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ABSTRACT: Deterministic formation of membrane scission
necks by protein machinery with multiplexed functions is
critical in biology. A microbial example is M2 viroporin, a
proton pump from the influenza A virus that is multiplexed with
membrane remodeling activity to induce budding and scission
in the host membrane during viral maturation. In comparison,
the dynamin family constitutes a class of eukaryotic proteins
implicated in mitochondrial fission, as well as various budding
and endocytosis pathways. In the case of Dnm1, the
mitochondrial fission protein in yeast, the membrane remodel-
ing activity is multiplexed with mechanoenzyme activity to
create fission necks. It is not clear why these functions are
combined in these scission processes, which occur in drastically different compositions and solution conditions. In general,
direct experimental access to changing neck sizes induced by individual proteins or peptide fragments is challenging due to the
nanoscale dimensions and influence of thermal fluctuations. Here, we use a mechanical model to estimate the size of scission
necks by leveraging small-angle X-ray scattering structural data of protein−lipid systems under different conditions. The
influence of interfacial tension, lipid composition, and membrane budding morphology on the size of the induced scission
necks is systematically investigated using our data and molecular dynamic simulations. We find that the M2 budding protein
from the influenza A virus has robust pH-dependent membrane activity that induces nanoscopic necks within the range of
spontaneous hemifission for a broad range of lipid compositions. In contrast, the sizes of scission necks generated by
mitochondrial fission proteins strongly depend on lipid composition, which suggests a role for mechanical constriction.
KEYWORDS: lipid bilayer, scission necks, membrane−protein interactions, small-angle X-ray scattering, negative Gaussian curvature

Membrane neck formation is a critical step in many eukaryotic
transport processes, such as endocytosis, exocytosis, and
intracellular trafficking.1−3 For microbial processes, vesicle
budding and membrane neck formation also play crucial roles
in the replication cycle of enveloped viruses and parasites.4−6

In both classes of examples, the protein machinery often
multiplexes membrane remodeling activity with drastically
different functions. The formation of scission necks in
eukaryotes is controlled by proteins that adsorb or insert
into the cell membrane and reshape the membrane into
distinct morphologies via different functions.7−9 For example,
dynamin-related GTPase proteins (Dnm1 in yeast, Drp1 in
mammals) exhibit not only mechanoenzyme activity to
“squeeze” fission necks but also the ability to remodel
membrane curvature, thereby facilitating the formation of
membrane necks in mitochondrial fission in a process that is
not completely understood.10−14 Similarly, bacterial pathogens

and viruses including rabies virus, parainfluenza virus-5, and
influenza A possess protein machinery capable of membrane
remodeling to enforce budding and scission in host cell
membranes.4−6 However, this activity is also often combined
with other functions. In the case of influenza A, the M2
viroporin that mediates budding is also a proton pump that can
acidify local environments. Presently, these multiplexed
functions are considered serendipitous accidents in evolution.
There is no conceptual framework to see why these functions
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in particular are combined or whether the additional functions
are somehow synergistic with membrane remodeling.
To understand the physicochemical principles underlying

the membrane remodeling required for scission pores, it is
important to experimentally determine the size and geometry
of scission necks across a diverse range of experimental
conditions, given that neck formation is distinct for different
biological contexts (local lipid compositions) and local
environmental conditions (pH, temperature). Various techni-
ques including X-ray crystallography,15 nuclear magnetic
resonance spectroscopy (NMR),16 and electron microscopy
(EM)17 can in principle be used for estimating membrane
curvatures in scission necks of reconstituted systems. However,
these techniques are usually applicable only to specific
experimental conditions that are amenable to the measurement
itself (such as freezing or vacuum conditions). Moreover,
measuring membrane neck sizes is further complicated by the
dynamics of membrane deformations, the nanoscopic scale of
neck formation, and the heterogeneous, transient, fluctuating
nature of such structures.18

Small-angle X-ray scattering (SAXS)19,20 is a nondestructive
technique that has been used to study the structure and phase
behavior of biomolecular systems.21 Specifically, using SAXS,
previous studies have shown that pore-forming proteins can
reorganize small unilamellar vesicles (SUVs) into bicontinuous
cubic phases.22−24 Cubic phases are periodic minimal surfaces
that have been found in a wide range of membrane-bound
organelles such as endoplasmic reticulum, Golgi apparatus, and
mitochondrial membranes.25−28 Cubic phases are idealized
surfaces with zero mean curvature but rich in bilayer negative
Gaussian curvature (NGC) (Figure 1). NGC is a geometric
requirement of scission neck formation, so the observation of
NGC-rich phases is consistent with the expectation (Figure 1).
However, the precise quantitative relationship between the
extent of induced curvatures observed in cubic phases (for
instance, the NGC density per volume) and the actual
dimensions of scission necks is not clear (Figure 1). The
ability to estimate scission neck dimensions from the structure
of cubic phases can have great utility since SAXS can be used
for different lipid compositions and for different intensive

thermodynamic variables relevant to different biological
environments.
The use of theoretical and computational methods

integrated with experimental information has emerged as a
potent approach for investigating induced membrane curva-
tures by proteins9,29−33 and for distilling insights that are
otherwise challenging to obtain. For example, Kozlovsky et al.
have studied the role of proteins in membrane neck formation
during fission and fusion processes.30,34 They showed that for
wide necks (neck radius > monolayer thickness), the necks
adopt the shape of a catenoid with zero mean curvature.30

