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Abstract 

The M2 protein of the influenza A ViruS is a homotetrameric transmembrane proton 

channel implicated in several stages of the viral replication process. Each of its 97-

residue monomers is known to include a transmembrane a-helix. but the structures of the 

N- and C-terminal domains have not yet been solved. A significant barrier to an atomic 

level understanding of the M2 protein is the difficulty associated with expression and 

purification of the full-length protein. which has primarily been studied in the form of 

truncated constructs covering the amphipathic helix and a short C-terminal segment. This 

C-terminal segment. which includes residues 46-62. has been shown for a truncated 

version of the protein to consist of an amphipathic helix lying on the membrane surface. 

Here. we present SDSL-EPR structural studies using full-length M2 constructs to 

examine sites 50-54 in the proposed amphipathic helix region of M2. Using power 

saturation data for the protein reconstituted into vesicles and CW spectra of M2FL in 

detergent micelles and in vesicles. we present a preliminary structure for this region in 

the full-length protein and compare these results to analogous data collected for truncated 

M2 constructs. These spectra suggest that this region forms an amphipathic helix in the 

full-length protein. as has been proposed for the truncated form. with slightly reduced 

mobility and possibly a more deeply membrane-buried position relative to the truncation. 

We also find that mobility across this region is severely constrained when either the full

length or the truncated protein is solubilized into neutral octyl glucoside micelles. though 

the truncated form is known to remain highly mobile in micelles of zwitterionic 

detergents. From these results. we suggest that the chemical nature of amphiphile 

head groups dictates association of the C-terminal domain with the membrane mimic 

surface. 
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Chapter 1 

Influenza A and M2 

1.1 Influenza 

1.1.1 Influenza as a Threat to Public Health 

The influenza family of viruses is the most widespread cause of respiratory disease in 

the world, causing illness in an estimated 20% of the world's population every year, 1,2 

The illness leads to respiratory symptoms and can cause life-threatening complications 

in most major organ systems, but the diversity in circulating strains severely limits the 

development of long-term resistance in indivdiuals, 2 Two types of the virus, influenza A 

and influenza B, are capable of causing disease in humans, but influenza A, with greater 

genetic diversity and a large number of animal hosts, has resulted in periodic pandemics 

and is therefore considered to present the most significant public health threat 3 

The diversity of human pandemic forms arises largely from the virus's signif

icant capacity for mutation assortment, which itself is caused by the large existing pool 

of genetic diversity in avian strains of influenza A, 4 Though these forms are largely 

incompatible with the human form due to differences in surface sialic acid residues, the 

avian virus is capable of recombination with porcine forms, which are mutually com

patible with human and avian versions, 5,6 Two major outbreaks between 2000-2010, an 

I 



Influenza A and M2 2 

avian form in 2003 and a swine flu form in 2009, have highlighted the threat presented 

by the potential of crossover from animal influenza viruses,7-9 These factors compli

cate the prevention of outbreaks and limit individual immunity to existing strains, 10 and 

also cause the disease to be considered non-eradicable, 1 Limiting the public health im

pact of influenza A therefore depends upon the development of efficient prevention and 

treatment measures, 

1.1.2 Molecular Biology of the Influenza A Virus 

Influenza A is an RNA virus encoding for eleven separate proteins, 11 The outer surface 

of the protein consists of a lipid bilayer derived from the infected host, containing three 

membrane-proteins: the glycoproteins hemagglutinin (HA) and neuraminidase (NA), 

and matrix protein 2 (M2),5 The inside of the viral envelope is lined with matrix protein 

I (MI), and the remaining seven proteins are involved in the formation of the viral 

nucleocapsid (vRNP) and replication of RNA, 5,9 Ml, in addition to lining the interior 

of the viral membrane, associates with and stabilizes the vRNPs 12 (Figure L I), 

The diversity of Influenza A derives from the diversity of forms of the two 

surface glycoproteins, HA and NA, 14 Sixteen known HA types (labeled HI-HI6) and 

9 varieties of NA (NI-N9) are found in various influenza A strains, with each subtype 

of the virus being labeled on the basis of its HIN combination, 9 Within these subtypes, 

point mutations can result in the creation of novel strains within a subtype (antigenic 

drift);2 alternately, the process of antigenic shift can result in novel forms of either 

glycoprotein appearing in unprecedented hosts, 1 

1.1.2.1 Structure ofthe Hemagglutinin Protein 

Hemagglutinin is responsible for viral interaction with receptors on host cell surfaces to 

initiate virus-host membrane fusion and entry of the virus into the host ceIL 15 In its post

translationally modified form, the protein is a trimer described as a globular head on a 

stalk,S The protein is synthesized as a 483-residue monomer, which is cleaved before 
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FIGURE 1,2: A. Prim" y,"luoooe md trim"" ,trocturo d tho infuorw. A. HA. F<"'
toin, Tho ¢ret")' '''luoooe d HA. i, cl"YM . t tho vi,,! ,urf. ", into tho H1 ntd H2 
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each consisting of a "head" domain, a "stalk" domain, a transmembrane domain, and a 

cytoplasmic domain,20 Of these, the cytoplasmic domain is a highly-conserved MNPNQK 

motif of unknown function,21 The transmembrane domain is a twenty-three amino acid 

helix which functions primarily to anchor the protein in the membrane, The stalk do

main similarly contributes little to the function of the protein; the length and sequence 

are variable, and the structure is unknown, However, the conserved presence of cysteine 

residues in this region suggests that it forms disulfide bonds that contribute to the qua

ternary structure of the protein, The disulfide-bonded head has a six-bladed propeller 

structure,20 containing an active site pocket where sialic acid is bound and cleaved 18 

(Figure 1,2B), Though each monomer contains a separate binding pocket, function is 

dependent upon quaternary structure; monomers show no evidence of enzymatic activ

ity,20 

1.1.3 Life Cycle of Influenza A 

Each of the three viral coat proteins, HA, NA, and M2, plays an important role in the 

viral life cycle, The process of viral replication takes advantage of the resources of the 

host cell to replicate viral RNA and transcribe its proteins before budding off into a new 

virion, using a portion of the host cell membrane as its viral envelope (Figure 1,3), 

The first step of the viral life cycle is entry into the cell , which is mediated 

by hemagluttinin, As described in section I, 1,2, I , HA is able to bind to host cell sialic 

acid receptors, which initiates the process of viral entry, This process is also respon

sible for the specificity of a given virus type to a particular host species, HA proteins 

are normally specific to sialic acid residues with a particular type of galactose linkage, 

which tends to differ among host species,12 In all species, however, this binding step 

initiates the process of viral entry into the host, Interaction between HA and the sialic 

acid residue, embedded in the host cell membrane, induced receptor-mediated endo

cytosis, Though this process can proceed by a variety of host cell mechanisms,23 the 

general process involves the formation of a small vesicle from the host cell membrane, 

which encapsulates the virus and begins the process of transport to the nucleus, 24 
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6 

However, before the virus can be released for further processing and replica

tion, it undergoes a series of changes within tm endosome. The endosome has a low pH 

of approximately 5-6, resulting in conformational changes in the HA protein. The two 

HA trimer suoonits, previously linked by a series of disulfide bonds, dissociate all but 

one disulfide connection, resulting in a rearrangement of the HA helices that refolds a 

loop domain into a helical structure that elongates the protein into a long helical form. 

This brings the fusion peptide domain, a small section of H 1 that begins the process 

close to the base of the protein, into contact with the target membrane. The C-terminus 

tmn reorients to "zip" the extended helix into its original bundle conformation, bringing 



Influenza A and M2 7 

the fusion peptide into contact with the transmembrane section and thereby drawing the 

target membrane and the influenza membrane together. 25 After fusion, the M2 mem

brane protein transmembrane domain acts as a proton channel and is triggered to open 

by the pH environment, allowing an influx of protons from the acidified endosome inte

rior; this influx releases viral RNA from the Ml protein binding it to the viral membrane 

and allows the vRNPs into the host cell cytoplasm, whence they are transported into the 

host cell nucleus by native host cell transport factors, 12 This process is assisted by the 

affinity of vRNP support proteins for the transport machinery of the host celL 26 

Once inside the host nucleus , the virus continues to the infected cell's ma

chinery for the replication of its genetic material by taking advantage of the affinity of 

its own proteins for host cell materials, The viral PB2 endonuclease of the vRNP uses 

a "cap-snatching" mechanism to remove the 5' methylated caps of cellular mRNA and 

transplanting them to the viral RNA, thereby allowing the viral genes to be transcribed 

by the cell's RNA polymerase II, 26 Cap-snatching also accelerates the degradation of 

nuclear mRNA, allowing the viral RNA to take priority in the transcription process, 12 

Meanwhile, new viral RNA is produced in the nucleus and transported to the newly

transcribed viral proteins, where it associates with the proteins PB I, PB2, and PA to 

form new vRNPs,22 The membrane proteins HA, NA, and M2 are transported to the 

membrane surface, where they associate with the newly formed vNRPs and begin the 

process of budding, 12 

Though the ion channel M2 has a significant role in the release of the virion 

from the endosome, it also has a critical role in in viral budding, Where most viruses 

rely on the scission machinery of the host cell to separate portions of membrane for 

extracellular transport, M2 is the only known viral protein capable of accomplishing 

this task, 27 M2 is capable of associating with the matrix protein Ml as a "scaffold" that 

localizes M2 to the site of most extreme curvature during the initiation of viral budding, 

Though this process is believed to begin with the localization of HA and NA to lipid 

rafts in the membrane, it is accelerated by the actions of M2 after its association with 

ML When M2 is brought close to this site of greatest constriction, described as the 

"neck of budding," it is believed to form a ring around the site in cholesterol-mediated 
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fashion. This ring then begins to constrict while the amphipathic helix associates more 

deeply into the membrane. accelerating the increase in curvature until the width of the 

neck reaches the "critical threshold" at which scission occurs. 27 

The role of M2 in viral budding is an area of intense recent interest. The 

role of a C-terminal amphipathic helix proximal to the transmembrane domain has been 

shown to mediate budding in a cholesterol-dependent manner. Details of its structure 

are still uncertain, but an overview of previous structural work done on the M2 protein 

will be reviewed in the following section. 

1.2 The M2 Protein of Influenza A 

1.2.1 Introduction to the M2 Protein 

As described in Chapter 1.1.3. "The Life Cycle of the Influenza A Virus," the M2 

protein has two known roles: acidification of the virion after encapsulation in the endo

some, and scission of the membrane during the budding process. Together, these two 

factors make M2 highly important in the viability of the virus,28 and targeting M2 has 

been a major strategy in the treatment of influenza. Historically, this was accomplished 

primarily through treatment with the adamantane drugs amantadine and rimantidine, 

which inhibit M2's proton channel function and thereby block replication at the viral 

acidification step.29 Though both drugs cause relatively severe side effects in the central 

nervous system, 10 this category of drug remained among the most widespread influenza 

treatment methods until the early 2000's, when resistance mutations in the transmem

brane domain of the protein became widespread. 30 Samples of adamantane-resistant 

virus have been observed in approximately 30% of amantadine-treated patients within 

three days, rendering these drugs essentially obsolete, 14 and the CDC began issuing 

warnings against their use in 2005. 30 

However, M2-targeting drugs do have a significant advantage over HAINA

strain-specific treatments like the influenza vaccine: the M2 protein is less variable 
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among strains, making M2 inhibitors effective against most forms of influenza A, There

fore, identifying M2-targeting drugs has become a major priority in the development of 

new influenza treatments, However, this effort is complicated by the relative lack of 

atomic-level structural information about M2 relative to other viral coat proteins, 

Though biochemically identified in 1981,31 no full-length atomic-level struc

ture for M2 has been solved, Protein structures are highly dependent upon interactions 

with their environment, and this is particularly true for membrane proteins, The choice 

of model mimetic is a crucial issue in obtaining accurate structural data; the choice of 

membrane model can severely alter the configuration, as in the case of membrane thick

ness, which affects the transmembrane helical tilt of M2 structures,32 These issues are 

typically exaggerated in small membrane proteins, as the proportion of the structure that 

interacts directly with the membrane is greater, 33 This trend is responsible for the dif

ference in the amount of information about M2, which is largely membrane-embedded, 

versus the other influenza membrane proteins, which have a relatively small proportion 

of their structure embedded in the membrane (see Sections I, 1,2, I and I, 1,2,2), 

The M2 protein is a homotetramer of 97-residue monomers which forms a 

transmembrane alpha-helical bundle, The structure (Figure IA) is characterized by a 

highly-conserved extracellular N-terminal domain (residues 1-25); a transmembrane 

helix (residues 26-46), which, in combination with the transmembrane domains of the 

other monomers, forms the channel pore; an a-helical domain closely associated with 

the inner membrane (residues 47-62), which assists in membrane curvature (5); and 

cystolic tail with poorly-understood structure, 34 
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Chapter 2 

SDSL-EPR for Protein Structural 

Determination 

2.1 Theory of Electron Paramagnetic Resonance 

2.1.1 Electron Spin and Interactions with Applied Magnetic Field 

Electron paramagnetic resonance (EPR) is a spectroscopic method that measures the 

energetic differences from paramagnetic electron spins in an applied magnetic field to 

describe an unpaired electron's environment. 

