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Abstract:

Matrix 2 (M2) is a homotetrameric integral membrane protein of the influenza A virus demonstrated
to be required for generation of membrane curvature resulting in viral budding. The C-terminal
amphipathic helix of M2 has been shown to generate negative Gaussian membrane curvature,
required at the neck of a budding virion, dependent on membrane composition. In this thesis, electron
paramagnetic resonance (EPR) spectroscopy is used to investigate the conformational dynamics of
M2's amphipathic helix in liposomes consisting of DOPE and DOPC, lipids of varying intrinsic
curvature propensity, as well as cholesterol enrichment. The amphipathic helix is demonstrated to
populate two conformations, one of which is stabilized by lipids of high intrinsic curvature propensity
or cholesterol. This conformation affects the structure of the amphipathic helix and the
transmembrane domain, and is hypothesized to be budding-relevant. Additionally, mutations that alter
the budding function of M2 by reducing the hydrophobicity of the amphipathic helix are investigated.
Alterations to the helix abolish conformational exchange in response to membrane intrinsic curvature,
but not cholesterol, consistent with a role for the amphipathic helix in sensing and responding to
membrane curvature properties and binding cholesterol. Changes to the preferred structure as a result
of amphipathic helix mutations may explain the recent finding that M2's transmembrane domain is
capable of limited curvature generation. The mutated amphipathic helix's conformational dynamics
are consistent with a canonical curvature generating/sensing quasi-ALPS motif. The membrane-
protein interaction is discussed in the context of the flexible surface model and the spontancous
curvature frustration mechanism, which point to a hydrophobic insertion role for the amphipathic
helix that explains lipid-dependent curvature generation.
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Chapter 1: The Influenza A M2 Protein

1.1. Motivation: Influenza M2 protein is a drug target

Influenza A virus causes regular seasonal epidemics and occasional global pandemics and is
responsible for approximately 50,000 global deaths each year, making it a major worldwide
public health concern.! While vaccination with live-attenuated or inactivated viruses is the
preferred method of combatting seasonal influenza, the speed of the virus' mutation
combined with the threat of highly virulent pandemic strains and the difficulty of constant
virus surveillance has made antiviral drugs an important tool for combatting influenza.” The
adamantane antiviral drugs amantadine and rimantadine target matrix 2 (M2); however,
virtually all currently circulating strains of influenza A possess the S31N mutation, which
confers resistance to these drugs™”. As a result, the only functional anti-influenza drugs
currently available are the neuraminidase inhibitors oseltamivir and zanamivir. Because of
the speed of influenza mutation, redundancy in antiviral drug choice is desirable and M2 is
an active drug target for development of a replacement antiviral based on a different function
of M2.°

1.2. Structural and functional characterization of M2

M2 was first discovered and characterized by Robert Lamb and coworkers; the integral viral-
membrane associated tetramer of 97-residue monomers comprises an N-terminal
extracellular domain, a transmembrane helix, a membrane-associated amphipathic helix, and
a C-terminal cytoplasmic tail®’ (Figure 1.2.1). The transmembrane domain forms a pH-
dependent 1on channel, which has been the subject of most of the structural and functional

characterization of M2.”®
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Figure 1.2.1. Structure and sequence of the M2 protein and mutations. Only two monomers
of four are shown. Blue represents sites mutated to R1 for EPR studies (section 2.1) while
green represents sites mutated to alanine in the penta-Ala construct functional assays. Note
that I51 and F55 are both penta-Ala mutated sites and labelling sites in different expeniments.
The conformational changes and mechanism ofion channel activity have been
elucidated by a variety of methods; the ion channel is activated by protonation of H37, near
the binding site of the adamantane drugs. This step is responsible for a structural change in
the transmembrane domain between the open and closed channel states.”
1.3. Characterization of M2 amphipathic helix's role in viral budding
Mutation studies have determined that the C-terminal cytoplasmic tail of M2 is required for
virulence’ as well as proper replication.'” Most notably, mutations in the amphipathic helix
part of the cytoplasmic tail abolished proper viral assembly and budding.'' Consistent with
the amnphipathic helix playing a role in budding and scission, M2 was found to associate with
lipid rafts'>" and bind cholesterol.'* Rossman and coworkers found that cholesterol binding

takes place at the amphipathic helix and is crucial for mediating the generation of curvature

at the neck of a budding virion. Mutations of five bulky-hydrophobic residues m the



amphipathic helix to alanine (Figure 1.2.1) abolished budding function and presumably
destroyed the helix's amphipathic nature. Further, the amphipathic helix was shown to be
capable of curvature induction by itself, showing that M2 mediates budding and scission of
new virions, bypassing the host endosomal sorting complexes required for transport
(ESCRT).">'® Further mutation studies showed that only two of the five hydrophobic sites
must be mutated to abolish budding function, showing that the amphipathic helix is crucial
for generation of curvature at the viral neck and is highly sensitive to its a,mphipa,thicity.17
Curvature generation by M2 has also been investigated by synchrotron small-angle X-ray
scattering (SAXS), showing that the amphipathic helix generates cubic bicontinuous
membrane phase, which possesses the same type of curvature observed at the neck of
budding virions, in a lipid dependent manner (discussed in greater detail in section 4.2).'
The goal of this thesis work was to characterize changes to the conformational
dynamics of M2's C-terminal amphipathic helix caused by alteration of membrane intrinsic
curvature (Chapter 4), cholesterol enrichment (Chapter 5), and functionally relevant

mutations to the amphipathic helix (Chapter 6).



Chapter 2. EPR Theory

2.1. SDSL-EPR spectroscopy is a powerful tool for studying membrane proteins
The technique used in this thesis is site directed spin-label electron paramagnetic resonance
spectroscopy (SDSL-EPR), which is a powerful tool for probing the conformational
dynamics of proteins.”” EPR shares numerous similarities with nuclear magnetic resonance
(NMR) spectroscopy, but is less commonly used and frequently applied to systems not easily
characterized by NMR.? SDSL-EPR has been widely used to study membrane proteinsm,
including M2 by the Howard Group.?*™°

Conventional EPR spectroscopy is used to probe the presence and chemical
environment of an unpaired electron.”” EPR is largely analogous to NMR except that the
latter probes the interaction between the nucleus and an applied magnetic field, while the
former probes the interaction between an unpaired electron and an applied magnetic field.?’
The spin magnetic moment, p, and spin angular momentum, S, of an ¢lectron are related by
the equation, i = gfi§, where {3 is the Bohr magneton and g is the "g-factor” or Zeeman
energy.28 In an applied magnetic ficld, H, solving the Hamiltonian for the interaction between
an unpaired ¢lectron's spin magnetic moment and the magnetic field yields two
wavefunctions with an energy difference between them that is related linearly to H.*® These
two wavefunctions can be thought of as representing two states: the electron's spin aligned
parallel and antiparallel to the magnetic field."” EPR probes this energy difference according
to the spectroscopic equation, AE = hv = g|f|H. The EPR spectrometer uses radiation in
the form of microwaves of constant frequency and varies H. Such spectra are called
continuous wave (CW). An EPR resonance occurs when the energy of the microwaves is

equal to the energy difference between the two states of the unpaired electron.”” The electron



magnetic moment can also interact with a nearby nuclear magnetic moment to produce a
hyperfine interaction, resulting in splitting of the EPR resonance into 21 + 1 peaks, where |

is the nuclear spin.*® Since I = 1 for '*N, nitroxides commonly used in SDSL-EPR result in

127

three peaks in the EPR signal.”” The requirements for the electron paramagnetic resonance

condition are summarized in Figure 2.1.1. EPR signals are typically reported as a first
derivative because a smaller field modulation along with the regular field sweep is used in

EPR experiments and a first derivative peak achieves a better signal to noise ratio.”
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Figure 2.1.1. Origin of the EPR signal for a nitroxide spin label (shown). In the presence of
an applied magnetic field, H, the two electron spin states have different energies. The nearby
state is further split by the hyperfine interaction with the nucleus. This difference is probed
by microwave radiation and the signal is reported as a first derivative.

SDSL-EPR relies on introduction of an unpaired electron to a protein system. The
EPR experiments in this thesis utilize the protein-attachable nitroxide label, 2,2,5,5-

tetramethyl-1-oxyl-3-methylmethanesulfonate (MTSSL), referred to as R1 when attached to



a protein. A specific residue of the protein i1s mutated to a cysteine and native cysteines are
mutated to serine. MTSSL reacts with cysteine forming a disulfide bond and attaching the R1

nitroxide label to the protein at the selected site, as shown in Figure 2.1.2.

I
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Figure 2.1.2. Disulfide attachment of R1 nitroxide label to the protein. MTSSL reacts with
the mutated cysteine to form a covalent attachment of the R1 label to the protein. Figure is
reproduced.”’

2.2. SDSL-EPR lineshape reveals information about a spin-label's chemical environment
The most basic information that can be collected from an EPR spectrum is the spectral
lineshape.' For the X-band (9-10 GHz) spectra included in this thesis, the spectral lineshape
reflects the motional freedom of the spin label via the rotational correlation time, T, which
has three components: the overall rotational motion of the protein or protein-complex, the
side chain motions, and the backbone fluctuation.”” Lineshape dependence on motional
freedom is due to the dependence of the g and A (hyperfine) tensors on the degree of
averaging due to motion. For proteins that are sufficiently large (~15 kDa) or for membrane
proteins in liposomes, the overall motion of the complex is too slow to affect the EPR
lineshape.'”" The focus of analysis of CW EPR lineshapes is on the effect of motion of the
spin label side chain.'® X-ray crystallography, mutational analysis, and NMR studies have
established that introduction of the EPR spin-label does not significantly perturb the structure

of o helices, and that the most significant contributor to EPR lineshape is side chain motion
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rather than fluctuation of the protein backbone.”***?%3? In an a helix, the R1 label
experiences restricted motional freedom due to the formation of a hydrogen bond between
the backbone S, sulfur and the side chain C, carborn. This restriction leads to the X4/Xs model,
in which rotation about only those bonds in the R1 side chain contributes to the motional
characteristics of the label **?'*? Since the unpaired electron of the nitroxide is localized to
the N p-orbital, this model leads to motion that may be modeled in a cone, allowing the
2030,31

defimtion of an order parameter, S, related to the mternal motion of the R1 side cham.

