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Abstract

Targeting host cell membranes by M2 of influenza A virus is important for virus invasion and

replication. We study the transmembrane domain of M2 (M2TM) interacting with mica supported
planar bilayers and free-standing giant unilamellar vesicles (GUVs). Using solution atomic force
microscopy (AFM), we show that the size of M2TM oligomers is dependent on lipid composition.

Addition of M2TM to lipid bilayers containing liquid-ordered (Lo) and liquid-disordered (Ld)

phases reveals that M2TM preferentially partitions into the Ld phase; phase dependent partitioning
results in larger rigidity of the Ld phase. We next use fluorescence microscopy to study effects of

M2TM on phase coexisting GUVSs. In particular, M2TM is found to increase GUVS' miscibility
transition temperature Tix. The augmented thermodynamic stability can be accounted for by
considering an enhanced energy barrier of lipid mixing between coexisting phases. Our GUV
study also shows that M2TM can elicit an array of vesicle shapes mimicking virus budding.
M2TM enhanced membrane curvature is consistent with our AFM data, which show altered

membrane rigidity and consequently line tension at domain edges. Together, our results highlight

that in addition to conducting proton, M2TM can actively regulate membrane heterogeneity and
augment membrane curvature.
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Three AFM images, one FTIR spectrum, and two tetrameric structures of M2TM are shown in the supporting information. This
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Introduction

Many enveloped viruses (e.g., influenza virus, HIV-1, and Ebola virus) hijack lipid rafts of
host cell membranes to cluster fusion proteins and enzymes that are essential for virus
assembly, budding, and scission 1-4. M2 of influenza A virus is a 97-residue protein; it is
composed of an extracellular N-terminal domain (residues 1-23), a transmembrane (TM)
helix (residues 24-46), and a cytoplasmic C-terminal domain (M2CT, residues 47-97). In its
native form, the four TM helices of M2 (M2TM) line a low-pH activated proton channel 55
Acidification of virus interior through M2 channel is essential for dissociating M1 from
ribonucleoprotein. In addition to its ion channel activity, M2 may also participate in virus
packaging, assembly, and budding 7~8. In particular, it was found that proper budding and
scission of influenza A virus requires M2 to reside near the edge of virus budding zones,
from which virions egress 2. The newly formed viral membranes are often enriched with raft
lipids and raft associating proteins 10. Based on these observations %19, it was proposed that
M2 preferentially segregates at the edge of lipid rafts to facilitate virus budding and

scission 1. Interestingly, a recent study found a similar role for the HIV fusion peptide,
which might function by preferentially targeting domain interfaces 12.

Membrane proteins are susceptible to structural and functional modulations conferred by
lipid matrix 13-4, For M2TM, many studies have shown that lipid membrane environment
imparts a large effect on M2TM conformation 15, orientation 16-17  and oligomeric
organization 18-19, Despite large interests, studies on how M2TM distributes in raft
containing heterogeneous membranes are scarce. In addition to raft association/dissociation,
another important question is what molecular feature of M2 is responsible for M2 induced
membrane curvature that is essential during virus exit. Previous studies have focused on the
amphipathic helix of M2CT 2021 while assuming that M2TM only contributes as a passive
ion channel. A recent study of the TM domain of parainfluenza virus 5 fusion protein
showed that by adopting a flexible conformation, TM helix can actively promote curved
membrane structures 22, This result prompts us to quest whether M2TM can play a similar
role in augmenting membrane curvature.