In the absence of a magnetic field, two degenerate spin orientations are avail

able to an electron, differentiated by the direction of the z component of the intrinsic 

magnetic moment (Figure 2.1). When a magnetic field is applied to a sample, the elec

tronic spins interact with the field in a phenomenon described as the Zeeman effect, 45 

resulting in an energy difference between the two available spin states (Figure 2.2): the 

a state, parallel to the magnetic field and therefore described as having a positive z com

ponent, and the (3 state, which has a negative z component and is therefore anti parallel to 

the applied field. 45
,46 These states can also be described in terms of their spin magnetic 

quantum numbers, with the a state having ms = +~ and the (3 state having ms = _~.46 

13 
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The energy of each state is related to its ms value as: 45 

where g describes the free electron g factor, a proportionality constant associated with 

electron orbital momentum47 and JLB is the Bohr magneton, an electromagnetic con

stant. 48 However, for the purposes of EPR spectroscopy, the most relevant form of this 

equation relates the difference in energy between the a and (3 states to the corresponding 

electromagnetic wavelength: 49 

f'lE = hv = gJLBo 

This equation is the basis for the absorption events that define EPR. In EPR, 

unpaired electrons, which assume the lower-energy (3 configuration upon exposure to 

the magnetic field, can be excited to the a state by electromagnetic radiation with en

ergy equal to the energetic difference between the spin states. Because this energetic 

difference is proportional to the magnetic field, irradiation with a fixed wavelength will 

result in electronic excitement and resultant radiation absorption only at the magnetic 

field strength corresponding to f'lE. 50 

2.1.2 Hyperfine Splitting Gives Rise to Observed Lineshape 

Additional splitting is possible if electronic spin interacts with the nuclear spin of nearby 

atoms. In the experiments described here, the spin label MTSL contains a paramagnetic 

nitroxide radical, which brings the unpaired electron into close proximity with a ni

trogen nucleus (Figure 2.4). The nuclear spin (I = 1) of the most abundant nitrogen 

isotope 49 gives rise to three potential nuclear spin orientations relative to the magnetic 

field, mI = -1,0, + 1. 46 Each of these orientations affects the energy of the electronic 

spin state, resulting in variations in f'lE (Figure 2.3). 
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FIGURE 2.1: Schematic of available orientations of electron magnetic moment. Dotted 
lines represent the two available z components , which determine the orientation of the 
spin. A positive z component is described as the Q spin, while the negative z component 
results in the (3 state. Regardless of orientation, magnitude of the z component has an 

absolute value of ~ n. 45 
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FIGURE 2.2: i':"E of an electronic transition between Q and (3 spin states in an applied 
magnetic field. In the case of paired electrons, where each electron naturally assumes a 
different spin state, both Q and (3 are occupied and no electronic excitement can occur. 
However, for unpaired electrons, the low-energy (3 electron is able to transition to the 

Q state after irradiation corresponding to i':"E.45 
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To obtain an EPR spectrum, electromagnetic frequency is held constant at 

9.8 GHz while magnetic field is scanned over a 150 G-wide range and absorbance is 

measured at each field strength. The three spin states of nitrogen give rise to three 

observable transitions, each occurring at different magnetic field strengths: mI = + 1 

is the low-field peak, mI = 0 is the center peak, and mI = -1 is the high-field peak. 

When absorbance intensity is plotted against magnetic field, it produces a three-peak 

spectrum with peaks separated by aN, the nitrogen hyperfine coupling constant. 51 

However, the first derivative of absorbance is plotted in lieu of the absorbance 

peak due to the phase-sensitive detection used to improve signal-noise ratio (See Figure 
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FIGURE 2.3: Energetic differences between electronic spin states ms = +~ and ms = 

-~. coupled to the hyperfine splitting induced by the three spin states of the nearby 
nitroxide nitrogen nucleus. Three transitions are possible, depending on the spin of 
the local nitrogen. Because the energy inducing the transition is held constant, the 
magnetic field strength at which each transition occurs is different for each nuclear 

spin, giving rise to three absorptions on the EPR spectrum. 49 
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2.3). Because the energetic differences between spin states are small, detection of a 

strong signal requires filtering background energy. The magnetic field is therefore os

cillated, causing the signal to experience modulation at a matching frequency. Because 

the slope of the initial absorption event determines the magnitude of the detected signal, 

the first derivative of absorption events is plotted instead of the absorption itself. 52 

2.2 Application ofEPR to Proteins by Site-Directed Spin 

Labeling 

Due to the requirement that an EPR analyte be paramagnetic, most proteins, except 

metalloproteins, do not contain stable radicals and cannot be measured directly by EPR. 

However, the attachment of paramagnetic tags to individual residues makes it possible to 

collect EPR data specific to the labeled site, 53 which can be used to describe site-specific 
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parameters such as mobility, for membrane-associated proteins, position relative to the 

membrane, as well as parameters describing the site's time-dependent interaction with 

other labeled residues, nearby proteins, and enzyme substrates. 49,54,55 The collection of 

site-specific data for a range of locations on a protein allows the comparison of indi

vidual parameters to measure change over the entire structure and identify patterns and 

variations that can be used to identify secondary structure and protein location in the 

membrane. 56 The method, called site-directed spin labeling EPR (SDSL-EPR) is use

able for soluble proteins 49 but is especially useful for membrane proteins, which are 

difficult to study by other methods. Though the data it produces is relatively low res-

0lution,57 it can be used in combination with computational simulations to produce de 

novo high-resolution structures. 58 

The most common method for spin-labeling proteins relies upon the disulfide 

bond capability of the most widely used spin label, MTSL. 56 The thiol-specificity of 

the label causes MTSL to bond exclusively to cysteine residues when reacted with a 

protein,59 forming a radical, labeled residue called RI (Figure 2.4) and allowing for 

the study of individual sites when a residue under study is mutated to cysteine. To 

ensure specificity of the resulting spectrum and prevent nonspecific spin label binding 

at other sites, native cysteine residues are mutated to serine residues. 60 Because SDSL

EPR typically looks at a range of sites, mutagenesis is normally used to produce several 

protein constructs with cysteine substitutions across the sites of interest. 

Proteln-SH -.. 

Spin label I 

-------------~-j Protein 

~s; 

I· o 
----------------

Side chain Rl 

FIGURE 2.4: Reaction of spin label MTSL with cysteine-containing protein to form an 
EPR-sensitive peptide with radical side chain Rl. When only a single cysteine residue 
is present in the protein, side chain-protein interactions occur exclusively at the site of 

interest. Figure modified from. 56 

The applicability of this method can be limited in cases where a native side 

chain is required to maintain the normal structure of the protein and native structure 

is disrupted by cysteine substitution. 49 In other cases, the bulky, flexible labeled side 
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chain can rotate to assume a position inaccessible to the native residue. 61.62 However. 

several control functional assays of spin-labeled proteins have found that, in many cases, 

functional disruptions are typically no more severe than those expected for substitution 

with natural amino acids 63 and circular dichroism spectroscopy indicates that secondary 

structure is usually unchanged in labeled versus native proteins. 56 The impact of cys

teine substitution in M2, as well as circular dichroism results for the full-length system 

studied in this thesis, are discussed in Chapter 5. 

2.3 Spin Label Reports on Structure and Environment 

2.3.1 Spin Label Mobility and EPR Lineshape 

The lineshape of an EPR spectrum reflects the motional properties of a spin label. This 

"encoding" of mobility information within the shape of EPR peaks makes measure

ments of these peak widths useful to describe the environment of individual protein 

sites. 51 

The broadening of EPR peaks is related to the lifetime of configurations avail

able to the sample. EPR is capable of detecting spin label motion for states with life

times ranging from 0.1 ns-IOO ns. 51 For samples with multiple available configurations 

with slightly different g values, each state is individually distinguishable on the spec

trum.48 For states with longer lifetimes, averaging occurs between their signals, re

sulting in broad, averaged peaks. 64 In proteins, different conformations are caused by 

backbone vibrations of the dynamic protein, 55 making variations in protein backbone 

mobility - which is affected by the secondary, tertiary, and quaternary structure - the 

most significant determiner of conformational state lifetimes, and therefore, the primary 

determiner of peak width. This relationship between lifetime and peakwidth (f:"H, see 

Figure 2.5) can be related to this motion directly using constants associated with a par

ticular spin label. Rotational correlation time - the time required for the spin label to 

rotate by one radian, and denoted Tc - is related quadratically to the width of each of the 

three peaks on the spectrum according to the following equation: 51 
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A, B, and C are constants of the unpaired electron, and can be determined experimen

tally, The differences in the effect of each constant result in the distinctive, asymmetrical 

shape of the broadened nitroxide spectrum: increasing the value of A broadens each of 

the peaks; the B term causes the ml = -1 line to broaden and the ml = + 1 line to 

narrow; and the C term broadens the high- and low-field peaks but not the center-field 

peak, This relationship between motional lifetime and linewidth makes differences in 

protein environment easy to detect, with surface and loop residues having substantially 

sharper spectra than those observed in buried and otherwise immobilized residues 51 

(Figure 2,6), 

l!.H 

FIGURE 25: /:"H measurements for the central peak linewidth, demonstrated on a 
solvent-exposed helix site in T4 lysozyme, /:"H value increases as spin label mobility 

is reduced. Figure modified from. 65 

The observed variations in peakwidth are also valuable in identifying patterns 

in protein secondary structure, Frequently, secondary structural elements will be ori

ented such that their different faces experience different environments, with one face 

buried in the protein interior and rendered immobile, while the other is exposed to the 

solvent and allows significantly more motion to the spin labeL The resulting variations 

in mobility follow an approximately sinusoidal pattern, cycling from high to low mo

bility with a periodicity of 3,6, the periodicity of an a-helix, Similarly, a jJ-sheet will 

exhibit a sinusoidal pattern with periodicity of 2 56 (Figure 2,7), Previous studies in the 
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Highly Mobile 

FIGURE 2.6: Example EPR spectra for MTSL spin labels at a range of mobilities. As 
spin label motion is increasingly restricted, peaks broaden, and the magnitude of outer 

peaks decreases relative to central peak. Figure modified from. ~1 
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Howard lab suggest that such an oriented environment exists for the residue 50-54 re

gion of influenza A M2 described in this thesis; according to a 2008 p::per published 

by the Howard lab, this region is a membrane-associated a-helix, with one face em

bedded in the memocane and the other eX{XIsed to the cell interior. 42 If the full-length 

lXotein experiences a simil:I environment as the M2TMC truncation, we expect to see 

this type of variation with 3.6 periodicity along our site of interest This variation can 

be quantified using either 6.H or Te, the rotational correlation time; the details of both 

calculations are discussed further in Chapter 3.5.3. 

2.3.2 Spin Label Mobility and Membrane Proteins: Variations with 

Membrane Mimetic 

In addition to the mobility restrictions created by the membrane structure itself, 6.H 

is affected by the lXotein solvent and environment This is particularly relevant for 

membrane IIoteins, which must be incoq::orated into membrane model systems to al

low lXotein solubilization in aqueous solution and to reIXesent the membrane-associated 

structure. 66 However, different model systems lXeserve membrane lXotein structure to 
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FIG URE 2.7: Secondary structural elements show periodicity in their spectra corre
sponding to the established periodicity of the structural element. In the examples 
shown (T4 lysozyme for the a-helix and CRBP for the p-sheet), one side of the mo
tif is buried in the protein interior, restricting the motion of its side chains, while the 
other face is exposed to solvent, and side chains experience increased mobility. The 
oxygen accessibility parameter, shown on the figure as II( 02, experiences a similar 
sinusoidal pattern. Oxygen accessibility is described by power saturation experiments, 

and is described in section 2.4. Figure from Hubbell, et al. 56 
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different degrees, and the nature of the model must be considered when evaluating ex

perimental flH data. 

In this work, the model membranes used are detergent micelles and lipid 

vesicles, which vary noticeably in their interactions with membrane proteins and are 

therefore expected to produce differences in flH values for the same sequence sites. 

