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Abstract 

The influenza A M2 protein is 97-residues in length and homotetramerizes to form a 

proton channel across the viral membrane early in the influenza life cycle. M2 is also 

implicated in the formation and budding of new viral particles in a process proposed to 

require membrane cholesterol. A potential cholesterol recognition amino acid consensus 

(CRAC) immediately C-terminal to the M2 transmembrane domain is thought to mediate 

the M2-cholesterol interaction. However, the finer details of this interaction are largely 

unknown. Using site-directed spin labeling (SDSL) and electron paramagnetic resonance 

(EPR) spectroscopy, this research aims to gain a more detailed understanding of the 

interactions between M2 and cholesterol. EPR lineshapes using M2 constructs with and 

without the CRAC suggest that cholesterol influences M2 conformation and dynamics 

both by a direct interaction via the CRAC and indirectly by modifying the characteristics 

of the bilayer. Experiments investigating accessibility at individual CRAC residues 

indicate localization of cholesterol and suggest methods for further characterizing the 

apparent M2-cholesterol binding. 
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Chapter 1. Introduction 

1.1 Influenza and M2 protein 

1.1.1 The influenza virus 

The influenza virus regularly affects over 10% of the residents in the United 

States annually, causing over 200,000 hospitalizations (1). Of more significant health 

concern are pandemic flu strains for which humans have little immunity against. The 

2009 HINI pandemic is one of the most recent events, and other circulating animal 

strains such as the avian H5Nl have significant pandemic potential (2). The influenza 

virus is classified into types A, B, and C, based on their core proteins, of which only 

types A and B are relevant to human health (3). Influenza A subtypes are based on the 

surface proteins hemagluttinin (HA), of which there are 17 known subtypes, and 

neuraminidase (NA), for which there are 10 known subtypes (4). Of these, only two 

subtypes, HINl, and H3N2, are predominantly found in people. 

Influenza A is a negative-sense single-stranded RNA virus, containing eight 

fragments of viral RNA (5). The proteins HA and NA project from the viral envelope, in 

a roughly 4: 1 ratio (Figure 1.1). The third membrane protein, matrix protein 2 (M2), 

exists at a 1: 10 to 1: 100 ratio with HA (6). The matrix protein M 1 lies under the 

membrane and encloses the virion core. The viral structure is dependent on the nature of 

the host cell and may be spherical or filamentous. Influenza B viruses are identical to 

those of influenza A under the microscope, while influenza C is morphologically distinct 

(5). 
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Figure 1.1 Envelope proteins of the influenza A virus. Cartoon of the influenza A 
envelope studded with the proteins hemagluttinin (green) andneuraminiadase (blue). M2 
(red) is shown at much lower abundances on the envelope. Viral RNA and the mesh-like 
matrix protein M1 are visible within the envelope. Figure adapted from (7). 

Binding of viral HA to sialic acids on the cell exterior allows the virus to be 

endocytosed into the cell. The acidic endosomal enviromnent induces a conformational 

change in HA, ultimately opening a pore to the cytosol. Proton traffic through the M2 

ion channel acidifies the virion as well, stimulating uncoating and the release of the viral 

ribanucleoproteins. Once new viral components are synthesized, they are transported to 

the plasma membrane and localize to lipid raft domains for viral assembly and budding. 

Localization to lipid rafts has also been observed in the budding of HI V-I and Ebala 

viruses (8,9). 

1.1.2 Matrix protein M2 

The M2 protein reading frame was discovered in 1981 on the same fragment as 

M1, and was identified as a membrane protein in 1985 (10,11). As previously 

mentioned, M2 is an ion channel in the viral envelope, and allows for acidification and 

uncoating of the virion. M2, a 97-residue protein (Figure 1.2), has a single 
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transmembrane domain, and fonns homotetramers with pseudo-C4 symmetry in 

membranes to constitute a single proton channel (12). The proton conduction mechanism 

ofM2 is dependent on highly conserved His-37 and Trp-41. His-37 is thought to act as a 

selectivity filter, activating the channel only at low pH while Trp-41 is a gate that shuttles 

protons one-by-one across the channel (13). 

EI(Il'9cellulaf Transmembrane CIItJ r ... L , 
1 10 20 30 40 50 60 

t.1sLL TEVETP IRNEWGCRCN DSSDPLWAA S 11131 L H LI L WlLORLFFKC IYRFFEHGLK 

10 80 90 97 Disulfide bond 
RGPSTEGVPE SMREEYRKEQ QSAVOAODSH FVSIELE • Palmiloytalion • 

Cytoplasmic • Phosphorylation 
-- M2TMC Occasional 
-- M2TM Phosphorylation 

Figure 1.2 Primary structure of the A/Udorn/72 H3N2 M2 protein. Full-length M2 is 
97 residues in length, including a single transmembrane helix. A putative cholesterol
binding domain is indicated in the C-tenninal region. The residues spanned by the 
constructs used in this study, M2TM and M2TMC, are also shown. 

The M2 proton channel is the target of the drugs amantadine and rimantidine, 

which have been shown to bind with high affinity to the inside of the channel (14). A 

combination of solid-state nuclear magnetic resonance (ssNMR) and electron 

paramagnetic resonance (EPR) data also identified a low-affinity binding site on the C-

terminal protein surface that is occupied at high drug concentrations (14,15). These 

studies were conducted on truncated forms of M2 including either the transmembrane 

domain (M2TM, residues 22-46), which is sufficient for wild-type conductivity (16), or a 

larger version (M2TMC, residues 23-60) that also includes part of the C-tenninal domain. 

Immediately C-tenninal to the transmembrane domain is a set of residues (45-61) 

that fonn an amphipathic helix in lipid bilayers (17). This fragment has been shown to 
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induce membrane curvature in the presence of cholesterol and to promote membrane 

budding both in vitro and in vivo in 293T cells (18). Although these functional assays 

show dependence of M2-mediated budding on cholesterol, high-resolution details of the 

interaction are not known. The interactions between cholesterol and M2 will be the focus 

of this work. 

1.1.3 Structural studies oftheM2 protein 

At just 97 residues in length with a single transmembrane segment of 19 residues, 

M2 is among the simplest oligomeric ion channels and has been the subject of many 

structural studies. However, structures from solid-state and solution NMR spectroscopy, 

as well as X-ray crystallography, show differences in packing of the TM domain and 

position of the C-terminal helix (Figure \.3) (19). The differences were attributed to 

different solubilizing conditions and membrane mimics, yet each may represent a 

functional conformation of M2 at different points in the viral life cycle. The choice of 

micelles as a membrane mimic is useful for studying the TM domain, but they are 

generally disfavored for surface helices because of the high curvature of the micelle 

surface (19). 
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Figure 1.3 Differences in published M2 structures. M2 structures determined from 
solid-state NMR data in membranes (2LOJ) and from solution NMR in detergent micelles 
(2RLF) show differences in both transmembrane helix packing and in positioning of the 
C-terminal helix. Figure adapted from (19). 

A drug-bound structure of the M2 transmembrane and C-terminal juxtamembrane 

portion showed the amphipathic helix extended from the membrane surface (20). A 

contradictory ssNMR structure in lipid bilayers, using EPR constraints determined in the 

Howard lab, reported the C-terminal helix to be associated with the membrane in a 

rosette-like arrangement (21). More recently, a solution NMR study conducted on the 

TM and C-terminal helix in bicelles reported a model closer to the ssNMR structure in 

bilayers and corroborated the EPR results (19). 

In addition to its sensitivity to membrane curvature, the structure of the M2 

transmembrane domain in bilayers also depends on the lipids used to construct the 

bilayer. EPR data using the M2TM construct revealed a change in helical tilt in 

membranes of varying thickness, as might be expected by minimizing hydrophobic 

mismatch (22). The influence of the membrane environment on the M2 structure places 
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an emphasis on careful selection of a membrane system when characterizing M2 

conformation and dynamics. 

1.1.4 Role of cholesterol in M2 scission processes 

Cholesterol (Figure 1.4) is an important component of biological membranes, 

where its role in modulating membrane fluidity by affecting acyl chain ordering has been 

well-documented (23). The hydroxyl group on the cholesterol A ring imparts 

amphipathic character and dictates a preferred orientation in the membrane in which 

cholesterol is oriented lengthwise perpendicular to the membrane surface, with the 

hydroxyl group pointed towards the surface. 

HO 

Figure 1.4 Structure of cholesterol and orientation in membranes. The four rings of 
cholesterol are designated A-D. The polar hydroxyl group on the A ring, indicated by the 
red dot, dictates the orientation of cholesterol in membranes by its preference to be closer 
to lipid headgroups. 

