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ABSTRACT The division of a cellular compartment culminates with the scission of a highly constricted membrane neck. Scis-
sion requires lipid rearrangements, topology changes, and transient formation of nonbilayer intermediate structures driven by
curvature stress. Often, a side effect of this stress is pore-formation, which may lead to content leakage and thus breaching
of the membrane barrier function. In single-membrane systems, leakage is avoided through the formation of a hemifusion
(HF) intermediate, whose structure is still a subject of debate. The consequences of curvature stress have not been explored
in double-membrane systems, such as the mitochondrion. Here, we combine experimental and theoretical approaches to study
neck constriction and scission driven by tension in biomimetic lipid systems, namely single- and double-membrane nanotubes
(sNTs and dNTs), respectively. In sNTs, constriction by high tension gives rise to a metastable HF intermediate (seen as stalk or
worm-like micelle), whereas poration is universally slower in a simple neck. In dNTs, high membrane tension causes sequential
rupture of each membrane. In contrast, low tension leads to the HF of both membranes, which may lead to a leaky fusion
pathway, or may progress to further fusion of the two membranes along a number of transformation pathways. These findings
provide a new mechanistic basis for fundamental cellular processes.
SIGNIFICANCE Biological membranes serve as barriers, delimiting cellular compartments. A key feature of cellular
membranes is their ability to change topology through transient remodeling events, fusion or fission, without mixing the
compartments’ contents. This work investigates the mechanisms and transformation pathways of membrane fission,
particularly double-membrane fission as it occurs in mitochondrial division, focusing on the structure and thermodynamics
of intermediate states. We uncover a complex landscape of possible membrane rearrangements during fission, some of
which may be deleterious to mitochondria. These developments shed light on fission mechanisms but also open questions
about how organelles select from a multitude of possible rearrangement pathways.
INTRODUCTION

Membrane fission, a process key to cellular membrane
dynamics (1), occurs at the later stages of organelle division
when one membrane compartment becomes two. From the
physiological point of view, this process should proceed
without the loss of contents enclosed by the membrane,
preserving the membrane’s barrier function. Therefore,
membrane fission is assumed to be a highly localized and
controlled cellular process, with phospholipids having the
leading role in the leakless remodeling process due to their
intrinsic polymorphism (2). Indeed, the essence of mem-
brane fission can be distilled to a tiny lipid neck linking
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the dividing compartments. In steady state and assuming
cylindrical geometry, the neck’s radius is related to the
membrane tension, s, by:

Rc ¼
ffiffiffiffiffiffi
k

2s

r
(1)

where k is the bending rigidity set by the membrane compo-
sition, and the membrane tension, s, is dictated by the avail-

able membrane reservoir (3). To undergo fission, the neck
should first be constricted to a critical radius in the order of
magnitude of the thickness of a lipid monolayer (4,5). At
this point, a spontaneous lipid rearrangement occurs, leading
to the neck’s scission due to the accumulated curvature stress
(2). However, such membrane constriction is hardly achiev-
able in free-standing lipid systems, where k is in the range of
a few tens of kBT, whereas s< 10 mN=mz2:4 kBT=nm

2.
Therefore, the process does not occur spontaneously, but
cells use proteins to drive fission in a controlled way.
Biophysical Journal 123, 3977–3996, November 19, 2024 3977

ciety.

s.org/licenses/by/4.0/).

mailto:russell.spencer@theorie.physik.uni-goettingen.de
mailto:anna.shnyrova@ehu.eus
mailto:mmueller@theorie.physik.uni-goettingen.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2024.10.009&domain=pdf
https://doi.org/10.1016/j.bpj.2024.10.009
http://creativecommons.org/licenses/by/4.0/


Spencer et al.
Experimental and early theoretical approaches showed
that the stress-driven lipid rearrangements can follow a leak-
less fission pathway characterized by sequential disconnec-
tion of the inner and outer monolayers of the neck’s
membrane (4,6–8). The major free-energy barrier here is
associated with the formation of a hemifusion (HF) interme-
diate, closely resembling a fusion stalk, i.e., an hourglass-
shaped monolayer structure, which can expand, resulting
in a structure identical to a worm-like micelle (WLM).
The free-energy barriers for the stalk or WLM formation
are lowered by membrane constriction so that these struc-
tures readily form in silico models of membrane fission
(8–10). But, so far, these nonbilayer intermediates have
eluded direct experimental observation.

Alternatively, membrane stress has been linked to mem-
brane poration as observed experimentally and in coarse-
grained (CG) simulations (11–15). Then the question
remains, what are the parameters that push the reaction
toward leakless fission or another remodeling pathway.
In this sense, membrane tension is a major, yet surpris-
ingly overlooked, parameter to explore. It is a crucial
constriction cofactor in protein-driven fission (16–20). It
is also a major cause of poration, with high tension known
to quickly produce pores and rupture of the lipid
bilayer (11,14,15,21,22). How these constructive and
destructive faces of tension operate in fission remains
largely unexplored. In single-membrane systems, lateral
tension or similar bulk forces (such as, e.g., friction-
induced tension) can produce substantial membrane
constriction, critical for protein-driven fission (20). How-
ever, it remains unexplored whether tension alone can
drive fission via the HF intermediate all the way in a sin-
gle-membrane system.

Curiously, despite the general consensus on the fission
pathway for single-membrane nanotubes (sNTs), there are
virtually no such predictions for remodeling of double-
membrane systems, e.g., division of mitochondria or for-
mation of annular gap junctions. The coexistence of two
concentric membranes during fission-neck constriction
complicates the topological outcome of constriction stress,
as direct contact between the inner and the outer mem-
branes cannot be ruled out. Indeed, experimental data sug-
gest that close contact between both bilayers during
mitochondrial division is possible as 1) close proximity
of the inner and outer membranes of mitochondrial
fission neck has been documented in ultrastructural studies
(23–26) and 2) mitochondrial fission machinery and mito-
chondrial outer-membrane poration are linked through the
programmed cell death process, where both have been
implicated (27,28). Interestingly, membrane tension has
been proposed to play a key role in mitochondrial fission
(19). However, the exact remodeling pathway promoted
by high membrane tension during mitochondrial division
remains unknown.
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One of the reasons behind the lack of theoretical and
experimental descriptions of double-membrane neck re-
modeling is the inherent topological complexity of the pro-
cess. So far, there have been virtually no double-membrane
systems in place to systematically study this phenomenon.
The methods available to theory vary significantly in the
level of detail used to represent membranes. At one
extreme, particle-based simulations represent the system
as a set of particles (often atoms), which spontaneously
assemble into a membrane (9,29–38). These simulations
capture all behaviors exhibited by the membrane, but at
an extreme computational cost. Modeling large-scale rear-
rangements requires huge systems to be simulated for long
times and is currently out of reach for these fine-grained
simulations.

At the other extreme of membrane modeling, one can
ignore the molecular degrees of freedom and consider a
membrane itself as an elastic sheet. This gives rise to equa-
tion-based free-energy descriptions, such as the Helfrich
Hamiltonian, which can be adapted to high curvatures and
the effects of lipid tilt and splay in the membrane (39–46).
These methods coarse grain the behavior of lipids and pro-
teins into just a few parameters and can easily capture the
large-scale behavior of membranes. The ignored molecular
details, however, contribute significantly to the free-energy
and may become important when modeling topology-
altering processes that involve complicated lipid rearrange-
ments. If the membrane itself is the basic structure being
considered, as opposed to being emergent, it is challenging
to describe nonmembrane intermediate structures, such
as WLMs.

There are multiple alternative ways to study the free-
energy during membrane rearrangements (47–49). One
highly successful method for studying membranes and
amphiphilic molecules is self-consistent field theory
(SCFT). This method considers the statistics of each
molecular species and represents molecular interactions
using fields, modeling the potential felt by each molecule
at a given point in space. The statistics of molecules in
these fields are calculated, giving the average local den-
sities, and the field is adjusted until it accurately represents
the particle interaction potentials expected from these den-
sities. In addition to being very successful for traditional
polymer systems, SCFT has already proven useful for
studying lipid membranes (22,26,50–57). We will employ
SCFT to study membrane fission.