Micelles, being less structurally confining than bilayers, allow greater conformational 

flexibility.66 Where bilayers, despite their fluidity, are able to exert lateral pressure on 

the protein through steric interactions with the lipid tails,67 micelles exert much less 

control: as highly disordered, nonspherical structures, with significant gaps in the po

lar headgroups covering the surface (Figure 2.8), micelles have little capacity to induce 

order in protein structures. 68 This has been demonstrated in previous Howard lab work, 

which has observed sharp, highly mobile spectra for a variety ofM2 constructs in DHPC 

micelles (Kathleen Howard and Shawn Kim, personal communication, April 2014). 
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A B 

FIGURE 2.8: Though micelles have traditionally been conceived of as highly ordered, 
spherical assemblies with a "wheel-spoke" tail configuration, the actual structure is 
more chaotic, with variation in the positions of the lipid tails and many gaps in the 
polar headgroups covering the surface, exposing the hydrophobic interior. Figure from 

Menger, et al. 68 

2.3.3 Using Mobility to Identify Multicomponent Spectra 

22 

In addition to mobility of uniform samples, EPR spectra are able to detect variations in 

mobility arising from multicomponent spectra. 51 

For the purposes of this work, this is most commonly used to identify peaks 

arising from free spin label. In samples with excess MTSL, either the result of incom

plete cysteine-MTSL binding or of degradation of the cysteine-MTSL disulfide bond, 

free spin label can coexist with the labeled protein. The small size of the free MTSL 

results in faster tumbling and increased mobility for the nitroxide radical. This results 

in a high mobility peak (see "Highly Mobile" in Figure 2.6) being overlaid with the 

broader peak from protein-bonded MTSL, as shown in Figure 2.9. 

FIGURE 2.9: Example multicomponent spectrum showing evidence of a mixed sys
tem, in the differences between the sharp m (mobile) and broad i (immobile) compo
nents of the side peaks. The center line, which is broad at the baseline and sharp at 
the peaks, represents superimposed mobile and immobile components. Figure from 

Klare. 49 
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2.4 Probing Environment Polarity with Power Satura-

tion 

In addition to the mobility parameter, enviromnent polarity can be used to identify sec

ondary structural motifs in EPR. This is measured by determining the accessibility of 

the nitroxide spin label to paramagnetic species of known polarity. 

Power saturation functions by measuring EPR spectra over an increasing range 

of incident electromagnetic power. As the power of this radiation is increased, the pro

portion of unpaired electrons in the excited a spin state increases. For relatively low 

powers, this proportion is approximately proportional to the power of the radiation. 

However, as the number of excited-state electrons increases, the number of ground-state 

electrons available for excitation becomes insufficient for the previous linear increase 

to continue. Eventually, the number of excited-state electrons outnumbers ground-state 

electrons, causing absorption, and therefore EPR peak magnitude, to decline (Figure 

2.10). This decline is quantified using Pl/2, the power at which peak amplitude has 

declined to half its maximum value. 69 
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FIG URE 2.10: Example power saturation curves under a variety of conditions, showing 
the decrease in peak intensity associated that occurs after sample has been saturated. 

Figure from Klug and Feix.51 
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This pattem can be used to identify the polarity of residue environment when 

combined with the principle of Heisenberg spin exchange, which occurs when two para

magnetic species collide. 70 When the paramagnetic spin label is in an environment with 

a high concentration of other paramagnetic species, called a relaxation agent, the pro

portion of excited-state electrons increases more slowly as excited-state spin is trans

ferred to the other unpaired electron.? In EPR, two paramagnetic reagents are generally 

used, each with a different polarity. Nonpolar molecular oxygen partitions into the non

polar lipid membrane, while polar NiEDDA remains in the polar solvent. Saturation 

power for each reagent is compared to that experienced by a sample in a high concen

tration of diamagnetic molecular nitrogen to determine the contribution of Heisenberg

induced relaxation to the saturation value. This difference between Pl/2 (N2) and P1/ 2 (0 2) 

is the flP1/ 2 ( O2) oxygen accessibility parameter, describing the extent of oxygen

induced relaxation. 

A similar value can be calculated for NiEDDA. If the reagent saturates at a 

higher power in NiEDDA than in nitrogen, indicated by a higher flP1/ 2(NiEDDA) 

value, the spin label will be exposed to the solvent, while higher-power oxygen satura

tion is indicative of a membrane-associated position for the residue of interest. 56 This 

02/NiEDDA comparison is especially useful for identifying the depth of a residue in 

the membrane. 54 Comparisons between accessibility values for a single paramagnetic 

reagent along a reagent of interest can be used analogously to mobility parameters (see 

section 2.3) to describe secondary structural motifs. If accessibility to a relaxation agent 

varies periodically in the region of interest, it is often indicative of periodic secondary 

structure (Figure 2.11). 
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FIGURE 2.11: Oxygen accessibility values for the c-terrninal helix of M2TMC, as 
calculated by Nguyen et al. 2008. The periodicity of oxygen accessibility is indicative 

of an alpha-helical configuration, with one face buried in the membrane. 42 
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Previous Howard lab work on M242 has found greater error in NiEDDA acces

sibility measurements, suggesting that oxygen accessibility is a more useful parameter 

in describing the membrane topology of this system, Therefore, in this thesis, power 

saturation measurements are made using spectra collected for nitrogen and oxygen at 

a range of incident power values, and environment polarity is described in terms of 

f'lH/2' 



Chapter 3 

Materials and Experimental Methods 

3.1 Overexpression 

3.1.1 Plasmids Used for Expression of M2FL Constructs 

Plasmids necessary for protein expression for cysteine substitutions at sites 50-60 were 

prepared at the University of California, San Francisco (see Appendix A for sequencing 

data). Each plasmid was transformed into a separate line of BL2I-competent E. coli. 

Cells were shipped to Swarthmore as agar stabs and used to prepare glycerol cell stocks. 

Glycerol stocks were stored at -80°C until overexpression. 

The M2 constructs encoded in each plasmid were variations on the full-length 

protein sequence. Each construct included a C-terminal hexahistidine tag for association 

with the Ni-NTA column used in purification, a Factor Xa proteolytic sequence (IEGR) 

before the tag, and four point mutations (WI5F, CI7S, CI9S, and C50S) to improve 

expression yield and prevent nonspecific cysteine-spin label association. Each construct 

also included a cysteine point mutation in the region of interest, with one construct for 

each of sites 50-60. Overexpression was performed for all eleven constructs, and EPR 

spectra were collected for constructs measuring sites 50-54. 

26 
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Functional relevance for the constructs was evaluated according to two mea

sures: helicity as measured by circular dichroism, and earlier work on the proton con

ductance of M2TMC constructs with cysteine point mutations, A CD spectrwn of 

M2FL-C50 in OG detergent micelles, obtained by Tae Kim (Figure 3,1, shows a high 

degree of a-helicity in the protein, as indicated by the strong peak at approximately 

208-210 run, This suggests that the region of interest, which has been hypothesized to 

be a -helical in other work, may retain its helical structure here, The functional assays, 

which have been perfonned for M2TMC 42 (Figure ??fig:functionalassays), indicate that 

point mutation is not detrimental to channel function at any of the sites studied in this 

thesis, Though these functional assays have only been perfonned for M2TMC and will 

need to be repeated for M2FL, they suggest that the presence of cysteine single-site 

mutations in this region is not significantly damaging to the protein's native structure, 

CD Spectra of Purifi ed M2FL-WT in OG 

" 
w 

e 

~ , • 0 

E , , 
e 
0 

]- , 
w , c . 
~ , 

0 

, 
" 
.~ 

'"' om m m zu 
Wavelength (nm) 

FIGU RE 3.1: Circular dichroism spectrum of M2FL-C50 in 35 pM 00 detergent and 
phosphate tuffer. Pathlength = 1 rrnn. The strong peak in the 208-210 nm region 
is a distinctive feature of a-helical rxoteins, and suggests the existence of a -helical 

secondary structure in M2FL. 

3.1.2 Overexpression Methodology 

Glycerol cell stocks were used to streak two 25 gIL LB 15 rng/mL agar plates (LB 

broth: LB Broth, Miller, Amresco, Solon, OH; agar: Bacto Agar, BD Biosciences, 
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FIGURE 3.2: Function of various M2FL single-site cysteine mutations. Results are 
shown as a percentage of cysteine-less wild type analogs, and as the reversal potential 
(v;.ev) of the full-length wild-type protein (AM2 wt), the cysteine-less wild type analog 
(AM2 C-less), and of single-site mutants along the region 48-56. With the exception 
of site 49, which is not substituted in any of our experimental constructs, the cysteine 
mutants retain most of the function of cysteine-less wild type analogs. Figure from 

Nguyen, et al. 71. 
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Franklin Lakes, NJ), which were inoculated with 100 mg/mL ampicillin (Ampicllin, 

Sodium Salt, Affymetrix, Santa Clara, CA). Plates were allowed to grow overnight at 

37°C. A single colony was selected from each plate and used to inoculate a 5 mL100 

mg/mL ampicillin culture and allowed to grow for 8 hours, shaking at 37°C. 500 {1L 

from each culture was transferred to a 50 mL culture, which was allowed to grow, 

shaking at 37°C, overnight. Each culture was transferred to alL flask of LB con

taining 100 {1g/mL ampicillin, and allowed to grow until optical density at 600 nm 

(measured using HP Diode Array Spectrophotometer) reached 0.7-1.0,2-3 hours. Af

ter OD600 reached sufficient levels, expression of M2 was induced using 1 mL 100 

mg/mL IPTG stock (Isopropyl-;3-D-thiogalactopyranoside, Fisher Scientific, Waltham, 

MA) per flask and allowed to grow for an additional 3 hours. OD was checked after 

completion of growth, and growth was stopped by centrifugation. Each culture was 

spun down at 9acc/5dec/4000rpm in a Sorvall RC 6+ Centrifuge (Thermo Scientific, 

Waltham, MA). After most supernatant was removed and pellet was resuspended in ap

proximately 10 mL supernatant, centrifugation was repeated in a Sorvall Legend RT + 

Centrifuge (Thermo Scientific, Waltham, MA). Supernatant was removed and cell pel

lets were stored at -80°C until ready for use. 
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3.2 Purification and Spin-Labeling 

Protein was purified by a combination of Ni-NTA column chromatography (Nickel 

Agarose Beads (High Density), GoldBio, St. Louis, MO) and size-exclusion chro

matography using PD-IO columns (Sephadex G-25 PD-IO Columns, GE Healthcare 

UK, Little Chalfont, UK). To keep the hydrophobic membrane M2FL protein soluble, 

the protein remained solubilized in detergents containing octyl glucoside (OG) deter

gent through each step of purification(Affymetrix, Santa Clara, CA). 

For each purification, a cell pellet derived from a quarter liter of growth was 

combined with 10 mL Lysis Buffer containing 50 mM Tris (PH 8), 150 mM NaC!, 

40 mM OG, 0.02 mg/mL DNase I, 500 mM AEBSF, 0.25 mg/mL lysozyme (DNase 

I: Sigma-Aldrich, St. Louis, MO) and lysed by sonication with a tip sonicator (Sonic 

Dismembrator Ultrasonic Processor, Fisher Scientific) at 20% amplitude for 20 minutes 

in I s on/l s off pulses. Lysate was centrifuged for 30 minutes at 9acc/5decll6000rpm. 

The Ni-NTA column chromatography step was used to remove non-His-tagged 

protein and immobilize M2FL for labeling by association between the protein's hexahis

tidine tag and the Ni2+ ligand bonded to the agarose gel of the resin. The column was 

made from I mL of Ni-NTA gel, equilibrated with 40 mM OG detergent buffer. Sample 

supernatant was added to the column with 20 mM imidazole!, to reduce binding of non

specific proteins to the column, and shaken for 30 min at 500 rpm while protein bound 

to the column. The column was washed with 5 column volumes of each of three Tris 

buffer/OG washes (See Appendix B). Protein-spin label binding was then initiated by 

the addition of a 10-fold molar excess of MTSL spin label ((l-Oxyl-2,2,5,5-tetramethyl-

63-pyrroline-3-methyl Methanethiosulfonate, Toronto Research Chemicals, Toronto, 

Ontario), dissolved in 16 ilL acetonitrile and I mL Wash II, the second buffer used in 

the previous column washing step (50 mM Tris (PH 8), 20 mM OG, 20% w/v glycerol). 

The column was then shaken at 4° overnight. 

