symbols represent apo vs heme-bound Hb species. Multiple circle/square blocks represent Hb
oligomeric states. Numbers in parenthesis indicate selected charge states. 616.12 m/z is heme.
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In addition, we compared the mobilograms of a and B subunits ejected from the tetramer
when the complex was activated by increasing the transfer energy (Fig. 4.5A). Interestingly,
stoichiometric quantities of PFOA (1 : 4 protein ratio to PFOA or 20 uM PFOA) induced
significant changes to a subunit structure as reflected in the presence of multiple conformations,
(Fig. 4.5B). Under these same conditions, the B subunits seemed unaffected.
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Figure 4.5. Hb conformational ensemble in a presence of PFOA. Panel (A) shows the MSMS
spectrum performed on 4,032.46 m/z which represents 16+ charge state of intact, heme-bound
Hb tetramer in presence of PFOA (1 : 1 ratio, 5uM). Panel (B) shows mobilograms of o and 8
subunits (charge state 9+ only) generated during fragmentation of 4,032.46 m/z parent ion (panel
A). o and B subunits are presented as circles and squares, respectively. Open vs closed symbols
represent apo form vs heme-bound Hb species. Multiple circle/square blocks represent Hb
oligomeric states. Numbers in parenthesis indicate selected charge states. Holo and apo forms are
denoted by solid and dash line, respectively.
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Conclusions

As the adverse effects of PFOA and other members of the PFAS family on human health
become increasingly clear, regulatory agencies around the world are enacting stringent limits to
allowable amounts of PFOA in drinking water and manufactured goods. Furthermore, a growing
body of literature highlights PFOA’s bioconcentration tendencies. Missing in these studies is
mechanistic information about how PFOA affects the structure and function of the biological
materials it is thought to impact at concentrations approaching regulatory limits. Findings
reported in this study show unambiguously that PFOA destabilizes and induces conformational
changes in Hb. Time resolved emission from Hb’s native Trp residues begins changing at PFOA
concentrations > 100 uM and indicates a change in Trp radiative decay mechanisms. NMS
experiments push the PFOA concentration limit lower (by 4 orders of magnitude). These
measurements show that PFOA to preferentially targets Hb’s a subunit and heme cofactor
environments, and alters the global structure of Hb at PFOA concentrations of 10 nM and 20 uM
Binding of two PFOA molecules is observed when at 10 nM concentrations and binding of 6
PFOA molecules is observed when at 20uM concentrations. Whether PFOA competes with heme
for binding to an a subunit or PFOA binding to the tetramer causes structural changes propagated
throughout the complex, weakening cofactor affinity, is a question that remains to be answered.
The second scenario implies that PFOA binding to Hb and its subsequent effects on interactions
within the complex are allosteric in nature. Since the legacy of forever chemicals will last for
decades, identifying the mechanisms of biochemical activity are critical. The work presented
here certainly raises the question: what other proteins might be allosterically impacted by this

class of compounds? Likewise, might energy transfer to PFOA, as seen in our fluorescence
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quenching experiments, alter electron transfer in proteins such as Cytochrome C which rely on

electron transfer dynamics to perform their overall function.
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CHAPTER FIVE

CONCLUSIONS AND FUTURE DIRECTIONS

Summary

The experiments described in this dissertation analyzed specific chemical interactions
that occur when a solute is introduced to a system containing biological materials such as lipid
membranes and proteins. Time-resolved fluorescence emission, combined with steady state
spectroscopy, differential scanning calorimetry (DSC), dynamic light scattering (DLS) and native
mass spectrometry were used to assess the following questions:

1. Do specific solutes partition into model biological membranes and/or bind to

native proteins?

2. If so, where in the membrane do solutes accumulate?
3. Do partitioned solutes alter membrane/protein properties?
4. What is the quantitative distribution of solutes within membranes and proteins?

Each chapter in this dissertation analyzed either different solutes, or different biological
targets to better understand the mechanisms of bioconcentration. L-phenylalanine affinity for
phosphocholine lipid bilayers, and PFOA affinity for both lipid bilayers and the protein human
hemoglobin were quantitatively characterized to better understand specific chemical interactions
and solute affinity effects on biological material properties. A variety of experimental techniques
were deployed to examine the photophysical behavior of these solutes, either directly using
solute fluorescence, or leveraging the natural fluorescence of the biological material itself. Paired
with time resolved emission, data from other analytical techniques including differential

scanning calorimetry and dynamic light scattering provided insight into how solutes affected
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structural and thermodynamic properties of both membrane vesicles and native proteins. Cryo-
EM and native mass spectrometry experiments further expanded our understanding of these
solute-biological material interactions.

Research presented in Chapter 2 analyzed the effects of the understudied amino acid L-
Phenylalanine on model biological membranes comprised of phosphocholine lipids, as well as
the photophysical behavior L-Phe displays when in a solution containing lipid vesicles. In the
presence of a lipid vesicles, results showed that ~70% of the L-Phe population remains in the
bulk buffer solution, while ~30% display a lifetime of 1.8 ns that does not match L-Phe emission
in any of the bulk solvents used to model different biological solvation environments. This
second lifetime appears at temperatures approaching the Tger.ic transition of DPPC lipid bilayers
and is assigned to L-Phe integration into the glycero-chain backbone region of the lipid bilayer.
Based on these findings and literature descriptions of L-Phe photophysical behavior, we
proposed that L-Phe monomers in the lipid bilayer only become optically observable after water
has begun to hydrate the lipid backbone. Literature reports a similar lifetime of L-Phe when in a
conformationally/rotationally restricted polypeptide &, we assign this lifetime to L-Phe being in
a restrictive environment within the polar headgroups of the bilayer. The backbone region of the
bilayer is intrinsically polar and aprotic until membrane hydration begins. Membrane hydration
leads to this region of the bilayer becoming a polar, protic solvation environment similar to that
of bulk methanol. This switch in the local solvation environment causes a 5.5-fold increase in
L-Phe’s quantum yield rendering these amino acids optically observable. The generality of this
effect was tested by performing similar experiments with other lipid vesicle systems, being

DMPC (14:0), DSPC (18:0) and DLPC (12:0) measuring the appearance of the lifetime around
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Tgel-ic for each lipid. The behavior observed was general: L-Phe’s rotamer lifetime in both DMPC
and DSPC bilayers began contributing to the emission decay near each lipid’s Tgel-ic. For the
shortest lipid tested, DLPC, experiments detected no affinity of L-Phe for DLPC bilayers
although these experiments were complicated by DLPC’s low Tgel..c (-2°C).