Although SCFT has been highly successful, being a
mean-field theory, it lacks some details available to parti-
cle-based simulations. 1) Particle-based simulations include
fluctuations, which may affect the equilibrium behavior, 2)
these fluctuations can allow the system to explore configura-
tion space and discover alternative pathways, and 3) the
transition pathway from SCFT contains no timescale,
whereas particle-based simulations give access to actual
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dynamics. For this reason, we use particle-based simulations
to validate our SCFT results.

Regardless of the calculation or simulation method,
changes in membrane topology during double-membrane
fission can involve complicated rearrangements. Tracking
the progress of these changes can be challenging, as they
are often not amenable to a simple reaction coordinate.
The string method offers an elegant solution (34,35) em-
ploying a reaction coordinate in terms of changes of the
local density as the transformation progresses. A path in
density configuration space is then locally optimized,
converging to the most likely transition mechanism, the
minimum free-energy path (MFEP). The string method
has proven useful for obtaining the MFEP in various poly-
mer and membrane systems (22,26,36–38,45,58–60).

In a recent publication, we combined new experimental
and theoretical approaches for the ultrastructural character-
ization of sNTs and double-membrane nanotubes (dNTs)
and discovered new pathways for the fission of membrane
tubes, catalyzed by transient fusion events (26). This
follow-up study expands upon this work, presenting a
detailed description of single-membrane fission and expand-
ing the characterization of double-membrane fission to
explore a variety of possible fission pathways available to
double-membrane tubes. We use SCFT of amphiphilic mol-
ecules to model the fission of single and double NTs under
tension. Combining SCFT with the string method, we find
the MFEPs connecting stable and metastable membrane
configurations. Our results are then validated using a
specifically developed cryoelectron microscopy (cryo-EM)
methodology alongside particle-based simulations. Taken
together, our findings provide new mechanistic insights
into the process of membrane fission, particularly for dou-
ble-membrane systems.
MATERIALS AND METHODS

Our experimental and theoretical methods closely follow those described in

(26). The methods are described below and further details can be found in

the supplemental information of (26).
Experimental methods

Formation of NTs for cryo-EM observations

Upon mixing 99:1 mol % of POPC and 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine-N-(lissamine rhodamine B silfonyl) (ammonium salt)

stocks in chloroform to a final 1 g/L concentration, the chloroform was

evaporated under vacuum. The lipid lamellae were then hydrated in

1 mM HEPES (pH 7.0), resulting in the formation of multilamellar ves-

icles. A 0.4-mL drop of the multilamellar vesicle solution was placed on

the edge of the carbon-coated side of a glow-discharged Quantifoil R

2/2300 mesh copper grid, and dried again under vacuum for 30 min.

The grid, held with forceps near the lipid reservoir, was placed in a Leica

EM GP2 cryoplunger, maintained at 10�C and 90% relative humidity.

Next, 3–4 mL of 1 mM HEPES (pH 7.0) was added to the grid from

the carbon-coated side. The lipids were allowed to rehydrate for

5 min. After incubation, the liquid was removed by blotting with an
absorbent filter paper (Ø55 mm, Grade 595, Hahnem€uhle) on the grid

edge opposite to the lipid reservoir for 3 s. Subsequently, the grid

covered with the ‘‘ultrathin liquid film’’ (�100–300 nm thickness) was

abruptly plunged into liquid ethane.

Cryo-EM observation of the NT specimens

Once the specimen was frozen, the vitrified grids were maintained in liquid

nitrogen and visualized on a JEOL JEM-2200FS/CR, equipped with a field

emission gun operated at 200 kV and an in-column U energy filter. During

imaging, no-tilted zero-loss two-dimensional (2D) images were recorded

under low-dose conditions, utilizing the ‘‘minimum dose system (MDS)’’

of Jeol software, with a total dose on the order of 30–40 electrons=�A
2

per exposure, at defocus values ranging from 1.5 to 4.0 mm. The in-column

Omega energy filter of the microscope helped us to record images with

improved signal/noise ratio by zero-loss filtering, using an energy selecting

slit width of 20 eV centered at the zero-loss peak of the energy spectra. Dig-

ital images were recorded in linear mode on a 3840 � 3712 (5 mm pixels)

Gatan K2 Summit direct detection camera (Gatan, Pleasanton, CA, USA)

using DigitalMicrograph (Gatan, Pleasanton, CA, USA) software, at nom-

inal magnifications of 2000� and 25,000� with pixel sizes of 1.6 and

0.154 nm, respectively. Images were subsequently treated and analyzed us-

ing ImageJ software (61).
Theory

In aqueous environments, amphiphilic lipid molecules spontaneously orga-

nize into double-layered membranes. We model each lipid molecule as an

AB diblock copolymer with fN segments of type A (tail) and ð1 � f ÞN seg-

ments of type B (head). The surrounding medium, generally water, is

represented by a simple homopolymer consisting of Ns segments of type

B. We employ a flexible Gaussian chain model for the molecules, assigning

each segment a statistical length of b and a volume of r� 1. The natural end-

to-end length of a lipid molecule is represented by R0 ¼ b
ffiffiffiffi
N

p
, which

serves as the unit of length in our analysis.

A system of volumeV ¼ ðnlNþnsNsÞ=r contains nl lipids and ns solvent
molecules, each consisting of N and Ns segments, respectively. We set

Ns ¼ N=10 and f ¼ 0:8. Interactions between A and B segments are

described by a fixed Flory-Huggins parameter, cN ¼ 30. Our SCFT calcu-

lations are performed in the semigrand canonical ensemble, wherewe fix the

exchange chemical potential, m ¼ ml � ms allowing nl and ns to vary.
SCFT

The structure and thermodynamics of our lipid solution is calculated using

SCFT (62,63), the implementation of which follows (26,64). Molecules are

modeled as Gaussian chains with the position along the molecule parame-

terized by t, where 0< t < 1 for the lipids and 0< t <Ns=N for the solvent

molecules. Molecular statistics are calculated using partial partition func-

tions, or propagators, represented by qjðr; tÞ, where j ¼ l or s for the lipid
or solvent, respectively. The propagator satisfies

v

vt
qjðr; tÞ ¼

�
R2
0

6
� wgðrÞ

�
qjðr; tÞ (2)

wherewgðrÞ is a potential field felt by ag-type segment. For a systemwith two

types of segments,A andB (i.e.,g ¼ A orB) it is convenient towrite the fields
in terms of a segregation field, w�ðrÞ ¼ ðwAðrÞ �wBðrÞÞ=2 and a pressure

field, wþðrÞ ¼ ðwAðrÞþwBðrÞÞ=2. Whereas the fields wAðrÞ and wBðrÞ are
conjugate to the (dimensionless) segment concentrations fAðrÞ and fBðrÞ,
the new fields are conjugate to the local segregation, f�ðrÞ ¼ fAðrÞ �
fBðrÞ, and total concentration fþðrÞ ¼ fAðrÞ þ fBðrÞ, respectively.
The lipid tail groups (t < f ) are labeled A type, and the headgroups (t > f )

and water are both B type. qjðr; tÞ is calculated by integrating Eq. 2 with

uniform initial conditions, as the ends of the molecules are unconstrained.
Biophysical Journal 123, 3977–3996, November 19, 2024 3979
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We also require a ‘‘back’’ propagator, qyj ðr;tÞ, which is similar, but is solved

with one side of Eq. 2 multiplied by �1, as we are integrating from the

other end of the molecule. The total partition functions for the lipids and

solvents are

Ql ¼
Z

qlðr; 1Þdr; (3)

Z

Qs ¼ qsðr;Ns =NÞdr: (4)

Given a particular set of field configurations, fwgðrÞg, the product of the
forward and back propagators, qjðr; tÞqyj ðr; tÞ, gives the Boltzmann-

weighted number of ways to place segment t at spatial position r and is

therefore proportional to the average concentration of segment t. The

average dimensionless concentrations of each type of segment are found

by scaling this product by the fugacity, zhexp ðm =kBTÞ, and integrating

over the relevant parts of the molecule

fAðrÞ ¼ z

Z f

0

qlðr; tÞqylðr; tÞdt; (5)

Z 1
y

fB;lðrÞ ¼ z
f

qlðr; tÞqlðr; tÞdt; (6)

Z Ns=N
fB;sðrÞ ¼
0

qsðr; sÞqysðr; tÞdt; (7)

The total B concentration is thus fBðrÞ ¼ fB;lðrÞ þ fB;sðrÞ, and the to-

tal lipid concentration is flðrÞ ¼ fAðrÞ þ fB;lðrÞ. In the usual manner of

SCFT, we calculate the following local exchange chemical potentials,

which act on the segregation and total concentration, respectively,

m�ðrÞ ¼ cNf�ðrÞ � 2w�ðrÞ;

mþðrÞ ¼ cNðfþðrÞ � 1Þ; (8)
These local exchange chemical potentials drive the system to change

configuration, thus stable and metastable configurations occur when they

vanish. SCFT is done by initializing the system with some initial fields,

w�ðrÞ and wþðrÞ, and relaxing the system toward m�ðrÞ ¼ mþðrÞ ¼ 0 by

updating the fields by an amount proportional to the exchange chemical poten-

tials. We are typically satisfied with a root mean-squared error of(10� 4.