1 For purification of the F54 construct, 20 I'M ;3-mercaptoethanol was included with imidazole to 
prevent disulfide bond formation and aggregation of the protein, after the construct was found to be 
especially prone to aggregation during this step. 
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After incubation, the process of removing excess spin label was initiated by a 

second washing step of the Ni-NTA column using 15 column volumes Column Labeling 

Buffer (50 mM Tris (PH 8), 4 mM OG, 20% v/v glycerol), Labeled M2FL protein was 

then eluted from the column using 5 column volumes of 50 mM Tris, 4 mM OG, 300 

mM imidazole, 20% v/v glycerol buffer, The removal of excess spin label and imidazole 

was completed using size-exclusion chromatography on PD-IO Desalting Columns,The 

column's exclusion limit of 5000 Da allows protein to run only through the void volume 

of the column, while the smaller free spin label (186,3 g/mol) and imidazole (68,08 

g/mol) are retained in the gel and eluted later, Protein solution was passed three times 

through a PD-IO Desalting Column, using Desalting Buffer (50 mM Tris/4 mM OG 

buffer) as the mobile phase, Eluted protein was collected in ten 500 JLL fractions and 

protein content was measured using UV-Vis measurements of absorbance at 280 nm in 

NanoDrop 2000c Spectrophotometer (Thermo Scientific, Waltham, MA), For extinction 

coefficients, see Table ??, Fractions were retained if Abs 2' 0,100, corresponding to 

12 JLM protein concentration, which normally corresponded to the first seven eluted 

fractions (Figure 3,3), Purification through the PD-IO column was repeated three times 

to remove free spin labeL 

Protein Chromatophore Extinction Construct 
Construct Content Coefficient Molar Mass 

C50 I trp, 2 tyr, I cys 8370 mol 1 cm -1 11776 Da 
I51C I trp, 2 tyr, I cys 8370 mol- 1 cm -1 11750 Da 
Y52C I trp, I tyr, I cys 7090 mol- 1 cm -1 11700 Da 
R53C I trp, 2 tyr, I cys 8370 mol 1 cm 1 11707 Da 
F54C I trp, 2 tyr, I cys 8370 mol 1 cm 1 11716 Da 

TABLE 3.1: Chromatophore content, extinction coefficient, and molar mass for 
monomer form of each construct 

After PD-IO purification, protein was concentrated to a concentration of ap

proximately 2 mg/mL using Amicon Ultra-IS Centrifugal Filter Devices (Merck Milli

pore, Cork, Ireland) centrifuged at 3,500 g for 20 min. Concentrated, labeled, detergent-

solubilized protein was then used for EPR measurements or retained at -20°C for up to 

three weeks for membrane reconstitution. 



Materials and Experimental Methods 

0.25 

c 

~ 0.2 

"-
D 

.2l 
" Qj 

0.15 
0; 

:§ 
'0 
c 
0 0.1 
t 
0 
"-e 
D-

0.05 

o 
o 1000 2000 3000 4000 5000 6000 

Eluted volume (~L) 

FIGURE 3.3: Elution profile ofM2FL protein on PD-IO column. Proportion of eluted 
protein is calculated as the protein eluted in a fraction divided by the total protein eluted 
for that column. Protein concentration values were measured by UV-Vis absorbance at 
280 mu. Values shown are averaged from first-run PD-IO purifications of two columns 

each for C50. Y52C. and R53C constructs. Error bars represent standard deviation. 

3.3 Reconstitution into Lipid Membranes 

3.3.1 Principles of Membrane Reconstitution 

31 

Though EPR can be performed on proteins solubilized in OG detergent micelles, mi

celles are a relatively poor membrane mimetic and bilayered membranes are more 

physiologically relevant. To this end, proteins are reconstituted into lipid vesicles by 

detergent-mediated reconstitution. 

Detergent-mediated reconstitution takes advantage of detergent's ability to 

solubilize both proteins and phospholipids to transfer proteins from detergent micelles 

to mixed detergentllipid micelles, to fully lipid-based vesicles. When lipid vesicles 

are dissolved in solutions of detergent above its critical micelle concentration (CMC), 

the detergent incorporates into the membrane to form mixed lipid-detergent structures. 
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When detergent-solubilized protein is added to this mixture, they combine to form 

detergent-protein-lipid mixed micelles,71 The detergent is then removed from the so

lution to transform the mixed micelles to proteoliposomes, This is accomplished by 

dilution of the sample, which reduces concentration below CMC, causing detergent to 

revert to monomer form, Detergent monomers are then removed using polystyrene Bio

Beads (Bio-Rad, Hercules, CAl, allowing protein-containing vesicles to form in place 

of the mixed micelles, 

3.3.2 Reconstitution Methodology 

Detergent-solubilized, spin-labeled proteins were reconstituted into bilayer vesicles formed 

from 4:1 POPC:POPG (l-pahuitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine and I-palmitoyl-

2-0Ieoyl-sn-glycero-3-phospho-(I' -rae-glycerol), Avanti Polar Lipids, Alabaster, AL), 

This mixture of lipids (Figure 3,4) was optimized based on previous EPR work 72 The 

addition of POPG, which has an identical chain length to POPC but an anionic head

group, prevents lipid aggregation during vesicle formation and protein reconstitution, 73 

Vesicles were formed by extrusion fifteen times through 20 I'm polycarbonate filters, 

and membrane-solubilized protein was reconstituted into vesicles using Bio-Beads, 
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FIGURE 3.4: Reconstitution was perfonned using a 4:1 mixture of pope and POPG 
lipids. 

For each construct, 80 I'L of 2 mg/mL spin-labeled protein in detergent was 

used in the reconstitution. Lipid:protein ratio was 1600:1. A fihu of 4:1 POPC:POPG 

was prepared by removal of chloroform solvent from 650 I'L 25 mg/mL POPC/POPG 

stock under nitrogen stream for 12 minutes and overnight drying under vacuum. The 
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dried film was resuspended in 1750 ILL 50 mM Tris/lOO mM KCI by bath sonication. 

Lipid suspensions were extruded 15 times through 20 Ilm filters in an Avanti Mini

Extruder (Avanti Polar Lipids, Alabaster, AL). Extruded lipids were mixed 1:1 with 

120 mM OG, resulting in a 60 mM OG concentration, above the CMC of 25 mM.67 

Lipid/detergent solution was allowed to rest for thirty minutes before the addition of 

80 ILL 2 mg/mL protein in 120 mM OG. 1600 ILL TrislKCI buffer was then added to 

reduce detergent concentration to 22 mM, below its critical micelle concentration, to 

begin the process of detergent removal from the detergentllipid/protein mixed micelles. 

120 ILL BioBead solution was added to detergentllipid/protein solution, and allowed 

to shake at 4° C for 15 minutes: this was repeated 4 additional times before a final 

addition of 800 ILL BioBeads and final fifteen-minute shake. The resulting solution of 

proteoliposomes was removed from solution by pipette and concentrated approximately 

five-fold by centrifugation in Amicon Ultra-IS Centrifugal Filter Devices at 3,500 g for 

30 minutes. 

3.4 EPR Spectroscopy 

3.4.1 Data Collected 

Four types of spectra were collected for each sample: CW spectra for protein solubilized 

in detergent, CW spectra for protein in lipid vesicles, and power saturation in N2 and in 

O2 to measure accessibility of protein to nonpolar oxygen by power saturation. 

3.4.2 Methods and Interpretation 

EPR spectra were collected using a Bruker EMX EPR Spectrometer and Bruker EMX 

WinEPR software, according to the lab's established protocol for spectrum collection. 72 

For CW spectra, we used a conversion time of 40.96 ms and a time constant of 20.48 

ms with alSO G sweep width over 1600 scans. 
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For power saturation data, samples were held in gas-permeable TPX sample 

holders and measured with a conversion time of 5.12 ms and time constant 2.56 ms. For 

N2 spectra, sample was collected under constant nitrogen gas flow, and spectra were 

collected at 8 power levels. For O2 spectra, no gas flow was used, allowing sample 

exposure to environmental oxygen. Spectra for oxygen power saturation data were 

collected at 16 power levels. 

3.4.3 Data Interpretation 

As discussed in Chapter 1.3.1, slower motion of the spin label is reflected in EPR spectra 

in the form of peak broadening. Because of this relationship between conversion time 

and peak width, it becomes possible to use peak widths as well as peak heights, which 

are related to peak width as I ~ Af:"H251 - to determine correlation time. For MTSL, 

the peak-broadening equation discussed can be approximated as: 51 

-10 [( A(O)) ] Tc = 6.5 x 10 f:"Hpp(O) A( -1) - 1 

where f:"H refers to central peak width, A(O) describes central peak height, and A( -1) 

describes the height of the upfield peak (Figure 3.5). Though this equation is most 

accurate for medium- to high-mobility spectra, it provides a useful relative measurement 

with which to compare mobility at different sites and in different conditions. 

For power saturation, f:"P~ (02) measurements are determined using a pro-
2 

gram written by Ani Nguyen '08 in Igor Pro Version 6.00. The program fits spectra to 

the equation: 

where P is the power level of the current spectrum and I is a scaling factor. 72 For 

nitrogen accessibility, spectra are collected at eight power levels and amplitudes of the 
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spectra are used to determine P,"=12; for oxygen a=sibility, this calculation is rmde 

from data collected for spectra at sixteen power levels. !::.P{(02) is calculated as the 

difference of these two values. 

3.5 SDS·PAGE 

3.5,1 BackgrOlUld 

SDS polyacrylamide gel electrofhoresis (SDS-PAGE) was used to rmnitor purification 

of the protein. SDS-PAGE functions by denaturing proteins with the anionic detergent 

sodium do::!ecyl sulfide (SDS) to ensure that prctein takes on an approxirmtely rod-

like shape in a size proportionate to its rmss. Because the detergent is anionic, it also 

causes the protein to adoft a negative charge and gives each prcte in an approximately 

equal size/charge ratio to allow prcteins to be separated aclusively on the basis of size. 

The denaturation allows proteins to rmve through the gel at a speed approxirmtely in

versely proportional to rmss, while the negative charge ensures that the protein responds 
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through the current and moves through the gel. Samples were taken after each stage in 

the purification process. 

3.5.2 Methodology 

Seven samples were collected from each protein purification, corresponding to cell 

lysate, superatant, and pellet; Ni-NTA-purified protein; and protein purified by one, 

two, or three runs through the PD-I 0 column. Samples were prepared for electrophore

sis by treatment with 2% fJ-mercaptoethanol (Sigma-Aldrich, St. Louis, MO) in 40% 

glycerol/200 mM Tris/2% SDSIO.04% Comassie G-250 buffer (Brilliant Blue G, Sigma

Aldrich, St. Louis, MO) sample reducing buffer at 100°C for five minutes. 

SDS-PAGE was run using acrylamide gel consisting of a stacking gel to con

centrate the protein (125 mM Tris, 0.1 % SDS, 0.1 % APS, 5% acrylamide, 0.1 % TEMED) 

layered over the 15% acrylamide gel used to resolve samples (0.75 M Tris, 0.001% 

SDS, 0.001 % ammonium persulfate, 15% acrylamide, 0.04% TEMED). Gels were sub

merged in 0.1 M Tris/O.I M tricine/0.5% SDS during electrophoresis. A protein ladder 

was run alongside samples (Precision Plus Protein All Blue Standards, Bio-Rad, Her

cules, CA). Electrophoresis was performed at 200 V for 45 minutes using Bio-Rad 

Mini-PROTEAN Tetra Cell and PowerPac Basic Power Supply. 

After electrophoresis, gels were stained and destained using a series of Co

massie solutions of decreasing concentrations (Solution I; 500 mg/L Coomassie, 10% 

acetic acid, 250% isopropanol; Solution 2; 50 mg/L Coomassie, 10% acetic acid, 10% 

isopropanol; Solution 3; 20 mg/L Coomassie, 10% acetic acid). Solutions were rinsed 

in 10% acetic acid overnight and scanned. 



Chapter 4 

Optimization of Purification, 

Reconstitution, and Conformational 

Analysis 

4.1 Preliminary Protocol 

M2FL-C50-SL protein was used throughout this project as the test construct for method 

development. Initial purification trials were performed using the Howard lab's prelimi

nary protocol, as developed by Richard Chen' 13. 35 

Pellets of histidine-tagged M2FL-C50 were lysed by sonication, spin-labeled 

with the addition of MTSSL stock, and systematically purified through a Ni- NTA agarose 

column and PD-IO desalting columns to remove excess spin label, and the imidazole 

used to spin-label protein, from the sample. It should be noted that this method deviates 

from the original protocol in the choice of sonicator. Though previous work used a bath 

sonicator for cell lysis, 35 a tip sonicator was chosen for this work for consistency with 

other published protocols for M2FL purification41 and to improve the efficiency of cell 

lysis and protein yield. 

An SDS-PAGE gel study of the initial purification procedure demonstrated 

37 



Optimization of Purification, Reconstitution, and Conformational Analysis 38 

that the protocol successfully produced purified protein (Figure 4.1), and and EPR spec

tra demonstrated that the sample was spin-labeled (Figure 4.2). SDS-PAGE showed a 

strong band at the molecular weight of the M2 monomer (12 kDa), with a weaker band 

at the dimer molar mass. Though the appearance of dimers is atypical of SDS-PAGE, 

as SDS detergent typically denatures all quaternary structures, the dimer band is a rel

atively routine feature of the M2 SDS-PAGE electrophoresis gel, presumably due to 

the strength of the hydrophobic interactions. 41 The success of the protocol assumed the 

elimination of cellular impurities by centrifugation of post-sonication cell lysate and by 

Ni-NTA chromatography. SDS-PAGE lanes corresponding to steps late in the purifica

tion procedure did not show evidence of non-M2 protein, indicating that the protocol 

was successful in removing cellular debris. Reduction in free spin label percentage was 

monitored over the course of the purification using EPR, and these spectra showed that 

levels of free spin label were reduced after both Ni-NTA and PD-IO chromatography. 

