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Abstract 

The M2 protein is a 97-residue membrane homotetrameric protein found on the 

viral coat of the Influenza A virus. M2 plays a key role in virulence of the Influenza A 

virus. M2 was previously shown to act as a proton channel that can acidify a virion once 

it has entered the cell. Recently, M2 has also been implicated in generating curvature in 

the cell membrane to mediate budding of new viral progeny. Furthermore, the amino acid 

sequence of M2 contains a cholesterol recognition amino acid consensus (CRAC) 

domain, which indicates that M2 may interact with cholesterol. In this thesis, site

directed spin-labeling (SDSL) electron paramagnetic resonance (EPR) is used to probe 

different conformations ofM2TMC, a truncated version of the M2 protein. Continuous

wave EPR lineshapes suggest that multiple conformations of the protein are present in 

bilayers, and that the addition of cholesterol selectively stabilizes a more immobilized 

conformation. Saturation-recovery EPR confirms the presence of multiple conformations 

of the protein, and spin-spin coupling indicates that in a cholesterol-rich environment, the 

monomers of the protein are closer together. Spectral fitting and double electron-electron 

resonance EPR can both be used to approximate relative populations of different 

conformations. DEER also shows that each conformation has a unique set of distances. 

Finally, power saturation EPR suggests that in a cholesterol-rich bilayer, the spin-labels 

are closer to the lipid-aqueous interface. Together, these experiments comprehensively 

characterize the distinct conformations of the Influenza A M2 protein. 
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Chapter 1: Introduction to Influenza and the M2 Protein 

1.1 The Influenza A Virus 

Between 1976 and 2006, the number of influenza-associated deaths has fluctuated 

between a low of 3000 and a high of 49000. 1 In recent history, there have been many 

influenza outbreaks. From the spring of 2009 to the fall of 2010, "Swine Flu," also 

classified as H1N1, a virulent strain of influenza originating from pigs, posed a 

significant health threat. Moreover, the World Health Organization declared Swine Flu a 

"global pandemic.,,2 In order to reduce the detrimental effects of the virus, an annual 

vaccine is administered- with varying results. Specifically, these vaccines seem to have 

different beneficial effects based on the age of the patient3 Nonetheless, the vaccine has 

proven to be effective in curtailing the adverse effects of the influenza A during the peak 

times 4 Due to the high rates of annual mutations in two key surface proteins -

hemagglutinin and neuraminidase - a single suitable vaccine has yet to be successfully 

developed. 

The influenza A virus is a negative-stranded RNA virus whose genome encodes 

for II proteins5 On the surface of the viral coat, two spike glycoproteins can be found: 

neuraminidase (NA) and hemagglutinin (HA) (Figure l.1), the main determinants of the 

viral strain5 NA and HA are both essential for efficient viral replication6 NA is critical 

in the viral life cycle as it mediates the cleavage of viral receptors, resulting in the release 

of virions, whereas HA moderates viral entry into the host cell. 5 A third influenza A 

membrane protein is also essential to virus function: the M2 protein (Figure l.1). The M2 

protein functions as a proton-selective ion-channel that acidifies the virion, resulting in 
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the release of genetic material, as well as functioning as a key facilitator of fission of new 

viral particles out of the cell. 

Figure 1.1: Role of Viral Proteins in the Viral Life Cycle. Illustration shows the 
various roles of the different viral coat proteins in the viral life cycle. M2 is shown as an 
ion channel, and is also shown to influence viral budding where it localizes in the neck of 

budding. Adapted from Rossman and Lamb, 2010. 

Historically, drugs combating the influenza A virus have targeted NA and M2. 

Drugs targeting NA, such as oseltamivir (Figure 1.2), have been difficult to manufacture 

as they heavily rely on scarce natural resources. 7 However, due to diminishing supplies of 

natural drug supplies, there has been a focus on developing synthetic pathways for the 

drug7 The amantidine class of drugs (Figure 1.2), have targeted the ion-channel 

capabilities of the M2 protein. 8 Recent evidence suggests that novel strains of the 

influenza A virus have become resistant to either drugs targeting NA or M2, and, in some 

cases, both drugs. 9 High rates of resistance to amantidine drugs have been noted as early 

as 2005, thus, public health officers have advised against the use of these drugs9 

Resistances to neuraminidase inhibitors (NAls) is a relatively recent development, with 

evidence showing that strains with mutations conferring to resistances to these drugs have 
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grown 100% between 2008 and 2009.9 Thus, the demand to find new drug targets of the 

Influenza A virus has grown quickly in recent years. 

A a o~ B C 

o 

Figure 1.2: Drugs Used Against Influenza A Virus: Drugs shown are: (A) Oseltamivir, 
(B) Amantidine, and (C) Rimantadine. 

1.2 Functional Studies of M2 Protein 

The M2 protein is composed of97 amino acids with four general regions: N-

terminal region (residues 1-24), transmembrane (TM) helix (residues 25-46), cytoplasmic 

amphipathic helix (residues 47-61), and the C-terminal region (residues 62-97) (Figure 

1.3). The protein naturally exists as a homotetramer in the viral capsid. Structurally 

characterizing the full-length protein has proven to be difficult, and only high-resolution 

structures of truncations of the protein have been published. However, recently, many 

studies have shifted towards studying the full-length protein 27. 

m mb I 

20 30 

WGCRCN OSSD LVVAA SIIGILH 

eo 0 97 
YRKQ aSAV ADDSH VSIELE 

60 

GLK 

Figure 1.3: Sequence of the M2 Protein. 97 amino acid sequence of the M2 protein. 
There are four general regions of the protein: extracellular N -terminal region, TM helix, 
cytoplasmic helix, and the C-terminal region. The TM region is outlined in blue and the 

putative cholesterol-binding domain is outlined in grey. 
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The M2 protein was first identified with an overlapping open reading frame with 

the M 1 protein. lO This protein, unlike the other influenza A membrane proteins, was 

antigenic ally conserved between all of the different strains of the virus. 11 Some of the 

earliest experiments explored the M2 protein's role as an ion channel and the effect of pH 

on its function. 12.1 3 Critical to its function of the alpha-helical transmembrane domain; 

changing residues that face the membrane center modulates the ion channel efficiency. 14 

As an ion channel, an important histidine residue (H37) was identified, as protonation of 

the imidazole side chain is a key step in activating the ion channel. 15 Later studies 

characterized the tetrameric state and C-terminal tail of the protein in vivo necessary for 

function16 Specifically, the C-terminal tail is required for virulence as deletion of this 

region significantly decreased production of infectious particies. 17 Despite the wealth of 

knowledge regarding HA and NA, research on M2 has significantly lagged behind 

because it is both smaller and less common. 

One of the reasons the M2 proton channel has also been targeted for research is 

because it is one of the smallest ion channel proteins, still functional without the entire 

amino acid sequence. 18 Specifically, functional studies showed that only the TM region 

(residues 22-46) is needed to act as a proton channel19 For proper ion channel function, 

His-37, Trp-41, Asp-44, and Arg-45 are needed to serve as a gate; various anti-viral 

drugs bind to or associate with these sites to abolish proton transport (Figure 1.4).20 Drug

resistance is conferred by mutations along the entire TM region. Specifically, 

computational studies of a few drug-resistant M2 proteins showed that mutations to 

bulkier amino acids at site 31 (i.e., S31N) prevent the drug from properly binding, 
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whereas mutations to smaller amino acids at site 27 (i.e., V27 A) create a larger binding 

pocket so the drug is too mobile21 

Figure 1.4: Drug Binding of Antiviral Drugs to M2 Proton Channel. (Left) Binding 
mode ofrimantadine. W4l, L40, R45, and D44 are all shown in close proximity to the 
rimantadine molecule. (Right) Binding mode of amantadine. S3l and G34 are near the 

amantadine molecule. Figure adapted from Pielak, et ai., 2009. 

In addition to acting as a protein channel, M2 has been seen to be involved in the 

release of viral progeny, a process mediated by the amphipathic helix ofM2 (residues 47-

61, Figure \.5)22 The M2 protein has been shown to induce membrane curvature and 

localize at the neck ofbudding23 Computational and small-angle X-ray scattering studies 

have shown that M2 mediates membrane scission by inducing high negative Gaussian 

curvature at the neck of budding24 

Figure 1.5: Helical Wheel Projection of the Amphipathic Helix. The helical wheel 
projection of residues 46-62 shows a clear hydrophobic side (left) and a hydrophilic side 

(right). Figure adapted from Rossman, et ai., 2010. 
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During the viral release phase, M2 has been found to interact with cholesterol. 22 

M2 contains a cholesterol-recognition amino acid consensus (CRAC) sequence of LN-

X(1-5)-Y-X(1-5)-RIK (Figure 1.6).23 A CRAC motif is found in proteins that interact with 

cholesterol. The hydrophobic residues (Leu or Val) and the Tyr can interact with the 

aromatic rings of cholesterol (the latter can also associate with the hydroxyl group of 

cholesterol), and the hydrophilic resirues (Arg or Lys) can hydrogen bonds with the 

hydroxyl group of cholesterol.25 

N 

r---~)r'---',i __________________________ -il' 
L-Ect __ o_IL-T_M-i_C_Y~I_OP~I_"_m_·_"_T_'_it ______________ -ir-c 

( Rl EEKCIYREEEHGLKRGPSTEGVPESMREEYRKEQQSAVDADDSHEVSIEL 
~HeIix 1>41-

---CRAC_ lnteraclion 

Figure 1.6: CRAC Sequence ofM2. A CRAC sequence is seen in the amphipathic helix 
region ofM2. Otolesterol could bind to M2 in this region. Figure adapted from Rossman, 

et al., 2010. 

HQlNever, while M2 contains a CRAC motif, the atomic level details of the 

interaction are not knO\Vl1. Additionally, the CRAC motif is not essential for viral 

replication in tissue cultures, although it does contribute to the virulence of the virus.26 

While the interaction behveen M2 and cholesterol is still largely unknown, recent studies 

have begoo to elucidate the details. Solid-state NMR studies done on the full-length 

construct ofM2 in the Hong lab ~ow that M2 becomes highly immobilized in bilayers 

containing cholesterol. 27 Lipid rafts contain higher cholesterol than normal bilayers, and 

thus this conformational shift could be indicative of the different functions of M2.5 
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1.3 Structural Studies ofM2 Protein 

Many studies have been published on the various segments of the protein. The 

TM region of the protein can assume many different conformations. EPR spectroscopy 

additionally showed that the TM region was highly sensitive to the lipid environment. As 

the lipid thickness increased, there was a corresponding increase in dipolar coupling, 

which corresponded to changes in the degree of helical tilt (Figure l.7)28 Additionally, 

previous work in the Howard Lab done on M2TMC (22-60) showed that the C-terminal 

helix forms an amphipathic helix29 

1.6 

g 
C'I 1.4 

.~ 
a. 
~ 8 1.2 
c .5. 

Vl 1.0 

DLPC DMPC DOPC POPC 

Increasing Bilayer Th ickness 

Figure 1.7: M2 TM Region is Sensitive to Lipid Environment. (Top) Spin coupling is 
a direct function of bilayer thickness. (Bottom) Helical tilt is dependent on the type of 

lipid used in the bilayer. Figure adapted from Duong-Ly, et aI., 2005. 

In 200S and 2010, two structures of an M2 construct consisting of the TM and 

amphipathic helix regions were published by the Chou30 and Cross3l labs respectively 

(Figure l.S). The Chou structure was solved for M2 in 1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC) micelles using solution-state NMR (PDB 2RLF) and the Cross 

structure was solved for M2 in 1,2-dioleoyl-sn-glycero-3-phosphochoinell,2-dioleoyl-sn-
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glycero-3-phosphoethanolamine (DOPCIDOPE) bilayers using solid-state NMR (PDB 

2LOJ). While the TM regions of these two structures align well, there are distinct 

differences in the amphipathic helix region. Specifically, the Cross structures shows a 

tight association between the amphipathic helix and the lipid head group, whereas the 

Chou structure shows the same region extending away into the cytoplasm. In addition, 

there are differences in the loop (linker) region between the TM helix and the 

amphipathic helix; the Chou structure has a more unstructured loop region moving away 

from the lipids. This difference was attributed to the interactions between the protein and 

the lipid head group, illustrating how sensitive the protein is to the model membrane 

mimic used. 

Figure 1.8: Published Structures of M2. (Left) Cross lab structure of M2 solved in 
DOPCIDOPE bilayers using solid-state NMR. (Right) Chou lab structure ofM2 solved in 
DHPC micelles using solution-state NMR. There are clear differences in the structure of 

the amphipathic helix region. Figure adapted from Claridge, et al. 2013. 

A recent solution-NMR study done on M2TMC by the Schnell lab in 1,2-

dipalmitoyl-sn-glycero-3-phosphocholineIDHPC (DPPCIDHPC, q=O.4) bicelles have 
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shown that its spectrum generally agrees with that of M2TMC in bilayers as studied by 

ssNMR but not in micelles. 32 Bicelles provide a better system to study M2 as it gives 

better signal-to-noise than micelles while providing a more physiologically relevant lipid 

system. This study confirmed that differences in the structures of M2 in bicelles and 

micelles are primarily due to stabilization of the linker region between the TM helix and 

amphipathic helix by the lipids. Additionally, the structural elasticity afforded by DHPC 

micelles can also contribute to a more dynamic linker region. 