This model 1s shown graphically in Figure 2.2.1.

S = %(<3 cos26>-1)

Figure 2.2.1. Motional model for R1 spin label. A.) Rotation about bonds X, and X515 a
result of a hydrogen bond with the protein backbone. B.) These rotations lead to motion of
the N p-orbital in a cone, which can be used to detine an order parameter, S, related to the
motion of the label. Figure is reproduced.”®
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Although an order parameter 1s useful for defining the basics of the R1 motional
model, in practice the mobility of the label can be inferred by the spectral lineshape itself,

which can be simulated (described in section 2.4) to obtain 1. This value for a typical solvent

20,28

accessible protein labelling site is approximately 2 ns. Figure 2.2.2 demonstrates the

effect of R1 mobility on lineshape Isotropic motion (A) results from fast motion of the spin
label in solution and can be used to obtain information about the magnetic tensors of the
label's motion *****"-** Ag the motion of the label is reduced by attachment to unstructured
protein (B) or a secondary structure element (C), the lineshape is broadened, corresponding

to an increase in T. Spectra with motion defined by T are in the slow or intermediate motion

2830

regime. The rigid-limit spectrum (D) results from the reduction in motion of the label due

to freezing of the sample and can be used to obtain orientation dependent parameters. ">

mp +1 0 -1
A

e

Figure 2.2.2. Effect of R1 motion on CW EPR lineshape. A.) Spin label in solution, B.)

attached to unstructured protein, C.) attached to a helix, and D) in frozen peptide. Figure 1s
reproduced.'’
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In most applications of SDSL-EPR, including in this thesis, the internal motion of the

spin label side chain is the chief contributor to lineshape.'”*’

Therefore, the mobility of
concern is the rotational correlation time due to these internal motions, T, after this section
simply T. It 1s possible to interpret spin label CW EPR spectra visually by observing that
broader and consequently less intense peaks are characteristic of an immobilized spin label.
However, mobility can also be quantified by the central line width at half height, AH, which
is proportional to T; (though it is normally reported as AH!, which is proportional to T’

1).192934 For this thesis, spectral simulation (described in section 2.4) is used to obtain T; for

multiple spectral components due to the presence of conformational exchange.

2.3. Using SDSL-EPR to identify protein conformational exchange

One of the most useful characteristics of SDSL-EPR is the capacity to identify equilibria
between protein conformational states. Since protein conformational exchange events occur
on a timescale (us - ms) longer than the characteristic X-band EPR timescale (0.1 - 100 ns),
they can usually be well resolved in an EPR spectrum.?® When exchange events are faster (1
- 100 ns) such as fast backbone fluctuations or exchange between statistical substates, the
components are spectrally averaged to varying degrees.”” The relationship between the EPR

and protein exchange event timescales is demonstrated in Figure 2.3.1.
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Protein Exchange Event:

Native Amino Acid Conformational Exchange
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L Lo rannnnl L haoaraml L b aaannl L1 el Lt raannil L b anannnl
EPR Methods 1 1 ~ Modulation of Spin _ >
for Detection: Spectral Averaging (T:) Lattice Relaxation {T,) Perturbation or Coherent
Excitation Methods

Fast Exc:wv %ahwge

Figure 2.3.1. Relationship between EPR and protein exchange timescales. Slower exchange
than the EPR timescale (such as protein conformational exchange) can be resolved while
faster exchange events, which include most rotameric exchange, lead to spectral averaging.
Figure is adapted.’”

When protein conformational exchange events are detected by EPR, the result is a
multicomponent (or complex) spectrum. This thesis describes a system in which M2
occupies two different conformations, and spectra represent a weighted average of the two
components. Thus, the presence of a characteristic 'double-hump' in the low field CW EPR
peak, shown in Figure 2.3.2, typically indicates that the protein undergoes conformational
exchange.”® One of the conformations results in a weakly ordered spin label, whereas the
other results in immobilization. There are several challenges to the interpretation of
multicomponent EPR spectra: Firstly, since SDSL-EPR relies on measurement of the motion
of the spin label, conformational exchange 1s only resolved if the spin-label experiences
multiple motional environments, i.¢. the conformations translate to different motion of R1
such as weakly ordered and immobilized.*®*"*! If the conformations result in the same

motion at a particular site, no conformational exchange will be observed at that labelled site.

Similarly, if two conformations in a three (or more) conformational system result in the same

14



mobility at a particular site. they will be resolved to a single component that represents more

- 1034
than one conformation.

The second caveat concems the rotamers of the spin label. Since
R1 has access to multiple rotamenc states, multicomponent spectra can also result from
rotameric exchange, rather than conformational exchange *>***" Although rare, this has been
demonstrated in a few proteins, thereby showing that rotameric states can have lifetimes of
100 ns or more, long enough that exchange time sensitive expennments (descnbed below) are

needed distinguish rotameric from conformational equilibrium.*”™°

L
 —
Weakly ordered Two-component Immobilized

Figure 2.3.2. Multicomponent CW EPR spectrum due to slow conformational exchange.
Because this exchange is slower than the EPR timescale, the two motional environments of
the spin label (corresponding to two conformations) result in a weighted average two-
component spectrum. Figure is reproduced.”

There are multiple experimental techmques for distinguishing rotameric from
conformational exchange QOsmolyte perturbation using sucrose affects conformational but

not rotameric exchange, thereby allowing conformational exchange to be observed using X-

band EPR_** However, solvent accessible sites are not well suited to this techni que because



of the possibility of a false positive.20 A bifunctional spin label (which attaches to two
engineered cysteines) or a rotamerically restricted spin label can be used to eliminate the
effect of rotameric exchange, but these solutions require costly changes to the experimental
protocol.zg’41 By contrast, saturation-recovery (SR), a pulsed EPR technique, can distinguish
between rotameric and conformational equilibrium without the need to perturb the
sample.”” SR allows the measurement of the spin-lattice relaxation time, Ty, which is
related to the nitroxide's spin-lattice relaxation rate, W, by W = (2T1)'1.35 SR experiments
monitor the recovery of intensity of the central EPR resonance after a strong saturation pulse,
then fit the recovery curve to an exponential equation defined by the magnetization vectors of
the system and the implied or effective spin-lattice relaxation 1:ime(s).37 If two

conformational states are present, two resultant rates will be observed in the presence of
varying concentrations of a paramagnetic relaxant, such as oxygen, requiring a double
exponential fit and thereby allowing conformational exchange to be distinguished from
rotameric exchange.”*’

2.4. Motional model for nitroxide EPR spectral simulation

Multicomponent spectra resulting from conformational exchange are composed of individual
component spectra that can be extracted by computational simulation using a model
conceived by Freed and coworkers called microscopic-order-macroscopic-disorder
(MOMD)B’42 and developed into a LabView dock by Christian Altenbach of UCLA. MOMD
characterizes the motion of a nitroxide spin label in a three-frame coordinate system, shown
graphically in Figure 2.4.1, and can be applied to spectra in the intermediate or slow motional

regimes (roughly 1 ns <t < 30 ns). The magnetic frame (X, Yu, Zn) defines the g tensor (the

interaction of the paramagnetic electron with the applied magnetic field) and A or hyperfine

14



tensor (the interaction of the electron with the nucleus). The xy axis is detined to coincide
with the N-O bond, the zxs axis with the N p-orbital, and the yx axis by the right-hand rule.
The magnetic frame 1s offset from the rotational diffusion frame (xg. yr, zr) by the fixed
diffusionat tilt angle. Bp.**** The rotational diffusion frame defines the logarithmic rotational
correlation rate tensor. R, which ts inversely proportional to the rotational correlation time,
and thereby represents the instantaneous motion of the R1 label. The final coordinate frame
is the protein director (Xp, yp. zp) which is offset from the rotational frame by the angle 0.
The protemn fixed director 1s used to define an order parameter which 1s dependent on the

. . - 28,3342
instantaneous change of 0 and simulates anisotropy.”

Figure 2.4.1. MOMD slow-intermediate motional stmulation model. The motional freedom
of R1 is modelled by instantaneous motion of zg from zp, fixed with the protein, and offset
from the magnetic tensor frame by the fixed angle. Pp. Figure is reproduced.”

2.5, Using SDSL-EPR to measure labelling site solvent accessibility

When the power at which a CW EPR spectrum 1s collected ts gradually increased. the

intensity of the EPR signal increases with the square root of the applied power, P'*. At high

power levels, the population difference between the substates of the paramagnetic electron



erodes because relaxation is slower than the excitation by the microwave power, resulting in
a plateau of signal intensity called saturation. Since signal intensity is directly related to the
spin-lattice relaxation rate, the presence of paramagnetic reagents (such as O,) near the
nitroxide label confers faster relaxation, thereby increasing the power level required to reach
the saturation point. Power saturation EPR experiments extract Py, the power at which
signal intensity is half the unsaturated sample's intensity. By obtaining P, values for a
sample under O, and N3 gas, and taking the difference, A Py, the accessibility of the label to
O; is found. Since O, is nonpolar and preferentially partitions into the lipid membrane, A
P12(03) is generally directly proportional to the membrane depth of the label, but must be
interpreted with caution especially for spin labels near the membrane-solvent interface.'”*’
2.6. Using SDSL-EPR to measure inter-label distances

There are a few ways of using EPR to measure distances in proteins.’**!** When nitroxide
labels are within 20 A of each other, dipolar coupling between them leads to line broadening
and associated reduction in the relative intensity of the central peak of a CW EPR spectrum.®
Because M2 is a tetramer, conventional labelling with MTSSL places four R1 labels on the
protein. In a 'dilute-labelled’ sample, unlabeled M2 peptide is mixed with labelled M2 at a 4:1
ratio, thereby producing M2 in which each tetramer has one R1 label on average.”® The ratio
between the central peak intensity of the dilute-labelled spectrum to the fully-labelled
spectrum (in which there are four R1 labels on average) is termed €. Since distance
dependent dipolar coupling only affects distances less than 20 A (i.e. intra-tetramer
distances), Q of 1 indicates all distances are greater than 20 A while Q of greater than 1

indicates the presence of intra-tetramer distances less than 20 AP Dipolar coupling distance