Due to compositional complexity, lipid rafts in living cells are nanoscale and short-lived 23,
These properties render lipid rafts not amenable to many conventional experimental
approaches. The contemporary consensus is that lipid rafts are dictated by lipid-lipid and
lipid—protein interactions 23. Therefore, studies of simplified model systems composed of a
few lipid species and proteins with precise chemical compositions are instrumental in
elucidating key properties associated with lipid rafts. In this study, we use a three-
component lipid bilayer system composed of 1,2-dioleoyl-sr-glycero-3-phosphocholine
(DOPC), egg sphingomyelin (eSM), and cholesterol (Chol) to generate raft-mimicking
liquid-ordered (Lo) and liquid-disordered (Ld) phases.
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We first use high-resolution atomic force microscopy (AFM) in solution to investigate the
structure and organization of M2TM in mica supported planar bilayers. Our AFM study
shows that M2TM preferentially partitions into the Ld phase in Lo+Ld phase coexisting
bilayers. Phase dependent partitioning of M2TM does not change the height difference
between coexisting phases, but does modify domain line tension by increasing the rigidity of
the Ld phase. Moreover, our solution AFM measurements reveal that the oligomeric state of
M2TM is dependent on lipid composition, especially cholesterol. We also use fluorescence
microscopy to study effects of M2TM on thermodynamic stability and curvature of giant
unilamellar vesicles (GUVs). Specifically, M2TM is found to progressively increase the
miscibility transition temperature Ty Of phase coexisting GUVs; incubation of M2TM with
phase coexisting GUVs results in an array of vesicle shapes mimicking virus budding.
Altogether, our experimental data highlight that M2TM can act as a raft sensor and a
membrane curvature enhancer. Both properties are important in understanding the molecular
basis of M2 facilitated virus budding and scission.

Materials and Methods

DOPC, eSM, cholesterol, and rhodamine-DPPE (1,2-dipalmitoyl-sr-glycero-3-
phosphoethanolamine) are purchased as lyophilized powders from Avanti Polar Lipids
(Alabaster, AL). M2TM (residues 22-46 of M2, SSDPLVVAASIMGILHLILWILDRL) is
prepared by solid phase synthesis method, followed by HPLC purification and
lyophilization. Unless noted otherwise, all lipid/peptide compositions are molar based.

AFM experiments

Stock solutions of lipids and M2TM peptide are prepared by dissolving them in organic
solvents (chloroform or chloroform/methanol). Lipid/peptide mixtures are prepared by
mixing appropriate ratios of stock solutions in glass test tubes. Organic solvents are removed
by a gentle stream of argon gas using a 12-position N-EVAP evaprator, and then vacuum
pumped for > 2 h. The resultant lipid/peptide films are hydrated in 10 mM HEPES pH 7.0.
Small unilamellar vesicles (SUVs) are generated by ultrasonicating lipid/peptide suspension
using a Sonic Dismembrator operated at 40 W with a total duration of 10 min. The obtained
SUVs are centrifuged, and characterized by dynamic light scattering using a Dynapro
Nanostar instrument (Wyatt Technology, Santa Barbra, CA).

All AFM measurements are performed at room temperature (23°C). Detailed experimental
procedure has been described elsewhere 24-28, A fluid-compatible Multimode 8 AFM
(Bruker, Santa Barbara, CA) operated at the PeakForce quantitative nanomechanic (QNM)
mode is used for the study. SUVs are injected into a fluid cell formed by a freshly cleaved
mica substrate, a silicone O-ring, and a fluid-compatible glass cantilever holder (model:
MTFML-V2). Mica supported lipid bilayer is formed by the method of SUV rupture and
fusion 7. Finally, ~200 uL buffer is injected to flush out excess vesicles. Bilayers are
scanned using a silicon nitride probe designed to work with the PeakForce QNM mode
(model: ScanAsyst-Fluid+). The maximum normal force applied on lipid bilayer is typically
~300 pN. In the PeakForce QNM mode, the probe oscillates at a frequency of 1 kHz while it
scans across the bilayer. On fly analysis of the oscillating force curves at each pixel yields a
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map of mechanical property (i.e., the reduced Young’s modulus E*) that has the same
resolution as the topographic (height) image. The reduced Young’s modulus is obtained by

fitting the tip force A4, during each oscillation to the DMT model 28: FmngE* VRA3+F,,
where Ris the tip radius, d'is the tip-bilayer separation, and F, is a constant background
force. The algorithm is built into the commercially available Nanoscope software. Square
images ranging from 100 nm to 2 um are acquired at a scan rate of 0.5-1.0 Hz. Multiple
maps including the height and the reduced Young’s modulus are collected in a single scan.

