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Abstract 

Membrane proteins play a range of important roles in biological systems, yet they 

are underrepresented in the data base of high-resolution structures of all proteins. There is 

intense interest in developing new methodologies for studying membrane proteins. An 

essential step to membrane protein method development is devising reliable membrane 

mimics in which to embed membrane proteins. 

The goal of this thesis was to develop and apply nanodisc membrane mimics to 

the study of an influenza A membrane protein called M2. Nanodiscs provide a lipid 

bilayer environment with access to both sides of the bilayer and are smaller than 

commonly used liposome model membranes whose size provides challenges for some 

biophysical methods. This thesis shows how the sample composition of M2 containing 

nanodiscs was optimized. Dynamic light scattering and size exclusion chromatography 

was used to characterize M2-nanodiscs.  

Electrophysiological and budding assays showed that M2 in liposomes were in a 

functionally relevant conformation. Extensive previous work has been done on studying 

M2 protein in spherical liposome using site-directed spin label electron paramagnetic 

resonance (SDSL-EPR). We carried out SDSL-EPR studies of M2-nanodiscs and 

compared them to published work on M2 in liposomes. Our EPR data is consistent with 

M2 protein in nanodiscs having a similar conformation, mobility and membrane topology 

as that seen in previously published M2-liposome work. Furthermore, we probed the 

ability of nanodiscs to allow for conformational exchange by comparing the impact of 

drug binding on M2-nanodiscs with M2-liposomes.   
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Chapter 1: Introduction 

1.1. Importance of Model Membranes for Understanding Membrane Proteins  

Membrane proteins (MPs) play an important role in numerous biological 

processes, such as signal transduction, proton channels, and metabolic pathways. MPs 

represent between 20 and 30% of the human genome, and many serve as drug targets.1–3 

Due to their importance in the advancement of developing therapeutic drugs, it is 

essential to have a detailed structural understanding of the MPs. An intense area of 

interest is viral MPs. Viral MPs can facilitate viral entry into host cells, activate the viral 

uncoating, and play a key role in the budding of newly formed viruses.  

Despite their importance, only about 3% of 100,000 protein structures available in 

the Protein Data Bank (PDB) are labeled as the MPs.2 There are many reasons why the 

MPs are very challenging to study from a structural perspective. They are difficult to 

overexpress, purify, and require a hydrophobic environment to retain their native 

conformation and functionality. Although biological membranes extracted from cells can 

be used in biophysical studies of MPs, the heterogeneity of the complex mixtures poses 

great challenges for making reproducible samples. Therefore, a number of model 

membrane systems have been developed to make tractable systems appropriate for 

detailed biophysical work. Depending on the biophysical method employed and the 

questions to be answered, investigators use different model membranes.  

Different membrane mimetics can impact the MP’s conformation and functional 

activities.4,5 For example, varying the types or compositions of lipids, bilayer thickness, 

or the lateral pressure of the liposomes altered the conformation of the MP under 
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appropriate one for the MPs of interest. The optimal composition of the chosen 

membrane model depends on the size and shape of each MPs. The goal of this thesis is to 

optimize the composition of nanodiscs for the study of one of the influenza A membrane 

proteins.   

 
Figure 1.2. Comparison of model membrane mimics (not to scale). Approximate 
diameters are included at the bottom. Phospholipids are represented by the balls with 
wriggly colored lines. Membrane scaffold proteins are shown in dark blue long rods in 
nanodisc. 
 
1.2. Nanodiscs Membrane Model 

Nanodiscs are discoidal lipid bilayer membranes stabilized and solubilized in 

aqueous solution by two encircling amphipathic ɑ-helical proteins, termed membrane 

scaffold proteins (MSPs). MSPs are genetically engineered from the sequence of human 

serum apolipoprotein A-1, and they can self-assemble into a cylindrical shaped disc in the 

presence of phospholipids (Fig. 1.3).8,9 Human serum apolipoprotein A-1 transports 

excess cholesterol from peripheral cells to the liver. The empty nanodiscs were first 

generated in 2002,8 and since then, they have been widely used in structural 

characterizations of multiple MPs with MSPs of varying lengths and in different bilayer 

environments.4,7,10–14 In many cases nanodiscs are more stable compared to liposomes.7 

Micelle Nanodisc Bicelle Liposome 

• ·'ii~~ ((• 
............ ····· 

J -200nm 
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Previous reports from the Howard lab have studied the multiple conformational 

substates of M2 in different pH26 and membrane environments.5,6,28 EPR data has been 

collected on 29 different spin labeled sites on M2 protein incorporated into lipid bilayers,  

The majority of the data has been collected in 4:1 1-palmitoyl-2-oleoyl-sn -glycero-3-

phosphocholine:1-palmitoyl-2-oleoyl -sn-glycero-3[phosphor-rac-(1glycerol)] 

(POPC:POPG) liposome bilayer environment, and this is the lipid composition used in 

this thesis.29-31 

Conformational exchange is an essential property of the M2 protein. For example, 

M2 monomers within the tetramer rearrange with pH which is important to viral 

uncoating at low pH.26 The conformational state of M2 in cholesterol rich budozone 

differs from non-cholesterol containing.6 There are conformational changes in M2 

induced by antiviral drugs.28 Thus, another goal of this thesis is to determine if 

conformational changes previously seen in liposomes can be observed in nanodiscs. 

