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Abstract

Membrane proteins are essential for numerous cellular processes yet their structural and
dynamic characterization outside the lipid bilayer remains notoriously difficult. These
proteins are often challenging to solubilize, inherently unstable, and require environments
that closely mimic the native membrane to preserve functional integrity. This dissertation
addresses these challenges by integrating site-directed spin labeling (SDSL) and electron
paramagnetic resonance (EPR) spectroscopy as well as polymer-based nanodisc systems.
This combined approach enabled detailed investigation of the gp28 and TRPV1 Voltage-
Sensor-Like Domain (VSLD) and provided new strategies for stabilizing membrane
proteins and peptides under native-like conditions.

In the first part of this work, continuous wave and pulsed electron paramagnetic resonance
spectroscopic techniques were used to perform different studies on spin-labeled sites.
These experiments revealed significant differences in solvent accessibility and
conformational flexibility between extracellular loops and transmembrane domains. The
findings supported models indicating that the gp28 and TRPV1 VSLD exhibit substantial
dynamic behavior with distinct conformational changes. This provided direct experimental
evidence for structural information that had previously been inferred largely from
computational predictions.

The second part of the study focused on the development and application of polymer-based
nanodiscs as alternatives to detergents and liposomes. Both styrene maleic acid (SMA) and
a novel class of vinyl ether maleic acid (VEMA) polymers synthesized via RAFT
polymerization were investigated. The results demonstrated that polymer charge,
molecular weight, and hydrophilic—lipophilic balance play critical roles in nanodisc
formation, size, and biomolecular compatibility. These nanodiscs effectively solubilized
KCNE1 and membrane-active peptides such as gp28. EPR spectra obtained in polymer
nanodiscs closely mirrored those recorded in lipid vesicles confirming that these systems
maintain physiologically relevant protein behavior. Collectively, the findings demonstrate
the potential of polymer nanodiscs and EPR spectroscopy for advancing membrane protein
structural biology. Polymer nanodiscs provide stable, tunable, and scalable membrane
mimetic systems while EPR spectroscopy offers site-specific insights into protein structure
and dynamics. Together, these approaches expand the toolkit for investigating proteins and
peptides that have traditionally been inaccessible with conventional methods. Beyond
advancing understanding of gp28 and TRPV1 VSLD, this work establishes a foundation
for extending similar methodologies to other ion channels, transporters, and antimicrobial
peptides. By combining innovative polymer materials with advanced spectroscopic
techniques, the study contributes to the fundamental biochemistry of membrane proteins
and supports the development of enabling technologies with applications in drug discovery
and biotechnology.
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Chapter 1

Advancing the Structural Characterization of Membrane Proteins using Polymer
Nanodiscs and Electron Paramagnetic Resonance Spectroscopy: Insights from gp28

and TRPV1 VSLD



1.0. Introduction

1.1. Membrane Proteins

Membrane proteins (MPs) are integral or peripheral proteins that are associated with cellular membranes.
These two classes of membrane proteins are involved in many cellular functions such as signaling,
transport and energy production, emphasizing the significance of these proteins in the cell. Integral
proteins are embedded within the membrane's lipid bilayer.! 2 The striking characteristic of these proteins
is their ability to span the entire membrane permitting interactions with the extracellular as well as
intracellular regions.>* This feature allows them to perform a range of roles, such as ion transport, signal
transduction, and cell adhesion. The hydrophobic portions of MPs make integral proteins rigidly attach to
lipids hence playing a crucial role in maintaining the structural integrity and function of cellular

membranes.>°

(a)

(b)

©) (d)

Figure 1. 1: lllustration of the categorization of membrane proteins based on their interaction with the membrane. (a), (b)
and (c) are examples of integral proteins and (d) of a peripheral membrane protein.

Peripheral proteins are only weakly bound to the lipid bilayer surface and do not penetrate the bilayer as
shown in Figure 1.1. They are usually associated or connected with integral proteins or the polar heads
of the lipids. They may be extracted from the membrane by varying the pH or ionic strength of the
membrane.” Peripheral proteins are primarily involved in maintaining the cell shape and in signal
transduction and they also serve as enzymes or as an anchor for the cytoskeleton.® This structural integrity
is essential for maintaining cell shape, promoting cellular adhesion, and enabling cell communication.

They interact with other proteins, influencing cellular processes and forming complex signaling networks.



The functional importance and biological diversity of membrane proteins (MPs) drive their significance

in pharmacology.’

Membrane proteins facilitate the movement of ions, small molecules, and larger macromolecules across
the lipid bilayer as shown in Figure 1.2. This is achieved through various mechanisms, such as passive
diffusion, facilitated diffusion, and active transport.!%!! Specific channel and carrier proteins are essential
for maintaining the cell's homeostasis and regulating the concentration of substances within and outside
the cell. Ion channels are integral membrane proteins that facilitate the passage of ions across cellular
membranes playing crucial roles in various physiological processes.'>!> Receptor are a type of membrane
proteins that bind with specific ligands such as hormones or neuro transmitters causing an activation of
intracellular responses.'* This interaction affects cellular communication and is also involved in immune
response, cell proliferation and apoptosis. This helps with their key roles in regulation of an array of

cellular activities under normal conditions and in response to various environmental factors. !>

Figure 1. 2: Different functional characteristics of Membrane Proteins (MPs).

Approximately 60% of drug therapies have been developed to specifically target membrane proteins,
owing to their critical role in various physiological pathways. ®!° This targeted approach not only enhances
the efficacy of the therapies but also minimizes potential side effects by focusing on the underlying

mechanisms of various diseases at the molecular level. The ongoing research and understanding of



membrane proteins continue to pave the way for innovative drug design to improve treatment outcomes
across various medical conditions, inspiring researchers to explore the potential of their work in real-world

applications.

1.2. Ion Channels

Ion channels are integral membrane proteins that mediate the transport of ions across cell membranes and
are involved in various physiological functions. These channels are usually ion selective, allowing
particular types of ions such as sodium (Na"), potassium (K), calcium (Ca?") and chloride (CI') to pass
through the membrane of the cell, thereby controlling homeostasis of the cell and the generation of

electrical signals and the contraction of muscles and release of neurotransmitters.!'>!”

Ion channels can be classified based on their gating mechanisms. Voltage-gated ion channels open or close
in response to changes in membrane potential, while ligand-gated ion channels open in response to the
binding of specific molecules, such as neurotransmitters.'® Other ion channels include mechanically gated
channels, which respond to physical deformation of the membrane, and thermally gated channels, which

are influenced by temperature changes.'®

Dysfunction in ion channels can lead to various pathological conditions that significantly impact overall
health and well-being, highlighting their importance in maintaining physiological balance and function
within the body. When ion channels become dysfunctional, either due to genetic mutations, environmental
factors, or other influences, the consequences can be severe and varied resulting in conditions such as
cardiac arrhythmias, neurological disorders, and muscular dystrophies. The complex interplay between
ion channel activity and physiological health highlights the importance of studying these proteins and the
potential for targeted therapies designed to address channel dysfunction and aimed at preventing or

treating associated health problems.?%!

1.2.1. Transient Receptor Potential Vanilloid 1 (TRPV1)

TRPV1 is a receptor part of the transient receptor potential (TRP) channel family. It is primarily expressed
in sensory neurons and is involved in detecting temperature and pain.?>** TRPV1 is activated by various
stimuli such as capsaicin (the principal pungent ingredient of chili peppers), heat (temperatures above
43°C) and protons (pH < 6). Activation of this pathway leads to a large influx of cations including calcium

ions. This raised level of intracellular calcium ions is important in many cellular functions.?*?* Calcium



ions are key mediators in transmitting pain signals within the nervous system. When these cations enter
the cells, they can influence the excitability of neurons, leading to heightened sensitivity to stimuli and
amplification of pain perception.’® TRPV1 is also involved in thermoregulation as well as the

pathophysiology of various pain-related conditions and diseases.?’

The structural dynamics of TRPV1 play a critical role in our ability to develop effective modulators aimed
at alleviating chronic pain conditions. This understanding is essential not only for identifying how TRPV1
functions at a molecular level, but also for discovering ways to interact with the receptor in a manner that
mitigates pain without leading to adverse side effects. By thoroughly investigating the intricate behaviors
and conformational changes of TRPV1, researchers can design more targeted therapeutic agents that
specifically engage with the receptor's active sites.?®?° The development of such modulators could
revolutionize pain management strategies thus enhancing the quality of life for individuals who currently

rely on less effective pain relief options.

1.3. gp28 and pinholin

The emergence of antibiotic-resistant bacteria, commonly called "superbugs," has escalated into a
significant public health crisis, necessitating an exploration of alternative therapeutic strategies.’**!
Bacteriophages have gained huge attention for their efficacy against multidrug-resistant infections.*! For
gram-negative bacteria, three groups of proteins are responsible for cell lysis which are the holins, spanins
and endolysins.>? Holins play a crucial role in the lysis process by forming pores in the bacterial
cytoplasmic membrane. This disruption in the membrane potential allows for the accumulation of other
lytic proteins. Endolysins are enzymes that cleave the peptidoglycan, weakening the bacterial cell wall
and leading to cell death. Spanins are phage lysis proteins that function by disrupting the outer membrane
of gram-negative bacteria, facilitating the release of progeny phage from the host cell.** They are located
at the interface between the inner and outer membranes and play a crucial role in the final stages of the
lytic cycle. Together, these proteins coordinate a highly efficient and regulated mechanism for bacterial
lysis, which is particularly important for bacteriophages during the infection cycle.** Their interactions

highlight a sophisticated level of control in microbial ecology and virulence, making them key targets for

novel antibacterial strategies.

The bacteriophage-encoded proteins gp28 and pinholin S21 are critical lytic proteins involved in the

phage-induced lysis of bacterial cells.>** These proteins enable the release of newly formed phage



progeny by forming pores in the bacterial cell membrane, disrupting the cell's structural integrity.? This
disruption leads to cell lysis, an essential process for the propagation of bacteriophages. gp28, pinholin
and other lytic proteins’ activity is an elaborate mechanism used by bacteriophages to guarantee the
release of progeny viruses. Pinholins create small lesions in the cytoplasmic membrane. These pores are
responsible for activating endolysins before loss of membrane integrity during initial stages of the
infection. Pinholin-induced pore formation temporally regulates the subsequent host peptidoglycan
degradation and outer membrane permeabilization steps required for lysis in a highly coordinated
fashion.>”*® Thus, pinholin channel formation and its interaction with other lytic proteins are coordinated
in bringing about bacterial cell wall lysis. Subsequent biochemical studies have revealed how small
hydrophobic peptides such as pinholins are inserted into membranes to create channels that are tight
enough to energize the activation of muralytic enzymes without leading to a catastrophic collapse of the

proton motive force (pmf).>?

gp28 is a cationic antimicrobial peptide encoded by the phiKT phage that contributes to the outer
membrane permeabilization in the host cell lysis. Its mode of action is like that of antimicrobial proteins

(AMPs) which bind to and disrupt bacterial membranes to aid the release of phage progeny.**-

gp28’s
mode of action is much more divergent as it destabilizes the outer membrane (OM) directly through
electrostatic interactions with lipopolysaccharides (LPS), which is essential for its use in progeny virion
release. This functional difference highlights the distinct evolutionary adaptation of gp28 as a sole OM
disrupter in phages that lack spanin complexes. gp28 is in a novel class of phage lysis proteins, named
disruptins, which are unrelated to holins, endolysins, or spanins.*>*’ Comparative studies demonstrate that
while lysis timing is coordinated by the triggering of active/inactive pinholin pairs, gp28 promotes
specificity for OM disruption independently.*® Functional studies show that gp28 has broad-spectrum
antibacterial activity similar to human AMPs such as LL-37. In addition, it prevents the planktonic growth
and dissolves biofilms from multi-drug-resistant P. aeruginosa strains and contributes to antibiotic
sensitivity upon combinational treatment with agents like tobramycin. These results imply the translational

potential of gp28-derived peptides for the treatment of antibiotic-resistant infections by exploiting their

membrane penetration abilities.*

Both gp28 and pinholin illustrate key but mechanistically unique approaches phages use for efficient lysis

of bacterial cells and provide attractive models for future development of antimicrobials.’!*! This



mechanism has significant implications in microbiology and phage therapy, highlighting the potential

applications of these lytic proteins in targeting bacterial infections.

1.4. Solid Phase Peptide Synthesis (SPPS)

A solid support resin is functionalized to attach the first amino acid, using a linker that allows for cleavage
after synthesis.*? The next amino acid is activated with a coupling reagent and added to the resin-bound
amino acid, forming a peptide bond that links it to the growing peptide chain as shown in Figure 1.3.%
The protecting group on the amino acid's functional group, usually the N-terminus, is removed to expose
the amine for the next coupling reaction. Protecting and deprotecting steps are repeated, adding one amino
acid at a time until the desired peptide sequence is assembled. After peptide synthesis is complete, the
peptide is cleaved from the resin, often using a strong acid that also removes any remaining protecting
groups.*** The crude peptide is purified by high-performance liquid chromatography (HPLC) to separate
the desired product from side products and impurities. Final characterization of the peptide is done using

techniques such as mass spectrometry to confirm its identity and purity.>746

Figure 1. 3: Schematic representation of solid-phase peptide synthesis (SPPS).*3



1.5. Membrane Proteins: Problems and Solutions

The elucidation of membrane protein structure and function enhances the development of novel
therapeutic strategies for various diseases, including cancer, neurological disorders, and cardiovascular
conditions.*’ But the amphipathic nature of membrane proteins presents significant challenges for their
extraction and purification from biological membranes. The hydrophobic regions of these proteins can
aggregate in an aqueous environment and thus makes it difficult to solubilize them in a functional form
when removed from the protective lipid bilayer shield.*®** The inherent dynamics or conformational
flexibility of membrane proteins makes it difficult to study their structures in techniques such as X-ray
crystallography and NMR spectroscopy.>® X-ray crystallography demands well-ordered crystals which are
challenging to generate from MPs given their association with lipid bilayers and their tendency to
aggregate or denature in the absence of a membrane environment. Nuclear magnetic resonance (NMR)
spectroscopy, while powerful in studying the structure and dynamics of proteins in solution, encounters
limitations with MPs because of their size, dynamics, and the low solubility of these proteins when
extracted from membranes.*® Electron Paramagnetic Resonance (EPR) spectroscopy has emerged as a
powerful tool for studying the structural dynamics of membrane proteins in their native environment,

overcoming some limitations of traditional methods like X-ray crystallography and NMR spectroscopy.°!

1.6. Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR, also known as Electron Spin Resonance (ESR)) is a
spectroscopic technique to study systems with one or more unpaired electrons.’’> Among these
paramagnetic species are free radicals, organic and inorganic transition metal complexes, and spin-
labeled biomolecules. EPR spectroscopy is a crucial tool for studies in chemistry, structural biology,
materials science, and biophysics, since it provides information on electronic structure, the molecular

dynamics, local environment and spatial distances on the atomic scale.>

EPR spectroscopy utilizes the magnetic characteristics of electron spins within a magnetic field. A sample
is exposed to a powerful magnetic field leading to spatial separation of the energy levels of unpaired
electrons depending on their spins. With the microwave power on, these electrons can shift between
different quantum levels. The resultant absorption of microwave power at discrete fields contains specific
information about the electronic environment of the unpaired electrons.>® EPR spectroscopy is rooted in

the magnetic properties of unpaired electrons and the steady application of an external magnetic field. At



its most basic level, an EPR system consists of a single unpaired electron spin in a molecular orbital. An
electron's spin quantum number, S= 1/2, can only be in one of two magnetic quantum states, Ms= +1/2, or
-1/2. These two states degenerate in the absence of a static magnetic field. But, in the presence of a
magnetic field, these two states are differentiated as a function of the strength of the magnetic field. The
energy difference between the two states, AE, may be measured using the equation AE = geB, where g
is the electronic g-factor, Be is the Bohr magnetron of the electron (joules*Gauss™') and Bo is the intensity
of the static applied magnetic field (Gauss). When resonance occurs, the energy gap (AE) is equal to the
microwave radiation energy (AE). At resonance, the electron transition from ground state to excited state
in an external magnetic field can absorb or emit a photon having energy that is quantified as follows: AE

= hv; whereby h is Planck's constant, and v is the photon frequency.>*
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Figure 1. 4: a) Energy diagram of the MITSL spin label with hyperfine interaction with the nitroxide spin label. b) Free spin label
spectra. c) Spin labeled incorporated protein spectra.>

The nitroxide spin label contains one unpaired electron that is split into two energy levels (M; = £ %) in
the presence of an external magnetic field by the electron Zeeman effect.’>> The energy levels are in
addition further divided to several lines by hyperfine interactions with neighboring '*N nucleus following

the multiplicity rule 2nl+1, where 'n' is the number of magnetically equivalent nuclei and 'l' is the nuclear



spin. For MTSL, n=1 and I=1 (}*N), there are six energy states due to the combined Zeeman and hyperfine
interactions. This (in a coordinate system where the magnetic field is zero) permits three possible
transitions from the EPR transition rules (AMs = £1 and AM; = 0). A typical three-line EPR spectrum is
obtained for a nitroxide spin label, where the lines have a peak at the resonance position and are split by
the hyperfine. These three peaks are the low-field-mid-point, mid-point, and high-field peaks at M; = +1,
M; =0, and M; = -1 as shown in Figure 1.4.%

1.6.1 Site-Directed Spin Labelling (SDSL)

Biomolecules such as membrane proteins are EPR-silent or diamagnetic in nature. Therefore, they have
no unpaired electrons in their ground state and only a weak interaction with magnetic fields necessary for
EPR detection.’® The EPR method depends on unpaired electrons for a measurable signal, and this is a

major obstacle to studying biologically relevant molecules.’’