Cholesterol is not homogenously distributed within biological membranes. 

Ordering of lipid acyl chains by cholesterol is in part responsible for the formation of 

lipid rafts, whose unique environment prefers specific proteins and plays a key role in 

localizing cell processes (24). Some of these proteins may localize to the rafts as a result 

of interactions with lipid rafts, while others may specifically interact with cholesterol. 

Two motifs known to interact with cholesterol are the sterol-sensing domain (SSD) and 

the cholesterol recognition amino acid consensus (CRAC). The SSD is a larger segment 
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that comprises five transmembrane segments and is not relevant to a discussion of M2 

(25). 

The CRAC motif was first identified in the peripheral-type benzodiazepine 

receptor, and is the most commonly observed cholesterol-binding motif in the literature 

(26,27). The CRAC sequence, starting at the N-terminus, is (UV) - X j .s - (Y) - X j . s -

(K/R), where X represents any amino acid. The flexibility of the motif with respect to 

primary sequence has raised some skepticism (24), and indeed not every CRAC motif in 

a protein binds cholesterol (28). However, the motif is found in many known cholesterol

binding proteins, and single residue mutations have been shown to reduce or eliminate 

protein-cholesterol interaction (24). 

A CRAC motif is present in the C-terminal amphipathic helix of M2 protein, 

although the Udorn H3N2 strain violates the specific CRAC sequence (Figure l.5). In 

contrast, the Weybridge H7N7 M2 protein contains two CRAC domains. Both the 

Weybridge and Udorn strains have demonstrated cholesterol-dependent behavior (18,29). 

The connection between M2 function and cholesterol remains unclear, as cholesterol 

binding has been shown to be unnecessary for targeting of M2 protein to raft domains 

(30). 
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residue 

Weybridge 
Sing 1/57 
Udorn 307/72 

........... transmembrane ........ . 

26 .................... 43 

1VI~A~IIGILHFI1WIL 

V. L ..... 
.. V ............. . 

.............. cytoplasmic. ............ .. 

44 ..................... 60 

DR L EFK~I Y RR L K y GL K 

L FFK~I Y RFF K H 

.. L FFK~I Y RFFEH ... 

Figure 1.5 CRAC motifs of M2 proteins. An alignment ofthe avian Weybridge strain 
with the human Sing and Udorn M2 primary sequence demonstrates the flexibility ofthe 
CRAC motif. Two consecutive CRAC motifs (highlighted) exist in the Weybridge 
sequence while only one is present in the Sing strain. The Udorn strain does not satisfy 
the CRAC conditions because of the R54F mutation. Bolded residues indicate 
conservation in all accessible M2 sequences; underlined residues are over 90% 
conserved. Figure adapted from (29). 

Understanding the interaction between cholesterol and M2 is of both biochemical 

and potential health interest. An interaction between human annexin A6 (AnxA6) and 

the M2 cytoplasmic tail that negatively modulates viral reproduction demonstrates the 

feasibility oftargeting the influenza budding stage (31). The AnxA6 effect on viral 

replication is attributed to sequestration of cholesterol in late endosomes, where it is 

unavailable to a budding virus (32). These results suggest that drugs may be able to 

inhibit the budding stage by restricting cholesterol availability to the virus. 

1.1.5 Effects of cholesterol on M2 structure 

Previous work from the lab has described multi component M2 EPR spectra 

obtained in membranes containing cholesterol (33,34). Titration of cholesterol to the 

membrane results in a shift in relative weights ofthe individual components. Saturation 

recovery EPR was used to identify each component as representative of distinct M2 

conformers, which are proposed to be in a cholesterol-modulated equilibrium. 

Studies using power saturation EPR to determine spin-label accessibility to lipid 

and water-soluble paramagnetic reagents indicate increased solvent exposure ofthe 
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amphipathic helix upon cholesterol addition. Whether this effect is the result of a global 

lifting of the C-terminal helix or a roll of the helix within the membrane, as observed 

during pH change, remains unclear (17). 

The work of this thesis is aimed towards expanding the current knowledge of M2-

cholesterol interactions. As a membrane protein, it is crucial to consider both protein

ligand interactions as well as the effect of the native membrane environment. To this 

end, site-directed spin labeling (SDSL) EPR spectroscopy is used to probe M2 dynamics 

at specific locations along the C-terminal helix. SDSL EPR spectroscopy, further 

described in the next section, enables the study of M2 in lipid bilayers, which is desirable 

for obtaining the most physiologically-relevant data. 

1.2 Electron paramagnetic resonance for membrane proteins 

1.2.1 Fundamentals ofEPR 

EPR spectroscopy reports on molecules containing one or more unpaired 

electrons. In the presence of a magnetic field (Ha), the electron dipole may align with or 

against the magnetic field vector, depending on the electron spin state ms, with the 

corresponding Zeeman energy difference given by: 

(1) 

where Ye is the electron gyromagnetic ratio, n is Planck's constant divided by 2n, and Ho 

is the strength of the magnetic field (35). One of the advantages of probing the electron 

instead of a nucleus, as in NMR spectroscopy, is the sensitivity gained by virtue of the 

electron gyromagnetic ratio; the ratio of Ye to YP' the proton gyromagnetic ratio, is 

approximately 650 (36). 
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In continuous-wave (CW) EPR microwave-regime photons of constant energy 

irradiate the sample while the applied magnetic field is scanned. Absorption is detected 

when the Zeeman energy splitting between the electron spin states coincides with the 

incident photon energy (Figure 1.6). A sinusoidal oscillation to the magnetic field is 

applied during collection to filter out noise, and it is for this reason that spectra are shown 

as first derivatives of the absorption spectra (37). 

E IlE = hv 

+ 
I 
2 

Figure 1.6 Electron resonance condition. In a magnetic 
field, the energy difference t:..E between the two electron 
spin states is directly proJX)rtional to the strength Ho of the 
field. When t:..E coincides with the energy of an incident 
photon, absorption occurs and a signal is observed, 
displayed as the first derivative of the absorption spectra. 
Figure adapted from (37). 

1.2.2 Site directed spin labeling 

Without specific label incorporation, EPR is limited only to molecules with an 

unpaired electron spin, thus its biological applications are constrained to paramagnetic 

metal centers in metalloproteins. To study other proteins, a spin label side chain, 

containing a stable unpaired electron, is covalently attached to a site on the protein. The 

most conunonly used spin label, l -oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl 

methanethiosulfonate (MTSL), is covalently linked to the protein via a disulfide bond at a 

cysteine residue, introduced by site-directed mutagenesis (Figure l.7). Additional native 

cysteines not to be probed are generally substituted with serine, which most closely 

mimics the size and properties of the cysteine side chain. The MTSL probe, designated 

side chain RI when attached to a protein, approximates the size of natural aromatic 
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amino acids, and has been shown to minimally affect protein conformation and preserve 

function in a large number of test cases (38). 

MTSL 

xfS 
N 
I 
o 
• 

Side chain 
Rl 

Protein 

/ 
s 

Figure 1.7 The nitroxide spin label MTSL. The stable radical ofMTSL is localized to 
the N-O bond. MTSL may be linked to a protein by a disulfide bond at a native or 
introduced cysteine residue, giving side chain Rl. 

In MTSL, the electron spin interacts with the nitrogen nucleus, of which the most 

abundant isotope, 14N, has a nuclear spin I = 1. This hyperfine interaction results in 

additional splitting of the electron energy states into 2J + 1 energy levels each. The EPR 

quantum mechanical selection rules dictate that allowed transitions have f..Ms = ± 1 and 

~I = 0, giving three-lined EPR spectra as depicted in Figure 1.8. 

The primary types of information gained from SDSL EPR experiments are 

motional dynamics from protein and spin label motions, accessibility of the spin label to 

paramagnetic relaxants, and distances between adjacent spin labels. How this type of 

information can be extracted from lineshape analysis of CW spectra will now be 

discussed. 
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-1 o +1 

M, 
+1 

o 
-1 

-1 

o 
+1 

Fi~ure 1.8 Ener~ confi~ration and EPR spectrum of a nitroxide spin label. The 
electron energy level structure is further split by hyperfine coupling to the 14N nucleus, 
which has three allowed spin states. The allowed transitions and corresponding EPR 
spectrum are also shown, with the hyperfine splitting given by aN. Figure adapted from 
(37). 