GUV experiments

Appropriate ratios of DOPC/eSM/Chol or DOPC/eSM/Chol/M2TM are prepared from stock
solutions. For fluorescence imaging, 0.2mol% rhodamine-DPPE is added to each mixture.
Lipid mixture in organic solvent is deposited on two one-side coated ITO glass slides. After
solvent removal by vacuum pumping for > 2 h, a GUV production chamber is formed by
inserting a Viton O-ring between the two slides. After filling the production chamber with
~600 uL buffer containing 100 mM sucrose and 10 mM HEPES pH 7.0, the assemblage is
stationed in a homemade aluminum block, which is in thermal contact with a dry bath
incubator. The temperature of the aluminum block and the GUV assemblage is controlled by
a Digi-Sense T-type temperature controller. After heating the assemblage to 60°C, GUVs are
produced by the electroformation method 2° with an AC field of ~2.0 V at 10 Hz (total
duration of 2 h). Once the assemblage cools down to room temperature, GUVs are
suspended in 3 mL GUYV buffer containing 100 mM glucose and 10 mM HEPES pH 7.0.
Two approaches are used for GUV study. In the first approach, an aliquot of lipid/M2TM
GUVs (with variable peptide concentrations) is transferred into a silicone well, which is
sandwiched by a cover slip and a microscope slide. In the second approach, M2TM is first
dissolved in GUV buffer containing 1% (v/v) DMSO. An aliquot of lipid-only GUVs
(without M2TM) is mixed with an equal volume of M2TM solution in a microcentrifuge
tube. After equilibration for 20 min, the mixture is transferred to a silicone well for
microscope examination. For control, the M2TM solution is replaced by the GUV buffer
with 1% (v/v) DMSO. The final DMSO and peptide concentration used in the second
approach is 0.5% (v/v) and 2.3 uM, respectively.

For temperature control, the silicone well assemblage with GUVs in the center is placed in
an observation chamber made of two copper plates. The chamber is connected to a bath
circulator. Thermal stability is enhanced by wrapping thermal insulation foam around the
observation chamber and the microscope objective. GUV temperature is monitored by a T-
type thermal probe, which is taped to the center of the silicone well assemblage using a
thermal conductive aluminum tape. Temperature variation of our setup is < 0.1°C.
Fluorescence images are acquired using an inverted Nikon Eclipse Ti-U microscope, a CFI
Super Fluor ELWD 60x% objective, and an Andor iXon Ultra 897 EM-CCD camera.

To explore the effect of DMSO on M2TM structure, we use attenuated total reflection
Fourier transform infrared (FTIR) spectroscopy. M2TM in 1% (v/v) DMSO (0.2 mg/mL) is
centrifuged at 266,000xg for 2 h (Sorvall WX80, Thermal Fisher Scientific Inc.). An aliquot
of the supernatant (35 pL) is transferred into the fluid cell of a Vertex 70 Bio ATRII
spectrometer (Bruker, Billerica, MA). FTIR spectrum is obtained by first averaging over
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1500 scans, and then subtracting a background spectrum due to solvent absorption. The
same supernatant is examined by dynamic light scattering measurement.

Results

Solution AFM experiments

Homogenous lipid bilayers—Using solution AFM, we first examine M2TM oligomeric
structure in lipid bilayers that exhibit homogeneous organization: DOPC and DOPC

+ 20mol% Chol. In each bilayer the peptide concentration is 4mol% of the total lipid
+peptide mixture. Circular dichroism spectroscopy measurement indicates that M2TM is
properly folded into a-helix when incorporated into lipid bilayers (data not shown). Solution
AFM height images are shown in Fig. 1. (Height images with different magnifications are
also shown in Fig. S1, Supporting Information.) Isolated M2TM oligomers are clearly seen.
To determine oligomer size, we extract oligomers by using Matlab Image Analysis toolbox.
The results are shown as bright regions in gray-scale binary images. Oligomer sizes are
determined by summing pixels corresponding to each oligomer; oligomer radius is then
calculated by assuming that oligomers are round shaped. The normalized probabilities of
oligomer radius distributions reveal that the most probable radius is 3.4 nm for the DOPC/
M2TM bilayer, and 1.8 nm for the DOPC/Chol/M2TM bilayer. In addition to lateral sizes,
we also determine oligomer heights. This is done by calculating height distributions of
oligomers and the rest of the bilayer. The normalized probabilities of the two types of
regions indicate that for both bilayers, the most probable height difference between
oligomers and the intact bilayer is ~0.5 nm.