. 20 . .
measurements can be quite accurate,” but the process of deconvolution of comparison

1R



spectra is not possible for more than two different distances, which are expected in
conformational exchange." For this reason, double-clectron-clectron-resonance (DEER) is
more commonly used to compute distances, but is only accurate for distances between 20 and
~60 A2 longer than the distances expected for M2, DEER experiments on the M2
truncation provided some information congistent with published structures in a previous

publication of our group,” but DEER studies were not undertaken for this work.
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Chapter 3. Materials and Methods

3.1. M2FL purification and spin labelling

Full length M2 was overexpressed with single site cysteine mutations in the C-terminal
amphipathic and transmembrane helices as described previously. The native cysteine C350 at
a palmitoylation site was mutated to serine. Each 1 L. growth was lysed separately as a 4 L
pellet in 9.5 mL lysis buffer (50 mM Tris pH 8, 40 mM octyl b-D-glucopyranoside (OG),
150 mM NaCl, 0.2 mg/mL DNAse I, 0.25 mg/mL lysozyme, and 500 mM AEBSE). The
resultant lysed mixture was sonicated for 40 minutes and centrifuged for 30 minutes at
15,000g. The supernatant was incubated for 30 minutes with constant mixing in 1 mL Ni-
NTA resin (GoldBio), 20 mM imidazole, and 0.1 mM TCEP. To remove non-M2 proteins,
the column was washed with Wash I (50 mM Tris pH 8, 150 mM NaCl, 40 mM OG, 20% v/v
glycerol), Wash II (50 mM Tris pH 8, 20 mM OG, 20% v/v glycerol), and Wash III (50 mM
Tris pH 8, 4 mM OG, 20% v/v glycerol, 20 mM imidazole). M2 was spin labeled on the Ni
column with a 10-fold excess of MTSSL (Toronto Research Chemicals) delivered in
acetonitrile at 25 °C with constant mixing for 36-48 hours. The spin labeling buffer was then
eluted and the column washed in 5 mL Wash III for 20 min. with constant mixing. His-
tagged M2 protein was eluted with two washes of 5 mL. of elution buffer (50 mM Tris, 300
mM imidazole, 4 mM OG, and 20% v/v glycerol). Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) confirmed presence of purified M2 protein.

3.2. Selection of lipid mixes and detergent mediated reconstitution

M2 protein obtained in a single purification was independently reconstituted into lipid
environments incorporating 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-phospho-1.-

20



serine (DOPS), shown in Figure 3.2.1. The lipid environments were chosen because of their

1845 (section

use in a small angle X-ray scattering study of M2 membrane curvature generation
4.1). These vesicles were composed of 4:1 DOPE:DOPS and 4:1 DOPC:DOPS. To study the
effect of cholesterol, 30 mol% was added to form separate liposomes of 56:14:30

DOPE: DOPS:Cholesterol and DOPC:DOPS:Cholesterol. DOPE and DOPS were obtained in
chloroform and DOPC was obtained as powder and dissolved in chloroform (Avanti Polar
Lipids). Chloroform was removed under a stream of nitrogen and lipid films were dried
under high vacuum for 12 h. Lipid films were re-suspended in extruder buffer (50 mM Tris
pH 8, 100 mM KCI, 1 mM EDTA) at a total lipid concentration of 9.36 mg/mL and
alternately sonicated and vortexed. The lipid films were extruded 15 times through a 20 pm
filter using an Avanti Mini-Extruder. Each lipid suspension was solubilized in 40 mM octyl-
glucopyranoside (OG) and equilibrated for 30 min. M2 protein was added to the lipid film to
achieve a protein:lipid ratio of 1:40'. For dilute labelled samples (section 2.6), unlabeled
peptide was added at a 4:1 ratio with the total amount of added M2. The mixture was diluted
in extruder buffer to obtain an OG concentration of 15 mM. Six 50 uL aliquots of a slurry of
hydrophobic polystyrene beads (BioBeads SM-2, Bio-Rad) degassed for 1 h. in 50 mM Tris
pH 8, 100 mM NaCl were added in 15 min. increments at 4 °C to the protein-lipid suspension
with constant mixing. After removing Bio-Beads, the proteoliposomes were pelleted at
313,000 g for 1h. using an Optima-MAX-TL ultracentrifuge (Beckman-Coulter). Pellets

were re-suspended in 200 pL of supernatant and re-pelleted using the same ultracentrifuge

configuration.
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Figure 3.2.1. Structures of lipids used in this thesis.

3.3. CW and power saturation EPR collection

Samples used for EPR spectroscopy were prepared from re-suspended pellets and loaded into
gas permeable TPX capillary tubes. Continuous wave (CW) EPR spectra were collected on a
Bruker EMX X-band EPR spectrometer with an ER4123D resonator at room temperature.
For analysis of spectral line shapes, spectra were collected at 2 mW incident microwave
power, 1 G field modulation at 100 kHz amplitude, and 150 G sweep width. Line shapes
used for comparison of lipid environments were doubly integrated and normalized to the
same number of spins. Power saturation data were collected twice for each lipid
environment: once in ambient air, and once under a gentle stream of nitrogen gas. The former
were collected using 19 power levels and the latter were collected using 8 power levels
(Appendix C).

3.4. EPR analysis and spectral simulation

Dilute labelled CW EPR spectra were normalized as described in section 3.3 and simulated
in the slow-intermediate motion MOMD model using 'Multicomponent,' a LabView dock
developed by Christian Altenbach. A (hyperfine), g (Zeeman), and R (logarithmic rotational
correlation rate) tensors were varied between labelling sites, but were constant for a given

labelling site in all lipid environments (L43R1 was fit using slightly different parameters
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between the wildtype and penta-Ala constructs). The values for the A and g tensors are
usually constant for R1 labels attached to membrane proteins: starting values of A = (5.1, 5.3,
34.3) and g = (2.0084, 2.0058, 2.0020) were used®™¥. However, A tensors in particular can
vary depending on local polarity and membrane accessibility®, so A tensors were allowed to
vary between components. Only A and R tensors varied between the two simulated
components, and among lipid treatments of the same labelling mutant, only the populations
of the components varied. All fits using the MOMD model solve the stochastic-Liouville
equations using the Levenberg-Marquardt fitting strategy. Floating variables were limited to
a maximum of 20,000 iterations and the step size for A and g tensors was restricted to 107
and 10, respectively. Maximum variations were 0.6 G for A and 0.001 G for g. The W
tensor (Lorentzian line width) was not varied. Along with R tensors for the two components,
refinement can include changing the diffusional tilt angles (a,, 3., v.). Because M2 is axially
symmetrical, only [3, significantly affects the simulation and was restricted to 90° to simulate
X-axis anisotropy while «, and vy, were restricted to 0°. Fitting parameters are listed in

Appendix B.
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Chapter 4. Lipid Intrinsic Curvature Propensity Affects
Conformational Exchange in Full-Length M2

4.1. Background: Role of lipids in generation of membrane curvature

Lipids are widely recognized as filling a crucial role in the generation of membrane
curvature, a key requirement for viral budding and scission, and the interaction between
membrane proteins and lipids is an active area of research.””** The intrinsic curvature of a
biological membrane (curvature without protein interactions) is determined by the molecular
packing of lipids it consists of."® For instance, PC lipids (with methylated head groups) are
roughly cvlindrical and form membranes with zero spontaneous curvature, whereas PE lipids
(with smaller head groups) favor formation of intrinsically curved membranes.”**° The
curvature properties of membranes can be defined casily: at any point on a curved
membrane, a normal flat surface can be extended and the principle curvatures, ¢; and ¢,
defined as the reciprocals of the radii that define a circle which includes the curved
membrane. To a simple approximation, the mean curvature is the average of the two
curvatures, while the Gaussian curvature is the product. As a result, a flat membrane has zero
mean curvature and zero Gaussian curvature; rolling the membrane can only change mean
curvature and the Gaussian curvature is altered only by stretching, compression, or tearing.”!
Flat membranes with zero curvature exist in the lamellar phase, L., while an increase in
Gaussian curvature results in the inverted hexagonal phase, Hy. The inverted cubic
bicontinuous phase (Qq) has three low energy surfaces defined by the space groups Prnim,
Im3m, and Ia3d (commonly referred to as gyroid).zl&51 These surfaces are unique because
they possess bicontinuous negative Gaussian curvature”~ (occasionally called saddle-splay

curvature), the type of curvature necessary for membrane scission, 4221733
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4.2. Introduction: Lipid intrinsic curvature is related to M2 budding function
Small angle X-ray scattering (SAXS) results were recently reported showing that the full-
length M2 protein generates cubic bicontinuous phase lipid membranes in lipid mixtures
comprising elevated DOPE concentration.'® Since DOPE and DOPC are approximately the
same size and differ only in intrinsic curvature propensity, a ternary mixture (along with
DOPS, which alters membrane charge) is frequently used to vary membrane curvature in
vitro. " Ata variety of peptide:lipid ratios, membranes with >60 mol% DOPE were
characterized in a number of cubic lipid phases. In particular, the Ja3d gyroid phase was
isolated at a peptide:lipid ratio of 1:40 for the full-length protein in an 80 mol% DOPE
membrane. Additionally, the AH construct, which contains no transmembrane helices and
only the 47-61 residues of the amphipathic helix, generated cubic phase in an increased
variety of lipid environments, including those with 0 mol% DOPE, providing evidence that
curvature generation by M2 is accomplished by the amphipathic helix. By contrast, the
penta-Ala mutant construct generated cubic phase at a reduced number of lipid
environments.'®

To characterize the effect of membrane curvature on M2's conformational dynamics,
full-length M2 was reconstituted into 80:0:20 DOPE:DOPC:DOPS and 0:80:20
DOPE:DOPC:DOPS liposomes at a constant 1:40 peptide:lipid ratio. Under these conditions,
SAXS data showed the presence of isolated cubic and lamellar phase, respectively.