 
1.4. Inspirations for the Incorporation of M2 in Nanodiscs 

Studies have shown that M2 plays an important role in viral assembly and 

budding in addition to serving as a proton channel.5 M2 works synergistically with the 

matrix protein 1 (M1) as well as other membrane proteins to recruit the viral genome to 

the viral budding site as well as to form the curvature necessary for the scission and viral 

release. Earlier studies on the interaction between M2 and M1 proteins in liposomes, 

were complicated due to the bilateral incorporation of M2 into liposomes. M2 can be 

incorporated into liposomes in two possible orientations: the C-terminal domain of M2 

inside the liposomes or outside the liposomes (Fig. 1.4). The M1 binds to the C-terminal 

domain of M2 which is inaccessible when the C-terminal domain is enclosed within the 
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bilayer interior of the liposome. That initiates the search for a membrane mimic like 

nanodiscs that allow full access to both surfaces of the membrane. Nanodiscs are smaller 

in size than liposomes which is very useful for carrying out some of the EPR methods 

that are sensitive to tumbling rate and that provide valuable information on distances.7  

 
Figure 1.5. Incorporation of MP into nanodisc and liposome. Schematic of nanodisc 
showing membrane scaffold proteins (red) and unilateral incorporation of MP (yellow) 
on the left. Schematic of bilateral incorporation of MPs (yellow) into proteoliposome on 
the right. Phospholipids are shown in green balls and sticks.  
 
1.5. Techniques for Studying Conformation and Dynamics of Membrane Proteins in 

Nanodiscs 

This thesis presents how the M2-nanodiscs system was optimized. Dynamic Light 

Scattering (DLS) and Fast Protein Lipid Chromatography – Size Exclusion 

Chromatography (FPLC-SEC) were used to characterize the physical properties of the 

nanodiscs. SDSL-EPR technique is commonly used to characterize the conformation and 

dynamics of spin-labeled M2 incorporated in nanodisc membrane mimetics.6,32 Structural 

parameters such as spin mobility and membrane accessibility with respect to membrane 

topology can be measured using SDSL-EPR (See Chapter 2, section 2.6.1 for details).  

  

Liposome 
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Chapter 2: Materials and Methods 

2.1. Purification and Spin labeling of M2  

The optimization and characterization of M2-nanodiscs required the 

overexpression and purification of full-length M2. A description of the plasmid and 

expression were previously published.30,33 The sequences of the constructs expressed for 

this thesis are pasted below (Fig. 2.1). 

 
Figure 2.1. The sequence of M2 protein constructs. Sequence of full length M2 WT 
Udorn strain (A/Udorn/307/1972 (H3N2)) contains four extra mutations (highlighted in 
yellow) designed to enhance expression. The sites highlighted in green were mutated to 
cysteine so the spin label could be attached. M2 protein had a C-terminal His tag (not 
shown in sequences above) to facilitate purification.   
 

The M2 purification and spin-labeling strategy for proteins used in this thesis 

shown in Scheme 2.1. The protocol is routinely optimized as equipment/materials are 

replaced. The spin-labeling step is skipped if unlabeled M2 is needed.   

 

 
 

M2 WT MSLLTEVETPIRNEFGSRSNDSSDPLVVAASIIGILHLILWILDRLFFKSIYRFFEHGLK 60
M2 43C MSLLTEVETPIRNEFGSRSNDSSDPLVVAASIIGILHLILWICDRLFFKSIYRFFEHGLK 60
M2 57C MSLLTEVETPIRNEFGSRSNDSSDPLVVAASIIGILHLILWILDRLFFKSIYRFFECGLK 60
M2 68C MSLLTEVETPIRNEFGSRSNDSSDPLVVAASIIGILHLILWILDRLFFKSIYRFFEHGLK 60
M2 82C MSLLTEVETPIRNEFGSRSNDSSDPLVVAASIIGILHLILWILDRLFFKSIYRFFEHGLK 60

M2 WT RGPSTEGVPESMREEYRKEQQSAVDADDSHFVSIELE  97
M2 43C RGPSTEGVPESMREEYRKEQQSAVDADDSHFVSIELE  97
M2 57C RGPSTEGVPESMREEYRKEQQSAVDADDSHFVSIELE  97
M2 68C RGPSTEGCPESMREEYRKEQQSAVDADDSHFVSIELE  97
M2 82C RGPSTEGVPESMREEYRKEQQCAVDADDSHFVSIELE  97

111 I I 
I 

I I 
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Scheme 2.1. Purification Scheme for full length M2. Removing imidazole step also 
removes free spin for spin-labeled M2 purification. 
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Purifications were done on different scales depending on intended application, but 

the majority of time, 250 mL of expressed cell pellet produces enough protein for a set of 

experiments. The yield of M2 purified protein per liter varies widely depending on the 

construct, but the typical range is 1-2 mg/mL for a 250 mL pellet. The purified protein 

degrades over time, so we only purify enough that can be used within 1-2 weeks. 

Protocol below is for 250 mL pellet. 

For each M2 construct, overexpressed cell pellets from 250 mL of growth 

(A/Udorn/307/1972 (H3N2)) were incubated on ice in the Lysis Buffer (50 mM Tris pH 

8, 150 mM NaCl, 20 mM imidazole, 30 mM octyl β-D-glucopyranoside (OG), 0.2 µg/mL 

DNase I, 500 µM 4-(2-aminoethyl) benzene sulfonyl fluoride hydrochloride (AEBSF), 

0.25 µg/mL lysozyme) for about 30 min and vortexed to get a homogeneous cell solution. 