Site-Directed Spin Labeling (SDSL) alleviates this limitation by covalently binding a stable paramagnetic
spin label (usually a nitroxide radical) to a specific site, which may involve genetic engineering, for
instance incorporating a cysteine residue into the region of interest.’®> In order to use these spin labels,
site directed mutagenesis must be used to remove native cysteines and place cysteines in sites of interest.
This is a relatively mild method and takes into account that mutations made do not disrupt the structure
of the protein, or the function if it is crucial to the study. The spin label serves as a local probe of the
protein. Its EPR spectrum then provides information about the protein's structure, flexibility and

dynamics.%

O
“s - Protein
S/ \\\ ,S\//
—— o s
+ Protein-SH —» N
! y
9 (0]
Spin label 1 Side chain R1

Figure 1. 5: Reaction of the methanethiosulfonate spin label | with cysteine to generate the disulfide-linked nitroxide side chain
R1.0
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There are a variety of spin labels available for use, the most common being nitroxide spin labels such as
the ones wused in this work, S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate (MTSL) which bind specifically with cysteine through a disulfide bond for MTSL
(shown in Figure 1.5). The main benefit of SDSL-EPR is its sensitivity to the dynamics and flexibility of
proteins in solution or a membrane, providing insight into conformational changes and protein

dynamics.>®

Such transitions are frequently a prerequisite for the function of a protein, as many
intermolecular biological functioning is based on structural rearrangements. Unlike static methods, such
as X-ray crystallography or NMR spectroscopy, which reveal only fixed details, SDSL can report on real-
time substrate flexibility, segmental motions, and interactions in the context of a near-native protein.®!
SDSL may be used with a range of biological systems, even with membrane proteins complexes, and may
thus extend the range of structural analyses in different environments. Between two localized sites within
one protein or between contact interfaces of interacting proteins, inter-spin distances can be measured and
a description of the spatial orientation and dynamics of the molecular interface can be obtained.>* EPR-
derived distances can elucidate complex formation, allosteric changes and the ligand binding mechanism.
With the extreme sensitivity of EPR spectroscopy and the capability of precise site-specific labeling,

SDSL has emerged as a powerful tool for the investigation of biomolecular function and dynamics.®!

Despite its unique benefits for structural research, there are limitations when using SDSL-EPR. The
presence of spin labels may alter the native structure of the protein, but this can be circumvented by careful
choice of labeling positions. SDSL-EPR's ability to further inform the understanding of protein dynamics,
particularly when combined with complementary approaches like cryo-electron microscopy and
molecular dynamics simulations has the potential to offer a more comprehensive discovery of protein
dynamics and would, no doubt, increase our knowledge of molecular and functional biology, and aid in
the identification of new drug-targets. The recent emergence of new spin labels (e.g., Gd**, trityl and
hydrophilic nitroxides), deuterated lipids and cryogenic stabilization has added to this sensitivity and
resolution, and new frontiers in membrane protein research are now possible, for studies of transient
states, allosteric modulation, and biologically relevant conformational ensembles of interest in complex

membrane proteins.®>%

1.6.2 Continuous-Wave Electron Paramagnetic Resonance (CW-EPR)
CW-EPR uses a magnetic field that is varied with a fixed microwave frequency (usually the X-band, ~9.5

GHz) and measures microwave absorption by unpaired electrons during spin flip transitions. CW-EPR
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spectra are sensitive monitors of the local dynamics and polarity at the spin-labeled site of spin-labeled
membrane proteins.>® The spectral lineshape depends on the anisotropy of the g-tensor as well as on the
hyperfine interaction between the unpaired electron and the nitrogen nucleus of the nitroxide species,
resulting in three principal lines (in isotropic motion). From simulations of the line shape, using different
models (e.g., Stochastic Liouville Equation (SLE)), a characteristic rotational correlation time (t_R) can
be derived, which is related to the segmental motion of the protein backbone.®* Narrow, sharp peaks
reflect rapid isotropic motion characteristic of solvent exposed or disordered regions, while a signal with
a broader, anisotropic profile represents restricted motions typical of transmembrane helices or densely
packed tertiary structures.®> CW-EPR spectroscopy is utilized in mapping the dynamic topological map
of membrane proteins and to recognize helical periodicity and secondary structures as well as to observe

ligand- or voltage-induced protein conformational transitions.

1.6.3. Power Saturation CW-EPR

Power saturation EPR is an extension of CW-EPR that determines the relaxation pattern of the spin label
with external paramagnetic collision partners.®® The power saturation of the spin-system can be obtained
from the EPR signal intensity as a function of increasing microwave power, which is dependent upon the
corresponding longitudinal relaxation time (Ti). Relaxation agents like molecular oxygen (O, lipid-
soluble) or water-soluble species like nickel (II) ethylenediamine diacetic acid (NiEDDA) interact with
T: via spin exchange, depending on the access of spin label to them.®” The accessibility parameter II,
which describes the magnitude of change in the power saturation behavior that occurs in the presence of
a relaxant vs in its absence, is calculated by comparing the power saturation with and without each
relaxant. This parameter can be empirically linked to the depth of the spin-labeled residue in the lipid
bilayer through accessibility profiles and hydrophobicity gradients.®” For instance, O, apolar, partitions
within the membrane bilayer and reports on transmembrane domains exposed to lipids, while NIEDDA
senses exposure to aqueous solvent on each side of the bilayer.’”” It is thereby possible to determine
which residues are located in the extracellular vs. the intracellular part of the protein membrane. The dual-
parameter accessibility plot (IT_O2 vs. II. NiEDDA) or the depth parameter ® (® =In[I1_O»/I1 NiEDDA])
that exhibits a linear relationship with distance from the bilayer center could be used for quantitative
analysis. These methods have been widely used to establish the orientation of a-helices in membrane-

spanning.
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1.6.4. Electron Spin Echo Envelope Modulation (ESEEM)

ESEEM spectroscopy yields atomic-level information on weak hyperfine couplings between the unpaired
electron of the spin label and nearby magnetic nuclei, especially those not resolvable in CW-EPR due to
line broadening or overlap. ESEEM employs a series of microwave pulses, typically in a three-pulse (n/2—
1-n/2-T—n/2—-1—echo) to generate spin echoes whose amplitude is modulated by the nuclear Larmor
frequencies of nearby nuclei such as hydrogen, nitrogen, or other atoms present within the molecular
structure.’”* The resulting echo envelope is Fourier transformed to yield frequency-domain spectra.
ESEEM is particularly sensitive to weakly coupled nuclei in the 0.1-5 MHz range and can detect solvent-
accessible protons or deuterons within ~5-8 A of the nitroxide. In deuterated buffer (D-0), 2H coupling
in the ESEEM reveals information about local hydration. This allows water-surface mapping and the
differentiation of buried versus exposed sites within transmembrane segments or peripheral loops. ESEEM
can also detect >'P or N nuclei of the phospholipid headgroups, providing information on lipid-protein

interactions and the positioning of residues with respect to the membrane surface.®

The possibility of directly probing the local a-helical secondary structures of membrane peptides through
ESEEM has been previously illustrated. This strategy is especially useful in membrane proteins; whereby
solid-state NMR is time consuming and costly.® Integrating EPR with computational methods can also
improve structural characterization of membrane proteins by introducing structurally-in/from function
generators of power to be exploited for structure determination referred to distance restraints derived from
experiment, into molecular model. Such an integrative strategy aids in uncovering the entire ensemble of

conformers of proteins, leading to a more complete picture of their structural dynamics.”®

The simultaneous use of CW-EPR, power saturation, and ESEEM spectroscopy is a powerful approach
for structural biology of gp28 and TRPV1 VSLD membrane proteins. For CW-EPR, dynamic and
topological profiles are obtained, with power saturation being able to provide information on the
membrane depth and orientation; for ESEEM, atomic-resolution information of the local chemical
microenvironment. These approaches allow functional and structure-based insights into the behavior of
membrane proteins. Over the past years, the combination of these EPR techniques with distance-based
measurements such as Double Electron-Electron Resonance (DEER) and molecular dynamics (MD)
simulations allow the generation of high confidence structural models in lipid bilayers, without the

requirement of crystallization or high protein concentration.”!
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1.7. Membrane mimetic systems

Membrane mimetic systems have emerged as powerful means to study membrane proteins that stabilize
them in an environment that closely mimics their natural surroundings. These systems are prepared to
mimic the selective permeability, fluidity and structural integrity of biological membranes, which are
crucial for cellular homeostasis and intercellular communication. The lipid bilayers or polymeric matrices
on which these are based are designed to mimic the wide diversity of lipid compositions and complex

organizations that living systems offer.”

Lipid-associated detergents were the first group of membrane mimetics and one of the earliest solutions
to the solubilization of membrane proteins from cellular membranes. Detergents such as n-Dodecyl-B-D-
Maltoside (DDM) in aqueous solutions form micelles associated with the hydrophobic part of the receptor
protein so that the protein can be solubilized in the water phase.”> Micelles have been conveniently
employed in structural studies of membrane proteins. In addition, the high curvature of micelles and their
inability to replicate the lateral pressure of biological membranes limit the use of micelles in certain
structural and functional studies.”* To overcome the drawbacks of detergent micelles, lipid bilayer-
containing systems such as liposomes, bicelles, and nanodiscs were created. These platforms provide a
more native-like environment due to the bilayer arrangement that these systems form similar to that of
natural membranes, a property that is essential for structural and functional studies of membrane
proteins.” Liposomes consist of spherical vesicles with lipid bilayers and provides a more dynamic and
possibly more physiological relevant system for reconstitution of membrane proteins.”® Liposomes are
customizable for size and lipid composition, providing great flexibility when conducting different studies.
Nonetheless, the broad size distribution and instability under some conditions render them less amenable
to high-resolution biophysical approaches. Long-chain lipid/short-chain detergent bicelles assume
bilayered, disk-like structures. Such systems can be partially aligned in magnetic fields and so are widely
applicable in solution NMR and EPR spectroscopy.’’ Bicelles provide enhanced stability over micelles
and allow better duplication of a natural bilayer environment, however they continue to share some of the
obstacles inherent to detergent-mediated systems and specifically with reported issues on size and

temperature sensitivity.”®

Nanodiscs, as developed in the Sligar laboratory, represent a dramatic advancement in membrane

mimetic apparatus. Nanodiscs that are composed of a lipid bilayer and enclosed by membrane scaffold

t.79

proteins (MSPs) thus offering a natural-like membrane environment.”” This process still requires the
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presence of detergent; thus, proteins that are very sensitive to detergents are still not compatible with this
mimetic. A mimetic that does not require the introduction of detergent and ideally keeps the native

membrane intact is required.®°

Figure 1.5: Visual depictions of various membrane mimetics: (a) micelle, (b) bicelle, (c) liposome, (d) nanodisc, and (e) SMALP .33

1.8. Polymer Supported Bilayer BioMimics: SMALPs and Beyond

The limitations of detergent-based and bilayer mimetics systems have initiated the rise of polymeric
membrane mimetics, where Styrene Maleic Acid Lipid Particles (SMALPs) has emerged as one of the
most promising breakthroughs.”” SMALPs are generated from the reaction of SMA (styrene-maleic acid)
copolymers with biological membranes, which can extract membrane proteins from their membrane while

preserving their native lipid environment.5!

SMA copolymers also provide significant advantages for the
stabilization and soluble preparation of membrane proteins in the form of lipid particles without the need
for detergents.®> SMALPs have been particularly successful for EPR spectroscopy, native mass
spectrometry, and cryo-EM, all of which can benefit from analysis of the structure and lipid annulus of

the membrane protein in a native-like state and a resolution that is not influenced by artifacts.®
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Although SMA copolymers have emerged as an important new class of membrane mimetics, their usage
is not without restrictions. Differences in the Styrene to Maleic Acid ratio, charge densities and polymer
sizes affect protein stabilization and subsequently, the biophysical data.’> Moreover, styrene UV-Vis
absorbance interference from the aromatic ring may also distort data quantification when using these
systems, requiring polymer-based mimetics alternatives such as Vinyl Ether Maleic Acid (VEMA)

derivatives.”®

VEMA, a polymer that replaces styrene in SMA analogs, is a biological tool that overcomes these
impediments as it decreases UV sensitivity, leading to more precise and accurate measurements especially
for protein concentration.®* VEMA-based systems can promote the determination of membrane protein
structures more accurately because of the more accurate data acquisition beyond the spectral interference
of the styrene part. These changes increase the ease of use of polymeric mimetics in membrane protein
studies and enable greater control over the nature of the polymer and its behavior in and with lipid

bilayers.”®

1.9. Conclusion

In conclusion, the combined use of site-specific spin labeling and EPR spectroscopy is a powerful
approach for the study of the structural topology of proteins such as gp28 and TRPV1. These strategies
have enabled the investigation of dynamic conformations and interactions of proteins that can be
informative with their functional mechanism. In membrane mimetic systems, detergents were used to
solubilize and help purify membrane proteins initially but now the field has advanced in general towards
more complex mimetics: vesicles, bicelles and nanodiscs as well as new polymeric systems: SMA
copolymers, SMA derivatives and vinyl ether maleic acid derivatives. The change reflects the increasing
need for systems that more accurately mimic the native membrane setting, with improved stability,
structural fidelity, and functional relevance for biophysical studies. With further development of these
technologies, their potential applications in structural biology and drug development will increase,
leading to new developments and applications in the life sciences. Continuous-Wave EPR (CW-EPR),
power saturation, and Electron Spin Echo Envelope Modulation (ESEEM) techniques have been utilized
very effectively in gaining distinct insight about the structural aspects of gp28 and TRPV1 VSLD

membrane proteins at molecular level in this study.
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Abstract

Membrane proteins play a vital role in various cellular functions and are important targets for drug
interactions. However, determining their local secondary structure is challenging due to their hydrophobic
nature and limited experimental techniques. This study focuses on the use of electron spin echo envelope
modulation (ESEEM) spectroscopy, in combination with site-directed spin labeling (SDSL) and 2H-
labeled amino acid sidechain (dio-Leu), to study the local secondary structure of a recently discovered
phage-encoded lytic protein, gp28. gp28 is a membrane protein with three predicted helices that plays a
crucial role in the lysis process of bacteriophages that lack spanins. gp28 is an antimicrobial protein
specifically involved in disrupting the outer membrane of the host cell. Through the synthesis of nine
constructs of gp28 peptides, we systematically probed the three predicted helices. The local secondary
structure of the gp28 protein in POPC/POPG vesicles was investigated using ESEEM spectroscopy.
Additionally, the global secondary structure was verified using CD spectroscopy. Subsequently, the
ESEEM technique allowed us to determine the local secondary structure within the three predicted alpha
helices of gp28 in a membrane. This study revealed the presence of alpha helical structural components
in all three predicted helices of gp28. These results not only enhance our comprehension of the local
secondary structure of gp28 but also highlight the effectiveness of the ESEEM spectroscopic technique in

studying membrane protein systems encoded by bacteriophages.

27



2.0. Introduction

Membrane proteins play a crucial role in a diverse range of cellular functions, such as transport, signaling,
and lysis.! Additionally, they serve as targets for more than 50% of small molecule drug interactions.?>
However, determining the local secondary structure of membrane proteins has been a persistent challenge
for the scientific community. Their hydrophobic nature, poor overexpression yields, and the absence of
high-quality crystals have complicated these efforts. *° Traditional methods for structure prediction in
protein research have historically established a foundation that contributes to the understanding of protein
folding and stability. However, these techniques can be time-consuming and limited in their ability to

handle the complexity of certain protein types, particularly membrane proteins.

Currently, Al-based approaches such as AlphaFold have revolutionized the landscape of protein structure
prediction.%” AlphaFold employs deep learning algorithms trained on vast datasets of known protein
structures, enabling it to predict the three-dimensional arrangements of amino acids with remarkable
accuracy and speed. This advancement marks a significant departure from earlier methodologies, allowing
researchers to generate reliable structural models for proteins that were previously difficult to study,
including membrane proteins. To fully leverage Al predictions in this context, it is essential to integrate
these computational models with experimental data, such as cryo-electron microscopy and/or other
biophysical techniques. This synergy can enhance the reliability of predictions and provide insights into
the conformational dynamics of membrane proteins. By combining computational data with experimental
data, researchers can cultivate Al systems that are better equipped to tackle the puzzle of membrane

protein folding and function.’

In the field of structural biology studies, an array of techniques is utilized to comprehend the secondary
structures of protein/peptides. These techniques include circular dichroism (CD), X-ray crystallography,
solution and solid-state nuclear magnetic resonance (NMR), FT-Raman spectroscopy, ATR FT-IR,
computational modeling, and spectral lineshape analysis with electron paramagnetic resonance (EPR)
spectroscopy.'!"!3 Among these methods, CD is currently the most widely used and easiest spectroscopic
technique.'*!> However, CD data can only provide information about the overall or global secondary

structure and cannot offer site-specific details about the nature of the local secondary structure.'¢-2°

Obtaining site-specific secondary structural information is crucial for understanding protein packing and

interactions within a lipid bilayer environment.?*>> Additionally, local secondary structural information
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is valuable for gaining insights into the function, dynamics, and interactions of proteins.!” Local secondary
structures can be determined using solid-state NMR spectroscopy by analyzing backbone *C chemical
shift assignments and dipolar couplings.???® Although NMR provides very useful structural information,
this method requires substantial amounts of isotopic-labeled protein or peptide samples and extended data
acquisition time, ranging from days to weeks, while also suffering from low sensitivity.!”?® EPR
spectroscopic methods are complementary to existing biophysical techniques that require smaller amounts
of isotopic-labeled protein or peptide samples ( from 10 pM) and involve shorter data acquisition times,

while still providing high sensitivity.!”*

Previously, the Lorigan group successfully employed ESEEM spectroscopy in combination with site-
directed spin labeling (SDSL) and ?H-labeled amino acid sidechain to determine the local secondary
structure of model membrane proteins/peptides.?**! ESEEM spectroscopy, a highly robust pulsed EPR
technique, has been proven valuable in studying a wide range of biological systems.?° This technique has
been employed to differentiate between a-helices and B-sheets and the detection of a-helices versus 31o-
helices.>® The advantage of ESEEM spectroscopic techniques over other biophysical structural biology
techniques, such as circular dichroism (CD) spectroscopy, lies in its ability to selectively probe the local
secondary structure rather than the global secondary structure.!”2%3! When studying local secondary
structures, ESEEM spectroscopy is cost effective and also overcomes the limitations observed in NMR
techniques, offering a valuable method to discern subtle but significant differences in the local secondary
structure of peptides and proteins.?”* This ESEEM approach can be also applied to larger size protein

using bacterial overexpression methods.!'>!®

Studying the local secondary structure with ESEEM spectroscopic technique requires a deuterated (H)
amino acid sidechain, such as dio-Leu, and a site-specific nitroxide spin label positioned within four amino
acid residues of the deuterated amino acid. In this case, a nitroxide based spin label called S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate (MTSL) is attached to the
substituted cysteine side chain via disulfide bond formation. In ESEEM spectroscopy, the detection
mechanism involves capturing the weak interactions between the unpaired electron of the spin label and
the deuterium nuclei present in the labeled Leu side chain, within a detection limit of 8 A. It is also possible

to employ other deuterated amino acids (e.g., dio-Val) as well.>>3*

The distinctive periodicity of helices (e.g. alpha helices, 310-helices) and the linear arrangement of B-sheets

exhibit distinct patterns in the ESEEM spectra as the spin label is incrementally moved away from the dio-
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Leu side chain.!” In a helix, when the spin label is positioned 2 amino acids away from the dio-Leu, both
the spin label and the dio-Leu are situated on opposite sides of the alpha helix (Figure 2.1A), exceeding
the 8 A ESEEM detection limit.!”*%*¢ However, as the spin label is moved to positions 3 or 4 amino acids
away from the dio-Leu, the helical structure aligns with both labels on the same side of the helix, allowing
for the detection of deuterium modulation (Figure 2.1B).'®* Conversely, when probing a B-sheet, the
linear nature of B-sheets positions the spin label within the detection limit when it is 1 or 2 amino acids
away from the djo-Leu, facilitating deuterium modulation.’” Unlike the o-helix, no deuterium modulation
is detected at positions 3 and 4 amino acids away from the dio-Leu in a linear B-strand, as the spin label’s
distance is more than 8 A distant from the dio-Leu. The application of the ESEEM technique has been
mostly limited to modeling small protein segments with known structures.!”-!%3%38 In this study, ESEEM
spectroscopic technique was employed to investigate the local secondary structure of a recently discovered

antimicrobial membrane protein called gp28 featuring multiple predicted helices.