Chapter 3 described experiments examining how low concentrations of PFOA, a
regulated ‘forever chemical’ and environmental pollutant, impacts the structure and function of
lipid bilayer vesicles. Due to recent EPA regulatory limits set in 2024 putting the maximum
allowable amount of PFAS in drinking water at 4ppt (~4 nM), this study focused on solutions
having low PFOA concentrations. Results were consistent and reliable for 100 nM PFOA
solutions, and while this concentration is still 25x higher than regulatory limits, it is ~2-4 orders
of magnitude lower than concentrations used in most literature studies 148 150, Results from
several analytical techniques including DSC, DLS, Cryo-EM, and TCSPC showed the drastic
effects that PFOA can cause to DPPC vesicles. DSC measurements showed that PFOA lowered
the enthalpy of the lipid bilayer gel-liquid crystalline transition at concentrations as low as 100
pM. At micromolar PFOA concentrations, AHger-Lc was diminished by 25% from its original
value. DLS studies revealed that the lipid vesicles undergo a size increase with the presence of
100 nM PFOA, and also revealed unknown structures which having 50 nm diameters compared
to the ~115 nm vesicles. Cryo-EM confirmed the DLS measurements of increasing average
vesicle size, and confirmed the presence of the ~50 nm size particles that were determined to be
structurally similar to niosomes. Niosomes are typically comprised of a lipid, cholesterol, and a
surfactant, but with surfactant concentrations that are much higher than the 100nM PFOA

concentrations used in these experiments. Cryo-EM results also showed that the 100 nM PFOA
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induces structural changes in unilamellar DPPC vesicles with more facets, larger sizes, and
thinner bilayers, as well as an increase in the presence of multilamellar vesicles when 100 nM
PFOA is present. TCSPC experiments examined the effect of secondary solute partitioning in
PFOA-containing DPPC vesicle solutions. Results showed that 100 nM PFOA caused membrane
hydration well below Tgeric, and PFOA also increased in secondary solute partitioning into the
bilayer’s hydrophobic acyl chain interior by ~30% compared to the PFOA-free control.

Chapter 4 of this dissertation expanded the bioconcentration targets for PFOA, and
considered the protein Human Hemoglobin (Hb) as a target for PFOA to accumulate and be
transported throughout the human body. PFOA affinity for other proteins such as Bovine Serum
Albumin and Human Serum Albumin has been examined in literature, 186-18 put very little
information was known about how PFOA interacted with and affected Hb. Studies that did
examine Hb as a target failed to quantify the number of PFOA molecules bound to the protein.
Chapter 4 in this dissertation shows how TCSPC was able to determine structural changes to the
protein when PFOA concentrations reached ~300 uM based on changes to the native Trp
fluorescence quenching mechanism. As increasing amounts of PFOA is titrated into a Hb
solution, time resolved emission shows a switch from Forster Resonance Energy Transfer to
fluorescence quenching via the peptide backbone. Native mass spectrometry experiments were
performed to identify the conformation and stability of the protein with PFOA present. Data
showed that at concentrations as low as 10 nM, two PFOA molecules are bound to the protein
with small changes apparent in the protein conformation. At a molar ratio of 1:4 PFOA to Hb,
upwards of six PFOA molecules are bound, and significant structural changes are taking place.

Specifically, there are two distinct conformations uncovered by drift-time experiments, as well as
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loss of alpha subunits and heme ejection from the protein. These structural changes confirm the
TCSPC results, because if heme is being lost from the protein, some Trp residues must
fluorescence through different mechanisms other that FRET. This study confirms that Hb is a
bioconcentration target for PFOA even at low PFOA concentrations, and the changes PFOA
induces in Hb are likely to impact Hb function.

Future Directions

The work described in Chapter 2 studied the effect of L-Phe partitioning into lipid bilayer
vesicles, and displaying fluorescence of a rotamer state not previously characterized. The idea
behind this study was to analyze the partitioning behavior of biologically relevant solutes and to
increase the complexity of membranes so that they are more akin to actual biological cells
containing membrane proteins. This intent sparked a study that began analyzing various
dipeptide and polypeptides containing L-Phe as a residue. Our proposed experiments entail
characterizing three polypeptides being Isoleucine-Phenylalanine (Iso-Phe), Phenylalanine-
phenylalanine (Phe-Phe), and Isoleucine-Phenylalanine-Isoleucine (Iso-Phe-1s0). The purpose of
these studies will be to analyze the partitioning behavior of the polypeptides with lipid bilayer
vesicles as described in Chapter 2, to understand how linking Phe — a hydrophilic residue — to Iso
— a hydrophobic residue — changes the distribution of the peptide within a membrane and rotamer
states of Phe when conformationally restricted by both the lipid bilayer interior and other
peptides. Preliminary TCSPC experiments in both bulk solvents and a DPPC vesicle solution
displayed a fluorescence decay that can be described with two lifetimes, one short referred to as

11, and one long referred to as t2 and can be visibly seen in Figures 5.1-5.3.
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Figure 5.5. TCPSC fluorescence decay of 1 mM Iso-Phe in bulk solvents. An early decay can be
seen, typically associated with fluorescence quenching, followed by a long lifetime reminiscent

of free L-Phe.
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Figure 5.6. Results from fitting TCPSC decay traces from 1 mM Iso-Phe in a carbonate buffer
solution containing DPPC Vesicles varying the temperature from 10-70-10°C. The short lifetime
is present like it would be in a carbonate buffer, however this lifetime rises as temperature is
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increased passed Tgel-ic, and becomes similair to the ~1.8 ns lifetime displayed in free L-Phe —
DPPC solutions.
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Figure 5.7. Lifetime contributions from the experiment described above. The short lifetime 11
begins at a relatively high percent contribution to the fluorescence at ~30%. As temperature is
increased, and around Tgel-ic, the lifetime comprises less of the overall fluorescence as it switches
to a longer lifetime.