However, the process, while generally successful, was highly inefficient in 

terms of both reagents needed and time taken for the procedure. For the basic proce

dure, approximately 600 mL of OG detergent buffer were used for the nickel column 

purification step, while an additional 150 mL were required for the desalting column. 

At a concentration of 40 mM, this resulted in the use of 6.9 g of the very expensive de

tergent for each sample preparation. The volume of buffer necessary for this procedure 

also created the potential for sample loss. The large volumes used resulted in substantial 

dilution, necessitating repeated reconcentration, and the time required for this volume 

of buffer to run through the column caused the procedure to take several days, posing a 

risk to the viability of the final purified protein. 74 Increasing the efficiency of the proce

dure was an important step both to reduce the cost of the procedure and to increase the 

quality of the final product. 
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FIGURE 4.1: SDS-PAGE of M2FL-C50-SL purification using initial protocol. "Ni
cel colwnn wash" rows correspond to washes used to elute free spin label, rather than 
spin-labeled protein, and are correspondingly empty. "Ni column elution" rows rep
resent the removal of protein from the Ni-NTA colwnn, but the presence of a band 
only in the "Elution 1" row demonstrates that the remaining volwnes of buffer were 
not necessary for the purification. The "PD-lO run" rows represent the final stages of 
purification; the "Final PD-lO" rows represent two fractions from the final wash of the 
colunm. Though free spin label was not removed until that stage, the absence of any 
band not corresponding to the protein monomer or dimer in any row but the lysed cell 
supernatant demonstrates that cellular impurities were removed by the nickel colwnn. 

4.2 Optimization of Purification Protocol 

4.2.1 Optimization of Ni-NTA Column Chromatography 

39 

As an initial step to reduce waste in the procedure , the volume of protein used in each 

purification was reduced to more closely match the amount of protein needed to obtain 

EPR spectra. Only 80 J-l9 protein is required to produce reconstituted protein samples 

of sufficient concentration, making the approximately 20 mg of protein produced by the 
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and serving as a means to bind the protein during spin labeling and during the removal 

of excess spin label. The SDS-PAGE gel demonstrates that the Ni column does isolate 

the His-tagged proteins, but it is less efficient as a means of removing free spin label. 

The reduction in free spin label signal over the course of twenty 2S-mL washes is much 

less than the reduction associated with the five S-mL washes used on the PD-lO column 

(Figure 4.3). 

Given the minimal reduction in spin label signal. we decided to eliminate the 

majority of the washes on the nickel column and attempt to perform spin label removal 

primarily on the size-exclusion column, which also eliminates the imidazole used in 

the elution of M2FL from the Ni-NTA column. With the reduced volume of stationary 

phase, this resulted in a modified protocol using three S-mL washes before elution rather 

than the original twenty 2S-mL washes. To counterbalance the effect of fewer washes 

on the elimination of spin label, we attempted to increase the exposure of free spin label 

to the Column Labeling Buffer (SO mM Tris (PH 8), 4 mM OG, 20% v/v glycerol) used 

to remove MTSL from the nickel column by introducing a twenty-minute shaking step 

after the initial addition of the buffer. The agitation of Ni column gel was designed to 

improve spin-labeling efficiency. As an additional measure to decrease the quantity of 

buffer necessary to remove free spin label, we reduced the quantity of spin label used. 

Though an excess is typically used to attach the spin label to the protein, the IS-fold 

molar excess of spin label used in the published protocol was unusually high compared 

to protocols used with other M2 mutants in the Howard lab. A more commonly used 

S-fold molar excess was selected as the new ratio of MTSL to protein, though this was 

increased to a ten-fold excess for some samples intended for vesicle reconstitution, in 

order to maximize signal-noise ratio, which is weaker for vesicle-reconstituted samples 

than for samples solubilized in detergent. 

During the original purification trial, four IS-mL washes of imidazole elution 

buffer were used to elute protein from the Ni-NTA column, but the SDS-PAGE demon

strated that only the first of these washes actually removed any significant volume of 

protein. We therefore expected to be able to use a significantly reduced volume of elu

tion buffer in developing a more efficient protocol. Additionally, due to the reduction in 
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4.2.2 Optimization of Size Exclusion Chromatography Method 

In addition to reducing the amount of buffer needed for Ni-NTA column purification, 

we examined the necessity of performing the full five purifications through the PD-

10 column called for in the original protocol. It was noted that the protein yield was 

reduced with each pass through the PD-lO column (Figure 4.4); this is presumably due 

to a combination of sample dilution and to the properties of the columns themselves, 

which report sample recovery between 70-95%. Aiming to reduce sample loss, we 

measured EPR spectra after each PD-lO purification, and found that, with the reduced 

volume of spin label used in labeling, free spin label had been essentially eliminated 

after the third PD-lO run. Noting that the Biobeads used in the membrane reconstitution 

also function to remove small organic compounds like free MTSL (Biobeads Bulletin 

1461), it was decided that the PD-l 0 purification process could be truncated after protein 

was purified only three times, and any additional free spin label appearing in solution 

could be removed during the reconstitution process. 
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FIGURE 4.4: Percent of original protein remaining after each of five PD-lO runs. Data 
for fractions l, 2, and 3 is collected from five purifications; data for fractions 4 and 5 is 
collected from two purifications. Protein yield declines significantly with each PD-l 0 
purification, indicating that yield - which contributes to spectral signal-to-noise - may 

be improved if the protein is purified fewer times on the PD-l 0 column. 
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The SDS-PAGE gel conducted to track the new purification method (Fig

ure 4.5) demonstrates that a 12,000 Da protein was successfully isolated from other 

cellular debris. By comparing two purifications of the same protein, each using a differ

ent procedure, we can demonstrate that the new protocol is no less effective at purifying 

spin-labeled protein. As it also takes significantly less time and detergent buffer, and 

produces slightly higher protein yields than early versions of the protocol (11 mg/L 

growth, versus 7 mg/L growth under the earlier protocol, as measured using UV-Vis 

spectrophotometry after the nickel coluIIlll and before PD-I0 purifications), the edited 

procedure represents a significant improvement and was able to produce high signal-

noise spectra without free spin label (Figure 4.6). 
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FIGURE 4.5: SDS-PAGE of protein purified according to second protocol. Though 
errors with the gel resulted in unusually short running distances, itis clear that non-M2 
impurities have been removed by the Ni-NTA colwnn, and the only protein bands (at 

12 and 24 kDa) correspond to the M2 monomer and climer .. 

4.3 Developing Protocol for Membrane Reconstitution 

After purification and spin-labeling are complete, reconstitution into a bilayered vesicle 

more accurately reflects the native protein environment. The membrane reconstitution 
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FIGURE 4_6: CW EPR spectrum of M2FL-C50-SL protein in 00 detergent micelles 
after PD-l 0 purification and concentration according to optimized protocoL Very little 

spin label is visible, and signal-to-noise ratio is very high_ 

process comprises three primary steps: formation of lipid vesicles, addition of protein, 

and removal of excess detergent Though the Howard lab has established protocols 

for the membrane formation and protein addition steps, a variety of procedures are 

used in detergent removaL Determining which of these procedures would best suit our 

experiment was a major focus of developing an improved protocoL Testing focused on 

two primary means of detergent removal: dialysis, and adsorption by Bio-Beads_ 

Though the detergent removal process was varied, both of these procedures 

were tested using the same basic procedure for membrane formation and protein addi-

tion_ Protein was reconstituted into the lab's established lipid mixture of 4: 1 POPC:POPG, 

producing a solution of mixed protein-detergent-lipid micelles_ Two methods were 

tested to remove excess detergent and produce proteoliposomes: dialysis, and adsorp

tion of detergent to polystyrene beads_ Initial trials used a dialysis method, wherein the 

protein-vesicle solution is kept in a dialysis bag submerged in Tris-KCl buffer for three 

days, allowing the excess detergent to diffuse out of the sample_ Though the initial fail

ure of this technique was due to experimental error, the length of time required for the 

technique raised concern in light of the cysteine-MTSL bond instability and tendency 

of precipitate to form_ 
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Bio-Beads, a polystyrene bead resin, can be used to hydrophobic ally absorb 

detergent from the sample in much less time than is required for dialysis, and produces 

more consistent results, 74 In collaboration with Tae Kim, I developed a protocol for Bio

Bead use based on the technique used in the published M2FL purification protocoL 41 

After preparing vesicles and introducing protein according to the technique used in the 

original reconstitution protocol, the sample is added to 15 ILL degassed Bio-Bead slurry 

and shaken at 4°C for fifteen minutes, After shaking is complete, an additional 15 ILL 

is added and sample is returned to shaker, This procedure is repeated four additional 

times for a total of 100 ILL, before a final 100 ILL aliquot of beads is added for the final 

overnight shake, 

Tests of this methodology produced a definite improvement in the quality of 

EPR spectra over those produced using dialyzed sample, However, the concentration 

remained quite low, and signal-to-noise ratio was insufficient for power saturation ex

periments, To improve the quality of the spectra, concentration was increased by scaling 

the protocol up eight-fold and concentrating it back down to the original volume, This 

change produced significant improvements to spectral clarity (Figure 4,7) and repre

sented the final modification to the original protocoL 
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FIG URE 4,7: CW EPR spectrum of M2FL-C50-SL reconstituted into 4: 1 POPC:POPG 
lipid vesicles, 



Chapter 5 

Removal of Hexahistidine Tag 

5.1 Purpose of Truncation 

Though the M2FL constructs used in these experiments closely resemble the wild type 

sequences of the protein (see 3.1.1), a notable difference arises from the presence of 

the C-terminal hexahistidine tag. As purifications of histidine tag-containing constructs 

have been published without reference to tag proteolysis,41.75 we did not remove the 

tag for the majority of our data collection. However, to determine the impact of the 

tag's presence, we initiated a study inducing cleavage of the histidine tag by Factor Xa 

proteolysis. 

5.2 Choice of Factor Xa 

During preparation of the M2-encoding plasmids, a cleavage site for the protease Factor 

Xa was inserted between the main protein sequence and the C-terminal hexahistidine 

tag. Factor Xa, one of the most commonly used proteases for affinity tag removal, 76 

is well-suited to use with M2FL due to the similarity of its preferred proteolytic site 

and the C-terminal structure of the full-length. The terminal IE residues of wild-type 

M2 correspond to the first half of the Factor Xa proteolytic site. Factor Xa cleaves 

47 
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after IEGR sequences,77 so the insertion of a Factor Xa site between the native protein 

and its tag required the insertion of only two additional residues, Though Factor Xa 

does not cleave the additional GR residues, their retention has a relatively minor impact 

relative to the size and charge of the full hexahistidine tag, However, it should be noted 

that Factor Xa is considered to be a relatively promiscuous and is capable of cleavage 

at noncanonical sites,77 Therefore, further characterization is necessary to determine 

whether Factor Xa cleaves exclusively at its intended site in M2FL, and measurements 

made after cleavage with the enzyme are preliminary, 

5.3 Proteolysis Method 

Factor Xa cleavage was performed using a Factor Xa Cleavage Capture Kit (EMD Mil

lipore Corporation, Bilerica, MA), The protocol was optimized according to the pro

vided recommendations, evaluating proteolysis in enzyme:protein ratios of I: I 0, 1:20, 

and 1:50, 

The optimization was performed using small volume samples after a range 

of reaction times, Four 0,2 ILg protein/ILL 50 ILL samples were made, one negative 

control and one for each of the proposed enzyme:protein ratios, Unlabeled M2FL-C50, 

purified on the Ni-NTA column, was used to optimize cleavage conditions, The protein

enzyme mixtures of each concentration were combined with deonized water and 5 ILL 

of the provided lOX Factor Xa Cleavage/Capture Buffer, Samples were collected after 

2, 3, 5, 8, and 16 hours, At each sample collection, reaction progress was stopped by 

freezing the sample, To determine the efficacy of the proteolysis, an SDS-PAGE gel 

was run according to the protocol described in Chapter 3,5, Because Factor Xa is rela

tively nonspecific, a small amount of enzyme is considered ideal: therefore, minimizing 

the amount of enzyme used was prioritized in selecting reaction conditions, From the 

SDS-PAGE evidence, it was apparent that the protein was fully cleaved in the 1:50 en

zyme:protein ratio after 8 hours, These conditions were therefore selected in designing 

further the protocol for full-scale purification and spin-labeling, 
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To determine the impact of the hexahistidine tag, EPR spectra will be col

lected, necessitating the combination of the proteolysis procedure with spin-labeling, 

According to the proposed procedure, the protein will be lysed, centrifuged, and bound 

to the Ni-NTA column according to the normal procedure, to allow the removal of non

specific proteins, However, after the column is washed with Washes I, II, and III, the 

protein will be immediately eluted without spin-labeling, I mg eluted protein will be 

combined with 20 p,g Factor Xa in IX Factor Xa Cleavage!Capture Buffer and incu

bated at room temperature for 8 hours, Proteolysis will be stopped by freezing the 

sample, Factor Xa is removed using Xarrest Agarose Gel, part of the Cleavage Cap

ture Kit by thawing the sample and incubating it with the gel for five minutes before 

separating M2 from the gel by centrifugation at 3,500 g for 10 min, Protein-containing 

supernatant can then be combined with lO-fold molar excess of MTSL spin label1l6 

p,L acetonitrile!1 mL Wash II mixture used for labeling the uncleaved protein and incu

bated at 4° overnight The following day, free spin label can be removed according to the 

normal PD-IO size exclusion chromatography protocoL Using this sample preparation 

process, we plan to obtain a cleaved sample of M2FL-C50 and obtain EPR spectra of 

the detergent-solubilized and vesicle-reconstituted protein, 



Chapter 6 

Mobility for M2FL Constructs 

Compared to M2TMC 

6.1 Comparison of CW Spectra 

CW spectra were obtained for each site in the region 50-54 for the M2FL constructs 

reconstituted into lipid vesicles. These spectra were compared to those previously col

lected for M2TMC in this region 72 (Figure 6.1). 