4.2. CW EPR lineshapes are multicomponent, revealing the presence of two conformations
whose populations depend on lipid composition

Figure 4.3.1 shows the CW EPR spectra of full-length M2 protein labelled at five
selected sites (shown in Figure 1.2.1) reconstituted into 80:20 DOPE:DOPS (cubic phase)

and 80:20 DOPC:DOPS (lamellar phase) LUVs.
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L43R1

I51R1

F55R1

H57R1

L59R1

—— 80:20 DOPC:DOPS
------------------------ 80:20 DOPE:DOPS

Figure 4.3.1. Multicomponent CW EPR spectra of M2FL at selected labelling sites. ‘I” refers
to the immobile component; ‘M’ refers to the mobile component. 80:20 DOPE:DOPS lipids
produce a cubic phase membrane, while 80:20 DOPC:DOPS lipids produce lamellar.
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The multicomponent nature of the spectra can be seen visually by the "two-hump'
naure of the low field peak. Because the broader spectral component is immobilized relative
to the other component, it is referred to as the immobile component, I, to contrast with the
mobile component, M. Variation of the lipid environment causes variation in the population
of the spectral components, as evidenced by a change in the intensity of the two positions of
the low field peak. However, both components are present in all spectra, meaning that the
shift in populations characterizes a dynamic equilibrium between two states. The immobile
component is more populated in the cubic lipid environment (80% DOPE) than it 1s in the
lamellar lipid environment (80% DOPC) for all sites except H57, and the difference is largest
for site L43. As mentioned in section 2.3, multicomponent spectra can result from
conformational or rotameric exchange. To determine the nature of the exchange event,
saturation recovery (SR) EPR was conducted by Dr. Jimmy Feix at the National Biomedical
EPR Center, Medical College of Wisconsin on selected labelled samples. Preliminary data
available at the time of writing confirms the multicomponent result is from conformational
exchange, consistent with findings from previous studies of the Howard Group.”

The difference in CW lineshape between the labelled sites is a result of a difference in
spin label mobility. The central amphipathic helix sites IS1R1 and F55R 1 display significant
immobilization of the spin label in both lipid environments, compared with 1.43R1 (in the
transmembrane helix) and L39R1 (at the end of the amphipathic helix). Indeed, previous
EPR experiments have shown [51 and F55 to be located on the membrane or hydrophobic
side of the helix**, accounting for the reduced motion of the spin label positioned at those
sites. The H57R 1 label experiences greater mobility than the central amphipathic helix sites

and does not experience the lipid dependent lineshape change described above, most likely
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because of its position on the hydrophilic side of the helix and exposed to solvent. The large
change in mobility associated with lipid environment observed for L43R1 indicates that this
residue engages in a significant change in mobility between the two states. By contrast, the
change in mobility is much less significant for the amphipathic helix sites, but the changes in
lineshape suggest that the entire amphipathic helix experiences a concerted change in
mobility during conformational exchange.

Further qualitative characterization of the equilibrium between the mobile and
immobile components can be accomplished by calculation of the inverse central peak width,
AH™, shown in Figure 4.3.2. Because immobilization contributes to spectral broadening, a
smaller AH" indicates less mobility.lg’20 This general trend is consistent with greater
immobilization in cubic phase membranes versus lamellar phase. However, the difference in
width is small between treatments due to the fact that both components contribute to the
central peak, and thus the difference in inverse widths is not always significant. More
accurate determination of the nature of the conformational equilibrium can be accomplished

by spectral simulation.
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Figure 4.3.2. Inverse central peak width, AH™', a qualitative characterization of mobility for
the five labelled sites in cubic (PE) versus lamellar (PC) phase lipid environments.
Equilibrium between the mobile and immobile states can be modelled by
computational simulation of multicomponent spectra and extraction of the individual
components under the assumption that they are the same between two lipid treatments, but
are present in different quantities in each spectrum. The simulation of M2FL spectra was
accomplished by fitting with ‘Multicomponent’, a LabView program written by Christian
Altenbach that uses the MOMD model* (section 2.4). Simulations of multicomponent EPR
spectra for five labelled sites are shown in Figure 4.3.3. Multicomponent simulation is
complicated by the fact that a single component can often not be isolated experimentally,
usually requiring spectral subtraction. However, simulations of the EPR spectra in cubic and

lamellar lipid environments achieved consistently reproducible fits, providing confidence that
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the fitting parameters appropriately modelled the motion of the spin label without the need
for an isolated spectral component.

For spectra of .43R 1, consistently reproducible fits required a compromise between
fitting the central peak or the low and high ficld peak to obtain reasonable simulations. The
results from fitting the low and high field peaks are shown here even though the central peak
deviates significantly from the simulated spectra. There are a few possible explanations for
the deviation: first, 143 could experience a conformational change in which the spin label's
motion is either not X-axis anisotropic or is immobilized by the transmembrane helical
bundle so significantly that both components have high correlation times. To a first
approximation, fits could not be improved by accounting for these possibilities. More likely,
L43R1 experiences an interaction with the membrane that affects its lineshape in a way that
cannot be easily accounted for by the limited computational intensity used in the MOMD
model***®. Another possibility is that L43R 1 interacts with the membrane differently from
the other labelling sites and requires a substantially different simulation treatment. For
example, the A tensor is known to be strongly dependent on memrbane interactions.*® The
caution in interpretation of the L43R 1 spectral simulations should not, however, limit
interpretation of the lineshapes themselves. While it is clear that 143 is a significantly
immobilized site, the true nature of the conformational change in this region would require

additional labelling sites to elucidate.
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Figure 4.3.3. Spectral simulations (red) of dilute labelled CW EPR spectra (black) for five
selected labelling sites in cubic (PE) and lamellar phase (PC) lipid environments. Percent of
immobile component population is listed to the right.
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Simulations using the MOMD model also enable extraction of the purely mobile and
purely immobile components for each spin labelled mutant, shown in Figure 4.3.4. Because
the magnetic tensors vary only slightly between labelling sites and the R tensors are largely
consistent between spectra of the same lipid environment, the simulated theoretical spectral
components are similar between sites and only differ based on the intrinsic mobility of the
part of protein where the spin label is attached. The correlation times for the mobile
components range from 2.12 - 4.93 ns while those for the immobile component range from
7.07 - 9.90 ns. Interestingly, the both the mobile and immobile components of L43R1 are
characterized by the highest mobility of all the sites’ respective components. As part of the
hinge region between the TM and amphipathic helices, site 43 may experience more mobility
than the purely amphipathic helical labelling sites, but this result is more likely an artifact of
the compromises made during the simulation procedure for this site (note the discrepancy
between the central line amplitudes of the simulated and actual spectra in Figure 4.3.3 and
the discussion above). The difference between lineshapes of the spectra of these sites is
somewhat dependent on the intrinsic mobility of the spin label. The IS1R1 and F55R1
spectra contain highly immobilized immobile components due to the restricted motion of the
spin label attached to a secondary structure element, in this case the amphipathic helix. By
contrast, the spectrum of .59R1 features a less pronounced immobile component, suggesting

decreased rigidity as the helix ends and the chain becomes unstructured.
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Figure 4.3.4. Extracted mobile and immobile components. Correlation times extracted
using the MOMD model for the mobile (black) and immobile (red) components are listed on
the right along with the isolated component spectra for each labelled site. Dotted lines for
L43R1 result from slight modifications for the SAla construct (discussed later in Chapter 6).

33

T=32.10ns

T=4593ns
1=9.79ns
15G



4.4. Curvature promoted conformation features a more tightly packed and shallower AH
Power saturation EPR provides information about the depth of a particular spin label in the
lipid membrane (section 2.5). The results of oxygen power saturation experiments for five
selected labelled mutants are shown in Figure 4.4.1. A large AP12(0O») indicates a more
buried spin label*". With the exception of L43R 1, which is located in the transmembrane
domain, the amphipathic helix residues become less buried in the cubic phase membrane than
in lamellar phase. The opposite change for HS7R1 may be explained by the fact that it is on
the water-exposed side of the helix as opposed to I51, F55, an L59 which face the membrane.
If the helix rotates around its long axis (parallel to the membrane surface) as part of the
conformational change, the sides of the helix may experience opposite changes in solvent
accessibility. These results suggest the immobile conformation of M2 possesses a shallower

amphipathic helix than the mobile conformation.
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Figure 4.4.1. Oxygen power saturation for five selected labelled mutants. Samples have on
average four spin labels per tetramer (fully labelled).
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The values of Q for four selected sites in cubic and lamellar phase promoting lipids
are shown m Figure 4.4.2. The fully labelled lineshapes for the four selected sites are shown
along with their corresponding dilute labelled lineshapes in Appendix C.