1.2.31nformationfrom CW lineshapes 

X-band (~9.5 GHz) EPR is sensitive to rotational motion of the spin label on 

timescales between ~O.l and 100 ns (37). In the rapid limit, motional averaging of the 

hyperfine interactions gives sharp, well-defined peaks. As spin label motion becomes 

constrained by binding to a protein and immobilization of the protein, the EPR lines 

broaden until the rigid-limit "frozen" spectrum is reached for motions on timescales 

longer than 100 ns (Figure 1.9) 
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mobility 

Figure 1.9 CW lineshapes are sensitive to spin label dynamics. EPR spectra of MTSL 
are sharp and well-defined at the fast-motion limit and broaden as motion of the spin 
label becomes more constrained. Figure adapted from (37). 

Although the effects of slower rotational motion are not equivalent for each of the 

nitroxide EPR lines, the width of the central line is commonly used as a measure of spin 

label mobility (39,40). The mobility parameter Mf-
1 is the inverse of the peak-peak 

width of the central line, and is directly proportional to the rate of spin label motion. 

Protein tumbling, especially for membrane proteins embedded in the membrane, is too 

slow to influence EPR lineshapes (37). Measurements of Mf-
1 must be conducted with 

only one spin labeled monomer in the tetrameric channel; dipole-dipole interactions 

between nearby spin labels can broaden the central line, thus affecting determination of 
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Samples coota ining l1lllltip le populations of spm labe l m obil ities in slew exchange 

may result m rrrulticcrnpooent spectra that are superpositions of llie spectra from each 

confamer (Figure 1 10). The ~act contributions of each cootributcr may be daermined 

using sll1llllatioo techniques. Shifts III relative ronlributions ITem each component to willi 

changing ~perimenta l ronditioos may provide mfamatim on confamational change of 

the system beIng studied_ 

• 
1..--- + • • 

Figure 1.10 Mul-iclInplIlent spectra frlIn distncl protein conformations_ A 
d!sordered, mobIle cmformailm and an unmoollized coofamatim ofT4lysozyme ~ve 
dlstmctEPR sIgnals that are supenmposed III the actual data. Nd all multiromponent 
spectra are the result of multiple protem cooformailons; dIfferent rotameric states of the 
spill label may also give multicornpm ent spectra Figure adapted from (41) 

Dlpo le-d!po le roup ling between Spin labels is a thrrugh-space inl.ernction that is 

not mfluenced by any interv ernng protem structure. If two sp m labels are within 20 A, 

line broadenmg In the EPR spectrum is oo served with mcreasmgproxmuty. Atdose 

dIstances, additional relaxatim pathways cause s~ere line broadening. The 'Pin 

roup lmg parameter (;) takes the ratio of the centrallllle peak-peak amplitude (A,.,.) of a 

d!lute-labe led (DL) EPR spectrum, III whIch one ofllie four monomers of the 

homciru-amer IS sp m labeled, and a fully-labeled (FL.) 'PecIrum, In which all mmorners 

of the teiIamer are 'Pill labeled_ 

(2) 
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This method for distance determination can only provide qualitative distances, but 

is sufficient for determining the oligomerization state of proteins, such as the KcsA 

charmel (42), and in studying transmembrane helical packing, as previously reported for 

M2TM in bilayers (Figure 1.11) (15). 

Q = I 

M2TM in DlPC 
(C12-0) 

o 
19.5 A 

M2TM in POPe 
(CIS-I , 16:0) 

Q = 1.6 

Figure 1.11 Determination and interpretation ofthe spin-coupling parameter il. 
Line broadening by through-space dipole interactions is quantified by n and can provide 
information regarding relative distances behveen hvo spin labels. Figure adapted from 
(43). 

1.2.4 Power saturation measures spin label accessibility to paramagnetic reagents 

The EPR power saturation technique uses paramagnetic reagents that affect spin 

label relaxation and may partition into different phases of the system. Traditionally, O2 is 

used as a lipid-soluble relaxant, while the Ni(II) complex Ni(II) ethylenediaminediacetate 

(NiEDDA) is used as a water-soluble paramagnetic species. At low incident microwave 

powers, the amplitude of the central line increases linearly with the square root of the 

incident power (37). At saturation, relaxation of the spin label is slower than the 

experiment time and the central peak amplitude plateaus and may even begin to decrease 

(Figure 1.12). 
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Figure 1.12 Saturation CUn'es for a membrane-embedded spin label Power 
sauraion experiments with M2TMC F55Rl pertide in biJayers reveal differett 
sauraion profiles show continued absorptioo of microwave JXlwer in the presence of 
lipid-soluble O2 from the air. S<d:uration of the signal in the presence ofw<d:er-soluble 
NiEDDA indicates tha the spin l<bel is ina:cessible to this param<gmtic re<gent. 
Saturation curves may be fit to eqU<d:ion 3 to oltain a quaiIitative mea;ure of the 
sauraion pr~ies. Figure a1arted from (33). 

Physical collisions between the spin label and paranagnetic species cause moce 

rapid relaxaion of the spin label and allow the sample to absocb <d: higher powers before 

becoming s<d:urated The JXlwer saturaion parameter, Pill> the JXlwer a which signal 

iIIensity is half ofwha would be mea;ured under noosauraing conditions, is 

detennined by fitting the JXJWer sauraion curves to the following equation (44): 

(3) 

The scaling fador I, the homogeneity fa:tor E, and P 112 are free paranetelS in the fitting 

process. Aw is the peak-peak amplitude of the central line and P is the incidett 
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microwave power. The difference M1/2 with the paramagnetic relaxant present and a Nz 

control provides information regarding spin label accessibility to the paramagnetic 

species. Small M1/2 values indicate low accessibility. while large M1/2 values are 

indicative of more frequent collisions and higher accessibility. 

By collecting saturation data at a series of consecutive residues. the topology of a 

membrane protein. both secondary structure and position relative to the membrane can be 

determined (43). Depth within the membrane and information about ligand binding may 

also be obtained from spin label accessibility data (15.45). 

1.2.5 Detection of nuclear interactions with pulsed EPR techniques 

In electron spin echo envelope modulation (ESEEM). a single microwave pulse 

applied to the electron spin is used to detect nuclear couplings by through-space dipole 

mechanisms (46). An advantage of the technique is the ability to study NMR transitions 

via the electron transition. eliminating the need for radio-frequency irradiation. as in other 

pulsed EPR techniques. The strength of the ESEEM signal is proportional to the number 

of coupled nuclei and weakens with the as y.
6

, where y is the distance between the 

electron and nuclear spins (47). The distance sensitivity of ESEEM depends on the 

nuclear gyromagnetic ratios, and is ~6-8A for a spin label -zR interaction (48). The 

modulation is dependent on the nuclear transition frequencies; data collected in the time 

domain may be Fourier transformed (Figure 1.13), giving characteristic peaks at the 

coupled nucleus's Larmor frequency (35). 
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Figure 1.13 ESEEM time and frequency domain data. (A) "H modulation of the 
electron decay between a spin label on the acetylcholine receptor M2b and a deuterated 
valine side chain in lipid bilayers. (B) Freq uency domain displaying a peak at the "H 
Larmor frequency (2.3 :MHz). Figure adapted from (49). 

ESEEM has been extensively applied to studying metal centelS in 

metalloproteins (50). More recently, it has been used in conjunction with SDSL to 

detennine distances between a spin label and DzO, and isotopically amino acids and 

lipids (47,49). 
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Chapter 2. Materials and Methods 

2.1 Peptides and spin-labeling reactions 

The M2 truncations M2TM (residues 22-46) and M2TMC (residues 23-60) are 

synthetically tractable constructs that retain ion channel function (51). All M2 peptides 

were based on the primary sequence of the influenza A Udorn strain. M2TM peptides 

consist only of the transmembrane helix, while M2TMC peptides also include the C

terminal helix that is required for membrane budding (18). With the exception of spin

labeled C50, all M2TMC peptides possessed a cysteine -7 serine (C50S) mutation and a 

single additional cysteine for attachment of the spin label. Spin dilution was carried out 

with M2TMC peptides possessing only the C50S mutation, which are unable to bind spin 

label. Electrophysiological studies ofM2 peptides in Xenopus laevis oocytes with 

introduced cysteines in the TM and C-terminal domains have shown that Cys

introduction does not inhibit ion channel conductivity (13). However, no functional 

assays for the effect of cysteine mutation on membrane scission and viral budding have 

been reported. 