For each site, the spectra for the two constructs are quite similar. The center 

peak width, and broadening of the upfield peak were not noticeably different between 

the constructs at any of the five sites (Figure 6.2). 

When mobility is quantified, as the rotational correlation time, which is calcu

lated as described in Chapter 2.3.2 ("Quantifying Mobility from EPR Spectra"), minor 

differences between the spectra do become evident. Though the difference between 

the full-length and the TMC construct fell within the range of error at all sites, the full

length protein has generally lower mobility than the TMC truncation (Figure 6.3). How

ever, deviations from this pattern occur at sites 51 and 54, which previous work42 has 

suggested to be the two most highly-immobilized and deeply membrane-buried sites. 
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FIGURE 6.1: CW spectra for cysteine-substituted constructs of sites 50-54 in M2FL 
and M2TMC, reconstituted into 4:1 POPC:POPG lipid vesicles. 

6.2 Comparison of Power Saturation Data 

51 

To determine the relationship between mobility and position in the membrane, power 

satnration data were collected for sites 50, 51, and 54 for M2FL in POPCIPOPG vesi

cles (Figure 6.4). As discussed in Chapter 2, power saturation describes the depth of 

a particular side chain within a membrane by determining its accessibility to paramag

netic relaxation agents. In this case, power satnration data were collected for each site 

under nitrogen flow and exposed to atmospheric oxygen. The difference between these 

values, calculated as described in Chapter 3, corresponds to the accessibility of oxygen 

to the paramagnetic side chain. 

Though the absence of data for C50 and R53C makes this study preliminary, 

the comparison of membrane depth data to the depth of the same sites in M2TMC sug

gests that M2FL may follow a similar sinusoidal trend of membrane depth, correspond

ing to a similar helical, membrane-buried configuration. However, the helical pattern is 

not precise; site 52, which, from M2TMC, is predicted to occur at an intermediate point 

in the helical tum, neither deeply buried in the membrane nor exposed to the surface, 

is found to have very low oxygen accessibility values, suggesting that this site may lie 
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FIGURE 6.2: CW spectra M2FL-CSO-SL and M2TMC-CSO-SL .6.H for M2TMC is 
slightly larger, but the overall spectrum shape is similar. 

52 

closer to the membrane surfoce in M2FL. It remains unclear why this might be the case. 

It is p:!ssible that the helix is rotated in the full-length {XOtein compared to its orienta

tion in the TMC truncation; however, mobility data (see Chf{lter 7.1) align closely with 

the helical pattern lXedicted by the M2TMC membrane depth values, with sites 51 and 

54 experiencing the least mobility and, lXesumably, being most deeply buried within 

the membrane. 

Another deviation from the expected trend occurs in the pattern of M2TMC 

consistently having higher oxygen accessibility than their counterpart sites in M2FL. 

This trend is somewhat contr::rlictory when considered in conjunction with the CW 

spectra: eoch of the three sites has lower oxygen accessibility than the analogous site 

in M2TMC, indicating that the M2FL helix may be less deeply buried in the mem

brane than the truncated form. This is surIXising given the reduction in mobility M2FL 

experiences; residues deep in the membrane might be expected to experience greater 
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FIGURE 6.4: /,;Pl/2 values for sites 50-54 in M21MC and sites 51 , 52, and 54 in 
M2FL M2TMC values follow a sinusoidal pattern with the expected periodicity of an 
a-helix. M2TMC has consistently higher oxygen accessibility than M2FL, and M2FL 

shows some evidence of deviation from the expected helical pattern. 
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steric restrictions than surface residues by virtue of their interactions with the surround

ing lipid molecules, and a reduction in oxygen accessibility is therefore expected to be 

correlated to an increase in mobility. However, it is possible that the reduction in mo

bility seen for M2FL could be due to the increased protein-protein contcts within the 

tetramer due to the greater size of the M2FL C-terminal tail. Interactions between the 

tails might be expected to impose greater steric restrictions on the protein as a whole, so 

that the M2FL amphipathic helix is less deeply buried in the membrane, but nonetheless 
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more structurally constrained. However. further measurements, including evaluation of 

power saturation results for the remaining sites in this region, will be necessary to sup

port this hypothesis and to fully describe the relationship of the amphipathic helix to the 

membrane in full-length M2 constructs. 



Chapter 7 

Decreased Mobility in OG Micelles 

versus Bilayers 

7.1 Peak Broadening in Spectra of M2FL in Micelles 

CW spectra were obtained for each construct in micelles and in bilayers (Figure 7.1). 

Though being embedded in a lipid bilayer membrane typically produces more immobi

lized spectra than are observed in detergent,78 the opposite pattern was observed. For 

each of the five sites measured, the detergent-solubilized spectrum had several signifi

cant indicators of immobilization, all of which were absent from the spectra of protein in 

lipid vesicles. The broadening of all three peaks, the increase in the amplitude of the im

mobilized component in the downfield peak, and the distinctive form of the upfield peak, 

resulting from severe broadening (Figure 7.2), all indicate that the micelle-solubilized 

proteins have more restricted movement than their counterparts in bilayers, bearing a 

strong resemblance to the example spectrum of frozen sample shown in Chapter 2. 

As with the comparison between M2FL and M2TMC in vesicles (see Chap

ter 6.1), difference can be quantified using the rotational correlation time, Te' Tc values 

for each spectrum are shown in Figure 7.3. Though this equation may be less accurate 

for the highly-immobilized detergent spectra, it presents a valuable relative measure to 
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CW Spectra of M2FL in Detergent Micelles CW Spectra of M2FL in Lipid Vesicles 
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FIGURE 7.1: CW EPR spectra of each construct of M2FL measured in OG detergent 
micelles and in 4:1 POPC:POPG lipid vesicles. 
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describe the variations in mobility across the region. In this instance, mobility data for 

M2FL show a sinusoidal pattern of mobility that closely parallels the membrane depth 

pattern published by Nguyen et al. (2008). However, a more surprising trend is also 

evident from these data: at each site, it is clear that the micelle-solubilized spectrum 

experiences substantially decreased mobility relative to its vesicle-reconstituted coun-

terpart. 

Though micelles are normally predicted to produce less-immobilized spectra 

relative to proteins in membranes, this pattern has been recently observed in a sim

ilar amphipathic helix domain in a protein that, as M2 is believed to do,79 exhibits 

curvature-sensing properties. In a recent paper on the SNARE motif of synaptobrevin, 

an amphipathic helix that drives the fusion of the presynaptic membrane of neuronal 

axon terminals to neurotransmitter-containing synaptic vesicles, the helix was found 

to experience increased immobilization in highly-curved membranes in an EPR-based 

study.80 That study found that the SNARE motif associates more closely with highly

curved micelles than with bicelles, a bilayer mimetic with substantial curvature at each 
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FIGURE 7.2: Comparison of CW spectra for M2FL-C50-SL in detergent micelles and 
in vesicles. Three features of the spectra are highlighted: gray boxes over the downfield 
peak shows the areas corresponding to the mobile and immobile peaks, demonstrating 
that the micelle spectrum has a substantially greater immobile component than the 
protein in vesicles; red dotted lines delineate/:"H (0) of the detergent-solubilized spec
trum, showing that its center peak is broader than the vesicle peak, corresponding to 
more-restricted motion; and the red arrow shows the shifted minimum of the upfield 
peak, which, due to the asymmetry associated with high immobilization, is considered 

a signature element of EPR spectra for very immobilized sites. 
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surface, and more closely with bicelles than vesicle bilayers. This was intetpreted as 

evidence that the SNARE motif associates more closely to highly-curved membrane 

surfaces to flat ones (Figure 7.4), and demonstrated the ability of EPR to detect this 

type of curvatnre-sensing behavior. 

Amphipathic helices, like that proposed for residues 50-60, have also been 

identified as curvatnre-sensing mechanisms in other systems, and are, in fact, recog

nized as one of the most widely-occurring curvatnre sensing domains. 81 The mecha

nism seems to be based on the abundance of hydrophobic packing defects that result 

from highly-curved membranes: as curvature increases, the probability of gaps in the 

polar layer of the bilayer increases, increasing the probability of exposing sections of 

the hydrophobic core to the aqueous environment. 82 These exposed hydrophobic bind

ing sites allow closer association between the membrane and the hydrophobic face of 
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FIGURE 7.3: Values for Tc , rotational correlation time, at each site in detergent mi
celles and lipid vesicles. A sinusoidal pattern of approximate alpha-helical 3.6 period
icity is suggested by the variation in both environments. The maxima in this pattern, 
corresponding to minimal motion and presumably, deeply buried situations relative to 
the membrane surface, appear at sites 51 and 54, which are also shown to be the most 
deeply-buried sites by power saturation. For all sites, the vesicle-reconstituted protein 

experiences substantially increased motion relative to the protein in micelles. 

FIGURE 7.4: EPR results indicating the stronger association between amphipathic 
helices and SNARE motifs. As membrane curvature increases, the proportion of 
membrane-bound helix increases, resulting in broadening of the EPR signal. Figure 

from Liang, et a1. 80 

the amphipathic helix (Figure 7.5).83 
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However, not all amphipathic helices are equally able to perfonn this function. 

The helix of the antimicrobial peptide magainin 2, for instance, does not exhibit sen

sitivity to membrane curvature but does bind tightly to membranes. The difference in 

curvature-sensing ability between magainin 2 and more-sensitive helices like the ALPS 

motif (Amphipathic Lipid Packing Sensor) of ArfGAPl is believed to be due to the 

differences in charge of these two sequences. Where ALPS has an entirely uncharged 
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FIGURE 7.5: In flat membranes (A), the fonnation of gaps between pol:r madgroups, 
which expose tm hydrCVhobi:: interior to the aqueous environment, are energeti::ally 
unfiNorable and relatively rare. However, in highly curved membranes (B), ster i:: ccn
cerns result in the focmation of a larger number of gaps, or pocking defocts. Tm inser
tion of amphipathi:: heli::es into tmse gaps stabilizes their fonnation. In some cas e::, 
this interaction is believed to indoce curvature, as the presence of the stabilizing in
fluerce of the amphipathi:: helix reduce! the mergetic barrier to fonnation of curved 

structure!. Figure from Huang and Ramamurthi. 84 
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polar fa~, rmgainin conta ins several charged lysine residues in the polar fa~ of its 

helix. 85 However, when basic amino acids are subotituted into the polar fa~ of the 

ALPS rrd if, it loses its curvature-sensing ability. a.; This appears to be due to the bal

ance of inte ractions radiated by the polar and unpolar sides of the helix. In helices 

with charged, hipply polar hydrophilic faces, electroi'tatic inte ractions with the ram

brane polar head groups overpower the weaker hydrophobic interactions of the nonpolar 

face and direct the helix's inte ractions with the rarrbrane. However, when the polar 

face is only weakly polar and the nonpolar fa~ is hipply hydro tl-Jilic, inte ractions with 

the packing defects dominate, causing the helix to associate more closely with hipply 

cul'led, defect- rich rarrbranes. 81 

According to this rmdel, M2's amfhipathic helix ( Fi~re 7.6) oould be hy

pothesized to have moderately strong curvatu re-sensing behavior. While it dces include 

two basic residues in its hydrofhilic fa~, its hydrophobic fa~ is , with the ex~ption of 
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G58, composed of tulky, highly nonpolar residues including several long hydrocarbon 

side chains and two phenylalanine residues. The presence of charp;e on its hydrophilic 

face sugp;ests that its curvature-sensing behavior may be dependent upon the charp;e of 

its memocane, a hypothesis that is supported by EPR spectra of M2TMC in two deter

gents, as described in the following section (1.2). 

