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Abstract

For enveloped viruses such as HIV, influenza, and coronaviruses to enter host cells, the
viral and cell envelopes must be fused together. Then, to exit the cell, a new virus
particle will pinch off a piece of the host cell membrane. The two membranes must be
physically separated to release the virus particle. This process is called “scission” in the
context of viral exit and “fission” when simply discussing membrane division.

Viral membrane remodeling proteins catalyze membrane fusion and fission to bring
about viral entry and exit from host cells — vital processes in the life cycle of enveloped
viruses. The exact mechanism by which membrane remodeling proteins catalyze
membrane fusion and fission is not yet fully understood. The membrane remodeling
proteins may take any combination of the following actions to facilitate fusion and
fission:

Directly altering the local curvature of the membrane

Altering the line tension at Lo/Ld phase boundaries

Forming protein clusters to act collectively on the membrane

Altering the local composition of the membrane at the site of fusion or fission
Physically disrupting the lipid assemblies, i.e. by inserting protein domains
into the membrane and creating membrane defects

In this work, we examine the extent to which HIV’s membrane fusion protein gp41, and
Influenza A’s membrane fission protein M2, utilize these five processes to carry out their
functions. We use solid-state NMR techniques to probe intermolecular interactions
along those lines, with an emphasis on curvature and clustering. The contributions of
both proteins and lipids to these processes will be examined. The goal is to better
understand the mechanisms of HIV entry and influenza release, which can hopefully
guide the development of better therapeutics and vaccines.
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|. Introduction

[.1. Motivation: HIV, Influenza, and unmet medical needs

At its height as an epidemic, HIV killed millions of people. For those who can
access it, anti-retroviral therapy (ART) has transformed HIV into a manageable chronic
condition. However, ART’s severe adverse effects challenge treatment follow-through
[1]. The WHO has catalogued gravely concerning global upward trends in HIV drug
resistance; by 2019, pretreatment drug resistance rates surpassed 10% in 12 of the 18
reporting countries [2]. Along with inequities of access to existing treatment [3], these
factors continue to motivate global investment in the search for effective vaccines and
improved therapeutics [4].

Influenza is associated with an average of 35,000 deaths in the US alone each
year, with vast variations between cycles, based on CDC data [5]; these figures include
deaths from bacterial co-infections. A 2021 review article detailed how influenza has
evaded any form of sterilizing immunity, and multiple lines of evidence suggest that
previous infection and vaccination lead to immunoattenuation rather than reduced
infection risk [6]. To protect vulnerable patients, rational improvements to vaccine
design strategies are needed, i.e. cross-reactive vaccines or vaccines designed based
on immune factors correlated with immunoattenuation. Unlike most respiratory
infections, influenza has effective prophylactic and therapeutic drugs, though their
effectiveness decreases if treatment commences too long after the onset of symptoms.
As was recently reviewed [7], SARS-CoV-2's comparable viral dynamics to influenza
suggest that lessons learned in the design and rollout of influenza therapeutics can be
constructively applied to coronavirus therapeutics.

Host plasma

Virion
membrane

Viral protein catalysts using:
- Curvature - Composition - Lipid packing
- Line tension - Clustering disruption

Figure I.1. Viral membrane fusion and fission.

In this example, an HIV virion (capsid: PDB 3J3Q [8]) must fuse its membrane with the host’s
membrane to gain entry into the host cell (fusion). In the reverse process, a newly made virus patrticle
will pinch off a piece of the host cell membrane to make its virion membrane, then divide the
membranes (fission) so that a free virus particle is released. Viral membrane remodeling proteins will
facilitate this process using some combination of the effects named above.



1.2 Membrane remodeling biophysics

Membrane fusion and fission (Eigure 1.1) are essential steps in the life cycle of
enveloped viruses. In this section, we outline relevant background information on the
different modes of membrane remodeling named above (Abstract). While not
exhaustive, this section should be sufficient to orient the reader to the different
membrane effects that may play a role in the viral membrane fusion and fission events
we are studying. These general principles can guide the interpretation of our
experimental data in

|.2.a. Membrane curvature

The most basic requirement of membrane fusion and fission is local deformation
of the affected membranes through highly-curved intermediate states (Figure 1.2).
Thus, membrane remodeling proteins’ functions likely include direct or indirect
modulation of local membrane curvature.

The curvature of lipid membranes can be described numerically as outlined by
Chernomordik and Kozlov [9]. A given point on a monolayer or leaflet has two principal
curvatures, ci1 and ¢z, whose magnitude corresponds to the inverse radius of curvature,
and whose sign is defined for lipid bilayers by convention (see Figure 1.2 a, b):

e Positive principal curvature = curvature toward the polar lipid heads, such that
heads are pushed apart from each other

e Negative principal curvature = curvature toward lipid tails, pushing lipid heads
closer together.

The curvature of a monolayer can be conceptualized as the curvature of the

surface connecting all the polar heads, and described mathematically as follows:

e The total curvature of a monolayer is the sum ] =c¢; + ¢,

e The Gaussian curvature of a monolayer is the product K = ¢, - c,
Therefore, positive Gaussian curvature appears in a leaflet that is budding in or out,
such that the principal curvatures at a given point on the surface are of matching sign
(Eigure 1.2 c). On the other hand, negative Gaussian curvature can be described as
“saddle-splay,” with any point on the surface possessing principal curvatures ci1 and c2
of opposite sign (Eigure 1.2 d). The geometry of joining or parting two membranes in a
fusion or fission event creates a requirement for negative Gaussian curvature, as shown
for the contacting monolayers in the hemifusion “stalk” intermediate (Figure 1.2 e).

Certain lipid species can impart monolayers with spontaneous curvature,
denoted J,. Lipids with relatively small head groups relative to their tails, such as
phosphoethanolamines, geometrically favor negative monolayer curvature [10]. Positive
spontaneous curvature can arise from species with the opposite geometric profile such
as lysophosphocholines [11], or from charge repulsion as was demonstrated for POPS
[12]. Curiously, as will be discussed further in Chapters |1l and 1V, our lab has repeatedly
found that membranes composed in full or in part of POPE (16:0/18:1(9Z) PE) can be
more easily deformed into geometries with negative Gaussian curvature by membrane
remodeling peptides.



membrane

Figure I.2. Definitions and conventions for membrane curvature; relation to membrane fusion and
fission.

(a) The blue monolayer of this bilayer cross section shows a (+) signed principal curvature, pushing the
lipids’ polar heads away from each other. (b) The orange monolayer of this bilayer cross section shows
a (-) signed principal curvature, with polar heads squeezed together. In both (a) and (b), the grey
monolayer shows an opposite-signed principal curvature from the colored monolayer. (c) A monolayer
or leaflet with positive Gaussian curvature displays principal curvatures of the same sign anywhere on
the surface, (-,-) or (+,+). (d) Conversely, when a monolayer surface displays principal curvatures of
opposite signs (+,-), that surface is said to possess negative Gaussian curvature. (e) In the hemifusion
intermediate states of membrane fusion and fission, the outer/contacting leaflets have fused into one
(red) leaflet, which is shown to possess negative Gaussian curvature. The cross sections on the left
and right are distinguished by a 90° rotation out of the plane of the paper.
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Finally, the spontaneous curvature of a bilayer (JZ) can be thought of us the
curvature of the inter-leaflet surface and is proportional to the difference in spontaneous
curvatures between the outer and inner leaflets: JB o jo%t — Ji* [9]. Authors differ on the
sign convention for bilayer curvature, but here for roughly spherical membranes such as
those in our proteoliposomes, bilayer curvature will take the sign of the outer leaflet.

1.2.b. Line tension between lipid domains

There is a growing body of direct experimental evidence that the hypothetical
membrane lipid assemblies which biochemists refer to as “lipid rafts” [13] may take a
real form as domains of lipids in the liquid-ordered (Lo) phase [14], coexisting with
surrounding liquid-disordered (Ld4) domains. The Lo domains are characterized by high
cholesterol and sphingomyelin content [14] and intermediate motion parameters: Lo
lipids’ lateral mobility and rate of axisymmetric rotations are similar to a normal liquid-
crystalline phase, while their acyl chain order is high (meaning chain motions have a
small amplitude) similar to a gel phase [15]. Polyunsaturated phospholipids concentrate
in liquid-disordered (Ld¢) domains, where cholesterol content is low (but non-zero [15])
and lipids are relatively loosely-packed and free-moving.

\Boundary Iipidf

deformations

Figure I.3. Line tension and lipid deformations.

A membrane bilayer with lipids demixed into L, and Lsdomains could expose patches of the domain
lipids’ hydrocarbon “tails” to the aqueous media (top), due to the height differential between domains.
However, this is predicted to be so energetically costly that boundary lipids (from both phases) will
theoretically exhibit tilt and splay deformations to obscure exposed hydrocarbons [16] (bottom).

AFM and X-ray scattering experiments have demonstrated that liquid-ordered
(Lo) domains tend to be thicker than the surrounding liquid-disordered (Ld) domains; this
leads to a height mismatch between the lipids all along the boundary between the
domains [17] (See also Figure 1.3). Because exposing hydrophobic fatty acid chains to
aqueous media would have an immense energy penalty, it is widely predicted that lipids

11



along the Lo/L4 boundary deform by splay and tilt to remove the exposed hydrophobic
surface (Eigure 1.3) [16], and this distortion has an energy cost at every point along the
boundary [17]. The force which scales with this energy is called “line tension.”

In the right experimental setup, line tension can be derived from measurements
on lipid layers. Since energy along a domain boundary scales with the total perimeter of
the enclosed (i.e. Lo) domains, such domains tend to adopt a circular shape. This arises
from the geometric principle that the circle is the shape which encloses the most area
per unit of perimeter (hence A/P will be highest for a circle). Therefore, when a domain
is deformed by an applied shear force, line tension serves as the driving force for the
domain to relax to a circular shape. Line tension (1) is opposed by a known viscous
drag, and equating these forces leads to a model for shape relaxation velocity (V) for a
domain [18]:

32

8”—R,

where 7 is the viscosity of the aqueous subphase, and R is the radius of the domain.
Domain radii can vary within a membrane, but line tension pushes small domains to
merge into larger domains to minimize the total perimeter [17], while electrostatic
repulsions between domains should disfavor merger. The balance between those two
competing sets of forces is thought to regulate the size of Lo domains.

Drawing upon this model, Trabelsi and colleagues formed Langmuir monolayers
of mixed fluorocarbon- and hydrocarbon-rich fatty acids, and showed that the
hydrocarbon domains appeared as bright circles in Brewster angle micrographs [19].
They then used syringe needles to deform the circular domains into bolus shapes,
measured their relaxation velocity, and backed out monolayer A values from plots of
domain relaxation velocity vs domain radius. In this same set of acyl monolayer
experiments [19], an important and novel class of molecules were defined. Linactants
were defined as molecules that:

1) Localize to the edges between domains, and

2) Reduce the line tension along those edges.
Thus, they are the 2D analogs of surfactants. Trabelsi and colleagues designed simple
linactants: amphiphiles with mixed fluorocarbon/hydrocarbon chains, and showed that
they reduced the measured line tension in their monolayers.

Linactants are of direct relevance to the systems in our studies. In one set of
experiments with vesicles and supported lipid bilayers, adding linactant molecules to the
DPPC/DOPC/DOPS/cholesterol (2:1:1:1) membranes both reduced Lo domain sizes
(validating the additives as linactants), and reduced the efficiency of HIV fusion peptide
(FP)-induced membrane fusion [20]. Influenza M2 was declared a “linactant” after
fluorescence microscopy, in situ immunogold staining, and course-grain MD simulations
showed that it met part (1) of the definition above — localizing to the Lo/Ls domain
boundaries [21]. However, both HIV gp41 and Influenza M2’s direct effects on line
tension (positive or negative) remains to be determined.

12



Table I.1: Experimental relations between line tension and other membrane

properties

These properties were measured in DxPC:SM:cholesterol bilayers in [17].
Property Relation to line tension (A)
Demixing temperature (°C) Increases linearly
Log area distribution Shifts to the right with higher A
Domain area growth rate Increases linearly
Domain circularity Increases (~logarithmically)
Membrane curvature at Lo/La | Increases
boundary

Relationships between line tension (A) and other measurable observable
parameters were demonstrated by Ana Garcia-Saéz and colleagues [17]. The authors
constructed membranes of 2:2:1 DxPC : sphingolipid : cholesterol composition, where
DxPC were di-unsaturated phosphocholine glycerophospholipids with varying acyl chain
lengths. 3D AFM images of the membranes’ topography indeed showed Lo domains
were thicker, and the height differential between the Lo and L4 domains (6) was larger
for membranes with shorter-chain di-unsaturated lipid components. These measured
height differentials were plugged into Kuzmin and colleagues’ theoretical model [16] to
back out line tension. The membranes were heated above their phase transition points
and then slowly cooled to 21° over five minutes, and confocal micrographs taken at
intervals showed the temperatures at which the membranes demixed into Lo and Ld
domains. These “demixing temperatures” were positively linearly related to line tension.
Additional measured membrane properties’ demonstrated relationships with line tension
are summarized in Table I.1. Most importantly, in this same study [17], fluorescence
confocal images of hundreds of giant unilamellar vesicles (GUVs) showed that vesicles
with higher Lo/La height differentials (o) (and therefore higher line tension 1) had more
local membrane curvature at the boundary. In the moderate-A regime, Lo domains were
shown to form bell shapes with visible rings of negative Gaussian curvature, and one
GUV even appeared to bud off to the inside and form an enclosed vesicle. Budding-out
behavior was observed at high A.

The take-home message: line tension is a measurable force that pushes
enclosed Lo domains in lipid bilayers adopt large circular shapes, so as to minimize their
total perimeter. Line tension can be altered by simply varying the composition of the
membrane, which cells actively do, and many other membrane properties vary with line
tension. Thus, line tension is likely to be a key parameter in regulating the architecture
of raft-like Lo domains in cell and viral membranes. Since line tension and local
curvature impact each other, membrane remodeling proteins may alter line tension to
induce curvature, or vice versa.

Thus, a membrane remodeling protein can in theory cause fusogenic/scission-
promoting curvature by one or both of these routes: either directly exerting a force upon
the membrane, or by altering the line tension at the boundary between the Lo and Ld
domains.

13



|.2.c. Protein clustering

For membrane proteins, transient assembly into functional clusters (homotypic or
heterotypic) is commonly observed. For example, fluorescence microscopy data
revealed Gag-restricted clustering of the HIV Env protein upon virus maturation [22].
Oxidation-sensitive co-clustering of the SNARE component syntaxin-1A and the pore-
forming subunit of Ca?* channel Cav1.2 was associated with the functional interactions
between these proteins in exocytotic neurotransmitter release [23]. Intracellular
membrane fusion between different organelles is accomplished by multiple SNARE
proteins, which are clustered at the fusion site with the help of specific lipids [24-26]. For
clathrin-coated vesicles (CCVs, prominent in intracellular membrane fusion/fission
events), clusters of adapter proteins appear to have a key role in generating curved
membranes and positioning the faces of the cage [27].

Some mechanistic models for membrane fusion and fission seem to have a
strong potential for cooperative action of multiple membrane remodeling proteins. For
example, biophysical evidence and modeling suggest that two-plus trimers of
parainfluenzavirus-5 (PIV-5) F fusion proteins assemble to carry out fusion [28, 29]. By
forming clusters, fusion and fission proteins could in principle exert stronger surface
deformation and membrane disruption impacts. The presence or absence, energies,
and functions of clusters of membrane remodeling proteins are still largely unknown. In
Chapters lll and 1V we explore the possibility that HIV gp41 and influenza M2 form
functional clusters to carry out their functions.

|.2.d. Lipid composition effects

As mentioned in Section |.2.a, certain lipid components of a membrane can
favor positive or negative curvature. Further, it's well known that the amount of
cholesterol has profound effects on the rigidity, phase transition temperatures and other
physical properties of lipid membranes. During fusion and fission, especially at the
hemifusion stalk stage (Eigure I.2 €), the curvature requirements of the outer and inner
leaflets of the fusion/dividing bilayers are different. Therefore, it is possible that viral
membrane remodeling proteins can influence the local composition of one or both
leaflets at the site of fusion.

Some observations relating to Influenza and HIV suggest the possibility that the
viruses actively recruit certain lipid species. Asymmetry in the lipid composition between
leaflets was discovered and catalogued first for human red blood cells (erythrocytes)
[30]. Many other indirect lines of evidence supported leaflet asymmetry in other
mammalian cell types as well as enveloped viruses [31]. The discovery of phospholipid
translocases, and their ubiquity in mammalian cells, led to a consensus that
composition asymmetry between leaflets is the default state for mammalian cells [32].
Observation of PE and PS species on the HIV virion outer leaflet belies at least partial
loss of leaflet composition asymmetry in virions [33, 34]. Further, as will be discussed
more below, virion membranes of both HIV (Chapter |l) and influenza (1) have
dramatically different lipid compositions than the plasma membranes of the cells from
which they’re derived.
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|.2.e. Disruption of lipid assembly

Membrane remodeling proteins can disrupt the packing of lipids in their
surrounding membrane patches in several different ways. In addition to the subtler
effects of membrane peptide insertion on the motion and order of the surrounding lipids,
there are some dramatic effects of peptide insertion on lipid assembly.

Some fusogenic proteins and peptides insert into the contacting leaflets at a 45-
90° angle with the bilayer normal, displacing and perturbing surrounding lipids. For
various peptide constructs of the gp41 Fusion Peptide domain, which inserts into host
membranes to initiate fusion, fusogenic activity was positively correlated with insertion
depth [35]. We will explore the membrane composition dependence of insertion depth
for the HIV gp41 membrane-proximal external region (Chapter 1ll) and the M2
amphipathic helix domain (Chapter V).

Additionally, in one mechanistic model for the PIV-5 F protein’s function, the
transmembrane fusion peptide (FP) and C-terminal TMD peptides form a “pinprick” in
the membrane, lined with protein surfaces and lipid polar heads and filled with water,
which then expands into a fusion pore [28]. As will be discussed further in Chapter ll,
our *H-3'P HETCOR NMR data along with Piai and colleagues’ HDX data [36] support a
model wherein the C-terminal portion of gp41’s transmembrane domain creates water
defects in the inner leaflet of the HIV membrane. Such defects have the potential to aid
the merger of virion and cell inner leaflets, a step for which the driving force is
particularly poorly understood.

1.3. Background: NMR tools for studying membrane protein
assemblies

The NMR methodologies used in these studies took advantage of two major
experimental phenomena: the high sensitivity of 1°F NMR, and the utility of spin diffusion
to probe interactions over long distances. Building upon recent technological advances
with these techniques, it was possible to observe interactions between nuclei on
adjacent clustering peptides, document hydration and de-hydration of membranes
undergoing remodeling, and probe the interactions between peptide sites and distant
CHs ends on phospholipids. In this section, we review the physical principles that
enable these observations.

|.3.a. Spin diffusion in NMR

Magic-angle spinning (MAS) solid state NMR offers many powerful methods for
detecting magnetization transfer between nuclei over long distances. The methods for
detecting such contacts employed in this work are all based on spin diffusion: relayed
transfer of z magnetization between neighboring spins. As previously reviewed [37],
this z magnetization can diffuse over several nanometers due to its long relaxation
times, making spin diffusion ideal for detecting intermolecular interactions over long
distances. We have previously taken advantage of this property to catalog the overall
architecture of many biomedically relevant protein-membrane assemblies. Spin diffusion
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pulse sequences generally involve exciting “source” spins, then allowing for a variable
mixing time tm in which magnetization transfers from the source spin to the sink spin,
followed by detection (see [38-40]).

In experiments where the source spins are well localized and the signal intensity
is strong, source-sink distances can be extracted from spin diffusion buildup curves. In
some systems, especially where spin diffusion is being measured between domains
with slow interfacial transfer, as is the case for protein-lipid interactions [39], spin
diffusion can be appropriately modeled on a 1D lattice of spins with magnetizations Mi.
At t=0, all magnetization resides on the source spin, i.e. M; = M;,;; M;.; = 0, to model
the effect of selective excitation (i.e. excitation followed by a Tz filter to select for
magnetization in the mobile domain). As given in Schmidt-Rohr and Spiess’ book [41],
at each time step, each spin exchanges a portion of its magnetization with its neighbors
according to:

AMi l r l r

A —(Qi +QN)M; + Qi My + QM4
The transition rates between spin pairs, Q (ms™), are related to the distances a (in nm)
between neighboring spins in the array and the approximate diffusivity of the substance,
D (in nm?/ms) by D = Qa?. The transition rates Q also correspond to half the line width

of the corresponding °H wideline spectrum, scaled by \/ig for transfer in a single direction.

Finally, in the above model we allow above for different transfer rates between different
pairs of spins to allow for spins in different domains or substances being simulated to
have different diffusivities, as these depend heavily on factors such as molecular
mobility; transfer across interfacial (i.e. water/protein, water/membrane) gaps tends to
be very slow [38]. Conservation of total magnetization is assured by QF = Q!,, and vice
versa.

Because of this collective behavior, the magnetization at the sink spin builds up
as a function of the mixing time t,,,. Therefore, plots of measured intensity of the sink
species vs \/a show an initial lag phase, followed by build-up to a maximum
representing when magnetization is equilibrated between the domains. This will be
demonstrated later in the case of water-to-phospholipid magnetization transfer in
proteoliposome samples (Chapter |l). The lag is not apparent in plots of Intensity vs t,,.
In terms of data interpretation, the most important result from all this theory is that faster
intensity build-up corresponds to source and sink spins which are closer together.

Distances between nuclei estimated in these experiments are accurate to a
couple A. Many such studies have been completed in our lab, in both the PDSD-
HETCOR domain and in the CORD-assisted homonuclear SD domain. Thanks to this
prior work, new SD spectra and buildup curves can be associated with distance
regimes, even when exact distance extraction is prohibited by the experimental
conditions.
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|.3.b. Heteronuclear spin diffusion correlation experiments

In H-X heteronuclear spin diffusion correlation (HETCOR) experiments, the pulse
sequence involves excitation of source H spins (which can be made selective for
mobile species by including a T2 filter), followed by a variable spin diffusion period, tm, in
which z magnetization transfers from source to sink *H spins. Subsequent transfer of
magnetization to nearby X (*3C, 3P, or °F) spins via cross polarization pulses (see [37-
39]) allows for detection on those X nuclei. We have deployed this methodology in these
studies to assess membrane hydration via spin diffusion from water 'H’s to membrane
lipid phosphate head groups, and to probe the insertion of protein domains into
membranes via spin diffusion from lipid CH3 *H’s to '°F or '3C sites on proteins.