Phage lysis is a common cell fate, and dsDNA phages in Gram-negative bacteria are extensively studied
to elaborate on the molecular details of this process. The lytic process occurs through the canonical holin-
endolysin pathway or the pinholin-SAR endolysin pathway, involving three different classes of lysis
proteins: holins, endolysins, and spanins.>**' The lysis process starts with holins (canonical holins or
pinholins) creating holes in the inner cytoplasmic membrane (IM), followed by endolysins degrading the
peptidoglycan (PG), and spanins disrupting the outer membrane.* The final stage of lysis typically
involves spanins for disrupting the outer membrane (OM).** However, there are some phages that lack

spanins but are still able to complete the lysis process.*>**

gp28 is the first identified member of a new
class of phage proteins termed disruptins, that lack spanin genes offering an alternative mechanism for
degrading the OM. It is a cationic antimicrobial peptide (CAMP) with three predicted alpha helices and is

produced by @K T to complement lambda lysis defects.**

The final stage of lysis typically involves spanins for disrupting the outer membrane (OM).** However,
there are some phages that lack spanins but are still able to complete the lysis process.**** gp28 is the first
identified member of a new class of phage proteins termed disruptins, that lack spanin genes offering an
alternative mechanism for degrading the OM. It is a cationic antimicrobial peptide (CAMP) with three

predicted alpha helices and is produced by KT to complement lambda lysis defects.**

30



Figure 2. 1: For an alpha helix, A) when the spin label is positioned 2 amino acids away from the d10-Leu, both the spin label
and the d10-Leu are situated on opposite sides of the alpha helix, exceeding the 8 A ESEEM detection limit, B) when the spin
label is moved to positions 3 or 4 amino acids away from the d10-Leu, the helical structure aligns with both labels on the same
side of the helix, allowing for the detection of deuterium modulation.

The Ry Young group discovered the gp28 peptide and performed various experiments, including
biomolecular and functional analyses, along with computational studies. The central focus of these studies
was to predict the secondary structure and discern the hydrophobic and hydrophilic regions within the
three helices.** However, further experiments are needed to validate the presence of the alpha helices as
initially predicted by the Ry Young group. To investigate the local secondary structure of gp28, we
synthesized gp28 constructs using solid phase peptide synthesis (SPPS) and employed ESEEM
spectroscopic technique to study the peptide in a POPC/POPG bilayer membrane.

2.1. Experimental Methods

2.1.1. Peptide synthesis and purification

Solid-phase peptide synthesis was used to generate gp28 constructs using a CEM Liberty Blue Peptide
Synthesizer with the Discovery Bio Microwave System which was then cleaved from the solid-phase resin
using a trifluoroacetic acid (TFA) cleavage solution.**>> A crude peptide was obtained following an

optimized cleavage procedure.’**' The crude gp28 was purified using reverse-phase high-performance
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liquid chromatography (RP-HPLC) on a C4 prep column with a gradient of solvent B (90%
acetonitrile/10% water/0.1% TFA). The purified peptides were then collected and lyophilized, and the
resulting pure peptides were spin-labeled using MTSL.

Table 1.1: The primary sequences of gp28 constructs for ESEEM spectroscopic studies. The position of
deuterated Leu (djo Leu) is represented by 'i', while the position of cysteine (spin-labeled) substitution is
indicated as 'X'. The underlined segments in the primary sequence correspond to the predicted helices by

the Ry Young group.*
Wild type gp28:

MSKFK’KYLGA'""AWDFTPKEHGV*TILRG*VAVLL**VGRKV**GRVAN*QSADV*+LDT
VIP°’KGTKKN>®

Helix 1 | Leu8 |i2 | MSKFK’XYiGA'"AWDFTSKEHGVZTILRG®VAVLLVGRKV*GRVAN*QSADV*LDT
VI'KGTKKN5®

i-3 MSKFX’KYiGA'’AWDFTKEHGVX*TILRG»VAVLL*VGRKV3GRVANYQSADVHSLDT
V%K GTKKN?

i-4 MSKXK3KYiIGA""AWDFTPKEHGVXTILRG®VAVLL*VGRKVFGRVANYQSADVHSLDT
VIKGTKKN?*¢

Helix 2 | Leu 30 | it2 | MSKFK’KYLGA’AWDFT*KEHGV*TILRG®VAVLi**VXRKV*GRVAN*QSADV*LDT
VI'KGTKKNS®

i+3 | MSKFK’KYLGA'"AWDFTKEHGV?*TILRG*VAVLi**VGXKV*GRVAN*QSADV#LDT
VIKGTKKN?*¢

i+4 | MSKFK°’KYLGA'’AWDFT KEHGV*TILRG*VAVLi**VGRXV3»GRVAN*QSADV#LDT
VIKGTKKN?*¢

Helix 3 | Leu 46 |i2 MSKFK’KYLGA'"’"AWDFT KEHGV*TILRG*VAVLL**VGRKV¥GRVAN*QSAXV#IDT
V%K GTKKN?

i-3 MSKFKKYLGA'"’"AWDFT KEHGV*TILRG*VAVLL**VGRKV¥GRVAN*QSXDV#iDT
VK GTKKN3®

i-4 MSKFK’KYLGA"’"AWDFTKEHGV?*TILRG®VAVLL*VGRKV’GRVANYQXADV#iD
TVI'%KGTKKN?
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To remove excess spin labels, the spin-labeled peptides underwent another round of purification using
RP-HPLC on a C4 semi-prep column with the same gradient and solvent system.*"**’ The purified
peptides were subsequently freeze-dried (lyophilized) to obtain solid peptide samples and their purity
confirmed by mass spectrometry. Nine variants of gp28 protein were synthesized for comprehensive
investigation. Apart from these nine gp28 constructs, the synthesized wild type gp28 peptide without
deuterated amino acids was used as a control. Table 1.1 provides an overview of the nine different

positions of deuterated and spin-labeled peptides.

2.1.2. Sample preparation for ESEEM spectroscopy

A stock solution of the peptides was prepared using Trifluoroethanol (TFE) at a concentration of 2 mg/mL.
The peptides were then reconstituted with buffer solution to facilitate their incorporation into POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)/POPG  (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (sodium salt)) vesicles. The desired molar ratio of the peptide to the lipids for
POPC/POPG vesicles was set to 1:1000.%¢ The 1:1000 protein-to-lipid ratio is often used to ensure that the
protein is properly embedded in the lipid bilayer and retains its functional properties. The thin-film method
was employed to incorporate the peptides into POPC/POPG (3:1) proteoliposomes.*®*! Pure spin-labeled
peptides dissolved in 2,2,2-Trifluoroethanol (TFE) were mixed with a pre-dissolved POPC/POPG lipid
solution in a pear-shaped flask. The organic solvent was gently evaporated by purging with N2 gas,
resulting in a thin uniform film inside the flask. The flask was then placed in a vacuum desiccator

overnight to eliminate any residual organic solvent.

To rehydrate the thin film and achieve a final concentration of 200 mM lipid and 200 uM peptide in
proteoliposomes, a 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer at pH
~7.0 was added to the flask. The lipid film was dispersed from the side wall through vortexing, followed
by five freeze-thaw cycles before adding glycerol. A 10% glycerol solution was added to the sample and
thoroughly mixed. Glycerol maintains the sample in the buffer system without phase separation for an
extended period.*> This helps to ensure that the liposomes remain intact by stabilizing the lipid bilayer,
preventing aggregation, and acting as a cryoprotectant. Its use is particularly important since ESEEM
experiments require consistent and functional proteoliposomes. The homogeneity and size of the

proteoliposomes were confirmed using dynamic light scattering (DLS) spectroscopy with a ZETASIZER
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NANO Series instrument (Malvern Instruments) at 25 °C, using a disposable 40 pL micro cuvette (Figure
2.2).4

2.1.3. Circular Dichroism (CD) data collection

CD spectra were obtained for gp28 peptides incorporated into proteoliposomes using an Aviv Circular
Dichroism Spectrometer (Model 435) and a quartz cuvette with a path length of 1.0 mm.* To reduce the
concentration of the protein and the vesicles, the gp28 peptides incorporated proteoliposomes samples
were diluted ten times with phosphate buffer. The data were collected in the wavelength range of 260 to

190 nm with an average of 5 scans per sample and a bandwidth of 1 nm at a temperature of 25°C.*

20 Size distribution by intensity
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Figure 2. 2: DLS Data: Plotting the signal intensity as a log function of particle diameter for d10-L30 i+3 gp28 incorporated into
POPC/POPG vesicles. The size of the vesicles was around 450 nm.

2.1.4. Sample preparation and instrumental setup for CW-EPR and ESEEM Spectroscopy

X-band CW-EPR (~9 GHz) spectra were utilized to determine the spin labeling efficiency, with all
samples demonstrating over 85% labeling efficiency. Three-pulse (n/2-1-n/2-T-n/2) ESEEM
measurements were performed using a Bruker ELEXSYS ES580 instrument equipped with an ER4118X

MS3 resonator using a 200 ns tau value for 'H modulation suppression. The measurements were
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conducted at a microwave frequency of approximately 9.269 GHz and a magnetic field of around 3300
G, with a temperature of 80 K and 4-step phase cycling. The spectra were collected with a starting T value
of 386 ns with an increase of 12 ns increments for a total of 512 points.?’ The ESEEM data were collected
from a 90 uL sample volume incorporated into POPC/POPG vesicles. The time-domain data were fitted
using a two-component exponential decay model. The maximum value for the exponential fit and the
collected time-domain data were both scaled to one, following established literature procedures.!”*** The
scaled ESEEM spectrum was obtained by subtracting the normalized decay curve from the experimental
data. Subsequently, Fourier Transformation (FT) was applied to the scaled ESEEM spectra to generate
the corresponding frequency domain. The detected deuterium peak appeared at approximately 2.2 MHz,

corresponding to the 2H Larmor frequency.

2.2. Results and Discussion

In the cell lysis pathway of bacteriophages lacking spanins, gp28 protein plays a crucial role in the
degradation of the outer cell membrane.** In this study, both CD spectroscopy and a well-established 3-
pulse ESEEM spectroscopic method were employed to investigate the global and local secondary structure
of gp28 within the membrane.!”*° Figure 2.3 presents representative CD spectra of the wild type gp28
(blue) and spin-labeled construct of gp28 (dio-L30 i+3) (black). The CD spectra were obtained by
averaging signals from five scans. The plot shows the mean residue molar ellipticity (MRE) as a function
of the incident radiation wavelength. In both cases, double minima at 208 and 222 nm were observed,
indicating the presence of a global a-helical secondary structure and the results are consistent with the

published data showing that spin-labelling did not alter the global secondary structure of gp28.!78

Once the global secondary structure of the peptides was confirmed, the ESEEM spectroscopic approach
was utilized to explore the local secondary structure. In this study, specific positions within the predicted
alpha helical regions were chosen for an investigation of the three predicted helices.** The position of
deuterated amino acid (dio-L) and spin labeling positions (i+n; n=1, 2, 3) were chosen judiciously. For
studying helix 1, L8 residue was replaced with djo-L8 (deuterated leucine). Likewise, for helix 2 and helix
3, the L30 and L46 residues were replaced with deuterated leucine, respectively. Figure 2.4 shows a set
of representative ESEEM spectroscopic data for dio-L46 gp28 constructs, indicating the observed
modulation in the i-3 and i-4 positions of the time domain, specifically for helix 3. This modulation occurs

at a frequency of ~2.2 MHz, corresponding to the 2H Larmor frequency observed in the i-3 and i-4
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positions of the spin label, as depicted in Figure 2.4B. The presence of the deuterium peak at positions i-
3 and i-4, and the absence of the peak at i-2, indicates an a-helical secondary structure for dio-L46 gp28

constructs (Figure 2.4B, and 2.5C).!7-2%:31:32.34.50

d,o-L30 i+3 gp28 construct vs gp28 WT in POPC/POPG vesicle

4 4 —d10-L30 i+3
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Figure 2. 3: Circular dichroism spectra of gp28 Wild type (WT) and spin-labeled gp28 (d10-L30 i+3) incorporated into
POPC/POPG proteoliposomes.

Upon confirmation of the presence of an alpha helical structure in helix 3, additional dio-L46 gp28
constructs were prepared with the spin-label in the opposite direction (NIC) of the sequence, namely i+2,
1+3, and 1+4 (S3). The results obtained for the second set of dio-L46 gp28 constructs corroborate the
findings obtained from the first set, thereby confirming the presence of an alpha helical structure (Figure
2.5C, and S2.3). The pattern observed for dio-L46 gp28 constructs arises from the 3.6 amino acid turn
periodicity of a-helices, which aligns the spin label (i+3 and i+4) and deuterated leucine side chain on the
same face of the helix, enabling detection of ?H modulation. In contrast, the i+2 position falls on the
opposite face of the helix and is beyond the 8 A detection limit, and thus no ?H modulation was observed
for these samples (Figure 2.5C, and S2.3).%” Similarly, to check for helix 1, a set of d1o-L8 gp28 constructs
were used to prepare the corresponding ESEEM samples. The alpha helical pattern can also be observed

for the i-2, i-3, and i-4 samples (CON) of the dio-L8 gp28 (Figure 2.5A, and S2.1). Additionally, the
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presence of an alpha helical secondary structure is clearly discernible for helix 2. As illustrated in Figure
2.5B, deuterated L30 exhibits deuterium modulation peaks at the i+3 and i+4 positions, while the i+2
position does not display such modulation. Some minor peaks observed in certain samples may arise from
the interaction between the spin label and a small portion of deuterated side chains or unfolded protein.>
gp28 is a surface peptide and the helical folding for helix 1 might be slightly different while interacting
with lipid surfaces that may introduce some minor peaks. Helix 1 might be also exposed to solvents and
that can also influence the folding as shown by our previous findings.>® The peak at approximately 8 MHz

may also arise due to the presence of '*P within the solution.

Figure 2. 4: ESEEM data for the gp28 with a deuterated (d10) leucine (Leu) side chain at position 46 in helix 3 incorporated in
POPC/POPG liposomes at a protein to lipid ratio of 1:1000. (A) The modulation of deuterium (’H) observed in the time domain
(blue) is reflected by the modulation peaks in the frequency domain intensity (red) (B). ESE: Electron Spin Echo, FT: Fourier
Transform.
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Additionally, the normalized peak intensities for 2H modulation were analyzed and compared to
understand the local helical pattern of gp28 constructs. Figure 2.6 displays the normalized frequency
intensity for all data collected in POPC/POPG vesicles. All the samples had an ESEEM FT 2H peak

intensity above the 0.02 level 14

Figure 2. 5: The figure represents °H frequency domain intensity for all gp28 constructs studied with ESEEM spectroscopy: A)
2H frequency domain intensity for di0-L8 gp28 constructs of helix 1(C/IN), B) ?H frequency domain intensity for d1o-L30 gp28
constructs of helix 2 (NIIC), C) ?H frequency domain intensity for dio-L8 gp28 constructs of helix 3 (CIN). All samples were
reconstituted into POPC/POPG vesicles (3:1). D) The primary sequence of gp28 having dio-Leu highlighted in yellow, and spin
labeled positions are highlighted in blue. FT: Fourier Transform.

The intensities of the ESEEM *H peaks ranged from 0.02 to 0.19. The variations in FT peak intensities
for the ’H modulation at these positions were pronounced in helix 1 compared to the data for helix 2 and
3. The plot enables the differentiation between the various helices, such as a 319 helix with a 3.1 amino
acid turn periodicity or a « helix with a 4.1-4.4 amino acid turn periodicity, by comparing the normalized

frequency domain intensities.*®>*%
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Figure 2. 6: Comparison of normalized FT frequency domain intensity for each gp28 construct in POPC/POPG vesicles at a
protein to lipid ratio of 1:1000.