Chabanon and Rangamani proposed that the Gaussian
curvature of neck-like structures governs the distribution of
the proteins in the neck region.31 Dharmavaram et al.
suggested that the mismatch between the Gaussian curvature
of the partially assembled capsid as a spherical cap and the
catenoid-shaped neck region creates an energy barrier during
viral budding.29

In this study, we construct a minimal continuum elastic
membrane model and use it to quantitatively extract protein-
induced NGC from structures of cubic phases measured in
SAXS. We apply the derived induced curvature as an input to
the free energy of the membrane neck formation and estimate
the radius of a stable scission neck via energy minimization.
We introduce a dimensionless quantity, the “spontaneous
scission number (SSN)”, as a function of the cubic lattice
constant, protein size, and size of the neck. The SSN controls
the degree of the scission neck constriction, and we found that
SSN > 1 is a threshold for the formation of necks sufficiently
narrow to be within the range of possible spontaneous
hemifission.
We apply our mechanical framework to estimate the size of

scission necks induced by mitochondrial fission proteins in
yeast (Dnm1) and the M2 budding protein from the influenza
A virus, using measured cubic lattice constants.22,23 We show
that the degree of neck constriction by mitochondrial fission
protein Dnm1 depends highly on lipid composition. Not only
is this consistent with expectations for a highly regulated
cellular process but it also suggests that the mechanoenzyme
activity may be necessary to supplement the membrane

Figure 1. Estimating the induced radius of scission necks by membrane-remodeling proteins based on the membrane deformations observed
in SAXS spectra. (A) SAXS spectra from a model mitochondrial membrane incubated with Dnm1, adapted with permission from ref 22.
Copyright [2017] [American Chemical Society]. The peaks marked with red lines correspond to a Pn3m cubic phase with a lattice constant
of 34.16 nm, and the set of correlation peaks with q-ratios of 1 : 3 : 4 : 7 : 9 represents an inverted hexagonal structure with a lattice
parameter of 7.88 nm.22 (B) 3D reconstruction of a Pn3m cubic phase with NGC (c1 > 0 and c2 cubic phase with NGC (c1 > 0 and c2< 0) at
every point. (C) Catenoid-shaped scission necks are characterized by NGC.
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remodeling activity when lipid compositions are not optimal
for membrane remodeling alone. In contrast, the M2 protein
from influenza A infection is able to squeeze the budding neck
to narrow sizes within the range of spontaneous hemifission in
a manner that is significantly less sensitive to lipid composition.
This is consistent with the need for the virus to successfully
mature and bud in a broad range of eukaryotic cells with
different lipid compositions. We demonstrate that a synthe-
sized peptide of M2 protein, consisting of the transmembrane
helix and the C-terminal cytoplasmic helix (M2TM-cyto), is
sufficient to constrict vesicles and form narrow necks.
Furthermore, we show that acidification in fact enhances the
membrane remodeling activity of the M2 protein, which aligns
with the activation of M2 channel proton transport upon
acidification.35 Using coarse-grained molecular dynamic
simulations, we also illustrate that the M2 protein from
influenza A virus can induce large anisotropic curvature
independent of lipid composition. From these results, we

believe our framework can be generalized to other protein−
membrane systems.

RESULTS AND DISCUSSION
Estimation of the Radius of Induced Scission Necks

by Membrane-Remodeling Proteins from SAXS Data. A
range of proteins can remodel lipid membranes to form
scission necks. The size of scission necks induced by proteins is
a key geometric parameter in mediating different processes
such as fission, fusion, and membrane trafficking. Here, we use
our mechanical framework to estimate the radius of scission
necks induced by membrane-remodeling proteins from SAXS
measurements and systematically explore the influence of cubic
lattice constant, protein area in contact with the membrane,
and interfacial tension on the size of the scission necks.
We use the deviatoric curvature (D0) estimated based on the

lattice constants of cubic structures (here we used Pn3m)
measured in SAXS as input to our model (Figure 2A). We
plotted the change in the system (eq 2) from a spherical vesicle