1.3.b.1. Versatility of multinuclear spin diffusion experiments

Membrane remodeling proteins in viruses and cells do not operate in a vacuum,
but coordinate with each other, membrane lipids and even surface water to bring about
membrane fusion and fission. To detect such diverse interactions, heteronuclear spin
diffusion correlation (HETCOR) experiments take advantage of both rapid spin diffusion
between 'H spins over long distances, and the specificity of isotopic labeling on species
receiving intermolecular transfer.

The HETCOR method of measuring intermolecular interactions and distances
was previously developed in our group to approximate the insertion depth of colicin la in
membranes, as well as the architecture of DNA/membrane-lipid complexes [39]; in
these early studies, sink magnetization buildup curves matched with spin diffusion
simulations allowed for quantification of inter-molecular distances. Distances extracted
from spin diffusion buildup curves using membrane lipids and water as sources and the
protegrin-1 peptide as a sink showed that the peptide was well-inserted into bacteria-
inner-leaflet-mimetic POPE/POPG membranes, but it was surface-bound in eukaryotic-
like POPC/cholesterol membranes [42], thus helping explain the antimicrobial peptide’s
differential toxicity between bacteria and eukaryotic cells. Finally, in the case of
delocalized spin diffusion between bound waters and a protein, the spin diffusion
buildup rate is proportional to the water-exposed protein surface area. This principle
enabled a study showing that the low-pH “open” state of the Influenza M2 channel has a
larger water-exposed surface area [43] than the “closed” state.

|.3.c. Advantages of *®F NMR for mid-range distance detection

Many modern problems in biophysics require us to determine the architecture of
complex biological assemblies, from virus capsids to biofilms to cell walls and
extracellular matrices to the membrane protein-membrane assemblies documented
here. Such problems require detecting intermolecular interactions on the nanometer
length scale. The 3C and **N NMR methods that utilize internal labeling sites on
proteins face inherent signal limitations due to the low gyromagnetic ratios (and
therefore weak dipolar couplings) of 13C and **N nuclei — in particular, interatomic
distance measurements are limited to contacts over about 5-8 A. As was recently
reviewed by Grage and coworkers [44], °F NMR fills a critical gap between the
aforementioned convenient but low-sensitivity 13C and >N NMR methods on the one
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hand, and on the other hand, fluorescence spectroscopy methods which can probe
multi-nanometer distances but require sample labeling schemes that perturb the system
much more than °F labels.

The advantages of 1°F NMR are myriad. There are no known *°F species in
naturally occurring biomolecules, so there’s no background signal coming from the
system. Incorporating °F into biomolecules leads to relatively gentle computed [45],
structural [46] and functional [47] perturbation. Additionally, *°F’s large isotropic
chemical shift range offers many labeling possibilities. Further, 1°F chemical shifts
exhibit profound sensitivity to the local environment [44], such that for example, a recent
19F NMR study of 4F-Phe-6,22 labeled glucagon was able to demonstrate greater
solvent exposure at Phe6 than Phe22 [48]. Both the large chemical shift range and
acute environmental sensitivity of 1°F have been attributed to the concentration of
electrons in lone pairs (or, perhaps more precisely, lone pair-like FMOs), and chemical
shift effects are dominated by changes in local electrostatic fields and van der Walls
interactions [49]. Most importantly for this study, *°F has the second highest
gyromagnetic ratio of all abundant and stable nuclei, only 6% lower than that of *H

spins. The natural result of that is higher internuclear dipolar couplings, since dipolar

couplings between two spins | and S scale as w; « V’ZS. This extends the range of

Tis
detectable internuclear distances r;5 out to around 2 nm under optimal conditions.

|.3.d. Homonuclear '°F-19F spin diffusion for nanometer distance detection

Spin diffusion between °F nuclei, i.e. at labeled sites on adjacent peptides, can
also be a powerful methodology for detecting long-range interactions. As recently
reviewed by our group [50], there are two main methodologies employed for *°F-°F spin
diffusion studies under MAS, for the two scenarios of (1) spectrally resolved spins vs (2)
spins with the same chemical shift. For the first scenario, polarization transfer between
spins of distinct isotropic chemical shift can be aided by Combined Ry -Driven Spin
Diffusion (CORD) irradiation scheme. The studies presented here fall in this regime, so
the methodology will be discussed in greater depth below. For spins with equivalent
isotropic chemical shift, anisotropic spin exchange can be probed by the Centerband-
only Detection of Exchange (CODEX) and internuclear distances can be extracted by
the exchange matrix formalism.

The CORD pulse sequences were originally developed for detection of
polarization transfer between 13C-13C spin pairs; in proteins, CORD demonstrated
broadband and uniform polarization transfer across the large carbon frequency range
[40]. The CORD principle, as applied to °F-19F spin diffusion, is as follows. The rate of
spin diffusion between °F spins is proportional to the overlap integral between the zero-
guantum line shapes of those spins, f,. Dipolar interactions between °F and nearby *H
spins are normally averaged out by magic-angle spinning. Applying = pulses
synchronized to the rotor spinning period recouples that *H-1°F dipolar interaction, which
in turn broadens the °F lines and increases f,. Therefore, CORD irradiation can be
especially beneficial for *°F spin diffusion, wherein chemical shift differences are
generally large.
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Distance extraction has to be performed semi-empirically. One can measure 2D
19F-19F CORD spectra at various spin diffusion mixing times t,,;,, and observe
polarization transfer from spin A to spin B as the increase in the AB cross peak intensity
(I4p) with increasing t,,;,. Normalized intensities can be fitted to a function like I,z =
A(1 — exp(—kgsptnir)) Where A and kg, are the fitted plateau value and buildup
constant, respectively.

Our group previously compared *°F spin diffusion buildup curves, extracted from
diagonal and cross peak intensities in 2D °F-°F CORD experiments with varying
mixing times, for various compounds with known intramolecular *°F-'°F distances [51]. A
plot of rate constants (kg,) scaled by the squared difference of chemical shifts between
the spins (AS2,) takes the form:

2 ¢ 1 2
kspAdfs, = 76 = E”wdfo

Here w, is the dipolar coupling constant, and ¢ and f,, are phenomenological constants.
The f, term is derived from the overlap integral between the two zero-quantum line
shapes. Here, we assume we're in the regime of two peaks with well-resolved chemical
shifts, and let the Lorentzian term dominate. That term is given by
YoOsx fo

(0 = ez + o) ~as,
With the latter asymptotic equivalence given by the assumption that the isotropic
chemical shift difference (Aé;,,) dominates over the sum of half-linewidths (o3), such

that

YoOs

Finally, g, comprises the phenomenological part of f,: g, corrects for the impacts of
magic angle spinning and CORD irradiation on the spin diffusion rate constant kg, and
cannot be predicted.

The theory described above leads naturally to the applicability criteria for the 1°F-
19F CORD methodology. Our observed correspondence between A§;,,-adjusted spin
diffusion buildup rate constant and internuclear distance applies only in the weak-
coupling limit, meaning the regime where the isotropic chemical shift difference (Ad;s,)
substantially exceeds the °F-1°F dipolar couplings. This condition can be expected to
hold for most structure-determination applications of 1°F NMR because using different
fluorine labeling schemes at different sites yields large Ad;,.

Importantly, it was found [51] that CORD irradiation increased the polarization
transfer rate (for exchange between spins with distinct isotropic chemical shifts) >10-fold
compared to PDSD, and a 16 A contact between 3F-labeled Y3 and Y33 sites on the
GB1 peptide appeared to constitute the outer distance detection limit. Master curves
were constructed, relating the measured spin exchange rates ksp, scaled by the
squared isotropic chemical shift difference Adiso?, to interatomic distances via

log (kgpA8?) =logc —6logr
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A 100-fold higher c value was fit for CF—CF3 transfer compared to CF—CF, indicating
that simultaneous transfer to three fluorines and rotational averaging of the °F CSA
substantially speeds up spin diffusion. There were two cases where the plateau
intensity values corresponding to the source and sink spins should have been primarily
influenced by the interaction between those two spins, rather than other '°F nearby
spins influencing the source polarization decay rate:
1. Fp—> CFstransfer in formyl-MLF, with sink/source plateau intensity ratio of
~2.5 and internuclear distance 8.9 A
2. Y3/Y45 - Y33, with intensity ratios of ~10-11 and internuclear distances of
15.6 and 16.0 A,
In the present work, we used this same methodology to successfully detect inter-
molecular contacts between Phe47 sites on M2CD, alternately labeled with 4-°F or 4-
C(*°F)s. If the t,,,;, value of 500 ms indeed represents the plateau, the sink/source
intensity ratios of 0.32 in the clustering-friendly membranes may indicate an inter-site
distance closer to the 9 A regime (Chapter 1V).

As our group recently reviewed [52], 2D °F isotropic spin exchange NMR has
recently been applied to other biomolecular interactions. We used a 500-ms CORD
spectrum to detect contacts between the °F-7-labeled cholesterol tails in lipid bilayers
and two °F labeling sites of HIV gp41’s Membrane-Proximal External Region [53],
demonstrating direct cholesterol-gp41 interactions. Further, 2D 40 ms °F-1°F CORD
spectra showed cross peaks between two different °F labeling types of cholesterol’s
tails, showing direct dimerization of cholesterol in the membrane [54]. Thus, *°F-1°F spin
diffusion under CORD has previously revealed a number of moderate-distance
biomolecular interactions, making it a fitting choice of methodology for our viral
membrane protein clustering studies (Chapters 111, IV).
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ll. Interactions of HIV gp41’'s membrane-proximal
external region and transmembrane domain with
phospholipid membranes from 3P NMR

By: Madeleine Sutherland, Byungsu Kwon, and Mei Hong; published in BBA —
Biomembranes 1863, July 30, 2021

[l. Abstract

HIV-1 entry into cells requires coordinated changes of the conformation and
dynamics of both the fusion protein, gp41, and the lipids in the cell membrane and virus
envelope. Commonly proposed features of membrane deformation during fusion include
high membrane curvature, lipid disorder, and membrane surface dehydration. The virus
envelope and target cell membrane contain a diverse set of phospholipids and
cholesterol. To dissect how different lipids interact with gp41 to contribute to membrane
fusion, here we use 3!P solid-state NMR spectroscopy to investigate the curvature,
dynamics, and hydration of POPE, POPC and POPS membranes, with and without
cholesterol, in the presence of a peptide comprising the membrane proximal external
region (MPER) and transmembrane domain (TMD) of gp41. Static 3'P NMR spectra
indicate that the MPER-TMD induces strong negative Gaussian curvature (NGC) to the
POPE membrane but little curvature to POPC and POPC : POPS membranes. The
NGC manifests as an isotropic peak in the static NMR spectra, whose intensity
increases with the peptide concentration. Cholesterol inhibits the NGC formation and
stabilizes the lamellar phase. Relative intensities of magic-angle spinning 3'P cross-
polarization and direct-polarization spectra indicate that all three phospholipids become
more mobile upon peptide binding. Finally, 2D *H-3!P correlation spectra show that the
MPER-TMD enhances water 'H polarization transfer to the lipids, indicating that the
membrane surfaces become more hydrated. These results suggest that POPE is an
essential component of the high-curvature fusion site, and lipid dynamic disorder is a
general feature of membrane restructuring during fusion.
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[1.1. Introduction

HIV entry into target cells (i.e. CD4+ T-lymphocytes and macrophages) is
mediated by the trimeric Env glycoprotein complex [55]. The gp120 component of the
complex binds host cell CD4, CCR5 and CXCR4 receptors, and dissociates from gp41.
Gp41 then proceeds to fuse the virus lipid envelope with the host cell membrane via a
cascade of conformational changes [56, 57]. This membrane fusion involves an initial
merger of the outer leaflets of the virus and cell membranes, followed by fusion of the
inner leaflets, and subsequently the emergence and enlargement of a water-filled pore
that permits the virus particle to enter the cell [58]. This virus-cell fusion involves
intermediate, energetically unfavorable structural changes of two lipid membranes and
the intervening water layer, and it is only possible due to the energetically favorable
conformational changes of the fusion protein from a metastable prefusion state to an
equilibrium post-fusion state [9, 59].

The protein-lipid structural changes involved in membrane fusion have been
extensively studied, but many questions remain due to the conformational plasticity of
these fusion complexes. On the protein side, gp41 transits through at least three
conformational states: a prefusion state, an extended intermediate state where an N-
terminal fusion peptide (FP) is inserted into the target cell membrane, and a post-fusion
state. In the post-fusion state, the N- and C-terminal halves of the water-soluble portion
of the protein are bent into a trimer of hairpins, pulling the target cell membrane and the
virus envelope into close proximity [60]. Crystal structures of the prefusion and post-
fusion states are known for gp41 and a number of other class | viral fusion proteins [61-
64], while the intermediate states remain difficult to capture [65, 66]. Although post-
fusion structures of the ectodomain are available for many viral fusion proteins, their
biological relevance is still unclear, as these structures are usually obtained in the
absence of the transmembrane domain (TMD) [62]. Recent NMR studies of the C-
terminal region of gp41 that includes a membrane-proximal external region (MPER) and
the TMD provided some of the missing information. In lipid bilayers that mimic the virus
envelope, the MPER-TMD peptide forms trimers, with the MPER helix lying on the
membrane surface while the TMD helix spanning the membrane [67] (Eig. II.1). In
DMPC : DHPC bicelles, the MPER-TMD also shows a trimeric assembly based on
intermolecular paramagnetic relaxation enhancement NMR data [68], but the MPER
conformation differs from that obtained in lipid bilayers. When only the TMD is
incorporated into bicelles, both monomeric and trimeric structures have been reported
using solution NMR [69, 70], suggesting that the TMD structure might be sensitive to
environmental effects such as peptide concentration, temperature, and bicelle size. In
lipid bilayers, when the gp41 fusion peptide is covalently linked to the MPER-TMD in a
chimera, no cross peaks were detected between the FP and TMD residues, indicating
that the FP and TMD do not come into close molecular contact to form a helical bundle
[71]. Therefore, these two hydrophobic ends of the protein, as engineered in the
chimera, do not appear to form a tight six-helix bundle like the ectodomain. Similarly, a
FP-TMD chimera of the parainfluenza virus 5 fusion protein F also does not exhibit
correlation peaks between the FP residues and TMD residues [72]. These results open
the question of how these N- and C-terminal hydrophobic domains restructure the lipid
membrane to generate fusion intermediates and the fusion pore.
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In addition to protein conformational changes, individual lipids need to interact
with the proteins to incur membrane curvature and membrane dehydration during virus-
cell fusion. Molecular details of this these protein-lipid interactions are still poorly
understood. The main curvature effect that is believed to occur during membrane fusion
is the negative Gaussian curvature (NGC) (Eig. Il.1), where every point on a surface
has opposite-signed principal curvatures [73, 74]. NGC is known to be important in
many membrane-remodeling events such as fusion, scission, and pore formation [74-
77], and can be characterized using small-angle X-ray scattering and solid-state 3P
NMR. Lipids with intrinsic curvature tendencies in membranes such as
phosphatidylethanolamine (PE) and lysophosphocholine (LPC) promote and inhibit
protein-free membrane fusion, respectively [9], but how these lipids interact with
proteins to mediate membrane fusion has not been studied. Biochemical data show that
negatively charged phosphatidylserine (PS) and cholesterol are both cofactors in Env-
mediated HIV-cell fusion. The virion envelope and the target cell membranes both
contain a high level of PS [33], and this PS enrichment is promoted by Env-receptor
interaction [78].

i
IR

Figure I.1. Schematic model of the possible effects of gp41 MPER-TMD trimers on membrane
structure and dynamics, to be investigated by the experiments shown in this work.

The peptide might coordinate with negative-curvature lipids such as POPE (green) to induce negative
Gaussian curvature. The peptide might change lipid mobility and membrane surface hydration to
charged lipids such as POPS (blue) and zwitterionic lipids such as POPC (orange). At neutral pH,
MPER-TMD contains +3 charges. Two MPERTMD trimers are depicted schematically, but the data
here do not probe whether multiple trimers are in close proximity.

HIV entry into cells also requires cholesterol in both the host cell and the virion
membranes [79]. Removal of cholesterol abrogates gp41-mediated liposome fusion
[80], and cholesterol-depleting drugs such as statins inhibit HIV entry into macrophages
[81]. Cholesterol affects influenza virus fusion in a more complicated manner [82].
Increasing the cholesterol content in target cell membranes accelerates lipid and
content mixing. In contrast, moderate reduction of the cholesterol level from the virus
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envelope facilitates fusion while complete depletion of cholesterol slows fusion. This
multiphasic effect was interpreted as resulting from the lateral organization of the
membrane and cholesterol’s effect on the mechanical properties of the membrane.
Table Il.1. The lipid mole percentages in MT-4 plasma membranes and MT-4 derived HIV
virions.
Adapted from guantitative mass spectrometry data of Lorizate and coworkers [83]

MT-4 plasma MT-4 derived

Lipids

membrane HIV
Cholesterol 32.4% 32.7%
Sphingolipids 13.9% 16.0%
PC 15.5% 7.9%
PE 9.7% 5.6%
pl-PE 12.3% 20.9%
PS 11.6% 15.2%
Pl 4.4% 1.0%
PG 0.1% 0.7%
Total 100% 100%

To better understand the mechanisms of protein-mediated membrane fusion,
many biophysical studies have employed synthetic lipid mixtures that contain 5-6
components to mimic the HIV-1 envelope composition [67, 71, 80, 84]. Derived from the
host cell plasma membranes, the HIV envelope contains phosphocholine (PC),
phosphoethanolamine (PE), phosphoserine (PS), sphingomyelin (SM), and cholesterol.
The percentages of these lipids are somewhat different from those of the host cell
plasma membrane (Table 11.1) [83, 85]. The PC content is ~16% of all lipids in MT-4
plasma membranes but decreases by half (to ~8%) in the virion envelope. In
comparison, PS and sphingolipid contents increase from the plasma membrane to the
HIV-1 virion, while PE and plasmalogen (pl) PE lipids have counter-directional
percentage changes. Cholesterol is enriched in the HIV envelope and is estimated to
range from 32% to as much as 45% [83, 85]. For each HIV-1 virion, about 160,000
phospholipids and sphingolipids and about 130,000 cholesterol molecules [85] together
solvate 10-19 Env trimers [86].

An implicit assumption in using complex lipid mixtures for studying membrane
fusion is that the lipids are homogeneously distributed in the membrane to induce the
biologically relevant protein structure and function. However, the average lipid
composition of the whole membrane does not necessarily reflect which lipids are
abundant at the fusion site. For example, cholesterol is known to be inhomogeneously
distributed in biological membranes [87]. If both host cell and HIV membranes have an
inhomogeneous distribution of lipids, one can obtain more mechanistic insights by
studying gp41 interactions with specific lipids, which may be enriched near the gp41
trimers. Therefore, to understand the protein-lipid interplay that causes membrane
fusion, simplified 2- or 3-component model membranes are useful.
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Here we present a 3!P solid-state NMR study of the structural and dynamical
response of POPE, POPC, POPS and cholesterol to the gp41 MPER-TMD peptide.
Specifically, we investigate membrane curvature, membrane surface hydration, and lipid
dynamics in the presence of MPER-TMD (Eig. Il.1). MPER-TMD is an independent
fusion-competent domain [67], and contains the epitopes for several broadly
neutralizing antibodies (bnAbs) of HIV-1. We use static 3'P solid-state NMR lineshapes
to detect nonlamellar membrane morphologies, direct-polarization (DP) and cross-
polarization (CP) 3P spectral intensities to probe lipid dynamics, and 2D 'H-3!P
correlation spectra to detect membrane hydration. These studies are conducted in one-
to three-component lipid mixtures in order to assess the effects of gp41 on individual
lipids. For some of the lipid mixtures, we varied the peptide-lipid molar ratio and lipid-
cholesterol (CHOL) molar ratio to examine how the formation of nonlamellar phases
depends on the lipid concentration. Our data show that POPE is the main lipid that
generates NGC in the presence of gp41, that cholesterol inhibits this curvature effect,
and that all phospholipids (PE, PS and PC) are more mobile and better hydrated in the
presence of the peptide. These results give new and, in some cases, unexpected
insights into the interplay between gp41 and lipids to cause membrane restructuring for
virus-cell fusion.

[1.2. Materials and Methods

II.2.a. Peptide synthesis

The MPER-TMD peptide used in this work corresponds to residues 665-704 of
gp41l (KWASLW NWFNITNWLW YIKLFIMIVG GLVGLRIVFA VLSI) from HIV-1 clade B,
HXB2 isolate (UniProtkKB/Swiss-Prot: P04578.2) [88]. The peptide was synthesized
using Fmoc solid-phase chemistry on a custom designed flow peptide synthesizer [89].
It was synthesized on the 0.05 mmol scale using H-Rink amide ChemMatrix resin (0.1 g
at 0.5 mmol/g loading size). The resin was swelled in the reaction vessel for 5 min in
~5 mL of N, N-dimethylformamide (DMF) at 70 °C. A 20-fold excess (1 mmol) of
unlabeled amino acid was singly coupled with a coupling time of 50 s. After the final
coupling step, the peptide was deprotected and cleaved from the resin by addition of
TFA : phenol : H20 : TIPS solution (88 : 5: 5: 2 by volume) for 3 h. The resin was
filtered off, and the crude peptide was precipitated and triturated three times with cold
diethyl ether and dissolved in 80% HFIP (1,1,1,3,3,3-hexafluoro-2-propanol) solution.
Crude peptide was purified by reverse-phase HPLC using a Vydac C4 column with a
linear gradient of 20-—99% channel A over 120 min at a flow rate of 15 mL/min (where
channel A is 1:1 v/v acetonitrile:isopropanol and channel B is acetonitrile). MALDI-MS
analysis verified the mass to be 4781.5 Da, in good agreement with the calculated mass
of 4781.8 Da. The peptide synthesis and purification yield was ~14%. The purity of the
peptide was >95% based on HPLC and MS data.

11.2.b. Preparation of proteoliposomes

Three phospholipids were used in this study: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), and POPC : 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-I-serine (POPS) (7:3).
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We chose POPX (X = C, E, S) lipids over saturated lipids such as DMPC in order to
better mimic the acyl chain compositions of biological membranes. These lipids were
mixed with cholesterol (CHOL) and with each other to produce several membrane
mixtures: POPE, POPE : CHOL, POPC, POPC : CHOL, POPC : POPS (7:3), and
POPC : POPS : CHOL (7:3:2). The CHOL concentrations in these membranes ranged
from 0 to 17 mol% of total phospholipids, while the peptide monomer : phospholipid
molar ratio (P/L) ranged from 0 to 1:10. A typical sample contained ~1 mg peptide, 5-—
16 mg of lipids and cholesterol, and 4-10 mg of water to reach ~40% hydration by mass.