All peptides were synthesized at the University of Pennsylvania using standard 9-

fluorenylmethoxycarbonyl (Fmoc) chemistry on an Applied Biosystems 433A peptide 

synthesizer. Cleavage from resin was carried out at Swarthmore College as previously 

described (17). 

Site-directed spin labeling was used to attach a paramagnetic spin label to 

cysteine-substituted site on a M2 peptide. M2TM peptides were spin labeled at the N

terminus using 2,2,5,5,-tetramethyl-3-pyrrolin-l-oxyl-3-carboxylic acid N

hydroxysuccinimide ester (Avocado Research Chemicals) in a 1: 1 mixture of 
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dimethylsulfoxide (DMSO) and dimethylformamide (DMF) as previously described 

(Figure 2.1A, 52). N-methylmorpholine (NMM, Fisher Scientific) was used as the 

deprotonating base. M2TMC peptides were spin-labeled at a Cys residue with l-oxyl-

2,2,5,5-tetramethyl-3-pyrroline-3-methyl methanethiosulfonate (MTSL, Toronto 

Research Chemicals) in 2,2,2-trifluoroethanol (TFE) with N,N-diisopropylethylamine 

(DIPEA) present as a base (Figure 2.IB). The reaction was carried out in darkness at 

room temperature for approximately 48 hours. 

A 

Protein--SH 

DIPEA 

B 
e 

ProteiB----N H 3 

Protein-...... S 

"s 

Protei"", 
NH 

o 
NMM 

. 
N 
I 
o 

Figure 2.1 Spin labeling reactions. (A) A cysteine residue reacts with the MTSL spin 
label, giving the protein side chain RI. (B) The protein N-terminus is spin labeled using 
2,2,5,5,-tetramethyl-3-pyrrolin-I-oxyl-3-carboxylic acid N-hydroxysuccinimide ester 
with NMM as the deprotonating base. 
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2.2 Purification ofM2 peptides 

Peptide purification was carried out by reversed-phase high-perfonnance liquid 

chromatography (RP-HPLC) on a Vydac Protein C4 (2l4TPlO22) preparative column 

using a Waters 1525 Binary HPLC Pump and a Waters 2487 Dual Wavelength 

Absorbance Detector. HPLC solvents A (100:0.1 v/v H20/TFA) and lB (60:30: 10:0.1 

isopropanol/acetonitrilelH20/TF A) were composed of Millipore water, isopropanol 

(Fisher Scientific), acetonitrile (IT. Baker), and trifluoroacetic acid (TFA, IT. Baker), at 

the ratios described in Table l. Solvents were made fresh each day and degassed under 

vacuum prior to use. Spin-labeled peptides were eluted with a linear gradient of 65-90% 

of solvent lB. 

Following collection, 2.2 ilL of 10% aqueous NH3 was added for every mL 

collected to neutralize TF A. O2 was bubbled through collected fractions to regenerate the 

spin label radical, and approximately half the volume was evaporated under a stream of 

N 2. Deionized water was then added to facilitate subsequent freezing in liquid N 2. 

Solvent was removed under high vacuum on a Labconco Freezone Plus 6 lyophilizer over 

several days. The resultant peptide powder was redissolved in TFE and stored at -20'C 

until needed. 

2.3 Spin label and protein concentration determination 

Spin label concentration of purified peptides was detennined by taking CW EPR 

spectra using a conversion time of 5.12 ms and a time constant of 0.64 ms. The double 

integral divided by the number of scans DIIN is obtained from the spectrum and fit to the 
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following equation, detennined previously, to extract the concentration of spin label in 

the sample (43): 

[SL] ~ 3.77* (DIIN) (4) 

where [SL] represents the micromolar concentration of spin label in the sample. 

Peptide concentrations were also detennined from their UV -Vis spectra, recorded 

on a Thenno Scientific NanoDrop 1000 spectrometer. Absorbance at wavelengths 

greater than 275 nm is a result of the aromatic side chains of Trp, Tyr, and any disulfide 

bonds present. Extinction coefficients for Trp, Tyr, and S-S in TFE were estimated from 

the measured values in I-propanol (43). The total protein extinction coefficient is the 

sum of each contributor at 280 nm: 

Speptide. 280 ~ nTrpSTrp.280 + nTyrSTyr.280 +ns.SSS.S.280 (5) 

where n indicates the number of each chromophore present in the peptide. For M2TM 

peptides, the only contributor is Trp-41, while M2TMC peptides contain an additional 

Tyr and disulfide bond. The extinction coefficients used for M2TM and M2TMC are 

6,075 and 7,890 M· t cm· t
, respectively. 

2.4 Reconstitution into lipid bilayers 

Samples for EPR studies were reconstituted into mixed bilayers of zwitterionic 

phosphatidylcholine (PC) and anionic phosphatidylglycerol (PG) lipids, which were 

chosen because functional assays have been conducted with this model membrane (18). 

Previous EPR studies in this lab have used the POPC/POPG membrane mimic (17). 1-

palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine (PO PC, Avanti) and I-palmitoyl-2-
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01eoyl-sn-glycero-3-phospho-(1' -rac-glycero) (POPG, Avanti), shown in Figure 2.2, 

were co solubilized in chloroform at a 4:1 molar ratio. 

a a 
pope 

II 
a~a-IP-o~ ./ j\ N 

aH 0 - I " 

o 

a a POPG 
II OH 

o~o-f-a~H 
a H a-

Na' 
a 

Figure 2.2 Bilayer lipids. Structures for the zwiUerionic lipid POPC and the 
anionic POPG, which were used in a 4: 1 molar ratio to create a bilayer 
environment for peptide reconstitution. 

Cholesterol was added to select mixtures at either 1 or 2 molar equivalents of 

POPC. One molar equivalent corresponds to a 17% by mole concentration of cholesterol, 

which was found to be a minimum value required for membrane scission activity (IS). 

Peptide was added to a 400:1 or 200:1 lipid/peptide ratio. For fully labeled (FL) samples, 

all added peptide was spin labeled, while dilute labeled (DL) consisted of 20% spin-

labeled peptide and SO% unlabeled peptide. Lipid-protein mixtures were blown down to 

a film under a stream ofN2 and placed under high vacuum overnight. 

Proteolipid films were rehydrated in 25 ~L buffer (100 mM Tris, 70 mM KCl, pH 

7.S), amounting to a spin-label concentration of ~ 1 00 ~M. Peptide insertion into the 

membranes was induced by cycling the samples between a dry ice/acetone (-7S"C) slurry 

and a warm water bath (3S"C) as well as six one minute rounds of sonication in a 

Laboratory Supplies Company G l12SPl Special Ultrasonic Cleaner. 
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2.5 EPR spectroscopy 

Electron paramagnetic resonance spectroscopy was conducted at room 

temperature on an X-band Bruker EMX spectrometer with an ER4123D resonator. This 

resonator has a 10 mm active sample height and is specifically designed for continuous 

wave (CW) power saturation experiments. All spectra were collected with a I G field 

modulation at 100 kHz with a sweep width of 150G and a receiver gain of I x 104 

CW spectra were collected with a conversion time of 40.96 ms and a 20.48 ms 

time constant. Spectra were normalized by number of spins and analyzed in IGOR pro 

for centrallinewidth and peak amplitude. 

EPR power saturation was conducted with samples loaded in gas-permeable TPX 

capillaries as described previously (43), with expansion of the power range sampled from 

1.6 mW to 126.1 mW. All samples were equilibrated under a stream ofN2 (10 mLimin) 

for at least IS minutes prior to acquisition to displace O2 from the cavity. Analysis in 

IGOR Pro was conducted using a program previously developed in the lab modified to 

accommodate additional data points at high power. 
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Chapter 3. Cholesterol effects on different M2 constructs 

3.1 Introduction and experimental design 

Recent work on M2TMC peptides in cholesterol-containing bilayers describes 

two-component EPR lineshapes (33,34). Increasing the percentage of cholesterol in the 

membrane shifts the relative populations of each component, favoring the component 

displaying more immobilized dynamics (Figure 3.1) 

Increasing 
cholesterol 

I 

--
20G 

Figure 3.1 Cholesterol-induced changes to EPR lineshapes. Simulated components for 
dilute-labeled EPR spectra (not shown) ofM2TMC I42R1 in POPCIPOPG bilayers 
containing 0, 20, and 30% molar cholesterol. The component displaying more mobile 
dynamics (red) dominates in the absence of cholesterol, while the more immobilized 
component (black) becomes more important at higher cholesterol concentrations. Figure 
adapted from (34). 