To obtain the protein expressed in the cells, they need to be broken open using the tip 

sonicator. The ¼” probe tip sonicator instrument (Fisher Scientific) parameters (20 min 

on 20% amplitude, 1 second on/1 second off pulse) were applied to the suspended cell 

mixture on ice to break open the cell membrane. The cell mixture was then centrifuged at 

16,000 rpm using Fiberlite F20-12x50 LEX Fixed Angle Rotor in a Sorvall LYNX 4000 

Superspeed Centrifuge at 4℃ for 30 min with 9 accel/5 decel to separate the solubilized 

proteins from the cell debris. After centrifugation, the post-lysis supernatant was 

separated from the pellet (which is cell debris, Scheme 2.1) and 5.0 µL β-mercapto-

ethanol and 100 µL imidazole were added to the supernatant. This is to prevent 

nonspecific binding to the Ni-column of proteins that we don’t want and to reduce 

disulfide bonding in proteins, which can lead to aggregation and precipitation. The 

supplemented post-lysis supernatant was then poured into a Ni-NTA column prepped 
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with 0.5 mL of HisPurTM Ni-NTA resin (ThermoScientific), saturated with 5 mL of 20 

mM imidazole. Then the column was nutated at room temperature for 30 min to allow the 

His-tagged M2 to completely bind to the Ni-resin and let the supernatant flow through the 

Ni column. The Ni column was then washed subsequently with 5 mL each of Wash 1, 

Wash 2, Wash 3 in that order (Wash 1: 50 mM Tris pH 8, 150 mM NaCl, 30 mM OG, 

20% v/v glycerol, Wash 2: 50 mM Tris pH 8, 30 mM OG, 20% v/v glycerol, Wash 3: 50 

mM Tris pH 8, 30 mM OG, 20% v/v glycerol, 20 mM imidazole) to remove all the 

proteins except the His-tagged M2.  

We spin label the proteins while the protein is still stuck to the column resin. For 

spin-labeling, 16 µL of 118 mM S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3 -

yl) methyl methanesulfonothioate (MTSL) in 1 mL of wash 3 was added to the Ni-

column and nutated for 24-48 hours for complete spin-labeling reaction (Scheme 2.1). 

After 24-48 hours, the Ni-column was washed with 5 mL of Wash 2, and the protein was 

eluted off the column with Elution Buffer (50 mM Tris pH 8, 30 mM OG, 300 mM 

imidazole, 20% v/v glycerol), which has high amount of imidazole.  

For M2 WT protein purification, the spin-labeling step was skipped, and the 

protein was eluted from the Ni-column right after Wash 3 with Elution Buffer. The eluted 

protein was buffer-swapped into Desalting Buffer (50 mM Tris pH 8, 30 mM OG) via 

PD-10 Desalting Column (GE Healthcare Life Sciences), to remove imidazole and/or 

excess spin-label in solution. 

For the spin-labeled M2, the EPR spectrum of post-PD-10 M2 was necessary to 

verify the signal and check for free excess spin-label (Fig. 2.2). If the spectrum of the 

post-PD-10 M2 showed evidence of free spin (which presents a sharp triplet 
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2.2. Purification of Membrane Scaffold Proteins (MSP) 

The MSP1D1 plasmid received as a gift from the Sanders Lab at Vanderbilt 

University was overexpressed in BL21 cells under kanamycin antibiotic control. The 

MSP1D1 construct contains a His-tag and a TEV cleavage site. MSP1D1 was expressed 

and purified based on a previously established protocol with some minor modifications.10 

Briefly, a thawed MSP1D1 cell pellet was resuspended in 4 mL of Lysis Buffer 

(Buffer A (50 mM Tris-HCl, pH 8.0, 500 mM NaCl), 1% Triton X-100, and 1 mM 

EDTA) per gram of cell pellet and vortexed to get homogeneous cell mixture. Tip 

sonicator instrument parameters (3 min on 40% amplitude, 3 second on/7 second off 

pulse) were applied to the suspended cell mixture on ice to break open the cell 

membrane. 5 mM of MgCl2 and 1 µg/mL of DNase I was added to the lysed cell solution 

and stirred on ice for 30 min. The cell mixture was then centrifuged at 15,800 rpm using 

Fiberlite F20-12x50 LEX Fixed Angle Rotor in a Sorvall LYNX 4000 Superspeed 

Centrifuge at 4℃ for 45 min with 9 accel/5 decel to separate the solubilized proteins 

from the cell debris. After centrifugation, the post-lysis supernatant was separated from 

the pellet (which is cell debris). 

The post-lysis supernatant was prepared by adding 2 M imidazole with the 

volume of 1% of the supernatant volume and poured into the Ni-NTA column prepped 

with 0.5 mL of HisPurTM Ni-NTA resin (ThermoScientific), saturated with 5 mL of MSP 

Wash I (Buffer A, 1% Triton X-100). The column was nutated at room temperature for 

30 min to allow the His-tagged MSP1D1 to completely bind to the Ni-resin and the 

supernatant then flowed through the Ni column after 30 min. The Ni column was then 

washed subsequently with 5 mL each of MSP Wash 1, MSP Wash 2, MSP Wash 3, MSP 



22 

Wash 4 in that order (MSP Wash 2: Buffer A, 50 mM cholate, MSP Wash 3: Buffer A, 

MSP Wash 4: Buffer A, 20 mM imidazole) to remove all the proteins except His-tagged 

MSP1D1 protein. The MSP1D1 was eluted off the column with MSP Elution Buffer 

(Buffer A, 500 mM imidazole), which has a high amount of imidazole.  

As much as half of the MSP1D1 protein expressed ends up in inclusion bodies 

found in the insoluble fraction after cell lysis. To improve the overall yield, the post-lysis 

pellet was resuspended in 6 M guanidinium chloride (GuHCl) in Buffer A. The 

resuspended cell pellet solution was centrifuged similarly to the post-lysis supernatant. 

The p-supernatant (supernatant of resuspended cell solution) is then separated from the p-

pellet (pellet of resuspended cell solution) and poured into the Ni-column prepped with 5 

mL of 6 M GuHCl in Buffer A. The p-supernatant was prepared, and the Ni-column was 

washed and eluted in the similar manner as the post-lysis supernatant. 