Heterogeneous lipid bilayers—We next explore lipid bilayer structures of a three-
component system exhibiting macroscopic Lo+Ld phase coexistence. Figure 2 shows an
overall view of the topographic images of DOPC/eSM 3:2 + 20mol% Chol doped with
different amount of M2TM. When no M2TM is present, the lipid bilayer exhibits Lo+Ld
phase coexistence. Height profile indicates that the liquid coexisting phases have a height
difference of ~1.4 nm. Addition of 2 and 4mol% M2TM successively decreases the size of
Lo domains, while the height difference between the coexisting phases remains similar. To
quantitatively correlate Lo domain size and M2TM concentration, we measure the average
area of Lo domains at each M2TM concentration. The diameter of an equivalent circle
having the same domain area is assigned as the average size of Lo domains. The resulting
diameter of Lo domains is 190, 100, and 69 nm for bilayers containing 0, 2, and 4mol%
M2TM, respectively. Moreover, the surface area fraction of Lo domains also decreases from
0.33 to 0.23 as M2TM concentration increases from 0 to 4mol% (area fraction is calculated
from the number of pixels corresponding to Ld and Lo phases, respectively).

Isolated M2TM oligomers are also observed in the three-component bilayer system (Fig. 3).
To determine oligomer size, a region of the Ld phase containing distinguishable oligomers is
selected (Fig. S2, Supporting Information). Image analysis indicates that oligomers have an
average radius of 1.9 nm; they are higher than the Ld phase by ~0.5 nm.

We also looked at a lipid bilayer with larger cholesterol content, DOPC/eSM 1:1 + 38mol%
Chol (Fig. 4). In the absence of M2TM, Ld domains are surrounded by the bulk Lo phase.
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The height difference between coexisting phases is ~0.8 nm, which is smaller than that of
the DOPC/eSM 3:2 + 20mol% Chol bilayer. This observation is consistent with the fact that
DOPC/eSM 1:1 + 38mol% Chol is close to, while DOPC/eSM 1:1 + 20mol% Chol is far
away from the upper phase boundary 24 30,

Addition of 2mol% M2TM reorganizes the Lo phase, yielding isolated Lo domains with
curvilinear shapes (Fig. 4B). The height difference between coexisting phases remains
similar (i.e., ~0.8 nm). AFM images with larger magnifications (Fig. S3, Supporting
Information) reveal additional details: (i) individual oligomers are observed in the Ld phase,
and (ii) due to the small area fraction of the Ld phase, M2TM oligomers are densely packed.
Since no individual oligomers are observed in the Lo phase, it seems that M2TM is
primarily localized in the Ld phase. One caveat is that the height of M2TM oligomers might
be very close to that of the Lo phase; therefore, oligomers would not be distinguishable in
the Lo phase. This concern, however, is ameliorated by the observation that a few regions
containing M2TM oligomers are also observed in the Lo phase (Fig. S3-A). Therefore, the
(almost) absence of M2TM in the Lo phase cannot be accounted for by the argument that the
height of M2TM is the same as or similar to that of the Lo phase. Our statement of phase
dependent partitioning of M2TM is further supported by bilayer rigidity data shown below.