The grand canonical free-energy, F, is then calculated using

Fffiffiffiffiffiffi
N

p
kBT

¼ � Qs � zQl þ
Z �

w2
�

cN
� wþðrÞ

�
dr (9)

whereN ¼ ðrR3
0=NÞ2 is the invariant polymerization index. Once we have

obtained stable or metastable structures, we compare the free energies to
determine the relative stability of different phases. The quantityN depends

on specific system parameters, such as the molecular weight of the

lipids and the density of statistical segments. In practice, we treat the energy

scale,
ffiffiffiffiffiffi
N

p
kBT, as a fitting parameter and match to experiments by

comparing known quantities. A convenient choice is the membrane bending

modulus, k.

We typically solve Eq. 2 using a pseudospectral method (65) with 60

steps along the lipids and 6 along the homopolymers (solvent). We typically

use a 3D grid of dimensions 16R0 � 12R0 � 12R0 and discretization of
3980 Biophysical Journal 123, 3977–3996, November 19, 2024
0:08R0 to represent the concentrations and fields. For the cylindrically sym-

metric phases, however, we can greatly decrease computation time by using

a 2D grid and a cylindrical coordinate system.
String method

To study transitions between stable and metastable structures, we use the

string method (34,35,66–70). First, we must describe the system in config-

uration space: each dimension of this space corresponds to the state of the

system (given by w�ðrÞ) at the point r. The state of the system is given by a

point (or vector) in this high-dimensional space, and its evolution is

described by motion through the space. The set of local exchange chemical

potentials at all points, i.e., the function m�ðrÞ, corresponds to a vector in

this space and drives this transformation along its evolution path. The string

method seeks a path that is tangent to m�ðrÞ, as this corresponds to a (ther-

modynamically reversible estimate for) the most probable pathway between

metastable states given by the MFEP connecting configurations (34,35).

A path between two states is discretized along the reaction coordinate

into m configurations indexed by i in the range 1% i%m. Each point in

configuration space is described by its segregation field wðiÞ
� ðrÞ, with incom-

pressibility enforced (w
ðiÞ
þ ðrÞ equilibrated) independently. This allows us to

define a reaction coordinate, a, determined by calculating the Euclidean

distance between adjacent points on the string and normalizing the total

string length to 1.

The ends of the string i ¼ 1 and i ¼ m are updated as described above;

however, we only update the intermediate positions perpendicularly to the

path of the string to find a path with tangent vector m�ðrÞ. This involves
defining a vector parallel to the string, tðr; aÞhdw�ðr;aÞ

da . We find tðr;aÞ
by fitting w�ðr;aÞ pointwise along the a direction using a cubic spline.

We then calculate the portion of m�ðrÞ parallel to tðr;aÞ,

mk
�ðr;aÞ ¼ btðr;aÞ�Z

m�ðr;aÞbtðr;aÞdr
�

(10)

where bt ¼ t
ktk with ktkðr;aÞ ¼ 1

V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
tðr;aÞ2dr

q
. Notice that the spatial
integral is a scalar product in configuration space. We then subtract

mk
�ðr;aÞ from m�ðrÞ, resulting in the perpendicular component,

mt
� ðr;aÞ ¼ m�ðr;aÞ � mk

�ðr;aÞ: (11)

In addition to the perpendicular updates, we restrain the points to be equidis-

tant in configuration space by shifting them along the path using the afore-
mentioned fit. The update procedure can in fact be done using the entire

local exchange chemical potential (not simply the perpendicular component)

followed by redistributing the points; however, the perpendicular update pro-

vides a more direct update and a far better estimate of the degree of conver-

gence. The completely converged string satisfies mt
� ðr; aÞ ¼ 0; however,

due to the computationally intensive nature of these calculations, we are typi-

cally satisfied with a root mean-squared error of (10� 3.

The MFEP connecting one (meta)stable state (local free-energy mini-

mum) to another passes through a saddle-point in the free-energy, where
d2F
da2 < 0. The MFEP from the saddle-point to a metastable state corresponds

to a simple ‘‘downward’’ motion, i.e., dw�
da fm�f dF

dw�
. The first proportional-

ity is true when m� is parallel to the path, i.e., when mt
� ðr;aÞ ¼ 0. The

MFEP connecting two metastable states may be direct or include other

intermediate metastable states, and thus multiple saddle-points (barriers).
Particle simulations

In addition to the mean-field calculations conducted with SCFT and the

string method, we also employ particle-based simulations using the ver-

satile and well-tested soft coarse-grained Monte-Carlo acceleration

(SOMA) simulation package (71). This allows us to compare our

SCFT predictions with particle-based simulation results, which include
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fluctuations and do not assume that molecular configurations relax

quickly as compared with densities. Simulations also allow us to extract

a timescale, which is absent in SCFT calculations. The particle-based

simulations are conducted using
ffiffiffiffiffiffi
N

p
¼ 100. This is in the experimen-

tally relevant regime, as judged by comparing our bending energy, k ¼
0:209

ffiffiffiffiffiffi
N

p
kBT, with the experimental value of kz39kBT (72). We use a

Helfand compressibility energy

Uk

kBT
¼ rxN

2

Z
drðfAðrÞ þ fBðrÞ � 1 Þ2 (12)

where we choose xN ¼ 100. This large value of xN is used to approximate

the incompressible system considered in SCFT.
RESULTS

We start with the simple case of sNT fission, comparing
theoretical and experimental results. Then we investigate
how a second NT complicates the topological transition in
dNT fission, as dNTs offer many more degrees of freedom.
As a result, we explore many possible rearrangements as
steps in an overall pathway and then compare the free-
energy barriers of each step to conclude the most likely
pathway to fission. The preferred pathway is finally pre-
sented as a function of membrane tension.

We use the membrane tension as a control parameter in
the theoretical calculations, as it is a simple way to imple-
ment constriction in tubular membranes. The tension
and free-energy are given in units of the bending energy
of a bilayer, k ¼ 0:209kBT

ffiffiffiffiffiffi
N

p
, and bilayer thickness,

d ¼ 1:22R0, where N measures the density of lipid mole-
cules, and R0 is the average end-to-end length of the
lipid molecule. The bending energy and bilayer thickness
depend on the lipid but, for ease of comparison, a purely
POPC membrane used in the experiments throughout
this work is characterized by kz39 kBTz1:6� 10� 29 J
(at T ¼ 300 K) (4,54) and has a thickness of d ¼ 4 nm
(72). The unit conversion factor is thus simply k= d2z
9:86 mN=m (see supporting material).