The eluted fractions from post-lysis supernatant and p-supernatant were then 

combined to proceed with the His-tag cleavage. The eluted fractions were buffer swapped 

into Dialysis 1 (50 mM Tris, pH 8, 20 mM NaCl). (1% of MSP1D1 concentration) 

mg/mL of TEV (BioLabs) and 100 mM dithiothreitol (DTT) was added to post-Dialysis 1 

to cleave the His-tag off MSP1D1. The resulting post-Dialysis 1 solution was then buffer-

swapped into Dialysis 2 (20 mM Tris, pH 7.5, 500 mM NaCl) to remove DTT because 

DTT can ruin the Ni-column.  

The post-Dialysis 2 solution was poured into the Ni-column equilibrated with a 

mixture of Dialysis 2 and 20 mM imidazole. This step is called a reverse Ni-column 

because in this case the TEV protease should have cut the His-tag off the MSP1D1 and 

therefore, the MSP1D1 without His-tag should not stick to the column, but the His-
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2.3. Reconstitution of M2 into Proteoliposomes 

Purified M2 was reconstituted into 4:1 POPC:POPG bilayers at a molar ratio of 1 

to 500 (protein to lipid). Lipid films were solubilized in Extruder Buffer (50 mM Tris pH 

7.8, 100 mM KCl, 1 mM EDTA) and extruded 15 times through a 200 nm filter using an 

Avanti Mini-Extruder to homogenize the liposome sizes. OG detergent was added to a 

concentration of 30 mM and the lipid-detergent mixture was equilibrated for 30 min. 

Purified M2 protein was added to the lipid-detergent solution such that M2 tetramer to 

lipid molar ratio is 1 to 200. Additional Extruder Buffer was added to dilute OG 

concentration to 15 mM, below the critical micelle concentration. A degassed slurry of 

hydrophobic polystyrene beads (Biobeads SM-2, Bio-Rad) in Extruder Buffer was added 

in aliquot of 50 µL over a period of an hour and incubated for additional 2 hours to 

facilitate the removal of detergent. Biobeads were removed and proteoliposomes were 

pelleted at 90,000 rpm in the TLA-100 rotor of an Optima-MAX-TL ultracentrifuge 

(Beckman-Coulter) for 1 hour at 4℃. All pellets were combined and resuspended in 200 

µL of supernatant and re-pelleted under the same centrifugation settings and stored 

separately as pellet and supernatant at 4℃ for further EPR studies. 

 

2.4. Purification of Nanodiscs via Fast Protein Lipid Chromatography-Size Exclusion 

Chromatography (FPLC-SEC) 

Fast protein liquid chromatography (FPLC) is a form of medium-pressure 

chromatography that uses a pump to control the speed at which the mobile phase passes 

through the stationary phase. Size exclusion chromatography (SEC), also known as gel 

filtration, separates molecules according to the differences in size as they pass through a 
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gel filtration medium packed in a column. The medium is a porous matrix of spherical 

particles. When the column is run, the bigger particles elute before the smaller particles.  

For the optimization of nanodisc preparation with M2 WT protein, the nanodisc 

solution, prepared according to Scheme 3.1, was characterized using the Superdex 200 

increase 10/300 GL column (GE Healthcare Life Science). This column was chosen for 

its chemical stability, sample volume range, high resolution, and ability to accommodate 

the molecular weight of the sample solution. The nanodisc solution was vortexed to 

homogenize and centrifuged at 14,000 rpm in a benchtop microcentrifuge for 10 min to 

remove large particles. Approximately 250 µL of nanodisc solution was injected into the 

column, run through the column connected to ÄKTApure25 with parameters reported in 

Table 2.1, and eluted in a fraction of 500 µL with the same buffer (20 mM Tris pH 7.8, 

100 mM NaCl) as the nanodisc solution was initially in. The run parameters were 

executed using UNICORN software. The column was washed with one column volume 

of the buffer solution between each run. The collected fractions were further analyzed 

using DLS and SDS-PAGE.  

Table 2.1. Instrument Parameters for FPLC-SEC Purification 
Flow rate 0.5 mL/min 

Pressure limit 2.6 MPa 

Column volume 23.562 mL 

Loop type Capillary loop  

Loop length 0.5 mL 

 

In order to determine the size of the particles in nanodisc solution, the column 

was calibrated with a mixture of standards: ovalbumin (O), aldolase (A), ferritin (F), and 

thyroglobulin (T) (GE Healthcare Life Science). The standards were chosen based on 
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2.5. Physical Characterization of Nanodiscs via Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) is a technique that can be used to determine the 

size distribution profile of particles in solution. A monochromatic light source is shown 

through a polarizer and into a sample (Fig. 2.6). The scattered light then goes through a 

second polarizer where it is collected by a detector. The diffracted light from all the 

molecules can either interfere constructively (light regions) or destructively (dark 

regions). This process is repeated at short time intervals and analyzed by an 

autocorrelator that compares the intensity of light at each spot over time to determine the 

average size of the particles. 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Flowchart of DLS 
data collection. Zeta size of 
nanodisc samples was measured, 
and instrument parameters were 
reported in Table 2.2. 

 
The pre-FPLC nanodisc solution and post-FPLC collected fractions of nanodisc 

solution were spun at 14,000 rpm in benchtop microfuge for 10 min to remove any large 

particles from the sample. For post-FPLC collected fractions, only the fractions that show 

UV absorbance were analyzed. Approximately 500 µL of nanodisc solution was 

transferred to a semi-disposable cuvette and analyzed. DLS were collected on a Malvern 

Detector 

90• 

Digital signal 
processor 

(correlator) 
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Zetasizer Nano-ZS and reported as the average of the five measurements. Instrument 

parameters for DLS and zeta size are reported in Table 2.2.  