The ESEEM data consistently exhibit greater ’H modulation in both the time domain and frequency
domain, particularly evident in samples i + 4 and i + 3. Moreover, the 2H modulation in i + 4 samples
consistently shows greater depth compared to i + 3 samples apart from helix 1. The variations in intensity
between positions can be attributed to two primary factors. The first difference arises from the local
environment of the helices that influence the mobility and packing of the spin label and dio-Leu side chain.
Previous data found that helix 1 could either be completely exposed to the solvent or shows partial
electrostatic interaction with lipid head groups, whereas helix 2 and helix 3 clearly interacted with the
lipid bilayer.’® The second factor is the presence of multiple torsion angles in longer side chains, such as
leucine, and the fact that MTSL-labeled cysteine also introduces five torsion angles (y1-5).4¢367 This
results support the power saturation and molecular dynamics simulation results, which indicated that there
is a stable interaction of helix 2 with the phospholipid membrane bilayer, contrasting with helix 1's
tendency to remain unstructured and unravel unless supported by contact with the other two helices.®
These results significantly contribute to our existing knowledge and provide valuable insights into the
structural properties of gp28, enabling its application in the study of more complex protein systems using

the ESEEM approach.

2.3. Conclusion

Our study of local secondary structures in proteins, particularly gp28 protein, contributes to an

understanding of their function, stability, ligand binding sites, and biomolecular interactions. This
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knowledge is crucial for protein engineering, conformational study, and gaining evolutionary insights,
leading to possible advancements in biotechnological and medicinal applications. In this study, we
investigated the local secondary structure of the gp28 protein in POPC/POPG vesicles using the 3-pulse
ESEEM spectroscopic method. These findings, which are a significant contribution to the biophysical
field, confirm the presence of a global alpha-helical secondary structure for gp28 peptide from CD
spectroscopy. The ESEEM approach was then employed to explore the local secondary structure,
explicitly focusing on positions within the predicted alpha-helical regions. Our analysis of the ESEEM
spectroscopic data confirmed the presence of the a-helical secondary structure for the gp28 constructs for

all three helices as suggested by researchers from the Ry Young group.**

To validate the presence of an alpha-helical structure and investigate the residues incorporated into helix
3, we conducted additional experiments using spin-labeled constructs in the opposite direction. This was
particularly important because the predicted length of helix 3 is relatively small. The observed *H
modulation patterns and their Fourier-transformed peaks were consistent with the expected characteristics
of a-helices. The comparison of normalized frequency intensity in the POPC/POPG vesicles further
supported the differentiation of helices based on their amino acid turn periodicities. These results confirm
that all three predicted gp28 helices in POPC/POPG vesicles have an a-helical secondary structure. The
findings from this study, combined with our previous investigations, will contribute to a data library that

supports the application of the ESEEM approach in studying more complex protein systems.?>#>47

2.4. Supporting Information

This section contains all the ESEEM data for the labelled sites of gp28 peptide, frequency and time domain

and its corresponding Fourier Transform data.
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Supplementary material:

Figure S2.1: ESEEM data for the gp28 with a deuterated (d o) leucine (Leu) side chain at position 8 in
helix 1 for i-2, i-3 and i-4(C 2N) incorporated in POPC/POPG liposomes at a protein to lipid ratio of
1:1000. (4) The modulation of deuterium (*H) observed in the time domain (blue) is reflected by the peaks
in the frequency domain intensity (red) (B). ESE: Electron Spin Echo, FT: Fourier Transform.
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Figure S2.2: ESEEM data for the gp28 with a deuterated (d10) leucine (Leu) side chain at position 30 in
helix 2 for i+2, i+3 and i+4(N 2C) incorporated in POPC/POPG liposomes at a protein to lipid ratio of
1:1000. (A) The modulation of deuterium (*H) observed in the time domain (blue) is reflected by the peaks
in the frequency domain intensity (red) (B). ESE: Electron Spin Echo, FT: Fourier Transform.
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Figure S2.3: ESEEM data for the gp28 with a deuterated (d ) leucine (Leu) side chain at position 46 in
helix 3 for i+2, i+3 and i+4(C -2N) incorporated in POPC/POPG liposomes at a protein to lipid ratio of
1:1000. (A) The modulation of deuterium (*H) observed in the time domain (blue) is reflected by the peaks
in the frequency domain intensity (red) (B). ESE: Electron Spin Echo, FT: Fourier Transform.
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3.0 Abstract

Researchers have explored and cultivated suitable membrane mimetics to preserve a physiological solvent
condition for membrane protein functions. This involves emulating the properties of lipid bilayers,
particularly within the hydrophobic core. Membrane mimetics exist in diverse forms, such as micelles,
bicelles, liposomes, and nanodiscs. Polymers, such as styrene-maleic acid (SMA), have been found to
offer a potentially suitable means to solubilize membrane proteins without resorting to detergents. It is
widely recognized that various membrane mimetics yield distinct structural and dynamic configurations
in membrane proteins. Styrene-maleic acid derivatives (SMADs) are of particular significance in this
study; they are known for their ability to generate lipid nanoparticles. It has been hypothesized that
utilizing SMA derivatives with the same charge as the target membrane protein preserves the protein's
structural and dynamic attributes compared to other bilayer membrane mimetics. This study explores the
impact of different charges of SMA derivatives on two bacteriophage-encoded peptides explicitly
focusing on their influence as charged peptides. Positively charged, neutral, and negatively charged SMA
derivatives interactions with pinholin S?!' and the phage-encoded cationic antimicrobial peptide gp28 lipid
vesicles were assessed. These interactions were characterized using dynamic light scattering (DLS)
techniques and continuous wave electron paramagnetic resonance (CW-EPR) spectroscopy. From our
DLS results we observed a reduction in size from the vesicle control which is consistent with the formation
of SMADLPs (styrene maleic acid derivatives lipid nanoparticles). The key outcome was in the
identification of how various SMA derivatives affect the interaction gp28 and pinholin membrane peptides
which is useful when trying to understand how the different SMA polymers can influence the behavior
and stability of protein complexes. For gp28 peptide, CW-EPR spectral analysis indicates no line
broadening in its profile, suggesting that binding interactions with SMA derivatives do not significantly
disrupt the structural integrity or dynamic behavior of the gp28 peptide. SMA-Pos interaction with
pinholin shows some minimal perturbation confirming that it is not as compatible compared to SMA-Neut
and SMA-Glu. This study will provide insights into the optimal conditions for studying membrane protein
interactions focusing on the structural dynamics of gp28 and pinholin in the presence of different SMA

derivatives.
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3.1 Introduction

The proteins within the membrane are the link between the cell and the external environment hence play
a major role in controlling molecular movements across the membrane and intracellular communication.'*
Membrane proteins (MPs) constitute a significant fraction of protein-encoding genes that perform
essential functions across all organisms.>* Despite their importance, our understanding of MP folding,
stability, and function lags behind that of water-soluble proteins. The scarcity of MP structures in the
protein database underscores the challenges of studying these hydrophobic proteins.>® Traditional
approaches of solubilizing membrane proteins often involve detergents, which can disrupt native
membrane environments.’® Amphipathic polymers have been developed to interact with lipid suspensions
by inserting themselves into the bilayer. They interact with the lipid acyl chain using their hydrophobic
portion and the lipid head group using their hydrophilic portion.!? This interaction makes the lipid-protein-
polymer mixture soluble, disrupting the bilayer without using detergents.!!'> An example of amphipathic
polymers is Styrene Maleic Acid (SMA) copolymer. In recent years, SMA has emerged as a promising
tool for solubilizing and stabilizing membrane proteins.'>'> SMA extracts proteins in the form of lipid-
protein nanodiscs, offering a distinct advantage over detergents, which tend to deplete most or all of the
lipids from the immediate environment of membrane proteins.!®'® This copolymer interacts with lipid
samples like liposomes to form SMA lipid nanoparticles (SMALPs).2’ SMA has demonstrated the ability
to generate highly pure integral membrane proteins derived from diverse bacterial and eukaryotic
sources.’!”> SMA has also been used to characterize proteins like KCNE1, making it a promising tool for

the structural study of membrane proteins.?*?*

However, there are limitations to the use of SMA in membrane protein solubilization and reconstitution
due to the diacidic components they possess. The hydrophobicity of styrene-maleic acid copolymer
(SMA) increases when the acids are protonated, and it also binds to divalent metal cations such as calcium
and magnesium.?** This affects the structure of the lipid disk. When magnesium concentration exceeds
10 mM or the pH falls below 6, the polymer often precipitates, leading to the disassembly of the
SMALPs.>*2¢ Unfortunately, most membrane proteins like ATPase, which have enzymatic functions,
need magnesium or divalent cations as a cofactor. These limitations have been minimized by derivatizing
SMA through a nucleophilic ring opening of RAFT-synthesized styrene maleic anhydride (SMAn)

copolymers. '?
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Styrene maleic acid derivatives, commonly called SMADs, are a fascinating class of copolymers with the
unique ability to interact with various membrane systems. Their diverse applications in membrane protein
research and biotechnological innovations have garnered significant attention. A library of SMA-
Derivatives, namely, SMA-Glu, and SMA-AE, both net negatively charged, SMA-Neut, net neutral
charged, and SMA-Pos, net positively charged, have been characterized. SMA-Neut and SMA-Pos were
proposed to be milder surfactants than the traditional SMA polymer because of their zwitterionic
characteristics which mimic surfactants like CHAPSO and DHPC that are used in bicelle membrane
mimetic preparation. '>?” When SMA reacts with glucosamine, it forms SMA-Glu that behaves like alkyl
glucosides which is helpful in membrane protein studies.!!? These derivatives are charged polymers that
could be utilized in the study of charged membrane peptides and proteins. This study explores a hypothesis
that states that protein dynamics and functionality are preserved when overall protein charge matches that

of the polymer belt. '

To fully appreciate the role of SMADs, we must first examine the effect of their interactions with
membrane proteins and systems. These interactions are influenced mainly by the charge of the SMADs
themselves, which can be positive, neutral, or negative, and how these charges interact with membrane
proteins that are similarly classified. The charge-dependent interactions between SMA derivatives and
membrane systems highlight the strategic decision-making involved in designing experiments and
applications. Each scenario involving positively, neutrally, or negatively charged entities demands a
tailored approach. The choice of SMA derivative charge is not merely a matter of preference but a decision

that can significantly impact the outcome of membrane protein studies.

In this study, gp28 and pinholin which are charged antimicrobial peptides at pH 7, were reconstituted into
nanodiscs with these charged polymers to assess this hypothesis and hence contribute to the screening
library of which polymers preserve a more native environment of differently charged peptides/ proteins.
The bacteriophage-encoded proteins gp28 and pinholin represent critical components of phage-mediated
bacterial lysis, each contributing uniquely to the disruption of host bacterial membranes. The emergence
of antibiotic-resistant bacteria, commonly referred to as "superbugs," has escalated into a significant
public health crisis, necessitating the exploration of alternative therapeutic strategies. Among these,
bacteriophages have garnered considerable attention for their potential to combat multidrug-resistant

infections.>®
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Pinholin is a type of holin that forms pores in the cytoplasmic membranes of bacteria to release endolysins
that hydrolyze the cell wall and induce cell death.?!*> During the lytic cycle, pinholin accumulates in the
bacterial membrane. Pinholin S?! is encoded by the S?! gene of phage ®21, which produces two proteins:
the 68-amino acid pinholin (S*'68) and the 71-amino acid antiholin (S2!71). Active pinholin is a specific
type of protein that plays a crucial role in the lifecycle of bacteriophages, especially during the lytic cycle.
3335 This protein is responsible for forming pores in the membranes of bacterial cells. When the phage
infects a bacterium, the active pinholin triggers the depolarization of the bacterial membrane, leading to
increased permeability. Once the pores are formed, they facilitate the release of newly assembled phage
progeny from the bacterial cell, allowing the virus to spread to new hosts and propagate its lifecycle
effectively. In contrast, the inactive variant of pinholin is a non-functional protein that does not have the
ability to create pores in the bacterial membrane. This inactive form fails to trigger the necessary changes
in membrane dynamics that would lead to bacteriolysis. As a result, the bacterial cell remains intact,
preventing the release of phage progeny. Pinholin activity is tightly regulated to prevent premature cell

lysis. It often works in conjunction with other phage proteins to ensure efficient release of viral progeny.>

The existence of this inactive pinholin variant can be critical in the regulation of viral replication and lysis,
offering a mechanism by which the phage can control its lifecycle based on environmental conditions or
host resistance.*® The pinholin proteins, whether in their active or inactive forms, are characterized by the
presence of two transmembrane domains (TMDs).>”** These domains are integral structures that typically
integrate into the lipid bilayer of the cytoplasmic membrane. In their inactive state, pinholins generally
exist as dimers.* In this arrangement, both TMDs are firmly inserted into the lipid bilayer, establishing
a stable configuration that prevents pore formation. For the transition to the active state, a critical event
occurs: TMD1 must be displaced from its position within the lipid bilayer. This displacement is crucial
because it initiates the structural rearrangements necessary for pore formation, allowing the pinholin to
perform its biological function. The precise mechanisms and conformational changes involved in the
displacement of TMD1 are essential for understanding how pinholins operate at the molecular level,
ultimately leading to the formation of pores in the membrane, which can facilitate various processes such

as phage-induced cell lysis.*°

gp28 peptide, a phage-encoded cationic antimicrobial peptide (AMP), plays a distinct role in
bacteriophage lysis. gp28 is structurally characterized by its alpha-helical conformation and cationic

properties, enabling membrane disruption through direct interactions with lipid bilayers. Recent studies
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demonstrate its dual functionality as both an outer membrane (OM) disruptor in phage lysis and an
antimicrobial agent against gram-negative pathogens like Pseudomonas aeruginosa.*' Unlike pinholins
that form pores to trigger endolysin release, gp28 operates independently of holin-endolysin systems in
certain phages, such as phiKT, where it complements peptidoglycan degradation by holins (e.g., gp29)
and endolysins (e.g., gp27). Unlike traditional spanins, gp28 is strongly membrane-associated and
resistant to removal by denaturing agents such as urea, indicating a robust interaction with the lipid
bilayer.** This positions gp28 within a newly identified class of phage lysis proteins termed "disruptins,"
distinct from previously known holins, endolysins, or spanins.*** Functionally analogous studies
demonstrate that gp28 exhibits broad-spectrum antibacterial activities similar to human AMPs like LL-
37. Specifically, it inhibits planktonic growth and disrupts biofilms formed by multidrug-resistant
Pseudomonas aeruginosa strains while enhancing antibiotic susceptibility when combined with agents
such as tobramycin.*! These findings suggest translational potential for gp28-derived peptides in
combating antibiotic-resistant infections by leveraging their membrane-targeting properties. These two
peptides were selected based on their distinct charge profiles to explore how different environments affect
peptide stability. We aim to correlate changes in peptide EPR structure with different SMA charge
profiles, providing valuable insights into how charges modulate peptide—polymer interactions in

membrane mimetics.

KCNET is a negatively charged membrane protein that regulates potassium channels, especially KCNQI1,
by altering their function. It plays a key role in controlling potassium ion flow, crucial for heart rhythm
and electrical activity in cells.* Mutations in KCNE1 can lead to heart conditions like long QT syndrome
and arrhythmias.*” KCNE1 was used as the membrane protein control, given its previous structural studies
with these different SMA derivative polymers. Utilizing KCNE1 allows for a comparative analysis of the
interactions between the membrane protein and the various SMA derivatives.*® Previous studies have
shown that KCNE]1 integrates well within synthetic polymer matrices, facilitating insights into structural

dynamics.

This investigation aims to further elucidate the functional implications of these interactions, focusing on
how the distinct properties of each SMA variant influence gp28, pinholin, and KCNE!1’s stability and
activity in a membrane-like environment. Membrane-bound proteins and peptides are essential in the
assessment of lipid bilayer mimetics effectiveness. KCNEI, pinholin and gp28 are ideal model proteins

and peptides as they are small to moderate in size and thus can be studied in different lipid environments.
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Figure 3. 1: A) gp28 amino acid sequence with helices highlighted in purple. B) Inactive pinholin amino acid sequence (TMD 1
& TMD 2 are highlighted). C) Active pinholin amino acid sequence. D) KCNE1 protein amino acid sequence. E) A summary of
Styrene Maleic Acid polymers synthesized from the functionalization of SMAnh, referred to as SMADs. This includes SMA-Glu
(poly(styrene-co-maleic anhydride d-glucosamine)), SMA-Neut  (poly(styrene-co-maleic ~ anhydride N,N-
dimethylethylenediamine)), and SMA-Pos (poly(styrene-co-maleic anhydride 2-{[2-(dimethylamino)ethylmethylamino}
ethanol). The red arrows indicate the mutated amino acid residues that were used in this study.*

Polymer screening using styrene-maleic acid (SMA) derivatives is a key step when working with
membrane protein systems. Screening these different polymers with different charges helps in the
identification of the most effective SMA derivatives for efficient solubilization of membrane proteins
without compromising their functionality. Each membrane protein may require specific properties in a
polymer for optimal extraction or solubilization.’ By screening various SMA derivatives, researchers can
find the right combination of hydrophobicity, charge, and molecular weight that works best for a given
protein system. This process also helps in improving the purity and stability of the proteins, as some
polymers are better at protecting membrane proteins from denaturation. Once solubilized with the ideal

SMA derivative, the proteins can be analyzed for their structure, function, and interactions, without
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interference from the solubilization process. Polymer screening ensures that the membrane proteins

remain stable and functional making subsequent research and analysis more effective. '’

Understanding these interactions is particularly crucial in the field of drug discovery and development.
Membrane proteins are frequent targets for pharmaceuticals, and maintaining their structural integrity
during study is vital for accurate drug binding and efficacy assessments.This study explores the charge-
dependent interactions of three different Styrene Maleic Acid Derivatives: SMA-Glu, SMA-Neut, and
SMA-Pos with membrane proteins, offering a robust platform for such studies using their charge
properties to allow for precise manipulation of protein-polymer interactions to ensure optimal protein

stability and functionality.