Based on studies investigating M2-cholesterol interaction (29) the assumption is 

that the observed changes in EPR lineshapes are a consequence ofM2 binding 

cholesterol, presumably via the CRAC motif. In order to verify this, the M2TM, which 

lacks the C-terminal helix, was spin-labeled at the N-terminus and reconstituted in 

bilayers 4: 1 :0,4: 1: 1, and 4: 1:2 POPC:POPG:cholesterol molar ratios. Without the 

CRAC domain, M2TM is not capable of mediating viral budding and is not expected to 
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bind cholesterol (18). Fully- and dilute-labeled spectra of M2TMC L46Rl were also 

taken to confirm previous results and provide a comparison for M2TM at the cholesterol 

concentrations used. 

3.2 Results 

Dilute-labeled EPR spectra collected for M2TMC peptide L46Rl reconstituted in 

POPC/POPG bilayers are shown in Figure 3.2. The vertical line is shown to indicate 

increased contributions from a second conformer at higher concentrations of membrane 

cholesterol. The decrease in the mobility parameter f.J11 at both 142 and L46 is in 

agreement with previous results indicating a second, more immobilized population of 

M2TMC which is more favored in cholesterol-containing bilayers (33). 

A B 
0.35 

- 0 eq. cholesterol 

- 1 eq. cholesterol 

. 2 eq. cholesterol 

V.3 

0.2; 

0.2 

142 l46 

Figure 3.2 Conformational change induced by cholesterol for M2TMC peptides. (A) 
EPR spectra of dilute labeled M2TMC L46Rl reconstituted in POPC/POPG bilayers. 
Cholesterol content was varied from 0 to 2 molar equivalents of POPG. The solid line 
indicates the position in the low-field line at which increased intensity is observed at high 
cholesterol concentrations, thought to belong to a second M2 conformer. (B) Mobility 
(~H-l) at 142 and L46 indicate immobilization ofM2 dynamics in cholesterol-containing 
bilayers. 
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Broadening and decreased amplitude of the central peak is a result ofthrough-

space magnetic dipolar coupling between two spin labels over distances of 8 -20 A (37). 

Figure 3.3 indicates changes in the interaction parameter n, for spin labels at sites 142, 

L46, and F55 on M2TMC peptides. A general trend of increased n at higher cholesterol 

concentrations indicates mutual approach of spin labels and suggests tighter packing of 

the C-terminal helices. 

1.9 

1.7 

1.5 

.n 1.3 

1.1 

0 .9 

0.7 

142 L46 

. 0 eq. cholesterol 

. 1 eq. cholesterol 

. 2 eq. cholesterol 

FSS 

Figure 3.3 Cholesterol-induced conformational change of spin-labeled M2TMC 
peptides. Spin-spin interaction parameter n for spin-labeled 142, L46, and F55 peptides 
reconstituted in liposomes at a 400: 1 lipid:peptide molar ratio. Reported cholesterol 
concentrations are relative to bilayer POPG concentration. Values for n increase as spin 
labels approach within 20 A and are thus representative of subunit proximity for the 
tetramer. 
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3.2.1 The M2 transmembrane helix responds to changes in membrane cholesterol 

M2TM, a M2 construct lacking the C-terminal helix and CRAC motif, was spin-

labeled at its N-terminus and also reconstituted into POPC/POPG bilayers at the same 

compositions as those for the M2TMC peptides. Measurements of spin-spin interactions 

(Q) from fully and dilute-labeled EPR spectra produced the results shown in Figure 3.4A. 

Increased Q with added cholesterol is consistent with a decreased helical tilt angle with 

respect to the membrane normal (22). A similar trend has been observed in M2TM and 

M2TMC labeled near the TM region in response to lipid bilayers of varying hydrophobic 

thickness (Figure 3.4B) (22,34). The cholesterol-induced changes strongly suggest 

thickening of the bilayer by cholesterol, as 

observed in lipid raft domains (53). 

Figure 3.4 Cholesterol induces changes in 
dipolar coupling for N-terminally spin
labeled M2TM peptides. (A) Spin-spin 
interaction parameter (Q) for spin-labeled 
M2TM reconstituted in POPC/POPG bilayers 
at a molar ratio of 200: 1 lipid:peptide, with 0, 
1, or 2 molar equivalents of cholesterol with 
respect to POPG. (B) Spin-coupling is 
similarly observed to increase for M2TMC 
R45R1 in membranes of increasing 
hydrophobic thickness (DLPC = 19.5 A, 
DMPC = 23.0 A, POPC = 26.5 A). R45 is on 
the linker region between the TM domain and 
C-terminal helix. Data obtained from (34). 
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3.3 Discussion 

3.3.1 A twofold effect of cholesterol on M2 conformation 

The multicomponent nature of the EPR spectra for the M2TMC peptides is 

consistent with two populated M2 conformers in an equilibrium modulated by membrane 

cholesterol. The increase in dipolar coupling along with previous data showing increased 

spin-label accessibility to water-soluble relaxants suggests a rearrangement of the C

terminal helix, presumably as a result of cholesterol binding. The conformer favored by 

cholesterol may also be more rigid as a result of side chain-cholesterol interactions. 

3.3.2 Cholesterol changes bilayer properties and indirectly affects M2TM conformation 

Cholesterol-rich lipid rafts playa key role in the localization of influenza A 

proteins within the cell; M2 specifically partitions to the boundaries of the raft domain 

(29). The rafts are characterized by tighter packing and higher acyl chain ordering, 

resulting in increased membrane thickness (53). In order to minimize hydrophobic 

mismatch, M2TM helices adopt a smaller helix tilt in concert with the thickening 

membrane to avoid exposing hydrophobic residues to the aqueous medium. Dependence 

of the transmembrane domain structure ofM2 on the lipid environment has been well

characterized (19,22) and is likely offunctional importance to the budding process. 

3.3.3 A model for M2 conformational change 

The evidence presented here suggests a twofold influence of cholesterol on M2 

conformation (Figure 3.5). A direct cholesterol-protein interaction at the C-terminal helix 

CRAC induces a reorientation of the amphipathic helix. Simultaneously, the effects of 
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cholesterol in ordering the lipid bilayer cause increased hydrophobic thickness and lateral 

pressure. Both reinforcing factors drive the transmembrane helices to adopt a smaller 

helix tilt, which we observe by increased proximity ofN-terminal spin labels, and may 

also cause a global slowing of protein dynamics, shown by reduced mobility in high-

cholesterol conditions. 

Cholesterol addition 

Figure 3.5 A model for cholesterol-induced conformational change in M2TMC. 
Schematic depicting the lipid bilayer with embedded M2, showing the transmembrane 
and C-terminal helices. The presence of cholesterol in the membrane increased 
membrane thickness and leads to reduce TM helix tilt. Simultaneously, cholesterol 
interaction with the C-terminal helix causes a rearrangement characterized by increased 
exposure to the aqueous medium. Cholesterol bound to MTMC is shown larger for 
clarity. 

The apparent twofold effect of membrane cholesterol on M2 protein conformation 

and dynamics necessitates the ability to separate the effects of each mode of action in 

order to understand the impact these shifts have on M2' s physiological function. The 

following sections are aimed at identifying and characterizing the cholesterol-M2 direct 

interaction mediated by the C-terminal CRAC motif. 
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Chapter 4. Use of Ni-chelate lipid to probe cholesterol binding to the M2 
CRAC 

4.1 Introduction 

The accessibility of protein spin labels to water-soluble and lipid-soluble reagents 

is measurable using power saturation EPR techniques (37). Accessibility data reflects the 

depth within the membrane (54). Power saturation has been previously applied to M2 to 

show that the C-terminal helix lays on the surface of the membrane (Figure 4.1) (17). 

120 close to membrane 
N lOa • • • 0 
~ 80 • t Access;b;l;ty 
e.:- 60 to Lipid 
<l 

40 • • close to water 

48 49 50 51 52 53 54 55 56 

« 50 close to water 
0 40 .. 
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w 30 t Access;bmty Z 
~ 20 .. to Water 
a:- la .. 
<I 

a .. close to membrane 

48 49 50 S1 S2 53 S4 SS 56 

Figure 4.1 Spin label accessibility of C-terminal helix residues. Accessibility of spin
labeled M2TMC peptides to lipid-soluble O2 (top) and water-soluble Ni(II) ethylene
diamine-N,N' -acetate (bottom). The accessibility profiles are shown fit to a sine wave 
with a-helical period, strongly suggesting amphipathic helices associated with the 
membrane interface. Figure adapted from (43). 

