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Abstract

Influenza A presents a significant concern for public health as it is the cause of
seasonal outbreaks and global pandemics. The influenza A proteins, matrix protein 1 (M1)
and matrix protein 2 (M2), have been shown to be essential for the propagation of new
viruses, especially through their roles in viral assembly and budding. The M2 cytoplasmic
tail interacts with the M1 protein, recruiting it to the viral budding site and enabling proper
packaging of the viral genome. The Howard lab has previously characterized residues 50-
70 in the M2 cytoplasmic tail and the M2 protein’s conformational equilibria by site-
directed spin label electron paramagnetic resonance (SDSL-EPR). This work lays
groundwork for the establishment of a system in which to see changes in the M2 protein
upon M1 binding. Methods for the overexpression and purification of the M1 protein are
presented. Selected M2 sites (43, 57, 68) were studied by SDSL-EPR in the presence of N-
terminal M1 (residues 1-165), with M2 sites 43 and 57 acting as indicators of the M2
protein’s conformational dynamics. Binding between M1 and M2 could not be rigorously
established, but preliminary results suggest little change in the M2 protein in the presence

of the M1 protein.



Chapter 1 : Introduction

1.1. Influenza A: A Public Health Concern

The influenza virus has been the cause of global pandemics and presents a
considerable threat for possible future pandemics. The largest influenza pandemic in
known history was the 1918 Spanish flu outbreak which swept Europe at the end of World
War I.! This pandemic infected about 500 million people and killed over 50 million people
worldwide. More lives were lost to influenza than the war, which resulted in the loss of
about 18 million lives.? The particular strain of influenza virus that caused the Spanish flu
likely originated in Asia and was a form of influenza A. There are four overarching types
of influenza virus: A, B, C, and D. Influenza A and B are responsible for the strains that
have caused pandemics and the seasonal flu. Influenza A, however, causes the most deadly

pandemics and the most severe cases of flu.!?

Approximately 3 to 5 million cases of severe illness are caused by annual influenza
outbreaks.? During the 2018 flu season, 34 million Americans got the flu, with
710,000 people hospitalized and 56,000 fatalities.> The flu vaccine, which is formulated
each year to match up with the particular strains of influenza that are predicted, was only
about 36% effective in 2018.2 When vaccinations fail or those affected are very young,
very old, or immune-compromised, antivirals allow for the treatment of the flu after
infection. Currently, the Centers for Disease Control and Prevention recommends four
antivirals for use in treating influenza A and B: oseltamivir (Tamiflu), zanamivir (Relenza),
peramivir (Rapivab), and baloxavir (Xofluza).>* All of these antivirals, except baloxavir
(which targets a subunit of the viral polymerase), target the same protein in influenza:

neuraminidase (NA).* Reliance on only a few antivirals, especially antivirals that target the



same protein could lead to the development of drug resistant viruses. A greater, atomic

level of understanding of the influenza viral life cycle could yield potential antiviral targets.

1.2. Influenza A Viral Life Cycle

The influenza A virus is a pleomorphic enveloped virus, commonly exhibiting
filamentous or spherical morphology. Influenza is classified as an orthomyxovirus and has
eight segments of negative-sense, single stranded RNA that encode for viral proteins:
polymerase proteins that make up the viral RNA polymerase complex, a nucleoprotein,
two surface glycoproteins, two matrix proteins, and non-structural proteins.!>® A cartoon

representation of the influenza A virus is pictured in Figure 1.1A.

The influenza A viral life cycle is illustrated in Figure 1.1B and begins with the
entry of a virus into a host cell. This process begins when one of the two surface
glycoproteins, hemagglutinin (HA), attaches the virus to sialic acid receptors on the host
cell surface.” The virus is then endocytosed into the host cell. The low pH of the endosome
induces conformational change in HA that leads to membrane fusion of viral envelope and
endosome. The matrix protein 2 (M2) undergoes a conformational change, leading to the
opening of its ion channel, acidifying the virus interior. At neutral pH, within the virus,
matrix protein 1 (M1) forms a membrane-associated layer that protects and stabilizes the
viral genome. The viral genome forms a complex known as vVRNP, which is made up of
viral RNA around nucleoprotein (NP) and a small quantity of nuclear export protein (NEP),
with the three polymerase proteins that make up the RNA polymerase complex at one end.

M1 holds the vVRNP complexes close to the membrane.>’



Acidification of the virus interior leads to a conformational change in M1, which
releases VRNP. The vRNP enters the nucleus and negative sense RNA is converted to
positive sense RNA by the viral RNA polymerase complex. The virus utilizes the host
cell’s transcription machinery to reproduce its genome and produce more viral proteins.
New vRNPs are formed and exported from the host cell nucleus. The three viral membrane
proteins (HA, NA, and M2) cluster on the surface of the host cell. M2 is proposed to recruit
M1 associated with vRNP to the membrane at the budozone site. A new viral particle buds
off from the host cell, with final membrane scission facilitated by M2.81° NA cleaves sialic

acid from glycoproteins and glycolipids of the host cell preventing viral re-entry.>"!!

A- Lipid envelope derived from host cell B
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Figure 1.1. Influenza A and the viral life cycle. (A) The influenza A virus is an
enveloped virus which consists of eight segments of RNA that encode for viral proteins:
polymerase proteins that make up the viral RNA polymerase complex, a nucleoprotein,
two surface glycoproteins, two matrix proteins, and non-structural proteins. Polymerase
proteins, nucleoprotein and viral RNA form the vVRNP complex. (B) The viral life cycle
begins with viral entry into a host cell. HA binds to sialic acid and the virus is endocytosed
into host cell. Low pH causes M2 pore to open and acidify virus interior. M1 dissociates
from VRNP, matrix layer dissolves and HA mediates membrane fusion. Viral genome is
transcribed and replicated. M1 binds to vVRNP. M1 and NEP facilitate genome nuclear
export. Surface proteins cluster on lipid raft and direct M1-vRNP. M1 forms matrix layer,
elongating virion. New virus particle buds off from host cell. From®
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1.3. The Matrix Protein 2

M2 is a 97 residue membrane protein that consists of an N-terminal domain (1-21),
a transmembrane (TM) helix domain (22-46), a membrane-proximal amphipathic a-helix
(AH) region and a cytoplasmic tail (Fig. 1.2A). M2 forms a homotetramer, allowing it to
serve as a proton channel. The transmembrane helix domain, which forms this channel, has
been extensively studied, as it plays an important role in viral uncoating. The structure of
the M2 protein has been elucidated using multiple techniques including solid state NMR, 2

14-16 and electron paramagnetic resonance (EPR).!’

solution NMR,"® X-ray crystallography,
Published structures show different arrangements for the cytoplasmic region of the M2
protein, as the protein can adopt multiple conformations (Fig. 1.2B).!® The Howard lab has
focused on characterizing the structure of this relatively less studied region which has a

role in viral budding and genome packaging.®%"°

Previous reports from the Howard lab have studied the multiple conformational
sub-states of the M2 protein in different pH and membrane environments.!”-*° The Howard
lab has also collected information on site by site mobility and membrane depth for
M2 residues 50-70 in a 4:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine:1-
palmitoyl-2-oleoyl-sn-glycero-3-[phosphor-rac-(1glycerol)]  (POPC:POPG)  bilayer
environment.*!*? The intent of present and future work is to expand the characterization of

the M2 cytoplasmic tail to include its interaction with the M1 protein.