Detailed results are shown for tensions of s ¼ 0:129k=
d2z1:27 mN=m and s ¼ 0:387k=d2z3:82 mN=m. These
are on the high end of physiological tensions, 10� 3 �
3 mN=m (73,74); however so is, presumably, the membrane
tension at the constriction site during a fission event. All
pathways that we have found available at low tension are
also available at higher tension, but the reverse is not true.
We therefore use key images during paths at s ¼ 0:387k=
d2z3:82 mN=m as exemplars, highlighting where reducing
the tension leads to differences. Summary data show a full
range of tensions, down to almost zero.
Single-membrane tube fission

Our first step is to reconstruct the remodeling pathway of
NTs under tension with experimental data and theoretical
predictions. The free-energy along the MFEP, 0% a%
1, of sNT fission is presented in Fig. 1 A. Our calculations
indicate that, before fission occurs, the sNT constricts
locally, forming an HF intermediate, where the free-energy
peaks. The HF intermediate then expands into a metastable
WLM, connecting two capped NTs. The WLM subse-
quently constricts and disconnects close to one of the
caps, where the free-energy peaks again. Finally, the
WLM retracts into one of the capped NTs, which recedes
due to membrane tension.

Using a as the reaction coordinate captures the cumula-
tive change in the spatial distribution of lipid tails
throughout the transformation, but it is not easy to interpret
as its correspondence to intuitive descriptions of the system
changes along the transformation process. During constric-
tion, a reflects changes in tube radius, then the length of the
WLM as it grows. During WLM rupture, a reflects its thick-
ness at the rupture site. Finally, a reflects the distance be-
tween capped tubes as they retract. The ability of the
MFEP to identify a suitable reaction coordinate, a, makes
it ideal to simulate complicated transformations but, when
it comes to interpretation, it is useful to calculate coordi-
nates reflecting changes that occur at specific parts of the
transformations.

One useful reaction coordinate is the local tube radius,
R ¼ R

rflðrÞdA=
R
flðrÞdA, where r is the distance

from the tube axis. R is calculated by evaluating the inte-
gral over a plane normal to the tube axis and passing
through the constriction site. For an equilibrium tube,
this gives the tube radius, Rc, and for a WLM it is RWLM.
During fission, we find the minimum value of R at the
constriction site. In the case of tube constriction this is
the radius of the constricted tube, whereas for fissioning
WLM, it measures the thickness of the WLM at the fission
site. The free-energy of the unperturbed tube is, of course,
a local minimum; thus, as seen in Fig. 1 B, the free-energy
at small Rc � R depends quadratically thereon. The
quadratic behavior quickly gives way to an approximately
linear dependence, with a slope (constriction force) that
does not significantly depend on tension. This suggests
that the main source of the barrier comes from the degree
to which the tube must be constricted, i.e., the equilibrium
tube radius, and also that a constant force is required to
constrict the tube, independent of radius. It is important
to note that this is a local constriction and is markedly
different from a global constriction brought about by, for
example, tension in the membrane.

To confirm our theoretical predictions experimentally, we
developed a method that allows the formation and ultra-
structural observation of lipid NT geometry by cryo-EM.
Moreover, as the transitional states are highly unstable,
and thus difficult to detect in stationary experimental condi-
tions, we cryopreserved NTs right upon inducing NT fission
by hydrodynamic flow. Such quasidynamic conditions
rendered snapshots of the main stages of the NT fission pro-
cess (Fig. 1 C) that further confirm our predictions. We find
that extreme constriction of the membrane neck (Fig. 2 C,
Biophysical Journal 123, 3977–3996, November 19, 2024 3981
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FIGURE 1 Pathway of sNT remodeling during scission. (A) Free-energy

(relative to that of a sNT, Fst) along the MFEP during sNT fission. Graphs

are shown for (solid) s ¼ 0:129k=d2 (1.3 mN/m for a POPC membrane),

(dashed) 0:215k=d2 (2.1 mN/m), and (dotted) 0:587k=d2 (5.8 mN/m). Im-

ages depict lipid densities at characteristic points along the pathway. A sNT

divides into two capped tubes, moving apart and exiting the system. The

final state still contains two capped tubes. Transition barriers are indicated

by vertical arrows for the middle (solid) curve. (B) Fission is divided into

two steps (left) constriction and (right) WLM fission, and free energies

are shown as functions of calculated order parameters, discussed in the

text. The order parameters are only calculated (left) when the tube is con-

Spencer et al.
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step 2) (4) is followed by its collapse into a stalk or WLM
structure (Fig. 1 C, step 3). We also detected the predicted
membrane retraction upon rupture of the HF intermediate.
(Fig. 1 C, steps 4 and 5).

Interestingly, the probability of the formation of
the WLM structure depends on the initial membrane ten-
sion. At high membrane tension (dotted curve in Fig. 1 A),
the extension of the WLM becomes favorable, as its free-
energy, FWLM, is smaller than that of the sNT, FsNT

(see the supporting material for further discussion).
Indeed, in our dynamic experimental conditions, where
membranes are subjected to high tension, we could
observe extended WLMs even after fission occurred (see
Fig. 1 C, supporting material, and (26)). For intermediate
tension, close to that of the constricted neck (dashed curve
in Fig. 1 A), FWLMzFsNT. At low tension (solid curve in
Fig. 1 A), the WLM becomes unfavorable as FWLM >FsNT.
In this case, the WLM breaks without extending
significantly.

In our calculations done at high tension, where
FWLM <FsNT, the system can lower its free-energy by elon-
gating the collapsed region. This is apparent from the nega-
tive slope seen in the dotted curve of Fig. 1 A as the WLM
grows, and continues to be true for arbitrarily extended
WLMs. It therefore does not reach a true minimum before
fission, but rather WLM fission constitutes a jump over a
barrier in a direction nonparallel (in configuration space)
to WLM elongation. In practice, this suggests that, at high
tension, the gradual conversion of tube into WLM will be
randomly interrupted by the fission of the WLM at one of
its connection sites.

Of note, high tension in membranes is usually associated
with pore formation. Therefore, we address this possibility.
Fig. 2 shows that the barrier to pore formation in single
membranes is much larger than the free-energy of the leak-
less fission pathway presented above. However, the poration
barrier in Fig. 2 may be overestimated, as we approximated
it using the classical nucleation theory in a planar mem-
brane. We decided to corroborate this result by 1) manually
inserting pores into the sNT fission sequences near sites of
high membrane curvature (e.g., the WLM-membrane fusion
site) and 2) creating a fission pathway that starts from a
nucleating pore, which ‘‘unzips’’ around the membrane,
leading to fission. In both cases, as the string relaxed (i.e.,
the pathway evolved from our artificial initial state to an
optimal mechanism), the pores closed and the sequence
converged to the fission mechanism described above.
stricting and (right) when theWLM is thinning, i.e., in the increases leading

to the maxima. (C) Cryo-EM snapshots of main sNTs remodeling steps dur-

ing fission upon increase of membrane tension (> 1 mN/m). Scale bars,

20 nm. Step 1 corresponds to the sNTs. Constriction of the NT is seen in

step 2. At step 3, the NT partially collapses forming an HF/WLM interme-

diate. The inset shows an elongated WLM sometimes forming at this step.

Membranes disconnect at step 4 and retraction to the reservoir is observed

in step 5.



FIGURE 2 Free-energy barriers are shown for the (black points) first and

(gray points) second barriers to sNT scission (see Fig. 1). Also shown is

(curve) the barrier to pore formation (DF ¼ pg2=s, where g is the line

tension of a bilayer edge) calculated from classical nucleation theory.

Double-tube fission under tension
Hence, our results suggest that, in sNTs, fission would
preferentially proceed without pores even under relatively
high membrane tension. See supporting material for
further details.