400 r
280:20 DOPC:DOPS  ®30:20 DOPE:DOPS

3.50 Closer Together

‘ i ' ' o

R1 Labelling Site

Figure 4.4.2. The ratio between dilute and fully labelled spectral intensities at the central
peak, Q, 1s a characterization of the distance dependent dipolar coupling between spin labels
in the M2FL tetramer (see section 2.6).
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The Q values for M2FLR1 differ depending on lipid environment. The lamellar phase
promoting lipids result in Q values close to 1 for the labelling sites in the amphipathic helix
and approximately 2 for L43R1. For all mutants, the cubic phase promoting lipid
environment causes an increase in Q, indicating that the inter-label distance decreases. The
shorter distances indicated by the Q for L43R1 are due to the transmembrane helices being

closer together than the amphipathic helices. The combined results suggest the M2 tetramer’s
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helices become more closely packed in the immobile conformation, relative to the mobile
conformation.
4.5. Curvature results from interplay between M2 and membrane dynamics
These results demonstrate a lipid-dependent conformational change in full-length M2 that is
associated with curvature propensity of lipids. The impact of lipid composition on membrane
protein conformational dynamics has been observed in a number of systems.** In particular,
the intrinsic curvature propensities of lipids is believed to play a crucial role in the generation
of membrane curvature by integral membrane proteins.’”* DOPE and other PE lipids
possess unmethylated head groups, which are small and cause membrane packing defects or
curvature.” PE lipids have been copurified with membrane proteins, suggesting a close
relationship between the protein and the identity of the nearest neighbor lipids. Additionally,
several membrane proteins that require PE lipids to access a functionally-relevant
conformation have been identified.”® For example, the active transporter lactose permease
(LacY) requires PE for proper orientation in the membrane.”” Addition or depletion of PE
modulates a dramatic conformational change that sees the topology of the protein
substantially reversed.”®

The phase behavior of the DOPC:DOPS and DOPE:DOPS lipid systems used in this
study have been extensively characterized by the groups of Tilcock and Cullis, who
developed the theories of lipid membrane polymorphism, in which a variety of structures can
be accessed by model membranes and transferred to membrane proteins.””* While DOPE
has been shown to form Hy phase by NMR® and SAXS™, X-ray diffraction phase data
suggested PE systems require stabilizing compounds such as tetradecane to achieve Hy phase

and instead adopt lamellar phase like PC lipids.” The role of PS lipids is also as a membrane
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stabilizer, but is dictated by their charge: mixtures of DOPC or DOPE with DOPS display a
remarkable sensitivity to divalent cations or pH in which even low mol% DOPS induces
highly stable lamellar phase in mixtures with PE and PC. In the presence of Ca*" or pH
below 5.5, phase separation occurs thereby allowing formation of isolated Hy; or lamellar
phase by PE or PC, respectively. In short, DOPS modulates lipid polymorphism based on pH
and charge.** %

The dual conformation system identified here is remarkably similar to results
observed previously for the impact of cholesterol on M2 conformation. Increasing bilayer
thickness was found to promote population of a conformation with a tightly packed helical
bundle.”® A conformational exchange model for the M2TMC construct confirmed this result
and showed that M2 conformation is dependent on membrane composition.?! In this same
construct, cholesterol-dependent conformational exchange was demonstrated in which
cholesterol stabilized an immobile conformation with shallower amphipathic helices;™
cholesterol-dependent conformational change is studied in greater detail in Chapter 3.
Conformational plasticity in M2's TM region has been demonstrated to explain the protein's
pH-dependent ion channel activity and this same conformational freedom may be related to
curvature inducing functionality of the amphipathic helices.*"° In particular, the M2TM
region has been shown to access an immobilized state in a viral mimetic membrane.” This
result is consistent with the observed immobilization of the TM helix labelling site, L43R1,
in the cubic phase membrane since the viral mimetic mimics high curvature regions near the
viral budozone.'>!""" Additionally, the finding that the M2 TM and amphipathic helices
become more tightly packed in the cubic lipid phase is consistent with the open/closed

conformational exchange that enables M2's ion channel activity. MD simulations have
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modelled the open and closed channel states, suggesting that a more tightly packed tetramer
corresponds to the closed channel state.”' Indeed, our group identified conformational
exchange in M2TMC by SDSL-EPR in which the deactivated (closed) channel state
stabilized by pH 7.8 corresponds to a conformation that features shallower and more closely
packed amphipathic helices than the open channel state (at low pIl).” Presumably, the
conformational change of the TM and amphipathic helices is concerted; that 1s, tight packing
of the TM region by pH change causes a conformational change in the amphipathic helices.
Similar conformational exchange has also been observed by solid-state NMR. In a viral
mimetic membrane, high pH favors more tightly packed TM helices, while low pH stabilizes
a loosely packed state in which the channel is open. By contrast, PC membranes can stabilize
the loosely packed state even at high pH.% Since all the work in this thesis was conducted at
high pH (7.8), the observation that PE lipids stabilize a more tightly packed conformation is
consistent with the existing dual-conformation model for M2's proton channel activity.

Conformational exchange in M2's amphipathic helix has also been shown to be pH-
dependent by SDSL-EPR?. The similarity between the immobilized, tightly packed
conformations observed at high pH and in cubic phase membranes in this thesis is consistent
with the existence of concerted conformational exchange in M2's amphipathic helices that is
modulated by pH or membrane dynamics. In particular, the observation that isolated
budding-relevant cubic phase membranes stabilize the immobile conformation supports the
hypothesis that the immobile conformation generates curvature for viral budding. By
extension, the analogous high pH closed-channel conformation is hypothesized to be similar
to the non-budding, mobile conformation stabilized by the zero curvature lamellar phase

membrane. Solid state NMR has been used by the Hong Group to investigate membrane
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curvature and protein structure simultancously for M2TMC. M2(21-61), containing both the
TM and amphipathic helices, was capable of generating high curvature membrane phases in
both viral mimetic and PC based membranes, but M2(21-46), containing only the TM
domain, was incapable of this curvature induction. Additionally, generation of high
membrane curvature was associated with weak binding of the channel-blocking drug
amantadine, indicating that the high curvature stabilized state featured a closed channel.®’
These results and those described in this thesis are consistent with a curvature generation
function for M2's amphipathic helix and suggest that the pH-dependent ion channel and
curvature induction functions are largely independent of each other. The non-budding,
immobile conformation observed in PC membranes in this study (at high pH) is almost
certainly not the same as the open channel conformation even though the lower TM region
and amphipathic helices share similar properties.

These results in conjunction with NMR results described above suggest that the
budding and non-budding conformations observed here both feature a closed channel, but
that the low pH open-channel conformation has a lower TM region and amphipathic helices
structurally similar to those in the non-budding, immobile conformation. Further study of the
relationship between the pH-dependent TM region and curvature induction amphipathic helix
conformational changes may explain whether the TM region plays any role in curvature
generation. Hong and coworkers found generation of high curvature possible cubic phase by
M2TM+AH, but not M2TM alone,®””* while Pan and coworkers' solution AFM results
suggested that M2TM alone may have a role in enhancing curvature generation.”
Interestingly, the conformational link between M2's channel and curvature induction

functions may be modulated by membrane changes. In zero curvature membranes, low pH
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would activate the proton channel, abolishing curvature induction and allowing M2 to act
exclusively as an open channel. By contrast, in the PE-enriched intrinsically curved
membrane, low pH promotes increased intrinsic membrane curvature, thereby maintaining
curvature generation function.®

The conformational change observed for the amphipathic helix labelling sites in full-
length M2 reported here suggest the helix's curvature generation function is accomplished by
the immobile conformation, explaining its greater population in cubic phase membranes. The
conformational change in the amphipathic helices may also affect the TM domain. Tighter
packing of the amphipathic helices during curvature induction likely transfers to the TM
domain (or potentially vice versa), thereby accounting for the tightly packed closed channel
TM conformation during curvature generation and the disagreement over whether the TM
domain is able to generate curvature by itself. In summary, these results support the notion
that curvature generation by M2 relies on interplay between the membrane's composition-
dependent phase and M2's amphipathic helices. Further characterization of changes to
membrane dynamics by cholesterol enrichment is discussed in Chapter 5 and characterization

of the effect of the amphipathic helices is discussed in Chapter 6.
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Chapter 5. Cholesterol Modulates Lipid Dependent
Conformational Exchange in Full-Length M2

5.1. M2TMC cholesterol dependent conformational exchange in POPC: POPG

Previous work by the Howard Group has extensively characterized the effect of cholesterol
enriched lipid membranes on the EPR lineshape of M2TMC., but not M2FL**%. Gradual
enrichment of 80:20 POPC:POPG liposomes with cholesterol was shown to promote
population of an immobile conformation, with 30% cholesterol lipid environments resulting
in lineshapes indicating approximately two-thirds population of the immobile conformation.
In addition, cholesterol was shown to promote population of a conformation in which the M2
tetramer was more tightly packed by obtaining inter-label distances using DEER EPR.” The
cholesterol-dependent conformational equilibrium was observed using a protein truncation
rather than the full-length protein.”*** Thus it is unclear whether the observed impact of
cholesterol is an artifact of the truncation. To investigate the effect of cholesterol on full-
length M2 and the relationship between cholesterol and the demonstrated effect of intrinsic
lipid curvature (Chapter 4), several different M2F1, labelled at different sites (Figure 1.2.1),
were reconstituted into membranes while varving lipid phase and cholesterol simultancously.
5.2. Cholesterol modulates curvature dependent conformational exchange

The additional effect of cholesterol was studied for three selected sites, .43R1 (at the end of
the transmembrane helix); and H57R1 and L59R 1 (representing the amphipathic helix).
Figure 5.2.1 shows the comparison of the effect of cholesterol versus lipid phase on the CW
EPR lineshapes of M2FLR1. The lineshapes for L43R1 and 1.59R1 are characterized by
immobilization due to lipid phase (as discussed in Chapter 4, H57 does not show significant

lineshape change). Cholesterol enrichment only has a substantial effect on lineshape for the

41



transmembrane labelling site, L43R 1. Both the DOPE and DOPC enriched membranes result
in greater population of the immobile component of L43R1 upon addition of 30%
cholesterol, as shown in Figure 5.2.2. While cholesterol may be responsible for a small
change for the amphipathic helix labelling sites lineshapes, as in Chapter 4 the most
significant conformational change detected using these labelling sites appears to take place
away from the amphipathic helix itself. In addition to the dramatic change in lineshape
observed for L43R1 when lipid phase is altered, this region of the protein experiences a
similarly large change when the membrane is enriched with cholesterol. In addition, the
similarity of the lineshape for this site in cubic phase and in cholesterol enriched lamellar
phase suggests that the addition of DOPE or cholesterol results in similar conformational

exchange.
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Figure 5.2.1. CW EPR lineshapes of three selected sites varying lipid environment and
cholesterol enrichment. 56:14:30 DOPE:DOPS:Chol. and DOPC:DOPS:Chol. are cubic and
lamellar phase promoting lipid mixes, respectively, enriched with 30% cholesterol. The
difference between fully and dilute labelled spectra is discussed in section 2.6.
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As in Chapter 4, simulations using the MOMD model were used to extract the
populations of the isolated mobile and immobile components, corresponding to the two
conformations of M2. As discussed earlier, the conformational change at 1.43 is substantial:
while the conformations are approximately equally populated in the lamellar phase
membrane, the immobile conformation becomes more highly populated with either
enrichment with cholesterol or a change to cubic phase (note the similarity between the
DOPE:DOPS and DOPC:DOPS + chol. simulations). At the time of writing, proteoliposomes
for H57R 1 were not available for both of the cholesterol treatments, so simulations are not
reported for that mutant. For I.59R 1, simulations indicate the presence of a small
conformational change due to change of membrane phase in which the immobile
conformation is stabilized by the high curvature cubic phase generated by DOPE. This
observation is the same as that discussed in section 4.4. By contrast, there is no observed
change in conformation at this site due to enrichment with cholesterol. Cholesterol therefore

has a region specific effect on the conformational dynamics of M2.
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Figure 5.2.2. Spectral simulations (red) of dilute labelled CW EPR spectra (black) for two
selected labelling sites in lamellar (PC, left) and cubic phase (PE, right) lipid environments
with and without 30% cholesterol. Percent of immobile component population is listed to the

left and right.