For each membrane sample, the appropriate mass of MPER-TMD was dissolved
in ~500 yL TFE. Phospholipids and cholesterol were each dissolved in 200-500 pL
chloroform. A drop of methanol was added when needed to fully dissolve POPE. The
resulting homogeneous lipid solution was added to the peptide TFE solution. The lipid
vial was rinsed with another ~200 pL chloroform, combined with the protein-lipid
solution, then transferred to a 20-mL scintillation vial and incubated for 10 min at room
temperature. The chloroform and TFE were then removed under nitrogen gas for 15—
60 min, and the vial was covered with a Kimwipe and placed in a vacuum chamber for
30-60 min to remove residual solvent.

Proteoliposomes were prepared by resuspending the 5-16 mg peptide-lipid
mixture in 2 mL buffer (10 mM pH 7.4 HEPES/NaOH buffer, 1 mM EDTA, and 0.1 mM
NaN3), then homogenizing the vesicle solution by one of two methods. For POPC :
POPS mixtures, we conducted 10-15 cycles of freeze-thaw between liquid nitrogen and
50 °C. For POPE-containing membranes, which do not homogenize well by the freeze-
thawing method, we sonicated the vesicle solution at room temperature using a bath
sonicator for at least three rounds of seven minutes each until the solution appeared
homogeneous. The proteoliposome solutions were ultracentrifuged in a Beckman
Coulter Optima LE-80 K centrifuge using a SW-60 swinging bucket rotor at a speed of
40,000-45,000 rpm (143,000-272,000 x g) at 4 °C for 4-5 h. The wet membrane pellet
was slowly dried to a hydration level of 35-50% (w/w) in a desiccator, then spun into a
4 mm MAS rotor through a 5 mL pipette tip in a Thermo Sorvall ST 16R centrifuge.

11.2.c. Solid-state NMR experiments

All static and MAS NMR experiments were conducted on a Bruker 400 MHz (*H
Larmor frequency) wide-bore AVANCE IlI-HD spectrometer using a 4 mm MAS probe
tuned to *H/3P frequencies. For static 1D 3P experiments, the number of scans varied
between 1024 and 20,480 to obtain sufficient signal-to-noise ratios for membrane
samples of different masses. Unless otherwise noted, 3P NMR experiments were
conducted at a set temperature of 298 K for static experiments and 293 K for MAS
experiments. Typical radiofrequency (RF) field strengths were 30-50 kHz for 1H and
50 kHz for 3P. The 3'P chemical shifts were referenced to the hydroxyapatite signal at
2.73 ppm on the phosphoric acid scale. 1D 3P MAS cross-polarization (CP) and direct-
polarization (DP) experiments used a 3P RF field strength of 50 kHz, 3 ms CP at a 1H
RF field of 50 kHz, and a *H decoupling field of 40-50 kHz, for 1024 scans. The H
chemical shifts were referenced to the lipid chain-end w signal at 0.9 ppm. All MAS
experiments were conducted under 5 kHz MAS. At this spinning frequency, a set
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temperature of 290-300 K gives sample temperatures that are at most 5°C higher than
the thermocouple reported temperature. The sample temperature is estimated from the
water 1H chemical shifts measured on a POPC sample containing a small amount of
DSS, and is consistent with the reported minimal heating at this MAS rate [90]. Water *H
T1 relaxation times were measured using the inversion recovery experiment with
variable delays (1) of 0.01, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.75, 2.5, 3.25, and 4.0 s. Most
samples contained two populations of water, corresponding to tightly bound versus
loosely membrane-associated water [91]. Thus, we fit the inversion recovery intensities

using a bi-exponential function I(z) = 4 (1 -2 e"E) +(1-A4) (1 —2 e_m) The

population factor A was at least 0.9 in each sample, so we used the larger T1 value,
which represents bulk water, to correct for the *H spin diffusion buildup intensities.

To measure the water accessibility of phospholipids, we conducted a 2D H-3'P
heteronuclear correlation (HETCOR) experiment with *H spin diffusion. The pulse
sequence starts with four 3P 90° pulses spaced by 2 ms each to saturate the 3P
magnetization, then a *H 90° excitation pulse and a 'H T2 filter (2 * 0.745 ms = 1.49 ms)
to select for the water and lipid *H magnetization. The 2D experiments used 150 t1 time
points to reach a maximum evolution time of 15 ms, and 64—128 scans per t1 increment.
The H chemical shift evolution period was followed by a variable mixing time Tm, during
which the water and lipid chain *H magnetization is transferred to lipid headgroup and
glycerol protons, then detected on 3!P following CP. The 'H-31P HETCOR spectra were
measured with H spin diffusion mixing times of 4 to 900 ms to extract the spin diffusion
buildup curves. The 2D HETCOR spectra for comparing water-3!P cross peak
intensities were measured using 25 ms mixing for the POPC : POPS samples and
64 ms for the POPE samples.

All NMR spectra were plotted from TopSpin 3.6.1. For each static 3'P spectrum
that exhibits a strong isotropic peak, we matched the 90°-edge intensities of the
peptide-free control spectrum and the peptide-containing spectrum, then subtracted the
control spectrum to obtain a difference spectrum that exhibits only the isotropic peak.
The difference spectrum was integrated over the chemical shift range of the isotropic
peak while the peptide-containing spectrum was integrated over the entire spectral
range. The ratio of these integrated intensities represents the percentage of the
isotropic peak in the peptide-containing spectrum.

To obtain spin diffusion buildup curves, we divided the water-POPS cross peak

intensities as a function of Tm by e 71, using the aforementioned bulk-water 1H Tz
values, to correct for spin-lattice relaxation of water [38]. The Ti-corrected intensities
were then normalized to the 900 ms value. Error bars reflect the propagated signal-to-
noise ratios of the water-31P cross peaks. The 3P chemical shift anisotropy (CSA)
values (Ao) were read off as the difference between the downfield 0° edge (011) of the
powder pattern and the upfield 90° edge (033).
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[1.3. Results

We first investigated gp41-induced membrane curvature using static 3P NMR

spectra. We compared POPE, POPC and POPC : POPS membranes with and without
cholesterol and as a function of P/L ratios. POPE has intrinsic negative curvature, which
makes POPE-containing membranes prone to develop NGC in the presence of various
membrane-active peptides such as antimicrobial peptides [42, 73, 92] and influenza M2
[74]. POPC is abundant in eukaryotic membranes [93], whereas the negatively charged

POPS has been implicated as a cofactor for HIV entry into macrophages [33]. The

POPC : POPS (7:3) membrane is therefore useful for investigating the effect of negative

membrane surface charge on fusion.

a) POPE b) POPE:CHOL C) POPE:CHOL
(10:1) (10:2)
P/L
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40 20 0 -20 40 20 0 -20
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Figure 1.2. Static %P NMR spectra of POPE membranes with varying cholesterol and peptide

concentrations.

The P/L ratio increases from top to bottom (0 to 1:10), while the cholesterol concentration increases from
the left to the right. Spectra were measured at 298 K (black) and 310 K (red). (a) P spectra of CHOL-
free POPE membranes. (b) 3P spectra of POPE : CHOL (10 : 1) membranes. (c) 3'P spectra of POPE
: CHOL (10 : 2) membranes. Dashed lines guide the eye to the POPE isotropic chemical shift. The
approximate intensity fraction of the isotropic peak relative to the full spectrum is indicated for various

spectra.

28



1I.3.a. MPER-TMD changes the POPE membrane curvature in a
cholesterol-dependent manner

Fig. 11.2 shows the static *'P NMR spectra of POPE membranes with varying
concentrations of cholesterol and peptide. The 3'P spectra were measured at 298 K and
310 K to compare the membrane curvature near and well above the main phase
transition temperature of POPE (25 °C). The peptide-free POPE membranes with and
without cholesterol both show the expected uniaxial powder line shapes that are
characteristic of a lamellar bilayer. Table 11.2 shows the 3!P CSA and the isotropic
intensity fractions. Given the sensitivity of the high-temperature spectra to membrane
defects, and the physiological relevance of 310 K for examining virus-cell fusion, we
focus our spectral comparison on the 310 K data. At 310 K, the 3P CSA of pure POPE
membrane is 43.4 ppm, consistent with a liquid-crystalline membrane. Addition of the
peptide at a P/L of 1:100 causes a small isotropic peak. This isotropic peak is
reversible: cooling the membrane down to lower temperature suppressed the isotropic
peak (data not shown), indicating that the isotropic peak results from a high-curvature
membrane phase rather than formation of permanent morphologies such as membrane
buds. Further increasing the peptide concentration to P/L = 1:20 dramatically changed
the POPE spectra, causing a prominent isotropic peak that represents ~75% of the total
spectral intensity. However, at 298 K this isotropic peak percentage decreases to ~15%.
We attribute this large change in the isotropic peak intensities to faster lipid lateral
diffusion at 310 K over the surface of the membrane, which should better sample the
curvature of the POPE membrane.

Increasing the cholesterol concentrations in the POPE membrane reduced the
isotropic 3'P intensity. In membranes containing 17% cholesterol, the isotropic peak is
undetectable at P/L = 1:20. However, as the peptide concentration increased to
P/L = 1:10, the isotropic peak increased to 64% even in the presence of 17%
cholesterol. Moreover, the combination of peptide and cholesterol narrowed the 3P
CSA from 43-44 ppm down to 39-42 ppm by the Herzfeld-Berger convention (see

Table 11.2).

For long-chain phospholipids such as POPE and DOPE, the isotropic peak in the
static 3P spectra do not result from isotropic micelles but correspond to bicontinuous
lipid cubic phases [77]. This has been shown by 3!P T2 relaxation times and SAXS data
[75]. These lipid cubic phases possess NGC on every point of the membrane surface.
Due to their cubic symmetry, lipid lateral diffusion over these bicontinuous phases
averages the 3P chemical shift to its isotropic value. Since this translational diffusion
occurs over tens of nanometers of the cubic phase dimension, the reorientational rate is
slower than the local uniaxial diffusion rate of lipids or the tumbling of detergent micelles
in solution. Therefore, the isotropic peak of cubic-phase lipids is usually much broader
than the isotropic peak of micelles, and the 3'P T2 relaxation times of cubic phase lipids
are also much shorter than those of micelles. The isotropic peaks seen in our static 3P
spectra are relatively broad, which is consistent with the cubic-phase interpretation. In
principle, these isotropic peaks could also reflect membrane buds. But given the non-
spontaneous nature of membrane budding, this interpretation is less likely. Further
experiments are needed to distinguish these possibilities. The increasing isotropic peak
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intensity of the POPE membranes with increasing peptide concentration indicates that
the NGC curvature induction is directly caused by gp41 MPER-TMD.

Table I1.2. 3P Chemical shift anisotropies and isotropic components of liposome membranes.
31p chemical shift anisotropies (Ac=8,; — 833 by the Herzfeld-Berger convention) and percentages of the
isotropic component in the static 3P NMR spectra of lipid membranes with different peptide:lipid (P:L)
mole ratios and at two temperatures.

298 K 310K
Membrane P:L ratio Isotropic Ac (ppm) Isotropic Ac (ppm)
% %

0 0% 44.2 0% 43.4

1:100 0% 43.5 9% 44.0

POPE 1:20 27% 42.7 83% 44.4

1:10 45% 43.3 83% -

_ 0 0% 43.7 0% 43.0

Z%FE  Chol 1:100 0% 42.3 10% 41.4

' 1:20 0% 42.2 43% 41.2

0 0% 43.6 0% 40.2

POPE : Chol 1:100 0% 42.7 14% 41.6

(10:2) 1:20 0% 41.2 0% 40.0

1:10 0% 42.1 43% 39.3

1:100 0% 46.7 0% 45.2

POPC 1:10 0% 45.1 0% 45.2

POPC : Chol 1:100 0% 46.9 0% 45.4

(10:2) 1:10 0% 45.8 0% 45.2
POPC : POPS 1:100 0% 55.2,44.1 0% 53.9, 42.6
(7:3) 1:40 0% 51.7,42.9 0% 52.7,40.5
POPC : POPS: 1:100 0% 53.5,44.0 0% 53.1,42.6
Chol (7:3:2) 1:40 0% 52.1,42.0 0% 51.9, 40.7

Interestingly, for the POPE : CHOL (10:2) membrane at 310 K, cholesterol's
inhibitory effect on peptide-induced membrane curvature is not monotonic with the
peptide concentration (Fig. 1.2¢c). The isotropic peak is small at P/L = 1:100,
undetectable at 1:20, and dominant at P/L = 1:10. This non-monotonic dependence on
peptide concentration was reproducible. However, the 1:20 spectrum has a narrower
31p CSA than the 1:100 and 1:10 spectra, manifested by the fact that the maximum of
the powder pattern is shifted downfield by 2.4 ppm compared to the 1:100 spectrum.
This observation suggests that the POPE lateral diffusion may be faster at 1:20 than at
lower or higher P/L ratios, thus obscuring the isotropic peak.

11.3.b. MPER-TMD does not cause curvature to POPC and POPC:POPS
membranes

To investigate whether MPER-TMD not only causes curvature to POPE
membranes but also to lipid membranes without spontaneous negative curvature, we
measured the 3P static spectra of POPC and POPC : POPS (7:3) membranes without
and with cholesterol (Fig. I.3). Fig. 11.3 a, b shows that the gp41 peptide caused little
nonlamellar morphology to POPC and POPC : CHOL membranes. Even at a high P/L of
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1:10, only a small isotropic peak representing less than 7% of the spectral intensity is
observed. Similarly, the POPC : POPS membranes showed little isotropic intensity,
although at P/L = 1:40 a small isotropic peak is detected (Fig. I1.3 c¢). This peak was
removed by the addition of cholesterol (Eig. 11.3 d).

a) POPC b) POPC:CHOL (10:2)
— 298K
RE — 310K
1:100
1:10 ; :
N II I IR 'I L
40 20 0 -20 40 20 0 -20

3P anisotropic chemical shift (ppm)

c) POPC:POPS (7:3) d) POPC:POPS:CHOL (7:3:2)

1:100

R R
40 20 0 -20 40 20 0 -20

T T T T T T T T T

3P anisotropic chemical shift (ppm)

Figure 11.3. Static 3P NMR spectra of POPC and POPC : POPS membranes with varying
MPER-TMD and cholesterol concentrations.

(&) POPC membrane. (b) POPC : CHOL (10:2) membrane. (c) POPC : POPS (7:3) membrane.
(d) POPC : POPS : CHOL (7:3:2) membrane. The P/L molar ratios are 1:100, 1:40, or 1:10 as
shown on the left of each spectrum. 3'P spectra were measured at 298 K (black lines) and 310 K
(red lines). Dashed lines guide the eye to the isotropic chemical shift.

The use of POPS also allows us to investigate the effects of negative membrane
surface charge on curvature generation. The 3P spectra of POPC : POPS samples with
1:100 peptide reveal two powder patterns, with maximum intensities at -14.6 ppm and
-18.1 ppm at 298 K (Fig. Il.3 c; Table 11.2). Based on the pure POPC spectra, we
tentatively assign the smaller CSA to POPC and the larger CSA to POPS. In principle,
the different CSAs could result from POPC and POPS phase separation into
microdomains, as found in solid-supported POPC : POPS (4:1) bilayers in the presence
of 1 mM calcium ions based on scanning force microscopy data [94]. However,
differential scanning calorimetry data showed that, in the absence of calcium, PC and
PS with similar acyl chains and at PS concentrations of 30 mol% do not phase separate
above the phase transition temperature of the individual lipids [95]. Thus, the different
31p CSAs more likely reflect distinct headgroup orientations and conformations of POPC
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and POPS [96]. Addition of the peptide broadened the linewidths and obscured the two
90° edges, indicating that the peptide changed the lipid mobilities (vide infra).
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Figure 11.4. 3P CP-MAS and DP-MAS spectra showing the effects of the gp4l MPER-TMD on
phospholipid dynamics.

The samples were spun at 5 kHz. Peptide-free spectra are shown in black while peptide-containing spectra
are shown in red. For each panel, the peptide-free and peptide-containing DP spectra (solid lines) are
scaled to match the intensities, so that the different intensities of the CP spectra (dashed lines) indicate
the different CP efficiencies of the two samples. (a) POPE spectra measured at 310 K. MPER-TMD
decreased the CP intensities relative to the DP intensities, indicating that the peptide increased POPE
dynamics. (b) POPE : CHOL (10:2) spectra measured at 293 K. (c) POPC : POPS (7:3) spectra without
and with the peptide. The peptide decreased the CP intensities of both POPC and POPS relative to the
DP intensities, indicating that it increased lipid dynamics. (d) POPC : POPS : CHOL (7:3:2) spectra. The
gp4l peptide decreased the CP efficiency like in (c). () DP and CP spectra of three POPC : POPS
membranes: POPC : POPS (7:3) without the peptide, POPC : POPS (7:3) membrane with 1:40 peptide,
and POPC : POPS : CHOL (7:3:2) with 1:40 peptide. When each pair of spectra are scaled to match the
DP and CP intensities of the POPC peak at around -0.84 ppm, the POPS CP intensity decreased relative
to the DP intensity, indicating that POPS mobility is preferentially enhanced compared to that of POPC by
the peptide.
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11.3.c. MPER-TMD increases the mobility of all phospholipids

In addition to membrane curvature, two other features of membrane fusion that
have been postulated are increased lipid mobilities and dehydration of the membrane
surface in fusion intermediates [97]. The increased lipid mobilities were proposed to
result from the membrane curvature at the site of fusion and the disordering effect of the
fusion protein. The dehydration barrier against two opposing lipid bilayers results from
charge repulsion between polarized water molecules on the two membrane surfaces [9,
59, 98]. To investigate the effects of MPER-TMD on lipid dynamics, we measured 3P
DP and CP MAS spectra. The 3P DP spectral intensities reflect the amounts of
phospholipids in the sample, while the CP intensities are reduced for dynamic
molecules due to motional averaging of the *H-3'P dipolar coupling. Therefore, a lower
intensity ratio of CP to DP spectra indicates a higher mobility of phospholipids [99, 100].

Fig. 1.4 compares the DP- and CP-MAS spectra of POPE and POPC : POPS
membranes without and with MPER-TMD and with and without cholesterol. For the
POPE membrane, addition of the peptide reduced the CP/DP intensity ratios at 310 K
(Eig. 1.4 a) and 293 K (data not shown), indicating that MPER-TMD increased the
POPE mobility. When cholesterol is present, this intensity change is abolished (Eig. 1.4
b): the peptide-containing sample exhibits the same CP/DP intensity ratio as the
peptide-free membrane, indicating that cholesterol abrogates the peptide's ability to
increase the POPE mobility. For POPC : POPS and POPC : POPS : CHOL membranes
(Eig. 11.4 c, d), the peptide lowered the CP intensities relative to the DP intensities,
indicating that the peptide increased the dynamics of both POPC and POPS. However,
the POPS CP intensities decreased more than those of POPC (Eig. I.4 e), indicating
that POPS is disordered by gp41 more than POPC is. This observation is consistent
with the preferential line broadening of the POPS signal in the static 3'P NMR spectra

(Eig. 1.3 c) and MAS DP spectra (Fig. 11.4 d).

11.3.d. MPER-TMD increases membrane surface hydration

To investigate membrane surface hydration, we measured 2D *H-3!P correlation
spectra with H spin diffusion under MAS [101]. This experiment selects the dynamic
water and lipid *H magnetization with a *H T filter, then transfers the magnetization to
31p for detection. The water 'H polarization transfer is mediated by chemical exchange
and spin diffusion. For proteoliposome mixtures with exchangeable protons in the lipid
headgroup or near the membrane surface, the water-3!P cross peak intensity reflects
the water accessibility and water dynamics of the membrane surface. Lipid protons also
correlate with 3'P after spin diffusion [101], and the lipid *H chemical shifts can be
readily assigned based on literature values [102, 103].
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Figure I.5. 2D 'H-3'P correlation spectra of POPE and POPE : CHOL (10:2) membranes without
and with MPER-TMD, measured with a *H mixing time of 64 ms at 310 K.

(&) POPE membranes without (black) and with (green) the peptide at a P/L of 1/20. (b) POPE : CHOL
membranes without (red) and with (orange) the peptide at a P/L of 1:20. (c) H cross sections of the four
2D spectra. The peptide caused a broad water peak only in the membrane containing both the peptide
and cholesterol.

Fig. II.5 shows the 2D HETCOR spectra of the POPE and POPE : CHOL (10:2)
membranes in the absence and presence of MPER-TMD. With 64 ms *H mixing, all
protons of the lipid headgroup, glycerol backbone, and acyl chains down to the chain-
end w, are detected. The highest cross peak intensities are observed for the headgroup
Ha and the glycerol backbone G3, as expected due to their spatial proximity to the
phosphate group. No water cross peak is observed for the POPE membranes either
with or without the peptide (Eig. I1.5 a). This is consistent with the generally low
hydration of the POPE membrane surface, as also seen, for example, for POPE
membranes containing the PIV5 fusion protein’s transmembrane domain [75]. The
addition of cholesterol changed the situation: while the peptide-free POPE : CHOL
membrane still showed no cross peak, the peptide-bound sample exhibits a clear water
cross peak (Eig. 1.5 b), indicating increased hydration when both cholesterol and the
peptide are present in the membrane. The water peak has a relatively broad linewidth of
~0.3 ppm, which may be attributed to chemical exchange of bound water with the POPE
amino group and the low mobility of membrane surface water for the hydrogen-bonded
POPE headgroups.

We investigated the hydration of POPC using the same 2D 'H-3'P correlation
experiment (Eig. 11.6). Although the POPC headgroup itself has no exchangeable
protons, with a long *H mixing time of 225 ms and due to relayed polarization transfer
through POPS, cholesterol and the peptide, we can still detect water-3'P cross peaks
[101]. Fig. ll.6a—c show that in POPC : POPS membranes with and without cholesterol,
the peptide dramatically increased the intensity of the water cross peak intensity to
POPC. Similarly, for POPC membranes with and without cholesterol, the addition of
MPER-TMD caused a water-3!P cross peak, whereas no water cross peak is detected
in the absence of the peptide (Eig. 1.6 d—f). Water to POPC magnetization transfer can
occur as a result of increased membrane surface hydration by the peptide and/or
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increased number of labile protons provided by the peptide. However, other viral fusion
proteins’ hydrophobic domains have been reported to show little water polarization
transfer to POPC [104] (vide infra), suggesting that the higher water cross peak
detected here likely reflects a true increase of POPC hydration by MPER-TMD.
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Figure I1.6. 2D *H-3!P correlation spectra of POPC : POPS and POPC membranes without and with
MPER-TMD.