Results from preliminary experiments show that simply attaching an Isoleucine to a
Phenylalanine changes the fluorescence behavior as reflected in the bulk solvent data (Fig. 5.1-
5.3). In DPPC vesicles solutions, 1so-Phe emission is described by two lifetimes: the long
lifetime (t2) is attributed to L-Phe and is similar to free L-Phe discussed in Chapter 2. The short
lifetime (t1) is present throughout the entire temperature range, as opposed to a solution with free
L-Phe, in which the shorter lifetime doesn’t appear until membrane hydration can take place.

This lifetime could be due to free Iso-Phe in the surrounding aqueous environment. However, as
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the temperature passes Tgel-Ic, the lifetime begins to rise to ~1.5 ns, reminiscent of free L-Phe
becoming optically visible. At the same time, the lifetime contribution from t1 begins at around
30% at low temperatures and only rises above Tgel.ic. A preliminary explanation for this behavior
is that the 1so-Phe free in solution begins to partition into the bilayers after Tgei.L.c. EXperiments
following the same procedure but using Phe-Phe and Iso-Phe-1so may shed more light into this
phenomenon.

Following the Chapter 3 work describing low concentration PFOA effects on lipid bilayer
vesicles, experiments exploring the effects of other PFAS chemicals would give insight into the
compiled effects of PFAS on biological cells. The EPA has defined the PFAS family with a broad
definition of “a molecule with two adjacent carbon atoms one of which is fully fluorinated while
the other is at least partially fluorinated”. Given the size of the PFAS family (>12,000 distinct
species) assuming that all PFAS have the same effects on biological membranes is naive. In this
study, we would test how chain length and head group impact DPPC bilayer behavior and
secondary solute partitioning into DPPC vesicles. Perfluorobutane sulfonic acid (PFBS) and
perfluorooctane sulfatonic acid (PFOS) would be the appropriate candidates to expand the
original work that focused on PFOA. PFBS is a fully fluorinated four-carbon chain PFAS
molecule with a sulfonate headgroup, while PFOS is a fully fluorinated eight-carbon chain with a
sulfonate headgroup. PFOS, like PFOA, is now considered a legacy PFAS molecule, no longer
being manufactured for commercial use, while PFBS is a replacement molecule and still used
worldwide. Experiments described in Chapter 3 attribute PFOA’s large effects on lipid bilayers

to PFOA being integrated into the membrane when formation takes place, due to its similar
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structure to the lipid, allowing to be part of the membrane during formation and disrupting the
chain-chain interactions which would normally stabilize the membrane.
Recent studies done by our group have examined how both PFBS and PFOS (at 100 nM
concentrations) impact Tger-ic and AHgelic, OF lipid bilayers. Both sulfonate PFAS lower the
transition enthalpy but do not change the transition temperature. In this respect, both solutes
behave similarly to PFOA. Further work would set out to test if PFBS and PFOS follow the
same mechanism of bioconcentration and effects on secondary solute partitioning, using the
well-established Coumarin 152 as a fluorescent probe in experiments similar to those described
in Chapter 3.
Results of fluorescence lifetime experiments with PFBS and DPPC vesicles using C152 as a
probe can be described by Figs 5.4 & 5.5. Referencing the TCSPC experiments Chapter 3, the
lifetimes and lifetime contributions give information about not only where within the bilayer
C152 is, but also how much of the C152 is within a given local solvation environment,
surrounding aqueous, polar headgroups, or non-polar tails. Tau (1) 1, 2, and 3 are representative
of C152 in the aqueous environment, polar headgroup, and non-polar acyl chains respectively. T
is slightly more complicated due to the phase transition Tgeric, where a lifetime of 2.2 ns

represents a polar aprotic headgroup and a lifetime of 1.1 is attributed to polar protic headgroups.
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Figure 5.8. Lifetimes fit from TCSPC decay traces of a solution containing DPPC vesicles,
C152, and 100 nM PFBS. Compared to a solution with just C152-DPPC, 12, an indicator of
membrane hydration, shows a polar protic lifetime suggesting PFBS is causing membrane
hydration at temperature below Tgel-ic, Similar to the behavior of PFOA.

70 — 100 nM PFBS with C152-DPPC Vesicles 10-70-10°C Amplitudes

60 —

o Tau1%
—A— Tau 2 %

50 —| —& Tau3 %

40 —

Lifetime Contribution (%)

30

20 —

10 20 30 40 50 60 70 60 50 40 30 20 10
Temperature (°C)

Figure 5.9. Lifetime contributions from the experiment described above. Initially, t3, which is
attributed to C152 in a non-polar environment comprises a majority of the fluorescence, while 11
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and 12 are both lower. However, as temperature increases, the contribution from t3 quickly
decreases, while 12 increases.