While formation of a pore is a costly process and not an
optimal or expected pathway, in real biological systems, one
cannot completely exclude membrane poration as part of the
fission mechanism. If an external agent, e.g., a protein, sta-
bilizes a pore at the initial configuration, fission may still
progress through the leaky unzipping pathway (see support-
ing material for further details). This does not preclude the
possibility of fission via poration from occurring, but it is
not an optimal path.
Double-membrane tube fission

While single-membrane systems undergo fission via the HF
intermediate, the first systematic studies about the remodeling
paths of double-membrane systems occurred only recently
FIGURE 3 Rupture of the inner tube directly, by way of a WLM intermediate

This pathway is functionally the same as the sNT pathway presented earlier: (left

at high tension, i.e., (A); then (right: B and D) the WLM thins and ruptures, res

occurs at one of the connection sites (B), followed by WLM retraction, whereas

Video S1. The outer tube has been made transparent.
(26). Given the evidence provided therein for the role of inter-
membrane fusion in membrane fission, and the above success
in describing the fission of sNTs, we turned to in silico calcu-
lations to find the possible pathways for dNTs remodeling in
different membrane-tension regimes.
Sequential fission pathway

The first case we consider is the one of sequential fission of
first the inner and then the outer bilayer of a double-mem-
brane system (Fig. 3). The inner NT proceeds to HF, which
extends into a WLM and then ruptures and retracts. Both
retracting capped NTs remain inside the outer NT until it
undergoes fission in a similar way. Free-energy calculations,
similar to those presented above, show that the barrier to
inner NT rupture is not significantly affected by the presence
of the outer NT (the difference is small on the scale of free
energies presented) (26). Importantly, this pathway is leak-
less, as in the case of sNTs discussed above.
Pathways to intermembrane fusion

Next we explore the landscape of possibilities that include
intermembrane contact. Evidence of intermembrane contact
has been presented in (26) and is recapitulated in Fig. 4.

In the simplest case, the inner and outer NTs would
fuse—direct-HF pathway. This is illustrated in Fig. 5, A
and B (see also Videos S2 and S3). The first step here is
the formation of a metastable stalk—i.e., a hydrophobic
bridge—between both membranes. At this point we find
the first bifurcation in the pathway. The stalk can simply
widen (i.e., radially expand) and flatten (Fig. 5 A), forming
a metastable hemifusion diaphragm (HD), as has been seen
previously (50). Alternatively, the presence of the stalk can
lead to a thinning of the surrounding membrane, which then
heterogeneously nucleates a pore in the outer (Fig. 5 B) or
inner membrane (see supporting material). The connection
initiated by the stalk then expands around the pore, as in
at (top: A and B) s ¼ 0:387k=d2 and (bottom: C and D) s ¼ 0:129k= d2.

: A and C) the inner NT locally constricts, forms a WLM that elongates only

ulting in two capped tubes. For the elongated WLM in (A), WLM rupture

the short stalk-like WLM in (C) simply ruptures in the middle (D). See also
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FIGURE 4 Cryo-EM snapshots of dNT constriction at low (left) and

(right) higher membrane tension. The red arrow points to close proximity

(<2 nm) of the inner and outer membrane of the dNT upon tension-induced

constriction. Reproduced from (26) under the terms of the Creative Com-

mons Attribution License.

Spencer et al.
fusion studies (75,76). In either case, the final topology is
the same: an HD connecting the inner and outer membranes
on one side of the dNT.

As illustrated in Fig. 5, A and B, showing the direct-HF
pathway, the steps presented in this section can often occur
with small variations, such as the transient pores mentioned
above. Rather than trying to discuss each possible variation,
we combine sets of potential steps, which are very similar in
terms of the actual rearrangement as well as their free-en-
ergy barriers (differences typically < 0:02k). We consider,
for example, the above to be a direct HF, which may or
may not include transient pores. Potential variations will
be mentioned where relevant and are discussed further in
the supporting material. For stalk formation, a reflects the
number of lipids in the stalk, as it tracks changes in local
lipid number.

Intriguingly, there is an alternative pathway to HF, via the
collapsed state—the WLM pathway. We first presented this
result in (26) but expand upon it here. Variations of this
pathway are illustrated in Fig. 5, C and D, respectively,
and in Videos S3 and S4. The simpler of these, shown in
Fig. 5 C, is the reverse of the fission-by-fusion pathway
presented in (26), calculated here at higher tension. It pro-
ceeds as follows: 1) the WLM bends toward the outer mem-
brane, 2) a stalk forms, connecting the inner and outer
membranes, 3) the stalk destabilizes the inner membrane
and a pore forms, 4) the other capped NT forms a pore
resulting in a dNT with a pore on the inner membrane and
3984 Biophysical Journal 123, 3977–3996, November 19, 2024
a stalk connecting the membranes, and 5) the pore then
closes, resulting in a dNT connected by a stalk. This final
structure is topologically equivalent to the hemifused states
at the end of the other processes. The stalk may then widen
to form an HD, similarly to the process in Fig. 5 A. Although
framed as fusion pathways, the paths produced by the string
method are reversible, and they may equally be seen as path-
ways from the hemifused to the collapsed state.

At high tension, the stable WLM intermediate allows for
a more complicated path (illustrated in Fig. 5 D): 1) the in-
ner NT first collapses into a WLM as in the sNT system, and
the outer membrane curves inward, closer to the equilibrium
radius of a sNT, 2) this inward bend facilitates the formation
of a stalk, connecting the outer membrane and the WLM, 3)
a second stalk forms, closer to one of the capped NTs, 4) the
stalks move along the WLM toward this capped NT, and a
pore forms in the cap, 5) the WLM flattens, and the stalks
broaden into diaphragms, 6) subsequently, these diaphragms
expand around the pore and form an enclosed connection
between one of the inner capped NTs and the outer mem-
brane, and 7) finally, the connected portion expands toward
the other capped NT, which fuses with the connected region,
reconnecting the two inner NTs. The HD adjusts slightly,
forming the same final metastable state as seen in Fig. 5,
A and B. This complicated, multistep pathway is not
amenable to a simple-order parameter.

The formation of a second stalk in this second pathway
may seem extraneous, as a single stalk could expand around
the pore, leading to a more direct path. We manually modi-
fied the transformation pathways to check whether the sec-
ond stalk was an artifact of our initialization. If one of the
stalks is removed from the string, it simply reforms when
the string is allowed to relax. We, therefore, conclude that
the presence of a second stalk is an intrinsic part of this
transformation path. This is unlike, for example, the pore
in the previous direct-HF pathway, which may or may not
form. Once the inner and outer membranes have locally
fused by any of the pathways illustrated in Fig. 5, the next
step is to expand the HD.
Pathway selection

Fig. 5 presents a number of paths by which a dNT system
may form or break connections between the inner and outer
membranes. To understand how the system will actually
proceed, we need to understand the barriers to each of these
processes. The free energies along the path are presented in
Fig. 6. Each step in the transition can be thought of as a jump
between metastable states (local minima on the free-energy
landscape) with a barrier given by the difference between
the free-energy at the starting metastable state and the high-
est free-energy before the next metastable state.

It is important to note that the pathways are reversible,
and can proceed in the direction of increasing or decreasing
a. In fact, the system can proceed along any of the given



FIGURE 5 Intermediate configura-

tions for the fusion of an inner

and outer membrane at a tension of

s ¼ 0:387k=d2. Four mechanisms are

shown: (A) direct hemifusion via a stalk

connecting the membranes, (B) fusion

via a pore in the outer membrane, (C)

hemifusion via a WLM intermediate,

and (D) a more complicated pathway to

the hemifused state from the WLM inter-

mediate as first described in (26). (A–C)

Show the same configurations from two

perpendicular views. The WLM at the

start of (C) and (D) forms according

the same mechanism shown previously

for a sNT and in Fig. 3. In each case,

the outer tube has been made trans-

parent, to emphasize rearrangements of

the inner tube.

Double-tube fission under tension
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FIGURE 6 Free-energy along the MFEPs for the pathways linking the

fused and unfused dNT states shown in Fig. 5. Data are shown for (dashed)

s ¼ 0:129k=d2 and (solid) s ¼ 0:387k=d2, and free energies are given

relative to that of a dNT, Fdt. Colors correspond to different steps, and

are chosen to match those in Figs. 3 and 5. Membrane configurations are

shown at key steps for s ¼ 0:387k=d2. Barriers are calculated similarly

to Fig. 1.

FIGURE 7 Free-energy barriers are shown for the (black points) canon-

ical pathway, (blue) stalk formation, (red) transition from the stalk to the

collapsed state, and (blue and red) sum of the stalk and collapse barriers,

i.e., total barrier to collapse via the stalk pathway.
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paths in either direction, with metastable states serving as
junction points connecting between paths. As before, local
minima correspond to metastable states and the barrier
can be inferred by the free-energy peak between these
minima. We present data for a tension on the high end of
physiological relevance, s ¼ 0:129k=d2z0:2kBT=nm

2,
and a higher tension, s ¼ 0:387k=d2, to illustrate a change
in behavior occurring between these values.