Standard accessibility experiments employ lipid-soluble O2 and/or water-soluble 

NiEDDA as paramagnetic reagents that affect spin-label relaxation when physical 

collisions can occur (55). Alternatively, proximity to the membrane surface can be 

measured by using the Ni(II) chelating lipid DGS-NTA (Figure 4.2). Collisions may 

occur between spin labels and DGS-NTA if the label is located near the membrane-
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aqueous interface; spin labels buried in the membrane or extended from the membrane 

will not experience appreciable relaxation effects. The prokaryotic potassium channel 

KcsA has been studied using DGS-NT A (56). 

...... .... 

II I II 
1/ 

-- ---Figure 4.2 Ni-chelate lipid. Structure ofNi(II) chelate DGS-NTA and schematic 
showing localization ofNi(II) (blue) to the bilayer-aqueous interface via binding to DGS
NTA (pink). 

Ni-chelate lipids were previously used to help identify drug binding sites for the 

M2 protein (15). Drug binding can be inferred from changes in Ni-chelate lipid 

accessibility upon addition of the drug (Figure 4.3). Drug binding sterically occludes the 

spin label and prevents collisions with the Ni-chelate lipid. 

36 39 42 43 48 
Residue number 

Accessibil ity to 
Ni-chelate lipid 

- drug 

+ drug 

Figure 4.3 Use ofDGS-NTA to identify a drug binding site in the M2 channel. Drug 
binding modulates accessibility of spin labels to N i(II) constrained to the membrane 
interface. M2TMC peptides were spin labeled at the positions indicated and reconstituted 
in POPC:POPG bilayers. Loss of accessibility at position 43 suggested a drug binding 
site, while position 48 was a control site on the C-terminal helix. Figure adapted from 
(15). 
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Cholesterol binding to M2 has been previously simulated (57), but the structure of 

M2 used was one solved in the absence of cholesterol (58). Furthermore, the CRAC 

domain of M2 does not reside on the TM portion, but rather on an amphipathic helix, in 

contrast to other cholesterol-binding CRAC domains seen in the literature (27). In order 

to obtain more detailed information regarding the binding of cholesterol to the CRAC, we 

employed Ni-chelate lipid in conjunction with M2TMC peptides spin-labeled on the C

terminal helix. 

4.2 Experimental design 

Our focus here is the C-terminal helix ofM2TMC (residues 23-60), shown in helical 

wheel in Figure 4.4. The polarity of the CRAC residues suggests that the cholesterol 

hydroxyl may be involved in interaction with Y52, as in benzodiazepine (26). CRAC 

domains have also been seen to "wrap" around the cholesterol hydroxyl, while others 

form stacking interactions via aromatic residues (24). 
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Figure 4.4 The C-terminal helix of M2TMC. Primary sequence and helical wheel 
projection ofM2TMC residues 47-56, which compose the amphipathic C-terminal helix 
and contain the CRAC motif, shown at top. Sites studied using DGS-NTA are indicated 
in red. The helical wheel was created using an Internet program (59). Hydrophobicity is 
reflected in the color scheme, with green representing the most hydropobic residues, 
yellow representing neutral hydrophobicity, and blue representing charged side chains. 
Positions of residues are in agreement with previous accessibility data (43). 

We spin-labeled four sites in the C-terminal region: L46, which is immediately N-

terminal to the helix, C50, F55, and E56. C50 is palmitoylated posttranslationally in 

human cells, but is not required for virus replication (60). F55 is beyond the end of the 

CRAC, but the aromatic ring may form a stacking interaction with bound cholesterol. 

E56 is a control site that is not expected to interact with cholesterol and should be 

sufficiently extended from the membrane to avoid collisions with the interfacial relaxant. 

All peptides were reconstituted in 4: 1 by mole POPCIPOPG or 4: 1: 1.25 

POPCIPOPGIDGS-NTA bilayers with 4: 1 POPC/cholesterol or without added 

cholesterol. One-dimensional CW EPR spectra were taken to confirm reconstitution 
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success. Power saturation EPR was conducted under a stream ofN2 so that relaxation 

was only caused by collisions of the spin label with DGS-NT A and not lipid soluble O2. 

4.3 Results and discussion 
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Figure 4.5 Spin label accessibility modulated by cholesterol binding. (A) 
Accessibility of spin-labeled M2TMC peptides to lipid headgroup-chelated Ni(II) without 
cholesterol (gray) and with cholesterol (black). Error bars represent the 95% confidence 
interval determined by fitting the saturation curves. (B) Saturation curves for F55Rl with 
DGS-NT A present and with or without cholesterol. Saturation of the sample is not 
observed without cholesterol present. 
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Figure 4. SA displays the differences in ""P1I2 for M2TMC spin-labeled at L46, 

C50, F55, and E56. Saturation profiles varied substantially from site to site, in part due 

to different positioning on the amphipathic helix with respect to the membrane. L46 and 

C50 samples did not saturate in either condition with DGS-NTA (Ni). The large errors 

reported for /IP ]/2 are a result of fitting the unsaturated curves. Because saturation was 

not observed with the simultaneous presence of cholesterol and DGS-NTA, it is likely 

that occlusion ofL46 and C50 does not occur. /lP1I2 values for E56Rl are equivalent 

within experimental error. This is consistent with the hypothesis, as E56 is charged, 

solvent-exposed, and not expected to be in close proximity to cholesterol. 

Figure 4.5B shows differential saturation profiles for F55Rl in the presence of 

DGS-NTA with and without cholesterol. Large differences in /lP1I2 are observed, 

indicating that collisions between the spin label and DGS-NTA occur without cholesterol 

and are prevented when cholesterol is present. 

The occlusion of the F55 site by cholesterol is in contrast to a previous study that 

was unable to detect a close-range interaction with the cholesterol A ring using pulsed 

EPR techniques (33). It is possible that F55 does not interact with the A ring, although 

this seems unlikely given the requirement for the A ring hydroxyl group to be near the 

membrane interface. Chapter 5 describes an experiment that may be used to probe other 

residues of the CRAC region for cholesterol interactions. With the identification of only 

a single residue occluded by cholesterol, its position and orientation is only loosely 

defined. Extending the power-saturation experiment to additional sites on the 

amphipathic helix may allow the identification of additional residues that may participate 

in cholesterol binding. 

47 



Chapter 5. Probing for M2-cholesterol proximity using ESEEM 

5.1 Introduction 

Pulsed EPR techniques can be used to probe the interactions between an electron 

and nuclear spins using electron spin echo envelope modulation (ESEEM) spectroscopy. 

ESEEM has been used in the identification of metal centers in metalloproteins and in 

analysis of protein structure (49, 61). More recently, ESEEM has been used to 

investigate the conformation of membrane proteins, describing hydration and lipid 

contacts (47). 

In contrast with the previous collision studies using Ni(II)-chelating DGS-NTA, 

ESEEM is a through-space interaction and does not require direct contact. ESEEM using 

2H (I ~ 1) has a signal strength that decreases as r-6 The strength of ESEEM modulation 

is dependent on the number and gyromagnetic ratio of the hyperfine-coupled 2H nuclei. 

The spin label and coupled nuclei must fall with ~4-8 A for modulation to be detected 

(46,48). 

Using 2H-labelled cholesterol (Figure 5.1), ESEEM could potentially identify 

residues in the vicinity of cholesterol that and thus provide specific information regarding 

the binding partners and orientation of cholesterol in relation to the M2 protein. 
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Figure 5.1 Structures of 2H-labeled cholesterol. (a) Cholesterol-2,2,3,4,4-ds 
(cholesterol-ds) is labeled on the A ring (Figure 1.4), which is expected to be near the 
membrane surface. (b) Cholesterol-26,26,26,27,27,27-d6 (cholesterol-d6) is labeled at the 
end of the aliphatic chain that is expected to be buried within the lipid bilayer. 

5.2 Experimental design 

Previous work attempted to measure interaction between A-ring deuterated 

cholesterol and M2TMC labeled at the F55 site, but failed to detect any coupling (33). 

One possibility for this is that F55 lies beyond the termination of the pseudo-CRAC of 

the C-terminal helix and may not be within the ESEEM distance range. The result of a 

previous simulation using the Cross solid-state NMR structure is shown in Figure 5.2A. 