Similar to PFOA, PFBS appears to induce membrane hydration at temperature well
below Tgeric according to the ~1.2 ns lifetime at 10°C, but raises to a 1.8 ns lifetime at 20°C.
From there 12 follows the trend of just C152 with DPPC vesicles. The 13 lifetime contribution
shows that a majority of the C152 is within the non-polar tails of the DPPC bilayer at 10°C, but
thischanges rapidly as the temperature increases. Interestingly, this rapid drop is paired with a
modest increase in the 12 lifetime contribution before Tgel-Lc, SUggesting that the C152 is
migrating into the polar backbone region as opposed to staying in the non-polar solvation
environment created by DPPC’s acyl tails. In this respect, PFBS effects appear very similar to
those of PFOA described in Chapter 3. Since PFBS is a smaller chain molecule, this behavior can
be explained by the size of the PFAS molecule. While PFBS might initially integrate with the
membrane in a similar manner to PFOA and associate with the polar headgroups, the length of
the molecule will reduce the impact it has on the bilayer, as PFBS will have less access to
associate with the lipids acyl chains. At lower temperatures, in the gel state of the lipid, it is more
likely that PFBS will associate closer to the polar headgroups with the sulfonate headgroup
altering membrane hydration at lower temperatures. As temperature increases and DPPC begin to
melt, PFBS become less likely to be associated with the headgroups or acyl chains, and would
free itself into the surrounding environment. However, the PFBS that does remain causes C152
to associate with the polar headgroups at a temperature lower than Tgei-ic, where this transition
would normally occur. 7

Similar experiments have been tested using PFOS instead of PFBS, however the spectra

acquired resembles a pure C152-DPPC spectra, with hardly any significant changes to the
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lifetimes and amplitudes of C152 in the local solvation environments. While it is seemingly
unlikely, this could be attributed to PFOS not being integrated into the lipid bilayer as assembly
occurs, due to the head group or tail length. Additional work also should consider experiments
containing just C152 and higher concentrations of PFAS in a buffer to see if the fluorinated
compounds associate with C152 freely in solution.

Inspired by the changes in fluorescence of Human Hemoglobin discussed in Chapter 4, a
logical next study would analyze the fluorescence behavior of a simpler protein, Cytochrome C
(Cyt C) at low PFOA concentrations. Cytochrome C is a heme-based protein and plays an
important role in biological electron transfer 1% 19, Multiple reports have shown that ionic
surfactants interact very strongly with oppositely charged proteins when performed using sodium
dodecyl sulfate (SDS) being one of the most common surfactants used 2%% 291, Studies have
looked into the harmful effects of PFAS surfactants on total cells, and one paper found that PFOS
exposure can lead to mitochondrial membrane damage, CytC release and collapse of the
mitochondrial membrane potential 22, However, direct observation of CytC with PFAS has very
little information. Due to the importance of electron-transfer in biological systems, CytC,
becomes an important target for analysis with the PFAS family as a possible bioconcentration
target, and can also give more information about the fluorescence quenching behavior discussed
in chapter 4. A series of experiments similar to those described in Chapter 4 would further clarify
how Trp fluorescence changes in the presence of PFOA, PFBS, and PFOS and identify how
these forever chemicals impact the structure and, inferentially, function of biologically important
proteins. Additional experiments using CD spectroscopy would be helpful for determining

changes to the protein backbone with increasing PFAS concentrations.
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Structures of L-Phe and lipid vesicles used in this work
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Figure A-2.1. Chemical structures of (a) L-Phenylalanine, (b) 1,2-dilauroyl-sn-glycero-3-
phosphocholine (12:0 DLPC) lipid, (c) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0
DMPC) lipid, (d) 1,2-Dipalmitoyl-sn-glycero-3-phsophocholine (16:0 DPPC) lipid, and (e) 1,2-
distearoyl-sn-glycero-3-phosphocholine (18:0 DSPC) lipid. Number assignments refer to various
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environments created by the lipid with 1) polar zwitterionic headgroup, 2) the polar glycerol-
backbone and ester groups, and 3) nonpolar, hydrophobic hydrocarbon tails. The COOH pKa-
value for L-Phe is 2.2 and amino pKa-value is 9.9 giving L-Phe local charges on structure at pH
7 used for these experiments.

Steady-State Spectra of L-Phe in Bulk Solvents.

Steady state measurements were collected using a Horiba Fluorolog-3 spectrofluorometer at
concentrations of 10 mM for carbonate buffer and methanol, 1.4 mM in acetonitrile, and 0.1 mM
for cyclohexane. The range in concentration is due to poor solubility of L-Phe in acetonitrile and
cyclohexane. Excitation and emission spectra were taken at the solute’s respective excitation and
emission wavelengths in individual bulk solvents. Each spectrum was normalized to the
maximum intensity between bulk solvents for each individual absorbance, excitation, and

emission spectra.

—— Carbonate Buffer Methanol —— Acetonitrile —— Cyclohexane
1.0 5 7] Excitation 1 Emission

0.8 1
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0.4

0.2 1
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Normalzied Absorbance

Normalized Intensity

00" —7T—T—T1 1 1 T T T 1 — I I |
240 260 280 300 320 230240250260 270280 300 350 400 450
Wavelength (nm)
Figure A-2.2. Absorbance (left), excitation (middle), and emission (right) spectra for L-Phe in
each of the bulk solvents.
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Fluorescence lifetimes, quantum vield calculations, and radiative
rate calculations of L-Phe in bulk carbonate buffer and methanol as
a function of temperature.

Time-resolved emission of L-Phe in bulk carbonate buffer and methanol as a function of
temperature can be seen in Figure SI-3 — SI-4, respectively. Each reported lifetime is a fit of each
fluorescence decay using Equation 1. At each temperature, the solution was equilibrated for five
minutes before data was accumulated. The resulting fluorescent lifetimes of L-Phe in bulk
carbonate buffer and methanol can found in Table SI-1.