Figure 2. Estimating the radius of induced scission necks by membrane-remodeling proteins using the cubic structures in SAXS. (A)
Idealized geometry of a membrane scission neck was modeled as a rotationally symmetric catenoid surface with a neck radius of rn and two
identical spherical caps with a radius of R. (B) Change in the energy of the system from a spherical vesicle to the idealized membrane
scission neck geometry (eq 2) as the function of the neck radius for four different lattice constants (ap = 4 nm2, s0 = 10 nm, and γ = 0).
Arrows show the location of minimum energy corresponding to the stable radius of the constricted neck. The neck radius increases with the
increasing lattice constant of cubic structures. (C) Change in the energy of the system as the function of the neck radius for three different
protein surface areas in contact with the membrane at fixed a = 100 nm (s0 = 10 nm and γ = 0). Larger proteins lead to a smaller scission
neck, while at a small protein size, an energy barrier is associated with membrane neck constriction. Contour plot of the membrane scission
neck radius for a range of (D) cubic lattice constants and protein surface area (s0 = 10 nm and γ = 0), (E) cubic lattice constants and line
tension (ap = 4 nm2 and s0 = 10), and (F) cubic lattice constants and catenoid length (ap = 4 nm2 and γ = 0). The white domains in panels
(D), (E), and (F) mark the regions with no energy minima and no neck formation.
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to the idealized geometry of the scission neck as a function of
the neck radius for four different cubic lattice constants in
Figure 2B. Here, we set the effective surface area of the protein
in contact with membrane (ap) = 4 nm2, s0 = 10 nm, and γ = 0.
Considering an induced Pn3m cubic structure, we found that
by decreasing the cubic lattice constants, e.g., a = 100 nm to a
= 20 nm, the radius of the stable neck at the minimum energy
reduces from rn = 47.52 nm to rn = 6.75 nm (arrows in Figure
2B). This implies that proteins that induce cubic phases with
smaller lattice constants can strongly bend the membrane and
significantly squeeze the scission neck (blue line in Figure 2B).
The size of the scission neck increases almost as a quadratic
function of the cubic lattice constant (Figure S2A). However,
for large lattice constants (a > 110 nm), the change in the
energy increases monotonically as the neck radius decreases
(gray line in Figure 2B). This suggests that the induced
deviatoric curvature by proteins is not strong enough to
constrict the membrane and form the scission neck (gray line
in Figure 2B).
The strength of interaction between the embedded proteins

and the surrounding membrane depends on the surface area of
proteins in contact with the membrane36,37 (ap in eq S10).
Proteins with larger contact surface areas bind more strongly to
the membrane and can constrict the membrane neck to smaller
radii (Figure 2C, a = 20 nm, s0 = 10 nm and γ = 0). In our
model, the stronger membrane−protein interactions are
equivalent to having a more negative Gaussian modulus at
the protein domain (eq S10). Consistently, previous
theoretical and experimental studies have shown that a more
negative Gaussian modulus can facilitate membrane budding
and the process of scission neck formation.38,39

In a free membrane without protein, scission neck formation
is associated with an energy barrier due to the NGC of the
neck and the negative Gaussian modulus of the membrane (eq
S9).30,40 This is analogous to the positive Gaussian energy
barrier associated with transmembrane pore formation.41

Using our model to estimate the energy barrier associated
with forming a simple catenoid-shaped neck (ignoring the
spherical caps) from a spherical vesicle in a free membrane
without protein, we observed that the height of the energy
barrier increases with the magnitude of the Gaussian modulus
and the vesicle size, and it decreases with an increase in the
length of the catenoid (eq S9 and Figure S1). Interestingly, our
results demonstrated that the interactions of curvature-
generating proteins with the membrane decrease the height
of the energy barrier and induce stable necks at a local energy
minimum (Figure 2B,C). Based on our results, the energy
barrier vanishes for (1) small cubic lattice constants
corresponding to large induced deviatoric curvatures and (2)
proteins with large contact surface area corresponding to
stronger interactions with the membrane (Figure 2B,C).
Similarly, we have previously shown that anisotropic
curvature-generating peptides such as antimicrobial peptides
decrease the energy barrier for transmembrane pore formation
and stabilize pores in lipid bilayers.42

In biological contexts, membrane-remodeling proteins have
a wide range of sizes and can alter their effective contact area
with the membrane. We use our model to construct a contour
plot of the induced scission neck for a range of cubic lattice
constants and protein surface area in Figure 2D (s0 = 10 nm
and γ = 0). The vesicle remains undeformed, and there is no
neck in a small domain with a very large cubic lattice constant
and a small protein surface area (Figure 2D). Conversely,

narrow necks (rn < 6 nm) can be formed for small cubic lattice
constants (a < 16 nm), independent of the protein size (Figure
2D). We also found that for small cubic lattice constants, the
size of the scission neck weakly depends on the interaction
between the membrane and the proteins. Thus, to further
squeeze the membrane neck and complete the scission
phenomena, the induced line tension at the boundaries of
protein phase separation can play an important role43 (Figure
2E, ap = 4 nm2 and s0 = 10 nm). For example, in the case of a =
100 nm, increasing the magnitude of line tension from γ = 0 to
γ = 10 pN44,45 results in an almost 80% decrease (from rn ∼
47.3 nm to rn ∼ 9.7 nm) in the radius of the scission neck
(Figure 2E). Previous studies have also shown that an increase
in the effective line tension, due to the insertion of the M2
transmembrane domain into the membrane, enhances
curvature generation and vesicle budding.46,47