11
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Figure 1.2. M2 domain map and published structures. (A) Domain map
of the M2 protein showing ectodomain, transmembrane region, and C-
terminal domain. Ribbon representation of C-terminal amphipathic helix
shown. (B) Previously published structures of M2 solved by different
techniques. Structure solved by solid state NMR (red and purple),'? solution
NMR (light blue),"® X-ray crystallography (green and dark blue)!*' and
EPR (yellow).!” Overlay of bottom structures (left) shows differences in
cytoplasmic tail structures. From'®
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1.4. The Matrix Protein 1

MI is a 252 residue protein, which consists of an N-terminal domain (1-165), and
a C-terminal domain (166-252) (Fig. 1.3A).2 In a viral particle, M1 forms a matrix layer
associated with the viral envelope that stabilizes NA and HA and aids in maintaining the
structural integrity of the virus. The structure of the N-terminal domain of M1 has been
determined at both acidic and neutral pH via crystallographic methods, but a full-length
crystal structure has not been solved.”>2® The crystal structure of the M1 N-terminal
domain at neutral pH is shown in Figure 1.3B. The highly charged surface of M1 has led
to a model of M1 as a ‘brick’ with an acidic face, a basic face, and a hydrophobic pocket

(Fig. 1.3C-D).232427

H1

2INJONAS UMOUNUN

7
Hydrophobic Pocket

o
Figure 1.3. M1 domain map and structure. (A) Domain map of the M1 protein. (B)
Ribbon diagram of M1 N-terminal region structure (PDB: 1EA3). (C) Electrostatic surface
of M1 showing basic face (PDB: 1EA3). (D) Cartoon representation of M1 N-terminal
domain as a ‘brick’ with an acidic face, a basic face, and a hydrophobic pocket.
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There is small-angle X-ray scattering (SAXS) data and a corresponding model for
the full-length protein, which shows a flexible and disordered C-terminal domain and an
N-terminal consistent with solved crystal structures.?® The N-terminal and middle domains
consist of two 4 a-helix bundles and a connecting o-helix.?*2¢ The failure to successfully
crystallize full-length M1 has been attributed to a protease-sensitive loop connecting the
middle and C-terminal domains, and intrinsic disorder in the C-terminal region —though

circular dichroism has suggested that the C-terminal domain may have a-helical structure.?*

The M1 protein’s N-terminal domain has been suggested to be the primary region
involved in interaction between M1 and M2. In their 2018 study, Liu et. al identified
mutations in M1 (residues 73, 94, 135, 136, 138, and a double mutant 93/244) that restored
virus infectivity in the presence of an M2 mutant (Y76A) that causes greatly reduced virus
infectivity, with little effect on viral budding. These M1 mutations were located primarily
in the M1 protein’s N-terminal domain and could potentially be involved in interaction
with the M2 protein.?? This study of the M2 protein’s interaction with M1 utilizes an N-

terminal domain construct of the M1 protein (residues 1-165).

1.5. Interaction Between Matrix Protein 1 and 2

Both M1 and M2 have been shown to have roles in the determination of virus
morphology and are required for efficient genome packaging.’** Previously, the C-
terminal domain of M2 has been shown to have critical roles in both viral budding and the

19,34,35

packaging of the viral genome. An interaction between M1 and M2 has been

proposed to facilitate viral assembly.!”

14



Figure 1.4. A model for influenza viral
" assembly and budding. (A) The viral
_ glycoproteins, HA and NA, cluster at the
budozone. MI1-vRNP complexes are
recruited to the budding site by viral
membrane proteins. (B) The new virus is
elongated by M1 oligomerization. (C) M2
protein (blue) clusters at the neck of the
new virus and create the curvature
necessary for scission and virus release.
(D) Overview of the viral assembly and
budding process. Viral proteins cluster at
( the budding site, where the new virus
' elongates outward and is released by
' membrane scission mediated by the M2
protein. Adapted from'® (E) Cartoon
model of a hypothetical interaction
_ between M1 (purple) and M2 (red) in
which M1 is recruited to the budozone.

Genetic evidence supports an interaction between the two proteins. Zebedee and
Lamb showed that influenza A viruses with mutations in the M2 cytoplasmic tail and
mutations in the M1 protein could escape M2 antibodies, suggesting an interaction between
the two proteins.’® Similarly, Liu et. al investigation of revertant influenza A viruses
showed that M1 mutations increased viral budding even without M2, but the extent of
infectivity restoration was still dependent on the presence of the M2 protein’s cytoplasmic
tail (residues 71-97).% Liu et. al concluded that their findings support a model in which the
identified M1 mutations drive viral budding, with the M2 protein’s C-terminal domain
playing an important part in genome packing. Essentially, a virus assembly in which
budding and genome packaging are separate stages, with budding able to occur without
packaging.? These findings suggest that M1-M2 binding pulls M1-vRNP complexes to the

budozone where both M1 and M2 play a part in the budding process (Fig. 1.4).!°
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Truncations of the M2 protein have been shown to lead to decreased viral
infectivity.!****% Deletion of the last 28 residues from the M2 protein’s C-terminus causes
a fourfold decrease in particle formation and a 1,000-fold decrease in infectivity.>* M2
truncations show a decrease in the incorporation of VRNP into newly formed viruses.!*34
This reduced incorporation has been posited to be due to reduced M1-M2 interaction. The
M2 protein has been utilized to target M1 to the plasma membrane. Wang et. al reported
that M1 lacked an inherent membrane-targeting signal, and alone was not sufficient to form
virus-like particles (VLPs). But when M1 was coexpressed with wild-type M2, it was
targeted to the membrane and produced VLPs with M1 incorporated. When coexpressed

with an M2 mutant with no cytoplasmic tail, M1 failed to shift to the membrane and

produce VLPs.>’

To narrow the potential candidate regions on M2 that engage in M1 binding,
scanning alanine mutagenesis has been utilized. In a VLP system, Chen et. al reported that
tri-alanine mutants (residues 71-73 or residues 74-76) of M2 showed reduced infectivity
and reduced M1 incorporation into VLPs. However, truncated M2 (residues 1-71) did not
affect M1 incorporation and genome incorporation. Chen et. al hypothesized that

overlapping mechanisms may be responsible for this trend.*®

Direct physical interaction between the M1 and M2 proteins has been reported. The
M1 protein can be pulled down by the full-length M2 protein, but not truncations or an M2
construct with only residues 70-97.3%38 This failure of M2 residues 70-97 to pull down M1
could be attributed to an M1 binding site between residues 45-69 or due to the conformation
of residues 70-97 without the remainder of the protein.*® Wild-type M1 and M2 have been

shown to coimmunoprecipitate, with coimmunoprecipitation reduced between wild-type

16



M1 and tri-alanine mutant M2.3® These findings suggest that M1 and M2 may undergo
binding through multiple sites on the M2 cytoplasmic tail with a specific binding site
including the conserved M2 residues 71-77. Redundancies in the mechanism for M1
recruitment to the membrane are potentially responsible for the preservation of an essential
interaction between M1 and M2, an interaction which is posited to facilitate the delivery

of the viral genome to the viral budding site.!%3>3

Though evidence supporting a direct interaction between M1 and M2 exists, there
is currently no atomic level detail clarifying their interaction and no proposed model for
the structure of that interaction. In the current study, we employ the use of site-directed
spin label electron paramagnetic resonance (SDSL-EPR) spectroscopy to gain atomic level
insight into the interaction between the M1 and M2 proteins by analyzing change in the

M2 protein’s cytoplasmic tail dynamics and structure upon binding the M1 protein.