3.3. Cholesterol-dependent membrane changes at the influenza budozone affecting M2

These results raise the question of whether a cholesterol-dependent conformational change is

experienced by any part of the amphipathic helices and why there seems to be a differential

response to cholesterol dependent on protein region. Cholesterol enrichment changes
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lineshapes of the H57R1 site in a different lipid system: 80:20 POPC:POPG, the same lipid
system in which cholesterol-dependent budding function was observed'*™” (data shown in
Appendix A). This change is similar to the conformational exchange observed for the
M2TMC truncation,” indicating that the effect of cholesterol may be membrane dependent.
Possible functional changes to M2 caused by cholesterol addition to the DOPE:DOPS or
DOPC:DOPS lipid systems have not been previously investigated; M2 curvature generation
measured by SAXS was limited to changes in the lipid identity.18 Cholesterol has been
shown to have similar intrinsic negative Gaussian curvature generation properties to those of
PE lipids.”® Cholesterol enriched membranes in this study contained a maximum of 30 mol%
cholesterol, versus 80 mol% DOPE in the cubic phase proteoliposomes. This difference
likely does not account for the smaller effect of cholesterol on conformational exchange in
the amphipathic helices because these molecules act on the membrane and protein in
different ways. For instance, the substantial cholesterol response of L43R1 combined with
the demonstrated cholesterol response in the POPC:POPG lipid system suggests that
cholesterol enrichment may have an effect on membrane phase dependent conformational
exchange experienced by M2.

Consistent with the curvature generation properties of cholesterol, mixtures of DOPC
with as little as 5 mol% cholesterol promotes formation of Hy; phase, but cholesterol
enrichment has little effect on DOPE.” Phase behavior of mixtures including DOPS is
irregular, but 30 mol% cholesterol enrichment of DOPE:DOPS mixtures does promote Hy
phase.®® It is unclear whether PE:PS mixtures experience a different phase alone than with
cholesterol enrichment because there is some disagreement about the nature of phase

75-77

separation induced in these mixtures. Phase information for PE:PC mixtures with
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cholesterol enrichment suggest that cholesterol can induce Hy phase, but likely has an
insignificant phase effect if Hyy has already been induced (i.e. by PE).”” %% At approximately
25 mol% cholesterol, DOPC membranes display an irregular region of disordered phase with
ambiguous curvature properties.74 Additionally, the phase dynamics of DOPC:DOPS
mixtures with cholesterol have not been characterized.

The irregularities in cholesterol's effects on the membranes used in this thesis may
explain the weak effect observed in the conformational changes of the amphipathic helices. If
the amphipathic helices' experience a curvature-dependent conformational change as
described in Chapter 4, the absence of a change in membrane curvature when cholesterol
enrichment is altered explains the observed lack of sensitivity of the L59R1 lineshape. In the
DOPC:DOPS membrane, addition of cholesterol may not promote Hy phase and the
membrane may simply retain lamellar phase, causing no change in the amphipathic helix
conformation. Analogously, if the DOPE:DOPS membrane already forms Hy; phase induced
by PE, addition of cholesterol may have no effect on the membrane, causing the similar lack
of an amphipathic helix conformational change. 1.59 is located at the end of the amphipathic
helix and was not studied in the original characterization of cholesterol-dependent
conformational exchange in M2TMC.? It is possible that the amphipathic helices do
experience a cholesterol-dependent conformation, but that the change does not substantially
affect the lineshape at LS9R1.

The significant immobilization of the transmembrane helix labelling site, L43R1, in
cholesterol enriched membranes is consistent with NMR studies suggesting that the TM
domain conformation is affected by cholestero], 557 Drug binding to the TM region, which

is dependent on channel conformation, was affected by 30 mol% cholesterol,®® providing
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further evidence that immobile, budding conformation described in this thesis shares a
structurally similar TM domain with the closed channel state. Additionally, the fact that the

15717 and shares similarity with the

cholesterol promoted conformation is budding-relevant
immobile, curvature generating conformation lends further support to the hypothesis that the
immobile conformation is truly the budding conformation.

5.4. Differential membrane effects to TM and AH domains explained by spontaneous
curvature frustration model

Combining the results of Chapters 4 and 5 using the flexible surface model (FSM) shines
light on two complications in interpreting the curvature generating conformational change in
M2: First, the response to PE lipids and cholesterol appears similar, but only for the
transmembrane domain labelling site, L43R1. Second, while the amphipathic helices are
clearly the main driver of curvature generation, the transmembrane domain may also play a
role. The differential response to cholesterol observed between the TM and AH domains of
M2 may provide an explanation for the minor role that the TM domain may play in curvature
generation. The flexible surface model, developed by Helfrich,78 G*runer,79 and Brown,48
relates the polymorphic nature of lipid membranes to curvature induced lipid-protein
interactions via the mechanism of spontancous curvature frustration. In this model, the
stress/strain of membrane curvature deformations by an integral membrane protein is
relieved by balance with the chain packing energy (solvation of the transmembrane portion
of the protein by the bilayer) thereby providing a source of work for protein conformational
changes (Appendix D). Brown and coworkers showed that for the conformational change in

rhodopsin, the free energy of the change is linearly related to the mole fraction of DOPE in

the bilaver. This means that remodeling of the membrane provides the thermodynamic basis
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for conformational changes that affect the shape of the protein in the bilayer. Essentially,
curvature at the protein-lipid interface matches the spontancous curvature of the membrane
due to its lipid content. Enrichment of the membrane with lipid agonists such as DOPE or
cholesterol or changing the bilayer thickness alters the conformational equilibrium by
changing the spontaneous curvature, causing the protein to respond.*®*" In the case of M2,
the response is tighter packing of the TM and amphipathic helices.

Interestingly, the spontaneous curvature frustration model was used to explain the
irregularities of the phase transition of DOPE from Hy; to cubic bicontinuous phase and the
thermodynamic stability of the high curvature phases.®! Marsh also showed that the
spontaneous curvature frustration mechanism is conceptually identical to the more commonly
invoked lateral pressure profile changes at the lipid-protein interface.*” These two theoretical
models have explained the lipid dependent conformational changes of a number of ion
channel proteins, including the mechanosensitive ion channel MscL, the a-helical ion
channel peptide alamethicin, and the KvAP potassium charmel *** The channel conductance
of alamethicin in particular was shown to depend linearly on the mole fraction of DOPE®
and the function of KvAP was shown to depend on cholesterol.*!

The models described in this section do not fully account for the dependence on
sequence position of the effect of cholesterol on M2's conformational dynamics. Because the
lateral pressure profile cannot be experimentally observed, the specific effects of cholesterol
and PE lipids are unclear.**® It is possible that the substantial cholesterol effect observed at
the transmembrane helix labelling site, L43R 1, is due to an additional effect of cholesterol on

the lateral pressure profile that is not captured by the phase alterations. Structural studies

49



have made extensive use of viral mimetic membranes enriched in cholesterol, finding the
same immobilization of the transmembrane domain, as described above in section 5.4.5%7

As discussed in Chapter 4, the amphipathic helices of M2 are unambiguously the
main curvature generation region of the protein. That cholesterol stabilizes a curvature
generating conformation of the amphipathic helix is also clear,”” and M2 has long been
known as a cholesterol binding protein.'* The fact that M2 buds from cholesterol enriched
'lipid-rafts’ and contains a putative cholesterol binding motif' " suggests that the function of
cholesterol may not be to alter the membrane dynamics but simply to bind to and engage a
conformational change in M2 directly. However, the accuracy of cholesterol binding motif
prediction has long been questioned and cholesterol is known to interact with membrane
proteins in a number of different ways.®” The possible cholesterol recognition sequence in
M2 does not include either 143 or L59, but occurs near the inter-helical crevice,®™ suggesting
cholesterol may play a role in curvature induction that cannot be observed with the labelling
sites in this chapter.