Intuitively, one expects that the length of the catenoid (s0) in
the idealized geometry must affect the radius of the scission
neck, as it defines the length scale of curvature modulation
(Figure 2F, ap = 4 nm2 and γ = 0). In our model, the length of
the catenoid has a dual effect on the membrane-inclusion
interaction energy (eq 1). On the one hand, an increase in the
length of the catenoid leads to an increase in the area of the
scission neck and the energy cost for membrane constriction.
On the other hand, catenoids with larger lengths have smaller
deviatoric curvatures (D = rn/(rn2 + s02)), which makes the
formation of a narrow neck easier with a lower bending energy
cost. The antagonistic effects of s0 on the elastic mismatch
energy cost can be seen in Figure 2F. At small cubic lattice
constants (a < 20 nm), the larger surface area of the catenoid
becomes dominant in the elastic energy. Therefore, the neck
radius increases with increasing the catenoid length (Figures
2F and S2B). However, at large lattice constants (a > 60 nm),
the dominant term in the interaction energy is the membrane
curvature. Thus, an increase in the catenoid length leads to a
smaller neck radius (Figures 2F and S2C). Interestingly, at
intermediate lattice constants (30 nm < a < 60 nm), we found
that the neck radius is a nonmonotonic function of s0; as s0
increases, the neck radius decreases and then increases again
(Figures 2F and S2D).
It is possible to construct a dimensionless quantity, the

spontaneous scission number (SSN):
SSN = s a a/0 p

2 which combines the effects of the cubic
lattice constant (a), protein surface area (ap), and catenoid
length (s0). We found that SNN governs the formation of
fission necks (Figure S3). As the SSN increases, the neck
becomes smaller, and the radius of the neck is approximately
proportional to the power function of the SSN, rn ∼ SSN−0.2

(Figure S3). Our findings suggested that SSN greater than 1
can give rise to the formation of sufficiently narrow necks (with
radii below 5 nm) that allow spontaneous hemifission.

Morphology of Membrane Caps Influences the
Radius of Induced Scission Necks by Membrane-
Remodeling Proteins. Membrane budding is a common
phenomenon that often takes place in large vesicles, known as
“mother” vesicles, and results in the formation of smaller
“daughter” vesicles. This process is observed in various cellular
processes, such as clathrin-mediated endocytosis, the for-
mation of synaptic vesicles, receptor-mediated endocytosis,
and the viral replication cycle, where a small coated pit
connects to a large mother vesicle via a neck-like
structure.5,48−53
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To explore the robustness of neck formation by membrane-
remodeling proteins in large vesicles, we revised our idealized
geometry and assumed that the spherical caps have two
different radii, R and R* (Figure 3A). Here, we set ap = 4 nm2,
s0 = 10 nm, and γ = 0 and plotted the percentage of change in
neck radius compared to the case with two identical spherical
caps, R*/R = 1 (Figure 3A). Based on our results, the scission
neck gets wider with an increasing ratio of asymmetry between
two spherical caps (R*/R) (Figure 3A). The percentage of
increase in the neck radius is proportional to the cubic lattice
constant (Figure 3A). For example, for a = 20 nm, the neck
radius increases less than 2% when R*/R = 1 increases to R*/R
= 5. However, our results show that for large lattice constants
(a = 40 nm), there is a ∼10% enlargement in the neck radius
as the size of the mother vesicle increases to R*/R = 5 (Figure
3A).
We also investigated the impact of aspherical membrane cap

morphology on the radius of induced scission necks by
membrane-remodeling proteins (Figure 3B,C). This can be a
representation of (I) the tubular membrane invagination in
yeast endocytosis54 and (II) the aspherical morphology of the
membrane wrapping of elongated viruses such as coronavirus,
Ebola, Marburg, and bullet-shaped Rhabdoviruses.55−59

Influenza A virus is also known as a pleomorphic virus which
displays a range of morphologies from filamentous to
spherical.60 Here, for simplicity, we only considered prolate-
shaped caps with an aspect ratio (r2/r1) > 1 (Figure 3B) and
oblate-shaped caps with an aspect ratio <1 (Figure 3C).
We found that the size of the scission neck increases with an

increase in the aspect ratio of the prolate-shaped cap (Figure
3B). Particularly, we observed that for large lattice constant (a
= 60 nm), the radius of the scission neck increases ∼50% when
increasing the aspect ratio from ratio = 1 to ratio = 6 (Figure