1.4 Using SDSL-EPR To Investigate M2 Protein Dynamics 

In order to investigate this conformational equilibrium of M2 in bilayers, site

directed spin-labeling (SDSL) electron paramagnetic resonance (EPR) is used (Section 

2). SDSL-EPR enables researchers to study proteins in a variety of membrane systems, 

and is thus perfectly suited to study conformational dynamics of M2. Continuous-wave 

(CW) EPR, power-saturation EPR (PS-EPR), along with a variety of pulsed EPR 

methods will be used to probe M2 and its interaction with cholesterol. Clearly, targeting 

the release phase of the viral life cycle could be an effective way to mitigate any 

virulence. Therefore, obtaining atomic-level details ofM2 and its interaction with 

cholesterol is of great importance. 
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Chapter 2: EPR Theory and Application 

2.1 EPR Background 

The primary method used in this thesis was electron paramagnetic resonance 

(EPR) spectroscopy. EPR can probe species that have one or more unpaired electrons. In 

EPR, an external magnetic field generates an energy separation between the unpaired 

electron(s) spin states. Fundamentally, EPR is similar to the more commonly used 

nuclear magnetic resonance (NMR) spectroscopy, expect that EPR is probing interactions 

of an unpaired electron with the magnetic field rather than the nucleus with the magnetic 

field. To collect EPR spectra, radiation in the form of microwaves is used; the frequency 

of the microwaves is kept constant while the magnetic field is changed. In the presence of 

an applied magnetic field, the electron dipole moment can either align parallel or anti-

parallel to the magnetic field. When the applied magnetic field is equivalent to the energy 

difference between the difference in the energy of the two electron spin states, resonance 

can be detected (Figure 2.1).33 

H ----+ 
o 

t 
Figure 2.1: EPR Spectroscopy Resonance. An applied magnetic field (Ra) causes 

changes in energy (~E) between two spin states of unpaired electron. When energy of 
photon is equal to ~E resonance is observed. Figure adapted from Klug and Feix, 2008. 

The energy difference between the two electronic spin states is defined as: 34 
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where ge is the Zeeman energy of the electron, IlB is the Zeeman energy of the nucleus, 

and Ho is strength of the magnetic field. In addition, there is hyperfine splitting resulting 

from the interaction between the nucleus and electron. The number of peaks resulting 

from hyperfine interactions is dependent on the nuclear spin state (I) of nearby atoms, 

with 21+ I number of peaks observed for an EPR spectrum. 

EPR spectra are typically shown as the first derivative of absorption. Presenting 

data as the first derivative of absorption allows for higher signal-to-noise. Additionally, 

this convention reflects the way EPR spectra are collected; the magnetic field is 

modulated at a given frequency over a small range while sweeping over the entire range 

of magnetic field strengths. Continuous-wave (CW) EPR spectra in this thesis are 

presented in this manner. 

2.2 Site-Directed Spin-Labeling EPR 

Site-directed spin-labeling (SDSL) EPR allows for probing of systems that do not 

have an unpaired electron. SDSL EPR introduces a stable radical into the protein; in this 

thesis, the most commonly-used spin label, 2,2,5,5-tetramethyl-I-oxyl-3-

methylmethanesulfonate label (MTSL), was used. This spin-label is attached to the 

protein via a disulfide bond at a cysteine residue (Figure 2.2). To study a given amino 

acid, it is mutated into a cysteine residue and then reacted with MTSL. 35 In order to 

ensure that the spin-label is not attached at the incorrect location, all naturally-present 

cysteine residues are mutated into serines36 Additionally, MTSL is preferable because it 

is small probe that is approximately the size of an amino acid side-chain and has been 

shown in a wide range of studies to not typically perturb the protein fold. 36 Since a 
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nitroxide spin label is used, a typical EPR spectrum of a protein labeled with MTSL has 3 

peaks since the spin of the most abundant nitrogen isotope, 14N, is 1. The left-most peak 

and right-most peak are often referred to as the low-field peak and high-field peak 

respectively (Figure 2.3). 

~
~ 

S- S- CH3 
-- II 

o + 
N 
I o· 

~ 
~s-s-Cys 

6' ~ 
Figure 2.2: Covalent Attachment ofMTSL to Cysteine Residue. The MTSL spin

label is attached to a cysteine residue with a disulfide bond. 

Figure 2.3: EPR Spectrum of a Free Nitroxide Spin-Label. AN represents the 
hyperfine coupling constant between the unpaired electron and the nitrogen nuclear spin. 
The sharp lines indicate a highly mobile, isotropically tumbling group. The left-most and 
right-most peaks are the low-field and high-field peaks respectively. Figure adapted from 

Klug and Feix, 2008. 

EPR spectroscopy is useful for studying protein dynamics because the spin-label 

directly reports on the relative mobility of the spin-label in the local environment. As 

rotational freedom of the spin-label is decreased, there is broadening of the peaks. In fact, 

AH-1, can be calculated as the inverse of the central peak width, which has been used as a 

qualitative measure of mobility. Decreasing amplitudes of the peaks is observed 
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concurrently with the broadening. The motion of the spin-label is largely limited to the 

two bonds nearest the nitroxide ring moiety ()4 and X s, Figure 2.4).37 Additionally, 

isomerization about X3 is possible but is slow. 

Figure 2.4: Nitroxide Side-Chain Motions. Motion about X3 represents isomerization 
along the disulfide bond. Motion is primarily restricted to rotations about)4 and Xs. 

Adapted from Klug and Feix, 2008. 

There are three motional regimes of the spin-label: fast-motion, slow-motion, and 

the rigid-limit (Figure 2.5). In the fast-motion regime, nothing hinders the motion of the 

spin-label, and there is rapid isotropic motion of the spin-label; this allows for 

measurement of isotropic magnetic tensors. In the rigid-limit, there is no motion of the 

spin-label at all, resulting in a completely anisotropic system; this allows for facile 

measurement of anisotropic magnetic tensors. To obtain a rigid-limit spectrum, the 

sample must be immobilized. As shown by a study done by BtuB, the CW EPR spectra 

are highly sensitive to solvent exposure and can be affected by crystallization.38 In the 

slow-motion regime, there is some perturbation to the rotational freedom of the spin-

label. All room temperature CW EPR spectra presented in this thesis belong to the slow-

motion regime. 

20 



m[ +1 0 - 1 

A 

B 

c 

D 

Figure 2.5: Motional Regimes of EPR A shows fast-motion regime, which is 
characterized by shatp and narrow isotropic peaks. Band C both show spectra in the 

slow-motion domain. B could represent a spin-label attached to a free peptide, whereas C 
represents a spin-label attached a peptide that has been reconstituted into a lipid bilayer. 
D shows rigid-limit, which is characterized by broad anisotropic peaks where all motion 

has been frozen. Figure adapted from Klug and Feix, 2008. 

The times cales of EPR spectroscopy allows it to detect both rotational and 

conformational exchange (Figure 2.6)39 Because conformational exchange happens on a 

slower timescale, an EPR spectrum will show the weighted average of the spectrum of 

each conformation present. If multiple conformations of the protein are present, a 

multicomponent spectrum is observed. These spectra can be identified with the "double 

hump" feature on the low-field peak. Thus, multicomponent spectra can be used to 

understand protein dynamics, as the relative contribution of each conformation will be 

reflected in the spectrum. In fact, it is possible to fit these spectra to extract relative 

populations of each protein conformation present by double integrating each single-

component spectrum (Section 2.4). However, one caveat is that EPR spectra that have a 

"double-humped" low-field peak could be the result of rotational, and not 
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conformational, equilibrium because the timescale CW EPR measures cannot 

differentiate between them. Since different conformations of the protein will affect the 

motion of the spin-label differently, distinct conformations of the protein can be detected 

(Figure 2.7).39 To distinguish between different conformations, saturation-recovery EPR, 

a pulsed EPR method, can be used (Section 2.3). 

protein Exchang' Eyent" 

Native Amino Acid 
Rotameric Exchange 

Conformational Exchange 
las in Fig. 3) 

10" sec 10'" 10" 10" 10" 10~ 10-3 
I ! """,' ! ",,"" !I'''''' ""III' "IIIII' ! 11"111' 

EPR Methods 
for o,ttctjOO" t Speel'" '"",'n. (T. 1 Modulation of Spin 

lattice Relaxation (TIl Perturbation Of Coherent 
Excitation Methods 

4-:."",. 
Figure 2.6: Timescale of EPR Spectroscopy. CW EPR lineshapes can report on the ns 

to flS timescale. Both conformational and rotameric exchange occur on a slower timescale 
and are thus averaged in a CW EPR spectrum. Adapted from Bridges, et al. 2010. 

(a) Conformational Equilibrium (b) R1 Rotameric Equilibrium 

• 
1..---- + 

Weakly Ordered Immobilized ~Complex" (equilibrium mixture) 

Figure 2.7: Conformational and Rot am eric Exchange of Proteins Result in 
Multicom ponent Spectra. Both conformational and rotameric equilibrium can 

contribute to a complex spectrum on the time-scale of CW EPR. Pulsed EPR methods are 
required to distinguish between the two. Adapted from Bridges, et al. 2010. 
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While CW -EPR can give a wealth of information regarding the local motion of 

the spin-label, various other experimental and computational methods can be used to 

more comprehensively characterize the protein. These different methods will be explored 

in the following sections. 

2.3 Multicomponent Fitting of Slow-Motion EPR Spectra 

Multicomponent spectra can be de constructed into the spectrum of each protein 

conformation that is present. In order to fit multicomponent EPR spectra, a program 

written by Dr. Christian Altenbach at the University of California, Los Angeles, is used. 

This program characterizes the motional dynamics of the MTSL side-chain using a 

microscopic-order-macroscopic-disorder (MOM D) model40 In this model, the spin-label 

is represented in three coordinate systems (Figure 2.7)41 The first coordinate system is 

that of the magnetic frame (XM, YM, ZM); Xm is fixed as the N-O bond in the nitroxide side 

chain, Zm is fixed as the 2p orbital of the nitrogen atom, and Ym is positioned to follow a 

right-handed coordinate system. This coordinate system positions the hyperfine-coupling 

magnetic tensor (A-tensor) and the g-tensor. The g-tensor defines the interaction between 

the electron and magnetic field, while the A-tensor defines the interaction between the 

electron and nucleus. The second coordinate system is that of the rotational diffusion 

frame (XR, YR, ZR). This coordinate system positions the rotational diffusion tensor (R

tensor). The third coordinate system relates the magnetic and rotational diffusion frames 

and is known as the diffusion tilt angles (UD, ~D, YD). This coordinate system relates the 

other two frames via a set of Euler angles. 
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XM 

Figure 2.8: Coordinate Systems ofthe Nitroxide Side Chain. The three main 
coordinate systems used to describe the spin-label in the MOMD model are shown here. 
Most importantly, Xm is taken as the N-O bond and Zm is the nitroxide 2p orbital. Figure 

adapted from Columbus, et al. 2010. 

Additionally, a restoring potential is included in the fitting process to simulate anisotropy. 

The restoring potential is defined as the order parameter: 

1 
S = "2«(3 sin2 e - 1) 

where 8 is the angle between ZR and the symmetry axis ofthe potential and the brackets 

indicate spatial averaging. While the order parameter is useful to simulate anisotropy, it is 

computationally expensive and often left out of fitting procedures ifpossible42 

2.4 Saturation Recovery EPR 

Saturation recovery (SR) EPR is a pulsed EPR method that measures spin-lattice 

relaxation (T 1) and be used to see if different populations of a sample have different 

motional properties. In particular, SR EPR has been used to differentiate between 

rotational and conformational equilibrium. Conformational exchange occurs on the /ls-ms 

timescale, and thus a pulsed EPR method can be used to resolve this equilibrium. SR 

EPR depends on the fact that two states (protein conformations) will have different 
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accessibilities to paramagnetic reagents and thus different intrinsic values of T1, the spin

lattice relaxation time. By varying the concentration of a paramagnetic reagent (i.e., 

oxygen), the accessibility of each conformation to the paramagnetic reagent (W), and k, 

the average exchange rate constant, can be solved for39 W is directly related to T 1 

because W ~ (2Tlr139 

Multiple conformations of the protein can be detected by fitting the SR EPR data 

with exponential curves. If the data is fit well with a single exponential, this is consistent 

with only one conformation of the protein present. Thus although a "multi component" 

CW EPR spectrum is observed, it is likely that the two populations observed are 

rotameric conformers. Thus, there will only be one set of accessibilities to a paramagnetic 

reagent. On the other hand, if the data is not fit well with a single exponential and 

requires two exponentials, then there are two distinct conformations with unique 

accessibilities to paramagnetic reagent present (Figure 2.9). These accessibilities can be 

calculated by measuring relaxation times at various concentrations of the paramagnetic 

reagent. Measuring accessibilities to paramagnetic reagents will be further explored in the 

next section. Previous results in the Howard Lab indicate that M2 is in the latter group, 

and that multicomponent CW spectra are a result of conformational exchange43 
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Figure 2.9: Fitting Saturation Recovery Curves with Two Exponentials. When the 
data is fit with only a single exponential, there is a clear non-linear residual. When a 

double exponential is used, there is no pattern in the residual. This suggests that there are 
two distinct confonnations of the protein present in solution. Adapted from Bridges, et al. 