1.6. Methods for Studying the Structure and Dynamics of Membrane Proteins

The use of SDSL-EPR to study membrane proteins addresses some of the
drawbacks to techniques used more frequently. NMR spectroscopy and X-ray
crystallography are the two most commonly used techniques for investigating the structure
of proteins. Both methods can produce highly detailed three-dimensional structures, and
while X-ray crystallography can produce only static structures, NMR can produce dynamic
information as well. Membrane proteins, however, can pose a challenge for both.
Crystallizing membrane proteins is problematic, due to their hydrophobicity and
flexibility.> NMR can be limited by size, as the spectra of protein-lipid ensembles can be
difficult to deconvolute.*’ SDSL-EPR can be used to analyze membrane protein structure

in more physiologically relevant lipid bilayer systems and provide dynamic information

17



about the system. EPR spectroscopy is also highly sensitive. It requires low quantities of
sample (compared to X-ray crystallography) and is about 1,000 times more sensitive than
NMR spectroscopy, due to the energy frequencies involved.**** EPR spectroscopy can
also provide multiple types of information including distances between paramagnetic

moieties, mobility, and accessibility to paramagnetic relaxation agents.

18



Chapter 2 : Electron Paramagnetic Resonance Spectroscopy of

Membrane Proteins

Electron paramagnetic resonance (EPR) spectroscopy is a powerful method for
studying the structure and dynamics of membrane proteins. This chapter will briefly outline
the basics of EPR, the use of EPR in site-directed spin labeling (SDSL), and some of the
information that can be obtained using SDSL-EPR. For further applications of EPR in
biochemical contexts and in the study of proteins using SDSL-EPR, the reader is referred

to a number of recent reviews.*%434

2.1. Electron Paramagnetic Resonance Spectroscopy

EPR spectroscopy relies on the intrinsic magnetic moment, s, and the spin quantum
number of a single electron, denoted as m;. Paired electrons have a net moment of zero,
while an unpaired electron occupies one of two spin states: ms= + or ms= —Y. These two
spin states are degenerate in the absence of an external magnetic field. In the presence of
an external magnetic field, the states are split into higher and lower energy levels. This is
known as Zeeman splitting (Fig. 2.1). The energy difference between the two spin states is
proportional to the magnitude of the applied external magnetic field and is described by

Equation 1:
AE = hv = g.ppByg (1)

where g, is the g-factor for the electron, pg is the Bohr magnetron, and B, is the strength
of the magnetic field.*'**® Transitions between energy states are typically detected by
sweeping over the frequency of electromagnetic radiation until the energy difference is

matched and an absorbance peak is registered. However, EPR spectra are typically

19



generated by holding frequency constant and sweeping the magnetic field until the energy
gap between spin states matches the frequency. Additionally, EPR spectra are generally

recorded as the first derivative of the absorbance spectra as it provides greater sensitivity

and a better signal to noise ratio.*!*>47

A

Figure 2.1. Nondegeneracy of
Zeeman Hyperfine +1 electron spin states produces EPR
Splitting Splitting .

0 signal. In the presence of an external
magnetic field, a radical’s spin states
A are not degenerate, producing Zeeman
+1/2 Lo splitting. The signal can be further
split by neighboring nuclei, producing
a hyperfine splitting pattern. Varying
the strength of the magnetic field until
&+ the energy difference of a chosen
e power is matched produces transitions

e between spin states. Energy transitions
4 V\ : can be detected and are typically
displayed as the first derivative of the
absorbance spectrum.

-1/2

J/

Magnetic Field

If the nuclei surrounding the unpaired electron have non-zero nuclear spin, the
electron’s spin states can be split again by neighboring nuclei in what is known as hyperfine
splitting. This splitting produces additional energy states and thus additional peaks in the
EPR spectrum. The number of additional energy states correspond to the magnetic
moment, S, of the splitting nuclei in the relationship 25 +/. For example, the splitting
pattern of a nitroxide radical, in which the radical is centered on a single nitrogen atom,
can be seen in Figure 2.1, where the '*N nucleus with S = 1 splits the electron spin states
into three sub-states, m; = -1, 0, 1. According to the quantum mechanical selection rules,
only transitions between energy levels with Amg; = +1 and Am; = 0 are allowed, so three
peaks are observed in the line shape of a nitroxide radical (Fig. 2.1).

20



2.2. Site-Directed Spin Label EPR Spectroscopy

The nitroxide radical often provides the basis for site-directed spin labeling EPR
spectroscopy.**** The commonly used nitroxide radical spin label (1-oxyl-2,2,5,5-
tetramethyl-A3-pyrroline-3-methyl)-methanethiosulfonate (MTSL) is employed in this
study. In SDSL-EPR, a spin label is installed on a specific protein residue. For the
installation of MTSL, a single cysteine mutation is introduced at the residue of interest in
an otherwise cysteine-less protein. The cysteine sulthydryl forms a disulfide linkage to
MTSL, creating what is known as the R1 side chain (Fig. 2.2). This side chain is sensitive
to the local environment, providing residue-specific information.*® This information

includes side chain mobility and accessibility to paramagnetic relaxation agents.

b b
f A SsH —g—s f s—

T — 8 Ty

O L]

R1 Side Chain

Figure 2.2. Site-directed spin labeling reaction. A single cysteine mutation is introduced
at the site of interest in an otherwise cysteine-less background and a nitroxide spin label
(MTSL) is attached via a disulfide bond. This reaction produces the R1 side chain.

2.3. Site Mobility from EPR Line Shape

The EPR line shape produced by a nitroxide radical spin label can provide
information on the mobility of the R1 side chain. The hyperfine splitting of the nitroxide
is orientation dependent and the observed spectrum is made up of the spectra of the
different orientations. The motion of the overall protein determines the way the line shape

is assembled from individual orientation spectra. The overall protein motion can fall into a
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motional model that ranges from the rigid limit (immobile), to the isotropic limit
(extremely fast tumbling). Under an isotropic model, the orientation spectra can be
averaged to create the observed line shape, while under the other models the observed line
shape is a superposition of the orientation spectra. The greater contribution of the slower
orientation spectrum causes observed line shape breadth. Figure 2.3 A shows the line shapes
of a nitroxide radical spin label in solution (top), affixed to a protein (middle), and frozen

(bottom). The three peak line shape broadens as the mobility of the spin label decreases.

The breadth of the line shape can be quantified using the semi-empirical parameter
AH, the inverse of the central peak width (Fig. 2.3B).*** However, further quantitative
information about nitroxide radical dynamics can be provided by spectral simulation. The
EPR line shape can be fit using software like EasySpin from which spectral parameters can
be extrapolated, including correlation time.>® Correlation time, the time that it takes for the
molecule to rotate one radian, measures molecular tumbling and can function as a measure
of mobility. A motional model must be chosen to extract the correlation time and EasySpin
offers different functions for different motional models. Figure 2.3C shows simulated EPR
line shapes for a nitroxide spin label with different correlation times: 0.1 ns for the more

narrow spectrum (left) and 3.0 ns for the broader spectrum (right). >!->2
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Figure 2.3. Residue-specific mobility information from the EPR line shape. The
breadth of the EPR line shape gives information about the mobility of the R1 side chain.
(A) Narrow line shapes are more mobile. From top to bottom: nitroxide spin label in
solution, affixed to a protein, and frozen. (B) Spectral breadth can be quantified using the

semi-empirical parameter AH , the inverse of the central line width. (C) Physical
parameters can be extracted using simulated spectra. The correlation time, T, can function

as a measure of relative mobility, with higher correlation times corresponding to slower
motion. Right spectrum shows higher correlation time and broader line shape compared to

left. Adapted from™
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2.4. Oxygen Accessibility from EPR Power Saturation Studies

In addition to site-specific information about mobility, SDSL-EPR can provide
information about a site’s accessibility to a paramagnetic relaxation agent through power
saturation experiments. These experiments make use of the linear relationship between the
amplitude of the EPR signal and the square root of the incident microwave power. As
power increases, the intensity of the signal also increases until the rate at which the radicals
are excited is equal to the rate at which the radicals relax back down. At that point there is
no increase in signal amplitude with microwave power—the signal is saturated.’® The
linear hypothetical unsaturated intensity (black line) is depicted in Figure 2.4A, along with
actual saturated intensity without a relaxation agent (black line with black circles). The
actual relationship between the square root of microwave power and intensity becomes less

linear at increasing powers and eventually intensity plateaus.