3B). For oblate-shaped caps, our results show that the neck
radius slightly decreases (<4%) when decreasing the aspect
ratio from ratio = 1 to ratio = 0.1 (Figure 3C). However, both
prolate- and oblate-shaped caps create a large energy barrier in
neck constriction (Figures S4 and S5). This could be related to
the high membrane bending energy in ellipsoidal caps
compared to the spherical caps.61 We observed that the height
of the energy barrier increases for larger lattice constants and is
more dramatic in oblate-shaped caps (Figures S4 and S5). This
is in agreement with previous theoretical and experimental
studies, which have shown that the membrane engulfment time
increases as the particle’s shape deviates from a sphere.62,63

Consistently, it has been suggested that the increase in
internalization time is more dramatic for oblate shapes
compared to prolate shapes.62,63 Overall, these results suggest
that the process of membrane budding from larger vesicles and
with an aspherical cap morphology requires a higher degree of
curvature induction by membrane-remodeling proteins.

Scission Neck from Viral Budding Protein Is Smaller
than That from Mitochondrial Fission Proteins and
Exhibits Different Lipid Requirements. It is interesting to
test the model by comparing the behavior of induced scission
necks by viral budding M2 protein from influenza A virus
versus dynamin-mediated mitochondrial fission in eukaryotic
cells. We have previously shown that Dnm1 and the M2
protein from influenza A virus can remodel lipid membranes to
cubic structures with NGC.22,23 Using these SAXS measure-
ments as inputs for our model and estimating the effective
surface area of proteins based on their X-ray crystallography,
we calculated the radius of constricted necks induced by M2
protein and Dnm1 in different lipid compositions (Figure 4A).
In these calculations, we considered 20% variations in the

Figure 3. Effects of membrane cap morphology on the radius of induced scission neck by membrane-remodeling proteins. (A) Increase in
the scission neck radius with increasing size ratio between two spherical caps (R*/R). The scission neck radius exhibits a more pronounced
increase as a function of R*/R for larger cubic lattice constants. (B) Increase in the scission neck radius with the increasing aspect ratio of
the prolate-shaped caps. The size of the neck increases significantly (∼50%) when the aspect ratio increases from 1 (spherical caps) to 6
(prolate-shaped caps) at a = 60 nm. (C) Decrease in the scission neck radius with decreasing aspect ratio of the oblate-shaped caps. For
small cubic lattice constants (a < 40 nm), the change in the neck radius is negligible (<1%). In all numerical calculations, we set ap = 4 nm2,
s0 = 10 nm, and γ = 0.
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protein surface area (ap ± 20%) and the length of the neck (s0
± 20%), assuming no line tension, γ = 0 (Figure 4).

Based on our calculations, the size of induced fission necks
by Dnm1 highly depends on the percentage of conical
cardiolipin lipids present in the membrane (Figure 4A). For
instance, in model membranes with ternary phospholipid
mixtures of phosphatidylethanolamine (PE), phosphatidylcho-
line (PC), and cardiolipin (CL) at molar ratios of 75/5/20 and
75/15/10 PE/PC/CL, Dnm1 can constrict the membrane into
catenoid-shaped necks with diameters ranging from 10.78 to
11.44 nm and 22.92−23.4 nm, respectively (Figure 4A).
Previous studies have also shown that membrane lipid
composition plays an important role in mitochondrial
fission.64−66 In particular, the presence of conical lipids in
the mitochondrial membrane facilitates the interaction and
activation of the GTPase domain of fission proteins.64−66

Using a previously proposed catenoid-shaped neck model,30

the average amount of Gaussian curvature in a cubic phase
induced by Dnm1 in 75/5/20 PE/PC/CL model membrane
maps to a fission neck of approximately 12.6 nm in diameter.22

This is in agreement with our estimated neck size of 10.8 nm <
2rn < 11.5 nm using the dumbbell-shaped constricted neck in
our model (Figure 4A). In this context, it is interesting to note
that connecting the catenoid-shaped neck to spherical caps
with positive Gaussian curvature can decrease the size of the
neck.
We employed our mechanical framework to estimate the size

of the pinching neck generated by M2 proteins under different
conditions; (I) the full length of M2 protein of the influenza A
virus in different lipid membrane compositions23 (Figure 4A),
(II) a synthesized M2TM-cyto peptide in various lipid
membrane compositions23 (Figure 4B), (III) the full length
of M2 protein in both neutral (pH 7) and acidic (pH 5) buffer
conditions (Figure 4B). Here, we assume that the viral budding

occurs from a large vesicle, with a relative size ratio of R*/R =
5. We found that both full-length M2 protein and the
synthesized M2TM-cyto peptide can form narrow necks (neck
diameter <10 nm) which can trigger the spontaneous
membrane hemifission reaction67 (Figure 4A,B). Interestingly,
we found that, unlike fission proteins, the diameter of the
endocytic neck generated by the M2 protein and the
synthesized M2TM-cyto peptide does not strongly depend
on the lipid composition (Figure 4A,B). This is interesting for
several reasons. That viruses are much smaller than
mitochondria places more stringent requirements for scission.
Moreover, viruses, in principle, need to remodel host
membranes with a wide range of lipid compositions.
The M2 viroporin is a proton pump as well as a membrane