Starting from the unperturbed dNT state, there are two
possibilities: collapsing the inner tube, as in the sNT case
(black) or forming a stalk between the membranes
(light blue). At both tensions, the barrier to stalk formation
is � 5k. At the higher tension, s ¼ 0:387k=d2, the barrier
to collapse (black) is also � 5k. As the stalk is only weakly
metastable (the barrier to its dissolution is small on the scale
of the free energies presented) and thus likely to disconnect
before proceeding further, we expect inner tube collapse to
be the dominant pathway. At the lower tension, however, the
barrier to direct tube collapse is far greater (� 20k) and less
likely to occur.

Once the stalk forms, the system can proceed in a number
of ways: the stalk could expand (dark blue) into an HD; it
could catalyze further fusion of the membranes (red, in
the decreasing a direction, i.e., Fig. 5 C); or the stalk could
simply dissolve. If the stalk dissolves, the system simply re-
turns to where it started until it ‘‘tries’’ again, thus we
ignore this possibility. The barrier to forming an HD is
smaller than the alternatives; however, the HD is only
3986 Biophysical Journal 123, 3977–3996, November 19, 2024
weakly metastable. The free energies presented imply that
the HD is unstable, as it corresponds to a plateau in the
free-energy (s ¼ 0:387k=d2) or, worse yet, a slope leading
back to the stalk state (s ¼ 0:387k=d2). Similar simula-
tions conducted in the canonical ensemble (fixing lipid num-
ber, as opposed to tension) produce a free-energy minimum,
i.e., stable HD. Based on these calculations, as well as
particle simulations showing long-lived stalks and HDs
(discussed later), we expect that the slow lipid diffusion
will lead to a metastable HD. Due to the weak metastability
(or instability) of the HD, and (as we will see) the prohibi-
tive barrier to proceeding further along the HD pathway, we
expect it to simply shrink back into the stalk state.

The free-energy barriers to these competing processes are
shown in Fig. 7. Starting from the stalk, the barrier to
collapse into the WLM state is consistently below the bar-
rier to the canonical pathway, showing that the stalk aids
the collapse. The total free-energy cost of both jumps is,
however, similar between the canonical pathway and stalk
intermediate. Nonetheless, the existence of a stalk interme-
diate serves as a more easily formed jumping off point, to
catalyze the collapse. Once in the collapsed state (second
image of Fig. 6, top), the WLM easily ruptures (see sNT
data) leading to the fission of the inner tube. This is the
case for s(0:4k=d2z4mN/m, i.e., for essentially the entire
range of physiologically relevant tensions.
Expanding the HD

Although inner-tube fission is the most likely possibility,
other possibilities remain, which may be of physiological
relevance. As illustrated in Fig. 8, the HD may expand
(‘‘zip’’) around the NT, resulting in a sNT connecting two
dNTs—the cylindrically hemifused (CH) state. During this
process, a pore opens in the outer membrane. The pore
forms during the final stages of the ‘‘zipping’’ process,



FIGURE 8 Configurations during the ‘‘zipping’’

of the HD toward the CH state at a tension of

s ¼ 0:387k=d2. The initial connection between

the inner and outer membranes zips along the

membranes until the remaining portion is small.

A pore then opens (fourth image) and the remain-

ing outer membrane breaks and then fuses

with the inner membrane. The outer tube in the

double-tube region has been made transparent.

Double-tube fission under tension
when and where the membrane is strongly curved and would
need to curve even further to continuously deform into the
final state. Consequently, the bending energy of the highly
curved membrane outweighs the line tension of the pore.
A transient pore can also form at the leading edge of the
zip due to the high curvature. Each of the mechanisms pre-
sented here are further discussed in the supporting material,
including images that are enlarged and annotated for
clarity and a discussion of possible variations of transition
pathways.

The free-energy curves during zipping are illustrated in
Fig. 9, and the barriers are quite large, for both of the ten-
sions. Without intervention, the barriers to forming the
CH state appear to be prohibitively large, and the previously
presented pathways are likely to dominate. Potential inter-
ventions will be discussed later.

Although a simple-order parameter for the entire process
is not forthcoming, we examine the main part of the
pathway in terms of the angle around which the HD has
zipped, qCH (Fig. 9 B). The free-energy increases roughly
linearly with qCH. The process can be seen as the free-en-
ergy change associated with replacing the double membrane
with a single membrane plus two threefold membrane junc-
tions. The areas of the membrane replaced and the length of
the junctions both vary linearly with qCH.
Collapse of the CH state

The sNT is metastable and, once this CH state has formed,
the evolution may proceed in a number of ways. The most
likely pathways involve either disconnecting the inner
and outer membranes or simply rupturing the sNT. This
section discusses these mechanisms, which are illustrated
in Fig. 10. Fig. 10 A shows a mechanism where a pore
forms in the inner membrane, close to its connection to
the diaphragm. The pore then expands, ‘‘unzipping’’ the
inner NT from the outer one, but leaving a stalk connecting
the inner and outer membranes. This is followed by the
closure of the inner NT, creating a capped NT connected
to the outer membrane by a stalk. The inner region is
now disconnected from the region between the membranes.
The stalk then disconnects, leaving a capped NT inside of
the outer membrane. As the membranes are under tension,
the capped NT then retracts. A possible variation on this
pathway involves the formation of two pores, leading to
two stalks. Another variation involves the stalks remaining
intact, as the inner tube retracts, but remains connected to
the outer tube.

Alternatively, as presented in Fig. 10 B, the inner NT
may first collapse, creating a WLM, connecting it to a dia-
phragm that spans the outer NT. The WLM then breaks,
followed by the diaphragm. The result is, once again, a
capped NT inside the outer NT. As the sNT has two sides,
the disconnection process must occur twice to disconnect
both inner membranes from the outer membrane and pro-
duce a pair of capped NTs. The sides may disconnect
separately or concurrently. When calculating the free
energies, we consider the case of only one side discon-
necting. The barrier to the second disconnection is smaller
(not shown).

The third option involves the formation of a pore in the
sNT connection (Fig. 10 C). The pore then grows, unzipping
the sNT portion, until the two structures are only connected
by a WLM, which subsequently breaks. This resembles
fission by poration of a sNT, which was discussed previously
and found to be unfavorable. In this case, however, the newly
created interface is not simply a membrane edge, and the pore
resembles an HD rim pore, which can be more stable than
simple membrane pores (64). Unlike cases in Fig. 10 A and
B, the final result is leaky: the region inside the inner mem-
brane is open to the outer fluid. As the membrane is under
tension, the two NTs are then pulled away from one another.
In our case, disappearing through the reflecting boundary, but
in real system they would simply retract.

Once again, we can compare the likelihood of these path-
ways by examining the free-energy change throughout the
process, shown in Fig. 11. At both tensions, the barriers to
disconnecting the inner tube (Fig. 10, A and B) are similar
via either process, and smaller than the barrier to rupturing
the sNT (Fig. 10 C).

The inner tube disconnection processes are not easily
amenable to a simple order-parameter. Rupturing the
sNT can be measured in terms of the angle through which
the pore expands, qst. The free-energy is roughly linear
in terms of qst. The reasoning is similar to the zipping
process: disappearance of the membrane under tension
and conversion of the threefold junction into a curved
membrane. The threefold junction has a higher line
tension than the curved membrane, and deletion of the
membrane under tension is favorable, thus the free-energy
decreases. The barrier to this process comes from pore
formation.
Biophysical Journal 123, 3977–3996, November 19, 2024 3987



A

B

FIGURE 9 Free-energy along the MFEPs for the HD zipping shown in

Fig. 8. Free energies are shown (A) as a function of, a, the order parameter

derived from the string method and (B) qCH , the angle through which the

HD has ‘‘zipped.’’ qCH is only calculated while the HD is zipping, i.e.,

the data used in (B) is cut off at the more complicated final rupture of the

outer membrane. Data are shown for (dashed) s ¼ 0:129k=d2 and (solid)

s ¼ 0:387k=d2, free energies are given relative to that of a dNT, Fdt and

key steps are illustrated for s ¼ 0:129k=d2.