In the presence of a paramagnetic relaxation agent, the relaxation rate is increased,
as the spin label engages in Heisenberg exchange with the relaxation agent.>* This
increased relaxation rate increases the power at which the EPR signal is saturated. The
central line amplitude of the EPR signal can be plotted against the square root of microwave

power and fit according to Equation 2:
1 —&
()
A=1-P2 —— (2)

where A4 is the amplitude of the central line, / is a scaling factor, P is the incident power, ¢
is a factor measuring line homogeneity, and P is the power at which line amplitude is

half that of the theoretical unsaturated amplitude (Fig. 2.4A).>* The P power saturation
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parameter can be found for the sample with no paramagnetic relaxation agent and
compared to that of the sample in the presence of a paramagnetic relaxation agent. The
produced difference is the 4P value, which quantifies the spin label’s accessibility to a

paramagnetic relaxation agent.>?

Hypothetical unsaturated
intensity

g

a

E Half-intensity
&

i e

'E No rélaxing

S agent (N))

Square Root of Microwave Power (mw' )

Figure 2.4. Residue-specific oxygen accessibility from power saturation experiments.
(A) The EPR signal intensity has a positive linear relationship with the square root of
microwave power. At sufficiently high power, the signal becomes saturated as the number
of net spin state transitions become zero. Black line shows the hypothetical unsaturated
intensity as a function of the square root of microwave power. Black line with circles shows
actual intensity that becomes saturated at high power. In the presence of paramagnetic
oxygen, EPR signal takes higher powers to saturate (shown in red). The P, ,, value can be

used as a quantitative measure of saturation. (B) Cartoon of hypothetical M1 (purple) and
M2 (red) binding and the partitioning patterns of oxygen. An increase in an M2 residue’s
oxygen accessibility could be ascribed to increased membrane depth or the formation of a
hydrophobic interface near that residue.

Oxygen is one of the most commonly used paramagnetic relaxation agents.*>3
Small and hydrophobic, oxygen segregates away from the aqueous phase. Oxygen
accessibility can correspond to membrane depth, as it partitions into the bilayer. Oxygen
can also sequester itself into hydrophobic interfaces within or between proteins. Figure
2.4B shows a cartoon of the M1-M2 system in which oxygen accessibility could be

reflective of a residue’s increased membrane depth or the creation of a hydrophobic pocket

at a hypothetical M1-M2 interface caused by M1-M2 binding.
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Chapter 3 : Preparation of Reconstituted M2 Protein Constructs

3.1. Mutagenesis and Expression of M2 Protein Constructs

Existing Howard lab M2 protein constructs with single cysteine mutants were
utilized. Constructs consisted of A/Udorn/M2 with a C-terminal Hise tag, the mutations
WI15F, C17S, C19S, and C50S, and single cysteine substitutions at sites of interest. All
single cysteine mutations were introduced via the QuikChange Lightning Site-Directed
Mutagenesis Kit according to manufacturer’s protocol (Agilent Technologies). Plasmid
sequences were verified using Sanger sequencing (Genewiz Inc.). Plasmids were then
transformed into Overexpress'™ C43 (DE3) Competent cells (Lucigen) for protein
expression, according to manufacturer’s protocol.

For each M2 construct, a starter culture of 5 mL of Luria broth (LB) solution with
100 pg/mL ampicillin was inoculated with transformed E. coli from glycerol cell stocks
and shaken overnight at 180 rpm in 37°C. After incubation, the 5 mL starter culture was
diluted with 1 L of LB broth solution with 100 pg/mL ampicillin. Growth of E. coli was
accomplished at 180 rpm in 37°C and monitored by the liquid culture’s optical density at
600 nm (ODe0o). At an ODeoo of approximately 0.7-1.2, overexpression of recombinant M2
was induced by 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Overexpression was
allowed to proceed for an additional two hours, then ODesoo was monitored to observe
slowed growth. Once ODsoo was observed to increase less than 0.1 in 30 minutes, cells
were harvested by centrifugation at 4000 rpm at 4°C for 30 minutes. The supernatant was
discarded, and the cell pellet was resuspended in 50 mL LB broth solution followed by

transfer to four 50 mL Falcon tubes. The resuspended cell pellet was again pelleted at
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4000 rpm at 4°C for 30 minutes and the supernatant was again discarded. Pelleted cells

were stored at -80°C for later lysis and M2 purification.

3.2. M2 Purification and Spin-labeling

For each M2 protein construct, a cell pellet from 4 L of growth was incubated on
ice with 9.5 mL M2 Lysis buffer (50 mM Tris pH 8.0, 30 mM octyl B-D-glucopyranoside
(OG), 150 mM NaCl, 0.2 mg/mL DNase, 0.25 mg/mL lysozyme, and 50 mM AEBSF) for
20 minutes. After incubation, the cell pellet was resuspended by vortexing until
homogeneous. To lyse cells, the resuspended cell pellet was then sonicated on ice at
20% amplitude, for 20 minutes in a 1 sec on / 1 sec off cycle. The lysate was then
immediately centrifuged at 16,000 rpm for 30 minutes at 4°C to separate cellular debris.
The post-lysis pellet was discarded, while post-lysis supernatant was prepared for nickel
affinity chromatography by the addition of 7 mM B-mercaptoethanol (BME) and 20 mM
imidazole. The supplemented post-lysis supernatant was then nutated with 0.5 mL
HisPur™ Ni-NTA resin (ThermoScientific) for 30 minutes at room temperature. The
column was washed with 10 column volumes each of M2 Wash I (50 mM Tris pH 8,
150 mM NaCl, 30 mM OG, 20% v/v glycerol), M2 Wash II (50 mM Tris pH 8, 30 mM OG,
20% v/v glycerol), and M2 Wash III (50 mM Tris pH 8, 30 mM OG, 20% v/v glycerol, 20
mM imidazole). To spin-label the protein, 1.8 mM MTSL (10-fold molar excess) in 2
column volumes M2 Wash III was applied to the column and spin-labeling reaction was

allowed to proceed for 24-48 hours.

After spin-labeling, the column was washed with 10 column volumes of M2 Wash
IT and protein was eluted off the column with M2 Elution Buffer (50 mM Tris pH 8,

30 mM OG, 300 mM imidazole, 20% v/v glycerol). The eluted protein was buffer-swapped
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into M2 Desalting Buffer (50 mM Tris pH 8, 30 mM OG) via PD-10 Desalting Column
(GE Healthcare Life Sciences).