2010. 

2.5 Power &1turation EPR 

Power saturation (PS) EPR can measure a spin-label's accessibility to a 

paramagnetic reagent. This method utilizes the fact that paramagnetic reagents can affect 

the relaxation efficiency of the spin-label. ill order to obtain PS EPR spectra, CW EPR 

spectra are collected over a range of power levels. illitially, the signal increases linearly 

with the square root of the incident power (pIn); for PS EPR measurements, signal 

strength is measured as the central peak intensity (Figure 2.10). However, at high powers, 

the sample cannot relax quickly enough to absorb more protons and there is a platean and 

subsequent decrease in the signal intensity. There is a decrease in the signal intensity 

becanse there are fewer and fewer ground state confonnations that can potentially absorb 

the photons. The signal intensity is directly related to the bimolecular collision rate 

between the spin-label and the paramagnetic reagents, which affects the spin-lattice 

relaxation rate. 
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Figure 2.10: Power Saturation Plots ofN2, O2, NiEDDA and CROX. As the power 
increases, there is an increase in the central peak amplitude. At a certain point, the 

amplitude actually decreases as there are fewer and fewer ground state molecules that can 
absorb photons. CROX was not tested in this thesis. Klug and Feix, 2008. 

The most common paramagnetic reagents tested are oxygen gas and nickel (II) 

ethylenediaminediacetate (NiEDDA). Oxygen is a small hydrophobic molecule that s 

partitions into lipid bilayers, with the highest concentration at the middle ofthe bilayer. 

NiEDDA is a hydrophilic molecule that will generally remain in the aqueous layer. As a 

baseline, data is also collected in the presence of only nitrogen gas (i.e, absence of any 

paramagnetic reagent). By collecting PS EPR data it is possible to determine ifthe spin-

label is buried in the membrane or solvent-exposed. 36 To analyze the data, the amplitudes 

ofthe signals are plotted as a function of power and fit using the equation to obtain P1I2 , 

the power at which the intensity is half ofthe unsaturated intensity:36 

A = IPl/2 [
1 + (2L 1)Pj-C 

Pl/2 

27 



where A is the signal amplitude, I is a scaling factor, P is the incident power, and £ is a 

line homogeneity factor. Once P lI2 is obtained for oxygen, NiEDDA, and nitrogen 

samples, ~PlI2 is calculated by subtracting the PlI2 of nitrogen from the other two. * 

Therefore: 

~PlI2(NiEDDA) = PlI2(NiEDDA) - PlI2(N2) 

~PlI2(02) = PlI2(02) - P lI2(N2) 

~PlI2 ofNiEDDA and O2 give an indication of how accessible the spin-label is to that 

specific reagent.44 Higher accessibility to NiEDDA indicates a more solvent-exposed site 

whereas higher accessibility to oxygen indicates a site more buried in the lipid bilayer. 

Previous Howard Lab members showed that power-saturation can be used to detect 

secondary alpha-helical structure as oxygen accessibility varies with helical turns (Figure 

2. 11)29. Additionally, ~PlI2 can be used to calculate relative membrane depth of a spin-

labe1.45 
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Figure 2.11: Accessibility to Oxygen Follows Alpha-Helical Periodicity. Accessibility 
to oxygen as determined by PS EPR repeats roughly every four residues This coincides 

directly with the tum of the alpha helix of sites 48-56 of M2TMC, suggesting that the C
terminal helix adopts an amphipathic alpha helix. Figure adapted from Nguyen, et al. 

2008. 

* There is a difference between PlI2, the power at which the intensity is half of the 
unsaturated condition, and p1I2, the square root of the incident power. 
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2. 6 Distance Measurements, Dipolar Coupling, and Double Electron-Electron 
Resonance EP R 

Dipolar coupling between spins is dependent on inter-spin-Iabel distances. 

Nonnally, in order to obtain distance measurements, either multiple spin-labels must be 

introduced onto the same protein or in the case of an oligomer, one spin-label must be 

introduced into each monomer and distances between monomers can be measured. Since 

M2 exists as a tetramer, the latter approach is used. 

In CW EPR, dipolar coupling between the spin-labels is observed when the two 

spin-labels are less than 20 A apart (Figure 2.12). This is a through-space interaction as 

there is distance-dependent broadening and concomitant decrease in peak intensities of 

the CW EPR spectrum.36 Dipolar broadening is analyzed by calculating Q, the relative 

intensity of the central peak of a sample that has spin-labels on every protein against a 

sample that has been spin-diluted and there are no-spin labels near each other; Q is 

calculated as: 

In tens i ty Diliute - Lab e led 
fl = -::---:-'-::..:..:..:..:==--== 

IntensitYFully-Labeled 

An Q value of I indicates that the spin-labels are greater than 20 A apart from another, 

whereas a value of greater than I indicates dipolar coupling. 

Figure 2.12: Dipolar Broadening of CW EPR Spectrum. Grey spectrum shows a 
dilute-labeled sample. Black spectrum shows a fully-labeled sample that is experiencing 

dipolar broadening. There is clear broadening of the peaks and decreasing peak 
amplitude. Figure adapted from Klug and Feix, 2008 
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While dipolar coupling can give a qualitative indication of inter-spin-label 

distances, double electron-electron resonance (DEER) EPR, a pulsed EPR method, is 

used to obtain more exact distance measurements between 20 A and 60 A. 46 Other nearby 

paramagnetic centers affect the relaxation of a probed center. Dipolar coupling is related 

inversely to r3, and therefore only nearby centers influence the DEER signal. In DEER 

EPR, a four-pulse sequence is used to maximize sensitivity (Figure 2.13).47 In general, 

first a frequency is applied, a signal is observed, and then a ptunp is successively applied, 

resulting in what is known as the time-domain signal. 
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Figure 2.13: Four-Pulse Sequence Used for DEER Experiments. DEER is a pulsed 
EPR method where a frequency is applied, and then subsequently ptunped. The time

domain signal is collected after the last ptunpe. Adapted from Jeschke, et ai. 2012. 

The time-domain signal is a product of two factors: the backgrOlmd decay and the 

coupled spins. The background decay is due to distant spins that contribute slightly to the 

signal. The backgrOlmd decay signal must be subtracted out of the signal. The coupled 

spins modulate the electron spin echo as the ptunp pulse is applied. The modulation depth 

gives an indication of the strength of the coupling of the spin-labels. Once the signal only 
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from the nearby-ccupled 'Pms IS Isolated, it IS fit usmg DeC1'Analysls software and then 

FOllrlC1' transfcnned to obtam the distance d1Slributions (FIgure 2.14) 48 
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Figure 2.14: DEER Can Be Used to Extract Distance Distribution. Left shows the 
ddance distribution aftC1' Fcuner transfonnation Middle ohows the raw time-domam 

signal Right shows the backgrolllld decay-oubtraded signal that IS mly the contribution 
from the 'Pm-pairs that are within 20 A to 60A apart Figure adapted from Jeschke, eta/. 

2012. 

In ct"dC1' to ootam hlghC1' slgnal-to-nOlse m DEER, Q-band frequEncy (-34 GHz) 

can be used as cpposed to CW 'Pedra collected at X-band frequEncy (-95 GHz)""'so Q-

band frequEnCY produces higher quality data because a hlghC1' prcpcrlim of the 

populatim IS bemg excited, genC1'ating mct"e states that can possibly relax. Additionally, 

for membrane protems, differEnt membrane model systEmS, such as Nanodiscs, can be 

used to mmlmlze spm-couplmg between distant 'Pms, which slmphfies the process of 

oubtrading the backgrolllld nOise 46 RecEntly, the use ofLipodlsqs has shown to both 

lffiprove data quality over micelles and prcteohposcmes, while also provldmg an 

EnVlrmment that more closely-reflects an in vivo b!layer compared to nanodiscs (FIgure 

215)51 Fmally, the use ofD20 has been shown to mcrease DEER data quality by 

removmg dipolar couplmg with nearoy watC1' molecules 51 The latter \¥{o methods 

lffiprove DEER data because they both lIlcrease T2, resulting m mcreased modulation 

depth of the time-dcmam signal Thus, with thiS arsEnal of CW EPR, pulsed EPR, and 
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computational methods, this thesis will look to comprehensively characterize the M2 

protein and its dynamics in a lipid bilayer. 
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Figure 2.15: Lipodisqs Significantly hnprove DEER Data Quality. Using an MTSL 
spin label, DEER data was collected in micelles, proteoliposomes, and lipodisqs. There is 
a clear improvement in data quality for lipodisqs over proteoliposomes. \\'hile micelles 

and lipodisqs both give high quality data, lipodisqs more closely imitate a natural bilayer. 
Figure adapted from Sahu, et al. 2013. 
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Chapter 3: Materials and Methods 

3.1: M2 Protein Spin-Labeling, Synthesis and Purification 

In this study, a truncation of the M2 protein, M2TMC (22-60), was used. This 

construct maintains ion-channel capabilities and has been the subject of several other 

studies.z9 M2TMC contains both the transmembrane (TM) helix and the amphipatbic 

helix. The ampbipathic helix contains a putative cholesterol recognition amino acid 

consensus (CRAC). 

In this study, six different M2MTC peptides were used. Each peptide had either 

one or two mutations; these constructs are as follow: 142C/C50S, L46C/C50S, 

F48CICSOS, ISICICSOS , FSSICSOS, and CSOS. These peptides will be referred to as 

M2TMC-I42SL, M2TMC-L46SL, M2TMC-F48SL, M2TMC-ISI SL, M2TMC-FSSSL, 

and M2TMC-CSOS respectively. M2TMC-CSOS was added to spin-dilute samples in 

order to avoid dipolar coupling between spin labels in adjacent monomers. The amino 

acid sequences for each of these constructs and the wild-type protein are shown in Figure 

1 below. Peptides had to have the naturally occWTing C50 residue mutated to ensure that 

the spin-label did not attach at the wrong site. Serine was chosen because it is structurally 

analogous to cysteine. 

M2TMC-WT 
M2TMC-142C 
M2TMC-L46C 
M2TMC-F48C 
M2TMC-IS1C 
M2TMC-FSSC 
M2TMC-CSOS 

23 Transmembrane Helix Amphipathic Helix 60 

SD PLVVAASlIGILHLILWILDRLF~ 
5 D P L VVAA 5 II GI LH L I L W .(L D R LF F K.s.1 YRF F E H GL K 
S D P L VVAA S II GI LHL I L W I L D Rf.F F K.s.1 YRF F E HG L K 
5 D P LVVAA 5 II GI LH LI L WIL D RLF~K~IY R F F E H G LK 
50 P L VVAA 51 I GI LH LI L W I L D RLF F K5.CYRFFE H GL K 
S D P L V V A A S II GIL H L I L W I L D R L F F K ~ I Y R F !: E H G L K 
5 D P LVVAA 511 GI LH 1I L W I L D RLF F K.5.1 YR F F E H G LK 

Figure 3.1: Amino Acid Sequence of Protein Constructs. Overlaid onto the sequence 
are the proposed sequences for the TM helix and amphipathic helix. Cysteines and 

mutated cysteines are underlined. 

33 



All of the peptides used were previously synthesized, cleaved from resin, and 

lyophilized29 To spin-label a peptide, one of two procedures were used. In the first 

protocol, 4 mg of crude peptide was dissolved in 100 ilL 2,2,2-trifluoroethanol (TFE) 

with 5 molar equivalents of l-oxyl-2,2,5 ,5-tetramethylprroline-3-

methylmethanethiosulfonate (MTSL) and 2 molar equivalents of N,N

diisopropylethylamine (DIPEA), an organic base, and then stirred at room temperature 

for 48 hours. In a second procedure design to spin-label and purify more peptide, 8 mg of 

crude peptide was dissolved in 200 ilL TFE with the same molar equivalents of MTSL 

and DIPEA used before. For 8 mg spin-labeling reactions, two-fold dilution of TFE was 

used to prevent dimerization of M2TMC. MTSL was obtained from Toronto Research 

Chemicals. 

The spin-labeled peptides were purified using reverse HPLC on a Vydac Protein 

C4 preparative column with a Waters 1525 Binary HPLC Pump with a Waters 2487 Dual 

Wavelength Absorbance Detector. The composition of solvent was, 0.1 % trifluoroacetic 

acid (TF A) in deionized water, and solvent IE was 60% isopropanol, 30% acetonitrile, 

10% deionized water and 0.1 % TF A. The program used a flow rate of 10 mLimin with 

linear gradient of 65% to 90% of solvent IE over 30 minutes. In general, the peptides 

were manually collected at around ~87% solvent IE. The presence of protein was 

monitored by UV absorbance at 220 and 280 nm. 

Once the peptide was collected, in order to regenerate any spin label left, 2.2 [tL 

of 10% aqueous ammonia was added for every 1 mL of collected peptide and air was 

bubbled through the solution for 30-60 minutes. To facilitate freezing of the samples 
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necessary for lyophilization, nitrogen gas was blown over the sample to remove organic 

solvent until the volume of fractions as reduced by approximately half. Once the solvent 

was blown off, deionized water was added to bring the total volume back to the original 

level. Deionized water was added to further facilitate proper freezing in liquid nitrogen. 