DLS is sensitive to the size of the particle and reports the intensity based total 

scattering. For instance, if only 1% of the volume is large particles and the rest are 

nanodiscs, DLS intensity data might report 50% intensity of nanodiscs and 50% intensity 

of large particles, just because large particles are so much bigger than the size of 

nanodiscs. Therefore, % Volumes data were used to plot the size distribution plot of 

nanodisc samples.  

Table 2.2. Instrument Parameters for DLS and Zeta Size measurements 
Backscatter mode 173° 

Dispersant water 

Temperature 25.0℃ 

Equilibration time 120 sec 

Number of runs 10 

Number of measurements 5 

 

2.6. Biophysical Analysis of Nanodiscs via Electron Paramagnetic Resonance 

Spectroscopy 

Site-Directed Spin Label Electron Paramagnetic Resonance (SDSL-EPR) 

spectroscopy has emerged as a powerful way to study MPs.6,35,36 SDSL-EPR 

spectroscopy is especially suited to study MPs because it can provide information on the 

location and environment of a specific residue on the MPs while in solution, which 

allows us to study the MPs in their biological condition. This section will briefly outline 

the basics of EPR and some of the information that can be obtained using SDSL-EPR.  
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B0 is the strength of the magnetic field.37,38 EPR spectra are generally recorded as the first 

derivative of the absorbance spectra as it provides better signal to noise ratio.37,39–41 

If a nearby nucleus to an unpaired electron has a non-zero nuclear spin, such as a 

nitrogen-14 nucleus with I = 1, the electron’s spin states can be split again by neighboring 

nuclei. That interaction is called hyperfine splitting and splits the EPR lines into multiple 

lines depending on the nuclear spin state. The number of additional energy states 

corresponds to the nuclear spin of the splitting nuclei in the relationship 2nI+1, where n is 

the number of nuclei with the same I. For instance, the splitting pattern of a nitroxide 

radical of the MTSL spin-label we use, with the radical localizes nitrogen atom is shown 

in Figure 2.8, The 14N nucleus with I = 1 splits the electron spin states into three 

substates, mI = -1, 0, 1. Only transitions between energy levels with Δms = ±1 and        

ΔmI = 0 are allowed, so three peaks are observed in the line shape of a nitroxide radical as 

shown in Figure 2.7.  

2.6.2. Site-Directed Spin Label EPR Spectroscopy 

In order to study M2 using EPR, we attached a spin-label (MTSL) at a specific 

site. In order to install the spin-label on M2 protein, a single cysteine mutation is 

introduced at the site of interest via site-directed mutagenesis. The cysteine sulfhydryl 

(thiol group) on M2 forms a disulfide linkage to MTSL (Fig. 2.8). This process is called 

site-directed spin labeling (SDSL), and SDSL-EPR can provide information on the local 

environment, structure, and proximity of the individual residues, as well as side chain 

mobility and accessibility to the paramagnetic relaxation agents, such as oxygen.36 
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For oxygen accessibility studies, a sample was placed into a gas permeable TPX 

tube. To reference the oxygen accessibility data, an experiment was first collected by 

removing air from the sample by flushing the sample with dry nitrogen gas for 20 min.  

Next, the experiment was repeated after the sample was left in ambient air for 15 min. 

EPR spectra were collected at a series of microwave powers. The instrument parameters 

for power saturation are listed in Table 2.3. The EPR spectra collected from power 

saturation experiments were processed using Igor Pro 8 software and the power at which 

line amplitude is half of the theoretical unsaturated amplitude, P1/2, in the presence of N2 

and O2 were calculated with a 95% confidence interval. The difference in P1/2 between 

the spin-labeled sample with no paramagnetic relaxation agent and that with 

paramagnetic relaxation agent gives you the spin-label’s accessibility to the paramagnetic 

relaxation agent. In other words, ΔP1/2 (O2) value can provide you information about the 

membrane accessibility of the spin-labeled residue on the M2 protein.  
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Table 2.3. Instrument Parameters for EPR CW and Power Saturation experiments 
CW spectrum (Magnetic Field Sweep)  

Center field 3480 G 

Sweep width 150 G 

Sweep time 41.943 s 

Sample g-factor 2 

Modulation frequency 100.0 kHz 

Modulation phase 0.0 

Modulation amplitude 6.825 

Time constant 20.48 ms 

Power Saturation (Microwave Power Sweep) 

Gases Nitrogen  Oxygen  

Start attenuation 7 dB 2 dBa/6 dBb 

Increment  2 dB 1 dB 

Number of points 8 19a/16b 

Settling time 500 ms 
aFor samples with high accessibility to oxygen, such as sites 43 and 57 of M2, which are 
in the transmembrane region and buried in the membrane, more power is needed to fully 
saturate the signal.  
bFor samples with moderate accessibility to oxygen, such as sites 68 and 82 of M2, which 
are in the amphipathic and C-terminal region, respectively, moderate power is enough to 
fully saturate the signal.  
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Chapter 3: Development of Nanodiscs Membrane System for 

Biophysical Studies on M2 

3.1. Strategy to Optimal Conditions for Making Nanodiscs for M2s 

Membrane protein containing discoidal lipid bilayer membranes called nanodiscs 

are prepared by combining bilayer forming lipids, a membrane scaffold protein (MSP) 

and a detergent solubilized membrane protein of interest. The detergent is then removed, 

and the MP-nanodiscs spontaneously form. The molar ratio of M2 to MSP to lipid is 

essential to be optimized for the protein of interest in order to obtain the most 

homogeneous sample with the highest yield. The rationale for choosing each component 

as well as the molar ratio of each component was described in the following subsections.  