3.2 Methodology

3.2.1 Peptide Synthesis

Solid-phase peptide synthesis was used to make gp28 and pinholin peptides using a CEM peptide
synthesizer, which was then cleaved from the solid-phase resin using a trifluoroacetic acid (TFA) cleavage
solution following established protocols.*® A crude peptide was obtained following an optimized cleavage
procedure. The crude peptides were purified using reverse-phase high-performance liquid
chromatography (RP-HPLC) on a C4 prep column with a gradient of solvent B (90% acetonitrile/10%
water/0.1% TFA) in a similar manner reported previously.*® The purified peptides were then collected and
lyophilized, and the resulting pure peptide was spin-labeled using MTSL spin label. To remove excess
spin labels, the spin-labeled peptide underwent another round of purification using RP-HPLC on a C4
semi-prep column with the same gradient and solvent system. The purified peptides were subsequently
freeze-dried (lyophilized) to obtain solid peptide samples. Spin-labeling efficiency was calculated to be

80-90% by using a CW-EPR calibration curve.
3.2.2 Vesicle Sample Preparation/ Formation of SMADLPs:

A stock solution of the peptides was prepared using Trifluoroethanol (TFE) at a concentration of 2 mg/mL.
Three different lipids commonly used for studying membrane proteins were used to characterize the
formation of homogeneous vesicles and SMADLPs. One vesicle sample was composed of POPC, another

was composed of a mixture of POPC and POPG at a molar ratio of 3:1 (POPC: POPG) and the third was
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composed of DMPC. The desired molar ratio of the peptide to the lipids for the vesicles was set to 1:1000.
In each of the samples, powdered lipids were dissolved in a 2-(4-(2-Hydroxyethyl)piperazin-1-
yl)ethanesulfonic acid (HEPES) buffer (20 mM HEPES, 100 mM NaCl, pH 7.0) and brought to a final
concentration of 100 mM. The mixture was then vortexed vigorously for one minute and followed by at
least 5 freeze/sonication cycles to obtain a homogeneous milky solution. The vesicle solutions were then
frozen with liquid nitrogen and placed in a freezer overnight (-20°C). Dynamic light scattering was used
to confirm and analyze the size of vesicles the next day. The protein-lipid complex was incorporated into
SMA-polymer following previously published protocols.>* Styrene-maleic acid derivatives were dissolved
in the same buffer (20mM HEPES, 100mM NaCl pH 7), brought to a final concentration of 5% (m/v) and
sonicated at 40 °C until the solution went clear. SMA derivatives samples were synthesized according to
a previously published method.!? Then the vesicles were titrated with different SMA derivatives polymers
by adding them in the solution dropwise, obtaining the weight ratios of 2:1. The nanodisc solution was
mixed via slight rotation at room temperature overnight. The protein-SMAD-polymer solution was
equilibrated overnight at 4 °C. The resulting solution was centrifuged at 40,000xg for 30 minutes to
remove the non-solubilized protein. The supernatant was further concentrated to the desired volume and

concentration for DLS and CW-EPR spectroscopic measurements.

3.2.3 Dynamic Light Scattering (DLS)
DLS measurements were performed on a Zetasizer nano series (Malvern Instruments) at 25 °C in
disposable 40 pLL micro cuvettes. Data was collected for 20 s and averaged for 10 scans. The size

distribution in radius is shown on a log scale using Igor Pro (WaveMetrics).

3.3 CW-EPR Measurements

EPR experiments were conducted at the Ohio Advanced EPR Laboratory. CW-EPR spectra were collected
at X-band on a Bruker EMX CW-EPR spectrometer using an ER041xG microwave bridge and ER4119-
HS cavity coupled with a BVT 3000 nitrogen gas temperature controller. Each spin-labeled CW-EPR
spectrum was obtained by averaging the signals from 40 field scans, each lasting 42 seconds with a central
field of 3318 G and sweep width of 100 G, modulation frequency of 100 kHz, modulation amplitude of 1
G, and microwave power of 10mW at room temperature. The center linewidth (AH) of the EPR data was

determined using a previously outlined method in literature.’!

59



3.4 Results & Discussion

3.4.1 Dynamic Light Scattering (DLS) Results

The average size of our peptide (gp28 V31) in 3:1 molar ratio of POPC:POPG multilamellar lipid vesicle
sample which is our control was about 1000 nm and the average size of the vesicle: SMAD nanodisc was
arange of 5nm to about 100 nm as shown from DLS analysis in Figure 3.2. The reduction in size observed
from the vesicle control to SMADLPs, as well as the homogeneity of the SMADLPs particle size is
consistent with the formation of SMADLPs. SMA-Glu and SMA-Neut nanodiscs are larger in size (> 50
nm) when compared to SMA2:1 and SMA-Pos (<10 nm).

Figure 3. 2: Representative DLS volume-weighted distributions of the hydrodynamic nanoparticle diameter before and after
the addition of 2:1 SMA_Glu (yellow), SMA_Neut (red), SMA_Pos (blue) and the vesicle control (purple). The peptide was
incorporated in 3:1 POPC: POPG lipid.

This shows that the SMA derivatives exhibit more uniform and consistent particle sizes as well as
improved size control when needed due to optimizations in synthesis processes or modifications that
enhance stability and functionality. This also confirms that the choice of amphiphilic polymer, its specific
formulation, and the solubilization procedure can all have a substantial effect on both the solubilization
efficiency and the size of the resulting lipodiscs.>>>! Substituted polymers with reduced charge, including
those that are zwitterionic, tend to produce larger discs, presumably due to reduced repulsive forces. These
findings are significant for various scientific and technological applications that rely on precise control
over particle or molecule sizes. Given their small size, these nanodiscs might be particularly effective for

examining the early stages of processes that involve the oligomerization of peptides in membranes.?*>>
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3.4.2 CW-EPR Spectroscopic Results

Continuous wave-electron paramagnetic resonance (CW-EPR) line shape analysis was used to confirm
the effect of the interaction of these polymers on different membrane-bound proteins and peptide
complexes. CW-EPR spectroscopy gives insights into the structural and dynamic characteristics of
membrane proteins by line shape analysis of the spin-labeled molecules within various membrane-
mimicking environments, which is useful in confirming the compatibility of the membrane-bound proteins

and peptides, and SMADs.

Figure 3. 3: CW-EPR spectra data for A) T15C and B) R33C mutants of gp28, and C) G15C and D) IRS_S19C mutants of pinholin,
incorporated into MLVs vesicles (purple) and SMALPs formed by 2:1 SMA_Glu (yellow), SMA_Neut (red), and SMA_Pos (blue).
The IRS pinholin mutants represent the inactive (IRS) form of pinholin. The black arrow denotes the mobile spectral component,
while the green arrow indicates the rigid component.
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As shown in Figures 3.3 & 3.4, the lineshape of the peptide vesicles was used as the control. The analysis
of gp28 showed no disruption of the lipid bilayer structure, as the SMADs lineshapes resemble that of the
control, suggesting that the interactions between the SMAD polymers and the gp28 constructs do not
interfere with the protein's structural integrity. From Figure 3.3B, it was observed that SMA-Glu caused
a very slight modification of the slow/rigid component in the spectra of gp28 R33C which is likely a
charge effect or could be due to the fact it is in a region that is embedded in the lipid membrane (helix 2)
whereas gp28 T15C is in the solvent exposed region as seen in Figure 3.3A. Peripheral membrane proteins
have been suggested to associate with the cell membrane by inserting the hydrophobic residues of their
amphipathic helix into the cell membrane. This insertion enables a stable association with the membrane,
allowing these proteins to fulfill their functions without becoming fully embedded.®! The limited extent
of broadening implies that the conformational characteristics of gp28 are largely preserved, indicating that

its functionality remains intact even in the presence of SMA derivatives.

To further explore the interaction between peptide charges and polymer charges on gp28, we introduced
pinholin, another lytic peptide that is neutral or slightly cationic depending on the position of the spin-
labeled mutant or its reconstitution as well as the type involved either the active or inactive species. In the
active pinholin, TMD1 is exposed to the surface and interacts with the solvent, while TMD2 remains
embedded in the membrane.*® In the inactive pinholin, both TMD1 and TMD2 are buried inside the
membrane, maintaining a more closed, inactive conformation.>® This difference in positioning is crucial
for the functional activation of pinholin. Two distinct spectral components were observed in some of the
EPR spectra, especially from the interaction of the active and inactive pinholin vesicles and the SMA-Pos
and SMA-Neut derivatives. SMA-Pos is noted to introduce a pronounced rigid and mobile component in
all the mutants studied as shown in Figures 3.3C, 3.3D, 3.4A, 3.4B and 3.4C for G15C, A17C, IRS-
S19C, IRS-N55C and E62C. SMA-Pos lipodiscs caused a larger perturbation than the other derivatives
during reconstitution due to charge—charge interaction between the slightly neutral or negatively charged

peptide and the cationic polymer.

To further explore our observations, the transmembrane protein KCNE1 S74C was studied (Figure 3.4D).
No perturbation of protein dynamics occurred when using SMA-Neut which has the lowest charge density
compared with SMA-Pos or SMA-Glu. KCNE1 S74C has a calculated charge between —1 and 0 at pH
7.1 The lineshape of the reconstituted mutant S74C shows minimal amplification of the slow/rigid

component of the EPR spectra like that of pinholin when these transmembrane proteins were reconstituted
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into nanodiscs with SMA-Pos and SMA-Glu. This confirms our results suggesting that the interactions
with SMA seem to be more dependent on the hydrophobic properties of the peptide/ protein and the
polymer's amphiphilic nature. Previous studies note that whereas the protein charge dominates in large
proteins, in peptides, it is the SMA charge that dominates.” For peptide and polymer nanodiscs, the
mechanism involves the formation of a high-density peptide or polymer belt surrounding the lipid bilayer
instead of a continuous belt as in protein-based nanodiscs. Hence, the peptide/polymer nanodiscs are
highly dynamic as a result of an exchange of lipids between nearby nanodiscs.” These variations in line
shape provide insights into the mobility and rotational freedom of the spin-labeled residues within the
proteins, indicating a biochemically relevant environment that supports functional conformational

dynamics thus reinforcing its utility for the study of various membrane-associated processes.

Figure 3. 4: CW-EPR spectral data for A) A17C mutant, B) IRS_N55C mutant of pinholin and C) E62C mutant of pinholin and D)
S$74C mutant of KCNE1 incorporated into vesicles (purple) and SMALPs formed by 2:1 SMA_Glu (yellow), SMA_Neut (red), and
SMA_Pos (blue). The IRS pinholin mutations represent the inactive pinholin vesicles. E) Central linewidth (AH) used to calculate
the inverse central linewidth (AHO™) in Figure 3.5.

63



The method proved effective for characterizing not only small peptides but also larger membrane proteins,
which often face challenges in traditional solubilization approaches. Through systematic alterations in
peptide /protein composition and polymer interactions, optimal conditions were established, highlighting
the potential for tailoring the nanodisc environment to suit specific experimental needs. Thus, the
combination of CW-EPR and SMADLPs emerges as a potent approach for studying protein-lipid

interactions and the functional characterization of membrane proteins.

Figure 3. 5: The inverse central linewidth was plotted against the different SMA derivatives for all spin-labeled gp28/ pinholin
variants. gp28 and pinholin vesicles (purple), 2:1 SMA_Glu (yellow), SMA_Neut (red) and SMA_Pos (blue). A) gp28 T15C B)
gp28 R33C C)Pinholin G15C D)Pinholin A17C E)Pinholin E62C, F)Pinholin IRS-S19C and G) Pinholin IRS-N55C. Figures
5C, D, and E are from the active variant, while F and G are mutants from the inactive variants. Error bars represent the

standard error of mean for two replicates. These values are calculated from the corresponding CW-EPR spectra in Figure
3.4.

To further probe the dynamic behavior of the different peptide vesicles in the presence of SMA
derivatives, the inverse central linewidth (AHO™") was utilized to analyze our data. The central-line width
is the width of the peak-to-peak splitting of the first derivative.>**® As shown in Figure 3.5, the inverse
central linewidth was plotted against the different SMA derivatives for all spin-labeled gp28 and pinholin
variants. A higher value of this inverse central linewidth parameter indicates greater mobility. The spin
interaction between the SMA derivatives at gp28 sites were more mobile than at the same sites in pinholin.

The inverse central linewidth varies between 0.4 G™! to 0.5 G™! for gp28 samples and 0.2 G™! to 0.4 G™! for
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the pinholin mutants. There was less variability in the motion of gp28 mutants with the addition of SMADs
among the three derivatives. SMA-Pos was less mobile in pinholin variants in comparison to gp28
mutants. Inactive pinholin had the least mobility and a noticeable pattern from the interaction of the IRS-
S19C and IRS-N55C samples with SMA-Pos. Overall, the difference between the spin-label environments
in pinholin with SMA-Pos was more pronounced. This suggests that in this system, the spin label attached
to the pinholin peptide has more restricted motion. This result indicates that pinholin might be more
sensitive to its environment and reduced lipid binding affected its local structural perturbation. These
observed motional differences could be due to the relationship of the polymer belt's charge density to the

membrane protein's charge density.

gp28 which is mostly a surface or solvent exposed protein and pinholin that has both solvent exposed and
trans-membrane domains were successfully reconstituted by the different SMA derivatives and although
they exhibit different interactions, this study confirms the utility of the SMA copolymers as an alternative
method for biological membrane reconstitution. The minor broadening observed for the gp28 data
suggests that the SMA derivatives do not interact significantly with the protein itself; however, it may
increase the solvent's viscosity, causing these minor broadenings. It is essential to note that the specific
effects of polymer belt charge on protein incorporation into nanodiscs can vary based on several factors,
including the magnitude of the charges involved, the overall composition of the nanodiscs, and the
surrounding environmental conditions such as pH and ionic strength.”> These conditions affect the
solubility and charge state of SMA derivatives and lipids, potentially altering the overall membrane-
protein-lipid interaction landscape.>’*® Adjustments in pH, for example, can modify the charge on protein
side chains or SMA functional groups, leading to different interaction strengths and shifts in the EPR
spectra. High ionic strength environments may screen electrostatic interactions, thereby reducing the
influence of charge-based interactions and lead to spectra that reflects more hydrophobic interactions

within the membrane system.

Additionally, the presence of other components in the system, such as lipids or detergents, can also
influence the interactions between the polymer belt and proteins during nanodisc formation. Depending
on the position of the spin-label, interactions with the lipid headgroups could also significantly influence
the EPR spectra.’”*8 Prior structural studies using EPR spectroscopy show that gp28 embeds into lipid
bilayers with variable mobility depending on bilayer composition, whereas pinholins exhibit

oligomerization-dependent pore formation dynamics.**> The diversity and complexity of interactions
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between SMA derivatives, membrane protein systems, and lipid environments fundamentally dictate the
characteristics of CW-EPR spectra in nitroxide spin-labeled samples. Each component plays a pivotal
role; SMA derivatives modulate the protein’s lipid association, protein charge and structure determine
interaction dynamics, and lipid composition influences the overall membrane context. A thorough
understanding of these interdependencies is crucial for accurately interpreting EPR data and for the
rational design of experiments that aim to elucidate membrane protein functionality. We agree with the
conclusion of Ravula et al that the compatibility between polymer and highly charged proteins should be
carefully considered when planning structural studies.”’ Membrane proteins such as KCNE1 can be
solubilized efficiently by SMA copolymers, if the hydrophobic interactions between the protein and the
lipid discs are favorable. These findings highlight how the inherent chemical properties of the selected
polymer, which enable the formation of nanodiscs, can significantly influence the successful
reconstitution of functional proteins. Overall, understanding the interplay between polymer belt charge
and protein charges is crucial for optimizing nanodisc assembly and functionality, particularly in
applications where precise control over protein encapsulation and interactions within the nanodiscs are

desired.

3.5 Conclusion

The ability of the three SMADs to solubilize and stabilize gp28 and pinholin membrane peptides without
detergents offers a distinct advantage in maintaining the native environment of the proteins, which is often
disrupted by traditional detergent-based methods. All the SMA derivatives were reconstituted with peptide
vesicles to form SMADLPs of varying sizes and a correlation was observed between the net polymer
charge and the sizes of particles formed. SMA-Pos forms smaller nanodiscs compared to SMA-Glu and
SMA-Neut. In CW-EPR studies, SMA-Pos was found to be incompatible with the pinholin mutants in
comparison to SMA-Neut and SMA-Glu. For gp28 system, the CW-EPR spectra with the SMADs
mimetic system line shows no perturbation thus confirming the incorporation of membrane-bound peptide
with the nanodiscs, suggesting that the SMADLPs preserved a conducive environment for gp28 vesicles
to achieve their native conformations. The native-like membrane environment was preserved in gp28
mutants. We conclude that the charge of styrene maleic acid derivatives plays a pivotal role in interactions
with membrane proteins and systems. Whether dealing with positive, neutral, or negative charges, each

scenario presents unique challenges and opportunities.
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We observe that the use of SMA derivatives with the gp28 peptide and pinholin peptides can offer a
versatile approach to membrane research. Further optimization and characterization of SMA derivatives
will contribute to the development of innovative membrane-mimetic technologies with enhanced
biocompatibility, stability, and functionality, benefiting scientific understanding and therapeutic
applications. The ability of SMADs to solubilize, stabilize, and maintain the native environment of
membrane proteins without detergents has revolutionized membrane protein research and holds promise

for future innovations in biotechnology and pharmaceuticals.
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4.0 Abstract

Lipid bilayer mimetics, including amphiphilic polymers, play an essential role in facilitating the
solubilization of membrane-bound peptides and proteins. Copolymers composed of vinyl ether monomers
and maleic anhydride engineered via reversible addition-fragmentation chain transfer polymerization are
expected to provide precise control over molecular weights and hydrophobicity. The copolymerization of
vinyl ether and maleic anhydride occurs in a nearly alternating fashion, resulting in alternating hydrophilic
maleic acid units and hydrophobic vinyl ether units along the backbone upon hydrolysis. The copolymers
self-assemble with lipids, generating vinyl ether-maleic acid lipid particles (VEMALPs) with adjustable
sizes dictated by either the vinyl ether hydrophobicity or polymer molecular weight. The generated
VEMALPs were characterized by dynamic light scattering (DLS) and transmission electron microscopy
(TEM). The ability of VEMALPs to support membrane proteins was evaluated using Continuous Wave
Electron Paramagnetic Resonance (CW-EPR) Spectroscopy. These VEMALPs demonstrated the capacity
to accommodate the membrane bound protein (KCNE1) as well as gp28 peptide thus introducing a novel
category of lipid bilayer mimetics. Overall, the study indicates that efficient self-assembly with lipids is
possible and that the generated VEMALPs can support membrane bound proteins and peptides.
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4.1 Introduction