Once the samples were completely frozen, they were dried under high vacuum pressure 

generated by a Labconco Freezone Plus 6 lyophilizer for 48 hours or until completely 

dehydrated. The remaining solid was dissolved in TFE and stored in the dark at _200 C 

until needed. 

3.2 Calculating Concentration of Protein 

In order to calculate the concentration of purified, spin-labeled present in the TFE 

solution, a standard calibration curve built off of known concentrations of TEMPOL in 

TFE was used. The peptide stocks were then scanned times with 0.640 ms time constant 

and 5.120 ms conversion time on a ER4123D high-power cavity and then double 

integrated in a 100 Gauss (G) range. The equation derived was: 

Concentration ~ 3.78 * (DIIN) 

where the concentration calculated using this method was in mM units. 

To determine the concentration of C50S, absorbance at 280 nm was used with the 

following extinction coefficient: 7,755 M·1cm·152 Because C50S was stored in TFE, 

obtaining precise absorbance measurements via UV -Vis was difficult because the solvent 

quickly evaporated. Therefore, the average of four scans was used to calculate 

concentration of C50S. 
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3.3 Preparing and Reconstituting Samples for CW EP Rfor Cholesterol Study 

Spin-labeled peptides were reconstituted into membrane bilayers of various 

compositions. Lipid-protein films were made such that final samples would have 25 ilL 

of 100 11M protein: For CW EPR, bilayers were made of I-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), I-palmitoyl-2-0Ieoyl-sn-glycero-3-phospho-(1' -rac-

glycerol) (POPG), and cholesterol (Figure 3.2). These bilayers had a PO PC to POPG 

ratio of 4: 1 with 0%, 20%, or 30% cholesterol at a 200: 1 lipid to peptide ratio. The 

composition of POPC/POPG 4: 1 was used based on optimization work done previously 

in the lab and the fact that there are published functional assays using this bilayer.29,22. 

Higher lipid to protein ratio was used in order to minimize any protein aggregation or 

spin-coupling. Lipid film compositions are shown in Table 3.1 

PO PC 
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Figure 3.2: Structure of Lipids Used. Structures of PO PC, POPG, and cholesterol used 
to prepare lipid films. 

* Near the end, T began making 30 ilL instead in order to allow for multiple scans with a 
single sample without fear of not having enough sample. 
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Lipid Fibn VolumePOPC VolumePOPG Volume Cholesterol 
(25 mglml) (25 mg/ml) (25 mg/ml) 

0% Cholesterol 12.16 ilL 3.08 ilL 0 

20% Cholesterol 9.72 ilL 2.47 ilL 1.54 ilL 

30% Cholesterol 8.52 ilL 2.16 ilL 2.32 ilL 

Table 3.1: Lipid Fibn Composition. Table of volumes of each lipid used to create lipid 
films at a 200: 1 lipid to peptide ratio. 

Samples were either prepared with proteins that were all spin-labeled, referred to 

as "fully-labeled (FL) samples," or with a 4:1 spin dilution, referred to "dilute-labeled 

(DL) samples" where for every 1 molecule of spin-labeled protein, there were 4 

molecules of C50S; DL samples thus only had 20 mM spin-labeled protein. Samples 

were spin-diluted in order to try to only have one spin-labeled M2 monomer per tetramer 

to eliminate line broadening due to dipolar coupling. Comparison of DLiFL intensities 

has been used to calculate Q values, which is a qualitative measurement of distances. 36 

Furthermore, we were interesting in using simulations to extract motional information, 

which cannot be done when dipolar coupling is present and thus requires DL samples. 

In order to reconstitute the protein into the membrane bilayer, a freeze-thaw-

sonicate-vortex technique was used. First, the lipid-protein film was rehydrated using a 

Tris buffer (described in section 3.10) for 30 minutes before any vortexing. After this 

rehydration period, the sample was transferred from the glass vial into an Eppendorftube. 

Often time, especially at high cholesterol levels, the rehydrated film had to be warmed up 

in a warm water bath set at 38°C in order to facilitate sample transfer. 

Once the sample was completely transferred into the Eppendorftube, it underwent 

five rounds of freeze-thaw cycles. First, the sample was frozen using a dry ice-acetone 
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slurry and then thawed using a 38°C water bath. Then, the sample was placed on a 

vortex for one and half minutes. 

Next, the sample underwent three rounds of sonication cycles. The sample was 

first sonicated in a bath ultrasonicator (G 112SP Special Ultrasonic Cleaner, Laboratory 

Supplies Company) for one minute to create liposomes. Occasionally, the sonication 

process melted the Eppendorftubes, at which point the sample had to be moved to a new 

Eppendorf tube. The sample was then briefly centrifuged and placed on the vortex for 

one and a half minutes. Additonally, between each sonication cycle, the sample was 

placed on ice to cool the system after sonication, which minimized excessive heating of 

the sample and melting of tubes. 

After the three initial sonication cycles, the sample underwent one more freeze

thaw cycle and two more sonication cycles. Sometimes, a third final sonication cycle 

improves protein reconstitution, but it also can lead to the appearance of free spin-label. 

Therefore, most samples only underwent two final sonication cycles. After these final 

sonication cycles, the samples were stored at -20°C until EPR data was collected. 

3.4 Collecting and Processing CW EPR Spectra 

EPR spectra were collected at room temperature on an X-band Bruker EMX 

Spectrometer equipped with an ER4123D resonator. EPR sample capillaries (l.5-l.8 x 

100 mm, Kimax-51, Kimble Products) were loaded with 20 ilL of sample and position in 

the middle of the sample cavity. EPR spectra were collected at approximately 9.79 GHz 

at 2.002 m W incident power. All samples were measured with center field of 3480 G, 

150 G sweep width, 100 kHz modulation frequency, l.00 G modulation amplitude, 20.48 
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ms time constant, 40.96 ms conversion time, and 1024 points per spectrum. Collection 

parameters were optimized based on previous work in the lab53 For FL samples, 400 to 

500 scans were collected, while for DL samples, 1500 to 2000 scans were collected. All 

samples also had a I-second delay time between successive scans with automatic fine

tuning to minimize sample heating and maintain proper tuning. Scans were also 

frequently stopped early if there was a good signal-to-noise ratio. Since all spectra were 

normalized (see below), the different number of scans did not impact further data 

analysis. 

All scans were normalized to have the same number spins using WinEPR. Spectra 

were normalized to have the same double integral. All EPR data was exported off of the 

spectrometer in ASCII format and plotted using IGOR Pro. 

3.5 DHPC Sample Preparation and Data Collection 

M2TMC was also reconstituted into 1 ,2-diheptanoyl-sn-glyceero-3-

phosphocholine (DHPC) micelles in order to compare our results to previously published 

high-resolution NMR data (Figure 3.3)20 Examination of the spectra in DHPC micelles 

revealed a significantly different EPR spectrum (see Figure 4.2), yet published data 

established that the protein was folded and tetrameric under these conditions. DHPC 

samples were prepared using sample conditions used by the Chou Group in a structural 

solution NMR study30 Here, a 400:1 detergent to peptide ratio was used at 25 ilL of 100 

11M final peptide concentration. 
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Figure 3.3: Structure ofDHPC. DHPC was used to mimic sample conditions used by 
the Chou Group in a solution NMR study?O 

Similar to bilayer sample preparations, lipid-peptide films were prepared and 

dried down. In order to place the peptide into the micelles, 25 flL of a Tris buffer 

containing 30% glycerol was added and the sample was vortexed for 10 minutes. The 

glycerol was added to slow down tumbling of the detergent micelles. EPR collection 

parameters were identical to those previously described. 

3.6 Frozen EPR Sample Preparation and Data Collection 

Frozen EPR spectra were collected on three samples: M2TMC-I51SL in 

POPC/POPG bilayers, M2TMC-F55 in POPC/POPG bilayers, and TEMPOL in the 

presence of POPC/POPG bilayers. TEMPOL was chosen to be a mimic of free MTSL. 

These samples were prepared to have a final volume of 25 flL and protein (or spin-label) 

concentration of 100 flM. All peptide samples were spin-diluted 4: 1. The samples with 

peptides underwent the same reconstitution protocol as described earlier. The sample 

with TEMPOL was put through the same reconstitution protocol as a control sample. 

Frozen spectra were collected at 77 K by Dr. Don Hirsh at The College of New 

Jersey. Data was collected on a Bruker/IBM ER200D ESR spectrometer at 9 GHz 

equipped with a Wilmad cold finger for temperature control. 
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3.7 Power Saturation EPR Sample Preparation and Data Collection 

Power saturation (PS) EPR data was collected on four peptides: M2TMC-I42SL, 

M2TMC-F48SL, M2TMC-I5lSL, and M2TMC-F55SL. PS-EPR samples were all 

prepared at a 200:1 lipid to peptide ratio with 25 ilL final sample volume with 100 11M 

spin-labeled protein. Lipid films were prepared with PO PC and POPG, with either 0% or 

30% cholesterol present. FL samples were used because dipolar coupling does not 

significantly affect the power saturation point and increases sample sensitivity. Power 

saturation required three sets of data: nitrogen, oxygen, and NiEDDA. However, the same 

sample could be used for collecting nitrogen and oxygen data. Oxygen and nitrogen 

samples were reconstituted using a Tris buffer while NiEDDA samples were 

reconstituted using a NiEDDA buffer; NiEDDA buffer was made without EDTA, whch 

is used in normal EPR buffer. NiEDDA was previously described and stored in the dark 

to avoid any photo-degradation. 53 Reconstitution of these samples followed the procedure 

previously described. 

EPR spectra were collected with the sample in a gas-permeable TPX capillary. 

For the nitrogen and NiEDDA samples nitrogen gas at 10 mLimin was flowed over the 

sample throughout the duration of the scan in order to remove any effects of oxygen. 

Before the scan was started, the sample equilibrated under nitrogen gas for 20 minutes. If 

the same sample was used for nitrogen and oxygen data collection, the sample 

equilibrated in air for 20 minutes before oxygen data collection. 

EPR data was collected at gradually increasing power levels. For nitrogen 

samples, data was collected at 8 power levels, while for oxygen and NiEDDA samples, 

data was collected at 16 power levels. In later experiments, PS-EPR data was collected at 
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higher powers to saturate the sample. For these experiments, nitrogen samples were 

collected at II power levels, while for oxygen and NiEDDA samples were collected at 21 

power levels. The power levels are shown in Table 3.2. Each sample had a different 

number of scans collected per power level. 300, 400, and 500 scans per power level were 

collected for nitrogen, oxygen and NiEDDA samples respectively. Additionally, PS-EPR 

spectrum collection parameters differed from those of CW EPR in that a shorter time 

constant (0.640 ms) and conversion time (5.120 ms) were used. Finally, all data was 

plotted and analyzed using Igor Pro. 

Power Level Incident Power (mW) 
I 1.581 
2 1.997 
3 2.514 
4 3.165 
5 3.985 
6 5.016 
7 6.315 
8 7.95 
9 10.01 
10 12.60 
11 15.86 
12 19.97 
13 25.14 
14 31.65 
IS 39.85 
16 50.16 
17 63.61 
18 79.7 
19 100.3 
20 126.3 
21 159.0 

Table 3.2: Incident Power for Power Saturation EPR. Air and NiEDDA samples 
collected EPR spectra at all power levels. Nitrogen samples collected EPR spectra at only 

the odd-numbered power levels. 
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3.8 DEER Sample Preparation and Data Collection 

Double electron-electron resonance (DEER) EPR data was collected on three 

peptides: M2TMC-F48SL, M2TMC-151SL, and M2TMC-F55SL. M2TMC-151SL, the 

first peptide sent for DEER analysis, was prepared in four different lipid environments; 

151 was prepared in 1,2-di-0-dodecyl-sn-glycero-3-phosphocholine (DPC) micelles, 

DHPC micelles, POPC/POPG/DHPC bicelles, and Lipodisqs (Figure 3.4). All micelle 

and bicelle samples were 30 f.1L with 100 mM spin-labeled protein and contained a Tris-

glycerol-D20 buffer; the Lipodisq sample was 1000 f.1L with 100 mM spin-labeled 

protein. Due to the significantly larger volume of the Lipodisq sample, it underwent 2 

extra round of sonication cycles to ensure proper reconstitution. D20 was used instead of 

H20 in order to improve data resolution because dipolar relaxation due to IH from water 

was minimized. DEER data for M2TMC-F48SL and M2TMC-F55SL were only 

collected with the protein in DHPC micelles and Lipodisqs because they gave the highest 

quality data. 

DPe 

Figure 3.4: Structure of DPC. DPC was used to mimic sample conditions used by the 
Degrado group to study M2.19 

Micelle samples were prepared in the same way as DHPC micelles as previously 

described. Bicelle samples were reconstituted using the bilayer reconstitution protocol. 

M2MTC-151SL was reconstituted into POPC/POPG bilayers at Swarthmore College and 

then reconstituted into Lipodisqs at the Advanced EPR Laboratory University of Miami, 
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Ohio. Lipodiscs were obtained from Malvern Cosmeceutics and reconstituted following 

published protocols51 Lipodisqs are available as SMA-Lipodisq nanoparticies that allow 

for protein reconstitution without the use of any detergents. 54 Additionally, dynamic light 

scattering (DLS) experiments were done by Dr. Sahu to check size and distribution of 

lipid-protein complexes. All samples were sent via Fedex with dry ice to Dr. Gary 

Lorigan at the Advanced EPR Laboratory at the University of Miami, Ohio for data 

collection. Data was collected on a Bruker ELEXSYS E580 spectrometer with a SuperQ

FT pulse Q band system with a lOW amplifier and EN 5107D2 resonator. 