The EPR spectrum of pooled post-PD-10 M2 protein was acquired to verify signal
and check for free excess spin-label. If the spectrum of the pooled post-PD-10 protein
showed evidence of free spin, a second run through the PD-10 was performed. The purity
of pooled post-PD-10 protein was verified via sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 3.1). The M2 protein appears as a monomer band

(15 kDa) with a less intense dimer band (25 kDa) on an SDS-PAGE gel.
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3.3. Reconstitution of M2 Protein Constructs into Proteoliposomes

Purified M2 protein was reconstituted into 4:1 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine: 1-palmitoyl-2-oleoyl-sn-glycero-3-[phosphor-rac-(1glycerol)]
(POPC:POPG) bilayers at a 1:500 protein:lipid ratio. Lipid films were solubilized in
Extruder Buffer (50 mM Tris pH 8, 100 mM KCI, 1 mM ethylenediamine-N,N,N’,N -
tetraacetic acid (EDTA)) and extruded 15 times through a 20 um filter using an Avanti
Mini-Extruder to homogenize the vesicle sizes. OG detergent was added to a concentration
of 30 mM and the lipid-detergent solution was equilibrated for 30 minutes. Purified M2

protein was added to a 1:500 protein lipid ratio and additional Extruder Buffer was added
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to dilute OG concentration to 15 mM, below the critical micelle concentration. Six
additions of 50 pL of a degassed slurry of hydrophobic polystyrene beads (BioBeads SM-
2, Bio-Rad) in Extruder Buffer were made over at least 90 minutes to facilitate the removal
of detergent. BioBeads were removed and proteoliposomes were pelleted at 90,000 rpm
for 1 hour at 4°C in the TLA-100 rotor of an Optima-MAX-TL ultracentrifuge (Beckman-
Coulter). To concentrate the proteoliposomes, all pellets were combined and resuspended
in approximately 200 pL of supernatant. The concentrated proteoliposome solution was re-
pelleted under the same centrifugation settings and stored separately as pellet and

supernatant at 4°C.
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Chapter 4 : Optimization of M1 Expression and Purification

4.1. Plasmid for Matrix Protein 1

A plasmid consisting of the N-terminal domain of M1 (residues 1-165) with an N-
terminal Hise tag subcloned into a pET30b vector (Novagen) was obtained from the Xie
group at the United States Food and Drug Adminstration.?* Plasmid was amplified in XL
Gold Ultracompetent cells (Agilent Technologies), purified via QIAprep Spin Miniprep kit
according the manufacturer’s protocol (Qiagen) and transformed into cells for protein
expression, as described in Chapter 3.
4.2. Initial Attempt to Express Soluble M1 Protein

Expression of the M1 construct was initially attempted at 30°C in E. coli induced
with 0.5 mM IPTG. Expression conditions were drawn from the Xie group.??> M1 protein
was successfully expressed, as seen in Figure 4.1, where the addition of an 18 kDa band

matching the molecular weight of M1 can be seen from pre- to post-induction.

§ 8 ==«
a3 B % £ Figure 4.1. SDS-PAGE analysis of initial M1 protein lysis
= = = - B .
§ E E :g z 8 attempt. M1 construct appears as a band of approximately 18
kDa = - kDa. Pre- and post-induction samples show the successful
g?::g *= — overexpression of M1. Post-lysis supernatant sample shows no
25  —— M1 protein band which is indicative of M1 partitioning into
122‘ - - — post-lysis pellet. No soluble M1 protein was produced in this

lysis attempt.

Lysis was attempted via sonication using established protocols for lysis of cells
containing the M2 protein. Lysate was spun down to remove cellular debris. SDS-PAGE
showed a band matching the molecular weight of the M1 protein construct in the lysate and

the post-lysis pellet, but not the post-lysis supernatant (Fig. 4.1). This distribution of protein
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was potentially indicative of M1 protein aggregation into inclusion bodies (Fig. 4.1). As a
viral capsid protein, M1 presents a likely candidate for aggregation and has been previously

observed to form inclusion bodies.”

4.3. Inclusion Bodies

Inclusion bodies are protein aggregates. In recombinant protein overexpression,
these aggregates consist primarily of the overexpressed protein. Inclusion bodies are often
observed for viral capsid proteins, and proteins expressed at high temperatures, high
inducer concentrations, and under strong promoter systems. Expressed protein partially
folds or misfolds, forming stable aggregates within the cell. There are numerous reported
methods to obtain soluble protein when inclusion bodies form.%%->

Growth and induction can be optimized to yield soluble protein with or without
inclusion bodies. Inducer concentration and temperature are lowered to slow protein
expression. Even with the formation of inclusion bodies, there may be sufficient soluble
protein.

If growth cannot easily be optimized, inclusion bodies can be extracted, and protein
can be solubilized. The first step to purify protein from inclusion bodies is lysis and
centrifugation. The supernatant can be discarded, and the pellet will be disrupted and
washed multiple times with detergent to remove lipid and membrane proteins. A final wash
in DI water or buffer serves to rinse and remove excess detergent.

Then the washed inclusion bodies are solubilized. There are several techniques to
extract protein from inclusion bodies which generally involve the addition of some sort of
agent to solubilize the protein. These can be non-denaturing, mild, or denaturing

solubilization agents. Some non-denaturing agents include sarcosyl, DMSO, and n-
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propanol. Mild solubilization conditions include high pH, higher concentrations of n-
propanol, and low concentrations of urea. Protein can also be completely denatured using
high concentrations of guanidine hydrochloride or urea.’”-%%%2

Once the protein is completely solubilized, cellular debris is pelleted out and the
supernatant is often filtered to remove any unpelleted cell wall debris. The protein must
then be isolated and refolded, in the case of mild solubilization or denaturing solubilization
agents.

Refolding requires the removal of the denaturant and is often accomplished via
dialysis or serial dilution. Refolding can also be done on a column. Protocols for protein
refolding on nickel affinity columns have been reported, in which bound His.-proteins are
washed with detergent and rinsed with cyclodextrin to remove excess detergent.** On-
column protein refolding has also been reported using decreasing denaturant concentration

washes. %6

4.4. Further Attempts to Express Soluble M1 Protein

To avoid optimizing extensive inclusion body purification protocols, growth
temperature and inducer concentration were varied to produce soluble M1 protein.
Expression was attempted at 37°C, 30°C, and 18°C, with inducer concentrations of either
1 mM, 0.5 mM, or 0.4 mM. However, none of the conditions tested produced soluble M1

under the sonication lysis protocol.

An inclusion body protocol was designed for the M1 protein drawing from several
published methods.*****626¢ The procedure is outlined in Figure 4.2. The most commonly

used solubilization method was utilized: high concentrations of guanidine hydrochloride.
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Figure 4.2. Outline of protein extraction
from inclusion bodies. Inclusion bodies are
stable aggregates of expressed proteins.
Protein extraction consists of isolating
inclusion  bodies, solubilizing and
denaturing protein, and protein refolding.