The spectra were measured with a 'H mixing time of 225 ms at 293 K. (a) POPC : POPS (7:3)
membranes without and with the peptide. (b) POPC : POPS : CHOL (7:3:2) membranes without and with
the peptide. (c) POPC *H cross sections of the 2D spectra in (a) and (b), extracted from a 3'P chemical
shift of —0.83 ppm (corresponding to POPC). Blue dashed lines guide the eye to the water *H chemical
shift. The peptide-free membranes show no or weak water cross peaks while the peptide-containing
samples show strong water cross peaks. (d) POPC membranes without and with peptide. (e) POPC :
CHOL (10:2) membranes without and with peptide. (f) POPC H cross sections of the 2D spectra in (d)
and (e). The peptide moderately increases the water cross peak intensity.

Fig. 1.7 shows the 2D 1H-3P correlation spectra of POPC : POPS membranes

measured with a shorter *H spin diffusion mixing time of 25 ms to study POPS
hydration. The addition of MPER-TMD clearly increased the water-POPS cross peak
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intensities in the CHOL-free POPC : POPS membrane (Eig. Il.7 a, b). The presence of
cholesterol dampened this hydrating effect by the peptide (Eig. 1.7 c, d). To quantify the
cross peak intensity changes, we measured the 2D spectra as a function of the 1H
mixing time (Eig. [1.8). In the cholesterol-free POPC : POPS membrane, the water-
POPS cross peak intensity buildup rate clearly increased with the peptide concentration
(Eig. 11.8 a), indicating that MPER-TMD facilitates POPS hydration in the mixed
membrane. However, when cholesterol is present in the membrane, the peptide had a
more modest hydration effect (Eig. 11.8 b): the water-POPS buildup rates increased with
peptide concentration to a smaller extent than in the cholesterol-free membrane.
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Figure 11.7. 2D *H-3'P correlation spectra of POPC : POPS membranes without and with MPER-
TMD and with and without cholesterol.

The spectra were measured with a *H mixing time of 25 ms at 293 K. (a) 2D spectra of POPC :
POPS membranes without the peptide, with P : L of 1:100 (green) and 1:40 (orange). (b) POPS H
cross sections of the POPC : POPS membranes for the three samples shown in (a). (c) 2D spectra
of POPC : POPS : CHOL (7:3:2) membranes without the peptide, with P : L = 1:100 and 1:40. (d)
POPS 'H cross sections of the POPC : POPS : CHOL membranes. The peptide moderately
increased the water cross peak with POPS.
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Figure 11.8. Water *H magnetization transfer to POPS in POPC : POPS membranes containing
varying concentrations of peptide and cholesterol.
The buildup curves were extracted from 2D *H-3!P HETCOR spectra measured as a function of mixing
time. (a) Water-POPS 'H-3P cross peak intensities in the POPC : POPS (7:3) membranes without the
peptide (black), with 1:100 peptide (green), and 1:40 peptide (orange). Intensities have been corrected
for water *H spin-lattice (T1) relaxation. Error bars were propagated from the experimental signal-to-noise
ratios. (b) Water-POPS cross peak intensities in POPC : POPS : CHOL (7:3:2) membranes without the
peptide (black) and with 1:40 peptide (orange), and with 1:20 peptide (blue). (c) POPS *H cross sections
extracted from the 2D spectra of the POPC : POPS membrane (as in Fig. 11.7) without the peptide and
with peptide (data shown in panel a). Dashed blue lines guide the eye to the water *H chemical shift.

[1.4. Discussion

The 3'P NMR data shown above describe several different effects of gp41
MPER-TMD on membrane structure and dynamics. First, static 3*P NMR line shapes
indicate that POPE is the most conducive phospholipid to NGC formation, while
cholesterol counters this curvature induction (Eigs. I.2, 11.3). The pronounced NGC of
the peptide-containing POPE membrane is consistent with the intrinsic negative
curvature of POPE [10], which can promote NGC in concert with the positive membrane
curvature created by the surface-bound MPER. In comparison, cholesterol, which also
exhibits moderate negative curvature, weakens the nonlamellar morphology, as shown
by the attenuated isotropic 3P peak (Fig. |.2). This effect suggests that the lipid shape
is not the only determinant of NGC formation. We propose that a second factor for
POPE-induced NGC is the hydrogen bonding of PE headgroups with each other, which
dehydrates the membrane even in the absence of peptides, as seen in 2D *H-3'P
correlation spectra (Eig. I.5 a).
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Our approach deviates from those that replicate the overall lipid composition of
the HIV membrane. When POPE is mixed with other lipids, including POPC, POPS,
SM, and cholesterol, previous 3P NMR spectra showed that the isotropic 3'P peak is
largely removed [67][53, 71]. Thus, dilution of the negative-curvature POPE by bilayer-
stabilizing lipids attenuates membrane-curvature generation by gp41. The local lipid
composition at the site of virus-cell fusion might deviate from the average lipid
composition of the plasma membrane and the virus envelope, and might also fluctuate
because of the preferential partitioning of gp41 to the boundary of the L4 and Lo phases
[80]. Thus, the two- or three-component membrane mixtures examined here give
insights into the membrane curvature that would appear when gp41 is surrounded by
one or two types of phospholipids.

The bilayer-stabilizing effect of cholesterol may result from the well-known
rigidification of the membrane by cholesterol at high temperature. With 17% cholesterol
in the POPE membrane (Fig. 11.2 ¢), we found that the percentage of nonlamellar
morphologies is low except at the highest peptide concentration of P/L = 1:10. In POPC
: POPS membranes containing 17% cholesterol, no isotropic peak is observed at P/L
ratios up to 1 : 40 (Eig. 1.3 d). These results indicate that cholesterol weakens the
peptide-induced membrane curvature at concentrations above ~17%. Thus, the
requirement of cholesterol for membrane fusion and HIV infection [79, 80, 105] might be
due to mechanisms other than curvature generation. One mechanism might be
regulation of lipid mixing. Cholesterol is known to alter the spatial distributions of lipids
in a concentration-dependent manner. High cholesterol concentrations (40-50%)
promote homogeneous mixing in normally phase-separated membranes such as DSPC
: DPPC mixtures [106] and DOPC : DPPC : CHOL mixtures [107], whereas moderate
cholesterol levels promote phase separation. For example, cholesterol creates PC-rich
microdomains in polyunsaturated PC : PS : PE mixtures [108]. By separating lipids into
multiple phases with different chain orders, cholesterol can increase the hydrophobic
mismatch and hence the line tension at the La and Lo boundary, thus facilitating fusion.
Indeed, total internal reflection fluorescence microscopy data showed that the gp41 FP
is localized at the Ld-Lo boundary in phase-separated SM and PS membranes that
contain 25% cholesterol [80] and line tension at those boundaries may contribute to
fusion [20]. These biophysical data and our 3'P NMR results together indicate that the
total cholesterol content in the membrane needs to be sufficiently high to support phase
separation but not so high as to create a homogeneous membrane. At the same time,
the local cholesterol concentration near gp41 needs to be moderate to allow curvature
induction.

A second mechanism for the requirement of cholesterol for fusion might be the
recruitment of gp41 by cholesterol into raft regions of the membrane. A recent solid-
state NMR and molecular dynamics simulation study of cholesterol-gp41 interactions
found that cholesterol is in molecular contact with the MPER in lipid membranes [53].
Moreover, cholesterol self-associates into dimers and higher-order oligomers in lipid
bilayers [54]. Thus, cholesterol could serve to bring multiple gp41 trimers into close
proximity (Fig. 11.1), facilitating virus-cell fusion. Finally, a biological mechanism by
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which cholesterol might mediate membrane fusion is that the cell-surface receptors
recognized by Env reside in cholesterol-rich domains, so cholesterol depletion may
inhibit gp120 binding to the receptors [81, 109].

It is of interest to compare the curvature-inducing ability of gp41 MPER-TMD with
that of other peptides involved in membrane fusion, such as gp41 FP and the PIV5 F
protein’s FP and TMD. 3P NMR spectra of membranes containing these peptides
indicate that MPER-TMD has weaker curvature-inducing ability than the HIV and PIV5
fusion peptides but similar curvature-inducing ability to the PIV5 TMD. The gp41 FP
induced an isotropic peak to the static 3P spectrum of an equimolar DOPC : DOPE :
CHOL mixture, but did not induce an isotropic peak in the static spectrum of a virus-
mimetic membrane (LM3) with less PE [84]. Thus, PE is synergistic with FP in causing
membrane curvature. The gp4l FP induced an isotropic peak at a low P/L ratio of 1:50,
indicating that it is more effective than the MPER-TMD in causing membrane curvature.
The PIV5 FP generated high curvature to POPC membranes at a P/L of 1:15 [104]
while MPER-TMD did not cause curvature to POPC membranes even at a higher P/L of
1:10. The influenza M2 protein, which has membrane scission activity, causes NGC in
30% cholesterol membranes at a P/L ratio of 1:15 [110]. In comparison, gp41 MPER-
TMD has no such ability in the 33% cholesterol POPE membrane at a P/L ratio of 1:10,
indicating that not all curvature-inducing peptides respond to cholesterol the same way.
The PIV5 fusion protein TMD has a similar ability to gp41 MPER-TMD to cause
curvature to PE membranes [75]. However, the PIV5 TMD does not possess a
membrane-surface domain. Instead, its Val and lle rich sequence adopts an unusual
strand-helix-strand conformation, which was hypothesized to promote membrane
curvature. Therefore, both the primary sequence and the three-dimensional structure
impact membrane-curvature generation by these viral fusion protein hydrophobic
domains.

The second conclusion from the current data is that gp41 MPER-TMD increases
the dynamic disorder of multiple phospholipids, including PC, PE and PS. This is
manifested by the lower CP intensities of the 3!P spectra relative to the DP spectra in
the peptide-bound membranes, compared to peptide-free membranes (Eig. 11.4). The
increased lipid mobility and disorder is expected for fusion intermediates. Since POPE
resides in high-curvature membranes, we interpret the increased dynamic disorder as
due to faster reorientation of POPE. In comparison, POPS exhibits the lowest CP
intensities among the three phospholipids and its static linewidth also appears to be
preferentially broadened by the peptide (Eigs. 1.3 ¢c and 11.4 d). These observations
suggest that POPS may undergo slower, intermediate-timescale, motion in the
presence of the peptide. This interpretation is consistent with a model where
electrostatic attraction between negatively charged POPS headgroups and positively
charged K665 and K683 in the MPER might slow POPS motion relative to POPC and
POPE.

The third finding of the current data is that MPER-TMD increased, rather than
decreased, the hydration of all phospholipids, irrespective of membrane curvature. This
hydration effect is manifested by the higher water-3'P cross peaks in 2D H-3!P
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correlation spectra (Figs. 1.5, 11.6, 1.7) and faster water to POPS H magnetization
transfer rates (Fig. 11.8). This enhanced water polarization transfer to lipids occurs
despite the faster lipid motion. The POPE and POPS headgroups both contain
exchangeable NH protons, thus water polarization transfer can proceed efficiently
through chemical exchange and spin diffusion, regardless of the peptide. Both POPE
and POPS showed higher cross peaks with water when the peptide is present,
indicating increased hydration of the membrane surface. This increased hydration is
opposite to the expectation for membrane fusion in the absence of proteins [98], where
water expulsion is thought to be a necessary high-energy step. Instead, our data
support a model wherein gp41 MPER-TMD reduces the dehydration energy barrier by
coating the membrane surface with the MPER helices [67]. This potential alteration of
the free energy of protein-free membrane fusion by reducing the dehydration barrier has
also been proposed for other viral fusion proteins such as the PIV5 FP [28].

For gp41 MPER-TMD, another possible reason for the higher membrane
hydration is the presence of a cationic arginine, R696, in the middle of the TMD (Fig.
1I.1). Hydrogen-deuterium exchange NMR data show that the C-terminal TMD residues
are more accessible to water than the N-terminal residues [36]. This water pathway in
the trimeric helical bundle might increase the membrane's hydration. Interestingly, MD
simulations of the gp41 TMD in DPPC and DPPC : CHOL membranes reported
fluctuations of membrane thickness up to 7 A, which correlate with a water defect near
the Arg residue [111]. Moreover, this water defect is better localized in the cholesterol-
containing membrane than in the cholesterol-free membrane. Thus, gp41 MPER-TMD
might increase membrane hydration through the cationic R696.

The membrane-hydrating effect of gp41 MPER-TMD is the opposite of the effect
of the PIV5 fusion protein on the membrane. Based on 2D 'H-3'P correlation NMR
spectra, we found that the PIV5 FP dehydrates POPC [104] and DOPE membranes [29]
but hydrates the POPC : POPG membrane. This trend correlates with the secondary
structure of the PIV5 FP: the more a-helical the peptide, the higher the membrane
hydration. For the PIV5 fusion protein TMD, the peptide maintains the hydration of
POPC and POPC : POPG membranes but dehydrates the POPE membrane, in which
the TMD adopts the B-strand conformation [75]. Thus, for both the FP and TMD of the
PIV5 fusion protein, the B-sheet conformation is correlated with membrane dehydration.
In comparison, the a-helical gp41 MPER-TMD hydrates the membrane, and the gp41
chimera that covalently links the FP and MPER-TMD also increases membrane surface
hydration [71]. Taken together, these data suggest that a-helical fusion protein domains
maintain and even increase the hydration of membrane surfaces. Only when [3-strand
conformations coat the membrane surface is dehydration observed.

In conclusion, the current 3!P solid-state NMR study shows that gp41 MPER-
TMD relies on PE to induce the negative-Gaussian curvature that is required for
hemifusion intermediates and fusion pores. This curvature-inducing action is
accompanied by the peptide's ability to increase the dynamic disorder of the lipids, and
by the attenuation of the dehydration barrier, both facilitating membrane merger. The
observed bilayer-stabilizing effects of cholesterol suggest that cholesterol may not be
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enriched at the fusion site, which is consistent with biochemical finding that HIV-cell
fusion occurs at the boundary between cholesterol-rich and cholesterol-poor regions of
the membrane. Future elucidation of the molecular mechanism and pathway of Env-
mediated HIV-cell membrane fusion should take into account the specific peptide-lipid
interactions observed here.
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Conclusion: Assembling the puzzle

In this chapter, we have shown that the MPER-TMD region of gp41 increases the
mobility of individual molecules (Section 11.3.c) and introduces more water into the
bilayer (likely through a membrane lipid packing defect; Section 11.3.d). This validates
the physical disruption mode of catalysis mentioned in Section |.2.e). We further
showed that POPE membranes with and without a small amount of cholesterol, gp41
MPER-TMD can induce membrane curvature on its own (Section |I.3.a), as discussed
in Section I.2.a. The intriguing finding that cholesterol attenuates some of these gp41
functions suggests the possibility that gp41 may act differently between Lo and Ld
domains, leaving open the possibility that gp41 alters line tension at the Lo-Ls domain
boundaries (see Section I.2.b). This idea will be discussed further in the next study

(Chapter lII).
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lll. Cholesterol-mediated clustering of the HIV fusion
protein gp41l in lipid bilayers

By Nhi Tran, Younghoon Oh, Madeleine Sutherland, Qiang Cui, and Mei Hong; revised
for J. Mol. Biol., October 26, 2021

[1l. Abstract

The envelope glycoprotein (Env) of the human immunodeficient virus (HIV-1) is
known to cluster on the viral membrane surface to attach to target cells and cause
membrane fusion for HIV-1 infection. However, the molecular structural mechanisms that
drive Env clustering remain opaque. Here, we use solid-state NMR spectroscopy and
molecular dynamics (MD) simulations to investigate hanometer-scale clustering of the
membrane-proximal external region (MPER) and transmembrane domain (TMD) of gp41,
the fusion protein component of Env. Using °F solid-state NMR experiments of mixed
fluorinated peptides, we show that MPER-TMD trimers form clusters with interdigitated
MPER helices in cholesterol-containing membranes. Inter-trimer °F-°F cross peaks,
which are indicative of spatial contacts within ~2 nm, are observed in cholesterol-rich
virus-mimetic membranes but are suppressed in cholesterol-free model membranes.
Water-peptide and lipid-peptide cross peaks in 2D *H-1°F correlation spectra indicate that
the MPER is well embedded in model phosphocholine membranes but is more exposed
to the surface of the virus-mimetic membrane. These experimental results are reproduced
in coarse-grained and atomistic molecular dynamics simulations, which suggest that the
effects of cholesterol on gp41 clustering is likely via indirect modulation of the MPER
orientation. Cholesterol binding to the helix-turn-helix region of the MPER-TMD causes a
parallel orientation of the MPER with the membrane surface, thus allowing MPERs of
neighboring trimers to interact with each other to cause clustering. These solid-state NMR
data and molecular dynamics simulations suggest that MPER and cholesterol
cooperatively govern the clustering of gp41 trimers during virus-cell membrane fusion.
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[11.1. Introduction

HIV-1 entry into cells is mediated by the surface envelope glycoprotein Env,
which consists of trimeric assemblies of gp120 and gp41 heterodimers [112]. Following
attachment of gp120 to cell-surface receptors, gp41 undergoes large conformational
changes to fuse the target cell membrane with the virus envelope. However, each HIV-1
particle contains only 7 to 14 copies of Env, in contrast to other enveloped viruses such
as alphaviruses and influenza, which contain many more entry proteins [113, 114]. It
has long been hypothesized that the low copy number of the HIV-1 entry protein may be
compensated by a local clustering of the Env to accomplish the necessary membrane
curvature for virus-cell fusion. Indeed, super-resolution microscopy and electron
tomography data have captured Env clusters on the surface of the HIV-1 envelope and
during virus-cell membrane fusion [115-117], and this clustering correlates with HIV-1
infectivity.

While the existence of Env clustering has been demonstrated by microscopy
data, the molecular mechanism of this clustering is not yet well understood. So far, Env
clustering has been investigated largely in terms of Env interaction with other HIV-1
proteins and with host cell receptors. In immature and non-infectious HIV-1 particles,
the structural polyprotein Gag interacts with Env through the cytoplasmic tail (CT) of
gp4l. Disassembly of the Gag lattice during HIV-1 maturation allows Env diffusion in the
lipid envelope to form clusters that engage with cell surface receptors [116, 117]. The
gp4l CT also interacts with cholesterol, which may promote Env clustering to the
cholesterol-rich domains of the lipid membrane [118]. Despite the role of the CT in HIV-
1 maturation, CT-truncated Env may still be able to cluster in the membrane, since
immature HIV-1 particles containing CT-truncated Env have been shown to have partial
entry capability [116, 119, 120]. This observation suggests that alternative domains in
gp41 may play important roles in Env clustering, independent of the cytoplasmic tail.

Gp41 contains a highly conserved membrane-proximal external region (MPER)
immediately N-terminal to the transmembrane domain (TMD). This MPER forms an
amphipathic a-helix on the surface of the lipid membrane [67, 121], and is required for
viral membrane fusion. Biochemical studies showed that MPER peptides are able to
destabilize lipid membranes and play a role in mediating lipid mixing during membrane
fusion [122]. Analysis of *H and *3C chemical shifts of POPC in the absence and
presence of cholesterol and a pentapeptide of the MPER domain suggested that
cholesterol promotes the insertion of this pentapeptide into the lipid membrane, and the
peptide in turn sequesters cholesterol [123]. Fluorescence microscopy data showed that
the MPER preferentially localizes to the boundaries of cholesterol-rich ordered phases
[124]. Very recently, solid-state NMR data and MD simulations found that cholesterol
molecules bind to the MPER-TMD peptides in lipid bilayers [125]. Together, these
results suggest that cholesterol, which is required for HIV-1 infectivity [79, 105, 126,
127], might recruit MPER to raft-like lipid domains, in doing so causing clustering of the
Env trimers.

Here we directly investigate the nanometer-scale separation of MPER-TMD
trimers in lipid bilayers using 2D *°F solid-state NMR experiments and molecular
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dynamics simulations. We prepared membrane samples with peptide/lipid molar ratios
(P/L) of 1:10 to 1:32. At these peptide concentrations, previous °F spin-counting
experiments showed that the MPER-TMD peptides are fully trimerized [67]. But whether
the trimers cluster in space was not known. We now show that multiple MPER-TMD
trimers indeed self-associate on the nanometer scale, and we provide direct
experimental evidence for the dependence of this clustering on membrane cholesterol
as well as constraints on the geometry of the clustered trimers.

[11.2. Materials and Methods

l1l.2.a. Synthesis and purification of isotopically labeled gp41 MPER-TMD

The MPER-TMD peptide used in this study corresponds to residues 661-704 of
HIV-1 clade D gp41. The amino acid sequence is 61LELDKWASLW NWFNITNWLW
YIRLFISIVG GLVGLRIVFA VLSI’94, This sequence is similar to the peptide used in our
recent study of gp41 interaction with cholesterol [125], except that we replaced M687
with Ser to prevent oxidation during peptide cleavage. Four fluorinated peptides were
synthesized, each containing a single fluorinated residue at 4-CFs-F673, 5-°F-W670, 5-
19F-W666, and 4-CF3-F663 (Table Ill.1). For the 4-CF3-F673 labeled peptide, 13C, *°N-
labeled L684 was also incorporated. For the 4-CF3-F663 labeled peptide, U-3C, 1°N-
labeled 1675 and L679 were also incorporated. These '3C, 15N labeled residues serve to
verify the secondary structure of the peptide. The 5-1°F-W670 labeled peptide and 4-
CF3-F673 peptide were mixed in a 1:1 molar ratio to produce membrane samples 1 — 4.
The 5-1°F-W666 labeled peptide and 4-CFs-F663 labeled peptide were mixed in a 1:1
molar ratio to produce samples 5 and 6.