3.9 SR EPR Sample Preparation and Data Collection 

Saturation-recovery EPR (SR EPR) data was collected on two peptides: M2TMC

F48SL and M2TMC-I51SL. The final samples had 25 ilL of200 11M spin-labeled peptide 

and 800 11M unlabeled peptide at a lipid to peptide ratio of 500: 1, resulting in 1 mM final 

concentration lipid. Samples were reconstituted into a 4: 1 POPC:POPG bilayer in a Tris 

buffer. Due to the high viscosity of these samples, extra reconstitution buffer, typically 1 

to 2 ilL, had to be added in order to successfully transfer the sample to an Eppendorf 

tube. Additionally, these samples were warmed up for one minute in a warm water bath 

to aid in sample transfer. These samples were then reconstituted following the 

reconstitution protocol previously described. Samples were prepared at Swarthmore 

College and sent to Dr. Jimmy Feix at the National Biomedical Electron Paramagnetic 

Resonance Center at the Medical College of Wisconsin. 
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3.10 Analysis and Simulation ofEPR Data 

To simulate CW EPR data, Multicomponent, a LabView dock developed by Dr. 

Christian Altenbach at the University of California, Los Angeles, was used. Specifically, 

EPR spectra were fit under the assumption that only two distinct conformations were 

present, which is consistent with the changes we see upon titration of cholesterol into the 

samples and the fits to SR-EPR curves. Dr. Linda Columbus at the University of 

Virginia provided guidance in fitting preliminary multicomponent EPR spectra. 

To analyze DEER data, DeerAnalysis 2009 and DeerAnalysis 2013, Matlab docks 

available by ETH Zurich were used48 Initially, Tikhonov Regularization analysis was 

done on DeerAnalysis 2009 by Dr. Indra Sahu at the University of Miami, Ohio. These 

analyses were redone at Swarthmore College on DeerAnalysis 2013. Data was then 

further analyzed using symmetry-constrained models (2 Rice3D and 2 Gaussian models) 

on DeerAnalysis 2013. However, the models in DeerAnalysis 2013 could not 

accommodate for three or four distance distributions that were seen during Tikhonov 

Regularization analysis for M2TMC. When this was brought up to Dr. Clark Hyde at the 

University of Chicago, who helped develop DeerAnalysis 2013, he wrote a new dock that 

incorporated 3 Rice3D and 4 Rice3D models. While these new models did not have any 

symmetry constraints options, they nonetheless significantly improved obtaining clearer 

distance distributions. Dr. Hyde analyzed a set of data of lSI in Lipodiscs in order to test 

the new model; his analysis is presented in this report. 

Finally, SR-EPR data analysis was done by Dr. Jimmy Feix at the Nation 

Biomedical Electron Paramagnetic Resonance Center at the Medical College of 

Wisconsin. 
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3.11 Description of Buffers Used 

The following table lists the composition of all of the buffers used and the amount 

of each reagent needed to prepare 10 mL of the buffer (Table 3.3). Each buffer was set to 

pH7.S. 

Buffer 100mM SOmM ImM NiEDDA Glycerol Solvent 

KCl Tris EDTA 

Tris Buffer 74.6 mg 60.6 mg 3.7mg - - H2O 

NiEDDA 74.6 mg 60.6 mg - 46.6 mg - H2O 

Tris-D2O 74.6 mg 60.6 mg 3.7mg - 3.3mL D20 

Table 3.3: Reconstitution Buffers. Amount of chemicals needed to make 10 mL of each 
reconstitution buffer used. 
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Chapter 4: Cholesterol Dependent Change in M2 

4.1: EPR Spectra Reveal Shift in Conformations 

EPR line shapes can give direct infonnation regarding the mobility of the MTSL 

spin label. As the spin label becomes more immobilized, there is broadening of the EPR 

peaks (Section 2.1). 

In the EPR spectra of the spin-labeled proteins, there are clearly two peaks present 

in the low field peak - giving a "double hump" appearance (Figure 4.1). One of these 

peaks is broader while the other is closer to the middle field peak. As the cholesterol 

content of the membrane bilayer changes, the relative intensities of these two peaks 

changes, possibly indicating confonnational exchange. For simplicity, the confonnation 

correspond to the broader peak will be called the "immobile confonnation" (I) while the 

confonnation corresponding to the other peak will be called the "mobile confonnation" 

(M); this tenninology reflects the motional regimes of SDSL-EPR. As the cholesterol 

content of the bilayer increases, the immobile confonnation is more populated. Since this 

trend is seen for all five sites, there is a concerted confonnational change. 

While the immobile component becomes more pronounced at high cholesterol 

levels (30% cholesterol), it is also visible in the absence of cholesterol. Therefore, there is 

a natural equilibrium between these two states in the membrane bilayer, and cholesterol 

selectively stabilizes one of these confonnations rather than causing a change in 

confonnation of M2. In order to confinn that there are two distinct confonnations are 

present, saturation recovery EPR was perfonned on M2TMC-I42SL, M2TMC-F48SL, 

M2TMC-I51SL and M2TMC-F55SL in POPC/POPG bilayers in the absence of 

cholesterol (Section 5.1). 
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Figure 4.1: CW EPR ofM2TMC-I42SL, M2TMC-L46SL, M2TMC-F48SL, 
M2TMC-I51SL, and M2TMC-F55SL. CW EPR indicates a clear change in populations 

of the immobile (1) and mobile (M) conformations as the cholesterol content ofthe 
bilayer is increased. POPC:POPG:Cholesterol ratios of 4: 1: 1.25 and 4: 1 :2.14 correspond 

to 20% and 30% cholesterol respectively. 
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In addition, the inverse of the central peak width, I'lR! can be a qualitative 

indicator for protein immobilization. The immobile conformation has a smaller I'lR! 

because the central peak is broader. For all of the peptides studied, as the cholesterol 

content of the bilayer increases, I'lR! of the spectrum decreases, suggesting that the 

immobile conformation is gradually more populated (Table 4.1). Again, a concerted 

change between all of the residues studied is seen. 

Peptide 0% Cholesterol 20% Cholesterol 30% Cholesterol 

M2TMC-I42SL 0.26 0.22 0.17 

M2TMC-L46SL 0.27 0.23 0.19 

M2TMC-F48SL 0.37 0.35 0.32 

M2TMC-I51SL 0.38 0.35 0.31 

M2TMC-F55SL 0.33 0.25 0.20 

Table 4.1: ilR! ofM2TMC-I42SL, M2TMC-L46SL, M2TMC-F48SL, M2TMC
I51SL, and M2TMC-F55SL. These values indicate that as the cholesterol content of the 

bilayer increases, there is increased peak broadening. 

4.2 Isolating Single Components 

Each of the EPR spectra collected represents a weighted average of the spectrum 

of each of the components present. Therefore, spectral subtraction can be used to isolate a 

single component. In order to do this, a fraction of the EPR spectrum of the dilute-labeled 

(DL) protein in 20% cholesterol was subtracted from the spectrum of the protein in 0% 

cholesterol. DL samples had to be used in order to avoid any differences in dipolar 

coupling, albeit at the loss of signal resolution. Additionally, spectra had to be carefully 

centered to have aligned central peaks for proper spectral subtraction. Figure 4.2 shows a 
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conformation of F55 obtained via spectral subtraction. This was obtained by the formula: 

Isolated = 0% - 0.55(20%). Based on the spectral line shapes, the spectrum seems to 

correspond to the mobile conformation. In order to confmn the validity of the spectrum, 

the lipid environment ofM2TMC-F55SL was altered to try to reproduce this spectrum. 

Since the line shapes indicated a mobile conformation, we tested M2TMC in DHPC, the 

lipid used by the Chou group that gave a structure that corresponded well with the mobile 

conformation based on the DEER data (Section 8.2). The EPR spectrum ofM2TMC-

F55SL in DHPC looks similar to the EPR spectrum of the putative mobile conformation 

obtained via spectral subtraction (Figure 4.3). Thus, DHPC seems to favor the mobile 

conformation, and the EPR spectrum ofF55 in DHPC will be used for Multicomponent 

simulations (Section 6.1). 

Figure 4.2: Isolating a Mobile Component of M2TMC-F55 SL. Left: This EPR 
spectrum was isolated vvith the equation: Isolated = 0% - 0.55(20%), where 0% and 20% 
is F55 in a POPC:POPC bilayer containing 0% and 20% cholesterol respectively. Right: 
CW EPR spectrum ofF55 in DHPC indicates a mobile conformation is isolated. Sample 

conditions were made to mimic those used by Chou, et aI., in a structural study of 
M2TMC. 
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Chapter 5: Using Saturation-Recovery EPR To Study 
Timescales of Motion 

5.1 Saturation Recovery EPR on M2TMC-F55 SL and M2TMC-I42 SL Fits to Double 
Exponential 

Saturation-recovery EPR (SR-EPR) is a method that can differentiate between 

protein conformational states and rotameric states of a spin-label. This is because 

rotameric exchange occurs on a much faster timescale - IlS to ns range - than 

conformational exchange - ms to IlS range (Section 2.3, Figure 2.4)39 CW-EPR cannot 

distinguish between these two kinds of exchanges, and thus SR-EPR can be used to 

confirm the presence of distinct protein conformations by fitting the SR-EPR curve and 

seeing if a single or double exponential fits better. 

Next, spin-lattice relaxation times (T1) can be measured in the presence of O2 or 

NiEDDA, two paramagnetic reagents. Previously in the Howard Lab, SR-EPR was done 

on M2TMC-I5ISL and M2TMC-F55SL in 4: I POPC/POPG vesicles (Figure 5.1)53 

When this data set was fit with a single exponential, the residual plot showed that a 

double exponential was needed; the data set as well fit with a double exponential. 

Accordingly, oxygen accessibility plots show two unique sets of accessibilities - one that 

corresponds to each protein conformation. These results demonstrated that the CW-EPR 

lineshapes indicate conformational exchange rather than rotameric exchange. 

51 



o.s 

a) 0.5 Sx Residual of Single 
a. Exponential Fit 

-0.2 
~Ii~ 

·0.3 

-0 4 

-0.5 

b) -0.6 
a 5000 ,000:> '5000 2O!XXl 

ti rre (ns) 

o.s 

0.5 Sx Residual of Double 
0.4 Exponential Fit 

c: 0.3 
Q 

\~I~I~~~~! 
~ 0.2 

~II~\\~~\~II\I 
.t; 0.' w c: 0.0 

~ .{l ' 

.{l2 

Saturation Recovery Curve .{l3 

Double Component Fit 
.{l.4 

.{l5 

.{l.s 

5(0) 10000 15(0) 20XXJ 
a 5000 HXlOO '5000 20000 

ti rre (ns) •• 
C) 1.0 

- Fast (mobile) Component .. 
0.8 - Slow (immobile) Component 

., 
~ 0.6 
::;; 

~. 0.0 ~ 

02 

-L .. , 
0.0 

0 50 100 150 200 250 

[O,]rrIv1 ... 
d) •• 

Double Component Fit .. 

Figure 5.1: Saturation Recovery EPR on M2TMC-142SL and M2TMC-F55SL. (a) 
CW EPR spectrum of M2TMC-F55SL in vesicles. Clearly, a muiticomponent spectrum 
is observed. (b,d) SR-EPR of M2TMC-F55SL and M2TMC-142SL respectively were fit 

well with a double exponential suggesting that M2TMC-F55SL has multiple 
conformations present in POPC/POPG vesicles. (c) Bimolecular collision rates of 

M2TMC-F55SL to O2 . 
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5.2 Two Sites on M2TMC Have SR-EPR Data that Fit to Single Exponential 

Next, SR-EPR was done on M2TMC-F48SL and M2TMC-I51SL in 4:1 

POPC/POPG vesicles without any cholesterol present.* Additionally, CW EPR shows 

that even without any cholesterol present in the bilayers, there are two distinct 

conformations seen (Figure 5.2). These data for M2TMC-F48SL and M2TMC-I51SL are 

shown in Figure 5.3. 

I I I I I I I 
3420 3440 3460 3480 3500 3520 3540 

Figure 5.2: CW-EPR of Saturation Recovery Samples. CW-EPR spectra of the 
M2TMC-F48SL and M2TMC-I51SL samples used for SR-EPR. Arrows are drawn to 

show the two possible conformational states that exist. 

Both of the data sets fit well with a single exponential, consistent with CW -EPR spectra 

that are products of rotameric equilibria rather than conformational exchange; adding a 

second exponential did not significantly improve fits?9 This was surprising because SR-

EPR of both M2TMC-F55 SL and M2TMC-I42 SL definitively showed conformational 

exchange. Additional T 1 measurements made are shown in Appendix A. 