Membrane proteins (MPs) are essential for various functions in both eukaryotic and prokaryotic cells,
with approximately 30% of an organism's genome dedicated to coding for these proteins.!? Given their
critical roles and connection to pathogenic bacteria and viruses, around 70% of pharmaceuticals target
MPs.>* To develop drugs that effectively interact with MPs, understanding their structure and function is
crucial; however, this has been challenging due to the difficulty in recreating their natural lipid
environments.>”’ Traditional methods like Magnetic Resonance Spectroscopy (MRS) are not applicable
for studying MPs in vitro under these conditions.®’ Detergents have often been employed to extract MPs
along with some lipid bilayers creating large liposomes in solutions.'® However, these liposomes are not
compatible with many analytical techniques used for protein study, such as MRS, chromatography, and
optical spectroscopy. The use of detergents is particularly problematic because they do not accurately

mimic the native environment of MPs and can lead to protein denaturation over time.'>!3

Recent advancements have introduced lipid bicelles and nanodisc systems as alternatives for studying
MPs.'*13 Each system has its drawbacks; bicelle systems are limited by their lipid composition which may
affect peptide functionality, while nanodiscs can alter the absorbance properties of certain proteins due to
the loss of scaffolding proteins during preparation.®!¢ Detergents are still necessary when preparing
proteins for nanodiscs. To overcome these challenges, a novel system was devised that solubilizes MPs
while generating particles that closely resemble the native lipid environment.*®!3!” The Styrene-Maleic
Anhydride (SMA) copolymer system has emerged as the preferred option for extracting MPs and lipids

from bilayers without relying on detergents.>!82°

The synthesis of SMA occurs via conventional radical polymerization (FRP) resulting in polymers with
dispersity values (2.0-2.5), indicating variability in molecular weight due to conventional radical
polymerization methods.?!?*Reversible addition-fragmentation chain-transfer (RAFT) polymerization,
RAFT have substantially narrower molecular weight distributions, with dispersity in the order of 1.3-
1.4.2426 This control over polymer structure in RAFT facilitates structure property correlations, while also
allowing detailed investigation of the polymer composition along the chain.®?*” While styrene-maleic
anhydride lipid particles (SMALPs) offer advantages over traditional detergents, they possess a significant
limitation: the inability to utilize ultraviolet-visible (UV-Vis) light spectroscopy effectively for
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quantifying MP amounts within nanodisc systems.?® Common amino acids like phenylalanine, tyrosine,
and tryptophan contain aromatic rings that absorb UV light at similar wavelengths as SMALPs due to
their styrene content further complicating far-UV circular dichroism (CD analyses.”!!?%3% A potential
solution involves substituting styrene with non-aromatic hydrophobic compounds within the polymer
system to resemble lipids that have no aromatic rings.*? This study aims to replace styrene in SMA with
aliphatic vinyl ethers such as dodecyl vinyl ether (DVE) and butyl vinyl ether (BVE) through
copolymerization with maleic anhydride (MA) to create an amphiphilic copolymer expected to impart

comparable hydrophobicity.!!*1-37 Similarly to styrene and a-olefins, >

vinyl ether monomers have a
strong tendency to alternate with MAn.*¢° This has been studied primarily in FRP, where charge transfer
complexes between the MAn and various VE monomers and efficient near alternating copolymerization
has been found.***? However, the controlled polymerization of a wide variety of alkyl vinyl ethers with
maleic anhydride by RAFT has not been explored to the best of our knowledge, with studies only in one
monomer, divinyl ether.* Use of vinyl ether-maleic anhydride based copolymers to make self-assembled

lipid nanodiscs has not been studied.

Model membrane-bound proteins and peptides are needed to evaluate the effectiveness of lipid bilayer
mimetics. KCNE1, KCNE4, and gp28, serve as excellent model proteins and peptides as they are small to
moderate in size and can be studied in various lipids.** The KCNE family modulates voltage-gated
potassium (Kv) channels such as Kv1.1, Kv1.3, Kv2.1, and Kv7.1.%% Incorrect modulation of these
channels has been linked to several diseases such as long Q1 syndrome, allergic rhinitis, and acute
lymphoblastic leukemia.*’” KCNEI1, modulates the function of KCNQI1.%#% KCNEI1 is a single-pass
transmembrane protein of 129 amino acids at a size of 15 kDa.’*>! When KCNEI interacts with KCNQ1
(Kv7.1), it forms the slow-delayed rectifier channel which is responsible for repolarization of the cardiac
action potential. ***"*7 KCNE4 is a single-pass transmembrane protein of 170 amino acids at a size of 24
kDa.>® Relatively little is known about the structure of KCNE4; however, current predictions indicate that
there is an alpha helix within the transmembrane region (residues 37-56) and likely additional helices
within the C-terminal intracellular region.”>>* KCNE4 has four leucine residues in a row, (residues 69-
72), which has been linked to protein-protein interactions.”>>> The known structural and functional
information of KCNE1 and the importance of gaining structural insights into KCNE4 make them excellent
systems for MP studies.’®” Gp28 is a 56-residue cationic antimicrobial peptide (CAMP), capable of
disrupting the outer membranes of bacteria. This peptide represents a distinct category of phage-encoded

lysis proteins.’®>° The cationic nature of gp28, characterized by its +7 positive charge, underscores its
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significance in the realm of antimicrobial peptides.*** The unique charge and lipid interaction ability of

gp28 makes it an important peptide for lipid interaction studies.

KCNEI1, KCNE4, and gp28 were used to explore VE-MAn polymers for nanodisc formation. It was
expected that the addition of dodecyl vinyl ether (DVE) and butyl vinyl ether (BVE) in the new copolymer
will incorporate hydrophobic units similar to styrene in SMA, although with the hydrophobicity of the
polymer easily tuned by the ratio of DVE to BVE used, and the possibility of generating well-controlled
polymers with molecular weights tuned between ~5,000 to ~40,000. This newly developed DVE-BVE-
MA copolymer was evaluated against different lipids and membrane proteins to form nanodiscs capable
of supporting membrane-bound proteins and peptides. Self-assembled nanodiscs between the DVE-BVE-
MA copolymer and lipids are termed vinyl ether maleic acid lipid particles or VEMALPs.

Figure 4. 1: Structure of VEMA copolymers and their proposed interactions with lipids to form nanodiscs containing membrane
proteins.

The VE-MAn polymers were subsequently hydrolyzed to give amphiphilic polymers capable of forming
VEMALPs through self-assembly with lipids. The generated VEMALPs were characterized by dynamic
light scattering (DLS) and transmission electron microscopy (TEM). The ability of VEMALPs to support
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membrane proteins was evaluated using Continuous Wave Electron Paramagnetic Resonance (CW-EPR)
Spectroscopy. Overall, the studies indicate that efficient self-assembly with lipids is possible, the
generated VEMALPs can support membrane bound proteins and peptides. This is highlighted in Figure
4.1.

4.2 Experimental

4.2.1 Synthesis of gp28

Fmoc solid-phase peptide synthesis (Fmoc-SPPS) was used to synthesize gp28 spin-labeled peptides
with an introduced cysteine mutation at various positions. A nitroxide spin label, MTSL (S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methylethanesulfonothioate), was site-specifically
attached to the cysteine using site-directed spin labeling (SDSL).

4.2.2 Preparation of KCNE1

KCNE1 mutant T58C was overexpressed in BL21 Escherichia coli cells grown in TB minimal medium
with 50 ug/mL of chloramphenicol and 75 pg/mL of ampicillin. The cell cultures were grown until an
ODeoo of 0.4-0.8 was reached, and then the cells were induced with 1 mM isopropyl-1-thio-d-
galactopyranoside. Purification was completed using the previously described protocol although the
protein was eluted with 0.5% dodecylphosphocholine (DPC) detergent rather than 1-myristoyl-2-
hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol) (LMPG) detergent.*® The protein was concentrated with
an ultracel regenerated cellulose membrane concentrator (3 kDa molecular cutoff; Millipore Sigma), and
protein purity was confirmed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE).

4.2.3 Preparation of KCNE4

KCNE4 mutant S9C was overexpressed in BL21 E. coli cells grown in TB minimal medium with 50
pg/mL of chloramphenicol and 75 pg/mL of ampicillin. The cell cultures were grown until an ODgoo of
0.4-0.8 was reached, and then the cells were induced with 1 mM isopropyl-1-thio-d-galactopyranoside.
The cells were suspended by end-over-end mixing in 40 mL of lysis buffer (70 mM tris-HCI pH 8.0, 300
mM NaCl), supplemented with 140 uLL of LDR stock (100 mg/mL lysozyme, 10 mg/mL DNase, 10
mg/mL RNase), 1.75 mM of TCEP, and 0.4 mM of Mg(Ac), at 4 °C for 1 h. The cell suspension was

sonicated on ice with 5 s on/off pulse for 8.5 min at 40% amplitude (Fisher Scientific Sonic
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Dismembrator Model 500). The lysate was centrifuged at 13,000 RCF and 4 °C for 30 min to recover

inclusion bodies.

Inclusion bodies were suspended until smooth in 20 mL of inclusion body wash buffer (70 mM tris-HCI
pH 8.0, 300 mM NaCl, 12.5% sucrose, and 1% Triton X-100) and centrifuged at 40,000 RCF and 4 °C
for 10 min. The supernatant was discarded, and the inclusion bodies were subjected to a second wash
treatment and centrifuged at 40,000 RCF and 4 °C for 10 min. To remove excess Triton X-100, the
inclusion bodies were rinsed three times; the pellet was resuspended in 40 mL of cold water and
centrifuged at 40,000 RCF and 4 °C for 10 min each time. The final inclusion body pellet was
solubilized overnight at room temperature (RT) in a solution of 20 mL of urea-TS (8 M urea, 20 mM tris

pH 8.0, and 150 mM NaCl), I mM TCEP, and 0.2% SDS.

Solubilized inclusion bodies were centrifuged at 14,000 RCF for 30 min at RT to remove insoluble
material. The supernatant was incubated with 3 mL of a 100% pre-equilibrated Ni(I[)-NTA superflow
resin (Qiagen) at RT overnight. After incubation, the resin—protein mixture was settled and then
suspended in 30 mL of 20 mM tris pH 8.0, 150 mM NacCl, and 0.1% 1-myristoyl-2-hydroxyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (LMPG) (Anatrace). The resin pellet was suspended in 30 mL of 20 mM tris
pH 8.0, 150 mM NaCl, 50 mM imidazole, and 0.1% LMPG. The protein was eluted from the resin using
4 mL of 20 mM tris pH 8.0, 150 mM NacCl, 250 mM imidazole, and 0.1% LMPG. Buffer exchange was
achieved by centrifugation of the solutions through an ultracel regenerated cellulose membrane
concentrator (3 kDa molecular cutoff; Millipore Sigma) with 50 mM phosphate buffer pH 7 and

0.05% n-dodecylphosphocholine (DPC) (Anatrace) at 4284 RCF at 4 °C for 30 min, 3 times.

4.2.4 MTSL Spin Labeling

MTSL (250 mM stock, DMSO) (Toronto Research Chemicals) was added directly to concentrated
Hisex-E4 protein in 50 mM phosphate buffer, pH 7.0, and 0.05% DPC at a 10:1 MTSL/protein molar
ratio. The solution reacted overnight at room temperature with shaking. The mixture was placed on an
ultracel regenerated cellulose membrane, 3 kDa molecular cutoff, (Millipore Sigma) for centrifugal
filtering with 50 mM phosphate buffer, pH 7, and 0.05% DPC at 4284 RCF at 4 °C for 30 min, 3 times,
followed by incubation with 3 mL of pre-equilibrated Ni(II)-NTA superflow resin overnight at 4 °C. The
resin was washed with 300 mL of 50 mM phosphate buffer, pH 7.0, and 0.05% DPC. The protein was
eluted with 4 mL of 50 mM phosphate buffer, pH 7.0, 250 mM imidazole, and 0.5% DPC.
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4.2.5 Vesicle Reconstitution

Vesicle samples were composed of a 3:1 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
(POPG) (Avanti Polar Lipids). The powdered lipids were dissolved in chloroform and evaporated to
form a thin film on the side of a pear-shaped flask. The sample was dried overnight in a vacuum
desiccator. The thin film was suspended in 50 mM phosphate buffer at pH 7 to a final concentration of
100 mM lipid. The proteoliposomes were generated by mixing the protein and lipid solution at a ratio of
1:400 and subjecting them to three freeze—thaw cycles. All vesicles were prepared with a protein
concentration of approximately 100 uM. Excess detergent was removed via dialysis with spectrum
spectra/Por 4 RC dialysis membrane tubing 12—14 kDa MWCO (Fisher Scientific) for 72 h in 100 mM
imidazole and 2 mM EDTA pH 7 changed roughly every 12 h. The dialysate is concentrated by
ultracentrifugation at 300,000g for 35 min. The proteoliposome pellet was thoroughly resuspended in

100 pL of 50 mM phosphate buffer at pH 7 and immediately used for spectroscopic measurements.

4.2.6 Preparation of POPC Vesicles

A previously published procedure was used to prepare the POPC and POPG vehicles.’ Given that the
phosphatidylcholine headgroup is the most abundant headgroup in eukaryotic cell membranes, POPC
was chosen as our main lipid system. Powdered POPC and POPG lipids were dissolved in chloroform
and evaporated to form a thin film on the sides of a heart-shaped flask. The sample was then dried
overnight in a vacuum desiccator. The lipid film was suspended in a buffer containing 100 mM NaCl
and 20 mM N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES) at pH 7.0 to a final
concentration of 100 mM. The solution was vortexed vigorously to mix completely, resulting in a
homogeneous milky solution after 5 freeze/sonication cycles. Vesicle solutions were then placed in a
freezer overnight (—20 °C). Dynamic light scattering (DLS) experiments were used to confirm the size

and homogeneity of the vesicles.

4.2.7 BVE and Vesicle Mixing Protocol

VEMA samples were dissolved in a buffer (20 mM HEPES, 100 mM NaCl pH 7) at an approximate
concentration of 5% (m/v) and sonicated for about 25-30 min. The lipid nanoparticles (LPs) were
formed by adding the polymer solution dropwise to the POPC vesicles at a volume ratio of 1/2 lipid to

the polymer. Samples were then equilibrated via five freeze/sonication cycles. Samples were allowed to
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mix and equilibrate overnight in a freezer overnight (—4 °C). The mixture was then centrifuged at 25k

rpm for 30 min before making the DLS measurement.

4.2.8 pH Stability of SMALPs vs VEMALPs

SMA polymer at a 1:3 ratio of MA to S was synthesized as outlined in the literature.®> SMALPs and
VEMALPs were formed by mixing together SMA (MA:S = 1:3, My = 11,000, Myw/M, = 1.34) and
VEMA (MA:BVE:DVE = 50:53:13, M, = 10,000, Mw/M, = 1.51) polymers (5% w/v) and POPC
vesicles (20 mM) at a 2:1 v/v ratio followed by five freeze—thaw cycles and rotated at 4 °C overnight.
Then, the turbidity of solutions of varying pH values was measured in a 96-well plate. The SMA and
VEMA solutions (20 pL) were combined with 120 pL of 0.1 M NaCl with 0.1 M buffer—pH 3 HEPES,
pH 5 acetate, pH 7 HEPES, and pH 9 CHES. The optical density at 620 nm was used to measure

turbidity using a Biotek Synergy multimode reader.%

4.2.9 Stability of SMALPs vs VEMALPs against Mg2*

SMALPs and VEMALPs were prepared as described in the previous section. In a 96-well plate, 20 pL
of the solutions were combined with Mg?* containing buffer for a final volume of 150 uL at the desired
[Mg**] up to 1000 mM. All points were run baselined against a solution of SMALPs and VEMALPs at
mM Mg?**. The optical density at 620 nm was used to measure turbidity using a Biotek Synergy

multimode reader.%?

4.3 Synthesis of VEMA Polymer

To generate amphiphilic polymers, the maleic anhydride unit was hydrolyzed by adapting published
protocols for S-MAn hydrolysis to the newly synthesized VE-MAn polymers.®® Amphiphilic vinyl ether-
maleic acid (VEMA) polymers were generated by RAFT using the ratios MA:BVE = 50:66,
MA:BVE:DVE = 50:53:13, and MA:BVE:DVE = 50:44:22 and evaluated on their ability of these
polymers to self-assemble with lipids and form nanodiscs with the lipids 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
(POPQ). In all cases, the polymer was added to prepared lipid vesicles followed by incubation. The
generated self-assembled polymer lipid nanoparticles are termed vinyl ether maleic acid lipid particles or

VEMALPs.
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4.4 Results and Discussion

When comparing the different polymer compositions for their ability to self-assemble with lipids and form
nanodiscs visual inspection of the MA:BVE:DVE = 50:53:13 and MA:BVE:DVE = 50:44:22 upon mixing
with POPC lipids converted the milky POPC vesicle solution to an essentially clear solution. In contrast,
the MA:BVE = 50:66 polymer did not form a clear solution upon being mixed with POPC lipids. These
visual observations were confirmed with DLS in Figure 4.2A. The POPC vesicles had a size in the order
of 1000 nm, MA:BVE:DVE = 50:53:13 polymer gave nanoparticles in the range of ~10 nm, while
MA:BVE:DVE = 50:44:22 polymer yielded nanoparticles in the range of ~20 nm. In contrast, MA:BVE
= 50:66 had limited ability to form self-assembled nanoparticles, since the size of POPC vesicles mixed
with BVE was ~500 nm. Interestingly the data in Figure 4.2A indicates that there is an optimal
hydrophilic-lipophilic balance to form narrowly distributed small disc through polymer-lipid self-

assembly.
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Figure 4. 2: A) DLS size (diameter) distribution of POPC vesicles (black), VEMALPs generated from self-assembly of POPC lipids
with polymers of MA:BVE = 50:66 (blue), MA:BVE:DVE = 50:53:13 (orange) and MA:BVE:DVE = 50:44:22 (green). B) TEM
image of POPC vesicles. C) VEMALPs generated via self-assembly of POPC lipids with MA:BVE:DVE = 50:53:13 polymers.