These MPER-TMD peptides were synthesized on a custom-built fast-flow peptide
synthesizer [128] using Fmoc solid-phase peptide synthesis protocols. Synthesis
proceeded at 70°C, with N, N-dimethylformamide (DMF) and the deprotection solution
(25% piperidine) delivered at 20 ml/min. About 100 mg H-rink amide ChemMatrix resin
with a loading of 0.5 mmol/g was swelled in the reaction vessel with DMF for 5 min.
Fmoc-protected amino acids were activated with 1-[Bis(dimethylamino)methylene]-*H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluoro-phosphate (HATU) and N, N-
Diisopropylethylamine (DIEA) prior to coupling with resin. The synthesis scale was 0.05
mmol, and ten-fold excess of unlabeled amino acids and four-fold excess of isotopically
labeled amino acids were singly and triply coupled, respectively, using a coupling time
of 50 and 70 s. The peptide was cleaved from the resin with TFA/phenol/H20/TIPS
(88:5:5:2 v/v) for 3 h at room temperature. The resin was then filtered off and the crude
peptide was precipitated and washed three times with chilled diethyl ether. The crude
peptide was dried under vacuum overnight at room temperature.
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Table lll.1. HIV gp41 MPER-TMD peptides and membrane samples used in this study
In the sequences, residues given °F labels are bolded, underlined and in red. The U-3C/**N labeled
residues are bolded and underlined.
Mixed peptide 1:
661 670 680 690 700
LELDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVE AVLSI
LELDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVFEF AVLSIT

Membrane Peptide : Lipid : Chol molar .
. Membrane composition
Samples ratio
1 1:30:13 VMSeluster
2 1:32:0 DMPC
3 1:10:4.5 VMS
4 1:32:0 POPE

Mixed peptide 2:
661 670 680 690 700
LEFDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVF AVLSI
LEFDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVFEF AVLST

Membrane Peptide : Lipid : Chol molar "
. Membrane composition
Samples ratio
5 1:30:13 VMSeluster
6 1:32:0 DMPC

Crude gp41 peptide was dissolved in trifluoroethanol (TFE) and purified by
preparative reverse-phase HPLC using an organic solvent mixture/H20 gradient.
Solvent pumps A and B delivered 25:75 v/v acetonitrile : isopropanol in channel A and
water in channel B at 15 ml/min. An isocratic gradient (5% A) was applied for one
column volume (CV), followed by an initial linear gradient (5-60% A) over four CVs, and
a final linear gradient (60-100% A) over 9 CVs. MALDI-MS was used to validate the
peptide purity, with the measured masses showing good agreement with the calculated
masses. The total yield of the peptide after purification was 15-20 mg (~8 %).

l11.2.b. Membrane sample preparation

The gp41(661-704) peptides were reconstituted into virus-mimetic phospholipid
membranes (VMSeUser and VMS), which consists of 1-palmitoyl-2-oleyl-sn-glycerol-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), sphingomyelin
(SM), and cholesterol (chol). The POPC : POPE : POPS : SM : chol molar ratios are
15:20:15:20:30 for the VMS®Uste" membrane and 30:15:15:10:30 for the VMS
membrane. The VMSstr membrane was designed to mimic the lipid compositions of
the HIV envelope [83, 85, 129], whereas the VMS membrane is more similar to the
plasma membrane lipid composition. Two membrane samples (samples 1 and 5) were
prepared with the VMSestr membrane, where the peptide : (total phospholipid and SM)
: chol molar ratio (P/L/C) was 1:30:13 (Table 111.1). Control samples (samples 2 and 6)
were prepared with the same peptides reconstituted in DMPC membranes at a P/L/C
ratio of 1:32:0. Comparisons between samples 1 and 2 and between samples 5 and 6
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allow us to investigate how the complex virus-mimetic membrane affects MPER-TMD
trimer association. A VMS membrane sample (sample 3) with a higher P/L ratio of 1:10
was prepared to serve as a positive control for clustering, whereas a POPE sample
(sample 4) with a P/L ratio of 1:32 further explores the impact of lipids on MPER-TMD

clustering.

Phospholipids and SM were dissolved in chloroform and cholesterol was
dissolved in a chloroform/methanol mixture. The peptides were dissolved in TFE and
mixed with the lipid solution. The organic solvent was removed under nitrogen gas until
a thin, dried lipid/peptide film was formed. This film was resuspended in HEPES buffer
(10 mM HEPES, pH 7.5, 1 mM EDTA, 0.1 mM NaNs) and subjected to ten freeze-thaw
cycles between liquid nitrogen and a 45°C water bath to form homogenous multilamellar
vesicles. The proteoliposome solution was dialyzed against the buffer (pH 7.5) for 2.5
days with five buffer changes to remove residual TFE. The proteoliposomes were spun
at 55,000 rpm using a Beckman SW60T rotor at 4°C for 17 hours to obtain membrane
pellets. The pellets were incubated in a desiccator until they reached a hydration level of
~40 wt% water and were then spun into magic-angle spinning (MAS) rotors for solid-
state NMR experiments. Most membrane samples contained ~8 mg peptide, 30-40 mg

Table 111.2. Parameters of the solid-state NMR experiments on the gp41 MPER-TMD membrane

samples.
Experiment NMR Parameters Experimental | Membrane
Time Samples
Bo=9.4T, Tset=243 K, vmas=10.332 kHz,
rotor SWH1 = 10.332 kHz, SWH2 = 93.75 kHz, F | 40 hrs each 1,2,5
synchronized carrier frequency = -68 ppm, ns=640, 1¢=1.7
2D FF CORD S, t1imax= 1.65 ms, tiinc= 96.78 us, Tdwel=5.3 us,
Tacg = 4.3 MS, tHr=1 MS, Tcorp = 500 MS, ViH,acq 80 hrs 6
=71.4 kHz
Bo=9.4 T, Tst=238-243 K, vmas=10.0 kHz,
SWH1 = 75 kHz, SWH1 = 93.75 kHz, °F
carrier frequency = -83.6 ppm, ns=256-320, 89 hrs 3
2D FF CORD Trd=2 S, timax= 0.7 ms, tiinc= 13.31 us,
Tdwel=5.3 US, Tacg= 3.1 — 4.3 ms, tur= 750 ps,
Tcorp = 500 MS, ViH,acqg =35-50 kHz 71 hrs 4
Bo=9.4T, Tset (samples 1 and 5) = 275 K,
Tset (samples 2 and 6) = 290 K, vmas=9 kHz, 22 hrs each 1,2
2D 1H-19F SWH1 = 5 kHz, SWH1 = 93.75 kHz, *°F
HETCOR with carrier frequency = -83.6 ppm, ns=1024,
100 ms ‘H spin td=1.5S, t1max= 4.8 ms, t1,inc= 200 us, 45 hrs 5
diffusion Tawel=5.3 US, Tacqg= 4.3 Ms, tvr= 1 ms, Te-filter
duration = 222 us, tmix = 100 MS, ViH,acg=35 89 hrs 6

62.5 kHz

Symbols: Bo = magnetic field; Tset = thermocouple-reported bearing gas temperature; vmas = MAS frequency;
SWH1: spectral width of the w1 dimension of the 2D spectra; SWH2: spectral width of the w2 dimension of the 2D
spectra; ns = number of scans per t1 slice of the 2D spectra; 1d = recycle delay; t1,max = maximum t1 evolution time;
t1inc = increment or dwell time for the t1 evolution period; Tawel = dwell time during direct acquisition of the FID; Tacq
= maximum acquisition time during direct detection; THr = *H-°F cross polarization contact time; Tcoro = CORD
mixing time. Vin, acqg = *H decoupling field strength during detection.
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lipids, and ~30 mg water. The high-concentration VMS sample (sample 3) contained ~5
mg peptide, ~10 mg lipids, and ~10 mg water.

l1l.2.c. Solid-state NMR spectroscopy

Solid-state NMR spectra were measured on a Bruker AVANCE Il HD
spectrometer at 9.4 T (400 MHz 'H Larmor frequency) using a 4 mm HFX MAS probe.
19F chemical shifts were externally referenced to the *°F signal of Teflon at -122 ppm on
the CFCls scale. 13C chemical shifts were externally referenced to the 3Ca signal of
glycine at 43.65 ppm on the tetramethylsilane scale. Typical radiofrequency (rf) field
strengths were 62.5 kHz for 1°F and *3C pulses, and 50-62.5 kHz for *H decoupling
using the two-pulse phase-modulated (TPPM) sequence [130]. 1D *°F cross-
polarization (CP) spectra were measured at 303 K to 243 K under 10 kHz MAS.

2D °F-1°F correlation spectra were measured with a CORD [40] mixing time of
500 ms to investigate intermolecular contacts between MPER-TMD trimers (Table 111.2).
To freeze protein motion, we measured most of these spectra at 243 K, except for the
VMS sample (sample 3), which was measured at 238 K. The MAS frequencies were
10.0 and 10.332 kHz. For 2D spectra measured under 10.332 kHz MAS, the indirect
dimension was rotor-synchronized to remove spinning sidebands and hence increase
spectral sensitivity. The spectral width of 10.332 kHz corresponds to a 1°F chemical shift
range of 27.5 ppm. The °F carrier frequency was set to -68 ppm for these experiments,
thus the 5-1°F-W670 and 5-'°F-W666 peaks at -125 ppm are folded to -70 ppm in the
indirect dimension, whereas the CF3z signal of F673 and F663 appears at its true
isotropic chemical shift of -62 ppm.

111.2.d. Molecular dynamics simulations

To probe the effect of cholesterol on the conformation and association of gp41
trimers, we conducted coarse-grained (CG) and all-atom molecular dynamics
simulations. Most of the discussions in the main text center on all-atom simulations,
whereas the CG simulation details and results are summarized in the Si (

).

Table 111.3. Membrane compositions and simulation temperatures for the systems studied with
all-atom molecular dynamics simulations.

gp41 model and simulation

e temperature
Membrane Model Peptide : L|p|_d '
Chol mole ratios .
) ) Dimer of
A single trimer .
trimers
VM Seluster 1:70:30 303 K, 280 K 303 K, 280 K
cluster yasi
VMS==r without 1:93:0 303K, 280K | 303K, 280K
cholesterol
DMPC 1:87:0 303 K, 280 K 303 K, 280 K
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Three different membrane models were used in the simulations, including the
VMSeuster membrane and the DMPC membrane used in the solid-state NMR
experiments, and a VMS®Ustr membrane without cholesterol (Table [11.3). The VMSeluster
membrane contains POPC, POPE, POPS, PSM, and cholesterol with molar ratios of
15:20:15:20:30. To further understand the effect of cholesterol, we also compare the
simulation results for VMS®Uste" membranes with and without cholesterols. For each
membrane composition, two models of the MPER-TMD trimer were analyzed: a single
trimer and a dimer of trimers. The structural model of the single trimer was adopted from
the recent solid-state NMR study (PDB: 6DLN) [67], whereas the initial positions of the
trimers in the dimer-of-trimer model were obtained from CG simulations. As described in
the S, these CG simulations revealed spontaneous clustering of the MPER-TMD
trimers into three distinct geometries ( ). We then used all-atom simulations to
further examine the dimer model that features the most extensive gp41-gp41 contacts
and to probe the effects of cholesterol on trimer clustering.

In all-atom simulations of both single trimer and dimer-of-trimer models, the
peptide : lipid molar ratio is lower than that in the solid-state NMR experiments in order
to avoid self-association of the trimers through periodic boundary images. Since many
solid-state NMR experiments were conducted at low temperatures, we conducted MD
simulations at both 303 K and 280 K to better compare the simulations with the NMR
results, as well as to probe the physiological relevance of the observed clustering.

Initial configurations for MD simulations were built using CHARMM-GUI [131,
132]. The protein-lipid systems were solvated with a 22.5-A thick water layer on each
side of the lipid bilayer. The gp41 trimers are placed in the lipid bilayer in a single
orientation, with all MPER motifs interacting with the same membrane leaflet, to mimic
the situation in the virus membrane. The CHARMM36 force field [133, 134] and the
TIP3P model [135] were used to describe protein-lipid mixture and water, respectively.
Na* and CI" ions were introduced to neutralize the system and maintain a concentration
of 150 mM. All systems were equilibrated for at least 300 ns with the Highly Mobile
Membrane Mimetic (HMMM) model [136] to facilitate the re-distribution of membrane
components around the protein. Three configurations from the HMMM simulation were
randomly selected, then converted to full-chain lipid membrane systems using
CHARMM-GUI [137] and equilibrated for another 100 ns. During HMMM and
equilibration following the conversion to full-chain lipids, all heavy atoms of the proteins
were subjected to weak restraints. The production runs were free of any restraints and
lasted for at least 200 ns for each system and the initial configuration. To help verify the
robustness of the observed trends, especially the impact of cholesterol on the
association of gp41 trimers, we also conducted dimer-of-trimer simulations in DMPC
and cholesterol-free VMS®Uste" membranes, by starting with the tight dimer structure
obtained by the end of MD simulations of the VMS®Ust" membrane.

All HMMM, equilibration and production simulations were performed under

constant pressure and temperature using the Parrinello-Rahman barostat [138] and
Nose-Hoover thermostat [139, 140]. Bonds involving hydrogen atoms were constrained
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using the LINCS algorithm [141], which enables an integration time step of 2 fs. All
simulations were carried out using the GROMACS-2018.3 simulation package [142].

[11.3. Results

111.3.a. MPER-TMD trimers co-localize in cholesterol-containing membranes

To investigate whether the MPER-TMD trimers cluster on the nanometer scale in
lipid bilayers, we employed 2D °F-1°F spin diffusion correlation experiments. °F spin
diffusion is able to detect distances up to ~2 nm due to the high gyromagnetic ratio of
the 1°F spin and the resulting strong dipolar couplings [51]. Thus, if the fluorinated
MPER residues from different trimers approach each other to within ~2 nm, we should
observe inter-trimer correlation peaks. Most membrane samples prepared in this study
have a peptide monomer : lipid molar ratio of about 1:30 (Table Ill.1). This peptide
concentration was chosen to allow sufficient separation between the MPER-TMD
trimers if they are homogeneously distributed in the membrane while still permitting
enough sensitivity for the NMR experiments. To investigate whether peptide clustering
depends on the lipid composition of the membrane, we compare MPER-TMD bound to
a cholesterol-containing virus-mimetic membrane (VMS®st") versus the one-component
DMPC and POPE membranes.

To maximally ensure
that the measured
intermolecular 1°F-1°F
distances are between
different trimers rather than
within each trimer, we
placed fluorinated residues
at the N-terminal end of the W666

MPER in one pair of r_mxed Figure lll.1. Schematic diagram of the dimension of MPER-TMD

labeled samples and in the trimers and positions of fluorinated residues in the two mixed-

middle of the MPER helix in  labeled peptide samples.

the other pair of mixed Each trimer, which has an MPER length of ~29 A, is associated with

labeled samples. The first a lipid area of ~29 nm? in each lipid leaflet at a P/L ratio of 1 : 30. If
. the trimers are uniformly distributed in the lipid membrane, then

mixed-labeled sample

. there is a sufficient number of lipid molecules to prevent
contains 5-F-W670 and 4- interdigitation of two trimers.

CF3-F673 while the second

mixed-labeled sample contains 5F-W666 and 4-CFs-F663 (Fig. 11l.1, Table 111.1). Based
on a recently reported solid-state NMR structural model of trimeric MPER-TMD in lipid
bilayers [67], the distances between W670 and F673 labeling sites on different
protomers within the same trimer are 2.5-3.7 nm, and thus the inter-monomer F663 —
W666 distance within the same trimer is expected to be at least 4 nm. These intra-trimer
distances significantly exceed the measurable °F-1°F distance upper limit of ~2 nm
[51]. Thus, we do not expect to detect intra-trimer distances from these fluorinated
residues. This assumption will be tested by measuring the *°F-1°F correlation spectra of
MPER-TMD in different membranes. If the °F labels are not sufficiently separated

F663 F663
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within each trimer, then we expect to detect *°F-*°F cross peaks for all membrane
compositions instead of only some of the membranes.

The NMR structural model indicates that the overall MPER helix length is about
29 A, measured from L661 Co. to W680 Ca (Fig. I11.1) At the P/L ratio of ~1:30, each
trimer is on average solvated by about 45 lipid molecules in each leaflet, which occupy
an area of ~29 nm?2. We estimate that this should be sufficient to separate the trimers if
they are homogeneously distributed in the membrane instead of inhomogeneously
clustered. This hypothesis can again be tested by measuring 2D °F-1°F correlation
spectra in different lipid membranes. If the peptide concentration at a P/L of 1:30 is too
high and causes close approach of trimers in all membranes, then °F-1°F correlation
signals will be detected for all membrane compositions instead of only some of the
membranes.

Fig. 111.2 a shows the 1D *°F CP spectra of the two mixed labeled samples in the
VMSeuster membrane. The 4-CFs-labeled Phe residues show isotropic chemical shifts of -
62 ppm whereas the 5-1%F-labeled Trp residues show isotropic chemical shifts of about -
125 ppm (Fig. Ill.2 a). The high sensitivity of the trifluoromethyl *°F NMR signal facilitates
the detection of long-range cross peaks [51]. 2D 13C-13C correlation spectra (Fig. 111.2b,
c) of L684, L679, and 1675 in the MPER show a-helical chemical shifts, confirming the
helical conformation of the peptides in these membranes.
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Figure IIl.2. Characterization of the MPER-TMD conformation in the VMS®Us" membrane by °F
and 3C NMR.
(@) 1D *°F CP spectra of mixed CFs-F673 and 5F-W670 labeled peptides (sample 1) and mixed CFa-
F663 and 5F-W666 labeled peptides (sample 5) in the VMS®Us* membrane. The spectra were
measured at 243 K under 10.3 kHz MAS. (b) 2D *3C-'3C correlation spectrum of 1675 and L679 3C-
labeled MPER-TMD in the VMS®“s membrane (sample 5) at 243 K under 9 kHz MAS. The 24-ppm
cross section is shown below, where the asterisk indicates the diagonal peak. (c) 2D 3C-13C
correlation spectrum of L684 3C-labeled MPER-TMD in the VMS®Us" membrane (sample 1) at 295 K
under 9 kHz MAS. The 24-ppm cross section is shown below.
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Figure 111.3. 500 ms 2D '°F-1°F correlation spectra of mixed fluorinated gp41 trimers.

(a) 2D spectrum of mixed 5F-W670 and CFs-F673 labeled peptides in the VMS®Ustr membrane at P/L =
1:30 (sample 1). (b) 2D spectrum of mixed 5F-W670 and CF3-F673 labeled peptides in DMPC at P/L =
1:32 (sample 2). (c) 2D spectrum of mixed 5F-W666 and CFs-F663 labeled peptides in the VMSeuster
membrane at P/L = 1:30 (sample 5). (d) 2D spectrum of 5F-W666 and CF3-F663 mixed labeled peptide
in DMPC at P/L = 1:32 (sample 6). Cross peaks are highlighted in yellow. (e) 1D *°F cross sections of
5F-W670 and CF3-F673 from the 2D spectra of the VMSe“ste" sample and DMPC sample in (a) and (b).
Asterisks indicate spinning sidebands. (f) 1D °F cross sections of W666 and F663 from the 2D spectra
of the VMSeUster sample and the DMPC sample in (c) and (d). All 2D spectra were measured at 243 K
where protein motions were frozen.

Fig. 1.3 shows the 500 ms 2D °F-19F spin diffusion spectra of fluorinated
MPER-TMD in VMSe®uster and DMPC membranes. These 2D spectra were measured
with rotor synchronization for the indirect dimension to increase the spectral sensitivity.
The 5F-Trp chemical shifts appear at folded positions of -70 ppm in the indirect
dimension of these 2D spectra. We observed clear correlation signals between W670
and F673 in the VMS®Ust" membrane, but the cross peaks are absent in the DMPC
membrane (Eig. Ill.3 a, b). This contrast shows that intra-trimer distances are indeed
too long to be measured, and moreover the MPER-TMD trimers approach each other in
the cholesterol-containing VMS®Uste" membrane. Similarly, correlation peaks between
W666 and F663 are clearly observed in the VMS®Uste" membrane but are much weaker
in the DMPC membrane (Fig. 111.3 c, d). These results indicate that multiple MPER-




TMD trimers cluster in the cholesterol-containing VMS®Us" membrane but not in the
DMPC bilayer. We also measured 2D correlation spectra of POPE-bound peptide and
observed no intermolecular cross peaks between W670 and F673 (Fig. S3). As a
positive control, 2D spectra of the peptide in the VMSUstr membrane at a higher P/L
ratio of 1:10 showed clear cross peaks between W670 and F673, as expected (Fig. S3).
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Figure I11.4. 2D 'H-°F HETCOR spectra for measuring the depth of insertion of MPER residues in
different lipid membranes.
(a) 2D spectrum of mixed 5F-W670 and CFs-F673 labeled peptide in the VMS®s® membrane at P/L =
1:30. (b) 2D spectrum of mixed 5F-W670 and CF3-F673 labeled peptide in the DMPC membrane at P/L
=1:32. (c) 2D spectrum of mixed 5F-W666 and CFs-F663 labeled peptide in the VMSs®" membrane.
(d) 2D spectrum of mixed 5F-W666 and CF3-F663 labeled peptide in the DMPC bilayer. 1D *°F cross
sections at the lipid CH2 and water *H chemical shifts are shown on the right of each 2D spectrum. The
two DMPC samples show much higher lipid cross peaks compared to the VMSeUster samples. The
vMSester 2D spectra (a, ¢) were measured at 275 K whereas the DMPC 2D spectra (b, d) were
measured at 290 K. 1D 'H spectra of the two types of membranes at these temperatures show similar
IH linewidths for the lipid chain CH2 peak, indicating that the lipid chain dynamics is similar at these
temperatures.

For the VMScste'-membrane bound sample, the cross-peak intensities are not
symmetric: the magnetization transfer from 5F-Trp to CFs-Phe (-70 ppm row) is higher
than the reverse transfer from CFs-Phe to 5F-Trp (-62 ppm row). We attribute these
asymmetric cross peak intensities to the reduction of long-range °F-1°F dipolar coupling
by the rotating CFs group, as previously shown for model compounds [51]. The close
approach of W670 and F673 between two trimers, as well as the close approach of
W666 and F663, suggest that two trimers interdigitate in the VMScste" membrane (Fig.
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lIl.5 a, b), so that an MPER helix of one trimer packs in antiparallel with an MPER helix
of a second trimer.

[11.3.b. The MPER resides on the membrane surface in cholesterol-
containing membranes

Since different MPER structural models have been proposed in micelles, bicelles
and bilayers [67, 143-145], the MPER conformation is likely sensitive to the membrane
environment. This suggests that clustering of the MPER-TMD trimers might perturb the
MPER conformation, for example by squeezing the helix out of the membrane-water
interface, whereas well separated and isolated trimers might allow the MPER to insert
more deeply into the membrane. To test this hypothesis, we measured the depth of
insertion of the MPER using 2D *H-19F correlation experiments with *H spin diffusion
[146, 147]. Specifically, we measured the lipid-peptide and water-peptide *H-1°F cross
peak intensities to probe the depth of insertion of the fluorinated residues.