remodeling protein. We observed that under acidic conditions,
the M2 protein from influenzas A induces tighter NGC and
can constrict endocytic necks to narrow sizes that fall within
the range of the spontaneous hemifission regime (Figure 4B).
This indicates that the two functions of M2 both promote
budding and do not act against one another. This could be
attributed to a change in the backbone conformation of the C-
terminal helices, which leads to altered lipid−protein
interactions and induces anisotropic curvature, similar to the
opening and activation of the influenza A M2 proton channel
in response to acidification.35

M2 Protein from the Influenza A Virus Can Robustly
Induce Anisotropic Curvature in a Range of Lipid
Compositions in Coarse-Grained Molecular Dynamics
Simulations. To test the predictions from the theoretical
framework, we performed coarse-grained molecular dynamics
simulation to compare the capability of the M2 protein of the
influenza A virus versus Dnm1 to induce anisotropic curvature
on flat membranes with two different lipid compositions
(Figure 5). Previous studies have shown that the M2 proton
channel and the pleckstrin homology (PH) domain of Dnm1
contain amphiphile loops that can insert into the lipid
membrane and constrict the neck.23,68−71 Using a previously
trained support vector machine (SVM) classifier to assess the
membrane-restructuring activity of a given protein sequence,72

we showed that both the M2 proton channel and the PH
domain of Dnm1 contain amino acid sequences capable of
remodeling membranes through anisotropic membrane
curvature induction (Figure S6).
We placed a single transmembrane M2 proton channel at

the center of a flat lipid bilayer with two different lipid
compositions: (I) 80/20 PE/PS and (II) 75/15/10 PE/PC/
CL (Figure 5A,B). The system equilibrated for 2 μs and we
used the equilibrated trajectory to compute the deviatoric
curvature generated on the membrane by the protein. The
deviatoric curvature was calculated using the MDAnalysis tool
and the VTK library of Python.73 Details of the simulation
protocol are described in the Supporting Information. We
found that M2 protein can generate a similar degree of
anisotropic curvature on both lipid compositions (Figure
5A,B). However, our results show that the induced anisotropic
curvature in 75/15/10 PE/PC/CL lipid composition extends
to a relatively larger distance compared to the 80/20 PE/PS
flat lipid bilayer, which is likely due to the presence of flexible
cardiolipins (Figure 5A,B). These simulation results are in
agreement with predictions of our theoretical model and SAXS
measurements that M2 protein can robustly induce deviatoric
curvature on membranes with different lipid compositions.

Figure 4. Comparison of membrane remodeling activity and
induced scission necks by viral protein M2 from influenzas A and
eukaryotic fission protein Dnm1. (A) Estimation of induced
scission necks by M2 protein of influenza A virus and Dnm1 in
different lipid compositions, using our mechanical framework and
the cubic lattice constants measured in our previous SAXS
experiments.22,23 The M2 protein of influenza A virus can form
narrow constricted necks <10 nm within the range of possible
hemifission regime in different lipid compositions. (B) Estimation
of induced scission necks by M2TM-cyto peptide in different lipid
compositions, and the full-length M2 protein under neutral (pH 7)
and acidic (pH 5) conditions. The M2 induces smaller scission
neck sizes in acidic conditions. In both panels, we considered 20%
variations in neck length (s0 = 10 nm) and effective contact surface
area ap (γ = 0).
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As expected, deviatoric curvature generated by the PH
domain of Dnm1 strongly depends on the lipid composition of
the membrane. While it induces a decent amount of deviatoric
curvature on the 75/15/10 PE/PC/CL membrane, it does not
generate any deviatoric curvature near the location of the
protein on the 80/20 PE/PS membrane (Figure 5C,D). We
also observed that the magnitude of the induced deviatoric
curvature by the M2 protein is higher than the PH domain on
both lipid compositions (Figure 5). The curvature generated
by the M2 protein also extends to a relatively larger distance
compared to the induced curvature by the PH domain.
Additionally, we plotted the radius of curvature of the
membrane deformations ( | |c c1/ 1 2 ) induced by the Dnm1
and M2 protein from influenza A in two different lipid

compositions (Figure S7). As expected, the larger magnitude
of curvature induced by M2 protein, compared to Dnm1,
results in more significant membrane remodeling and a smaller
radius of curvature, which does not depend on the lipid
composition (Figure S7). These results suggest that neck
formation by the dynamin-related family of proteins strongly
depends on the lipid composition, while the M2 protein from
the influenza A virus can form narrow scission necks over a
range of cell membranes with different lipid compositions.