A brief explanation if how the quantum yields and radiative rates were collected will be
described here with a further explanation of technique found in the references.?%32% The
quantum yields of L-Phe in bulk carbonate buffer and methanol were measured as a function of
temperature from -5 °C to 80 °C. The quantum yield for L-Phe in acetonitrile was only measured
at 20 °C. Calculations were not successfully measured for L-Phe in cyclohexane due to the low
solubility as well as the extremely poor absorbance. Equation S1 was used for calculating the
reference quantum yield (¢f(x) using Tyrosine in Millipore water as a reference (os(s)).2%® The
refractive indices for the sample and standard are ny and ns, respectively. The integrated
fluorescence intensity was plotted as a function of absorbance for a sequence of four serial
dilutions to create a slope of linear fits for the standard and sample, mx and ms, respectively.
Each dilution was repeated at each reported temperature with an equilibration time of five
minutes before data accumulation.

m

breo = (KZ) (Z_Z)Z dr(s) (A1)

To correct the amplitudes for only the radiative emission, the combination of the radiative (Krad)

and nonradiative (knr) rates must first be calculated using Equation S2. The experimental lifetime
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(t) of the solute in the respective environment at each respective temperature is used to calculate

corresponding Krad and K.

1
z = krga + Knr (AZ)

Using the quantum yield found in Equation S1 and the spontaneous emission rates from Equation

S2, the Krad can be calculated using Equation S3.

kra
Proy = —4— (A3)

Kradtknr
A given amplitude at a specific temperature divided by the respective radiative rate at the same
temperature is normalized against all other radiative rate corrected amplitudes of that system
only at the corresponding temperature (Equation S4). Where A is the given amplitude that is
produced using the FluoFit system software, K:; is the corresponding radiative rate at the same
temperature, and X; is the resulting radiative rate corrected amplitude at the defined temperature.

le
Xi =772—a~ (A4)

_+_t>
(kr,a krb

The radiative rate of L-Phe in carbonate buffer was used to correct the amplitude of L-Phe that
remains in carbonate buffer when in the presence of a lipid vesicle system. The amplitude of L-
Phe associated with the membrane and proposed to be a conformationally restricted rotamer (Krot)
was corrected using the radiative rate of L-Phe in bulk methanol. Methanol was chosen because
it is the closest model available to mimic the polar protic environment of water permeating into
the polar headgroup of the lipid bilayer. Temperatures reported in Table Sl-1 are the same

temperatures used throughout all experimental procedures for all lipid vesicles used in this study.
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Table A-2.1. Fluorescence properties of L-Phe in bulk carbonate buffer and methanol from -5 °C
to 80 °C. Lifetimes are + 0.2 ns. Numbers in parenthesis next to lifetime are amplitudes of that
lifetime. Quantum yields (¢r) and radiative rates (kr) were measured in this work

temp. Carbonate Buffer Methanol
(°C) Tf (ns) (0J ks (106 S'l) Tf (ns) (0J ks (106 S'l)
-5 11.03 0.036 3.29 8.68 0.047 5.38
0 10.81 0.036 3.37 8.34 0.042 5.01
5 9.13 0.039 4.24 7.93 0.039 493
10 8.31 0.027 3.23 7.56 0.033 4.40
15 7.33 0.026 3.49 7.17 0.033 4.67
20 6.42 0.023 3.52 6.74 0.033 4.89
25 5.56 0.021 3.70 6.27 0.031 5.01
30 481 0.018 3.66 5.78 0.033 5.77
35 4.17 0.016 3.85 5.40 0.028 5.15
40 3.59 0.014 4.01 491 0.033 6.69
50 271 0.012 4.42 4.09 0.031 9.24
2.13(0.89),
60 0.74 (0.11) 0.010 4.64 3.35 0.029 10.8
1.66 (0.84),
70 0.66 (0.16) 0.009 5.13 2.73 0.027 12.4
1.30 (0.80),
80 0.52 (0.20) 0.005 4.06 221 0.026 9.50

— 5°C
0°C
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—15°C
20°C
— 25°C
— 30°C
—35°%C
40°C
50 °C
— 60°C
—70°C
—80°C
— IRF
0 2 4 6 8 10 12—Fit

Lifetime (ns)

Counts

Figure A-2.3. TCSPC spectra of L-Phe in bulk carbonate buffer as a function of temperature.
Results from fitting these emission traces to Eq 1 are reported in Table SI-1.
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Figure A-2.4. TCSPC spectra of L-Phe in bulk methanol as a function of temperature. Results
from fitting these emission traces to Eq. 1 are reported in Table SI-1.

Fluorescence behavior of 2.5 mM L-Phe in DPPC lipid vesicles.

The fluorescence behavior of 2.5 mM L-Phe in DPPC lipid vesicles was measured at selected
temperatures can be found below. This was done to test aggregation effects of L-Phe at a 4-fold
smaller concentration than what was used in this study. Results show that there was no

significant change to the lifetimes and amplitudes of 10 mM L-Phe in DPPC lipid vesicles.

— 20°C
— 30°C
—— 40°C
s0eC
— T70°C
— IRF
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Counts
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Figure A-2.5. TCSPC spectra of 2.5 mM L-Phe in DPPC lipid vesicles as a function of
temperature. Results from fitting these emission traces to Equation 1 are reported in Table SI-2.
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Table A-2.2. Fluorescence lifetimes (in ns) and amplitudes (in parentheses) of 2.5 mM L-Phe in
DPPC vesicles at selected temperature ramp from 20 to 70 °C in and back down to 10 °C.
Amplitudes have been corrected for their respective radiative rates. Uncertainties in lifetimes are
+ 0.2 ns; uncertainties in amplitudes are + 0.04.

temp. buffer Krot

(°C) 7 (A1) 12 (A2)

20 4.63

30 3.75 (0.91) 1.49 (0.09)

40 3.12 (0.74) 1.66 (0.26)

50 2.39(0.73) 1.24 (0.27)

70 1,59 (0.58) 0.74 (0.42)

50 2.44 (0.68) 1.27 (0.32)

40 2.93 (0.80) 1.47 (0.20)

30 3.86 (0.86) 1.73(0.14)