3.1.1. Choice of lipid 

We used 4:1 POPC/POPG bilayers because M2 was shown to be functional in this 

membrane environment using both an in vitro budding assay and channel 

electrophysiology.29,31 Furthermore, a large body of previous work used POPC:POPG 

bilayers, so there was published work to compare our data to.5,6,26,28,30,33  

3.1.2. Choice of MSP  

A range of different MSP constructs have been used in the literature to make 

nanodiscs. Two of the MSP constructs most commonly used in nanodisc applications are 

MSP1D1 and MSP1E3D1, which form nanodiscs that are approximately 10 and 13 nm, 

respectively (Fig. 3.1a-c).42 The surface area of transmembrane helix is estimated to be 

80 Å,10 and therefore, since our goal is to construct a nanodisc that allows for the 

incorporation of one M2 homotetramer per nanodisc, it makes sense to use a slightly 

smaller nanodisc system (Fig. 3.1b, c). Therefore, MSP1D1 is the construct used in this 
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M2 was purified and solubilized in OG solution (see Materials and Methods for 

detail). 4:1 POPC:POPG was dissolved in the 200 mM sodium cholate buffer. MSP1D1 

was purified and solubilized in 20 mM Tris pH 7.8, 100 mM NaCl (see Materials and 

Methods for detail). For optimization of nanodiscs for M2, purified M2 WT proteins 

(A/Udorn/307/1972 (H3N2)) were used (Fig. 2.1). For biophysical studies with EPR 

spectroscopy, site-directed spin-labeled M2 proteins were used (Fig. 2.1). For three sets 

of molar ratios, appropriate amounts of each component for nanodisc were combined and 

incubated for 2 hours at 4℃. A degassed slurry of hydrophobic polystyrene beads 

(Biobeads SM-2, Bio-Rad) in 20 mM Tris pH 7.8, 100 mM NaCl was added in aliquots 

of 50 µL over a period of 3 hours and incubated for additional 8-12 hours to facilitate the 

removal of detergent. Biobeads were removed, and the nanodisc solution was filtered 

through 0.45 µm filter paper. The filtered nanodisc solution was characterized by DLS 

before and after purifying through the FPLC column.  

 
  
3.3. Physical Characterizations of Nanodiscs using DLS and FPLC-SEC 

The nanodisc samples of three molar ratios were characterized the size exclusion 

chromatography method over the Superdex 200 increase 10/300 GL column to separate 

the M2-nanodiscs from empty nanodiscs. The column was calibrated with standards of 

various sizes (see Methods and Materials for details), 250 µL of each sample was 

injected, and absorbance peak shapes and elution volumes were analyzed. The pre- and 

post-purified nanodisc samples were analyzed using DLS to determine the size 

distribution of the samples to assess the purification.  
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The identity of protein content in each molar ratio nanodisc sample was 

determined using SDS-PAGE gel. The fractions corresponding to the top of the peak, 

collected from the FPLC column, of each molar ratio were run on SDS-PAGE gel. The 

bands in Figure 3.3b confirm that the absorbance observed in FPLC chromatograms is 

indeed due to both M2s and MSP1D1, and not aggregates of one or the other.  

A collection of DLS, FPLC-SEC, and SDS-PAGE gel suggests that one M2 

channel (four M2 monomers or one M2 homotetramer) is incorporated into one nanodisc 

(two MSP1D1 monomers), and that excess MSP1D1 molecules result in empty nanodisc 

(Fig. 3.2 and Fig. 3.3). Therefore, higher amount of empty nanodiscs seem to be present 

in the 1:20 sample, based on the size analysis by DLS and FPLC-SEC (Fig. 3.2 and 

Fig.3.3a). In light of producing a size-controlled nanodisc solution with little or no empty 

nanodiscs, we have concluded that 1:2 sample’s composition will be used for further 

analysis since it produces a high homogeneous sample and uses less amount of purified 

M2 protein and MSP1D1. It is preferable since the purification process for MSP1D1 is 

time consuming and costly.  
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Chapter 4: Comparison of Dynamic Properties and Membrane 

Topology of M2 in Liposomes and Nanodiscs 

Membrane proteins have been shown to change conformations and dynamics 

depending on the hydrophobic environment provided by a membrane mimic.5 Two 

properties, mobility and membrane topology were measured for M2 in both nanodiscs 

and liposomes to see if they were similar.   

 

4.1. Spin-labeled Sites on M2 

We selected four sites to spin-label across the M2 protein: L43, H57, V68, and 

S82. The positions include the end of the transmembrane helix, the beginning and end of 

the amphipathic helix and a site in the flexible, highly mobile C-terminal tail (Fig 1.4 and 

Fig. 2.1). These four sites had been studied previously in liposomes and have been shown 

to have properties characteristic of the region of the protein in which they are located.  

SDSL-EPR spectroscopy was used to measure EPR line shapes and oxygen power 

saturation data for the four sites of M2 reconstituted into nanodiscs and liposomes.  

 

4.2. Spin-labeled M2’s Mobility in Nanodiscs and Liposomes  

X-band CW spectra of four spin-labeled M2 constructs in nanodiscs show a 

typical line shape for membrane proteins (Fig. 2.9),36 and they have a similar trend as 

those in liposomes (Fig. 4.1a-d). That suggests that the M2 tetramer in nanodiscs presents 

the similar conformation as that in liposomes. The width of the CW spectrum’s central 

peak of site 43 is broadest since it is in the transmembrane region, which is most buried 

in the membrane. The central peak becomes sharper as the location of the site moves 
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farther away from the membrane. Thus, the CW spectrum’s central peak of site 82 is the 

sharpest since it is in the dynamic C-terminal region. The similarity in EPR line shapes 

between the nanodiscs and liposomes is consistent with the presence of MSP1D1 not 

perturbing the conformation observed in liposomes.  