FIGURE 7.6: H~he.l whul r<oj~etion ofth~ r<'l'os~d amrrup.thie h~hx, r~sidu~s 
50-60. FUrpl~ ~sidu~s ar~ potenti.lly ehar~d r~sidu~s, with trian~lar p1'1'I~ in
die.ting: ~nti.l n~g:atiy~ ehar~ and pent.g:on.l p1!pl~ r~sidu~s having:' pc(enti.l 
positiy~ ehar~. G~en ~sidms ar~ hydrcrhot:.:e, with darktt g:r~en indie .ting: gr~at~r 
hydrorhobieity. Th~ polar and nonpolar r~sidu~s '~gr~g:.~ .long: th~ ":Ms of th~ h~hx, 

with an oyttallhydr'l'hot:.:e mcm~nt of 5.46.t 108.6° to th~ mtlllt:ran~ surf.e~. 

7.2 OG-Dependent Immobilization in the M2TMC Trun-

cation 

To determine whether the pattern of helix immobilization in OG deterp;ent micelles is 

dependent upon the full-lenp;th sequence, an EPR spectrum was collected for M2TMC-

151C-SL in the same tuffer used to collect deterp;ent spectra of M2FL. A film of the 
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truoo.t~d prcQin was r~susp"nMd in D.sa lting Buffa (50 mM Tris (pH 8), 4 mM 00) 

to r<"odu"" • solution of 1 00 mM r<"o~in, and th~ r~ ,ulting sp"ctrum was ccmpau d t o 

th~ usults obtain~ d fC<" M2FL-151 C-S L. 

Th~ n sults of this sp"ctrum (Figur~ 7.7) indic.~ th.t th~ M2TMC ccnstruct 

is just as tightly boond to th~ 00 micdl~ surfac~ as th~ full-l~npjh rrot~in. For M2TM C 

in 00 micdl~s, To = 16± 8ns, within th~ ran&" of trror ofM2FL-151C in th~ sam~ 

~nvirorunmt. Thoogh this pattern was su!p"ising in M2FL, it is ~~n mC<"~ un~xp"c~d 

in M2TMC g""m r<"~vious n sults showing high mobility inp=ioos 151C-MZTMC-FL 

sp"ctr. tahn in D HPC and D PC dm r&"nts, which rrodu"" rot.tioo.l ccrrd.tion tim~s 

of8 .3± 1 3 and 8.3 ± 2.3 ns, n Sp"ctivdy (Fi~n 7.3). 

M2TMC in OG 

i 
M2FLin OG 

,"G i 
FIGURE 7.7: EPR spectra of M2FL an:! M2ThiC in idertical 00 c\e\erifllt l:<Jffer. 
Thoug/l M2Thi C experiences sigpifu.rt mwonal frsedom in other oo\erl'l'llts, it was 
higuy restricW in 00. Thi s behavior, which parallels that of the hil -Ien&th construct, 
sugo:ests that properties of the amphipatbic helix itself with the 00 surface mediates 

its stroog .ssociation mth the memtr ane mirretic. 

Frcm this known high mobility in DHPC and DPC micdl~ s, w~ np"c~d 

th~ MZTMC ccnstruct to .lso hav~ high mobility in 00 mi"" ll~ " ..mich woold h.v~ 

,ums~d that th~ tail r~sidu~ s in M2FL w~r~ r~ sponsibl~ for its high Mgrtt of immo

biliHtioo in 00. Ins~.d , w~ find v~ry differ~nt bm.viC<" in M2TMC b_~m 00 and 

th~ otha two ~~rgmts. Th~ curv.tur~ of th~s~ micdl~ s is not substanti.lly diff~rmt; 

thoogh DHPC micdl~s au slightly la~rthan m~ll~ s of 00, th~ diamd~r diff~rm"" 
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FIGURE 7. 8: EPR 'i'&ctra of M2TMC·151C in DPC and D HPC micelles. Substantial 
detergent·deperrlmt differences exist in tffi beh.vior cf M2 in various twes of Mer· 
gents: 151C constr1.rts of both M2Thi C and M2FL were s\il stantially broadened in 
00 detergent. oot M2TMC·151C remains relatively mobile in bill> DPC arrl DHPC 

detergents. 

of apf'"oxim.tdy 15 )."/£ is l~ss signiooant than th~ 140). diamdu diffuw"~ t.. 

twu n 00 mic~ ll~s and POPCPOPG bila~""d v~ s ic l~s . This "'~ms to indic.~ that 

diff~=MS in th~ prq>erti~s of th~ d~t~rgmts th~msdv~ s """ driving M2's ability to 

associat~ to micdk surfac~ s. A wi~ ran~ of ~ttr&ffit pr'l'trti~s can b~ ""'i'oo sibl~ 

foc v.rying th~ bm.vioc of solubiliud f'"ot~in, ~ith~r by den .turing th~ f'"o~in oc by 

inttracting with surf>"" dom.ins ofth~ pr<kin a~r it has bttn solubiliud. 

In ~~nnining wh~thu th~", inttr.ctioos ar~ ~n.turing oc m=!y f'"o~in· 

surf."" inttractioos, w~ np~t that th~ prcnin is not ~n.tuud in ~ ith~r ~~rgent. 

Hudgroop siu, hudgroop char~, and tail l~ngth ~~nnin~ th~ ''har±m~ ss'' of th~ 

~~rgent, oc th~ Mgrtt of structural d;"'Upt ioo it impos~ s upon th~ pr<kin, it solubi· 

lius (Figuu 7.9). Thoogh 00, DPC, and DHPC . llh.v~ ,om~ d~n.turingpr'l'trti~s 

by this musur~ (Figur~ 7.1 0), th~s~ ~~rgents ar~ . lso r~og:niud as t.ing gen~rally 

mild.Il9-9! This .ssumptioo is suppo~d by studi~ s ofM2, both in this th~ sis and in oth~r 

wock in th~ Howar<llab. DHPC and DPC h.v~ t.~n suc""ssfully us~d with M2TMC 

in s~vua l Howard lab studi~s, as part of both non~naturing mi"" ll~ s for solubiliz.tion 
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prior to reconstitution, and as bicelles for oriented NMR studies (Shawn Kim, personal 

communication, May 2014). Other evidence from the work presented in this thesis sug

gests that the interoctions with OG also do not cause major conformational changes to 

the protein. The high degree of a-helicity in the CD spectrum makes it unlikely th::t 

the protein aggregated non-specifically in detergent, and the CD is similar to the signal 

seen for protein in tetrameric form. Additionally, the ability of the protein to rep:!nd to 

variations in its environment, as demonstrated by its increased mobility after reconsti

tution into vesicles, indicates that the protein was not irreparooly denatured. Together, 

this evideoce suggests that interactions between the helix and the 00 micelle surface, 

rather than protein aggregation, :Ie resp:!nsible for reduced mobility ofM2 in detergent 

micelles. 

- ..... ~ 
~" 

.,~ 

Short (Cal lOnu (C12j 

FIGURE 7.9: Membrane proteins tend to be denatured more strongly with small, 
charged headgroups on short-tail membranes. Of the detergents discussed here, 00 
has a neutral (mild) headgroup charge, small (harsh) headgroup size, and short, harsh, 
C8 alkyl taiL DHPC has a zwitterionic (somewhat harsh) headgroup charge and a large 
(mild) headgroup size. However, its two C6 alkyl chains do not fit within the nonnal 

pattern of alkyl-induced harshness. Figure from Prive.92 

If, then, M2' s association with the membr~ is dependent up:!n interactions 

between lipid headgroups and the C-terminal protein domain, this has very interesting 

implications for the curvature-sensing behavior of this helix. DHPC and OG micelles 

have approximately ecpal micelle size, indicating that, with curvature, and, therefore, 

the strength of hydrophobic interactions, kept constant, interactions between the he

lix's p:!lar face and zwitierionic headgroups appear to drive the increase in mobility for 

M2 in DHPC micelles relative to OG micelles by repelling the helix from the mimetic 
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~ 
/,-/ol-o~ . ./ 

'0 /, 

DPC 
o 0 
11 II 
~o~o-P-o ./ 

.0'.- '" ! ~~. 
~o /, 

DHPC 

FIGURE 7.10: Structures of OG, DPC, and DHPC detergents. 00 is a relatively short
chain detergent with a sugar headgroup. DPC and DHPC have identical headroups, 
but DHPC is a two-chain phospholipid while DPC has only a single long hydrocarbon 

chain. 
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surface. However, this theory, while in keeping with the known behavior of amphi

pathic helices,93 is highly speculative. With only three pieces of data to describe the 

behavior of two variables driving the behavior of the helix, curvature and charge, it is 

difficult to describe a clear trend without additional study (Figure 7.11). To illuminate 

this curvature-sensing behavior clearly, and to detennine the role of charge in driving 

this behavior, additional experiments varying vesicle curvature and membrane surface 

charge (See Chapter 8) may be necessary. 

High curvature 
Zwltterionic headgroup. 

low curvature 
Anionic head group. 

High curvature 
Neut ral headgroup. 

More mobll~ 

Less mobile 

FIGURE 7.11: Charge and curvature both appear to be associated with changes in 
the mobility of the M2 amphipathic helix. However, no clear trend combining both 

variables is yet present from the data collected. 



Chapter 8 

Conclusions and Future Directions 

8.1 Conclusions 

From this work, we have provided a preliminary characterization of the amphipathic 

C-terminal helix of influenza A ML Mobility calculations and power saturation results 

support data from previous studies on the M2TMC truncated form that this region is 

a-helical, with one face partially buried in the membrane, We also find evidence that 

the degree of association between the helix and the membrane depends upon the prop

erties of the membrane mimetic used in the study: M2 is highly immobilized in neutral 

OG detergent micelles, while it remains relatively mobile in zwitterionic micelles and 

anionic vesicles, This suggests that the charge properties of the headgroups and the cur

vature of the membrane mimetic surface both affect the strength of the membrane-helix 

interaction, 

8.2 Data Collection for Additional Sites in the Helix 

In addition to the cysteine-substituted constructs for sites 50-54 studied here, six addi

tional M2 constructs were overexpressed in E, coli, for sites 55-60, Continuing the data 

collection process in these additional sites will provide a more detailed picture of the 
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properties of M2FL as well as its relationship to the M2TMC construct. Data collection 

for these sites will include obtaining CW spectra of M2FL in OG detergent micelles and 

POPC:POPG vesicles, as well as power saturation data for M2FL in vesicles, Power sat

uration data can also be collected for sites 50 and 53 to complete the characterization of 

the residue 50-54 region, 

8.3 Evaluation of the Structural Impact of the Hexahis

tidine Tag 

This work included preliminary efforts to study the effects of the hexahistidine tag on 

the structure of M2, Conditions were identified for the cleavage of the tag by the pro

tease Factor Xa, which has a proteolytic site immediately N-terminal to the tag in our 

experimental constructs, Further work will determine the extent to which this tag affects 

M2's structure by obtaining EPR spectra of labeled constructs after cleavage by Factor 

Xa and comparing these spectra to those obtained for the uncleaved protein, 

8.4 Replication of Additional M2TMC Studies 

In addition to the work that has been done on the structural characterizations of M2TMC, 

the Howard lab has studied mechanistic aspects of the M2 protein, This work has in

cluded studies on pH-induced conformational change and M2's interactions with choles

terol and the influenza drug amantadine, Determining whether the changes in M2TMC 

observed with varying pH, cholesterol concentration, and amantadine concentration are 

also observed in M2FL can provide valuable information on the physiological relevance 

of previous work on the M2TMC truncation, 
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8.5 Evaluating the Helix's Curvature-Sensing Proper

ties 

This work has suggested that changes occur in M2FL and M2TMC when solubilized in 

OG detergent micelles, causing the protein to become highly immobilized relative to its 

vesicle-reconstituted state, This shift may be associated with M2's curvature-sensing 

property, as amphipathic helices are a common curvature-sensing motif; however, the 

failure of this trend to appear in M2 solubilized in zwitterionic micelles suggests that 

additional protein-headgroup interactions contribute to the ability of M2FL to associate 

with the membrane mimic, To identify the role of charge and curvature on this behav

ior, we plan to obtain spectra of M2FL solubilized in micelles of other detergents with 

neutral, zwitterionic, and positive headgroups, Though the study of the role of anionic 

headgroups is complicated by the denaturing properties of most anionic detergents, we 

can study variations in curvature in anionic conditions by altering the protocol of vesicle 

formation, which will vary the size of the resulting vesicles, By comparing spectra of 