Fig. Ill.4 shows 2D 'H-1°F correlation spectra of the MPER-TMD peptides in
VMSeuster and DMPC membranes with 100 ms *H spin diffusion. The spectra were
measured at 290 K for the DMPC samples and 275 K for the VMS¢lster samples to
reach similar lipid chain dynamics and *H spin diffusion coefficients. This is verified by
1D H MAS spectra of the two types of membrane samples, which show similar
linewidths for the lipid CHz, CH3 and Hy signals. At 290 K, fully hydrated pure DMPC
membrane exists in the rippled (Pg’) phase [148]; however, the peptide likely broadens
the L.-to-Pg phase transition. In both membranes, the CFs-Phe and 5F-Trp signals
show correlation peaks with the water and lipid CH2 proton signals at 4.8 ppm and 1.2
ppm, respectively. Therefore, the MPER helix partitions to the membrane-water
interface, in good agreement with the previous 3C NMR spectra [67]. However, the
relative intensities of the lipid and water cross peaks differ dramatically between the two
membrane environments. The lipid-peptide cross peak intensities are 32-60% of the
water-peptide cross-peak intensities in the DMPC membrane, but decrease to only 7-
10% of the water-peptide cross peak intensities in the VMSestr membrane. This
indicates that the MPER is much more deeply inserted into the DMPC bilayer than the
VMSeuste membrane. Moreover, in the DMPC membrane, the lipid cross peak
intensities are high for C-terminal residues of the MPER but low for N-terminal residues,
with an intensity trend of F673 > W670 > W666 > F663. This trend indicates that the
MPER helix is tilted from the membrane plane, with the N-terminus more exposed to the
aqueous solution while the C-terminus more immersed in the membrane (Eig. 111.5 c, d).
In contrast, in the VMS®Us membrane, the four fluorinated residues show similarly
weak lipid cross peak intensities, indicating that the MPER helix is parallel to the plane
of the VMSse" membrane and is shallowly immersed.
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Figure I11.5. Models of gp41 MPER-TMD trimer clustering

(a, b) and MPER depth of insertion (c, d) in lipid membranes. (a, ¢) VMS9s® membrane. (b, d) DMPC
membrane. Two gp41 trimers cluster to cause partial interdigitation of the MPER. The trimers approach
each other more closely in the VMS®st" membrane than in the DMPC membrane. The MPER helices
are more deeply inserted in the DMPC bilayer than in the VMS®“s membrane.

111.3.c. Molecular dynamics capture trimer association and MPER
orientation in cholesterol-containing membranes

To quantify the effect of the membrane composition on the orientation and depth
of insertion of the MPER, we conducted all-atom molecular dynamics simulations, and
evaluated the average Z positions of each amino acid residue of the peptide relative to
the bilayer center. Fig. lIl.6 shows the results of the simulations for a single gp41 trimer.
At 303 K, the center of MPER lies at 19 and 12 A from the bilayer center in the
VMSeuster and DMPC membranes, respectively (Fig. 111.6 a, c). The VMScluster
membrane is only 5.1 A thicker than the DMPC bilayer: the distance from the
membrane center to the average phosphorus position in each leaflet is 22.8 A for the
VMSeluster membrane and 17.7 A for DMPC at 303 K. Thus, these results indicate that
the MPER is less embedded in the VMS®Us membrane than in the DMPC bilayer,
consistent with the solid-state NMR data. In addition, the MPER orientation is more
parallel to the membrane surface in the VMS®ste" membrane: the average angle 0
between the helix axis and the bilayer normal is 70° in the VMScste" membrane but
decreases to 45° in the DMPC membrane (Eig. lll.6 d-f). This orientational change is
consistent with the depth difference of the peptide between the two membranes.

To test whether these differences in MPER orientation and depth of insertion are
due to cholesterol, we carried out simulations in a modified, cholesterol-free, VMScluster
membrane. As shown in Figs. IlIl.6 b and II.6 d, excluding cholesterol from the
membrane led to a pronounced decrease of the average Z positions of MPER residues
as well as a reduction of the 6 angle compared to the results in the cholesterol-
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containing VMSe®ster membrane. As illustrated by the snapshots in Fig. 1.6 e, binding of
cholesterol to the helix-turn-helix region of the peptide tends to orient the MPER parallel
to the membrane surface, and reduces its insertion into the hydrophobic region of the
bilayer. These trends are qualitatively maintained in the 280 K simulations (Fig. S4, Fig.
S5), although the orientational difference is smaller in the low-temperature simulations,
in part because the DMPC membrane is in the gel phase at 280 K (Fig. S6). These
simulations thus support the physiological relevance of the solid-state NMR
measurements at low temperatures.
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Figure 111.6. All-atom simulations at 303 K of a single gp41 MPER-TMD trimer indicate that the
MPER orientation is perturbed by cholesterol.

Simulations at 280 K give qualitatively similar results and are summarized in Fig. S4. (a-c) Z coordinates
of all atoms in each residue, averaged over three peptide chains along independent MD trajectories. A
single gp41 trimer is embedded in the (a) VMS®“st membrane, (b) cholesterol-free VMS®Ust membrane,
and (c) DMPC membrane. Statistical errors of the Z coordinates are similar in magnitude as the size of
each box symbol. The membrane center is taken to be Z = 0, and the membrane thickness, defined by
the location of P atoms in the two leaflets, is indicated by horizontal solid lines. (d) Average angle 6
between the MPER helix and the membrane normal, which is defined as the Z axis of the simulation box.
The Ca atoms of the first and last 4 residues (L661-D664 and A677-W680) of MPER are used to define
the helical axis. (e, f) Snapshots from VMS®U s and DMPC simulations illustrate the different locations
of the MPER and the locations of nearby (within 2.5 A of MPER) cholesterol molecules in the VMSeluster
membrane. Phosphate atoms are shown as white spheres and lipid tails are shown as thin lines.

All-atom molecular dynamics simulations reveal that multiple MPER-TMD trimers
indeed cluster in the membrane; moreover, this self-association is facilitated by
cholesterol. To characterize the separation between two trimers, we monitored two
guantities: the distribution of pairwise distances between all Ca atoms in adjacent
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MPERs, and the distribution of distances between W680 Ca distances in adjacent
MPERs (Eig. Ill.7 a). The latter is particularly robust against MPER lateral fluctuations,
since W680 is near the turn between the MPER and the TMD. Both these distance
parameters are more stable than the inter-trimer W670-F673 and W666-F663 distances
measured in the 2D °F-1°F correlation NMR experiments, which are sensitive to
fluctuations of the MPER helix at the sluggish membrane-water interface.
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Figure lll.7. Association of two MPER-TMD trimers in aII atom S|mulat|ons at 303 K.

(&) Snapshot illustrating the displacement of two gp4l trimers from the simulations. Small spheres
indicate the Ca atoms in adjacent MPERs whereas big spheres represent the Co atoms of W680 near
the C-terminal end of the MPER. (b) Probability distribution of pairwise distances between all Ca. atoms
in adjacent MPERs of two gp41 trimers, as shown in panel (a). (c) Probability distribution of W680-W680
Ca-Ca distances between two gp41 trimers, as shown in panel (a). The results at 280 K are qualitatively
similar and are shown in Fig. S4. (d, e) Top view of snapshots for the dimer of trimers in the VMSeluster
and DMPC membranes, respectively. Cholesterols within 5 A of any atoms of MPER are shown, and in
some cases, cholesterol is observed to interact with both MPERSs. (f, g) Sideview of the snapshots. These
shapshots indicate that close MPER contacts form only through inter-trimer interactions, supporting the
result of the solid-state NMR analysis (Fig. I1.5).
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Fig. 11l.7 b shows that the Ca-Ca distance distribution is broader in the DMPC
membrane than in the VMS®st®" membrane, suggesting that two MPERSs from two
trimers are more tightly associated in the VMScstr membrane. The distance
distributions between adjacent W680 Ca atoms (Eig. 11.7 ¢) show an even clearer
trend: the average separation is 3.0 nm in the VMS®Ust®" membrane, which increases to
3.9 nm in the DMPC membrane and 4.1 nm in the cholesterol-free VMS®ste" membrane.
Therefore, the MPER-TMD trimers cluster more tightly in cholesterol-containing
membranes than in cholesterol-free membranes. Moreover, when the clustered dimer of
trimers in the VMS®Uste membrane is embedded in cholesterol-free membranes, the
distance between the two trimers quickly increased in independent simulations (

). As the snapshot in Fig. Ill.7 d, f illustrates, cholesterol molecules occasionally
interact simultaneously with the MPER motifs from two trimers. CG simulations ( )

confirm this favorable interaction between gp41 and cholesterol, showing an
enhancement of the cholesterol concentration near gp41 compared to the bulk.

[11.4. Discussion

These solid-state NMR data (Eig. I11.3, 11l.4) and molecular dynamics simulations
provide direct experimental evidence for the clustering of gp41 MPER-TMD trimers in
lipid bilayers. The 2D °F-°F spin diffusion NMR spectra, which are sensitive to inter-
fluorine distances up to ~2 nm [51], give residue-specific information about trimer-trimer
association on the nanometer scale. The observation of 1°F-19F correlation peaks
between W670 and F673 at the center of two different MPER helices, and between
F663 and W666 near the N-terminus of two MPER helices, indicates that multiple
trimers cluster to intercalate their MPER helices (Eig. l1l.5). Importantly, these 19F-1°F
correlation peaks are observed in the cholesterol-containing VMS®Ust" membrane but
are mostly suppressed in the DMPC membrane at the same P/L molar ratios (Fig. l11.3).
This difference indicates that these intermolecular cross peaks do not result from the
same trimer nor reflect the average separation of homogeneously distributed trimers in
the lipid membrane. Rather, they result from the close approach of multiple MPER-TMD
trimers in the presence of cholesterol. This association involves inter-fluorine distances
of less than 2 nm, which is shorter than the average separation at the P/L ratio of 1:30
used here.

The clustering of the MPER-TMD trimers in the cholesterol-containing membrane
correlates with the more surface-exposed location of the MPER in the VMScluster
membrane compared to the DMPC membrane. 2D H-1°F HETCOR spectra show that
the MPER residues have much weaker cross peaks with lipid acyl chains in the
VMSeuster membrane than in the DMPC membrane (Fig. 111.4, Fig. IIl.5 ¢, d). Atomistic
simulations confirm that the MPER helix is more parallel to the membrane surface in the
VMSeuster pilayer but is more tilted and buried in the DMPC bilayer (Eig. 111.6). The more
in-plane orientation extends the MPER reach, thus promoting trimer-trimer interactions.
The fact that cholesterol lifts and extends the MPER to the membrane surface is in
excellent agreement with the location of cholesterol under the canopy of the MPER
helix, as found in the recent solid-state NMR and molecular dynamic study [125]. The
simulations in that study identified two hotspots of interaction with cholesterol,

57



673ENITNS’7 in the MPER and 584LFIMI®88 in the TMD. These two hotspots flank the turn
between the MPER and TMD and sequester cholesterol in the L-shaped fold, in analogy
with the mode of interaction between the influenza M2 protein and cholesterol [149,
150].

The limited sensitivity of °F exchange NMR experiments for measuring
nanometer 1°F-1°F contacts prohibit a more exhaustive study of the lipid dependence
and peptide-concentration dependence of gp41 trimer clustering. Instead, molecular
dynamics simulations fill this gap. All-atom simulations show that the MPER-TMD
trimers cluster at an even lower P/L molar ratio of 1:70 (Eig. lll.7 d, Table 111.3),
supporting the notion that this trimer clustering is relevant under biological conditions.
Removal of cholesterol from the VMS®Us membrane increased the average inter-trimer
W680-W680 distances to 4.1 nm, similar to the average distance of 3.9 nm in DMPC
bilayers (Fig. I1.7 c). In the VMS®str membrane, cholesterol molecules are observed to
interact occasionally with adjacent MPERSs of two trimers. Such bridging configurations
may combine with cholesterol’s indirect modulation of the orientation of the MPER helix
to facilitate trimer clustering. A recent coarse-grained simulation of full-length gp41 in a
virus-mimetic membrane showed that at least three gp41 trimers are required to cause
membrane fusion [151]. Lipid stalk formation was observed when multiple trimers
approached each other within ~3.5 nm, measured from the center of mass of each
trimer. In our current all-atom simulations, the distance between the centers of the TM
helical bundle is 3.8-4.3 nm, in good agreement with the results of the previous coarse-
grained simulations.

Our current finding that membrane cholesterol promotes the clustering of MPER-
TMD trimers is consistent with previous fluorescence spectroscopy data that cholesterol
enhanced the fusion activity of the MPER and promoted its self-association [124]. It is
also consistent with the model that gp41 localizes to the edge of the cholesterol-rich,
liquid-ordered region of the membrane, as proposed here [125]. This model was
validated by fluorescence microscopy on the gp41 N-terminal fusion peptide (FP) [20,
80]; in these studies, adding linactants to the membranes reduced the efficiency of gp41
FP-mediated membrane fusion events. The VMSeUs" membrane in our NMR
experiments and simulations contains 30 mol% cholesterol and 20 mol% SM. Although
the phase diagram of this exact lipid mixture has not been characterized, based on the
ternary phase diagram of POPC/PSM/cholesterol [152], the VMS®Uste" membrane likely
contains both Ld¢ and Lo phases [153-155]. Explicitly probing the preferential localization
of gp41 to different lipid domains would require much larger systems that are
computationally expensive at the atomistic level. As an alternative approach [156], our
coarse-grained simulations found that the cholesterol concentrations near gp41 are
substantially elevated compared to the bulk ( ), confirming that gp41 preferentially
interacts with cholesterol. Combining these solid-state NMR data and simulations, we
propose that complexation between the MPER and cholesterol induces lateral
segregation of gp41 to cholesterol-rich regions of the lipid membrane and anchors the
MPER at the membrane surface for self-association. In addition to cholesterol, the
amino acid sequence of the MPER may also play a role in clustering. For example, a
recent NMR study found that trimerization of the MPER peptide in solution requires
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hydrophobic interactions involving two N-terminal Leu residues [157]. Our simulations
indicate that 1665, D664, S668, N671 and W672 are predominantly involved in trimer-
trimer contacts ( ), suggesting that both hydrophobic and polar interactions
contribute to MPER clustering. Therefore, gp41 clustering may be promoted by the
concerted action of the cholesterol-rich membrane and the MPER amino acid
sequence.

How does clustering of MPER-TMD trimers mediate membrane fusion? We
propose that multiple gp41 trimers, brought together by the cholesterol dimers and
tetramers discovered recently [158], amplify positive membrane curvature prior to the
formation of the hemifusion intermediate. We speculate that this positive membrane
curvature is caused by the shallow insertion of the MPER helix and the large radial
footprint of each MPER-TMD trimer [159, 160]. This positive membrane curvature
favors the close juxtaposition of the viral membrane and host-cell membrane.
Interdigitation of the MPER helices between the clustered trimers may enable the
coordinated bending of a larger lipid surface area compared to an end-to-end
arrangement of the MPER helices. Clustering of MPER-TMD may also further enrich
cholesterol, thus causing increased lipid asymmetry. Thus, clustering of gp41 MPER-
TMD may promote virus-cell membranes fusion by generating both membrane
curvature and lipid asymmetry.
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Conclusion: Assembling the puzzle

In this study, we learned that the HIV virion membrane-bound domains of the
gp41 fusion protein indeed form clusters in lipid bilayers (Section 111.3.a), as discussed
in Section |.2.c. This clustering activity was stronger in membranes with the VMSeluster
lipid composition, which as discussed above, likely contains the Lo/Ld domain
boundaries that gp41 is known to utilize [20], opening the door for a possible functional
connection between gp41’s clustering and utilization of line tension at Lo/L4 boundaries
(Section 1.2.b). Curiously, the membrane-proximal external region (MPER) domain was
largely surface-exposed in the VMScster membrane (Section 111.3.b), and instead
exhibited lipid-packing-disrupting membrane insertion activity (see Section 1.2.e) in the
DMPC membrane, suggesting gp41 may only insert its MPER domain into membranes
at other stages of the virus life cycle. Finally, this study demonstrated a viable °F-°F
spin diffusion NMR method that could be applied to other questions of membrane
protein clustering and supermolecular assembly.
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9F spin diffusion NMR reveals that tetrameric influenza M2 proteins cluster around
cholesterol- and phosphoethanolamine-rich membrane domains.

V. Abstract

The tetrameric influenza M2 protein forms a drug-targeted proton channel to
mediate virus uncoating and carries out membrane scission for virus release. While the
proton channel function of M2 has been extensively studied, the mechanism by which M2
mediates membrane scission is still not well understood. Fluorescence and electron
microscopy data indicate that M2 tetramers concentrate at the neck of the budding virus
in the host plasma membrane. However, molecular structural evidence for this clustering
is scarce. Here, we use °F solid-state NMR spectroscopy to investigate M2 clustering in
phospholipid bilayers. By mixing CFs3-Phe47 labeled peptide with 4-F-Phe47 labeled
peptide at equal concentrations and measuring F-CFz cross peaks in 2D °F-1°F
correlation spectra, we show that M2 tetramers indeed cluster in lipid bilayers. This
clustering is stronger in cholesterol-containing membranes and in phosphoethanolamine
membranes. The observed F-CFs correlation peaks indicate that Phe47 sidechains of
different tetramers are less than ~2 nm away from each other. *H-'°F correlation peaks
between lipid chain protons and fluorinated Phe47 indicates that Phe47 is more deeply
inserted into the membrane in the presence of cholesterol than in its absence, suggesting
that Phe47 preferentially interacts with cholesterol. Static 3*P NMR spectra indicate that
M2 induces negative Gaussian curvature in the POPE membrane. These results suggest
that M2 tetramers cluster at cholesterol- and PE-rich region of the cell membrane to cause
high membrane curvature, which in turn leads to membrane scission for virus release.
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IV.1. Introduction

Influenza A and B infections represent an ongoing global health issue where
improved vaccine and therapeutic design could make a substantial difference (see
Section I.1.). Basic research on Influenza A’s chemistry can open up new technological
avenues. The 97-residue Matrix protein 2 (M2) of the Influenza A virus plays several
important roles in the virus life cycle. After the influenza virus enters a cell by
endocytosis, the acidic environment of the endosome activates M2’s proton channel
activity, acidifying the virion, which triggers fusion of the virus lipid envelope and the
endosomal membrane and release of the viral ribonucleoproteins into the host cell [161-
163]. M2’s proton channel function has been extensively characterized [164-171], and
the mechanism of its inhibition by adamantane drugs has also been studied using
biophysical and biochemical experiments [172-177]. In addition to this proton channel
function, M2 also mediates virus budding and release by carrying out membrane
scission in a manner that is independent of the host machinery such as ESCRT [178-
180]. M2-deletion viruses can form buds on the plasma membrane but cannot be
released, demonstrating this scission function [178].

Several lines of evidence suggest that M2 and other eukaryotic membrane
proteins may cluster to carry out their functions. Electron micrographs of immunogold
labeled M2 on the ~100 nm scale show that the protein is clustered to the neck of the
budding virions in influenza-infected MDCK cells [21, 178]. Fluorescence microscopy
images of phase-separated giant unilamellar vesicles showed rhodamine-labeled M2
[178] and M2CD(22-62) [21] are restricted to the L4 phase but concentrate on the
boundary of liquid-ordered (Lo) and liquid-disordered (Lq) phases. Functionally important
cluster formation has also been reported in other related membrane proteins. For
example, fluorescence microscopy data revealed Gag-restricted clustering of the HIV
Env protein upon virus maturation [22]. Oxidation-sensitive co-clustering of the SNARE
component syntaxin-1A and the pore-forming subunit of Ca?* channel Cavl.2 was
associated with the interactions between these proteins in exocytotic neurotransmitter
release [23].

Despite these biophysical data that M2 proteins self-associate on the micron and
~100 nm scale, whether M2 tetramers cluster on the molecular length scale of a few
nanometers has not been established experimentally. Coarse-grained molecular
dynamics simulations found that M2 tetramers spontaneously assemble into compact
clusters in membrane environments with high lateral stress or “stiff” lipid species.
Simulated lateral stress on the order of what a plasma membrane experiences led to
M2 clusters which coincided with spontaneous inward (-/- by our sign convention)
curvature of the membrane [21]. A ?H NMR study of the M2(22-46) peptide containing
deuterated Alaze in DOPC : DOPE (4:1) bilayers showed that increasing the peptide/lipid
molar ratio increased the quadrupolar couplings. Simulations of these spectral
lineshapes indicate that the uniaxial rotational diffusion rates of the tetramers slowed by
25-fold [181]. However, since motional rates could decrease due to the increased
membrane viscosity when more peptide is present, this dynamics change does not
provide unambiguous information about M2 clustering.
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The recently discovered cholesterol binding to the M2 protein may provide a
molecular mechanism for M2 clustering [182-185]. 3C-1°F distance measurement
between 3C-labeled M2(22-61) and fluorinated cholesterol showed that the methyl-rich
B-face of cholesterol interacts with the methyl-rich lle and Leu residues in the M2
transmembrane (TM) helix, while the polar hydroxyl end of cholesterol interacts with
polar and aromatic residues in the M2 amphipathic helix (AH) [184]. Two cholesterol
molecules are bound to each M2 tetramer on average, forming an asymmetric M2-
cholesterol complex. It was hypothesized that this asymmetric complex might facilitate
the recruitment of M2 to the virus budozone because of the higher cholesterol
concentration at the budozone compared to the plasma membrane. More recent 1°F and
13C spin diffusion NMR data on lipid bilayers with 17% cholesterol revealed that
cholesterol molecules exist as dimers and tetramers in lipid bilayers, with the smooth a-
face preferentially interacting with each other, thus the rough p-face could point outward
towards proteins [54]. The cholesterol dimer effect held in both phase-separated
palmitoylsphingomyelin (PSM):POPC:chol and miscible POPC:POPG membranes [54].
Meanwhile, as previously mentioned, M2CD tends to localize along Lo/Ld phase
boundaries. These results suggests that cholesterol dimers might act as the molecular
“glue” to facilitate the clustering of multiple M2 tetramers.