In this structure, F54 appears to form a stacking interaction with the cholesterol A ring, 

while F55 is a quarter-tum away, possibly explaining the negative result. Figure 5.2B 

shows an enlargement of the docking site, with residues within the 8A ESEEM detection 

limit of the indicated cholesterol positions in red. 
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Figure 5.2 Simulated docking of cholesterol and M2. (A) Lowest energy conformation 
determined between cholesterol and the Cross ssNMR structure, calculated using the 
AutoDock4 software. (B) Enhanced view of the putative cholesterol binding site. 
Residues determined to be within sA (measured from ~ carbon) ofthe indicated positions 
on the cholesterol A or B rings are shown in red. Figure adapted from (33,57) 

However, the Cross structure was not obtained in the presence of cholesterol, and 

the structure ofM2 may differ substantially when cholesterol is present (21). In order to 

better assess the M2-cholesterol interaction, M2TMC peptides spin labeled at the sites 

indicated in Figure 5.2B may be reconstituted in the presence of cholesterol-ds. ESEEM, 

conducted at the Ohio Advanced EPR Laboratory at Miami University (Oxford, OH), 

may then be used to probe for 2H hyperfine couplings that would confirm the simulated 

binding configuration. Sites 142, 151, and F54 would be ideal sites for this experiment. 

Another possibility for the negative F55Rl result is related to the difficulty of 

carrying out pulsed EPR experiments in liposomes . Shortened relaxation times due 

dipolar spin label-nuclei interactions can significantly reduce the signal/noise ratio. The 

use of styrene-maleic acid Lipodisqs, a recently developed membrane system, has been 

shown to provide improved data quality in double electron-electron resonance (DEER) 

experiments (62). Reconstitution ofM2TMC peptides in Lipodisqs in a deuterium-
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depleted buffer will hopefully provide improved data quality over liposomes, allowing 

for the characterization of the proposed cholesterol binding site. 
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Chapter 6. Conclusions and Future Directions 

6.1 Conclusions 

Building on previous work from the Howard Lab, SDSL-EPR experiments using 

the M2 constructs M2TM and M2TMC reconstituted in lipid bilayers demonstrate 

evidence for multiple avenues of response to membrane cholesterol. Thickening of the 

bilayer due to cholesterol-acyl chain interactions is sensed by the M2 transmembrane 

domain, inducing a rearrangement in helical packing to minimize hydrophobic mismatch. 

Using M2TMC peptides, which contain the cholesterol-binding CRAC motif, the same 

cholesterol-dependent lineshape changes were observed, suggesting a direct cholesterol

M2 interaction. Stronger evidence for this was obtained, showing that cholesterol shields 

the amphipathic helix residue F55 from collisions with membrane-bound paramagnets. 

While this only loosely constrains the position of cholesterol relative to M2 and is not 

decisive evidence for cholesterol binding, these results suggest that a more thorough 

study of CRAC residues can identify the remaining sites that interact with cholesterol. 

6.2 Future directions 

The effect of bilayer thickness, changed by using lipids with different chain 

lengths, on M2TMC conformation has been previously studied using only R45Rl, which 

showed similar results to N-terminally spin labeled M2TM (34). Based on the 

knowledge that cholesterol increases bilayer thickness, it may be enlightening to 

manipulate bilayer thickness using different lipids and assess the resulting effect on 

M2TMC peptides spin labeled on the C-terminal helix. This may provide information 
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regarding the M2 confonnational the separate, but not necessarily independent effects of 

bilayer properties and cholesterol interaction. 

Expansion of the power saturation experiments using DGS-NTA to other residues 

of the CRAC, especially those indicated in Figure 5.2B, may provide a clearer picture 

regarding the cholesterol-M2 interaction at the CRAC. It might also be worthwhile to 

test sites near the C-tenninal end of the TM helix, which may interact with the cholesterol 

C and D rings. Sites like 142 are still close enough to the membrane surface to 

experience collisions with DGS-NTA (15). The use of higher (>50 mW) microwave 

powers, as used for F55Rl and E56Rl, will likely eliminate the unsaturation problems 

observed for L46Rl and C50Rl and allow for higher-quality data. 

Nuclear magnetic resonance may also be applied to characterize the cholesterol

M2 interaction. In the same manner that the ordering of lipid acyl chains can be 

measured (23), use of2H-cholesterol and 2H NMR can detect changes in cholesterol order 

associated with binding to M2. These experiments would use M2 peptides reconstituted 

in magnetically oriented lipid bicelles, the development of which is described in 

Appendix A. 

An alternative NMR method takes advantage of the r-6 dipolar interaction 

between an electron and nuclear spin, as discussed in section 5.1. The use of 

paramagnetic relaxation enhancement (PRE) constraints caused by the effects of an inert 

paramagnetic reagent, and the observed nucleus is frequent in NMR structure 

detennination and has also been applied to the study of intrinsically disordered proteins 

(63,64). The range of the PRE effect varies with the paramagnet, but can generally reach 

up to at least 20A (65). To probe the M2-cholesterol interaction, spin labels may be 
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attached on the C-tenninal helix, and the relaxation effects on l3C-labeled cholesterol 

could be measured and used to triangulate a particular region of the cholesterol molecule 

in relation to the protein (Figure 6.1). Thus, the PRE effect can provide complementary 

infonnation for characterizing the atomic-level detail of the M2-cholesterol interaction. 

Figure 6.1 Triangulation of cholesterol position using PREs. Spin labeled peptides 
reconstituted in liposomes with isotopically labeled cholesterol may be used in NMR 
spectroscopy to extract infonnation fonn the distance-dependent PRE effect. In this 
manner, the relative position of the labeled region of cholesterol, shown here to be the A 
ring, may be detennined. 
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Appendix: NMR of oriented membrane mimics 

A.l Introduction 

Vesicles of POPC/POPG have been used as a membrane mimetic for studying the 

M2 channel. However, vesicles do not tumble quickly enough for well-resolved NMR 

spectra. Thus, many structures of membrane proteins are studied using solution NMR in 

detergent micelles, which tumble more rapidly than vesicles, allowing for structural 

analysis (66). One such example is a solution NMR structure of M2TMC obtained in n

dodecylphosphocholine (DPC) micelles, as seen in Figure 1.3 (20). The problem with 

micelles, as discussed previously, is that their high curvature is not representative of a 

cell bilayer and may induce unnatural protein conformations. 

One strategy for collecting NMR data is to reconstituted membrane proteins into a 

lipid bilayer system which can be oriented with respect to an applied magnetic field. 

Spectra collected from uniformly oriented samples are greatly simplified with respect to 

those from slowly tumbling vesicles (Figure A. I). Bilayers may be oriented 

mechanically using stacks of glass cover slips, but in doing so, much of the available 

sample volume is lost (67). This problem may be solved using lipid bicelles, which align 

spontaneously with the magnetic field within certain conditions. 
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Figure A.1 The advantage of oriented samples. (A) 31p NMR spectra ofDMPC (50% 
w/v in D20) displays the characteristic pattern of an axially symmetric molecule. The 
parallel and perpendicular components of the chemical shift tensor are indicated. (B) 31p 
spectrum ofDMPCIDHPC bicelles (25% w/v in H20ID20) aligned perpendicular to the 
magnetic field. The chemical shift and sharpness of the DMPC peak are evidence of a 
perpendicular alignment with respect to the magnetic field. 

Bicelles (binary bilayered micelles) are formed from mixtures oflong-chain lipids 

and detergents at various molar ratios q (68,69). In contrast to micelles, bicelles are disc-

like aggregates, with a flat bilayer region for protein incorporation, and edges capped by 

the detergent molecules (Figure A.2). At field strengths over ~ I T, discoid bicelles 

spontaneously align with the bilayer normal perpendicular to the field axis (70), which is 

the lowest energy configuration for the induced magnetization in DMPC. Buffer pH, 
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total lipid concentration, and temperature may also be varied to obtain more uniform 

alignment. 

A B 

60 

Figure A.2 Bicelles aligned in a magnetic field . (A) Schematic of lipid bicelles aligned 
in a magnetic field with the bilayer normal (N) perpendicular to the field axis. Bilayers 
are formed by long-chain lipids such as DMPC, while the highly curved edges are 
composed of detergent molecules. (B) Small amounts ofPEG2000-PE prevent 
aggregation due to the size of the polymer chain. Figured adapted from (71). 

A.2 Experimental design 

The bicelles used here are mixtures of the long-chain lipid 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), and the detergent 1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC, Figure A.3) using a total lipid concentration of 25% w/v with a 

q of 3.5, as has been used in previous work and literature (71,72,73). 
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Figure A.3 Structures of bicelle lipids. Chemical structures of the long-chain lipid 
DMPC, the detergent DHPC, and PEG2000-PE. 