* Cholesterol significantly increases the viscosity of the sample. Thus, cholesterol was 
excluded to increase ease of sample handling. 
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Figure 5.3: Saturation Recovery EPR on M2TMC-F48SL and M2TMC-I51SL. A) 
SR-EPR data for M2TMC-F48SL. B) SR-EPR data for M2TMC-I51 SL. SR-EPR data for 

both proteins were fit well using only a single exponential. This indicates that the 
proteins sample only one conformation in POPCIPOPG vesicles. These data suggest that 
the "multi component" line shapes seen in CW-EPR are due to rotameric exchange rather 

than conformational exchange. 
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It is possible that the double-humped feature of the CW -EPR ofM2TMC-F48SL 

and M2TMC-I51SL are, in fact, due to rotameric exchange. However, Double Electron

Electron Resonance (DEER) clearly shows three distinct distances in Lipodiscs, bicelles, 

and micelles (Section 8.2). Therefore, with two distances per conformation, there must be 

two conformations with distinct distances. Additionally, PS-EPR shows that as 

cholesterol is added to the membrane, a single conformation that is less buried in the 

membrane is selectively stabilized. Thus, the two conformations present must have 

different positioning along the membrane, eliminating the possibility that the two 

conformations do not have differences in accessibility to oxygen. In all, it is clear that the 

system is more complex than originally anticipated and will require more probing using 

SR-EPR at additional sites both along the amphipathic helix and in the transmembrane 

domain. 
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Chapter 6: Simulating Multicomponent Spectra 

6.1 Fitting M2 in DHPC Micelles 

Fitting multi component spectra presents many different challenges. The two most 

pressing issues are: 1) EPR spectra of individual components are unkno\W, and 2) 

relative populations of each component in aty given environment are unkno\W. To 

address the fIrst challenge, F55 was placed in DHPC micelles to isolate a single (mobile) 

cOOlponent (Section 4.2).* The EPR spectrum ofM2Th1C-F55SL in DHPC micelles 

match very well with the mobile component isolated via spectral subtraction. This EPR 

spectrum was then fIt using MulticOOlponent assuming that only a single confonnation 

was present (Figure 6.1). Exact fIt parameters are included in Table 6.1 

1- ::.,1 

Figure 6.1: MulticomponentFit ofM2TMC-F5SSL in DHPC Micelles. Fit matches 
peak intensities well with only little deviation at the high-fIeld peak. Exact fIt parameters 

are included in Table 6.1 

• DEER data suggests that this is not entirely true (Section 8.2). However, this assumption 
will be used to reduce number of free variables for fItting Multicomponent spectra 



Parameter Value 

A Tensor (Axx, Ayy, Azz) (5.60, 5.60, 35.90) 

g Tensor (gxx, gyy, &z) (2.00661,2.00585,2.00236) 

R Tensor (Rxx, Ryy, Rzz) (8.10,7.68,7.35) 

aD 19 

~D 29 

Table 6.1: Fit Parameters ofM2TMC-F55SL in DHPC Micelles. Values offit 
parameters used in a single-component ofF55 in DHPC micelles using Multicomponent. 

These values were used as a starting point for fitting multicomponent spectra. 

The values of the magnetic tensors (A tensor and g tensor) were taken from 

published literature values of MTSL attached to a membrane protein; they were initially 

set to (5.60,5.50,36.00) and (2.00760,2.00500,2.00230) for the A tensor and g tensor 

respectively.55.37 These values do not significantly change for MTSL on a membrane 

protein near the lipid-aqueous interface and were thus acceptable as initial values. During 

the refining process, the A tensor was allowed to vary 0.6 G and the g-tensor was allowed 

to vary 0.001 G. Once these values were reasonably set, they were not included as fitting 

parameters as they could significantly alter the fit. aD and ~D, diffusional tilt angles, were 

varied to obtain the best fit. The values for the angles were initially approximated using 

published values37 In order to simplify the fitting and process, and significantly reduce 

fitting time, no ordering parameter was initially included. A study done on LeuT by Dr. 

Freed shows that spectral fitting can be done without order parameters and still yield high 

quality fits42 Additionally, the W tensor was initially set to default values of (0.05, 0.05, 
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0.05) and was allowed to vary by 0.5 to obtain the best possible fit This parameter was 

fit last in order, as was used to only slightly improve any spectral fits. 

6.2 Fitting M2 in POPCIPOPGICho/estero/ Bilayers 

Next, using the single-component fit from DHPC, a multi component spectrum 

was fit M2TMC-F55SL in 4: I POPCIPOPG bilayers was fit using Multicomponent 

(Figure 6.2). Detailed fit parameters are included in Table 6.2. 

I Data I 
-- Fit 

Figure 6.2: Multicomponent Fit ofM2TMC-F55SL in POPCIPOPG Bilayers. This 
fit was obtained using the single component from DHPC micelles and then adding a 
second component. Based on this fit, there is 55% of the immobile conformation and 

45% ofthe mobile conformation. Detailed fit parameters are given in table 6.2. 

In order to obtain this fit, first the single component from the DHPC micelles was 

imported. Then, a second component was added with the same magnetic tensors, and the 

R-tensor was allowed to vary. Next, diffusional tilt angles were varied until a decent fit 

was obtained. Finally, the magnetic tensors for the second component were allowed to 

vary within a small range to optimize the fit. In this fitting process, the W -tensor was not 
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changed from the initial values of (0.05,0.05,0.05) to decrease the possibility of over-

fitting the data set. 

Parameter Value for Component 1 Value for Component 2 

A Tensor (Axx, Ayy, Azz) (5.13,5.00,36.50) (5.70,6.00,37.50) 

g Tensor (gxx, gyy, gzz) (2.00760, 2.00500, 2.00230) (2.00780,2.00580,2.00230) 

R Tensor (Rxx, Ryy, Rzz) (8.10,7.68,7.35) (7.73,7.42,7.74) 

aD 19 31.16 

~D 29 0 

Shift 0.45 0.55 

Table 6.2: Exact Fitting Parameters for M2TMC-F55SL in Bilayers. Values of fit 
parameters used in two-component fit ofM2TMC-F55SL in POPC/POPG bilayers. 

Based on the values for the "shift" parameter, there is a 45:55 relative distribution of the 
two conformations. 

The results indicate that there is one mobile conformation (component 1) and one 

more immobile conformation (component 2), as suggested by the R-tensor. These two 

conformations are in roughly equal proportions in POPC/POPG bilayers, with a 45:55 

ratio of mobile to immobile conformations of the protein. As cholesterol is added to the 

bilayer, the immobile component (component 2) increases in population, although 

multicomponent fits for these spectra have not been optimized yet. 

It is clear that a single conformation of the protein is stabilized upon addition of 

cholesterol. However, the fact that both conformations are seen in the absence of 

cholesterol is puzzling. It is possible that without the additional portions of the protein 

(N-terminal region and additional C-terminal regions that have yet to be structurally 

59 



characterized), the protein samples additional conformations; these other segments could 

serve to anchor the protein to the membrane and stabilize a conformation. However, 

preliminary data on the full-length construct ofM2 also suggest that there are multiple 

conformations of the protein in POPC/POPG vesicles without any cholesterol. 

Additionally, in order to extract magnetic parameters to confirm literature values, frozen 

spectra were collected and are included in Appendix B. Preliminary fits on these data sets 

show insignificant differences from published data. Multicomponent fits on the full

length construct of the protein can calculate relative populations of the different 

conformations, and would serve as the ideal comparison for the M2TMC data presented 

in this thesis. 
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Chapter 7: Accessibility Studies of M2 

7.1 Calculating Accessi bility to NiEDDA and Oxygen 

Power saturation EPR (PS-EPR) experiments have been widely used in SDSL

EPR to determine a residue's accessibility to a paramagnetic reagent. 36 In our 

experiments, accessibility to two paramagnetic reagents - NiEDDA and O2 - were 

measured by measuring changes in relaxation efficiency of the spin label in the presence 

of these compounds. O2 is a hydrophobic molecule and preferentially partitions into lipid 

bilayers, with the highest concentration of O2 in the middle of the bilayer. Therefore, 

higher accessibility to O2 indicates that a residue is more deeply buried in the membrane. 

Conversely, NiEDDA is a hydrophilic compound that will remain in the aqueous layer. 

Therefore, higher accessibility to NiEDDA indicates that the residue is closer to the lipid

aqueous interface. Accessibility to NiEDDA and O2 provide complementary data and as 

the trends seen should be self-consistent. 36 

Previously in the Howard Lab, power saturation EPR experiments were done on 

M2TMC-L46SL and M2TMC-FSSSL in POPC/POPG bilayers53 These two sites were 

chosen to sample conformational changes at the turn of the transmembrane helix to the 

amphipathic helix and on the amphipathic helix itself upon gradual addition of 

cholesterol to the bilayer. PS-EPR on M2TMC-L46SL and M2TMC-FSSSL showed that 

as cholesterol is added, the accessibility to oxygen decreases and the accessibility to 

NiEDDA increases. Therefore, these results indicate that upon addition of cholesterol, the 

residue is more exposed to the aqueous environment outside the bilayer. Additionally, 

because this trend was observed for both M2TMC-L46SL and M2TMC-FSSSL, it was 

suggested that there was a concerted motion of the amphipathic helix region. Finally, in 
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order to confinn that any changes seen in the accessibility to oxygen were not due to 

inherent changes in the lipid bilayer itself upon addition of cholesterol, oxygen 

accessibility by spin-labeled lipids was measured (Figure 7.l). While there was a change 

in oxygen accessibility due to the addition of cholesterol, the changes in accessibility in 

the presence of the protein were larger, confinning that changes in accessibility were not 

due to changes in the membrane itself. 
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Figure 7.1: Cholesterol-Dependent Change in Oxygen Accessibility of Spin-Labeled 
Lipids. Bilayers containing 7-Doxyl PC and S-Doxyl PC were used to measure changes 

in the accessibility to oxygen upon addition of cholesterol. The addition of M2TMC
CSOS, a non-spin-labeled construct, modulates changes in oxygen accessibility. Figure 

from (1). 

In order to further investigate the conformational shift suggested by data collected 

for M2TMC-L46SL and M2TMC-FSSSL, additional residues were tested. To further 

study the amphipathic helix, M2TMC-F48SL and M2TMC-ISlSL, two residues located 

approximately one helix turn away from one another, were measured using PS-EPR. 

Additionally, M2TMC-I42SL, positioned at the lipid-aqueous interface was tested to see 

ifthere was a concerted change past the amphipathic helix domain. Oxygen and NiEDDA 
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accessibilities are shown with error bars in Figure 7.2; values are included in Appendix 

D. 
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Figurt 7.2: Acct ssibility to Oxygt n and NiEDDA. M'lI.l for oxygen (a) and M'1I2 for 
NiEDDA are shown for M2TM:C·142SL, M2TM:C·L46SL, M2TM:C·F48SL, M2TM:C· 
1.51SL, and M2TM:C·F55 SL. It can be seen that for all sites except 142, accessibility to 

oxygen decreases and accessibility to NiEDDA increases upon addition of30% 
cholesterol. 
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For all the sites on the amphipathic helix, it can be seen that upon addition of 

cholesterol, there is decreased accessibility to oxygen and corresponding increased 

accessibility to NiEDDA. All of these data suggest that the amphipathic helix, on 

average, moves away from the membrane upon addition of cholesterol. Looking more 

closely, in the absence of cholesterol, all of the residues have a higher accessibility to 

oxygen than NiEDDA, suggesting that the sites are all buried in the membrane. However, 

at 30% cholesterol, M2TMC-F48SL and M2TMC-1S1SL have higher accessibilities to 

NiEDDA, while M2TMC-L46SL and M2TMC-FSSSL have higher accessibilities to 

oxygen, suggesting a concerted but asymmetric change in the structure. M2TMC-142SL 

gives conflicting information based on the oxygen and NiEDDA accessibilities. The 

oxygen accessibility data suggests upon addition of cholesterol, 142 is further from the 

lipid membrane - similar to the amphipathic helix. Conversely, the NiEDDA 

accessibility suggests that the residue is moving closer to the center of the bilayer. The 

oxygen accessibility data is also not consistent with those previously calculated29 Since 

142 lies close to the lipid-aqueous interface, it is possible that random pockets of water 

are found near the residue, giving irreproducible results. Additionally, spin-labeling 

M2TMC-142 could lock a random rotameric conformation of MTSL following 

reconstitution. 

7.2 Developing a Model for Cholesterol Effect 

PS-EPR gives the average accessibility of a residue to oxygen and NiEDDA. CW 

EPR spectra indicate that as cholesterol is added to the lipid bilayer, an immobilized 

conformation of the peptide is selectively stabilized (Section 4.1). Additionally, even 
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vvithout any cholesterol present in the bilayer, multiple conformations of the protein are 

present, shovving that accessibility measurements done in 0% cholesterol is not for a 

single conformation." PS-EPR indicates that as we increase cholesterol and stabilize an 

immobilized conformation, the conformation is further away from the lipid bilayer, as 

modeled in Figure 7.3. 

Closer to Membrane 

Add Cholesterol 

) 

Protruding Away 
From MembTane 

Figure 7.3: Effect of Cholesterol on Conformational Equilibrium. Mooel for the 
effect addition of cholesterol has on the average conformation ofM2TMC. As the 

cholesterol content of the bilayer increases, the accessibility to oxygen decreases and 
NiEDDA increases, resulting in concerted movement away from the bilayer. The star 

shows the location ofF48, one of the spin-labeled sites. TIlls model reflects the oxygen 
accessibility data. 