CONCLUSIONS
In summary, we present a minimal mechanical model to
directly use SAXS measurements to estimate the radius of
scission necks induced by membrane-remodeling proteins.
Using this method, it is possible to systematically explore the

Figure 5. M2 protein from the influenza A virus induces robust anisotropic curvature independent of the membrane lipid composition in
molecular dynamics simulations. Structure of the protein−membrane complex (upper panel) and contour plot of the deviatoric curvature
generated by the protein on the membrane surface (lower panel) for (A) M2 proton channel from the influenza A virus on PE/PS 80/20
lipid bilayer, (B) M2 proton channel from the influenza A virus on PE/PC/CL 75/15/10 lipid bilayer, (C) dynamin PH domain on 80/20
PE/PS lipid bilayer, and (D) dynamin PH domain on PE/PC/CL 75/15/10 lipid bilayer. M2 protein and dynamin PH domain are shown by
the red and violet colors, respectively.
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interplay between the protein surface area, the magnitude of
induced curvatures by proteins, interfacial tension at the phase-
separated protein boundary, and the morphology of the caps in
regulating the size of scission necks (Figures 2 and 3). In
particular, we introduce a dimensionless quantity, the
“spontaneous scission number = (catenoid length)(

protein surface area )/(cubic lattice constant)2” which char-
acterizes the extent of scission neck constriction (Figure 2).
Our results also show that the neck radius depends on the
morphology and symmetry of caps (Figure 3). For instance, for
large lattice constants, the neck radius increases noticeably for
membrane budding from a large vesicle (∼10%) and with
prolate-shaped caps (∼50%) (Figure 3). Additionally, we find
that for ellipsoidal-shaped caps, neck constriction is associated
with a large energy barrier (∼1500kT) (Figures S4 and S5).
This substantial energy barrier implies that a secondary
mechanism such as actin-mediated pinching forces or helical
twist is required to complete fission.54,74,75

In the general context of required NGC for membrane
remodeling in scission necks versus transmembrane pore
formation, we observe that the energy barrier associated with
the formation of transmembrane pores42,76 is almost 6x larger
compared to the energy barrier involved in the neck
constriction process (identical spherical caps in Figure 2).
Additionally, we identify that scission necks can be formed
across a wide range of cubic lattice constants, 0 < a < 100 nm
(Figure 2), whereas pore formation is confined to a relatively
narrow range of lattice constants (0 < a < 30 nm).42 Thus, we
predict that the membrane remodeling required for scission
neck formation is simpler than the initiation of transmembrane
pore opening. We find that the proton pumping activity of M2
viroporin does not interfere with its membrane remodeling
activity. In fact, the two activities appear to be synergistic. It
would be interesting to investigate other pH-dependent
microbial pore-formers, such as diphtheria toxin.77 The
method presented here is potentially applicable to other
protein-induced membrane-remodeling processes such as
budding, blebbing, and tubulation and can provide insight
into the mechanical design principles for robust vesiculation,
e.g., in drug or gene delivery systems.
Despite the agreement of our model predictions with

experimental data, we acknowledge some limitations and
simplifying assumptions of our model. We used an idealized
geometry of scission neck, including a rotationally symmetric
catenoid surface with zero mean curvature connected to
spherical caps. However, the geometry of a scission neck is
more complicated: the neck is not a complete catenoid, and
the caps can have arbitrary shapes. Thus, future efforts will
focus on including the 3D asymmetric morphology of scission
neck formation.78 Additionally, we assumed that the NGC-
generating inclusions are confined to the neck region and that
the outer surface area of the neck is fully covered by NGC-
generating proteins (protein saturation). However, two aspects
can be incorporated into future studies: (I) the dependency of
the deviatoric curvature and neck constriction on protein
concentration and (II) the contribution of entropic term due
to the heterogeneous distribution of proteins on the membrane
surface.79,80 In the current model, we focused only on the role
of induced anisotropic curvature by membrane remodeling
proteins in regulating scission neck formation. However,
membrane budding, e.g., viral budding, is governed by a
complex interactive machinery of proteins, ligands, and

receptors.81−84 Thus, for a more general model, these effects
should be considered. Finally, we studied the pH-dependent
membrane activity of the M2 protein from influenza A in one
lipid composition at two different pH levels (Figure 4). Future
efforts focusing on other pH-dependent membrane remodeling
proteins across various lipid compositions and environments
will be important for identifying the quantitative relationship
between pH level and the degree of induced curvature.