 
Figure 4.1. EPR line shapes of site-specific, spin-labeled M2s in nanodiscs and in 
liposomes. X-band continuous wave (CW) spectra of four spin labeled sites in nanodiscs 
(a) and in liposomes (b). Overlay CW spectra of nanodiscs are shown in (c) and of 
liposomes are shown in (d).  
 

ΔH-1 provides information about the spin-label mobility of M2 in membrane 

mimics; the greater the ΔH-1, the more mobile the probed residue is. The spin-label 

mobility trend of M2 in nanodiscs is similar to that in liposomes (Fig. 4.2a, b). ΔH-1 

values of site 82 in both membrane systems are similar enough to suggest that spin-

labeled M2 tetramers have a similar local environment that allows similar motional 

Nanodiscs Liposomes 
(a) 

lOG 
-site 82 
-site 68 
- Site 57 
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freedom. However, ΔH-1 values of sites 43, 57, and 68 in nanodiscs are slightly higher 

than ΔH-1 values of the same three sites in liposomes, with site 68 having the largest 

difference.  

 
Figure 4.2. Mobility and Membrane Topology of M2 in nanodiscs and in liposomes. 
Mobility parameter for specified sites in M2 (a) in nanodiscs and (b) in liposomes. 
Oxygen accessibility for specific sites on M2 (c) in nanodiscs and (d) in liposomes. ΔH-1 
is calculated from the CW spectra of each residue number. ΔP1/2 is calculated using Igor 
Pro 8 software. ΔP1/2 (O2) is the difference between ΔP1/2 (N2) and ΔP1/2 (O2). ND: 
nanodiscs, lip: liposomes. 
 

4.3. Membrane Topology of Spin-labeled M2 in Nanodiscs and Liposomes 

The oxygen accessibility of the probed residue to oxygen can be quantified by 

calculating ΔP1/2 (see Materials and Methods for details). The greater the ΔP1/2, the more 

buried the probed residue is in the membrane. Oxygen is a small, hydrophobic molecule, 
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and they preferentially partition into the lipid bilayer and not remain in the aqueous 

phase, so ΔP1/2 can also be used to determine the membrane depth of the spin-labeled site 

on M2. The ΔP1/2 trend of selected spin-labeled sites of M2 tetramer in nanodiscs is 

similar to that in liposomes (Fig. 4.2c, d). ΔP1/2 (O2) was obtained from the difference 

between P1/2 (N2) and P1/2 (O2). In both nanodiscs and liposomes, site 43 is most buried in 

the membrane and the protein extends in the aqueous media as you most towards the C-

terminus. 

Although the trends over the sequence are the same between nanodiscs and 

lipsomes, there is a difference in magnitude between ΔP1/2 (O2) values in nanodiscs are 

significantly smaller than those in liposomes. We hypothesize that the presence of the 

MSP surrounding the lipid bilayer in nanodiscs allows for more water to penetrate the 

bilayer making it less hydrophobic. This situation leads to less hydrophobic oxygen 

partitioning in the bilayer. The decrease in paramagnetic oxygen concentration within the 

nanodiscs thus leads to less power needed to saturate the signal and smaller ΔP1/2 (O2) 

value.33,34   
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5.1. Introduction 

In previous work, site 43 was shown to have significant changes in dynamics and 

oxygen accessibility upon rimantadine binding to M2 embedded in liposomes.28 

Rimantadine was used in this study because the previous study showed that the largest 

conformational change was observed in the addition of rimantadine.28 

 

5.2. Preparation of M2 tetramer in Membrane Systems with Rimantadine 

Rimantadine drug stock solution was prepared in trifluoroethanol, and appropriate 

volumes were aliquoted into glass vials for M2 tetramer to drug molar ratio of 1 to 10. 

Trifluoroethanol was removed under a gentle stream of nitrogen gas overnight. 

Preformed proteoliposomes and nanodiscs were added to the drug films, vortexed, and 

incubated for 24 hours at room temperature. The EPR CW spectra and power saturation 

data were collected as described in the Materials and Methods section.  

 

5.3. Site 43 in the Presence of Rimantadine Shows Slight Decrease in Mobility and in 

Membrane Accessibility 

The EPR CW line shapes of site 43 labeled M2 tetramer in nanodiscs and 

liposomes show that peaks’ width slightly broadens after the addition of rimantadine 

(Fig. 5.2a, b). ΔH-1 values of site 43 with drug also show a slight decrease, compared to 

that without drug in both nanodiscs and liposomes (Fig. 5.2c). That suggests that there is 

in fact a decrease in spin mobility, which might be an indicator of drug binding to M2 

tetramer in both membrane systems. Oxygen power saturation data for site 43 in 

nanodiscs and liposomes both show a decrease in the presence of rimantadine (Fig. 5.2d). 
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The site 43 proteoliposomes with drug was collected by previous Howard lab member, 

Aaron Holmes, 2017. 