While there is a concerted change in the amphipathic helix, the change is asymmetric, as 

can be seen by looking at the percent change in oxygen and NiEDDA accessibilities of 

the residues probed (Table 7.1) 

"TIlls complicates the model because we are unable to exactly measure the accessibility 
to oxygen or NiEDDA of a single component, which could be used to calculate the 
accessibility of the second conformation. 
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Spin-Labeled Peptide Change in Oxygen Change in NiEDDA 
Accessibility Accessibility 

M2TMC-F48SL 150.9 -3.7 

M2TMC-I51SL 83.6 -12.2 

M2TMC-F55SL 37.1 -13.2 

Table 7.1: Change in Accessibility to oxygen and NiEDDA. Change in I'lP1I2 of 
M2TMC-F48SL, M2TMC-I51SL, and M2TMC-F55SL to oxygen and NiEDDA upon 

addition of cholesterol. 

According to the oxygen accessibility data, there is the greatest change in accessibility for 

M2TMC-F48SL, which is located at the beginning of the amphipathic helix. This 

suggests that the beginning of the amphipathic helix moves further away from the 

membrane upon addition of cholesterol. However, according to the NiEDDA 

accessibility data, the trend is reversed and the greatest change is seen for the residues 

further out on the amphipathic helix. These data indicate that the amphipathic helix is 

moving like a hinge away from the membrane. While these two sets of data give 

conflicting results, sampling more sites along the amphipathic helix in both the truncation 

and the full-length protein could resolve this. 

Based on published structures, the shifts in accessibilities are reversed. The Chou 

structure, solved in DHPC micelles using solution NMR, showed an amphipathic helix 

extended away from the membrane surface, whereas the Cross structure, solved in 

DOPCIDOPE bilayers using solid-state NMR, showed an amphipathic helix intimately 

tucked into the membrane surface. 30
.3

1 The former would have lower accessibility to 

oxygen and the latter would have higher accessibility to oxygen. Based on CW 

lineshapes, it is known that a more immobilize component is stabilized upon addition of 

cholesterol to a bilayer and a more mobile component is stabilized in DHPC micelles. If 
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this were the case, then as cholesterol was added, there would be an increase in the 

accessibility to oxygen as a structure with an amphipathic helix closer to the membrane 

interface was stabilized. However, this is not the case as PS-EPR suggests that a 

conformation with a structure that more closely resembles the one solved in DHPC 

micelles is stabilized upon addition of cholesterol. One hypothesis is that in vivo, the 

extra cytoplasmic C-terminal domain, which is not included in the M2TMC construct, 

stabilizes and rigidifies the amphipathic helix near the membrane interface, both 

immobilizing it and decreasing the oxygen accessibility. 

In order to determine relative population changes using power saturation would 

be to determine the accessibilities of individual conformations. For example, PS-EPR can 

be done on M2TMC in DHPC micelles, which could provide the mobile conformation's 

accessibility to oxygen. This value can be used to determine relative populations of the 

two conformations from the averaged accessibility to oxygen of M2TMC in bilayers. 

However, one issue with this method is that oxygen partitioning into DHPC micelles 

could be different from its partitioning into POPC/POPG bilayers. Therefore, the 

accessibility of the conformation could not be indicative of the mobile conformation seen 

in bilayers. 
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Chapter 8: Calculating Distances in Different Conformations 
of the M2 Protein 

8.1 Dipolar Coupling Reveals Short Distances 

In EPR spectra, dipolar coupling is observed when two spin-labels are less than 

20 A apart. Dipolar coupling leads to peak broadening and a successive decrease in 

central peak intensity. Thus, it is possible to quantify dipolar coupling by comparing 

central peak intensities eQ) between a fully-labeled sample, which has four spin labeled 

M2TMC monomers per tetramer, and a dilutely-Iabeled sample, which has only one spin-

labeled M2TMC monomer per tetramer. A Q value of greater than I indicates that there 

is significant broadening due to dipolar coupling. Since CW EPR gives an averaged 

spectrum, Q gives a qualitative indicator of the amount of dipolar coupling for the 

different conformations present in different environments. 

Comparison of the Cross structure and Chou structure shows that all of the spin-

labeled sites should show dipolar coupling based on measurements of C~ to C~ on the 

spin-labeled residues because the residues are generally less than 20A apart from each 

other. 31.30 It must be noted that while C~ gives an approximate location for where the 

spin-label is, it is still only an approximation. Furthermore, rotation about bonds linking 

the spin-labels to the backbone can cause motional averaging and reduction of impact on 

line widths. Additionally, different rotameric states of the spin-label can give vastly 

different inter-spin label distances that can give both false positive and false negative 

results. Table 8.1 gives C~to C~measures for 142, L46, F48, lSI, and F55 on both the 

Cross structure of M2 solved using solid-state NMR in DOPCIDOPE bilayers and Chou 

structure of M2 solved using solution-state NMR in DHPC micelles. 
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Residue Cross Cross Chou Chou 
Structure Cp to Structure Cp to Structure Cp Structure Cp 
Cp Distance - Cp Distance - to Cp Distance to Cp Distance 
Proximal (A) Diaeonal (A) - Proximal (A) - Diaeonal (A) 

142 16.1 23.2 13.9 20.3 

L46 22.4 29.6 19.2 25.9 

F48 18.6 26.1 1l.0 2l.9 

151 15.9 22.5 10.9 1l.0 

F55 15.7 22.4 9.4 13.7 

Table 8.1: Distance Measurements Based on Published Structures. C~ to C~ distances 
give an approximation of where the spin-label is attached to the peptide. 

From these distances, all of the spin-labeled peptides should exhibit dipolar 

broadening. In fact, dipolar broadening is observed for all of the spin-labeled peptides 

(Table 8.2). As the cholesterol content of the bilayer increases, Q, which is inversely 

proportional to the inter-label distance increases. * Therefore, analysis of Q indicates that 

as cholesterol is added, a conformation that has a tighter tetrameric bundle is stabilized. 

The Chou structure gives a tetrameric bundle with shorter distances, suggesting that if the 

Chou and Cross structures each represent a unique conformation of M2, then the Chou 

structure is selectively stabilized. However, this is in stark contrast to the CW EPR 

spectra that shows that the mobile conformation, isolated by M2 in DHPC micelles, 

decreases in population upon addition of cholesterol. 

These distances are complicated by the fact that the spin-label is a dynamic side 

chain. Thus, it is possible that the observed dipolar coupling is due to rotamers that place 

* This is true for all sites except M2TMC-I51SL at 30% cholesterol. This sample was 
particularly difficult to tune to because of the viscosity. 
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the spin-labels far apart from each other, and do not reflect positioning of the amino acid 

side chains. One method of addressing this issue is to use a bifunctional spin-label that 

would significantly reduce the rotational freedom of the spin-label, and thus the possible 

rotameric states56 

Peptide Q (0% Chol) Q (20% Chol) Q (30% Chol) 

M2TMC-I42SL 1.45 ± 0.02 l.47 ± 0.04 l.62 ± 0.03 

M2TMC-L46SL l.00 ± 0.02 l.55 ± 0.03 l.65 ± 0.04 

M2TMC-F48SL 0.93 ± 0.05 1.45 ± 0.10 2.16 ± 0.12 

M2TMC-I51SL l.00 ± 0.03 l.68 ± 0.03 l.00 ± 0.10 

M2TMC-F55SL l.27 ± 0.01 l.46 ± 0.02 l.55 ± 0.04 

Table 8.2: Q Values for Spin-Labeled Peptides. Dipolar coupling was measured for 
M2TMC-I42SL, M2TMC-L46SL, M2TMC-F48SL, M2TMC-I51SL, and M2TMC

F55SL in POPC/POPG bilayers with 0%, 20%, and 30% cholesterol. There is a distinct 
increase in Q as the amount of cholesterol in the bilayer increases. 

8.2 DEER Experiments Measure Long Distances 

Double Electron-Electron Resonance (DEER) EPR can be used to measure 

distances longer than 15A36 Previous attempts in the Howard Lab at DEER yielded low-

quality data. However, with the advent of Lipodisq nanoparticies, DEER data quality has 

significantly improved data quality because of increased T m, the phase memory time, by 

minimizing inter-protein interactions, which leads to fast relaxation and loss of signal at 

short times; larger Tm allows for measurements at longer distances. 51 DEER was done on 

three peptides to sample the amphipathic helix: M2TMC-F48SL, M2TMC-I51SL, and 

M2TMC-F55SL. M2TMC-I51SL yielded the highest-quality data and thus will be 

discussed here. DEER data on M2TMC-F48SL and M2TMC-F55SL can be found in 
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Appendix C. First, a model-free Tikhonov Regularization fit was used to determine an 

approximate distance distribution. 48 DEER ofM2TMC-I51SL in DHPC micelles, 

POPCIPOPGIDHPC bicelles (q = 0.55), and Lipodisq are shown in Figure 8.1; additional 

experiments characterizing M2TMC in Lipodisqs are provided in Appendix C. 
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Figure 8.1: DEER Experiments of M2TMC-I51SL. Tikhonov Regularization fits of 
M2TMC-I51SL in DHPC micelles, POPCIPOPGIDHPC bicelles (q = 0.55), and 

Lipodiscs. Buffer containing 50 mM Tris, 100 mM KCI and 1 mM EDTA in D20 with 
30% glycerol as cryoprotectant. The analysis provided above gave approximate distance 

distributions. 
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Once approximate distance distributions were obtained, a Rice 3D model was 

employed to obtain more exact distance measurements. Since DHPC micelle and 

Lipodisq samples gave higher-quality data, they were fit using a 4-Rice 3D model that 

assumed that four distances were present. Micelle and Lipodisq data are shown in Figure 

8.2. Distance measurements and proportion of spin at each distance are provided in Table 

8.3. 
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Figure 8.2: 4-Rice 3D Model Fit of M2TMC-I51SL in DHPC Micelles and 
Lipodisqs. DHPC micelle data (top) and Lipodisq data (bottom). Data was fit well with a 

four-distance Rice 3D model. Data was fit using approximate distances obtained from 
Tikhonov Regularization analysis. 
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Distance Error: Proportion Spin: Error: Proportion 
(run) DHPC DHPC Micelles Lipodisqs Spin: 

Micelles Lipodisqs 
2.0 l.09 0.50 0.06 0.1 

2.8 0.38 0.16 0.36 0.28 

3.9 0.34 0.32 0.31 0.58 

6.1 0.04 0.02 0.33 0.04 

Table 8.3: Rice 3D Fit Distributions of M2TMC-I51SL in DHPC Micelles and 
Lipodisqs. Distance distributions and proportions of spin at each distance are shown. As 
the protein is moved from DHPC micelles to Lipodisqs, there is a higher proportion of 

the conformation with longer distances. 

First, the data for M2TMC-151 SL in Lipodisq was fit. This data set was easier to 

fit because it had both a higher signal to noise ratio and excellent modulation; Dr. Clark 

Hyde at the University of Chicago developed a new platform for the Howard Lab to fit 

* this data set. Once distances were obtained for this fit, the data for the protein in DHPC 

micelles was fit by keeping the distances constant and allowing the error and proportion 

at each distance (p) vary. A 3-distance Rice 3D was tried on these data sets, but did not 

give relevant information distances because the fit constantly gave a distance of l. 5 urn, 

which is the lower bound of what DEER can analyze. Therefore, the 4-Rice3D was used 

for analyses. 

Based on the model fits and predictions from NMR structures, the distances can 

be assigned to unique conformations of the protein. The distances at 2.8 nm and 3.9 urn 

correspond to the proximal and diagonal distances of one conformation of the protein 

(conformation A). These two distances have a ratio of approximately 1: 1.4, which is what 

* Previously, only two-distance models were available. 
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is expected assuming a symmetric homotetramer (Figure 8.3). The distance at 2.0 nm 

corresponds to the diagonal distance of another conformation (conformation B); the 

likely proximal distance is not seen in this analysis because it is less than 1.5 nm. Finally, 

the distance at 6.1 nm could be an artifact of the fitting process or represent the inter-

tetramer distance. 

1 I 
I 

I 

---
Figure 8.3: Symmetry Model for Homotetramer. Assuming a perfect homotetramer, 

distances for the adj acent to diagonal monomers should be at a 1: 1.4 (.../2) ratio. This can 
be used as model constraint. 

Finally, one method to improve data fits is to use a more rigorous symmetry 

constained analysis. This kind of analysis was shown to significantly improve fits for the 

KcsA potassium channel (Figure 8.4).57 However, this model is not yet available for 

systems with more than two distances. 
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Figure 8.4: Symmetry Constrained Analysis of KcsA. (a) Symmetry model for KcsA 
homopentamer. (b) Distance distributions from DEER. Tikhonov regularization, 2-Rice 
3D and symmetry-constrained 2-Rice 3D are shown in black, blue, and red respectively. 

Figure taken from (5). 

Using the proportion of spins at each of the two diagonal distances (2.0 nm and 

3.9 nm), it is possible to estimate relative populations of the two conformations with: 
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P I · f C co . A P3.9 nm opu atlOn 0 onlormatlOn = 
P3.9 nm +P2.0 nm 

From the results, it is clear that in DHPC micelles, conformation B is more heavily 

populated (39:61 conformation A to conformation B). In Lipodisq, conformation A 

dominates (85:15 conformation A to conformation B). 