FIGURE 10 Intermediate configurations for the evolution of the CH state

at a tension of s ¼ 0:387k=d2. (A) and (B) show two mechanisms, by

which the inner membrane detaches from the outer membrane, resulting

in a capped inner NT. (C) The rupture and unzipping of the connecting

sNT. The outer tube in the double-tube region has been made transparent.

Spencer et al.
Another possibility (not shown) is that the single-tube
simply collapses and ruptures as in the simple mechanism
presented earlier. The barrier to this is significantly larger
than for any of the disconnection mechanisms presented.
After the tube retracts, the structure continuously transforms
into a pair of capped NTs (inner and outer) connected by a
stalk. This transformation is shown in the supporting
material.
Overview of possible pathways

We have presented a number of ways that a dNT can
evolve under tension, broken into individual steps or
stages. We now wish to combine the steps into an
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overall picture of membrane tube evolution. To clarify
the possible processes, Fig. 12 summarizes potential trans-
formation pathways of sNTs at high tension, and dNTs at
high and low tensions, s ¼ 0:387k=d2 and 0:129k=d2,
respectively. sNT fission (Fig. 12 A) proceeds by partially
collapsing the membrane (WLM) and subsequently
rupturing the WLM.

The dNT system has many more degrees of freedom than
the sNT system and a variety of possible pathways. At high
tension, the system may collapse directly (canonical
pathway) or using a stalk. The barrier to initially forming
a stalk is lower than the canonical pathway. The stalk may
catalyze inner-tube fission or may expand to form an HD.
From there, it can either collapse (pink pathway) or zip
(orange pathway). The barrier to zipping is significantly
higher than the other options, thus the next state is likely
the collapsed state.

To judge the likelihood of the multistep pathways, we
combine the probabilities of each event along the pathway.
The probability of a fluctuation with free-energy Fi occur-

ring is proportional to e�Fi=kBT . The probability of a series

of such events is proportional to
Q
i

e�Fi=kBT ¼ e
�
P
i

Fi=kBT

.

We therefore choose the sum of the individual barriers to
describe the probability of a given process. At high tension,
the sum of the individual barriers is lowest for the direct
(black) pathway, making it the most likely.

At low tension (Fig. 12 C), the barrier to directly
collapsing a part of the inner membrane into a WLM be-
comes prohibitive, and stalk formation between the inner
and outer membranes becomes more favorable by compar-
ison. Once again, from here, the stalk may either follow the



FIGURE 11 Free-energy along the MFEPs for the fission of the CH state.

Plot colors are chosen to match those of Fig. 10, data are shown for

(left, solid) s ¼ 0:387k=d2 and (right, dashed) s ¼ 0:129k=d2. Free

energies are given relative to that of a dNT, Fdt. Free energies are shown

as functions of (A) a and (B) the inferred order parameter, qst, the angle

through which the sNT has unzipped for the pathway shown in Fig. 10

C. qst is only calculated during the growth of the pore, i.e., after pore

formation and before the final disconnection of the tubes.

Double-tube fission under tension
upper branch and form an HD and then zip around to form
the CH state (orange) or the inner membrane may discon-
nect via a WLM intermediate (red), i.e., transition to the
lower branch in the diagram. The barrier to disconnecting
and forming a partially collapsed (WLM) inner NT is sub-
stantially lower than zipping the HD. The system is there-
fore more likely to first connect the inner and outer
membranes via a stalk, as an intermediate to forming a
partially collapsed (WLM) inner NT, i.e., the inner and
outer NTs will occasionally connect and disconnect via a
stalk, until the connection leads to a partial collapse
(WLM) of the inner NT. The latter then undergoes rupture.
The outer membrane subsequently fissions via the mecha-
nism in Fig. 12 A. This stalk-intermediate pathway has
several stages at which either membrane may form tran-
sient pores, making it a potentially leaky pathway. This
more thorough investigation thus agrees with the prediction
of (26).
Comparison between SCFT and particle-based
simulations

SCFT and the string method have allowed us to obtain a
detailed picture of many membrane remodeling processes,
including free-energy barriers that would be computation-
ally prohibitive for direct particle-based simulations. This
approach, however, merely relaxes the transformation
pathway from an initial path into the nearest local MFEP.
It may therefore fail to find even close-by (in configuration
space) pathways with lower barriers. This is particularly
important for cases like double-membrane remodeling,
where there are many degrees of freedom, and it is practi-
cally impossible to examine every way that a membrane
could rearrange. Combining our calculations with particle-
based simulations can reveal transformation pathways that
we may have missed, in addition to allowing us to validate
our calculations, by verifying that the predicted evolution
actually occurs.

SCFT and the particle-based simulations also differ in
that the evolution of the particle-based simulations is
locally mass conserving, unlike the SCFT evolution, which
is governed by model A dynamics (77). It is possible to
carry out dynamic SCFT calculations using model B; how-
ever, the implementation is more complicated and usually
(when considering only (meta)stable states) the outcome
is the same. For nonequilibrium behavior, as in the string
method, the two models may in general produce different
dynamics.

It would take prohibitively long to carry out simulations
by simply initializing a sNT or dNT and waiting for the
previously described processes to occur. A more productive
approach is to use the fields from SCFT to initialize a start-
ing configuration of the particle-based model and allow the
system to evolve. We initialized SOMA simulations at key
locations, such as metastable configurations or saddle-
points on the free-energy landscape, and allowed them to
relax. The setup and an example of subsequent evolution
of the SOMA simulations are shown in Videos S5
and S6, respectively.

In each case, the system evolved by ‘‘descending’’ the
pathway predicted by the string method. Side-by-side com-
parisons between SCFT and particle-based simulation are
shown in Fig. 13, and further discussed below. The consis-
tency suggests that the pathways are realistic, and are not
sensitive to either fluctuations or the particular dynamical
model employed.

A sNT partially collapses into a WLM, as illustrated in
Fig. 13 A. This corresponds to the sNT pathway discussed
earlier (Fig. 1). Unlike in the SCFT calculations, we do
not observe the fission of the WLM connecting the two cap-
ped sNTs. In the SCFT calculations there is a constant ten-
sion along the NT, set by the chemical potential. By
contrast, the particle-based simulations are conducted in
the canonical ensemble, where we fix the number of lipids
Biophysical Journal 123, 3977–3996, November 19, 2024 3989
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FIGURE 12 For a Figure360 author presentation

of Fig. 12, see https://doi.org/10.1016/j.bpj.2024.

10.009.

Illustration of the transition mechanisms with asso-

ciated free-energy barriers, in units of k. Colors

correspond to the barriers used thus far in the paper.

Arrows are shown for increasing a (solid) and

decreasing a (dashed) directions, respectively.

The most likely pathways to fission is highlighted

with thick arrows. Pathways are shown for (A)

sNTs at s ¼ 0:387k=d2, (B) dNTs at s ¼
0:387k=d2, where sequential fission is more likely,

and (C) dNTs at s ¼ 0:129k=d2, where hemifu-

sion is more likely. The missing barriers on blue

paths likely are nonzero but difficult to assess (see

main text). Arrows going only one direction are

transitions that appear irreversible, because the

transition may proceed arbitrarily far in one direc-

tion, e.g., the growth of a WLM intermediate.
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rather than the chemical potential. Partially collapsing the
NT reduces the tension in the membrane resulting in insuf-
ficient tension to break the WLM.