While the effect of cholesterol on the conformational dynamics of M2 cannot be
elucidated with as much detail as the effect of DOPE, spontancous curvature frustration does
explain some of the relationship between the transmembrane domain and the amphipathic
helices in generation of curvature. Most of the proteins whose curvature free energy
dynamics have been characterized are integral proteins, like the ion channels discussed
above; and while M2's ion channel functionality is modulated by lipid choice®® and the
domain may play a minor role in curvature generation,”” the amphipathic helices'
conformational relationship with the membrane must be characterized by the curvature

frustration mechanism for the model to have validity in this system. CTP:phosphocholine
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cytidylytransfernse (CTC), the rate-limiting enzyme n the biogynthesis of the crucial
membrane lipid, phosphatidylcholine, is activated by the binding of its amphipathic a-helix
1o lipid membranes. CTC has a strong activity dependence on lipid composition; in
particular, DOPE enrichment to DOPC membranes promotes activity by variation of the
spontaneous membrane curvature.” The helix binding of CTC has been shown to be well-

characterized by the spontaneous curvature frustration model (Figure 5.4.1) 2%
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Figure 5.4.1. Tllustration of spontaneous curvature frustrafion/relief by CTC. When a DOPE
monolayer (a) is flattened (b), there is a frustration of spontaneous curvature that iz relieved
by binding of the CCT amphipathic helix (¢). DOPC monolayers have approximately zero
spontaneous curvature (d). so there is little frugtration induced (e), and the free energy of
binding CCT is lower, manifesting itself in fewer helices binding to the membrane and lower
enzymne activation. Figure is reproduced and legend iz adapted.®

()

The finding thai the relief of spontaneous curvature frustration can be related to
amphipathic helix binding and not only transmembrane conformational changes provides
further suppaort to the hypothesis that the amphipathic helix of M2 iz responsible for
membrane dependent curvature generation that may secondarily affect the transmembrane
domain. To answer these questions, the effect of changes fo the amphipathic helix of M2 are

studied in Chapier 6.
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Chapter 6. Mutations in the Amphipathic Helix Alter

Both Membrane Phase and Cholesterol Dependent
Conformational Exchange

6.1. Introduction: Functional relevancy of the penta-Ala mutant AH construct

Membrane associated amphipathic helices are a canonical way for proteins to sense and alter
membrane curvature.’” "2 The amphipathic lipid packing sensor (ALPS) motif is the most
commonly described curvature sensitive amphipathic helix unit. ALPS motifs are 20-40
amino acids sequences characterized by being repetitive and containing few charged
residues. ALPS motifs are intrinsically disordered and unstructured in solution but form
amphipathic helices when presented with asymmetric or intrinsically curved membranes. The
ALPS motif of ArfGAP1 has been described in detail; its adsorption onto intrinsically curved
membranes follows the 'Velcro model,' in which each turn of the helix senses the free energy
release associated with packing onto the membrane.*” The amphipathicity of the helix; that is
the maintenance of hydrophobicity on one face, is crucial to the curvature-dependent
structure and function of ALPS motifs. When two bulky, hydrophobic residues on one face
of M2's amphipathic helix are mutated to alanine, budding function is abolished, showing
that the hydrophobicity is responsible for curvature generation.lsf17

6.2. CW EPR reveal curvature and cholesterol dependent conformational exchange in M2
is controlled by the amphipathicity of the C-terminal helix

To investigate the conformational effect of mutations to the amphipathic helix that affect its
hydrophobicity, labelled M2 constructs were made that possess alanine mutations shown to
abolish budding.!” Changes to conformational dynamics were investigated in both different
membrane phase (as in Chapter 4) and in cholesterol enriched liposomes (as in Chapter 5).

Figure 6.2.1 shows the CW EPR lineshapes for two selected labelling sites in the wildtype
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M2 compared with the same sites in the SAla M2 construct, which contains these five alanine
mutations. The lineshape changes observed for the transmembrane helix labelling site,

L43R1, are not observed in the SAla construct in response to either phase or cholesterol. For
both constructs, no lineshape change is observed for the amphipathic helix labelling site,
H57R1, in response to phase. In Chapter 4, the other amphipathic helix sites in wildtype M2
experienced a small curvature-dependent conformational change, but these sites could not be
labelled in penta-Ala because I51 and F55 are both alanine mutations. For H57, a small

change is observed in response to cholesterol in penta-Ala, but not wildtype.

L43R] M2FLWT M2FL 5Ala

I M

80:20 DOPC:DOPS

80:20 DOPE:DOPS

80:20 DOPC:DOPS

80:20 DOPE:DOPS

—— + 0% cholesterol
-+ 30% cholesterol

Figure 6.2.1. CW EPR lineshapes of two selected sites varying lipid environment and

cholesterol enrichment for M2 wildtype (left) and penta-Ala mutant construct (right). HS7R 1

DOPE:DOPS with 30% cholesterol enrichment was not available at the time of writing.
Power saturation EPR experiments were conducted on both labelling sites for the

15G

5Ala construct proteoliposomes to determine the nature of the structural changes caused by



the mutations of the amphipathic helices' hydrophobicity. Interestingly, a significant change
to membrane depth is observed for L43R1, indicating that transmembrane helix in both
membrane curvature environments is packed deeper in the membrane in response to these
mutations. The depth of this part of the helix 1s similar to that observed for the wildtype M2
in cubic membrane phase, but does not appear to be curvature sensitive in 5Ala. By contrast,

there is essentially no alteration to the average membrane depth of H57R1 in response to the

mutations.
110.00
| | mM2 DOPC:DOPS  Deeper in
100.00 ¢ M2 DOPEDOPs  Membrane
90.00 i a 5Ala DOPC:DOPS
80.00 | s 5Ala DOPE:DOPS
e 70.00 f
Q_, 60.00 |
Q L
— 50.00 |
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<] 4000 f
30.00 | 1
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43 5 1 5 5 5 7 59 Surface

R1 Labelling Site

Figure 6.2.3. Oxygen power saturation for five selected labelled mutants. Lipid phase
(lamellar, black and cubic, red) is varied for all sites between M2 wildtype (solid) and penta-
Ala mutant constructs (cross pattern). Samples have on average four spin labels per tetramer
(fully labelled). IS1R1, F55R1, and L59R1 for wildtype are shown for comparison.
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Figure 6.2.4. Spectral simulations (red) of dilute labelled CW EPR spectra (black) for two
selected labelling sites for M2 wildtype (left) and penta-Ala mutant construct (right). Spectra
varying membrane phase and cholesterol content are shown. Percent of immobile component

population is listed to the left and right.
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As in Chapters 4 and 5, simulations using the MOMD model were used to extract the
population of mobile and immobile conformations represented in each of the EPR spectra.
These results are shown in Figure 6.2.3. A differential effect is observed between the two
labelling sites. For the SAla mutant, spectra of L43R 1 exhibit no sensitivity to membrane
curvature or presence of cholesterol. By contrast, while no shift in populations of the two
conformations was observed for H57R 1 in the wildtype M2, a small conformational change
due to cholesterol (but not membrane curvature) is observed in the 5Ala construct. The
conformational change in response to cholesterol is not an artifact of sample preparation; it
was observed in several other lipid environments, confirming that H57R 1 responds to

cholesterol in both wildtype and 5Ala constructs (Appendix A).

6.3. Physical nature of the interaction between M2's AH and the membrane

Regardless of lipid environment, 5 Ala mutations to the amphipathic helix result in an
increase in mobility of H57R 1. One hypothesis for this observation is that the helix becomes
unstructured in the 5Ala construct, explaining the functional significance of the helical
structure. Since the membrane depth of H57R1 is unchanged by the mutations, the
amphipathic helix may still be associated with the membrane. However, H57 faces the
solvent even when the helix is structured, suggesting that any association with the membrane
that remains is weak. The observation that the amphipathic helix conformation responds to
cholesterol even in the 5SAla construct is consistent with a role for cholesterol in inducing a
regular structure to the helix, in an analogous manner to membrane binding.®” This result
provides an explanation for why the cholesterol response of the helix is associated with

curvature induction. At the cholesterol enriched viral budozone, cholesterol may bind to M2's
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amphipathic helix and stabilize its structure, allowing for a tighter membrane association that
generates curvature by way of the helix's hydrophobicity.

The structural results presented here combined with the abolished budding function of
the 5Ala construct strongly suggest the amphipathic helix's hydrophobicity on one face is
responsible for curvature induction and that destruction of this hydrophobicity causes
formation of a largely unstructured helix. Interestingly, M2's amphipathic helix has recently
been shown to behave similarly to an ALPS motif, by becoming structured in association
with a membrane. Circular dichroism spectroscopy confirmed the formation of a helix at the
membrane surface in a lipid dependent manner; DOPE lipids promoted helix formation,
suggesting a structural change in response to membrane intrinsic curvature. By contrast,
when dissociated from the membrane, the amphipathic helix is unstructured.” Additionally,
the membrane association was shown to promote curvature and membrane scission and this
function was attributable exclusively to the hydrophobic nature of the helix. In particular,
saturation transfer difference NMR indicated the presence of membrane interactions for
many of the sites studied in this thesis: F47, F48, 151, Y52, F54, F55, H57, G538, and 1.59
were all associated with the membrane surface. These results suggest M2's amphipathic helix
is a quasi-ALPS motif and was shown to be similar to the canonical ALPS protein, epsin.”

The role of hydrophobicity of amphipathic helices in generation of curvature has been
described in the context of the spontancous curvature frustration mechanism by Kozlov and
coworkers.” The insertion of the hydrophobic part of an amphipathic helix into a membrane
was modelled using molecular dynamics. To a first approximation, hydrophobic insertion of
a helix is conceptually the same as changes in transmembrane domain shape in response to

curvature frustration (section 5.4). Because amphipathic helices are small, spontaneous
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curvature relief varies depending on membrane depth. The curvature frustration mechanism
relies on the use of free energy released by relief of frustration to drive conformational
changes.”>” For an amphipathic helix, conformational changes that affect the depth of the
helix can change the degree of relief by altering position on an inclusion coordinate. As the
amphipathic helix is inserted, spontaneous curvature increases to a maximum and then
decreases as a result of the changes to lateral pressure profile (inter-lipid interactions or
packing energy varies by membrane dep1;h).82’86’95’96 This model provides an explanation for
how the membrane depth of M2's amphipathic helix can be coupled to curvature frustration
relief, thereby driving the conformational change observed in response to membrane phase.
A decrease in membrane depth can account for a significant increase in curvature frustration
relief by alteration of the position on the inclusion coordinate, essentially changing the
curvature of the membrane by a specific change to the depth profile of the insertion.”

This model provides an interesting explanation for how the amphipathic helices'
conformational dynamics are related to changes in the transmembrane domain. Amphipathic
helices have a much finer capacity for curvature relief modulation than transmembrane
domains because the latter span the entire membrane depth and conformational changes as a
result cannot alter the inclusion coordinate as specifically. The finding that M2's amphipathic
helix 1s required for curvature generation, but that the transmembrane domain may be
capable of reduced curvature generation can be accounted for by the difference in how these
domains provide relief of curvature frustration, which can be inferred from the EPR data
comparing the wildtype M2 and 5Ala constructs. One striking result of the EPR lineshape
simulations is that L43R1, the transmembrane helix site, is highly immobilized in the 5Ala

construct, consistent with the transmembrane domain adopting a conformation similar to the
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immobile conformation in wildtype M2. By contrast, the amphipathic helix is likely
unstructured, accounting for its increased mobility in the 5Ala construct. The reduced
budding activity of the 5Ala mutant is therefore explained by the absence of hydrophobic
insertion of the amphipathic helix. The presence of a transmembrane conformation in 5Ala
presumably consistent with curvature induction provides strong evidence that the
amphipathic helix is the primary driver of curvature generation, but may be assisted by a
conformational change in the transmembrane domain. When the 5Ala mutations are made,
the amphipathic helix becomes unstructured and hydrophobic insertion is lost, but the
transmembrane domain's conformation remains immobilized. The curvature frustration
model applied to wildtype and 5Ala M2 is shown in Figure 6.3.1.