BVE is substantially less lipophilic than DVE. When using polymers with only BVE, the interactions with
the hydrophobic tails of the lipids appear to be limited and large nanoparticles are formed. The
composition MA:BVE:DVE = 50:53:13 gave the best defined and smallest nanoparticles, consistent with
this being an optimal hydrophilic-lipophilic balance with sufficient hydrophilicity to stabilize the
nanodiscs but enough hydrophobic dodecyl chains to interact with the lipid alkyl chains. Finally,
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MA:BVE:DVE = 50:44:22 gave larger nanoparticles and was substantially more hydrophobic. This is
similar to earlier work with SMA polymers, where an optimal ratio of styrene to maleic anhydride gave

the best defined nanodiscs.®’
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Figure 4. 3: A) DLS size distribution of POPC vesicles (black) and VEMALPs using lipid:BVE ratio of 1:2 v/v with different
molecular weights of polymers with ratios [MA]:[BVE]:[DVE] = 50:53:13. B) Size distribution of POPC vesicles and VEMALPs
from polymer of Min = 13,000, [MA]:[BVE]:[DVE] = 50:53:13 with and without end-group removed. C) Size distribution of POPG
vesicles and VEMALPs from polymer of M, = 13,000, [MA]:[BVE]:[DVE] = 50:53:13 with end-group removed.

TEM was used to confirm the well-defined self-assembled VEMALPs between POPC lipids and the
MA:BVE:DVE = 50:53:13 copolymers. Figure 4.2B shows the large vesicles of POPC, which appear
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smaller than measured by DLS, plausibly due to the drying and vacuum methods needed in TEM analysis.
As seen in Figure 4.2C, TEM results show round lipid discs formation in 10-30 nm range MA:BVE:DVE
=50:53:13 copolymers, consistent with the formation of well-defined VEMALPs. This size range of 10-
30 nm is promising for downstream applications of VEMALPs in membrane protein research as already
reported in literature for SMALPs.>3%® To observe the effect of different polymer sizes, the
hydrophobically optimized ratio of MA:BVE:DVE = 50:53:13 was tested with polymers of different
molecular weights in Figure 4.3A. Polymers of relatively low or high molecular weight were less efficient
at forming VEMALPs in the order of 10 nm. With lower molecular weights in the order of 7,000 high the
size of nano-discs was in the order of 20 nm, which could be due to a higher solubility of the smaller
polymer in the aqueous medium, decreasing its ability to self-assemble with lipids. Polymers of M, ~
10,000-13,000 gave the smallest diameter nanodiscs near 10 nm diameter. Higher ratios M, of 17,000
gave similar, albeit slightly larger discs of 20 nm, while the very large polymer of M, ~ 40,000 gave larger
and less uniform VEMALPs of diameter ~50 nm. The higher molecular weight polymers appeared to have
poor self-assembly, possibly due to lower solubility in the aqueous phase, which could inhibit the
exchange needed to form uniform discs. Additionally, as highlighted in Figure 4.1, the RAFT end group
can be removed through reaction with lauroyl peroxide (LPO) combined with AIBN.”! The RAFT end
group absorbs strongly near 300 nm,’? which can interfere with the quantification of proteins by UV-Vis
spectroscopy. As seen in Figure 4.3B the VEMALPs generated by self-assembling the MA:BVE:DVE =
50:53:13 polymer with POPC is essentially the same for EG-On or EG-Off.

Continuous wave-electron paramagnetic resonance (CW-EPR) line shape analysis was used to confirm
that the VEMALPs are able to support complex membrane interacting or membrane-bound proteins and
peptides. Insights into the structural and dynamic characteristics of membrane proteins can be gleaned by
line shape analysis in CW-EPR spectra of spin-labeled molecules within various membrane-mimicking
environments.”* The CW-EPR line shapes evident in the respective spectra mirror the dynamics of the

spin label.”

The presence of three equally spaced, sharp lines of comparable intensity is indicative of an
unrestrained reorientational motion of the nitroxide spin label. In this study, VEMALPs were employed
as a model system to mimic membranes, allowing for the exploration of the structural and dynamic
features of two distinct entities: the integral membrane proteins KCNE1, KCNE4, and the phage-encoded
cationic antimicrobial peptide, gp28. Site-directed spin labeling coupled with EPR spectroscopy, was
employed. A lipid bilayer composed of a POPC:POPG (3:1) ratio was selected to simulate the

phospholipid composition commonly encountered in mammalian membranes. The CW-EPR data are
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shown in Figure 4.4. This lipid bilayer served a dual purpose, acting not only as a representative model,

but also as the basis for the control CW-EPR line shapes.
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Figure 4. 4: A) Structures of KNCE1, KCNE4 and gp28 including location of spin labels. B) CW-EPR spectra of KCNE1 T58C spin
labelled system in different lipid bilayer mimetics. C) CW-EPR spectra of KCNE4 S9C spin labelled system in different lipid bilayer
mimetics. D) CW-EPR spectra of gp28 T15C spin labelled system in different lipid bilayer mimetics.

KCNE1 was selected as the primary model system for examining the behavior of the VEMALPs and their
variations, especially the end group removed derivative. This choice was based on the extensive prior
research on KCNEI1, and the consistent alignment of the CW-EPR results with the solution nuclear

magnetic resonance (NMR) structure of the protein.**’®* KCNE1 T58C mutant was chosen as the control
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given that its EPR line shape has been thoroughly substantiated through comparison with the existing
literature.%®”> The CW line shapes of KCNE1 have been comprehensively characterized within both lipid
bilayers and in the context of soluble membrane-like nanodiscs such as SMALPs.”® This makes KNCE1
an appealing model system for subsequent analysis. A complementary albeit larger protein in the KCNE
family is KCNE4.>!2 Although KCNE4 is less studied than KCNEI, it is beneficial to apply new
membrane mimetics to alternative proteins to ensure they are broadly useful. Finally, a fifty-six residue
peptide, gp28 disrupts bacterial membranes, hence its interaction with the lipid membrane mimetics
through CW line shape analysis can provide insights into the impact of various mimetics. The sequence
of KNCE1, KCNE4 and gp28 are given in Figure 4.4A. The site at which the spin label is attached is also
highlighted.

The proteins were incorporated into POPC:POPG=3:1 lipids and were combined with polymers of
MA:BVE:DVE = 50:53:13 with a M, of 13,000. The CW-EPR data in Figures 4.4B and 4.4C revealed
essentially no notable distinctions in the EPR spectral lineshape and the corresponding inverse central line
width between spin-labeled residues of KCNE1/E4, which indicates no major changes in the structure or
dynamics of these proteins. Both the EG-On and EG-Off systems behaved similarly. In cases where
spectral clarity is needed deep into the UV, the EG-Off system could be used, while the synthetic ease of
synthesizing the EG-On sample is appealing when UV-Vis analysis is not needed. The data on KCNE1
and KCNE4 is highly encouraging and indicates that the VEMA polymers are able to make lipid
membrane mimetics capable of supporting complex membrane bound proteins and can be used in future
studies. However, as seen in Figure 4.4D, the peptide gp28 does lead to some slight differences in line
shape between the POPC: POPG vesicles and the VEMALPs. Given that gp28 is a fifty-six amino acid
peptide hence smaller in size compared to the KCNE1/4 membrane protein system, the side chain motion
is more sensitive hence the minor shifts/ changes were detectable. Importantly, however, the line shapes
of gp28 in the VEMALPs were essentially the same for the EG-On and the EG-Off system. Therefore,
changes in the dynamics and line shape arise from the nature of the self-assembled VEMALPs, not the

end group of the polymer.

4.6 Conclusion

The controlled RAFT copolymerization of vinyl ether monomers with maleic anhydride was investigated.

The polymers could self-assemble with lipids forming VEMALPs, the vinyl ether analogues of SMALPs,
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with size tuned by both the molecular weight of the polymer and the hydrophilic/lipophilic balance of the
polymers. VEMA polymers with and without the end group were able to solubilize both membrane
proteins and cationic antimicrobial peptides like gp28. CW-EPR line shape agreement of spin-labeled
peptides and proteins in the lipid vesicle system and the VEMA systems reflect the native membrane
environment and serve as a robust confirmation of the effectiveness of VEMA polymers. The
demonstrated efficacy of VEMA polymers in facilitating the study of these biomolecules broadens the
methodological repertoire available to investigators in this field, contributing to advancements in our
understanding of these complex biological entities without the limitations of SMALPs from competitive
UV-Vis absorbance, especially in the end-group removed system. Further, the ease of tuning the
hydrophobicity and hydrophilicity is an advantage of the VEMALPs system compared to SMALPs or
DIBMALPs, and as demonstrated here, the molecular weight of the VEMA system can be controlled,

which is an advantage over the current maleic acid a-olefin based system.
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5.0 Abstract

Transient receptor potential vanilloid 1 (TRPV1) is a key member of the TRP channel family, playing a
crucial role in detecting noxious heat and contributing to pain sensation. Its activation by stimuli such as
heat, protons, and capsaicin makes it an important target for pain management therapies. Understanding
the structural dynamics of TRPV1 is essential for developing modulators that can effectively alleviate
chronic pain while minimizing adverse effects. TRP channels share a similar architecture with voltage-
gated ion channels (VGICs), featuring six transmembrane helices. In VGICs, the first four helices (S1-S4)
form the voltage-sensing domain (VSD), analogous to the voltage sensor-like domain (VSLD) in TRP
channels. A cysteine-less TRPV1 mutant was engineered to introduce targeted cysteine substitutions
across the VSLD, allowing precise investigation of residue-specific mobility and topology using
continuous-wave (CW) EPR and power saturation (PS) techniques. Using electron paramagnetic
resonance (EPR) spectroscopy combined with site-directed spin labeling, we have successfully mapped
and confirmed the structural topology and dynamics of the four transmembrane helices within the TRPV1
VSLD. The results provide crucial insights into the conformational landscape of the VSLD, offering a
deeper understanding of its role in TRPV1 activation. These findings contribute to the broader effort of
elucidating TRPV1’s structural mechanisms which may aid in the development of targeted pain

therapeutics.
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5.1 Introduction

In the ever-evolving field of biochemistry, understanding the structural and functional dynamics
of membrane proteins stands as a critical challenge. !> These proteins, which are essential for
numerous cellular processes such as signaling, structural integrity, and transport, engage in
intricate interactions with their lipid environments, which consist of various types of lipids that
form membranes, modify protein function, and influence cellular dynamics.? The complexity of
these interactions often presents significant challenges for researchers, as they must consider the
diverse roles that lipids play in modulating protein behavior, stability, and function.?
Consequently, investigating these relationships requires sophisticated experimental and
computational techniques, making the study of protein-lipid interactions a highly complex

endeavor that demands a multidisciplinary approach.*

Transient receptor potential (TRP) channels are a group of ion channels located in the cell
membrane.’ TRP channels are divided into several subfamilies, such as TRPV, TRPC, TRPM,
TRPA, and TRPN, each with distinct functions and activation mechanisms. Within the animal
kingdom all senses, including vision, smell, taste, hearing, and touch, appear mediated by TRP
channels.® They can be activated by various stimuli, including thermal changes, mechanical
stress, and chemical agents. TRP channels are involved in numerous physiological processes and
have been implicated in various pathologies, making them potential targets for therapeutic
interventions.”® Mutations in many of about 27 human TRP have been associated with a large
variety of diseases ranging from episodic pain syndrome (TRPAL1), stationary night blindness
(TRPM1), kidney diseases (TRPP2 and TRPC6), hypomagnesemia and hypocalcemia (TRPM6),
skeletal diseases and neuropathies (TRPV4), cardiac disease (TRPM4) and neurodegenerative
disorders (TRPM2 and TRPML1).? In the last 20 years, interest in TRP channels has grown
exponentially until reaching its peak in 2021 with the awarding of the Nobel Prize in Physiology

or Medicine to David Julius for the discovery of the capsaicin receptor TRPV1 in 1997, 10!

Transient receptor potential vanilloid 1 (TRPV1) is a polymodal ion channel implicated in
nociception and thermosensation.!®> All six channels have distinct properties and react to several
endogenous ligands as well as different gating stimuli such as heat, pH, mechanical stress, or

osmotic changes. In many tissues they serve as sensors for different pain stimuli (heat, pressure,



pH) and contribute to the homeostasis of electrolytes and the maintenance of barrier functions.!'
Their fundamental role in various physiological and pathophysiological processes is significant.
TRPV1 channels are promising targets for drug development. However, drugs targeting specific
TRPV1 channels, which are suitable for drug therapy, are rare.!> Moreover, selective and potent
compounds for further research at TRPV1 channels are often lacking. While its pore-forming and
ligand-binding domains have been extensively studied, the structural and functional roles of its
voltage-sensor-like domain (VSLD) remain less well understood.’ The VSLD, comprising
transmembrane segments S1-S4, shares topological similarity with classical voltage-sensor
domains, but lacks canonical gating charges and shows unique modulatory features.'* To gain
mechanistic insight into the VSLD's structural organization and potential conformational
changes during gating, we employed a combination of site-directed spin labeling (SDSL) and
electron paramagnetic resonance (EPR) spectroscopy. This approach enables direct measurement

of residue accessibility, thereby providing a dynamic picture of VSLD topology.!”!8

Exploring protein structures and their complex functions is a fundamental aspect of
contemporary biochemistry and molecular biology. Understanding the structural topology of
proteins allows for insights into their roles in cellular processes, mechanisms of action, and
potential as drug targets. In this context, site-directed spin labeling (SDSL) combined with
electron paramagnetic resonance (EPR) spectroscopic techniques offers a formidable approach to

elucidate the dynamic structures of proteins.

5.2 Materials and Methods

5.2.1 Site-Directed Mutagenesis

Site-Directed Mutagenesis was performed on the human TRPV1 VSLD in a pET-16b vector using
pfuUltra IT High Fidelity DNA Polymerase (Agilent) according to manufacturer’s instructions.
Primers were designed using A plasmid Editor (ApE) (University of Utah, Salt Lake City, UT).
Purified plasmid DNA was extracted from transformed XL-Gold competent cell with a QIAprep

Spin Miniprep Kit (Qiagen). Mutagenesis was confirmed with Sanger Sequencing (Genewiz).

5.2.2 Expression and Purification
Human TRPV1 VSLD in pET-16b vector was transformed into BL21-Codon Plus DE3-RP
competent cells (Agilent). Cells were grown in LB Media (Fisher Scientific) with 50 pg/mL



Kanamycin. The cultures were shaken at 250 rpm and maintained at 18°C until they achieved an
OD600 of 0.6, after which they were induced with 100 mM isopropyl D-thiogalactopyranoside
(IPTG). Cells were cultured overnight with shaking at 250 rpm and at 25 °C to allow for protein
overexpression. The cells were harvested by centrifugation at 11000 xg for 10 minutes at 4 °C.
Cell pellets were resuspended in 10x excess lysis buffer (75 mM Tris, 300 mM NaCl, 0.2 mM
EDTA, pH 7.5) with 10x w/v excess of LDR stock (100 mg/mL lysozyme,10 mg/mL DNAse, 10
mg/mL RNAse), PMSF (20 mg/mL), and Magnesium Acetate (0.1 M). The cells were rotated for
30 minutes at room temperature to resuspend the pellet fully. Cell lysis was carried out with a
Fisher Scientific Sonicator with the pulse set to 5 s on and 5 s off at 40% amplitude and a 1/4” tip.
The cells were subjected to sonication twice for 7 2 minutes and once for 5 minutes. After
sonication, the lysed cells were rotated at 4 °C with 3% Empigen BB detergent for 40 minutes to
an hour. The solubilized portion was then fractionated from the insoluble portion by centrifugation
at 17000 x g and 4 °C for 30 minutes. The supernatant was stirred and allowed to incubate
overnight with Ni?*-NTA resin to facilitate the binding of proteins. The resin and supernatant
mixture were centrifuged at 2700 x g to separate the resin from the supernatant, and the resin was
then transferred to a gravity column for protein purification. The TRPV1 VSLD protein was
purified by a rinse of Buffer A (40 mM HEPES and 300 mM NaCl, pH 7.5) with 2 mM tris(2-
carboxyethyl) phosphine (TCEP) and 1.5% empigen BB detergent. The column was washed with
Buffer A, containing 2 mM TCEP, 1.5% empigen BB detergent, and 50 mM imidazole, in order
to eliminate any proteins that were bound nonspecifically. The column was treated with a detergent
exchange buffer containing 25 mM phosphate pH 7.0, 2 mM TCEP, and 0.05% 1-palmitoyl-2-
hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol) (LPPG), then the purified TRPV1 VSLD protein
was eluted with 25 mM phosphate pH 7.0, 2 mM TCEP, 0.1% LPPG, and 250 mM imidazole. The
purified protein was concentrated with an Amicon spin filter that has a molecular weight cutoff of

10,000 Da, and its purity was verified using SDS PAGE.

5.2.3 Site-Directed Spin Labeling (SDSL)

A tenfold excess of dithiothreitol (DTT) was introduced to the purified TRPV1 VSLD protein, and
the resulting mixture was flushed with nitrogen gas for one minute. DTT maintains all accessible
cysteine residues in their reduced state, preventing the formation of intra or intermolecular
disulfide bonds. This ensures that only the target cysteine(s) at the designated site(s) are available

for labeling. The mixture was then shaken and allowed to incubate at room temperature for 24



hours to facilitate the reduction of disulfide bonds. A 250 mM stock of S-(1-oxyl-2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl =~ methanesulfonothioate (MTSL) (Toronto
Research Chemicals) was prepared in methanol and added directly to the purified TRPV1 VSLD
protein at a 20x molar excess. The solution was kept at room temperature for 30 minutes, followed
by incubation at 37°C while shaking for 3 hours, and finally, it was shaken at room temperature
for the rest of the 24 hours. The labeled protein was then buffer exchanged into 25 mM phosphate
pH 7.0 and 0.05% LPPG by three rounds of centrifugation at 6000 xg in Amicon spin filter tubes
(10000 Da molecular weight cutoff). During each round of centrifugation, 7 mL of 25 mM
phosphate, pH 7.0 + 0.05% LPPG, was added to the filter, allowing for the removal of excess spin
label. After the third round of centrifugation the protein was incubated with pre-equilibrated Ni2+-
NTA resin overnight. The resin was transferred to a gravity column and washed with 300 mL of
25 mM phosphate pH 7.0 + 0.05% LPPG to ensure total removal of unreacted spin label, then the
protein was eluted in 25 mM phosphate pH 7.0, 0.1% LPPG, and 250 mM imidazole.