Our solution AFM measurements are performed using PeakForce QNM mode, which allows
simultaneous mapping of bilayers’ topographical and material properties. Accurate rigidity
of lipid bilayers can be obtained by careful system calibration (e.g., by using a reference
sample with known mechanical properties). Here we are only interested in the relative
rigidity of coexisting phases in heterogeneous bilayers. Figure 5 shows the height and
reduced Young’s modulus maps of lipid bilayers with and without M2TM. In both cases, the
Lo phase has a larger height than that of the Ld phase. In the absence of M2TM, the Lo
phase has a larger reduced Young’s modulus than that of the surrounding (Fig. 5A). This
observation is consistent with the general consensus that the Lo phase is stiffer than the Ld
phase 31. A remarkable result is obtained when 2mol% M2TM is incorporated into the phase
coexisting bilayer: the oligomer enriched Ld phase exhibits larger reduced Young’s modulus
than that of the oligomer deficient Lo phase (Fig. 5B). The modified rigidity of coexisting
phases can be reconciled by considering that protein helix (mainly through hydrogen
bonding) has a larger compression spring constant than that of lipid bilayers (mainly through
van der Waals interactions) 32; therefore, the rigidity of the Ld phase is significantly
enhanced by sequestering M2TM oligomers. Since the rigidity of the Lo phase is not
increased by the presence of M2TM, it is reasonable to argue that the Lo phase does not
contain M2TM oligomers. Together, our AFM based height and rigidity images support that
M2TM is mainly localized in the Ld phase.

GUV experiments

Miscibility transition temperature—We use free-floating GUVs to investigate the effect
of M2TM on lipid bilayer thermodynamics, particularly the miscibility transition
temperature Tpix Of phase coexisting bilayers composed of DOPC/eSM 3:2 + 32mol% Chol.
(The lipid composition is chosen for easy access to Tpix.) Tmix iS defined by the temperature
above which phase coexisting bilayers become homogeneous 33-34, GUV lateral
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organization is revealed by the Ld phase marker rhodomine-DPPE. It is known that GUV
lipid composition often exhibits vesicle-to-vesicle variation 3°; therefore, different vesicles
can have different Tyix. For this reason, we define two temperatures corresponding to (i) the
majority of GUVs exhibit critical like fluctuations 36, and (ii) the majority of GUVs become
homogeneous. Tnix is the average of the two temperatures.

For the control sample without M2TM, macroscopic phase separation is observed at low
temperature; critical like fluctuations emerge when temperature is raised; vesicles become
homogeneous by an additional ~2°C increase (Fig. 6). The observed miscibility transition
temperature Ty is 32.4+1.2°C. This value is in good agreement with a previous study
employing a different sphingomyelin species 30. Compared to the control sample, addition
of M2TM ranging from 1 to 6mol% results in similar (i) macroscopic phase separation at
low temperatures, and (ii) critical like fluctuations at elevated temperatures (Fig. 6).
Importantly, Tpmix is found to increase almost linearly with peptide concentration (Fig. 7).
The largest Tpix is 40.8°C for GUVs with 6mol% M2TM.

Vesicle shape—In the study of T, We observe a small fraction of GUVs containing
budding caps when M2TM is present. This prompts us to propose that M2TM might be able
to enhance membrane curvature. To test this hypothesis, we incubate lipid-only GUVs with
M2TM solubilized in 1% (v/v) DMSO. We first use attenuated total reflection FTIR to
examine the secondary structure of M2TM dissolved in DMSO (Fig. S4, Supporting
Information). The pronounced absorption band centered at 1651 cm-1 highlights that the
secondary structure of M2TM is mainly a-helix. We also use dynamic light scattering to
characterize the oligomeric state of M2TM dissolved in DMSO. The resulting hydrodynamic
radius is ~3 nm. This value is consistent with the tetrameric organization of M2TM. We next
explore the effect of M2TM on GUV curvature. For control, we find that DMSO buffer
exerts no discernable effect on vesicle morphology. Introduction of M2TM to GUV exterior
results in remarkable changes of vesicle shapes. Based on experiments replicated on
different days (total number of GUVs > 100), we find more than 30% GUVs exhibiting
budding morphology. When taking images, we mainly focused on GUVs with non-spherical
shapes; therefore, the percentage could be biased. Nevertheless, our data unequivocally show
that (i) M2TM can modify GUV morphology (at least for a significant portion of GUVS),
and (ii) the change is not due to the solvent (control experiment with DMSO containing
buffer shows no vesicle budding). Figure 8 shows a few examples of GUV budding induced
by M2TM: a chain of vesicles is formed by juxtaposing neighboring GUVs (Fig. 8A);
spherical caps with variable sizes bud from mother vesicles (Fig. 8B-D); three caps
interconnect at the same site (Fig. 8E); and two caps bud from one mother vesicle (Fig. 8F).
A special note is the chain morphology, which has some similarity to tubular structures
observed during virus budding 11, Compared to the Tpyix Study where GUVs are prepared
by mixing lipids and M2TM before electroformation, the incubation study unveils that
dynamic absorption and insertion of M2TM from one side of lipid bilayers are able to
augment membrane curvature and generate a multitude of budding architectures.
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Discussion