METHODS
Membrane Mechanics. We model the lipid bilayer as a thin

elastic shell with negligible thickness compared to the radii of
membrane curvature.85,86 We assume the membrane is incompressible
since the energetic cost of stretching the membrane is much higher
than membrane bending.35 We also assume that NGC-generating
inclusions are confined in the neck region based on previous studies
that have shown fission and viral proteins, such as Dnm1 and M2
protein from influenza A, can sense the membrane curvature and
entropic forces localize them at the scission necks in order to facilitate
the constriction process.6,87,88 Furthermore, we assume that
membrane inclusions are more rigid than the lipid bilayer and use
the augmented version of the Helfrich−Canham energy to model the
membrane−protein interactions.89 Assuming the system is at
mechanical equilibrium at all times, the total energy of the system
(E) is given by43,90−94
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where the first term corresponds to the mismatch elastic energy
between the local shape of the lipid membrane and the intrinsic shape
of the inclusion in the neck region and the second term indicates the
membrane bending energy in the domain with no inclusion. The third
term in eq 1 represents the energy cost due to the phase separation of
NGC-generating inclusions at the scission necks, and the disconti-
nuity in the idealized morphology of the scission neck, where the
catenoid-shaped neck with zero mean curvature connects to the
spherical cap with positive mean curvature (analogous to the cup-like
model).43,45,95,96 In eq 1, K1,p and K2,p are constants (K1,p > 0 and K2,p
< 0) representing the strength of interaction between the inclusions
and the surrounding membrane.93,94 κm and κG,m are the bending and
Gaussian moduli of the lipid bilayer, respectively. H is the mean
curvature, D is the curvature deviator, and K is the Gaussian curvature
of the lipid membrane (D2 = H2 − K). H0 is the spontaneous mean
curvature, D0 is the intrinsic deviatoric curvature, and γ is line tension
at the neck boundary. The augmented version of Helfrich energy in eq
1 allows us to account for the effect of induced anisotropic curvature
by scission proteins, which is energetically required for remodeling the
lipid membrane into cylindrical and neck-shaped structures.97,98

With no induced curvatures (H0 = 0 and D0 = 0), the membrane−
protein interaction energy in eq 1 reduces to the classical Helfrich
energy with quadratic dependence on mean curvature and linear
dependence on Gaussian curvature, Wmembrane−protein interaction = 2K1,pH2

+ K2,pK, where K1,p represents the bending rigidity and K2,p indicates
the Gaussian modulus of the membrane covered by curvature-
generating proteins.99 It should be mentioned that in eq 1, we assume
that the contribution of entropic energy is small compared to the

membrane−protein interactions energy, 1
K

kT
1,p 2,p , where k is the

Boltzmann constant, and T is temperature.100 Additionally, we assume
the outer surface area of the neck is fully covered by NGC-generating
proteins, and the first integral is taken over the area of the membrane
that is covered by NGC-generating inclusions (Aprotein‑covered), while
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the second integral is taken over the bare lipid bilayer with no
inclusion (Afree‑membrane).
Free Energy of Scission Neck Formation. To establish a

relationship between the induced curvatures by membrane-remodel-
ing proteins such as Drp1 observed in SAXS to the actual size of
scission necks, we assume that proteins remodel a spherical vesicle
with a radius of Rs = 100 nm (approximate size of a SUV in SAXS) to
an idealized geometry of mitochondrial fission. The idealized
geometry of membrane fission includes a rotationally symmetric
catenoid surface with a neck radius of rn and two spherical caps with a
radius of R (Figure 2A). This simplified geometry has been widely
used in previous studies to model local neck structures, viral budding,
and membrane fission.29−32 The excess free energy of the system
(including membrane and proteins) with respect to the vesicle can be
written as (details in eq S7)
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where κm is the membrane bending rigidity, β is the angle between the
vertical axis and edge of the disk forming at the base of the catenoid,
and s0 is the length of the catenoid (Figure 2A). For simplicity, in eq
2, we set κG,m (membrane Gaussian modulus) ∼ −κm.101

The magnitude of induced deviatoric curvature can be estimated
from the cubic structure formed by membrane-remodeling proteins in
SAXS, given as42

| = = *D D
A a
2

0 energy minimazation 2 (3)

where a is the lattice parameter, χ is the Euler characteristic, and A* is
the dimensionless surface area per unit cell specific to each cubic
phase.102,103 Using the structure of cubic phases and inverted
hexagonal structures formed by the scission neck protein machinery,
such as dynamin and the M2 protein from influenza A, in SAXS
measurements,22,23 we estimated that D0 (estimated based on eq 3) is
almost 3−4 times larger than H0 (H

H0
1

2 II
, where HII is the lattice

constant of the inverted hexagonal phase). Thus, for simplicity, we
ignored the contribution of H0 in the rest of our calculation. Assuming
the total area of the membrane remains constant (Asphere vesicle =
Aidealized‑neck‑geometry), for each given radius of the neck (fixed catenoid
length), we first numerically calculated the angle β. Then, we
numerically calculate the excess energy of neck formation at the given
neck radius (eq 2) and the amount of induced deviatoric curvature
from SAXS data (eq 3) to find the neck radius (rn) that minimizes
ΔEneck. In our calculations, we estimated the strength of interaction
between the membrane and protein (K2,p) based on the elastic
properties of the membrane and the size of the inclusions (eq S10).
The details of the derivations and complete equations are provided in
the Supporting Information.
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