5.2.5 Vesicle Reconstitution

Vesicle samples were composed of a 3:1 molar ratio of 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
Phosphocholine  (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(sodium salt) (POPG) (Avanti Polar Lipids). The powdered lipids were dissolved in chloroform
and then evaporated to create a thin film along the inner surface of a pear-shaped flask. The sample
was then left to dry overnight in a vacuum desiccator. Later, the thin film was reconstituted in 50
mM phosphate buffer at pH 7 to achieve a final lipid concentration of 100 mM. The TRPV1 VSLD
protein was mixed with the lipid solution in a 1:400 ratio to produce proteoliposomes, which were
then subjected to three freeze-thaw cycles. All vesicles were prepared with a protein concentration
of approximately 100 uM. Excess detergent was removed via dialysis with a dialysis membrane
tubing of 12 to 14 kDa MWCO (Fisher Scientific) for 72 hrs in 100 Mm imidazole and 2 mM
EDTA pH 7 changed roughly every 12 hours. The dialysate was pelleted by ultracentrifugation at
300000 RCF for 35 mins. The proteoliposomes pellet was thoroughly resuspended in 100 pL of

50 mM phosphate buffer at pH 7 and immediately used for EPR spectroscopic measurements.

5.2.6 CW-EPR Spectroscopy
CW-EPR spectroscopy measurements were collected on a Bruker EMX X-Band spectrometer with

a Premium X bridge and ER4119-HS cavity. All measurements were conducted at room



temperature with a center field of G, a 150 G sweep width, 100 kHz modulation frequency, 1 G

modulation amplitude, and a 10.02 mW microwave power. '

5.2.7 Power Saturation

Verification of proper insertion of TRPV1 VSLD into 3:1 POPC: POPG lipid bilayers were
confirmed using the CW-EPR power saturation technique at X-band frequency. Power saturation
experiments were performed on a Bruker X-band CW-EPR spectrometer consisting of an ER041X
microwave bridge coupled with an ER4119-HS resonator (Bruker BioSpin). Samples were loaded
into gas permeable TPX capillary tubes with a total volume of 3-4 uL at a concentration of 90-110
uM. EPR data were collected using a modulation amplitude of 1 G and a starting microwave power
of 159 mW with 2 dB power reduction between 17 points. The final spectra were obtained by
signal averaging 4 scans per each attenuation step. This method works on the principle that under
non-saturating conditions, the height of the spectral lines is linearly proportional to the square root
of the incident microwave power. If the microwave power is subsequently increased, the increase
in signal amplitude becomes less linear with P12, and signal height starts to decrease as the sample
saturates. Power saturation curves were obtained under three conditions: (1) equilibrated with
nitrogen as a control, (2) equilibrated with a lipid-soluble paramagnetic reagent, 21% oxygen (air),
and (3) equilibrated with nitrogen in the presence of a water-soluble paramagnetic reagent,
NiEDDA (2 mM) as described previously. The samples were purged with a steady stream of either
air or nitrogen gas for 1 hour to bring the sample to equilibrium before each measurement was
taken. The resonator remained connected to the gas during all measurements, and experiments
were performed at RT. Peak-to-peak amplitudes (A) of the first derivative (m;= 0) resonance lines
were plotted against the square root of incident microwave power. The data points were then fitted

according to equation 1.!%-2

A=1/P 1+@ ................................... (1)

P1/2

Here, ‘I’ is a scaling factor, P1» represents the power where the first derivative amplitude is reduced
to half of its unsaturated value, and € is a measure of the homogeneity of saturation of the resonance
line. For the homogeneous and inhomogeneous saturation limits, € = 1.5 and € = 0.5, respectively.

Using equation 2, the corresponding depth parameters were calculated.!®?!
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Here, AP12(NiEDDA) is the difference in the P1 values for NIEDDA and nitrogen equilibriums

and AP12(03) is the difference in the P1/; values for oxygen and nitrogen equilibriums.

5.3 Results and Discussion

To better understand the structural topology and dynamics of the TRPV1-VSLD using CW-EPR
spectroscopy, single cysteine mutants were generated from the Cys-less vector. Achieving site-
specific spin labeling is essential, and it requires that all native cysteines in the protein of interest
be replaced with alternative amino acids while keeping structural integrity intact.!” In the case of
TRPV1 VSLD, the strategic alteration of the single native cysteine, C443A, to alanine opens such
possibilities. Once the Cys-less C443A was successfully expressed, other sites in the protein were
explored by substituting the native amino acids with cysteines. So far, 20 mutants have been
designed across the four transmembrane domains of TRPV1-VSLD and the surrounding loops or

linker regions.

Figure 5.1: Predicted Membrane topology diagram of TRPV1 VSLD. Yellow residue indicates the native cysteine
C443.%2



15 mutants were successfully expressed and purified, while additional mutants are still being
explored. TRPV1 VSLD sites, as indicated in Table 5.1, were substituted with cysteines to allow
spin label attachment to examine the dynamic properties as a report of the local environment, as

well as to determine their depth in the membrane.

Table 5.1: List of TRPV1 VSLD cysteine variants used in this study.

TRPV1 Cysteine | Predicted Cellular Location Site Location
Mutant

L422C Intracellular SO
D425C Intracellular SO
A452C Transmembrane S1
V458C Extracellular S1-S2 linker
L461C Extracellular S1-S2 linker
G470C Extracellular S1-S2 linker
V475C Transmembrane S2
L481C Transmembrane S2
K504C Intracellular S2-S3 linker
D509C Intracellular S2-S3 linker
L521C Transmembrane S3
L534C Extracellular S3-S4 linker
A539C Transmembrane S4
G548C Transmembrane S4



Previous studies have used Cryo-EM to determine the structure of TRPV1, providing a detailed
topology of the channel, including the VSLD.?? Based on this structural predictions as well as other
predictions of TRPV1 VSLD topology from sequence alignments, AlphaFold models, and
molecular simulations it is expected that S1-S2 and S3-S4 linkers are located in the extracellular
region, SO to S4 are buried inside the membrane, and SO-S1 and S2-S3 linkers are in the
intracellular region. This structural information is crucial for designing SDSL-EPR experiments

to probe specific regions of the VSLD.

Figure 5.2: Site-specific dynamic information of the protein was explored using CW-EPR spectroscopy. This shows

the CW-EPR spectra for each cysteine variant in 3:1 POPC:POPG vesicles.

CW-EPR spectroscopic methods were employed to investigate the site-specific dynamic

characteristics of the mutants listed in Table 5.1. The application of the power saturation method



enabled the determination of membrane depth parameters at these positions, thereby enhancing
our understanding of the protein’s topology and its interaction within the lipid bilayer. CW-EPR
spectra were collected on 15 spin-labeled TRPV1-VLSD mutants, and the results are shown in
Figure 5.2. The CW-EPR spectra of the M466C and D509C samples exhibit increased motion of
the spin label, evidenced by the presence of sharper linewidths as shown in Figure 5.3. This
phenomenon is indicative of a reduced rotational correlation time which quantitatively suggests
that the motion of these spin labels is more dynamic indicating that this region of the protein is

solvent accessible.

Figure 5.3: CW-EPR spectra of TRPV1 cysteine variants in 3:1 POPC:POPG vesicles. All cysteine variants were labeled
with 10:1 MTSL:protein molar ratio at approximately 100 « M. The sharper hyperfine splitting represents the
extracellular cysteine variants as shown in black (M466C and D509C) whereas the rigid or transmembrane cysteine

variants are in red (A452C and V475C).

The observed sharper linewidths can be directly correlated with enhanced flexibility in the region

surrounding these labels. This interpretation is consistent with prior structural data, which indicates



that the M466C and D509C sites are located in the extracellular domain of the protein.?? Such
localization suggests that the spin labels are less hindered by nearby structural constraints,
allowing for greater freedom of movement and alignment with the surrounding molecular
environment. In contrast, the spectra of amino acids in the S1/S2/S3/S4, such as A452C or V475C,
are expected to be located in the transmembrane region and have broader linewidths and larger
rotational correlation times and this was observed in Figure 5.3. These linewidths are like those
of other buried transmembrane regions of other membrane proteins when in 3:1 POPC: POPG

vesicles.

Figure 5.4: CW-EPR Power Saturation PS curves for different spin-labelled sites of TRPV1 VSLD.

When studying the structural dynamics of membrane proteins, EPR spectroscopy reveals how

different regions of a protein move in relation to each other and how these movements are

10



influenced by external factors such as ligand binding, changes in the lipid environment, or
alterations in pH. CW-EPR power saturation experiments measure the interactions between spin
labels and paramagnetic reagents to determine depth parameters, providing a reliable method to
gain insights into the intricate dynamics of these interactions, leading to more precise
measurements.”’ A positive value for the depth parameter suggests that the residues are embedded
within the membrane, whereas a negative value indicates that the residues are accessible to the
solvent. For membrane proteins, a transition from negative values in the extracellular region to
positive values in the transmembrane region, followed by a return to negative values in the
intracellular region, is expected. The @ for L422C was 3.0, D425C was 2.0, A452C was 1.9,
V458C was 0.5, L521C was 3.3, and G548C was 1.2 as shown in Figure 5.4 and Figure 5.5.

Depth Parameter

410 460 510 560

Residue Position

Figure 5.5 Calculated depth parameter (@) for different positions of TRPV1-VSLD as a function of residue positions
in POPC/POPG proteoliposomes. Positive (@) values indicate that the R1 side chains are embedded inside the lipid

bilayer and negative (@) values indicate that the R1 side chains are solvent-exposed.

Our data reveal that out of 10 residues investigated using power saturation EPR in this study, the

highest @ value was 3.5 from residue V475C in the S2 region indicating that this region is

11



exposed to the hydrophobic core and may be deeply buried in the center of the lipid bilayer. The
residues with less positive @ values, such as V458C reported as 0.5 might be closer to the
surface of the membrane. We expect that more CW-EPR spectra will reveal differential mobility
and solvent accessibility across the VSLD, consistent with the helical architecture and membrane
embedding of the S1-S4 segments. Power saturation parameters allow the distinguishing of
intra- and extracellularly facing residues and estimation of their depth within the membrane.
These data will help with the refinement of the topological map of the VSLD and may identify
previously unresolved extracellular loops or lipid-accessible sites that could play crucial roles in

channel function.

5.4 Conclusions

In this study, CW-EPR spectra from several strategically placed spin labels within the TRPV1
voltage-sensor-like domain (VSLD) was successfully collected. The resulting data shows clear
differences in spectral features from site to site, which align well with the anticipated differences
in their local structural environments. Additional CW-EPR power saturation experiments will
provide further insight that will reveal patterns of accessibility between the extracellular regions
and the transmembrane domains. It is expected that these observations will support the hypothesis
that TRPV1-VSLD undergoes site-specific conformational changes with extracellular portions
displaying greater flexibility or solvent exposure compared to the more rigid transmembrane
segments. Overall, these findings offer valuable preliminary evidence for dynamic behavior within
the TRPV1-VSLD and lay the groundwork for future studies aimed at understanding its structural
role in TRPV1 function. While site-directed mutagenesis challenges remain, ongoing
methodological advancements promise to provide increasingly detailed insights into TRPV1
function and gating mechanisms. These insights are invaluable for understanding the mechanisms
of protein function and can guide the design of therapeutic agents targeting these proteins. SDSL
and EPR spectroscopy have emerged as powerful techniques for studying the structural dynamics
and topology of membrane proteins, including the voltage-sensing domain (VSD) of TRPV1
channels. This study examines how these methods have been applied to investigate TRPV1 VSD

structure and function.
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Chapter 6

Conclusion and Future Directions

The work in this dissertation made use of biophysical techniques to further the understanding of protein-
protein interactions as well as the development and application of novel membrane mimetic systems.
These contributions help address fundamental questions about how proteins behave and interact in
membrane environments, which are often inaccessible to traditional structural methods. !* A key theme
throughout this work is the evolution of membrane mimetic systems. While traditional detergent-based
methods enabled early progress in membrane protein purification and stabilization, this study embraced
more advanced and physiologically relevant systems including lipid vesicles and polymer-based
platforms such as Styrene Maleic Acid copolymers and their derivatives.** These next-generation
mimetics more accurately replicate the complexity of native lipid bilayers and are critical for preserving

the structural and functional integrity of membrane proteins during biophysical analysis.’

In Chapter 2, the study employed Electron Spin Echo Envelope Modulation (ESEEM) spectroscopy to
probe the local secondary structure of gp28, a phage-derived lytic membrane protein essential for
bacteriophage release in systems lacking spanins. Synthesized gp28 constructs were first characterized
using circular dichroism (CD) spectroscopy to validate their global secondary structure.*” ESEEM
measurements were then focused on predicted alpha-helical regions within the protein. The resulting
modulation patterns and their Fourier-transformed spectra were consistent with hallmark features of
alpha helices, including characteristic periodicities. Analysis of normalized frequency intensities in
membrane vesicle systems further supported these findings, revealing turn-specific modulation patterns
indicative of helical structure.® This work confirmed the presence of alpha helices at all three predicted
regions within gp28, in agreement with earlier computational models and experimental evidence
reported by the Ry Young group.” These findings not only reinforce the structural predictions for gp28
but also demonstrate the effectiveness of ESEEM spectroscopy as a powerful method for resolving local

secondary structures in membrane proteins.!*!!

In Chapter 3, the application of three distinct SMA derivatives; SMA-Glu, SMA-Neut, and SMA-Pos
were evaluated for their ability to solubilize and stabilize membrane-associated peptides, specifically

gp28 and pinholin, without the use of traditional detergents.!? These polymer-based membrane mimetics



offer a significant advantage in preserving the native-like lipid environment, which is often
compromised by detergent-based solubilization methods.'* Each SMA derivative was successfully
reconstituted with peptide vesicles to form SMA-derived lipid particles (SMADLPs) of varying sizes.
CW-EPR spectroscopic studies revealed that SMA-Pos was incompatible with spin-labeled pinholin
mutants, potentially due to charge-based interactions or structural disruption, whereas SMA-Glu and
SMA-Neut supported stable incorporation. In contrast, for the gp28 system, CW-EPR spectra showed no
significant perturbation across all SMADs evaluated, confirming the successful incorporation of gp28

into nanodiscs and suggesting that the SMADLP environment supports its native conformation.

Chapter 4 presents the development of Vinyl Ether Maleic Acid (VEMA) copolymers as a versatile and
tunable platform for membrane protein studies. Through controlled RAFT polymerization of vinyl ether
and maleic anhydride monomers, polymers with defined molecular weights and adjustable hydrophilic-
lipophilic balance were synthesized. Upon hydrolysis, these polymers formed VEMALPs nanodiscs
capable of the reconstitution of membrane proteins and peptides like gp28 in place of lipids.'* EPR
spectroscopy confirmed that VEMALPs preserve a native-like lipid environment, making them effective
tools for structural and functional analysis. Unlike traditional SMALPs, VEMA systems offer enhanced
compatibility and greater control over polymer properties.!” In future studies, the focus will be on
applying VEMALPs to a broader range of membrane proteins, integrating them with high-resolution
structural techniques, and optimizing polymer design for targeted biophysical or therapeutic
applications. This system offers a powerful alternative for membrane protein reconstitution and analysis,

advancing the field of detergent-free structural biology.

Chapter 5 explores the successful use of continuous-wave EPR spectroscopy to investigate the structural
dynamics of the TRPV1 voltage-sensor-like domain (VSLD) through site-directed spin labeling. The
spectral diversity observed across labeled sites indicates unique local environments and reinforces the
hypothesis of conformational variability within the domain.'®!” Notably, extracellular regions exhibited
features indicative of higher mobility or solvent accessibility compared to the more constrained
transmembrane helices, suggesting functional flexibility across the VSLD. These preliminary findings
lay important groundwork for further exploring the dynamic behavior of TRPV1 and its potential role in

gating.!®

This dissertation highlights the power of combining site-directed spin labeling with EPR spectroscopy to

explore the structural topology and conformational dynamics of membrane proteins, specifically gp28



and the TRPV1 voltage-sensor-like domain (VSLD). Through strategic labeling and the application of
techniques such as CW-EPR, power saturation, and ESEEM, distinct and site-specific structural features
were revealed. These findings have provided valuable insights into the conformational flexibility, local
environment, and membrane-associated behavior of these proteins advancing our understanding of their
potential roles in gating and membrane interactions. These findings also demonstrate that SMA
derivatives and VEMA polymer-based mimetic systems can be tailored to support membrane protein

stability and conformational integrity, opening new possibilities for detergent-free biophysical studies.

Continued refinement of these experimental approaches, paired with complementary techniques such as
molecular dynamics simulations and Double Electron-Electron Resonance (DEER), will enable a more
in-depth understanding of membrane protein dynamics, including conformational changes in response to
ligands, temperature, and membrane composition.'>?’ This integrated approach is especially promising
for identifying pharmacologically relevant conformations and lipid-protein interactions central to
function. This work underscores the value of multidisciplinary strategies in membrane protein research
and paves the way for new developments in structural biology, drug discovery, and the broader life
sciences.'® Several avenues will enhance our mechanistic understanding of the TRPV1-VSLD.
Temperature-dependent EPR measurements will be used to assess the thermal stability of individual
segments, helping to determine how environmental conditions influence structural integrity.
Incorporating molecular dynamics (MD) simulations alongside EPR spectroscopic data will provide
atomic-level insight into the interaction between the S1-S4 helices and the surrounding lipid bilayer
which are critical for understanding how membrane curvature and lipid composition affect VSLD
conformation.!”-?! Furthermore, DEER spectroscopy between strategically selected residue pairs will
reveal intradomain distance changes and conformational flexibility under resting and activated
conditions, such as exposure to capsaicin, altered pH, or elevated temperatures. Shifts in DEER distance
distributions will serve as direct evidence for ligand or stimulus-induced structural rearrangements. All
these approaches will enable the development of refined models of the TRPV1-VSLD in different
functional states and provide experimentally anchored insights into TRPV1 gating mechanisms. This
knowledge can be expanded to aid in identifying pharmacologically targetable conformations of the
channel.?? More broadly, these studies contribute to our understanding of voltage-sensing and membrane
protein regulation, offering potential pathways toward novel treatments for disorders associated with

TRP channel dysfunction.?>?
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