20 4.57
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Figure A-2.6. Fluorescence lifetimes (top) and respective radiative rate corrected lifetime
contribution (bottom) of 2.5 mM L-Phe in DPPC lipid vesicles. The major lifetime is assigned to
a L-Phe in carbonate buffer (t1, burgundy circles), and a rotamer confinement lifetime (ko) of L-
Phe in the DPPC polar headgroup region (12, green squares). The dashed lines indicate the Tgeric
of the DPPC lipid bilayer at ~41.5 °C. Each point is an average of 2 independent trials and the
respective error bars are one standard deviation based on the results of those 2 trials. In some
instances, the uncertainty is smaller than the marker used to represent that data point.
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Comparing fluorescence behavior of D,O carbonate buffer to H.O
carbonate buffer

The fluorescence lifetimes of 10 mM L-Phe in H2O carbonate buffer and D.O carbonate
buffer were measured as a function of temperature. This was done to measure the impact of H-
bonding on the thermal stabilization of the rotamer lifetime. The lifetimes between the two
buffer solutions are similar throughout the entire temperature ramp with the appearance of the
second lifetime occurring at 60 °C for both solutions (Figure SI-7 and Table SI-3). However, the
amplitude of the second lifetime in D2O carbonate is significantly higher than that of H.O
carbonate buffer at 80 °C. There discrepancy between the two amplitudes is predicted to be due
to the stronger H-Bonding capabilities of DO in comparison to H2O allowing for more

stabilization of the rotamer conformation.

4
10
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. 20°C
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Figure A-2.7. TCSPC spectra of 10 mM L-Phe in D20 carbonate buffer as a function of
temperature. Results from fitting these emission traces to Equation 1 are reported in Table SI-3.

Table A-2.3. Fluorescence lifetimes (in ns) and amplitudes (in parentheses) of 10 mM L-Phe in
H20 carbonate buffer and D20 carbonate buffer at temperature ramp from 10 °C to 80 °C.
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Amplitudes have been corrected for their respective radiative rates. Uncertainties in lifetimes are
+ 0.2 ns; uncertainties in amplitudes are + 0.04.

tem H,O Carbonate = D,O Carbonate
o P- Buffer Buffer
(°C)
1 (ns) 1 (ns)
10 8.31 7.91
20 6.42 6.17
30 481 4.63
40 3.59 3.47
50 2.71 2.62
60 2.13(0.89), 2.09 (0.87),
0.74 (0.11) 1.02 (0.13)
70 1.66 (0.84), 1.63 (0.80),
0.74 (0.16) 0.88 (0.20)
80 1.30 (0.80), 1.37 (0.59),
0.52 (0.20) 0.81 (0.41)

Fluorescence behavior of 10 mM L-Phe in DLPC lipid vesicles at
higher temperatures

Leroy et. al. described a change in non-radiative decay pathways at low temperatures.® To ensure
L-Phe does not integrate into DLPC vesicles, the fluorescence lifetimes of L-Phe in DLPC
vesicles were measured to a higher temperature to ensure there was no appearance of a second
lifetime throughout the entire temperature run. The fluorescence decay and corresponding
lifetimes can be seen in Figure SI-8 and Table SI-4, respectively. A visual representation of L-
Phe in DLPC vesicles from -5 °C to 40 °C can be found in Figure SI-9. The results show L-Phe

does not integrate into DLPC lipid vesicles.
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Figure A-2.5. TCSPC spectra of 10 mM L-Phe in DLPC lipid vesicles from -5 °C to 40 °C.
Results from fitting these emission traces to Equation 1 are reported in Table SI-3.

Table A-2.4. Fluorescence lifetimes (in ns) and amplitudes (in parentheses) of 10 mM L-Phe in
DLPC vesicles at selected temperature ramp from -5 to 40 °C in and back down to -5 °C.
Uncertainties in lifetimes are + 0.2 ns.

DLPC

. buffer

temp. (°C) (A
-5 13.3
5 10.1
15 7.36
25 55
30 4.73
35 4.08
40 3.52
35 4.03
30 4.7
25 5.47
15 6.8
5 9.89
-5 135
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Figure A-2.6. TCSPC of 10 mM L-Phe in DLPC lipid vesicles from -5 °C to 40 °C.
Fluorescence lifetimes of 10 mM L-Phe in DLPC lipid vesicles from -5 °C to 40 °C. The major
lifetime is assigned to a L-Phe in carbonate buffer (t1, pink circles).
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APPENDIX B:

NANOMOLAR PFOA CONCENTRATIONS AFFECT LIPID
MEMBRANE STRUCTURE: CONSEQUENCES FOR

BIOCONCENTRATION MECHANISMS
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Structures of protonated and deprotonated PFOA

OH

Figure B-3.1. Structure of A) neutral Perfluorooctanoic Acid (PFOA) and B) anionic PFOA
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Figure B-3.2. Structure of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
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TCSPC data of C152-DPPC control experiments

6 uM C152 - DPPC 10-70°C TCSPC

Counts
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Figure B-3.3. TCSPC traces of 6 uM Coumarin 152 in solution with 1.5 mM DPPC vesicles
from 10-70°C. These experiments are equivalent to those that led to the data presented in the
manuscript’s Figure 6 except that these experiments used DPPC vesicle solutions prepared in the
absence of PFOA.
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Figure B-3.4. C152 lifetimes derived from TCSPC decay traces shown in Figure B-2.3.
Lifetimes are plotted as a function of temperature. These data can be compared directly to those
shown in manuscript Figure 7. Uncertainties in lifetimes are +0.10 ns.
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Figure B-3.5. Amplitudes of C152 lifetimes shown in Figure B-3.4 as a function of temperature.
Amplitudes were determined from fitting shown in Figure B-3.3. These data can be compared
directly to those shown in manuscript Figure 8. Uncertainties in lifetimes amplitudes are £5 %.
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TCSPC data of 1mM PFOA experiments
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Figure B-3.6. TCSPC traces of 6 uM Coumarin 152 in solution with 1.5 mM DPPC vesicles
from 10-70°C. These experiments are equivalent to those that led to the data presented in the
manuscript’s Figure 6 except that these experiments used DPPC vesicle solutions prepared in
solutions containing 1 nM (vs. 100 nM) PFOA.
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Figure B-3.7. C152 lifetimes derived from TCSPC decay traces shown in Figure B-3.6.
Lifetimes are plotted as a function of temperature. These data can be compared directly to those
shown in manuscript Figure 7. Uncertainties in lifetimes are £0.10 ns.
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Figure B-3.8. Amplitudes of C152 lifetimes shown in Figure B-3.7 as a function of temperature.
Amplitudes were determined from fitting shown in Figure B-3.6. These data can be compared
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directly to those shown in manuscript Figure B-3.8. Uncertainties in lifetimes amplitudes are +5
%.