 
Figure 5.2. Antiviral drug effect on the conformation and dynamic of spin labeled 
M2 proteins. (a) X-band CW spectra of site 43 labeled M2 (a) in nanodiscs with (gray) 
and without (black) drug, (b) in liposomes with (gray) and without (black) drug. (c) M2’s 
mobility in nanodiscs and liposomes with (gray) and without (black) drug. (d) M2’s 
membrane accessibility in nanodiscs and liposomes with (gray) and without (black) drug.   
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Chapter 6: Conclusion and Future Directions 

6.1. Conclusions 

The goal of this thesis was to explore the potential of using nanodiscs for 

biophysical studies of membrane-bound M2 protein. Nanodiscs offer advantages over the 

other membrane mimics used widely in M2 literature.5,6,17,26 Nanodiscs provide a bilayer 

environment with access to both sides of the bilayer and are smaller than other well 

established bilayered, spherical, sealed liposomes whose size provides challenges for 

some biophysical methods.2,7 

The literature has shown that the formulation of nanodisc composition is not a 

one-size-fits-all for membrane proteins.1,10,12 Instead, the choice of lipids and molar ratios 

of components needs to be varied to find conditions that lead to homogeneous and stable 

samples. For example, this thesis’ reports demonstrated that a molar ratio of 1:2 (M2 

tetramer:MSP1D1) forms a homogeneous and stable preparation of M2-nanodiscs. SDS-

PAGE gels were used to look at the protein content of FPLC-SEC fractions and 

confirmed that the contents in the nanodiscs were a mixture of M2 proteins and MSP1D1, 

and not aggregates of M2s or MSP1D1. In addition to homogeneity and stability, we 

wanted to address the question whether the conformation and dynamics of M2 in 

nanodiscs was physiologically relevant. Electrophysiological assays to probe M2’s role 

as a proton channel26 and budding assays to demonstrate M2’s role as a fission facilitator 

can be done in liposomes.45 Both these assays capitalize on liposomes being sealed 

spheres with a well-defined interior. Conformation and dynamics under conditions that 

maintain function provide evidence that the published liposome conformation data is 

functionally relevant. The electrophysiological and budding assays are not viable with 
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nanodiscs. Thus, in an attempt to show nanodiscs provide an environment that could 

support a functionally relevant environment, we used the conformations already 

determined in liposomes as a touchstone to show that nanodiscs are a good model 

membrane. Both our nanodiscs and liposomes are made up of a bilayer with the same 

lipids so we hypothesized that they should provide a similar hydrophobic environment for 

M2. However, we wanted to confirm that the MSP proteins that provide the bilayer belt 

in nanodiscs were not perturbing the M2 structure.   

To compare conformational and dynamic properties of M2 in nanodiscs to those 

observed in liposomes, we used SDSL-EPR. The EPR experiments of four key spin-

labeled M2 sites using nanodisc as the model membrane show similar trends in spin 

mobility and membrane accessibility to those published for M2 reconstituted into 

liposome membranes. Although the patterns of mobility and oxygen accessibility of spin-

labeled sites between different regions of the protein were the same between nanodiscs 

and liposomes, the absolute magnitudes of the oxygen accessibility differ. In particular, 

the oxygen accessibility for liposomes was higher for all sites. This is intriguing given the 

similarity in magnitudes of mobility factors which suggest the conformation, dynamics, 

and membrane topology are not different between nanodiscs and liposomes. We 

hypothesize that the difference in oxygen accessibility is linked to a different bilayer 

distribution of oxygen in the nanodiscs than in the liposomes. An exploration of this 

hypothesis is proposed in future studies.   

   Intense attention has been paid to conformational shifts induced in M2 upon the 

binding of adamantane drugs.28 To test whether the conformational changes already 

observed in liposomes would also be observed in nanodiscs, we compared the impact of 
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drug binding in nanodiscs to drug binding in liposomes using SDSL-EPR. A spin-label 

placed at a M2 position near the drug binding site demonstrated a decrease in mobility 

and membrane accessibility in nanodiscs in a similar fashion as was observed for M2 

embedded in liposomes. 

 

6.2. Future Directions 

As stated at the beginning of the thesis, a key motivation for working on 

nanodiscs was to study the interaction of M2 with its many known binding partners. In 

particular, our group has a particular interest in matrix protein 1 (M1) that has been 

proposed to bind to the C-terminal domain of M2 and plays an important role in the 

formation of new viruses. Despite indirect evidence for M2-M1 binding proteins, there is 

no atomic level demonstrating their interaction or crystal structure of the binding of the 

two proteins. A lack of unidirectional insertion of M2 into liposomes bilayers means that 

at least a portion of the M2 proteins in a liposome has their C-terminus of M2 stuck 

inside the liposome interior where it is obscured from interaction of M1. In nanodiscs 

both sides of the membrane are accessible to binding. The ability to study M2 in 

nanodiscs opens up the possibility of a wide range of studies.  

In order to use EPR power saturation studies to probe membrane topology, a 

better understanding must be had of the distribution of paramagnetic oxygen in the 

bilayers of nanodiscs versus liposomes. Previously, the Howard lab demonstrated that the 

addition of cholesterol changes how oxygen partitions into a bilayer.46 A similar strategy 

could be done on nanodiscs. One can place spin-labels at defined depths within a bilayer 

and measure oxygen accessibility using the power saturation methods described in the 
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Materials and Methods section of this thesis. Lipids with spin-label covalently bound at 

different positions on the lipid chain are commercially available. Since the spin-label 

depths should be the same in the POPC:POPG bilayers found in both nanodiscs and 

liposomes, any change in oxygen accessibility could instead be from differing lipid 

packing induced by the MSP belt. Spin-labeled lipids can be incorporated into lipid 

bilayer to determine the oxygen accessibility of the bilayer. For example, see the labeled 

membrane probes shown below.   

 
 

 
 
Figure 6.1. Structure of Spin-labeled lipids. 16:0-5 Doxyl PC (top) and 16:0-12 Doxyl 
PC (bottom) can be used to probe oxygen concentration at different depths.   
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