M2 in varying sizes of POPC:POPG vesicles, which contain both anionic and zwitteri

onic headgroups, and the spectra of M2 solubilized in various types of detergents, we 

can begin to determine the factors that contribute to the immobilization of M2 in OG 

detergent micelles, 



Appendix A 

Experimental Construct Sequences 

1>Un...ssoc 

" • • • 
MSLLTEVETP IRNEFGSRSN DSSDPLVVAA SllGILHlIL 

• " • • 
WILDRLFFK FEHGLK RGPSTEGVPE Sl>lREEYRKEQ 

• ,. 
QSAVDADDSII FVS IE G R UII IIUIIII 

;\UYL-BIC 

" • • • 
MSLLTEVETP IRNEFGSRSN DSSDPLVVAA SIIGILHLlL 

_oo " • • 
WILDRLFFK L R tlFEIIGL K RGPSTEGVPE SMREEYRKEQ 

• •• 
QSAVDADDSII FVS IE G R U II IIHIlIi 

;\UH ... YS2C 

" • • • 
MSL L TEVETP IRNEFGSRSN DSSDPLV VAA SIIGILHLlL 

• • • • 
WILDRLI" F K FEIIGL K RGPSTEGVPE SMREEYR K E Q 

• .00 

QSAVDADDSII FVS IE G R UII 11111111 

M2FL..RSJC 

" • • • 
MSLLTEVETP IRNEFGSRSN DSSDPLVVAA SllGILHUL 

• • • • 
WILDRLFFK S Y ,EFEI/G LK RGPS TEGVPE SMREEYRKEQ 

• ,. 
QSAVDADDSII FYS IE G R HU 1101111 

;\UfL.FS4C 

" • • • 
MSLLTEVETP IRNEFGSRSN DSSDPLVVAA SIIGILHLlL 

• • • • 
WILDRLf'FK Y FEHGL K RGPSTEGVPE SMREEYRKEQ 

• •• 
QSAVDADDSII FVS IE G R HH II H 1111 

,,",y: 
. : H~l!jOll cf ~tudy c: Poifll mw<lli"" I : Prmeoiy,ic ,;Ie H: 1I.wJ.i"idine tag 

FIGURE A.l: Sequences of M2FL constructs used in this thesis. 
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Appendix B 

Optimized Protocols for Sample 

Preparation 

B.l Protocol for Overexpression of M2FL 

Procedure: 

1. Remove glycerol cell stock from -800 e freezer and allow to thaw on ice. 

2. Use stock to streak 2 ampicillin agarose gel plates, and incubate overnight at 37°C. 

3. Select one colony from each plate, and use each to inoculate 5 mL LB growth medium 

in falcon tube, containing 5 JL L 100 mg/mL ampicillin stock solution for a final con

centration of 100 JL g/mL amp. 

4. Shake at 37°e and 160 rpm for 8 hours. 

5. Add 50 JL L ampicillin stock solution to 2 bottles of 50 mL LB growth medium and 

inoculate each with 0.5 mL cell solution. Return to shaker at 37° e and 160 rpm to 

shake overnight. 
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6. Add 1 mL ampicillin stock solution to 2 bottles containing 1 L LB medium. Inoculate 

each with all of one 50 mL overnight culture. 

7. Put solution on shaker at 37°e and 160 rpm shaking for about 2 hours. 

8. Use HP Diode Array Spectrophotometer in Biochemistry Resource Room to measure 

optical density. Solution is ready when OD600 = 0.7-1.0. 

9. Add 1 mL IPTG stock solution for final IPTG concentration of 1 mM. Return to 

shaker. 

10. Measure OD at 3 hours. 

11. After 3 hours. halt expression by centrifugation. Balance tubes, and in Legend R++ 

benchtop centrifuge in Biochemistry Resource Room, set to 4°e, 9acc/5dec/400Orpm 

and spin for 30 min. 

12. Remove most of the supernatant, resuspend the pellet in remaining supernatant. 

Transfer to 50 mL falcon tubes. 

13. Balance, and repeat centrifugation step. 

14. Discard the supernatant. Allow pellets to dry inverted on paper towels. When dry, 

store in -80oe freezer. 
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B.2 Optimized Protocol for Purification and Spin-Labeling 

Materials 

Standard Buffer (50 mM Tris (pH 8), 150 mM NaCI, 40 mM OG) 

• 25 mL I M Tris pH 8.0 

• 4.4 g NaCl 

• 5.85 g OG 

• 475 mL Millipore Water 

Lysis Buffer (50 mM Tris (pH 8), 150 mM NaCI, 40 mM OG, 0.02Ilg/mL DNase I, 

500 IlM AEBSF, 0.25 Ilg/mL lysozyme) 

• 10 mL standard buffer 

• 2 ILL I mg/mL DNAase I stock in standard buffer 

• 2.5 ILL I mg/mL lysozyme stock in standard buffer 

• 50 ILL 100 mM AEBSF stock in standard buffer 

Columu Labeling Buffer (50 mM Tris (pH 8), 4 mM OG, 20% v/v glycerol) 

• 5 mL I M Tris buffer 

.0.12g0G 

• 20 mL glycerol 

• 80 mL Millipore water 
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Elution Buffer (50 mM Tris (pH 8), 4 mM OG, 300 mM imidazole, 20% v/v glyc

erol) 

• 5 mL 1 M Tris buffer 

.0.12g0G 

• 20 mL glycerol 

• 2.04 g imidazole 

• 80 mL Millipore water 

Wash I (50 mM Tris (pH 8), 150 mM NaCI, 40 mM OG, 20% v/v glycerol) 

• 5 mL 1 M Tris buffer 

• 0.88 g NaCl 

• 1.17 g OG 

• 20 mL glycerol 

• 80 mL Millipore water 

Wash II (50 mM Tris (pH 8), 20 mM OG, 20% v/v glycerol) 

• 5 mL 1 M Tris buffer 

• 0.59 g OG 

• 20 mL glycerol 

• 0.137 g imidazole 

• 80 mL Millipore water 
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Wash III (50 mM Tris (pH 8), 4 mM OG, 300 mM imidazole, 20% v/v glycerol) 

• 5 mL I M Tris buffer 

.0.12g0G 

• 20 mL glycerol 

• 80 mL Millipore water 

Desalting Buffer (50 mM Tris (pH 8), 4 mM OG) 

• 5 mL I M Tris buffer 

.0.12g0G 

• 100 mL Millipore water 

Procedure 

73 

1. Work with 0.25 L of growth at a time. either as half of the pellet in a Falcon tube 

containing 0.5 L growth, or the full pellet of 0.25 L of growth. Add 10 mL lysis buffer 

to the pellet and resuspend. Vortex. Solution will be "goopy" and foam will form on 

top of the solution. 

2. Reserve 50 ILL suspended pellet for SDS-PAGE purification tracking, and use re

maining supernatant for further purification. 

3.Put your tube of suspended pellet in a beaker full of ice (with foam tube holder on 

the bottom to keep it in place). Sonicate pellet with tip sonicator for 20 min on 20% 

amplitude, I sec onllsec off pulse. This will take a total of 40 minutes since there is a 

delay of I sec between each I sec sonication. 

4.Using centrifuge tubes that have been weighed/balanced, centrifuge sonicated solu

tion at 16,000 rpm at 4°C with F185-12X50 rotor in floor centrifuge for 30 min. 9 

accel/5 decel. 

5. Reserve 50 ILL supernatant for SDS-PAGE purification tracking, and use remaining 

supernatant for further purification. 
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6. Swirl to suspend and then pipette 1 mL Ni-NTA resin/ethanol slurry into a Bio-Rad 

chromatography column. Allow storage ethanol to elute (final gel volume is 0.5 mL). 

and run 5 mL Millipore water through the column. Repeat with 5 mL standard buffer. 

7. Add 0.013 g solid imidazole to 0.5 mL Wash I and vortex to dissolve. Add to column 

and let it flow onto column. Cap bottom of column. 

8. Pour the 10 mls of supernatant into prepared column - this should fill column essen

tially to the top. Cap top of column, wrap bottom and top cap securely with parafilm 

and attach the column horizontally to blue foam attachment on programmable vortexer. 

Shake for 30 min at 500 rpm. This step is to allow the His-tagged protein of interest to 

bind to the Ni-resin. 

9. Allow supernatant to to run through gel and discard flow through. Wash column with 

5 mL Wash I. Repeat with Wash II and and then Wash III. Wash I-III should remove 

proteins not of interest, but retain our His-tagged protein bound on the resin. 

10. Weigh out 0.4 mg MTSL in an eppendorf. Add 16 ILL of acetonitrile and vortex 

to allow spin label to dissolve. Solution should be dark brown. Add 1 mL Wash II to 

produce a pale brown solution. 

11. Cap bottom of column and add MTSSLlWash II solution to column. 

12. Cap top and bottom and vortex column until gel is dislodged from tip of column. 

Wrap the column in foil and leave on nutator overnight or up to 48 hours in cold room. 

13. After column is removed from nutator, allow buffer to elute and cap column. Add 

5 mL column labeling buffer to remove excess MTSSL and shake the column on blue 

foam attachment on programmable vortexer in lab the lab for 20 minutes to facilitate 

removal of free spin. 

14. Allow column labeling buffer to elute, and wash with an additional 10 mL column 

labeling buffer to remove excess free spin label. 

15. Elute the His-tagged M2FL protein from column with 5 mL elution buffer and 

collect all the protein in a 15 m1 falcon tube. 
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NOTE: Ni-columns can be re-used. After eluting protein. wash the column with 5 mls 

Wash III, and then fill the column with 20 

16. Prepare two PD-I 0 Desalting Columns. Pour the buffer off the top of a new column. 

Cut the bottom off the plastic columns using a scissors. You might need to use the tip 

of a tweezers to make sure the opening not blocked. Equilibrate each column with 12.5 

mL desalting buffer. When all of the buffer has flowed onto the bed, add 2.5 mL Ni 

column eluent onto each PD-IO column. 

17. Allow flow-through of Ni-column elutant to elute into wash beaker. 

18. Elute protein with ten 500 ul aliquots of Desalting Buffer (5 mls total) and collect 

in 0.5 mL fractions in eppendorf tubes. 

19. Record Absorbance at 280 nm using Nanodrop (2.5 ilL drop) to check for the 

presence of protein in each fraction, reserving all fractions with Abs 2' 0.1. Protein 

typically comes out in fractions 2-7 on first column. 

20. Pool all protein-containing fractions for each column. If volume exceeds 2.5 mL for 

either column, concentrate in Amicon Ultra-15 centrifuge concentrator. Re-equilibrate 

column with 5 mL desalting buffer, and discard. 

21. Repeat steps 16-20 two more times, for a total of three PD-IO runs. 

NOTE: PDIO-columns can be re-used. After eluting protein, wash the column with 5 

mls desalting buffer, and then fill the column with 20 

22. After final PD-IO purification, combine all purified fractions and measure ab

sorbance at 280 nm to determine yield. Repeat centrifugation/rehomogenization pro

cedure until concentration reaches approximately 5.5 mM. 
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B.3 Optimized Protocol for Reconstitution of M2FL 

1. Add 650 ILL 4: 1 POPC:POPG stock solution to small glass vial with syringe. 

2. Use a gentle stream of nitrogen to evaporate chloroform solvent for ten minutes. 

3. To complete solvent evaporation. place film under high vacuum for twelve hours. 

4.Add 1750 ILL TrislKCI buffer (50 mM Tris. 100 mM KCI. 1 mM EDT A) to rehydrate, 

for a total lipid concentration of 9.36 mg/mL. (Higher concentrations are possible, but 

make extrusion more difficult). 

5. Bath sonicate for 10 seconds at a time until film is removed from the bottom of the 

vial. 

6. Assemble the extruder according to instructions in the provided manual. using addi

tional Tris/KCl to wet the Filter Supports. 

7. Run Tris/KCl buffer through the extruder to check for leaks. 

8. Extrude sample 15 times through 200nm polycarbonate filter. 

9. Transfer sample to an eppendorf tube and store at 4°C for up to one week. 

10. Transfer ILL sample to a new eppendorf and add an equal volume OG Detergent 

Buffer (50 mg/mL OG, 50 mM Tris, 100 mM KCl, 1 mM EDTA), ensuring that OG 

concentration is above the critical micelle concentration (CMC) of 25 mg/mL. 

11. Allow solution to rest for 30 minutes. 

12. Add 80 ILL OG detergent-solubilized M2FL (2 mg protein/mL). 

13. Add 1 sample volume of Tris/KCl buffer to lower detergent concentration below 

CMC. 

14. Prepare Biobead slurry with 500 ILL dry BioBeads and as much dry Standard Buffer 

as needed to hydrate the beads Gust a few drops) in a 50 mL Falcon tube. Degas by 
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attaching to vacuum for one hour. 

15. Remove 50 ilL BioBead slurry to an eppendorf with the proteinllipid sample. Shake 

at 4°C for fifteen minutes. 

16. Remove from shaker and add an additional 50 ilL BioBead slurry. Repeat shaking. 

17. Repeat step 17 four additional times for a total of 300 ilL BioBeads. 

18. Add a final 200 ilL aliquot BioBeads and shake overnight. 

19. The next day, remove Biobeads from solution and concentrate in Amicon Ultra-IS 

centrifuge filters at 3,500 g until volume is reduced to approximately 100 ilL. 
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