After lysis by sonication and centrifugation,
the resulting pellet was washed in detergent
and de-ionized water. Inclusion bodies were
then dissolved in 6 M GuHCIl, spun down,
and filtered to remove any unpelleted large
cellular debris. The solution was then
diluted to 4 M GuHCl and applied to 0.5 mL
nickel affinity HisPur™ Ni-NTA resin
(ThermoScientific). The column was then
washed with decreasing concentrations of
urea and eluted with an acidic elution buffer

(55 mM KH2PO4/K2HPO4/H3PO4 pH 4.0,

0.2 M NaCl, 300 mM imidazole).

However, only a small amount of
protein was recovered. This low yield led to
the pursuit of alternate inclusion body
purification protocols. An existing protocol
to purify N-terminal or full-length M1 from
inclusion bodies was followed and protein

was successfully purified, but still in low

yields considering the time requirements of the protocol.*
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4.5. Assessment of Cell Lysis

Amidst these purification attempts, the SDS-PAGE results proved somewhat
concerning. The post-lysis supernatant sample seemed ‘emptier’ than the comparable
sample for M2 purification (not shown). Additionally, a band for M1 appeared in the
inclusion body washes (not shown). These observations pointed to an incomplete lysis,
which prevented the release of protein from within the cells. An experiment was designed
to test whether addition of detergent or a different disruption method would completely
lyse the cells (Fig. 4.3). Existing cell pellets grown at 18°C and with 0.4 mM IPTG were
utilized. Lysis via sonication with detergent yielded no M1. However, lysis via cell
disruptor without detergent yielded M1 in both the post-lysis supernatant and the post-lysis
pellet. This supernatant was purified via nickel affinity chromatography, yielding about 0.3

mg for 1/8 of a liter. Subsequently, a ‘bulk’ purification method was pursued.

Cell Disruptor Sonicator

S

v own : w

L w w2 T
5 L,'L 9 :.‘ _’I‘,‘ 2‘ 9 :,* jl‘,* Figure 4.3. Lysis test for production of soluble
33 8 2% 38% % M1 protein. M1 construct appears as a band of
Sax2adaxlé approximately 18 kDa. Pre-lysis resuspended
kDa g | . | | pellet and lysate show band for M1 protein. Lysis
;,;}:: =i ; {b via cell disruptor produced M1 in the post-lysis

supernatant (S) and pellet (P). Lysis via

25 -—-— sonication produced M1 only in post-lysis pellet
20 - o SR (P), but not soluble M1 in post-lysis supernatant
15- (S). Sonication failed to completely lyse cells.
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4.6. Expression and Lysis of M1 Protein
Overexpression for M1 was accomplished at a low temperature over three days. A

starter culture of 5 mL of LB broth solution with 50 pg/mL kanamycin was inoculated with
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transformed E. coli from glycerol cell stocks and shaken overnight at 180 rpm in 37°C.
After incubation, the 5 mL starter culture was diluted with 1 L of LB broth solution
supplemented with 50 pg/mL kanamycin. Growth of E. coli was accomplished at 180 rpm
in 37°C and monitored by the liquid culture’s ODsoo. At an ODsoo of approximately 0.5, E.
coli cultures for M1 overexpression were transferred to a shaker at 180 rpm in 18°C. At an
ODesoo of approximately 0.7-1.2, overexpression of recombinant M1 was induced by 0.4
mM IPTG. Overexpression of M1 was allowed to proceed overnight. Cells were harvested

in half liter pellets the next morning.

A cell disruptor was utilized to lyse E. coli and obtain M1 in the post-lysis
supernatant. Additionally, a more intense chemical lysis step was incorporated from a
previous protocol for M1 purification.> After resuspending the frozen pelleted cells in M1
Lysis Buffer (55 mM KH2PO4/K2HPO4/H3PO4 pH 7.5, 0.2 M NacCl), lysozyme was added
to a final concentration of 0.3 mg/mL, DNase I to 0.016 mg/mL, and AEBSF to 100 pM.
The suspension was nutated for one hour at 4°C, lysed via cell disruptor, and purified via

nickel affinity chromatography and size exchange chromatography.

4.7. Optimization of M1 Purification

Purification via nickel affinity chromatography led to partially successful isolation
of the M1 protein. For purification, lysate supernatant was first supplemented with 20 mM
imidazole and 7 mM BME and then applied to 0.5 mL HisPur™ Ni-NTA resin
(ThermoScientific). The binding of the protein to the column was facilitated by nutation
for one hour at 4°C. The column was washed with 10 column volumes of M1 Wash I
(55 mM KH.PO/K.HPO./H.PO. pH 7.5, 0.2 M NaCl, 20% v/v glycerol) and M1 Wash II

(55 mM KH.PO/K.:HPO./H.PO, pH 7.5, 0.2 M NaCl, 20 mM imidazole). Protein was eluted
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from the column in 0.5 mL fractions with buffer (55 mM KH.PO./K.HPO./H.PO. pH 4.0,
0.2 M NacCl, 300 mM imidazole). Analysis of nickel affinity chromatography via SDS-
PAGE showed high molecular weight bands in the first six fractions along with the
majority of the M1 protein (Fig. 4.4A).

To optimize nickel column purification, an imidazole gradient was utilized.
Successive elutions at 50 mM, 150 mM, 200 mM, and 300 mM imidazole separated the
high molecular weight impurities from the majority of the M1 protein (Fig. 4.4B). Initial
elutions with impurities contained only a small amount of M1 protein. Small 50 uL aliquots
were removed from each fraction for analysis of protein concentration and fraction purity.
All fractions were flash-frozen and stored at -80°C. Before experimentation, fractions
verified to contain no impurities by SDS-PAGE were further purified by size exchange

chromatography on a Superdex 75 Increase 10/300 GL column (GE Healthcare Life

Sciences).
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Figure 4.4. SDS-PAGE of M1 purification optimization. (A) Stepwise elutions from
nickel affinity column show significant large molecular weight impurities (>20 kDa) with
the majority of M1 protein (~18 kDa). (B) Elution using an imidazole gradient (50 mM to
300 mM) produced fewer impure fractions and led to the recovery of the bulk of M1 protein
in pure elutions. Empty Elutions 6-8 are imidazole transition from 150 to 300 mM.
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Chapter 5 : EPR Spectroscopy of Membrane-Bound M2 in the Presence
of M1 Protein

5.1. Introduction

The Howard lab has previously collected continuous wave (CW) and power
saturation EPR data for A/Udorn/M2 sites 50-70 in a 4:1 POPC:POPG liposome system
and found that M2 is capable of accessing multiple conformational sub-states that are
sensitive to changes in the bilayer.?’ We hypothesized that M1 might stabilize one of those
conformational sub-states. For our first probe into the interaction of M1 with M2, we
selected three M2 protein sites for investigation: residue L43 at the end of the
transmembrane region, residue H57 in the C-terminal domain amphipathic helix, and V68
in the distal C-terminal tail before the putative M1 binding site (residues 71-77) (Fig.
5.1A).% As can be seen in Figure 5.1B, the residues chosen for labeling are not well
conserved, hopefully minimizing perturbations that might occur upon the insertion of a

1.°7 Previous data from our lab illustrates that sites L43 and H57 produce

spin labe
multicomponent line shapes, corresponding to distinct conformations of the M2 protein,
and could potentially function as indicators for shifts in the M2 protein’s conformational
dynamics. Figure 5.1C highlights the mobile and immobile components of the line shape
of sites L43 and H57 and shows the change in conformational equilibria upon addition of

cholesterol.!7-2047
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Figure 5.1. Selection of M2 sites L43, H57, and V68. (A) Domain map of the M2 protein
showing residues selected for investigation (green) and putative M1 binding site (yellow).
(B) Heat map of M2 sequence conservation showing selected sites are not well-conserved
(circled in black) and putative M1 binding site is generally well-conserved (circled in
yellow). Adapted from®” (C) Previous Howard lab data showing continuous wave EPR
spectra for sites L43 and H57 with and without cholesterol in 4:1 POPC:POPG bilayers.
Sites L43 and H57 produce spectra with immobile (I) and mobile (M) components. The
equilibria between these two states is shifted dramatically with the addition of 30%
cholesterol. Adapted from*’

To interrogate M1-M2 interaction at an atomic level, we used SDSL-EPR
spectroscopy to procure EPR line shapes and oxygen power saturation data for the three
sites (43, 57, and 68) in membrane reconstituted M2 protein in the presence and absence
of the M1 protein. We hypothesized that the M1 protein would interact with the M2

homotetramer shifting M2’s conformational equilibria and oxygen accessibility profile.
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5.2. Preparation of M2 Proteoliposomes with M1
The preparation of M2 proteoliposomes is as described in Chapter 3 and the

preparation of the M1 protein is as described in Chapter 4.