The orientation ofbicelles may be followed using the DMPC headgroup 31p 

chemical shift. In an isotropic sample, the anisotropic elements of the chemical shift 

tensor are averaged to zero (74). A collapse of the axially symmetric powder spectrum to 

a sharp resonance at roughly -13 ppm (Figure AlB) is indicative ofbicelles orientated 

with the bilayer normal perpendicular to the applied field. 

2H NMR may also be used to detect residual D20 solvent restricted from isotropic 

motion within the bicelle suspension. Preferred orientation ofD20 is evident by a 

splitting of the isotropic D20 peak at 0 ppm into a symmetrical quadrupolar pattern. The 

quadrupolar splitting for a spin I =1 nucleus ~v is, like the chemical shift, dependent on 

the angle 8 made with the field axis: 

~v IX 3 cos2 8 -1 (6) 
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For isotropic motion, the quadrupolar splitting averages to 0, giving a single peak. When 

motion is restricted, the quadrupolar splitting is observed. 

A.3 Materials and methods 

A.3.1 Preparation of lipid bicelles 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti), and 1,2-

dihexanoyl-sn-glycero-3-phosphocholine (DHPC, Avanti) were cosolubilized in 

chloroform at a molar ratio of 3.5: 1 (q~3.5), blown down to a film under N2, and placed 

on vacuum overnight. Samples for 31 P NMR were rehydrated to the desired 

concentration in 350 ilL D20 (Aldrich), while samples for 2H NMR were rehydrated in 

deuterium-depleted H20 (Cambridge Isotope Laboratories). Once fully dissolved, the 

lipid mixture was cycled between ice and a 38'C water bath until the solution was 

transparent and fluid at low temperature and thick and opaque when warm. Bicelles were 

transferred when cold using a pre-cooled long nosed pipette into a NMR sample tube. 

Bicelles containing cholesterol were prepared similarly except with the addition 

of 10% by mole of cholesterol. As a result of observed sample aggregation and phase 

separation, 1,2-dimyristoy 1-sn-glycero-3 -phosphoethano lamine-N

[methoxy(polyethylene glycol)-2000] (PEG2000-PE) was added at 2.5% total lipid 

weight (Figure A.3). PEG2000-PE was chosen because its acyl chains match those of the 

bilayer lipid DMPC and its presence in the bicelle has been shown to reduce aggregation 

(75). 
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A.3.2 NMR spectroscopy 

Nuclear magnetic resonauce spectroscopy was conducted using a Bruker Avance 

DRX 400 MHz spectrometer equipped with a 5mm broadband probe. All samples were 

initially locked to D20 (Aldrich) aud shimmed on the Z and Z2 gradients. The lock and 

field sweep were disabled prior to measurement, as auisotropic D20 motions in the 

oriented system broaden the lock signal in 31 p NMR. For 2H NMR, interference between 

the lock and signal channel is observed, and the lock must be completely disabled by 

setting the LOCNUC parameter to "off." Spinning was disabled for all samples. 

Phosphorus-31 spectra were collected at 16l.98 MHz using a 90' pulse of8.60 IlS 

at 0.0 dB power. Proton decoupling was used during data acquisition. The number of 

collected data points (TD) was 2048, number of scans (NS) was either 32 or 64, sweep 

width (SW) was 200.00 ppm, and the center (OlP) was 0.000 ppm. Data acquisition time 

was 0.0316 seconds, with an interpulse delay (D1) of3.0 s. Power-gated proton 

decoupling was accomplished using the Waltz 16 sequence, with a decoupling frequency 

of 400.1 MHz and a center (02P) of 7.00 ppm. 31 p spectra were processed using an 

exponential line broadening of 10 Hz. All spectra were calibrated to an external 85% 

H3P04 reference. 

A.3.3 2H pulsewidth calibration and acquisition parameters 

To calibrate the length of the 2H 90' pulse, a D20 sample was loaded aud 

equilibrated to 313K to best simulate conditions ofbicelle samples during data collection. 

The excitation pulsewidth (PI) was set to 3 IlS, and a single scan was collected and 

phased. PI was incremented by 1-2 IlS, and additional scaus were phased using the same 
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values as the initial scan. The length of the 90° pulse can be inferred from a plot of signal 

amplitude against pulsewidth (Figure A.4), and was determined to be approximately 18.5 

f.1s. 2H spectra were centered at 0.00 ppm with a spectral width of 16 ppm. 

Deuterium spectra were recorded at 61.4 MHz using a single 90° pulse of 18.5 f.1S 

at 0.00 dB with no proton decoupling. The number of points (TD) collected was 512, 

sweep width was 16.00 ppm, and the spectral center (OlP) was 0.00 ppm. Acquisition 

time was 1.042 s, with a relaxation delay (D1) of Is. Spectral processing was carried out 

using an exponential line broadening of 5.0 Hz. 

Increasing 
pulsewidth 

"1""1""1""1""1""1""1""1""1""1""1'"'1""1""1""1' 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 
pulsewidth (j.Js) 

Figure A.4 2H pulsewidth calibration. (Top) 2H NMR spectra of a D20 sample 
recorded over different excitation pulsewidths. (Bottom) A plot of peak amplitude 
against pulsewidth, with sinusoidal fit. The 90 ° pulse corresponding to maximum peak 
amplitude is approximately 18.5 f.1s. 
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A.4 Results 

A.4.1 Temperature optimization 

The morphology ofDMPCIDHPC lipid system is strongly temperature dependent 

(Figure AS): at lower temperatures, isotropically tumbling bicelles give a sharp line 

isotropic spectrum, while bicelles fuse at higher temperatures and form perforated 

lamellae (76). 
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Figure A.5 Morphologies of bicelle systems. Schematic rationalizing the temperature
dependent properties ofbicelles. At low temperatures, discs are small and present all 
orientations. At higher temperatures, bicelles fuse, forming vesicles that lack the desired 
orientational selectivity. Figure adapted from (76). 

31p NMR was used to track changes in chemical shift of the DMPC phosphorus 

resonance in a 25% w/v bicelle sample from 298K to 317K (Figure A6). Characteristic 

axially symmetric patterns were observed in the 298K spectrum, which sharpen as 

temperatures increase. The DMPC phosphorus resonance is seen to shift upfield with 
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temperature to a maximum of -13 ppm at 317K. 'H NMR of residual D,O corroborated 

these observations. Only minor changes were observed in the 31 p spectra, but an apparent 

change was seen at 323K in the 'H spectra, consistent with a change in sample 

morphology above 3 17K. 
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Figure A.6 31p and 'H temperature series data. (A) 31 p and (B) 'H NMR spectra of 
25% w/v DMPCIDHPC bicelles. Narrowing Of 31 p resonances and upfield shifts, along 
with analogous quadrupole splitting in the 'H spectra ofD,O in the 308-318K range are 
indicative ofbicelle alignment. An isotropic phase returns at 323K as seen by 'H NMR. 

A.4.2 Cholesterol modifies bicelle properties 

Addition of small amounts of cholesterol to DMPCIDHPC bicelles has been 

shown to widen the temperature window for spontaneous magnetic alignment (73). 

However, cholesterol-doped bicelles (10% by mole DMPC) also tended to precipitate 

from solution, precluding successful data acquisition. To counteract this, 1,2-
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dimyristoy 1-sn-gl ycero-3-phosphoethanolamine-N- [po Iy( ethyl ene glycol )2000 1 

(PEG2000-PE), which has been shown to prevent lipid aggregation (Figure A.2B) (75), 

was added to the samples. The resultant 2H spectra demonstrate quadrupolar splitting up 

to 328K, with magnitudes comparable to or larger than observed for the undoped bicelles 

(Figure A. 7). An isotropic peak is observed at higher temperatures and may be indicative 

of a population of isotropic D20 caused by phase change or sample precipitation. 
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Figure A.7 Cholesterol-doped bicelles. 2H NMR of25% w/v DMPCIDHPC bicelles 
with cholesterol present at 10% by mole ofDMPC. 2.5% ofPEG2000-PE was added to 
prevent aggregation and precipitation. Quadrupole splitting of D20 is observed up to 
328K, however an isotropic peak is also observed at 318K and above. 

A.4.3 Applications for M2 studies 

The lipid bicelle system optimized here can serve as a platform for NMR studies 

of M2 peptides. The use of 2H NMR in conjunction with isotopically labeled cholesterol 
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may allow for complementary analysis cholesterol-peptide binding. The distinction 

between free membrane cholesterol and M2-associated or bound cholesterol should be 

readily apparent by 2H NMR by a change in observed splitting. 
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