TCSPC data of 100nM PFOA added after vesicle
processing

10 3
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Figure B-3.9. TCSPC traces of 6 uM Coumarin 152 in solution with 1.5 mM DPPC vesicles
from 10-70°C. These experiments are equivalent to those that led to the data presented in the
manuscript’s Figure 6 except that these experiments used DPPC vesicle solutions prepared in
pure buffer solutions with 100 nM being added to solution after vesicle formation.
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Figure B-3.10. C152 lifetimes derived from TCSPC decay traces shown in Figure B-3.9.
Lifetimes are plotted as a function of temperature. These data can be compared directly to those
shown in manuscript Figure B-3.8. Uncertainties in lifetimes are £0.10 ns.
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Figure B-3.11. Amplitudes of C152 lifetimes shown in Figure B-3.10 as a function of
temperature. Amplitudes were determined from fitting shown in Figure B-3.9. These data can be
compared directly to those shown in manuscript Figure 3.8. Uncertainties in lifetimes amplitudes
are =5 %.
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Cryo-EM Images of pure DPPC vesicles

Figure B-3.12. Cryo-EM Images of DPPC vesicles prepared in pure buffer solutions containing
no PFOA. These images can be compared directly to those in Figure 3.4 of the manuscript.
These images are provided to demonstrate DPPC vesicle preparation generally leads to large
unilamellar vesicles. Scale bars are 50 nm.
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Cryo-EM images of DPPC Vesicles prepared with 100 nM

PFOA

Figure B-3.13. Cryo-EM Images of DPPC vesicles prepared in solutions containing

100 nM PFOA.. These images can be compared directly to those in Figure 2.5 of the manuscript.
These images are provided to demonstrate generally that 100 nM PFOA introduces significant
structural changes in DPPC vesicles. Scale bars are 50 nm.
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Figure B-3.14. Zoomed in image of a DPPC vesicle prepared in pure buffer solution. The scale
bar is 6 nm and is chosen to span the bilayer width.
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Tables containing raw TCSPC fitting data for all

experiments

Table B-3.1. Averages of the raw fits of three TCSPC experiments with 1.5 mM DPPC Vesicles,
6 M Coumarin 152, and 100 nM PFOA from 10 to 70°C in 10 °C increments and then cooled

back to 10°C. The TCSPC decay traces are shown in Figure 6 in the manuscript and the data

reported in the table below were used to create Figures 3.7 and 3.8 in the manuscript. Data were
fit to 3 independent lifetimes. Attempting to fit data to 2 lifetimes led to unacceptably high 2

values. Uncertainties in lifetimes are + 0.1 ns and uncertainties in amplitudes are +5%.

Temp $2 ta(ns) | AL(%) | ©u(ns) | A2(%) 13 (NS) Az (%)
(°C)

10 1.08 0.26 11.5 1.25 20.4 4.53 68.2
20 1.01 0.25 154 1.27 23.2 4.36 61.5
30 1.00 0.26 18.4 1.38 26.8 4.32 54.9
40 1.01 0.24 154 1.28 33.5 4.47 51.1
50 1.01 0.18 13.7 1.03 37.9 4,51 48.4
60 1.01 0.21 17.9 0.85 33.2 421 49.0
70 1.07 0.18 24.7 0.82 28.7 3.99 46.7
60 1.02 0.20 19.0 0.84 32.2 4.19 48.9
50 1.01 0.17 14.6 0.92 35.2 4.33 50.3
40 0.99 0.20 14.6 1.17 32.9 4.45 52.6
30 1.01 0.23 18.2 1.33 26.3 4.36 55.6
20 1.07 0.23 16.5 1.23 215 4.34 62.1
10 1.04 0.19 11.5 1.03 18.7 441 69.9
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Table B-3.2. Averages of the raw fits of three TCSPC experiments with 1.5 mM DPPC vesicles
and 6 uM Coumarin 152 with no PFOA. These data resulted from fitting the data in Figure B-
3.1 to 3 independent lifetimes. Data in this table were used to create Figure 3.2 and Figure 3.3.
Uncertainties in lifetimes are £ 0.1 ns and uncertainties in amplitudes are £5%.

Temp & t1(ns) | Ac(%) | ©2(ns) | Ax(%) 3 (NS) Az (%)
(°C)
10 1.09 0.55 30.1 2.16 26.5 4.62 43.4
20 1.05 0.47 37 2.13 34 4.74 29
30 1.05 0.38 40.8 1.89 35.8 4.75 23.4
40 0.99 0.34 29.7 1.46 48.2 4.75 22.1
50 1.03 0.23 20.7 0.99 56.9 4.36 22.4
60 0.95 0.19 24.1 0.76 52.2 4.08 23.7
70 0.97 0.2 31.5 0.64 43 3.78 25.5
60 1.02 0.19 25.8 0.78 50.3 4.14 23.9
50 0.94 0.22 195 0.98 56.5 4.4 24
40 1.07 0.26 23.1 1.2 46.7 4.08 30.2
30 1.04 0.38 35.2 1.67 34.8 4.43 30
20 1.05 0.46 349 2.11 34.2 4.76 30.9
10 1.05 0.51 28.2 2.03 27.3 4.68 44.5
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Table B-3.3. Averages of the raw fits of three TCSPC experiments with 6 uM Coumarin 152 and
1.5 mM DPPC vesicles created in solutions containing 1 nM PFOA. These data resulted from
fitting the data in Figure B-3.4 to 3 independent lifetimes. Data in this table were used to create
Figure B-3.5 and Figure B-3.6. Uncertainties in lifetimes are £ 0.1 ns and uncertainties in
amplitudes are +5%.