Flash-frozen M1 aliquots for experimentation were thawed, diluted two-fold, and
spun down to remove large aggregates. M2 proteoliposome pellets were resuspended in
Extruder Buffer (50 mM Tris pH 8, 100 mM KCI, 1 mM EDTA). Samples with M1 protein
were prepared at a 4:1 M2:M1 ratio, reflective of M1 protein interacting with an M2
homotetramer. M1 protein solution was added to resuspended M2 proteoliposomes and the
solution was diluted to a final volume three times that of the M1 protein solution added.
The resultant sample was nutated overnight for approximately 12 hours at 4°C. The sample
was then concentrated to a single pellet as described in Chapter 3 and resuspended in 20
uL of supernatant. Approximately 5 uL of each sample was pulled up into a gas-permeable

TPX tube.

CW-EPR spectra were acquired on an X-band Bruker EMX spectrometer at room
temperature with 2 mW microwave power, 1 G field modulation amplitude at 100 kHz,
and 150 G sweep width. Power saturation data was collected under nitrogen gas conditions
at eight power levels or under ambient air conditions at 18 power levels. Analysis of power

saturation data to extract AP;/2(0z) parameters is as described previously.!’

5.3. EPR Line Shapes of M2 in the Presence of M1 Show Slight Decrease in Mobility

The CW-EPR line shape under different conditions provides information about the
relative mobility of the R1 side chain. The line shapes of spin labels on sites 43, 57, and 68
were compared with and without M 1. The line shapes of site 43 in the presence and absence

of M1 show no observable difference and are essentially superimposable (Fig. 5.2A).
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Figure 5.2. CW-EPR line shapes show slight decrease in mobility for M2 sites HS7
and V68 in the presence of M1. M1 conditions correspond to a 4:1 M2:M1 ratio and all
M2 constructs were reconstituted in 4:1 POPC:POPG bilayers. Overlay of M2 CW-EPR
line shapes for (A) site L43, (B) site H57, and (C) site V68 with (red) and without M1
(black). (D) Inverse central line widths (4H) for M2 sites L43, H57, and V68. (E) Overlay
of actual (black) and simulated (green) spectra for M2 site V68 in the absence (left) and
presence (right) of M1 with correlation times (tc) extracted from simulated spectra.
Correlation times for M2 site V68 are 1.=0.998 ns without M1 and t=1.13 with M1.
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The line shape of site 57 with M1 shows slight broadening compared to line shape without
M1 (Fig. 5.2B). The line shape of site 68 with M1 is not entirely superimposable with the
line shape of the site without M1 (Fig. 5.2C). The inverse of central line width (4H'), a
semi-empirical measure of spectral breadth was calculated for all site CW spectra. This
measure of breadth was virtually identical for line shapes with and without M1 (Fig. 5.2D).
The single component line shape of site 68 was fit in EasySpin, while the multicomponent
line shapes of sites 43 and 57 cannot be fit facilely.”! Simulation of site 68 line shape
without M1 produced a correlation time of 1.00 ns and simulation of line shape with M1
produced a correlation time of 1.13 ns (Fig. 5.2E). Fits were performed by Dr. Kathleen
Howard. The increase in correlation time produced by the addition of M1 is indicative of

a slight decrease in mobility.

B Without M1 More Oxygen
Accessible

Bwith M1

30 A

10 -

Less Oxygen
Accessible

L43 H57 ves

Figure 5.3. Oxygen accessibility for selected M2 sites show slight increase for M2 site
HS57 with M1. M1 conditions correspond to a 4:1 M2:M1 ratio and all M2 constructs were
reconstituted in 4:1 POPC:POPG bilayers. Oxygen accessibility parameter, AP, ,(O,), for

M2 sites L43, H57, and V68 are reported. Site H57 shows a slight increase in 4P, ,(O,) in
the presence of M1.
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5.4. M2 Site 57 Shows Slight Increase in Oxygen Accessibility

Oxygen power saturation data for sites 43 and 68 showed no changes in 4P;,2 values
in the presence or absence of M1 protein (Fig. 5.3). The 4P;2 values for membrane-bound
M2 in the absence of M1 protein for both sites were consistent with previously collected
data.*’-%®  Site 57 produced a AP of 25.84 + 2.2 for sample without M1 and a AP of
33.35 + 1.8 for sample with M1 (Fig. 5.3). The produced difference in 4P;» values was

7.51, outside of the error range of both 4P;,2 values.

5.5. Discussion

Comparison of EPR line shapes with and without M1 for sites 43 and 57 produced
no visible shift in mobile and immobile components, consistent with a lack of change in
M2 conformational equilibria in the presence of M1. Only minor perturbations were
observed for any of the selected sites in the presence of M1 and only a small increase in
spectral breadth was observed for sites 57 and 68, consistent with a slight decrease in

mobility.

Oxygen accessibility was similar between sites 43 and 68 with and without M1 and
was only marginally different for site 57. This slight increase in oxygen accessibility could
potentially be due to increased membrane depth or the creation of a hydrophobic pocket
between M1 and M2. However, the very minor change in all sites in the presence of M1
led us to question the binding interaction between M1 and M2 under our sample conditions.

The slight or absent differences could be explained by a lack of M1-M2 binding.
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Chapter 6 : Characterization of the Interaction between M1 and
Membrane-Bound M2

6.1. Introduction

EPR spectroscopy of membrane-bound M2 showed very minor changes in the
presence of M1 protein. Lack of change could be accounted for by insufficient M1-M2
binding. This binding interaction could be investigated via a sedimentation binding assay,
to confirm M1-M2 binding under this study’s sample conditions. But first, the presence of
M1 protein in the samples used for EPR spectroscopy was confirmed via UV-Vis
spectroscopy. The absorbance of the supernatant of M1-M2 samples at 280 nm (Az2s0) was
taken to determine if M1 was present in the pellet used for EPR analysis. Produced A2so
values showed little to no protein present in the supernatant, consistent with M1
partitioning into the pellet used for EPR analysis. Then, a sedimentation assay was
employed to investigate the M1-M2 binding interaction under our sample conditions.
Aggregation of M1 could potentially explain the presence of M1 in the M2 proteoliposome
pellet without M1-M2 binding. Samples with just M2 proteoliposomes, 1.8 uM M1 protein
or 7.3 uM M1 protein with and without M2 proteoliposomes were prepared, centrifuged,

and analyzed by SDS-PAGE.

6.2. Sample Preparation

Samples with proteoliposomes were prepared as described in Chapter 5 but were
resuspended in a final volume of 200 pL. Samples with only M1 were prepared in a parallel
process. All samples were spun down at 90,000 rpm for 1 hour at 4°C in the TLA-100 rotor
of an Optima-MAX-TL ultracentrifuge (Beckman-Coulter). The supernatant was pulled

off and the pellet was resuspended in 100 pL of Extruder Buffer (50 mM Tris pH 8,
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100 mM KCI, I mM EDTA). Supernatant and pellet samples were analyzed by SDS-

PAGE.