Oligomer size

Our solution AFM study indicates that the average radius of M2TM oligomers is 3.4 nm in
DOPC bhilayer; the radius decreases to 1.8 nm when 20mol% cholesterol is added (Fig. 1);
for bilayers with coexisting phases, the average radius is 1.9 nm (Fig. S2, Supporting
Information). Compared to the size of M2TM tetramers (S5, Supporting Information), it is
clear that M2TM forms oligomers larger than a tetramer in DOPC bilayers, while tetrameric
structure dominates in DOPC/Chol and DOPC/eSM/Chol bilayers. Since helix-helix
association is mainly mediated by weak van der Waals interactions, the same type of
interactions taking place between helix and lipids, it is conceivable that modified lipid
composition and consequently modified lipid-helix interactions can be translated into altered
oligomeric state 1837, Indeed, helix-helix distance measurement using spin labeled M2TM
indicates that M2TM can exist as monomer, dimer, or tetramer depending on peptide/lipid
ratio 1. Similarly, dimer-tetramer conversion of full length M2 can be elicited by changing
aqueous pH 38. The variable oligomer size suggests that membrane environment imparts a
profound effect on the stochastic oligomeric state of M2TM. This result is consistent with
the notion that lipid membrane can affect protein conformation, dynamics, oligomeric state,
and function by altering lipid membrane structural and material properties 3°.

Phase-dependent partitioning

Phase-based protein sorting is a hallmark of lipid rafts. A previous study using analytical
immunogold electron microscopy showed that M2 is non-raft associated in infected cells °.
Similarly, M2 was found to localize in the Ld phase of plasma membrane spheres derived
from living cells; mutation of M2CT does not affect Ld phase-association of M2 11, All
these observations 2 11 are consistent with our AFM data, which show that M2TM primarily
partitions into the Ld phase of phase coexisting bilayers. Two mechanisms have been
proposed to describe TM protein sorting in raft containing membranes. One is based on the
thickness difference between raft and non-raft domains. It is energetically favorable to sort
proteins with long TM segment into raft domains, and proteins with short TM segment into
non-raft domains #0-42. The thickness-matching mechanism, however, was found to be
inconsistent with many experimental observations, which showed that regardless of TM
length, TM proteins/peptides were exclusively localized in the Ld phase 43-44. In addition,
many canonical raft-associating proteins were found to be excluded from macroscopic Lo
domains 4546, To reconcile the discrepancy, a second mechanism was proposed that proper
raft-based sorting requires a moderate stiffness difference between coexisting phases 47

Both mechanisms could play a role during the initial stage of M2TM sorting. The thickness
of M2TM might be better matched to that of the Ld phase; the Lo phase has a larger rigidity
than that of the Ld phase (Fig. 5). However, at larger M2TM concentrations, the peptide
enriched Ld phase exhibits a larger rigidity than that of the peptide deficient Lo phase. In
this case, the second mechanism would predict Lo phase association of M2TM. To
antagonize this tendency, counteracting mechanisms must take effect, such as favorable
protein-protein interactions.
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Our AFM data also reveal that both the size and area fraction of Lo domains become smaller
by increasing M2TM content. The modified phase fraction is consistent with earlier findings
that TM proteins/peptides can exert a large effect on lipid membrane phase behavior 48-50,
Finally, we note that phase dependent sorting of membrane proteins could be potentially
influenced by many factors, including the system under study (e.qg., lipid bilayers vs. living
cells) and experimental approaches. Our observation of Ld phase association of M2TM is
based on AFM measurement of planar lipid bilayers. For future studies, it will be interesting
to explore whether the partitioning behavior of M2TM remains the same in other systems
that are more representative of biological membranes, such as giant plasma membrane
vesicles 51,