Looking at the CW spectrum ofM2TMC-I51 SL in Lipodisq, it is clear that a 

highly immobile conformation is isolated (Figure 8.5). This is in agreement with CW 

EPR spectrum that shows that in DHPC micelles, a mobile conformation is isolated, 

whereas in bilayers an immobile conformation can also be seen (Section 4.1,6.1). 

Therefore, conformation B corresponds to the immobile component seen in CW EPR and 

conformation A corresponds to the mobile component. 

Vesicles Lipodisq 

3280 3320 3360 3280 3320 3360 

Figure 8.5: CW EPR Spectrum ofM2TMC-I51SL in Vesicles and Lipodisq. 
Compared to the protein in POPCIPOPG vesicles, the protein is significantly more 

immobilized in the Lipodisq, indicating that Lipodisqs may selectively stabilize a more 
rigid conformation of the protein. 

However, this is inconsistent with the CW EPR dipolar broadening study, which 

showed that there was increased dipolar broadening as cholesterol increased, and the 

immobile component was selectively stabilized (Section 8.1). Based on that study, the 

immobile conformation should have 1) smaller inter-monomer distances, and 2) distances 
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below 20 A (2 nm). One explanation is that the broadening effect seen in CW EPR does 

not give an accurate representation of the conformational exchange. Given that DEER 

gives much higher-resolution data, DEER is more likely accurately depicting the protein 

dynamics. Another explanation is that there are more than two conformations of the 

protein and the conformation stabilized by Lipodisqs is different from that in bilayers 

with cholesterol. This, however, as yet to be seen and requires more exploration. 
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Chapter 9: Future Directions 

9.1 Expand Distance Measurements Using DEER 

During the past year, significant advancements have been made to improve data 

quality of DEER experiments. In this thesis, high-quality DEER data on only M2TMC

I5lSL was presented. Data has been collected both M2TMC-F48SL and M2TMC

F55SL; in the future, additional sites, such at C50 and E56, should be studied to obtain a 

more comprehensive model for the M2 protein. Additionally, DEER data should be 

collected on the protein reconstituted into a Lipodisq in the presence of cholesterol. CW 

EPR spectra show that in the presence of cholesterol, an immobile conformation of the 

protein is stabilized. It remains to be seen whether the protein conformation stabilized by 

Lipodisqs is the same as that stabilized by cholesterol. 

Additionally, if a DeerAnalysis program that can both a) fit more than two 

distances, and b) incorporate symmetry constraints, that should be used to analyze the 

DEER data. This should help improve distance distributions resolution to develop a more 

accurate model for M2 protein dynamics. 

9.2 Confirm Presence of Multiple Protein Conformations Using SR-EPR 

Additionally, the Howard Lab should perform saturation-recovery on additional 

sites to determine the number of conformations present. The data for M2TMC-I42SL and 

M2TMC-F55SL presented a strong case for multiple conformations, but the data for 

M2TMC-F48SL and M2TMC-I5ISL did not show that same trend. The samples are 

highly viscous and difficult to handle, so there may have been issues during sample 

transfer that could have skewed the results. The experiments should be done again, and 
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on more sites - such at E56 - to understand this conformational equilibrium. Samples 

have been prepared, but no data has been collected at the time this thesis was completed. 

9.3 Comparison Studies With Full-Length M2 Protein Construct 

In this thesis, only data on the M2TMC construct was shown. The full-length 

protein has additional C-terminal and N-terminal regions. Preliminary results indicate 

that the N-terminal region may be unstructured and that the C-terminal region could play 

a role in stabilizing the protein in the membrane. If this is the case, then the C-terminal 

region of the protein may stabilize a specific, more functionally relevant, conformation of 

the protein. It will also be interesting to see under which conditions the full-length protein 

undergoes conformational changes and what impact that has on the function of each 

conformation. 

A comparison study between M2TMC and full-length M2 must be done. This 

includes testing the effect of cholesterol and performing both DEER and saturation

recovery on the protein. Additionally, multicomponent fits should be done for these 

samples to evaluate the data on M2TMC. These data can be used in conjunction with 

NMR studies done on the full-length protein to develop a more comprehensive model of 

the protein. 

9.4 Bifunctional Spin-Label Can Limit Rotameric Conformations 

One of the issues of using MTSL as a probe is that it is highly dynamic and 

samples many rotameric conformations that can hinder interpretation of results. Using a 

bifunctional spin-label significantly decreases the number of rotameric conformations of 
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the protein two disulfide bonds are needed to attach the probe to the protein (rather than 

the one disulfide bond needed for MTSL). A bifunctional spin-label can improve DEER 

data collection as already indicated in literature, but has the complication of requiring two 

disulfide bonds51 Using a bifunctional spin-label would require additional site-directed 

mutagenesis to place two cysteine residues i + 3 or i + 4 residues apart. 
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Appendix A: Additional Saturation Recovery Data for 
M2TMC-F48SL and M2TMC-I51SL 

Tl measurements were used to calculate bimolecular collision rates with O2 as a 

function of concentration of oxygen present to determine differential accessibility to 

oxygen for unique conformations. Both M2TMC-F48SL and M2TMC-I51SL showed 

only one set of collision rates, indicating that there is only one protein conformation 

present. 

% air Tl (2 Tlrl Wx [021 11M 

0 3.919 0 3.56724E-6 0 
20 l.871 0.26724 0.13966 48 
40 l.254 0.39872 0.27ll4 96 
50 l.074 0.46555 0.33797 120 
60 0.956 0.52301 0.39543 144 

Wx is the bimolecular collision rate with O 2 ~ (2Tlr1
air (2T1r
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Figure A.1 Bimolecular Collision Rates ofM2TMC-F48SL. Bimolecular 
collision rates can be calculated at various concentrations of O2. The slope was 2.76 ± 

0.04 MHz/mM with an r ~ 0.9996. 
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% air Tl (2 Tlrl Wx 

0 3.453 0.1448 0 
20 1.575 0.31746 0.17266 
40 l.083 0.46168 0.31688 
50 0.925 0.54054 0.39574 
60 0.797 0.62735 0.48255 

Wx is the bimolecular collision rate with O2 ~ (2Tlr1
air 
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Figure A.2 Bimolecular Collision Rates ofM2TMC-I51SL. Bimolecular collision 
rates can be calculated at various concentrations 0[02. The slope was 3.30 ± 0.06 

MHz/mM with an r ~ 0.9994. 
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Appendix B: Rigid Limit EPR Spectra 

Rigid limit spectra were collected to try to extract anisotropic magnetic 

parameters for M2TMC-ISISL and M2TMC-PSSSL in vesicles; MTSL was collected as 

a control. Dr. Don Hirsh at the College of New Jersey collected these data on our behalf. 

The data could not be collected for long periods of time due to technical difficulties of 

maintaining a sufficiently low temperature in the EPR cavity to freeze out motion. 

- M2TMC-151 SL 
M2TMC-F55SL 

- MTSL 

Figure B.I: Rigid Limit Spectra ofM2TMC-I5ISL, M2TMC-F55SL, and MTSL. 
Both peptides were reconstituted into POPC/POPG vesicles. M2TMC-ISISL (blue) and 
MTSL (red) have lower signal to noise. M2TMC-PSSSL (yellow) had higher signal to 

noise. These data were collected at 77 K at the College of New Jersey. 
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Appendix C: Additional DEER Data and Evaluation of the 
Effectiveness of Lipodisqs 

Additional experiments were done at the University of Miami, Ohio. Along with 

DEER, dynamic light scattering (DLS), T 2 measurements, and variable temperatnre CW 

EPR experiments were performed. These experiments provide an initial characterization 

ofM21MC in Lipodisq nanoparticles. These data are shown below. 

1.00 1.00 

0 .98 
0.95 

0 .96 

0.94 
0.90 

Vesicles 
0.92 0.85 ope 

0.90 0.80 

0.0 0 .5 1.0 1.5 2.0 2 3 4 5 6 7 0.0 0.5 1.0 1.5 2.0 2.5 234567 

Figure C.l: Additional Tikhonov Regularization Data for M2TMC-ISlSL. Data was 
collected for M21MC-I5lSL in POPCIPOPGvesicies and DPC micelles. The data for 

POPCIPOPG vesicles was not high enough quality for further analysis. Further analysis 
for DPC was not done because the DHPC data gave higher quality data. 

1.00 

0.98 
vesicles 

1.000 

0.995 

0 .990 

0 .985 

0.980 
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 234567 
0.0 1.0 2.0 3.0 2 3 4 5 6 7 Time (j.Js) Distance (nm) 

Figure C.2: Tikhonov Regularization Data for M2TMC-F48SL. DEER data was 
collected for M21MC-F48SL in DHPC micelles and Lipodisqs. DEER data for M2TMC
F48SL was significantly lower quality than other sites. There is reduced signal to noise, 

making it difficult to fit the modulation depth to extract distance distributions. This could 
have likely been due to high amounts of free-spin label present in the sample. 
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Figure C.3: Tikhonov Regularization Data for M2TMC-F55SL. DEER data was 
collected for M2TMC-F55SL in DHPC micelles and Lipodisqs. DEER data for M2TMC

F55SL was higher quality than M2TMC-F48SL but nonetheless lower than M2TMC-
151 SL. These data must be fit with a Rice3D model to extract more precise distance 

distributions. 
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Figure C.4: DLS Data for Vesicles and Lipodisqs. DLS data shown for M2TMC-
151SL-reconstituted Lipodisq (red) and vesicles (green). Lipodisqs show a significant 

peak at around 200 urn, whereas vesicles show significant peaks around 100 and 800 nm. 
These results indicate that Lipodisqs provide a more small, consistent environment for 

the proteins to be reconstituted into. 
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Figure C5: T, Measurements ofM2TMC-I51SL in Lipodisqs and Vesicles. Longer 
values of T 2 are more desirable for DEER experiments. Using Lipodisq as the membrane 

system gives significantly longer T2 (2.32 flS) compared to vesicles (1.32 flS). These 
results are consistent with those seen in Sahu, et aL 2013. 
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Figure C6: T, Measurements ofM2TMC-F48SL and M2TMC-F55SL in Lipodisqs 
and Vesicles. (a) M2TMC-F48SL has longer T2 in Lipodisq (2.59 flS) than in vesicles 

(1.42 flS). (b) M2TMC-F55SL has longer T 2 in Lipodisq (2.59 flS) than in vesicles (1.09 
fls ). 
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Figure C.7: Temperature-Dependent CW EPR Spectra ofM2TMC-I51SL in 
Vesicles and Lipodisqs CW EPR spectra were collected for M2TMC-ISl SL III 

POPC/POPG velscles and Llpodisqs. At roem temperature. MzrMC-ISl SL III Llpodisqs 
shows predomlllantly one significantly lmmoo!lized componffit. whereas the peptide III 

vesicles ohows multiple confonnatims At high temperatures. the spectrum for Lip o::hsqs 
locks slffi!lar to that of the roem-temperature vesicle opectrum Foc MzrMC-ISISL III 

vesicles at high temperatures. a highly moo!le cemponffit IS ooserved 
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Appendix D: Power Saturation EPR Data Tables 

Residue % Cholesterol I'lP1I2 (02) I'lP1I2 (02) Error 

M2TMC-I42SL 0 62.6 2l.9 

M2TMC-L46SL 0 84.6 8.1 

M2TMC-F48SL 0 174.8 83.4 

M2TMC-ISlSL 0 93.3 3.2 

M2TMC-FSSSL 0 83.8 7.3 

M2TMC-I42SL 30 38.6 30.0 

M2TMC-L46SL 30 54.6 6.0 

M2TMC-F48SL 30 23.9 0.1 

M2TMC-ISlSL 30 9.7 0.8 

M2TMC-FSSSL 30 46.7 7.1 

Residue % Cholesterol I'lP1I2 (NiEDDA) I'lP1I2 (NiEDDA) 

Error 

M2TMC-I42SL 0 33.2 4.3 

M2TMC-L46SL 0 -0.8 2.0 

M2TMC-F48SL 0 0.1 0.003 

M2TMC-ISlSL 0 7.8 0.4 

M2TMC-FSSSL 0 l.9 l.9 

M2TMC-I42SL 30 16.2 6.0 

M2TMC-L46SL 30 12.8 2.5 

M2TMC-F48SL 30 3.8 0.2 

M2TMC-ISlSL 30 20.0 2.0 

M2TMC-FSSSL 30 15.1 3.2 

Table D.I: Summary of All Power Saturation Data. All power saturation data 
collected for M2TMC-I42SL, M2TMC-L46SL, M2TMC-F48SL, M2TMC-ISlSL, and 

M2TMC-FSSSL. All data is presented relative to nitrogen gas. Oxygen data for M2TMC
F48SL was collected using higher powers (described in Chapter 3.7). 
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Error for each set was calculated by doing a sum of the percent error of the P1l2 of 
N2 and either O2 or NiEDDA. This is shown in the equation below: 

Error of LlP1 (NiEDDA or 02) 
2" 

LlP1 / 2 (NiEDDA or 02) 

Error(Pl ) Error(P1 ) 
2"[N,] 2"[NiEDDA or 0,] 

'-----:P:-l----=-- + Pi 
Z[N,] Z[NiEDDA or 0,] 
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