6.3. Sedimentation Assay

SDS-PAGE gel shows bands corresponding to the molecular weight of M2 for all

pellet samples containing M2 proteoliposomes (Fig. 6.1). M2 protein bands show

significant spreading due to the presence of lipid in the samples. Samples with M1 at

1.8 uM and 7.3 uM and M2 proteoliposomes show bands corresponding M1 in the pellet

sample. Corresponding supernatant samples show no bands, consistent with M1 and M2

partitioning into the pellet. However, the conditions with only M1 at high or low

concentrations show no protein bands in the supernatant samples and produced no

observable pellet to resuspend.
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Figure 6.1. Initial sedimentation assay for M1-M2 binding. Samples were
prepared with 1: only M2 proteoliposomes, 2: only 1.8 uM M1 in solution,
3:only 7.3 uM M1 in solution, 4: 1.8 pM M1 with M2 proteoliposomes, and
5:7.3 uM M1 with M2 proteoliposomes. Supernatant samples denoted (S) and
pellet samples denoted (P). Both M1 and M2 bands appear in the pellet samples

for M2 proteoliposomes with low or high M1 concentrations.
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6.4. Discussion

Both M1 and M2 bands appear in the pellet, but not the supernatant, of samples
with M1 and M2 proteoliposomes. This pattern is consistent with M2 pulling M1 down.
However, control conditions for M1 in solution showed no observable pellet and no M1
band in the supernatant. This leaves the possibility that M1 formed aggregates and was
thus pelleted with M2, so it cannot be concluded that M1 in solution does not pellet out.
The lack of a protein band in the supernatant samples of just M1 could be attributed to an
extremely low concentration of M1 protein. This low concentration could be the result of
aggregate M1 forming a pellet too small to be easily observed, with the amount of
remaining soluble M1 too low to be seen on the gel. To more fully elucidate M1-M2

binding, a variation of this sedimentation assay can be repeated.

To remove M1 aggregation state as a variable, Ml

o)
HO oligomerization can be mitigated by 4-[3-(4-acetyl-3-hydroxy-2-
propylphenoxy)-propoxy]phenoxyacetic acid (PHE), which has
O\OJ been shown to interrupt M1-M1 interactions (Fig. 6.2). PHE was
0/©/ previously identified via virtual screening and found to have an
Ojj affinity of 50 + 30 pM for oligomeric M1 and an affinity of 870 +

1 M fi ic M1 at neutral pH. PHE h h t
Figure 6.2. Chemical 50 nM for monomeric at neutral p as been shown to

structure of PHE, a
drug that inhibits M1

oligomerization. commercially available (Sigma Aldrich CAS 79558-09-1)."

be highly potent as a disruptor of M1 oligomerization and is
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Chapter 7 : Conclusions and Future Directions

7.1. Conclusions

Methods for the overexpression and purification of an N-terminal construct of the
M1 protein were developed. Experiments were designed to probe the interaction of M1 and
M2. Preliminary biophysical characterization has been carried out using sedimentation and

SDSL-EPR of selected M2 sites in the presence of M 1.

SDSL-EPR experiments designed to probe the M1-M2 interaction at an atomic
level showed little change in the spectra and oxygen accessibility of selected M2 sites (43,
57, 68). Sites 43 and 57 showed little change in their multicomponent spectra, so there
seems to be little effect of M1 on M2 conformational equilibria. However, aggregation of
M1 could prevent the M1 protein from interacting with enough M2 homotetramers to see
a significant change in spectra. This study’s chosen stoichiometry of 4:1 M2:M1 may also

be insufficient to see a major change in the majority of the M2 population.

N-terminal
Additionally, this study was performed on

M2 reconstituted into liposomes, as it is the system
in which the Howard lab has previously
characterized M2. The directionality of M2 insertion
into liposomes under this study’s reconstitution
C-terminal conditions is not fully understood and opposing

Figure 7.1. Cartoon of M2

insertion into liposomes. M2 can reports exist. Insertion has been reported as both
insert into liposomes with either the

N-terminal or the C-terminal facing unidirectional and mixed.®*”® There may not be
outwards.

enough M2 cytoplasmic tails accessible to the M1 protein, due to M2 insertion with the C-

terminal region inside the liposome as well as outside of the liposome (Fig. 7.1).
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7.2. Future Directions

There are numerous possible ways to further investigate the interaction between the
M1 and M2 proteins. Options for this investigation include controlling the aggregation
state of the M1 protein, varying the stoichiometry of M2 and MI, the use of other
biophysical techniques, examining the impact of different buffer conditions, using alternate

model membrane systems, and different EPR experiments.

7.2.1. Alternate Model Membranes

Though this study was performed with M2
reconstituted into liposomes, there are a number of other m\ o
membrane mimetic systems. Lipid nanodiscs or styrene W

Figure 7.2. Cartoon
of lipid disc model
membrane. From™

maleic acid co-polymer lipid particles (SMALPS) can also
be utilized for the study of the M1-M2 interaction by SDSL-
EPR. Lipid nanodiscs consist of a bilayer disk surrounded by a constraining protein, while
SMALPS consist of a membrane protein in a bilayer disk that is constrained by styrene
maleic acid co-polymer (Fig. 7.2).”1737* In either of these lipid disk systems, all M2

cytoplasmic tails would be accessible to the M1 protein.

7.2.2. Aggregation, Stoichiometry, and Sample Conditions

Assays with the drug PHE, an inhibitor of M1-M1 oligomerization, could help
parse out the effect of M1 aggregation on M1-M2 binding. Sedimentation assays and
SDSL-EPR experiments in the presence of PHE could be performed to investigate the

interaction between the M2 cytoplasmic tail and monomeric M1.

Further SDSL-EPR studies can also vary the M2:M1 ratio to see if there is an

increase in spectral change with an increased amount of M1 present. A lower ratio of
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M2:M1 could produce a greater change in M2’s spectral profile as more individual M2

proteins interact with M1 protein.

Sample buffer conditions could also be varied. Both M2 and M1 are
conformationally sensitive to pH. Further studies could make use of a more acidic pH. The
salt conditions of the buffer could be altered as well to clarify the nature of the M1-M2

interaction. Raising salt concentration could interrupt electrostatic interactions.

7.2.3. Other Biophysical Techniques

Other biophysical techniques could be used to examine the interaction of the M2
protein with the M1 protein. Dynamic light scattering (DLS) could be performed on M2
proteoliposomes with and without M1, to see if M2 proteoliposomes bind M1 and increase
in size. Binding between M1 and M2 could also be pursued using surface plasmon
resonance (SPR) or biolayer interferometry (BLI). Recent literature reports binding
kinetics studies of membrane proteins by both techniques.’!’> Molecular docking could

also shed light on a potential model for the interaction between the M1 and M2 proteins.

7.2.4. Further EPR Experimentation

Once the M1-M2-membrane system has been more well-established, additional
sites along M2’s cytoplasmic tail can be investigated by SDSL-EPR. One proposed future
site is residue 82 which is after the putative M1 binding site and is not well conserved. A
spin label can also be introduced onto a site in the M1 protein, which could potentially be
used to acquire distances between a site on the M1 protein and the M2 protein. Expansion
of the study could also eventually include the utilization of the full-length M1 protein and
M1-vRNP complexes to more accurately represent the in vivo interaction of the M1 and

M2 proteins.
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