To directly determine whether M2 tetramers cluster in lipid bilayers, and to
characterize the membrane compositions and protein requirements for such clustering,
here we employ °F magic-angle-spinning (MAS) NMR spectroscopy. We synthesized
M2 peptides containing either 4-F-Phe47 or 4-CF3-Phe47, and prepared equimolar
mixtures of the two peptides in lipid membranes. We then measured 2D °F-1°F spin
diffusion correlation spectra to determine if the differently labeled peptides come into
close proximity. *°F spin diffusion NMR is well suited for measuring interatomic
distances of 1-2 nm [50, 51, 186-191]. The lack of *°F background in naturally occurring
biomolecules allows us to detect only the sparsely fluorinated residues. *°F has large
isotropic and anisotropic chemical shifts, thus making them sensitive to molecular
conformation. Most importantly, the large gyromagnetic ratio (y) of *°F increases the
dipolar coupling strengths compared to couplings between low-y nuclei. For example,
OF-19F dipolar couplings are 14-fold stronger than *3C-13C dipolar couplings for the
same distance. Moreover, spin diffusion between a CF3 group and a CF group is highly
efficient due to the simultaneous polarization transfer of three fluorines to or from a CF
group and methyl rotational averaging of the 1°F CSA, which speeds up spin diffusion.
This °F spin diffusion NMR approach has been shown recently to allow the detection of
inter-fluorine distances to ~2 nm [51, 188, 192, 193]. Using this *°F spin diffusion NMR
approach, here we show that M2 tetramers do form clusters in lipid membranes, and
this clustering is facilitated by cholesterol and phosphoethanolamine (PE) lipids. We
also probe the depth of insertion of Phe47 at the junction of the TM and AH using *H-1°F
2D correlation experiments [194], and correlate these observations with M2 clustering.
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IV.2. Materials and Methods

IVV.2.a. Peptide synthesis and purification

All M2 peptides used in this study were synthesized using Fmoc solid-phase
chemistry on a custom designed flow peptide synthesizer [195]. Two different peptide
constructs were synthesized: one containing both the TM helix and the amphipathic
helix (M2CD), spanning residues 22-61, while the other comprised the TM domain
(M2TM) spanning residues 22-49. The M2CD sequence is H-??SSDPLVVAA SIIGILHLIL
WILDRLFFKS IYRRLKYGLK R®'-NH2. The M2CD construct comprises the kinked
transmembrane helix (TM) and the Amphipathic Helix (AH) region of the cytoplasmic
domain; the construct assembles into a tetramer with the amphipathic helix segments
lying semi-embedded along the membrane surface [196]. EPR studies in this same
POPC:POPG (4:1) regime showed the AH domain’s membrane insertion and dynamics
were only gently perturbed in the “M2TMC” (23-60) truncate compared to the full-length
protein [197]. The M2TM sequence is H-22SSDPLVVAA SIIGILHLIL WILDRLFFK4°-NH2.
This construct is three residues (*’FFK#°) longer than the commonly studied M2 TM
peptide spanning residues 22-46. Each M2 peptide contained either a 4-CFs-Phe47
label or a 4-F-Phe47 label. In addition to the °F labels, M2CD also contained 13C, 1°N-
labeled G34 and 151 and CDs-labeled A29 while M2TM also contained 13C, 1°N-labeled
V27, A30 and G34 (Table IV.1). These 13C, N labeled residues allow us to monitor the
secondary structure of these peptides in the membrane.

Table IV.1: Isotopic labeling and membrane compositions of the influenza AM2 samples used in

this study.
4-CF3 or 4-F-labeled Phe47 residues are underlined and shown in red. 13C, 15N-labeled residues are
bolded and shown in blue. CD3-labeled Ala is italicized.

M2CD(22-61)

22 25 30 35 40 45 50 55 60
SSD PLVVA ASIIG ILHLI LWILD RLFFK SIYRR LKYGL KR
Mseanr;bpr;rée P :L:C molar ratio Lipid composition
1 1:12:3:3 POPC : POPG : chol
2 1:12:3 POPC : POPG
3 1:24:6:6 POPC : POPG : chol
4 1:24:6 POPC : POPG
5 1:30 POPE

M2TM(22-49)
22 25 30 35 40 45
SSD PLVVA ASIIG ILHLI LWILD RLFFK

Membrane P :L:C molar ratio Lipid composition
Samples
6 1:24:6:6 POPC : POPG : chol
7 1:24:6 POPC : POPG
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Each peptide was synthesized on the 0.05 mmol scale using H-Rink amide
ChemMatrix resin (0.1 g at 0.05 mmol/g loading size). The resin was swelled in the
reaction vessel for 5 min in ~5 mL of N,N-dimethylformamide (DMF) at 70°C. A 10-fold
excess (0.5 mmol) of unlabeled amino acid was singly coupled with a coupling time of
50 s. After the final coupling step, the peptide was deprotected and cleaved from the
resin by addition of TFA/phenol/H20/TIPS solution (88 : 5: 5 : 2 by volume) in a fritted
syringe under vortex agitation at room temperature for 3 hours. The resin was filtered
off, and the crude peptide was precipitated and triturated three times with cold
diethylether. The remaining solvent was allowed to evaporate from the crude peptide in
the fume hood overnight.

To purify M2CD, we dissolved crude peptide in 30% acetonitrile and purified it by
reverse-phase HPLC using a Vydac C4 column in the presence of 0.1% TFA. A linear
gradient of 30-70% acetonitrile over 44 min was applied at a flow rate of 15 mL/min. The
peptide eluted at 64% acetonitrile. The collected HPLC fractions were dried under
nitrogen gas and lyophilized overnight to obtain pure powder. MALDI mass
spectrometry data verified the mass of CFs-Phe47 labeled M2CD to be 4766.8 Da, in
good agreement with the calculated mass of 4764.8 Da. For the 4F-Phe47 labeled
M2CD, the measured mass was 4715.2 Da, in good agreement with the calculated
mass of 4713.8 Da.

4F-Phe47 labeled M2TM was purified by HPLC using a linear gradient of 30-
100% acetonitrile in water over 65 min at a flow rate of 10 mL/min. MALDI-MS analysis
verified the mass to be 3180.1 Da, in excellent agreement with the calculated mass of
3179.9 Da. The peptide eluted at 81% acetonitrile. HPLC fractions were dried under
nitrogen gas and lyophilized overnight to obtain pure powder. The total synthesis and
purification yield was about 5%. For CF3-Phe47 labeled M2TM, crude peptide was
dissolved in 60% acetonitrile, and reverse-phase HPLC used a linear gradient of 80-
99% acetonitrile in water over 54 min at a flow rate of 10 mL/min. MALDI-MS analysis
verified the mass to be 3228.3 Da, in good agreement with the calculated mass of
3229.9 Da. The peptide eluted at 83% acetonitrile. The total yield was 10%.

I\VV.2.b. Preparation of proteoliposomes

We used three phospholipids in this study: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE). These
POPX (X=C, G, E) lipids were chosen over saturated lipids to better mimic the acy!
chain compositions of biological membranes. These lipids were mixed with cholesterol
(chol) to produce three membrane mixtures: POPC : POPG (4:1), POPC : POPG : chol
(4:1:1, i.e. 17 mol% cholesterol), and POPE. NMR samples contained 4.5-8.0 mg of
peptide and 12-48 mg of lipids and cholesterol. The peptide/lipid molar ratios (P/L) refer
to the ratio of M2 monomers to all phospholipids, excluding cholesterol. P/L values of
1:15 and 1:30 were used in this study. The 1:30 samples are more dilute compared to
the recent 2H NMR study, which used P/L ratios of 1:20 and 1:7.5 [181] .
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For each membrane sample, we dissolved the appropriate mass of peptide in
500 pL TFE, while phospholipids and cholesterol were dissolved in 200-500 uL
chloroform. About 20-50 ul of methanol was added to POPE to aid dissolution. The
homogeneous lipid solution was added to the peptide-TFE solution, incubated at room
temperature for at least 10 min, then the organic solvent was removed using nitrogen
gas. The dried peptide-lipid film was resuspended in 2 mL buffer (10 mM pH 7.4
HEPES/NaOH buffer, 1 mM EDTA, and 0.1 mM NaN3s) and homogenized by one of two
methods. The POPC : POPG membranes with or without cholesterol were
homogenized by 10-15 cycles of freeze-thawing between liquid nitrogen and a 50°C
water bath. The POPE vesicle solution, which does not homogenize well by freeze-
thawing, was sonicated at room temperature using a bath sonicator for at least three
rounds of seven minutes each until the solution appeared homogeneous. These
proteoliposome solutions were transferred to Thermo Scientific Snakeskin™ dialysis
tubing with a 3.5 kD MWCO and dialyzed for 8-12 hours in sample buffer to remove
residual TFE. The proteoliposome solutions were then ultracentrifuged to obtain the
membrane pellets. Some samples were spun down using a Beckman Coulter Optima
LE-80K centrifuge equipped with a SW-60 swinging bucket rotor at 40,000—45,000 rpm
(143,000-272,000 x g) at 4°C for 4-5 hours. Other samples were spun down at 55,000
rpm (max 186,000 x g) in a Beckman Coulter Optima Max preparative ultracentrifuge
equipped with a TLA-55 rotor for two hours. The wet membrane pellets were allowed to
dry to 40-50 wt% water in a desiccator or under nitrogen gas. When the volume of
excess water was large, brief lyophilization was used. The samples were then spun into
a 4 mm MAS rotor using a 5 mL pipette tip in a Thermo Sorvall ST 16R centrifuge.

IV.2.c. Solid-state NMR experiments

All MAS NMR experiments were conducted on a Bruker 400 MHz (*H Larmor
frequency) wide-bore AVANCE IlI-HD spectrometer using a 4 mm HFX MAS probe
tuned to *H, °F and *3C Larmor frequencies. Typical radiofrequency (RF) field strengths
were 50-62.5 kHz for *°F, 50-71 kHz for *H, and 50 kHz for *3C. 1D *3C and 2D 13C-13C
correlation experiments used a 'H excitation field strength of 71.4 kHz and a 13C RF
field strength of 50 kHz. Static 3P NMR spectra were measured using a 4 mm H/21P
probe at 298 K and 310 K. The 3!P RF field strength was 62.5 kHz, and 1024 scans
were measured per spectrum.

The 2D °F-1°F correlation spectra were measured using a CORD [198] spin
diffusion mixing time of 500 ms at a temperature of ~243 K to reduce peptide motion.
Cross peak intensities between 4-CFs-Phe47 and 4F-Phe47 report the distance
between the two fluorine labels. The pulse sequence begins with 'H-°F cross
polarization (CP), followed by '°F chemical shift evolution under *H TPPM decoupling
[199] and the CORD mixing period before detection. The unsynchronized 2D °F-1°F
correlation spectra were measured under 8.5 kHz MAS. The indirect dimension spectral
width was 211 ppm, and the maximum ti1 evolution time was 0.567 ms. For each
sample, four to eight blocks of 2D spectra were coadded to obtain sufficient signal-to-
noise ratios (SNRs), giving a total measuring time of 70 — 123 hours for each sample
(Table IV.2).
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To increase the spectral sensitivity, we also measured rotor synchronized 2D °F
spectra that remove the spinning sidebands in the indirect dimension. For these
experiments, the indirect dimension’s spectral width was set to 23 ppm, and the
corresponding MAS frequency was 8641 Hz. The t1 increment was one rotor period, or
115.73 ps, and 28 complex t1 time points were collected to reach a maximum evolution
time of 1.62 ms. With the small spectral width for the indirect dimension, the 4-F-Phe47
peak was folded to -71 ppm. Four to eight blocks of 2D spectra were coadded for each
sample to obtain sufficient SNRs, giving a total measuring time of 88 — 105 hours per

sample (Table 1V.2).

Table 1V.2: Parameters for the 2D 19F-19F and 1H-19F NMR experiments.

Experiment NMR Parameters Experimental | Membrane
Time (hrs) Sample
Bo=9.4T, Tset=243-245 K, v,= 8641 Hz, 105 3

SWH1 = 8641 Hz (=23 ppm), SWH2 =

rotor 93.75 kHz, 1°F carrier frequency = -68 105 4
: ppm, NS per block =1024, 14=1.7 s, 105 5
synchronized t =162 1158 3
2D FF CORD | 'Lmax™ 2:92 MS, finc™ 2498 KS, Tdwel™>. 87.5 6
US, Tacq = 4.3 ms, The=1 MS, Tcorp = 500
MS, Vinacq = 71.4 kHz (samples 3,4, and 875 7
6) and 62.5 kHz (samples 5 and 7).
Bo=9.4 T, Tser= 243 K, v, = 8500 Hz, 1225
SWH1 = 79.4 kHz, SWH2 = 93.75 kHz,
2D FF CORD 19F carrier frequency = -90.2 ppm, NS per 105
without rotor block = 256, 14=2 S, t1max= 0.567 ms, 140
synchronization | tyjnc= 12.60 usS, Tawel = 5.3 US, Tacq = 4.27
ms, tvF= 1 MS, tcoro = 500 MS, Vinacq = 70 4
71.4 kHz.
Bo=9.4T, Tset = 262-265 K for samples 88 3
3,4, 6,7 and 283 K for sample 5, SWH1
=5 kHz, SWH2 = 93.75 kHz, *°F carrier 88 4
2D H-F frequency = -97.6 ppm, NS per block =
HETCOR With | 1024, 14= 1.5's, tymax= 4.8 MS, t1,ne= 200 38 5
1_00 ms H spin 1S, Tdwel=5.3 US, Tacg = 4.3 MS, tvr= 1 MS,
diffusion To-filter duration = 117.6 ps, tmix = 100 88 6
MS, Vin,acq= 71.4 kHz for sample 3 and 50
kHz for samples 4-7. 88 7

Symbols: Bo = magnetic field; Tset = thermocouple-reported bearing gas temperature; vi = MAS
frequency; SWH1: spectral width of the w1 dimension of the 2D spectra; SWH2: spectral width of the w2
dimension of the 2D spectra; ns = number of scans per t1 slice of the 2D spectra; 1rd = recycle delay;
tLmax = maximum t1 evolution time; t1inc = increment or dwell time for the t1 evolution period; Tawer = dwell
time during direct acquisition of the FID; Tacq = maximum acquisition time during direct detection; Thr =
'H-1°F CP contact time; Tcoro = CORD mixing time. vin, acq = *H decoupling field strength during detection.
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To probe the depth of insertion of Phe47 in the lipid membrane, we measured 2D
1H-19F heteronuclear correlation (HETCOR) spectra with *H spin diffusion [194]. The
experiment began with four *°F 90° pulses spaced by 2 ms each to saturate the 1°F
magnetization. Then a *H 90° excitation pulse and a *H Tz filter of 2*112.6 ys = 225.2 us
were used to select the water and lipid *H magnetization. The ensuing *H chemical shift
evolution was followed by a *H mixing time of 100 ms during which the water and lipid
'H magnetization was transferred to the peptide and was detected on 1°F after *H-°F
CP. These 2D HETCOR experiments used 48 t1 time points to reach a maximum H t1
evolution time of 4.8 ms, and 1,024 scans per t1 slice. Typical spectra were coadded
from four blocks of experiments,
giving signal-averaging times of 88
hours per sample. For different lipid
membranes, we chose sample
temperatures of 263— 283 K to obtain
similar lipid CH2 linewidth of ~350 Hz,
as assessed in 1D 'H spectra. This
ensures that the lipid chain dynamics
are similar between the different
membranes, thus giving similar *H
spin diffusion coefficients. *H
chemical shifts were calibrated using

the phosphocholine headgroup Hy
chemical shift of 3.26 ppm and the
lipid chain o chemical shift of 0.9
ppm for POPE. All NMR spectra were
plotted from TopSpin 3.6.1. Peak
intensities were analyzed in Microsoft
Excel v16.52.

IV.3. Results

Figure IV.1. Schematic diagram of M2 clustering in
lipid membranes.

The solid-state NMR orientational structure of M2(22-62)
(PDB: 2L0J) solved in DOPC : DOPE bilayers is shown.
Intra-tetramer nearest-neighbor distances between
Phe47 sidechain para-hydrogens are 2.1 — 3.2 nm. The
1%F NMR experiments in this study probe clustering of
the tetramers to within 2 nm between Phe47 residues of
neighboring tetramers.

In this work, we investigate M2 clustering in lipid membranes as a function of the
protein/lipid ratio, the presence or absence of cholesterol, and PC-rich membranes
versus a PE membrane. We also compare M2 peptides that contain both the TM
domain and the amphipathic helix (M2CD) versus only the TM domain (M2TM). The
POPC : POPG (4:1) membrane composition and the peptide length were chosen to
allow comparison of our data with previous biochemical studies of M2’'s membrane
scission function [178, 200-202] and with NMR [183, 184] and EPR [197, 203, 204]
studies of M2 peptides’ interaction with membranes.

Our strategy for detecting tetramer association is to mix 4-CFs-Phe47 labeled
peptide with 4-F-Phe47 labeled peptide at a 1:1 molar ratio and measure CFs-F cross
peaks in 2D °F-1°F correlation spectra with a long spin diffusion mixing time of 500 ms.
Phe47 is chosen because it lies at the corners of each M2CD tetramer, with maximal
separation within each tetramer and potentially the shortest distance between two
tetramers (Fig. IV.1). Based on the eight lowest energy structures of M2CD(22-62) in
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DOPC : DOPG bilayers (PDB: 2L0J) [196], the intra-tetramer distances between the
para hydrogens of Phe47 sidechain range from ~21 A to ~33 A. The average inter-
monomer distance of ~27 A is too long to be detected by 1°F spin diffusion NMR. We
can estimate the distances between tetramers if they are uniformly distributed in the
membrane. Molecular dynamics simulations of gel-phase POPC membranes indicate a
headgroup area of 59 A2 [205]. Using this value, we estimate that the center-to-center
distance between two M2 tetramers is about 66 A at a P/L ratio of 1:30 and about 50 A
at a P/L of 1:15. Since each tetramer has a side length of approximately 27 A, these
values correspond to nearest-neighbor distances of ~39 A and ~23 A between
fluorinated Phe47 residues in two parallel packed tetramers. These inter-tetramer
separations for homogeneously distributed M2 tetramers are beyond the distance-
detection limit of *°F spin diffusion NMR experiments. However, if the M2 tetramers
cluster in the membrane, then CFs-F cross peaks can become observable. We test this
hypothesis by measuring 2D *°F-1°F correlation spectra as a function of P/L and
membrane compositions.
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Figure IV.2. 3C and *°F NMR spectra of membrane-bound M2 peptides.

(@) 1D 3C CP and 2D *3C-'3C correlation spectra of M2CD at P/L 1:15 in POPC : POPG : chol
membranes. The spectra were measured at 243 K under 10 kHz MAS. Peaks that are not annotated in
the 1D spectra are natural abundance lipid *3C signals. (b) Spectra of M2TM at P/L 1:30 in POPC : POPG
: chol membranes. The spectra were measured at 253 K under 9 kHz MAS. These '3C chemical shifts
confirm the o-helical conformation of both peptides. (c) 1D °F CP spectra of membrane-bound M2CD
and M2TM. The spectra show similar *°F linewidths and intensity distributions, indicating that the peptides
exhibit similar conformational dynamics under these experimental conditions. The spectra were
measured between 243 and 253 K under 9 kHz and 10 kHz MAS.
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IV.3.a. M2 tetramers cluster in a membrane-dependent manner

We first measured the *3C chemical shifts of site-specifically labeled M2CD and
M2TM peptides to verify that fluorination of Phe47 does not perturb the a-helical
conformation of the peptide (Eig. 1V.2). The *3C chemical shifts of G34 and 151 in M2CD
and V27, A30 and G34 in M2TM indeed correspond to the a-helical conformation in
both POPC : POPG membranes and the POPE membrane, confirming that the helical
conformation of the TM and AH domains is preserved [175, 206].
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Figure IV.3. 500 ms 2D ®F-1F CORD spectra of mixed Phe47-fluorinated M2CD in lipid
membranes.

The spectra were measured at 243 K under 8.5 kHz MAS. The -116 ppm cross section of 4F-Phe47 are
extracted on the right. Cross peak between 4F-Phe47 and 4-CF3-Phe47 (-62 ppm) indicates inter-
tetramer contact. Spinning sidebands are denoted with asterisks in the cross sections. (a) 2D spectra of
M2CD in POPC : POPG : chol membranes (left) and POPC : POPG membranes (right) at P/L 1:15. (b)
2D spectra of M2CD in POPC : POPG : chol membranes (left) and POPC : POPG membranes (right) at
P/L 1:30. F-CF3 cross peaks are observed at high P/L in both membranes, but only in the cholesterol-
containing membrane at the lower peptide concentration of 1:30.

Fig. IV.3 shows the 500 ms 2D °F-°F CORD spectra of M2CD in POPC : POPG
membranes with and without cholesterol. At a high P/L of 1:15, we observed a clear F-
CFs cross peak in the POPC : POPG : chol membrane but a weaker cross peak in the
POPC : POPG membrane (Eig. IV.3 a, c). When the peptide concentration was
decreased two-fold to P/L 1:30 (Eig. IV.3 b, d), the F-CFs cross peak persisted in the
POPC : POPG : chol membrane, moreover the intensity is similar to that of the high-
concentration sample (Eig. IV.3 e), strongly suggesting that M2 tetramers cluster rather
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than distributing homogeneously in the cholesterol-containing membrane. In contrast,
peptide dilution in the POPC : POPG membrane completely suppressed the F-CFs
cross peak, indicating that the intra-tetramer Phe47-Phe47 distances are too long to be
measurable. If the 2D experiment were primarily detecting intra-tetramer cross peaks, it
would be difficult to explain the dependence of these cross peak intensities on the
membrane composition and peptide concentration. Therefore, these results together
indicate that M2 tetramers cluster in the cholesterol-containing membrane, and this
clustering is not an artifact of the high peptide concentration but reflects specific protein-
protein interactions and protein-cholesterol interactions.
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Figure IV.4. 2D °F-1°F correlation spectra of mixed Phe47 fluorinated M2CD peptides in three

membranes at P/L 1:30.
The spectra were measured with 500 ms CORD mixing at 243 K under 8641 Hz MAS. (a) 2D spectrum of

the peptide in the POPC : POPG : chol membrane. (b) 2D spectrum of the peptide in the POPC : POPG
membrane. (c) 2D spectrum of the peptide in the POPE membrane. (d) 1D cross sections at the folded
4F-Phe47 chemical shift of -71 ppm. The CFs cross peak (dashed line) intensity relative to the sum of all
peak intensities in the cross section decreases in the order of POPE > POPC : POPG : chol > POPC :

POPG.

To reproduce the F-CFs cross peaks with higher sensitivity, we measured rotor-
synchronized 2D *°F correlation spectra of the 1:30 M2CD samples and quantified the
intensity of the F-CF3 cross peak relative to the total intensities of the -71 ppm cross
section of the folded 4F-Phe47 peak (Fig. 1V.4). The cross-peak intensities varied
significantly between different membrane samples. In the POPC : POPG : chol
membrane, the F-CF3 cross peak intensity is 0.13 of the total intensity (Fig. IV.4 a),
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whereas in the POPC : POPG membrane, the cross peak intensity decreased to 0.063
(Eig. 1V.4 b), confirming that cholesterol facilitates clustering. To investigate whether M2
can also cluster in other membranes, we measured the 2D 9F-1°F correlation spectrum
of M2CD in the POPE membrane. PE lipids are enriched in Influenza virus lipid
envelopes relative to the host cell membranes from which they are derived [207, 208],
and their negative curvature is known to play an important role in membrane fusion and
fission in general [9, 74]. Fig. IV.4 ¢ shows the 2D °F CORD spectrum of POPE-bound
M2CD. A strong CFs-F cross peak is observed, whose intensity is even higher than that
of the POPC : POPG : chol sample, indicating that M2CD clusters more tightly in the
POPE membrane.