Miscibility transition temperature

Our thermodynamic study of GUVs composed of DOPC/eSM 3:2 + 32mol% Chol shows
that the miscibility transition temperature Ty increases from 32.4 to 40.8°C when M2TM
concentration increases from 0 to 6mol% (Fig. 7). By shifting Tix to larger values, M2TM
seems to stabilize Lo domains in phase coexisting bilayers. This result can be understood by
considering unequal distribution of M2TM in heterogeneous bilayers. Specifically, by
preferentially partitioning into the Ld phase, M2TM oligomers could increase the energy
barrier of Lo phase enriched lipids (i.e., eSM and cholesterol) to cross domain edge and mix
with Ld phase enriched lipids. Therefore, M2TM could impair the mixing propensity of
lipids in phase coexisting bilayers, and consequently shift Tpix upward. Similar upward
shifting of Tix has been observed by connecting GUVs to actin network 52 or by
crosslinking ganglioside lipid GM; using exogenous toxin 4°. Conversely, n-alcohols and
liquid anesthetics were found to downshift Ty of cell-derived giant plasma membrane
vesicles 33, Although often considered as an intrinsic component of lipid membranes,
cholesterol also decreases Ty 30. The disparate effects of membrane additives on Ty
highlight their regulatory roles in mediating membrane heterogeneous organization.

Membrane curvature

Our GUV incubation study indicates that vesicle shape restructuring can be induced by
introducing M2TM to GUV exterior (Fig. 8). Protein elicited membrane shape remodeling is
important in a plethora of cellular processes, including endocytosis and exocytosis, vesicle
trafficking, and cell division ®4-5°, For virus budding and scission, many viruses use the host
endosomal sorting complex required for transport (ESCRT) machinery 6. Influenza A virus
has developed an ESCRT-independent mechanism for virus egress, in which M2 protein was
proposed to play a pivotal role 1157 Based on the notion of surface protein assisted
membrane deformation 2860, previous studies primarily focused on the amphipathic helix
located at M2CT. The hydrophobic face of M2CT helix was proposed to partially insert into
membranes at the cytoplasmic side. Asymmetric binding of M2CT stresses nearby lipid
packing, creates local defects, and promotes membrane curvature. Indeed, incorporation of
M2CT into 1,2-dioleoyl-sr-glycero-3-phosphoethanolamine (DOPE) enriched lipid mixtures
was found to favor cubic phase formation — a unique lipid organization containing negative
Gaussian curvature 20,
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We find that M2TM is capable of inducing vesicle budding. This observation coincides with
a recent finding that the TM domain of parainfluenza virus 5 fusion protein augments the
tendency of forming curved bilayer structures 22. TM peptide induced nonlamellar phases
have also been broadly observed 62-65, A similar GUV experiment to ours was performed
using full-length M2 and M2CT helix 1. The authors found that daughter vesicles or small
budding caps can be developed from mother vesicles. Interestingly, the authors also found
that cholesterol content plays an important role in promoting or suppressing budding events.
Figure 9 displays the structure of a tetrameric M2TM-M2CT complex resolved by solid state
NMR in lipid environment 61, An overall thickness of 3.0 nm for the M2TM segment (Fig.
9) is consistent with its TM disposition. Importantly, the four TM helices tilt by 22-32° with
respect to the bilayer normal 62, resulting in a conical tetramer with the N-terminal narrowed
and the C-terminal widened. When the conical tetramer inserts into lipid membranes, its C-
terminal will exert a larger stress on neighboring lipids than its N-terminal. The
asymmetrically stressed lipid leaflets can then generate negative curvature. Addition of
M2CT to the C-terminal of M2TM further increases of the dimension of the cone base (Fig.
9); therefore, the complex structure of M2TM-M2CT is expected to be more effective in
augmenting membrane curvature than M2TM alone. We note that the orientation of M2TM
(or M2) when inserting into host membranes is important for generating negative curvature.
This is apparent that oppositely orientated conical tetramers will stress the opposite leaflets
equally, resulting in a null effect on the overall membrane curvature. Asymmetrical insertion
could explain our observation that many GUVs undergo shape change when M2TM is
introduced to vesicle exterior (Fig. 8), while only a few GUVs have budding caps when
GUVs are produced by mixing M2TM and lipids before electroformation.