Interestingly, recent work by Stachowiak and coworkers has shown that crowding of
membrane proteins can promote curvature generation even when amphipathic helices have
lost hydrophobicity. The role of steric bulk was found to be important in driving budding;
larger proteins without amphipathic helices were found to possess curvature induction
functionality if crowded enough.”” These results may provide clues to how curvature
induction by large transmembrane domains is balanced with the more specific insertion of
amphipathic helices. The influence of steric bulk on curvature induction by protein crowding
in particular suggests that this mechanism relies on large deformations across the insertion
coordinate. Indeed, large intrinsically disordered proteins were found to generate curvature
by this method.”® In particular, the amphipathic region of epsin, the ENTH domain, is
typically about 150 amino acids in length.”” The small size of M2's amphipathic helix,
combined with the demonstrated curvature induction at a variety of protein:lipid ratios'®

strongly suggests M2 generates curvature not by crowding, but by hydrophobic insertion.
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Figure 6.3.1. M2 lipid dependent curvature generation by hydrophobic insertion and
spontaneous curvature frustration relief. A.) lipid spontansous curvature, B.) curvature
frustration state, C.) phase dependent relief of curvature frustration by two different
conformations; the immobile conformation stabilizes the curved membrane and promotes
transition to cubic phase (not shown) and subsequent scission, D.) 5Ala mutations abolish
curvature inducing conformational change.



Chapter 7: Summary and Future Directions

7.1. Summary of results and model

1. M2 has two different conformations: M2's transmembrane domain and amphipathic helices
display characteristics consistent with a two-conformation system. One conformation
(mobile) features a deep amphipathic helix and loosely packed TM domain. The immobile
conformation is theorized to be budding relevant because of its promotion by lipids with
intrinsic curvature propensity (DOPE). It features a shallower amphipathic helix and a more
tightly packed TM domain.

2. Hydrophobic insertion is consistent with curvature induction. Generation of curvature by
the immobile conformation can be rationalized by the flexible surface model and the
spontaneous curvature frustration mechanism. A balance between the stress/strain of
deforming the membrane from spontaneous curvature with the packing energy of the protein
into the membrane provides work for a conformational change that changes the protein's
shape. The model is consistent with the amphipathic helix being the primary driver of
curvature induction because it can alter the lateral pressure profile more specifically,
accounting for the changes in membrane depth of the helix observed between the two
conformations. The transmembrane domain may play a role in curvature induction through
steric bulk or crowding.

3. Amphipathic helix function is dependent on hydrophobicity: As shown in previously
published work, mutations that reduce the hydrophobic character of the amphipathic helices
abolish budding function.'®' ™ The data presented in this thesis suggest this is a result of the
helix becoming unstructured and losing its specific hydrophobic insertion interaction with the

membrane surface. Cholesterol likely binds to the amphipathic helix regardless of mutations,
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accounting for the cholesterol-dependent conformational change similar to that observed

when membrane phase/curvature is changed.

7.2. Directions for future experiments

1. Determine role of cholesterol and membrane phase using SAXS: While results are not
available at the time of writing, we have made cysless M2 and penta-Ala samples to collect
SAXS data on proteoliposomes in the lipid environments described in this thesis to
characterize the specific curvature induced by different parts of M2 and the role of
cholesterol. SAXS data will be collected by Nathan Schmidt at UCSF.

2. Investigate the degree of hydrophobicity needed for proper curvature induction: This
thesis characterized the effect of five alanine point mutations, but function is abolished by
choosing any two.!” Further EPR studies of the amphipathic helix should incorporate fewer
mutations with the goal of determining how hydrophobic the membrane face of the
amphipathic helix must be to induce binding and curvature. Using fewer alanine mutations
also frees sites on the amphipathic helix that can be used for labelling with R1.

3. Select EPR labelling sites suitable for DEER distances: The conformational
characterization reported here suffers from a dearth specific structural information. Double-
electron-electron-resonance (DEER), a pulsed EPR experiment to measure inter-label
distances, could provide information about the structure of the conformations of M2
particular, since recent work strongly suggests the generation of curvature by spontancous
curvature frustration relief is highly shape dependent, DEER distances will be valuable for
developing a more specific picture of the conformational changes to M2's shape. DEER

samples have been made and will be collected by Gary Lorigan at Miami University.
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Appendix A: Additional Spectra and Simulations
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Figure A.1. Fully and dilute labelled CW EPR lineshapes for four selected sites.
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Figure A.2. Spectral simulations (red) of dilute labelled CW EPR spectra (black) for two
selected labelling sites for M2 wildtype (left) and penta-Ala mutant construct (right).
Lamellar phase POPC:POPG lipid environment with and without 30% cholesterol are shown.
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Appendix B: MOMD model simulation parameters
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Appendix C: Experimental Data Tables

Power saturation data

Power saturation
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PE
57 19.44 1.53 4762 226 2818 272
PC
57 18.8% 1.40 36.26 Q.66 1736 1.54
FE
59 45.09 1.52 1814 085 2695 174
PC
59 51.88 217 16.99 098 3489 238
CW Spectral Data
Lipid
Site Dilute
right AH AH error ag?! AH errar
Left(g) error () error max error min error (@) () ) )
FE
43 -
343080 029 348530 000 348110 200 1333.50 0.00 300 029 0.20 0.0t
FE
43 chol
347550 014 348360 0.10 103670 350 71330 1.50 2.10 017 0.12 0.00
FC
43 3476.60 _
0.00  34g070 0.0 1363.00 000 1338.50 0.00 410 0.00 0.24 0.00
FC
43 chal 347530
029 348100 014 104280 400 -803 60 3.60 320 032 019 0.01
PE
51 3475.20 -
043 343040 0.00 1233.50 200 1201.50 0.00 520 0.43 0.19 0.02
FC
51 3475.20 -
029 343010 0.43 137070 075 1071.40 1850 490 052 0.20 0.02
FE
35 3476.60 -
043 343170 0.8 122070 630 123570 2250 510 072 0.20 0.03
FC
35 3472.20
029 348260 029 132480 540 -963 60 4.20 440 041 0.23 0.02
PE
57 3478 30 -
029  3481.80 014 144230 245 1278.20 0.00 3.50 032 0.29 0.03
PC
57 3481.30
029 343520 0.4 116560 230 -976.00 0.00 340 032 0.29 0.03
FE
59 3476.60 -
0.00 343020 0.4 196290 0.0 1476.90 0.00 360 0.14 0.23 0.0t
59 FE 3472.30
chal 0.0 348210 004 101260 160 34330 100 330 017 0.30 0.02
59 PC 3477 .90 -
0.14 348080 0.4 1532350 100 1310.00 3.50 290 020 0.34 0.02
59 FC 3477 60 -
chal 029 343100 0.4 101420 875 1005.00 0.00 340 032 0.29 0.03
Lipid
Site Full
tight AH AH error aH? AH? error =}
1efL(g) sttor @ sttor max stior min stior (@) (G) G G™Y =) stior
FE
43
347820 000 348670  0.00 778.40 000 64610 000 2.50 0.00 012 0.00 000 0235

a7




43

43

43

51

31

35

35

37

37

39

9

9

9

PE

chol

FC

FC

chol

FE

PC

PE

FC

FE

FC

PE

FE
chol

FC

PC
chol

3477.30

3477.00

347530

3476 20

3477 60

3475.50

3476.00

3477.40

3477.40

3477.70

3475 20

029

o0.no

3435.20

3432.30

3424.20

3482.10

348230

3435.40

3420.50

3421.00

3421.10

3420.20

3481.70

027

s01.50

718.50

40000

107950

1272.00

964.00

104280

99405

54925

1153.00

1103.80

250

ono

7.00

-424.00
-5%0.50
-32560
-726.30
-939.50
-763 .60

-832.20

-301.45
-45575
106250

1085.00

100

ono

250

330

470

2.50

040

014

020

019

021

0.40

o001

o001

0.03

ono

ono

0.0o

023

023

0.0z

qR




Appendix D: Spontaneous Curvature Frustration Model

Brown and coworkers developed the spontancous curvature frustration mechanism to explain
the conformational change in rthodopsin, an integral G-protein coupled receptor. The key
quantity is the curvature free energy, g, the work needed to deform the bilayer from its
spontaneous curvature, Hy, to its actual curvature, H;. In this case, both H; and Hy are defined
as mean curvatures, the average of the opposite leaflet principal curvatures, ¢; and c; (section
4.1). Then, the curvature free energy is defined as
ge = k(H} — HE)? + kK.

The quantities, ¥ and &, are the bending rigidity and the modulus of Gaussian curvature,
respectively. The curvature free energy is balanced with the chain packing energy, yAiP,
where v is the 'interfacial tension,' the work needed for lipids to solvate the transmembrane
part of the protein, and A{® is the area of the protein contacting the bilayer. The balance of the
chain packing energy and the curvature free energy leads to the following equation for the
free energy change associated with the transition between two conformations, I and II,

Go=k{(HIIL-HOL)2—k(HIL—HOL)2+y(AIIP—AIP).
State II is known to have a larger surface area, so the last term is positive. Then, if the bilayer
curvature changes, the curvature stress balances and this is coupled to the work needed for
the protein to change conformations.® This analysis has been developed in much more detail
and complexity in the other work of Brown® and Marsh,**® and most notably, has been

applied to the hydrophobic insertion of amphipathic helices, 5%
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