To determine whether the amphipathic helix is required for M2 clustering, we also
measured the 2D 1°F spin diffusion spectra of M2TM(22-49) in POPC : POPG
membranes with and without cholesterol. At the P/L of 1:30, we observed a clear F-CF3
cross peak in the POPC : POPG : chol membrane but a much weaker cross peak in the
POPC : POPG membrane (Fig. IV.5). This trend is similar to M2CD, indicating that M2
remains able to cluster in the absence of the AH residues 50-62, and this clustering is
also facilitated by cholesterol. The F-CFs cross peak intensities of M2TM are stronger
than that of M2CD (Eig. 1V.5 c), suggesting that M2TM peptides may form tighter
clusters than M2CD.

M2TM(22-49)

(@)  porc: POPG : chol (b) porc : Pora (c)
75 o) -75 S POPC : POPG : chol 4F

bo) 4F-F47 4F-CF3
..... T— . B . ..]| |- —
70 J -70 ] _71 ) ho.27
= :
S 65 ] 1
il‘-_’L A et ! POPC : POPG
-60 _ ] o, 10.11
1
'55 T T T T T T 'II'I'I'I'I'I'I
55 60 -65 -115 -120 -115 -120 -60 -80 -100 -120
"F (ppm) "9F (ppm) "F (ppm)

Figure IV.5. 2D '°F-1%F correlation spectra of mixed fluorinated M2TM peptides at P/L 1 : 30.

The spectra were measured with a CORD mixing time of 500 ms at 243 K under 8641 Hz MAS. (a) 2D
spectrum of the peptide in the POPC : POPG : chol membrane. (b) 2D spectrum of the peptide in the
POPC : POPG : membrane. (c) 1D cross section of the two 2D spectra at the folded 4F-Phe47 chemical
shift of -71 ppm. The F-CFz cross peak (dashed line) intensity is much higher in the cholesterol-containing
membrane than in the cholesterol-free membrane.

I\VV.3.b. Depth of insertion of Phe47 in lipid membranes

Using fluorinated Phe47 as a readout, we next investigated the depth of insertion
of this junction between the TM and AH domains using 2D 'H-1°F correlation
experiments [194]. By detecting the cross peaks of the Phe47 CFs signal at -62 ppm
with the water and lipid protons at ~5.1 and 1.3 ppm, respectively, we obtain information
about the depth of insertion of the TM-AH junction in different lipid membranes. The 4F-
Phe47 signal at -116 ppm reports the same information, but due to its low intensity we
do not analyze this signal below. Fig. V.6 compares the 2D *H-1°F HETCOR spectra
measured with a *H spin diffusion mixing time of 100 ms. All samples exhibit strong
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water-Phe47 cross peaks, as expected because of the surface-proximal position of this
residue [196]. The depth of Phe47 is manifested in terms of the lipid-CFs cross peak
intensity relative to the water-CFs cross peak, Ioy2/Iy20- FOr M2CD, this lipid-to-water
intensity ratios are similar, 0.16 and 0.14, in the POPC : POPG : chol membrane and
POPC : POPG membrane, respectively (Eig. V.6 a, b). This indicates that the Phe47
sidechain is moderately inserted into both membranes.
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Figure IV.6. 2D H-'°F correlation spectra of M2 peptides in different lipid membranes.

The spectra were measured at sample temperatures that give similar lipid chain *H linewidths. All
samples have a P/L ratio of 1:30. (a, b, €) M2CD spectra. (c, d) M2TM spectra. (a) Spectrum of M2CD
in POPC : POPG : chol membranes, measured at 263 K. (b) Spectrum of M2CD in POPC : POPG
membranes, measured at 263 K. (c) Spectrum of M2TM in POPC : POPG : chol membranes, measured
at 265 K. (d) Spectrum of M2TM in POPC : POPG membranes, measured at 262 K. (e) Spectrum of
M2CD in POPE membrane, measured at 283 K. Water and lipid CHz cross sections are shown to the
right of each 2D spectrum. The intensity ratio of the lipid—CFs cross peak relative to the water-CFs cross
peak is the highest for M2TM in the POPC : POPG : chol membrane and the lowest for M2CD in the

POPE

membrane.
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Interestingly, for the M2TM peptide, the Phe47 sidechain shows an unexpectedly
high lipid cross peak intensity of 0.74 in the POPC : POPG : chol membrane (Eig. IV.6
c), indicating close contact with the lipid chains. Removal of cholesterol from the
membrane decreased the lipid-CFs cross peak intensity to 0.14, similar to the values
found for M2CD (Eig. IV.6 d). These spectra were measured at temperatures at which
the lipid chains have similar *H linewidths. Thus, the high intensity of the Phe47-lipid
cross peak in the POPC : POPC : chol membrane cannot be attributed to different *H
spin diffusion coefficients, but must be attributed
to deeper insertion of the Phe47 sidechain into
the membrane. (a)

— 298K
M2CD __ 310K

POPC:

Finally, we measured the 2D HETCOR POPG:chol

spectrum of POPE-bound M2CD. In contrast to
the POPC : POPG samples, negligible lipid cross

peak intensity is observed (Eig. V.6 e), indicating 40 20 0 -20 -40
that Phe47 is much more shallowly inserted into *1P anisotropic chemical shift (ppm)
the POPE membrane than the POPC : POPG

membranes. (b) POPC:POPG

IV.3.c. M2CD induces curvature to POPE !
membranes

r

Membrane scission requires the separating 40 20 0 -20 -40
membranes to adopt strong local negative 3P anisotropic chemical shift (ppm)
Gaussian curvature (NGC), wherein every point
on the surface of the membrane has principal (c) PoOPE

curvatures of opposite signs. This NGC is
manifested as a broad isotropic peak in the static
31P NMR spectra [209] and as diffraction peaks at '
characteristic Q positions in small-angle X-ray

Sttt
scattering (SAXS) data. A previous SAXS study . 49 20, 0 ,'20 f4°
showed that M2CD and full-length M2 promote P a“'SOt'"OP'C_Ch;m'Cal shift (ppm)
cubic phases, which possess NGC'’s, in PE-rich Figure IV.7. Static P NMR spectra of

. 31 proteoliposomes containing M2CD at
membranes [74]. We previously measured **P P/L 1:30.
NMR spectra of oriented DMPC/DHPC (3:1) The spectra were measured at 298 K
bicelles and found that M2CD but not M2TM (black lines) and 310 K (red lines). (a)

induced an isotropic peak, indicating the formation POPC @ POPG = chol membranes. (b)
of a high-curvature phase [210]. To investigate if ~ ~OPC - POPG membranes. (c) POPE
. - membranes. Only the POPE membrane
the clustering of M2 tetramers correlates with exhibits an isotropic peak, which is
membrane curvature formation, we measured the  indicative of NGC.
static 3'P spectra of the three membranes
containing M2CD at a P/L of 1:30 (Eig. I\V.7). Neither of the two POPC : POPG
membranes showed an isotropic peak, indicating that these two membranes maintain
their lamellar morphologies. In comparison, the POPE membrane exhibits a small
isotropic peak at 310 K, indicating the generation of NGC at this temperature. Thus, the
membrane that gives rise to the highest intermolecular F-CFs cross peak and shallowest
AH insertion also has the highest curvature.
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IV.4. Discussion

The °F NMR data shown here, taken together, indicate that M2 tetramers cluster
on the molecular length scale in lipid membranes, and this clustering is promoted by
cholesterol and PE lipids. By varying the peptide/lipid molar ratio, membrane lipid
composition, and the peptide length, we can attribute the observed F-CFs cross peaks
predominantly to tetramer clustering, whereas Phe47-Phe47 contact within each
tetramer has negligible contribution. At the low temperature (~243 K) of the 1°F spin
diffusion experiments, the peptide motion is frozen and the lipid dynamics is also
significantly suppressed, thus differential rates of molecular motion cannot explain the
different F-CF3 cross peak intensities observed in different membranes. Under these
conditions, we found that the F-CFs cross peaks are not present in all samples. In the
cholesterol-free POPC : POPG membrane at P/L ratios of 1:30 and 1:15, the F-CFs
cross peak of M2CD is either completely absent or weak. This indicates that the Phe47-
Phe47 distances within each tetramer is longer than measurable by *°F spin diffusion,
consistent with the average nearest-neighbor distance of ~2.7 nm between Phe47
residues in each tetramer [196]. As another control, we measured 2D °F-1°F correlation
spectra of the M2TM peptide. The removal of most of the AH segment from this peptide
rules out the possibility that the amphipathic helix might interact with cholesterol in such
a way to affect the tetramer conformation and shorten the intra-tetramer Phe47-Phe47
distances [204]. At the same time, the presence of 4’FFK*%, which resides at the TM-AH
junction, should retain the ability of the peptide to bind cholesterol [183, 184]. Indeed,
the presence of the F-CF3 cross peak in M2TM(22-49) bound to the POPC : POPG :
chol membrane supports the conclusion that M2 tetramers form tight clusters in
cholesterol-containing membranes. We also observed a strong F-CF3 cross peak in the
POPE membrane, in the absence of cholesterol, which provides additional evidence of
the ability of the M2 peptides to cluster on the 1-2 nm scale.

These 1°F NMR data are consistent with, and more direct than, ?H NMR spectra
of the Ala29 CD3 group for demonstrating clustering [181]. In that study, increasing the
P/L ratio from 1:20 to 1:7.5 in the DOPC : DOPE membrane increased the uniaxial
rotation correlation time of M2TM tetramers from 0.55 ps to 13.9 s, suggesting protein
clustering. This hypothesis was also tested using coarse-grained molecular dynamics
simulations, which found that M2TM tetramers cluster in an approximately linear
fashion, and the tetramers can adopt both parallel and antiparallel orientations with
each other.

EPR spectroscopy studies of M2TM(22-46) and M2C(23-60) peptides showed an
equilibrium between two conformer states [204, 211, 212]. Both conformers seem to be
present in all membranes tested, while the conformers’ relative populations vary greatly
with different membrane-lipid compositions. Cholesterol, thicker membranes, and PE
species all favor a ‘tight” conformer state, characterized by:

(1) Closer contact distances between residues on neighboring monomers in both the

TM and the AH helices,

(2) Lower mobility
(3) Shallower insertion in the membrane and higher solvent accessibility.
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Effect (1) was demonstrated by spin-spin coupling between neighboring spin-labeled
residues by X-band EPR spectra on M2TM [211, 212] and M2TMC [204] and (2) was
demonstrated by continuous-wave (CW) EPR spectra on M2C(23-60) [204]). The
membrane insertion effect (3) was viewed through power saturation EPR probing the
membrane with O2 and the solvent with NiEDDA [204]. Interestingly, our previously
tested VMS membrane (SM:DPPC:DPPE:Chol) pushed the immobile conformer into
dominance the most strongly [204].

To ensure the two conformer equilibrium is a true property of full-length wild-type
M2, the aforementioned EPR studies were extended to the wild-type (M2-WT) nitroxide-
labeled at residue 59 (in the AH); saturation recovery EPR curves had a clear
biexponential form that characteristic of true conformer exchange. As with other
constructs, cholesterol pushed the TM and AH helices toward the immobile and tighter
packed conformation [213].

The aforementioned EPR spectra were measured at ambient temperature
(~20°C) where cholesterol and PE can modulate the membrane viscosity and lateral
pressure, which can in turn affect the tetramer conformation. However, the possibility of
M2 clustering in these samples cannot be ruled out, even at the low peptide
concentrations used in these studies. Even if this conformational distribution exclusively
reflects intra-tetramer structural variation, it may already be reflected in the ensemble of
orientational structures solved by solid-state NMR, in which the nearest-neighbor
Phe47-Phe47 distances varied but never fell below 2.1 nm [196]. These considerations
support the model that the measured °F-19F cross peaks in the 2D °F spin diffusion
spectra predominantly result from inter-tetramer clustering rather than intra-tetramer
interactions.

The fluorinated Phe47 allowed us to probe the depth of insertion of this junction
between the TM and AH. While most spectra showed a modest lipid-Phe47 cross peak
(Eig. IV.6), we observed an unexpectedly strong lipid-Phe47 cross peak for M2TM in
the POPC : POPG : chol membrane. This result cannot be explained by differential
dynamics of the lipids, since we measured these HETCOR spectra at temperatures that
give similar lipid proton linewidths and hence similar lipid chain dynamics. Instead, we
attribute this strong lipid-Phe47 cross peak to preferential interaction of the Phe47
sidechain with cholesterol, which anchors this residue to the membrane. The propensity
of the Phe47 sidechain to insert into the membrane is present in M2CD as well but may
be partly restricted by the rest of the amphipathic helix.

The Phe residues of the AH have been previously reported to interact with
cholesterol. In DMPC : DMPG : chol (16:4:5) membranes, Phe-13C-labeled full-length
M2 and 3C234-labeled cholesterol showed cross peaks in 2D *3C-13C correlation
spectra [185]. Earlier 13C-1°F REDOR experiments of 13C-labeled protein and fluorinated
cholesterol showed that an M2TM(22-46) peptide that lacks the 4’FFK*® motif does not
bind cholesterol, whereas an M2CD(22-61) peptide that contains multiple Phe residues
does bind half-stoichiometrically [184]. To characterize the binding interface in greater
detail, 2D *3C-13C correlation spectra of 3C-labeled M2(21-97) in POPC : POPG : chol
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membranes measured with dynamic nuclear polarization (DNP) showed cross peaks
between cholesterol C3 and C9 carbons and Phe aromatic carbons [183]. Finally,
docking simulations constrained by measured intermolecular distances and cholesterol
orientations found that Phe47 was the only Phe that could bind cholesterol [183] without
violating experimental distance and cholesterol tilt angle ([184]) restraints. These lines
of evidence all indicate that Phe47 interacts with cholesterol, which could explain the
strong lipid-Phe47 cross peak.

We did not observe significant difference in the depth of insertion of Phe47 in
M2CD between the POPC : POPG : chol membrane and the POPC : POPG membrane
(Eig. IV.6 a, b). This result differs from power saturation EPR data of M2TMC in POPC
: POPG membranes, which found that addition of 30% cholesterol caused AH residues
46, 48, 51 and 55 to be more surface exposed compared to their depths in the non-
cholesterol membrane [204]. Three experimental differences could cause this
discrepancy. First, our *H-1°F HETCOR spectra were measured in a membrane
containing only 17% cholesterol. This low level of cholesterol might not cause a
sufficiently large change in the AH insertion depth. Second, we conducted the HETCOR
experiments at -10°C whereas the EPR experiments were conducted at ambient
temperature. Since the M2 structure is highly sensitive to the membrane properties, the
low temperature at which these HETCOR spectra were measured might reduce the
difference in the insertion depth of the AH. Finally, at the temperature of these 2D
HETCOR experiments, the lipid chain proton linewidth of the POPC : POPG : chol
membrane was ~480 Hz, which was moderately broader than the POPC : POPG lipid
linewidth of ~370 Hz. Thus the lipids may be more immobilized in the cholesterol-
containing membrane. If this is the case, then the Phe47 sidechain may become slightly
less inserted after correcting for this dynamics difference.

Interestingly, the HETCOR spectra indicate that Phe47 is less inserted into the
POPE membrane than in the POPC : POPG membranes (Eig. V.6 e). This result is in
good agreement with atomic force microscopy (AFM) data that showed that adding
POPE into POPC bilayers suppressed the ability of an AH-only peptide to insert into the
membrane and to modulate bilayer structure (while addition of 30% cholesterol
facilitated larger and deeper M2AH-induced pits in the membrane) [214]. Differential
insertion depth of the AH domain may allow M2 to adapt to different membrane
environments, and may help modulate the interfacial energy at the Lo/La boundary,
which is important for inducing membrane curvature [17]. Fluorescence microscopy
data of M2-infected cells have shown that M2 congregates at the edge of the budding
virion in the host cell membrane [178]. POPE may be recruited to the budozone [207,
208] to promote NGC, both due to its own negative curvature and due to its ability to
promote M2 clustering and regulate the depth of insertion of M2. Thus, cholesterol, PE
lipids, and M2 may jointly drive membrane scission by associating at the budozone to
cause high membrane curvature.

In conclusion, the current °F and 3P NMR data indicate that both M2CD and

M2TM tetramers form clusters in lipid membranes in the presence of cholesterol and PE
lipids. Based on the Phe47-Phe47 cross peaks intensities, the tetramers are more
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tightly clustered in the POPE membrane than in the 17% cholesterol POPC : POPG :
chol membrane. But the inter-tetramer distances are shorter than 2 nm in both
membranes in order to account for the observed °F-°F cross peaks. The membrane
with the tightest M2 clusters, POPE, also exhibits the highest NGC and the shallowest
insertion of the Phe47 sidechain. These results provide experimental evidence that M2
proteins cluster at the edge of the cholesterol- and PE-rich budding virion to cause
membrane curvature, causing an ever-narrower stalk to achieve membrane scission.
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Conclusion: Assembling the puzzle

Both this and the prior study (Chapter lll) investigated the extent to which a
membrane remodeling protein inserts a membrane-proximal domain into different
membranes — a lipid packing disruption event introduced in Section I.2.e. M2’s
membrane-proximal domain, in this case termed the “Amphipathic Helix” (AH) differs
from gp41’s MPER, in that M2 AH inserts into cholesterol-containing membranes
(Section 1V.3.b). It is worth noting that in the native systems, gp41 MPER faces the
outer leaflet of the fusing membranes, while M2 AH faces the inner leaflet. Since the C-
terminal gp41 TMD’s proposed membrane water defects would exist in the inner leaflet,
it's possible both proteins evolved a mechanism to disrupt lipid packing in specifically
the inner leaflet.

At an early stage of fission, M2 may influence membrane geometry through
multiple indirect routes. It could recruit POPE in the outer leaflet (as predicted in
Section 1.2.d), to reinforce the negative-curvature neck formation, as this has been
shown to facilitate membrane curvature induction (Section 1V.3.c). It could modulate
the Lo/La boundary line tension in a manner that promotes curvature (see Section 1.2.b);
this effect seems likely now due to M2’s previously demonstrated localization along the
Lo/La domain boundaries, and the differential behavior between membrane compositions
reviewed and further demonstrated here (Section 1V.3.a-b). It's also possible M2
directly induces curvature, as discussed in Section 1.2.a and demonstrated in Section
I\VV.3.c. Within a fission pore structure, in the dimension defined as tangent to the
lamellar membrane, M2’s wedge shape can potentially reinforce the curvature of both
leaflets by pushing the inner leaflet’'s heads groups closer together, and the outer
leaflet’s acyl chains closer together.

It is apparent now that M2 proteins proactively form clusters (Sections I.2.c
I\V.3.a), and it seems likely that clustering reinforces some or all of M2’s effects on
membrane lipid organization. This study contributed significantly, then, to our
understanding of how M2-mediated membrane fission can work.
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V. Conclusion

Both membrane remodeling proteins examined here, influenza M2 and HIV gp41,
have dozens of partial and complete crystal structures in the PDB. However, it is difficult
to characterize how the proteins interact with membrane lipids by any other method
than solid-state NMR. Despite decades of studies on these proteins, the mechanistic
details of how they deform and break membranes have remained elusive.

In this thesis, we outlined the known modes of membrane perturbation by
proteins and used both static 3P and multinuclear MAS spin diffusion experiments to
demonstrate which modes applied to our proteins. Our peptide studies suggest that
both M2 and gp41 form clusters in some membrane compositions but not others, and
deform POPE bilayers into structures with the necessary negative Gaussian curvature
for fusion or fission. We find that cholesterol dampens some activities of these peptides
and enhances others, and since other groups’ fluorescence microscopy and simulation
studies found that both proteins localize to the edges between cholesterol-rich Lo and
cholesterol-poor L4 domains in the membrane, cholesterol binding can potentially play
an important role in the proteins’ mechanisms.

Below is a summary of what we now know about each protein’s mechanism,
incorporating our findings:

Mode of action HIV gp4l Influenza M2
Direct curvature induction | Yes (11.3.a) Yes (1V.3.c)
Modulating line tension | Almost certainly (literature) Likely (literature)
Protein clustering | Yes (11l.3.a) Yes (1V.3.a)
Altering local membrane | Unknown Unknown
composition
Disrupting lipid packing | Likely (11.3.d) Yes (AH insertion, |V.3.b)

Protein clustering, now demonstrated for both M2 (Section 1V.3.a) and gp41
(Section 111.3.a), should allow the proteins to act collectively on the membrane. We are
less certain about which actions are being taken collectively. In the future, to assemble
all the pieces of these mechanistic puzzles, it would help to determine the elastic moduli
of realistic membranes, and how much stress each of the above modes of action can
exert upon the membranes. We are building toward robust and rigorous experimental
estimates of the membranes’ minimum necessary steps to enable viral-host membrane
fusion and fission, which heretofore has mainly been predicted on theoretical grounds
(i.e.[9, 215, 216]).

Further, functional characterization of the proteins in membranes with realistic
Lo/La domain separation should help us understand how far and in what direction gp41
and M2 alter the line tension at the boundary, and what role this plays in their
mechanisms. This is a critical piece of information because (1) as discussed earlier
(Section 1.2.b), high line also enhances membrane curvature, which is required for
fusion and fission, and (2) both proteins were previously demonstrated to localize to
Lo/La domain boundaries.
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Finally, we studied the interplay between membrane remodeling proteins, lipids,
cholesterol and water, but the role of ions in the media also should also be incorporated
into the picture. In fact, there is evidence that the initial step of HIV entry, gp120
engagement of CD4 and CXCR4, leads to a flux of calcium ions into the cell [217]. A
discussion of the myriad potential and demonstrated impacts of calcium on the local
organization of lipids and bound waters is beyond the scope of this work. With that said,
there is a clear need for future studies to explore how these effects could play a role in
membrane fusion and even membrane fission.

Chemists studying biomolecules don’t often have the opportunity to think about
stress, strain and material elastic moduli, but plasma membranes are materials. Thus,
the community of chemists working on membrane questions may have a collective
learning experience ahead of us, as we strive toward greater understanding how viral
membrane fusion and fission works.
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