In addition to the conical shape of M2TM oligomers, modulated membrane properties could
also contribute to the enhanced curvature of phase coexisting lipid bilayers. Vesicle budding
is mediated by two competing energy terms: one stems from the line tension energy located
at budding edge and the other is related to the bending energy of the budding cap 66-69.
Vesicle budding is favored when the increased bending energy in the budding cap is
outweighed by the reduction of line tension energy at the budding edge. Our AFM data show
that (i) M2TM preferentially partitions into the Ld phase, and (ii) phase-dependent
localization increases the rigidity of the Ld phase. Using a continuum elasticity theory of
lipid bilayers, Kuzmin et al. showed that line tension is governed by the thickness and
bending modulus of coexisting phases 7°. Our AFM measurements indicate that the height
difference between coexisting phases is unchanged by M2TM. Therefore, the altered line
tension by M2TM is primarily achieved by increasing the bending modulus of the Ld phase.
Our observation of M2TM enhanced vesicle curvature is consistent with theoretical
prediction that absorption and insertion of membrane inclusions can increase the effective
line tension and induce vesicle budding 1.
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Figure 1.
Solution AFM height images of 4mol% M2TM in planar bilayers composed of (A) DOPC

and (B) DOPC + 20mol% Chol. Height-scale indicated by the color bar is 1.5 nm. Scale bars
= 80 nm. Gray-scale binary images show oligomers determined by Matlab image analysis.
Gaussian fitting (solid lines) indicates that the most probable oligomer radius is 3.4 nm for
the DOPC/M2TM bilayer, and 1.8 nm for the DOPC/Chol/M2TM bilayer. Height
probabilities are calculated separately for oligomers and the rest of the bilayer.
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Figure 2.
Solution AFM height images of DOPC/eSM 3:2 + 20mol% Chol doped with different

amount of M2TM. Scale bars = 500 nm. The bottom row shows height profiles (in nm)
along dashed lines indicated in the height images.
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Figure 3.
Solution AFM height images of DOPC/eSM 3:2 + 20mol% Chol without (A) and with (B)

2mol% M2TM. Green arrows highlight M2TM oligomers in the Ld phase. Scale bars = 50
nm.
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Figure 4.
Solution AFM height images of DOPC/eSM 1:1 + 38mol% Chol without (A) and with (B)

2mol% M2TM. Scale bars = 500 nm.
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Figure5.
Solution AFM height images (top row) and reduced Young’s modulus (rigidity) maps

(bottom row). (A) DOPC/eSM 3:2 + 20mol% Chol. (B) DOPC/eSM 1:1 + 38mol% Chol
with 2mol% M2TM. The height is in unit of nm and the reduced Young’s modulus is in unit
of MPa.
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Figure6.
GUV miscibility transition as a function of M2TM concentration. GUVs are composed of

DOPC/eSM 3:2 + 32mol% Chol with 0 (A), 2 (B), 4 (C), and 6mol% (D) M2TM. Scale bars
=10 pum.
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Figure8.
Fluorescence images of GUVs (DOPC/eSM 3:2 + 32mol% Chol) after being exposed to 2.3

UM M2TM. (A) Inter-connected vesicle chain, (B) small cap budding, (C) small and
intermediate cap budding, (D) hemispherical budding, (E) three-cap interconnection, and (F)
two-cap budding. Scale bars = 10 ym.
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M2CT helix

Figure.
Solid state NMR structure of a tetrametic M2TM-M2CT complex 61 (PDB: 2L0J) shown in

cartoon (left) and surface (right) representations. Ca atoms of S23 and L46 are shown as
spheres. The distance between the two planes formed by the Ca atoms of S23 and L46 is 3.0
nm. The diameter of the circle outlined by the Ca atoms of S23 is 1.7 nm, and the diameter
of the circle outlined by the Ca atoms of L46 is 3.0 nm.
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