Temp (°C) 2 t1(ns) | A1 (%) 12 (ns) Az (%) 3 (NS) As (%)
10 1.09 0.55 30.1 2.16 26.5 4.62 43.4
20 1.05 0.47 37 2.13 34 4,74 29
30 1.05 0.38 40.8 1.89 35.8 4.75 23.4
40 0.99 0.34 29.7 1.46 48.2 4,75 22.1
50 1.03 0.23 20.7 0.99 56.9 4.36 22.4
60 0.95 0.19 24.1 0.76 52.2 4.08 23.7
70 0.97 0.2 31.5 0.64 43 3.78 25.5
60 1.02 0.19 25.8 0.78 50.3 4.14 23.9
50 0.94 0.22 19.5 0.98 56.5 4.4 24
40 1.07 0.26 23.1 1.2 46.7 4.08 30.2
30 1.04 0.38 35.2 1.67 34.8 4.43 30
20 1.05 0.46 34.9 211 34.2 4.76 30.9
10 1.05 0.51 28.2 2.03 27.3 4.68 44.5
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Table B-3.4. Averages of the raw fits of three TCSPC experiments with 6 uM Coumarin 152 and
1.5 mM DPPC vesicles created in pure buffer with PFOA being added after vesicle formation at
a total PFOA concentration of 100 nM. These data resulted from fitting the data in Figure B-3.7
to 3 independent lifetimes. Data in this table were used to create Figure B-3.8 and Figure B-3.9.
Uncertainties in lifetimes are + 0.1 ns and uncertainties in amplitudes are £5%.

Temp (°C) %2 t1(ns) | A1 (%) 2 (nS) Az (%) 3 (NS) Az (%)
10 0.99 0.53 30.2 1.94 27.5 4.28 42.3
20 1.03 0.47 37.3 1.89 35 4.15 21.7
30 1.05 0.39 41.7 1.68 40.6 4.07 17.7
40 0.99 0.32 29.2 1.33 58.1 4.07 12.7
50 1.05 0.31 21.5 1.01 69.3 4.57 9.2
60 1.06 0.25 26.2 0.77 63.7 4.16 10.1
70 1.05 0.2 33.5 0.62 55.7 3.86 10.8
60 1.08 0.25 28.4 0.77 61.2 4.13 104
50 1.04 0.27 22.2 0.98 67.8 4.54 10
40 0.97 0.32 25.9 131 61.3 431 12.8
30 1.03 0.4 38.3 1.72 45.4 4.38 16.3
20 0.98 0.44 35.8 1.94 37.3 4.17 26.9
10 0.96 0.51 27 1.87 29.2 4.4 43.8
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APPENDIX C:

PERFLUOROOCTANOIC ACID DESTABALZIES HEMOGLOBIN STRUCTURE AT SUB-
MICROMOLAR CONCENTRATIONS



TCSPC histogram and raw fitting data
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Figure C-4.1. TCSPC spectra of 5 uM Hemoglobin with increasing PFOA concentration.
Excitation was 290 nm collecting emission at 335 nm

Table C-4.1. Averages of fluorescence lifetimes and relative amplitudes of Human Hemoglobin
from 3 separate TCSPC experiments with standard deviations. These data are plotted in Figure 2

of the manuscript.

tl avg al avg t2 avg a2 avg t3 avg a3 avg
0OpM <0.03 85.3%1 045+0.02 | 11.2+0.8 | 2.34+0.07 | 3.5+£0.22
PFOA
5 <0.03 85.5+1 046+0.02 | 11.2+08 | 232+0.11 | 3.3+0.39
20 <0.03 846+03 |047+001| 11.8+0.1 24+0.1 3.6x0.2
50 <0.03 85.1+1 0452001 | 115+0.7 | 228+0.1 | 34+0.42
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100 <0.03 846+06 |044+001| 121+04 | 2.24+0.06 | 3.3+0.25
200 <0.03 84.1+09 |044+001| 125+0.7 | 223+0.07 | 3.4+0.29
350 <0.03 824+08 |044+001| 14+05 |220+0.06 | 3.6+0.34
500 <0.04 734+25 | 043+£0.02 | 223+2.7 | 209+0.15 | 4.3+0.22

Steady state optical characterization of Hb

Human Hemoglobin was subjected to fluorescence characterization studies to obtain parameters

for time-resolved emission experiments. UV-Vis experiments were performed to ensure

absorption from PFOA doesn’t impact absorption of the protein, find maximum absorbance of

the fluorescence residues of the protein, and to witness changes to the soret band from heme

when PFOA is present. Steady-state fluorescence measurements were performed to find the best

excitation and emission wavelengths from the fluorescent residues of the protein. Excitation and

emission maxima were then used to perform TCSPC experiments.
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Aborbance of 20 uM and 200 uM PFOA
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Figure C-4.2. UV-Vis absorbance of pure PFOA at concentrations of 20 (1M and 200 T/M in
ammonium acetate buffer
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Absorbance of Pure Hb and 4:1 PFOA:Hb Solutions
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Figure C-4.3. UV-Vis of 5 uM Human Hemoglobin with 20 uM PFOA in ammonium acetate
buffer pH 7. The arrow (280 nm) indicates absorption of the fluorescent residues of the protein

chain.
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Human Hemoglobin Excitation with Increasing PFOA
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Figure C-4.4. Human Hemoglobin with increasing PFOA concentration steady-state excitation,
Emission was measured at 335 nm.
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100 x1 03 — Human Hemoglobin Emission with Increasing PFOA
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Figure C-4.5. Human Hemoglobin with increasing PFOA concentration steady-state emission.
excitation was parked at 290 nm.
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