If the system is initialized in a cylindrically hemifused
state, it remains metastable for a short time, then the inner
NT disconnects from the outer one via either of the pre-
dicted mechanisms, i.e., the transformation pathways
illustrated in Fig. 10, A or B and corresponding to the
dark and light green data in Fig. 11. The comparison be-
tween particle-based simulation and SCFT for these trans-
formation pathways is shown in Fig. 13 B.
3990 Biophysical Journal 123, 3977–3996, November 19, 2024
A partially zipped HD further unzips, decreasing the dia-
phragm that connects the inner and outer NTs, as illustrated
in Fig. 13 C. This mechanism corresponds to the data shown
in Fig. 9, along the direction of decreasing free-energy and
decreasing a. The system remains metastable for a short
time and then proceeds by the transformation pathways
shown in Fig. 13, D or E. These pathways are the reverse
of the blue and pink curves in Fig. 6, respectively. The
HD may radially shrink, as in Fig. 13 D, collapsing into a
stalk that connects the inner and outer membranes. Alterna-
tively, the diaphragm may disconnect, as in Fig. 13 E,

https://doi.org/10.1016/j.bpj.2024.10.009
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FIGURE 13 Comparison of configurations from

SCFT calculations and particle-based simulations.

Simulations were initialized using fields derived

from SCFT strings (see Video S5) and, in each

case, they either remained in a metastable state or

followed the string derived from SCFTalong the di-

rection of decreasing free-energy. (A) The sNT

partially collapses into a WLM. (B) Initialized

with a cylindrically hemifused state, the inner

tube disconnects from the sNT-dNT-junction by

either (left) the mechanism in Fig. 9 A or (right)

Fig. 9 B. (C) Starting from an HD, the diaphragm

unzips, descending the curve in Fig. 9. The system

then proceeds via one of the pathways in (D) and

(E), which correspond to the blue and pink curves

in Fig. 6, respectively. For pathway (E), side-by-

side trajectories are shown in Video S6.

Double-tube fission under tension
resulting in a partially collapsed (WLM) inner NT. This
observation is consistent with our prediction that the stalk
or HD is metastable and can act as an intermediate state to-
ward the partial collapse of the inner NT into a WLM, along
the pathway to fission.

The comparisons provide validation that the pathways
that we have found are not artifacts of the additional
approximations in SCFT. Another aspect of the kinetics
is the transition rate. As discussed above, the barriers are
too large to simply wait for each process to occur in parti-
cle-based simulations. A more promising approach is to
combine the free-energy barrier and a kinetic coefficient
to obtain the Kramers rate (78). We have calculated the
former using SCFT. Although we present some kinetic in-
formation in the supporting material, obtaining the kinetic
coefficients requires modifications to our particle-based
simulation approach. One strategy is to use forward-flux
sampling (79). This method breaks each process into
many small subprocesses, calculates the time (thus rate)
for the first subprocess, and the success probability (thus
free-energy barrier) to carry out each subsequent subpro-
cess. This is outside of the current scope and is left for
future work.
DISCUSSION

Fusion and fission are indispensable and ubiquitous ele-
ments of intracellular membrane dynamics (80). Both
control the membrane-barrier function and, hence, there
has long been the question how to transform membrane to-
pology without full-scale rupture and leakage (6,81). First,
a highly curved lipid stalk was discovered and established,
experimentally and theoretically, as the initial intermedi-
ate of leakless membrane fusion. Then, in 2003, Kozlov-
sky and Kozlov were the first to adapt this model to
fission (4). In their study, the authors used elastic theory
to analyze the transition from a constricted neck to a hy-
pothetical HF intermediate (in the analogy to the fusion
process, i.e., resembling a partially collapsed [WLM]
NT). The work introduced the notion of critical curvature,
at which the elastic energy of the neck becomes compara-
ble with that of the WLM-like HF intermediate, thus
favoring the transition. The HF intermediate was assumed
to be unstable so that the HF-to-full-fission transition
happened spontaneously.

Since then, membrane fission has been modeled using
different phenomenological, mean field, and CG ap-
proaches. The use of CG simulations pointed to the meta-
stable character of the HF intermediate (9,10), a discovery
with mechanistic implications for the energy transduction
by proteins during this type of membrane remodeling.
Indeed, WLM-like HF intermediates were several times de-
tected in protein-driven membrane transformations. Mattila
et al. produced a truncated dynamin GTPase that mimicked
the protein’s activated state during its GTPase cycle, usually
linked to the protein’s fission activity (7). Upon incubation
of the truncated protein with large unilamellar vesicles,
the authors detected HF intermediates beneath the protein
Biophysical Journal 123, 3977–3996, November 19, 2024 3991
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scaffold. Similarly, Mizuno et al. detected protein-coated
cylindrical lipid micelles upon membrane incubation with
endophilin molecules (82). However, in none of these cases
a bona fide fission reaction was reconstructed, as the protein
coats stabilized the HF intermediate, precluding the charac-
terization of topological transitions along the fission
pathway.

The data presented here as well as in (26) provide addi-
tional experimental evidence that membrane fission pro-
ceeds through the formation of a metastable WLM-like
HF intermediate, which then resolves into full fission
(Fig. 1). The HF intermediate has the expected geometry,
with its thickness being similar to that of a lipid bilayer.
Although not discussed therein, the statistics presented in
(26) confirmed the earlier theoretical predictions about the
geometry of membrane fission, as membrane remodeling
proceeds only upon reaching the critical radius value in
the range of the bilayer thickness (4).

To achieve fission in the pure lipid system we used
membrane tension. In the cell, tension is often related to
membrane dynamics, action of motor proteins, and cyto-
skeleton acting against adhesion and friction forces (83).
The balance between the membrane-pulling forces and
friction drag constitutes the constriction-by-friction mecha-
nism of membrane fission where local membrane tension
increases dramatically causing membrane HF and/or pore
formation (18,20). Here, we reconstructed such dynami-
cally elevated tension. The tension-driven constriction
followed by HF was detected by cryo-EM. Both short
HF intermediates and metastable WLMs were detected
(Fig. 1 B). We found that HF becomes spontaneous at
values of membrane tension that are at least one order of
magnitude higher than that reported for cellular plasma
membrane (10� 1 � 10� 2 mN/m, (84)). High lateral mem-
brane tensions, required to produce such a high membrane
curvature, have been a long-known cause of poration and
lysis of planar lipid bilayers (11). Importantly, using
SCFT modeling, we showed that the HF pathway would
be more likely than pore nucleation even at such high
membrane tension (Fig. 1). High membrane tension also
favors the formation and extension of the metastable
WLM (Fig. 1).

Membrane fission, however, is not limited to single mem-
branes. One of the best-known examples of double-mem-
brane fission in cells is that of the mitochondrion. While
the protein machinery involved in this process has been
extensively explored, surprisingly little is known about the
free-energy landscape of double-membrane remodeling it-
self (27,27,85–91). By direct extrapolation from single-
membrane remodeling, we can expect two outcomes upon
double-membrane constriction: sequential fission of the in-
ner and then the outer membranes following the single-mem-
brane pathway, or the fusion of the outer membrane to the
inner one due to curvature stress. Consistent with previous
work (26), we find the latter pathway for low tensions, �
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1 � 2mN/m, already associated with curvature instabilities
in single-membrane systems. At higher tensions, however,
the sequential fission pathway is the likely outcome of
constriction.

The details of the membrane rearrangements were further
analyzed by SCFT. The first step in the reaction is the forma-
tion of a close contact area between the membranes. Next, a
stalk and then an HD is nucleated and, in some cases, leads
to formation of an extended HD encircling the dNT, i.e., the
CH state. Intriguingly, such restricted HF may result in a
quick exchange of lipids, such as cardiolipin, between the
outer and inner membrane of the mitochondrion (92). HF
may resolve into full fusion (81,93); however, this transfor-
mation from dNT to sNT does not occur in our simulations.
Instead, in the absence of cofactors, the HD rather decays
via redetachment of the inner NT from the outer one. This
process is accompanied by the formation of several pores.
Such poration may result in depolarization of the mitochon-
drial inner membrane, a process well known to complement
mitochondrial fission (87,89).

Of note, lipid rearrangements in fission and fusion are
closely related both in vivo and via the pathways studied
in this work. While we have been focused on the fission
of membrane tubes, we can also consider the antipode trans-
formation by simply looking at our MFEPs in the ‘‘reverse’’
(decreasing a). Barriers to some steps in the fusion process
can be inferred from the free-energy profiles (Figs. 6, 9,
and 11), and are partially illustrated in Fig. 12. Some reverse
barriers, however, are omitted as they are difficult to obtain
from our calculations. For example, as currently imple-
mented, since the NTs are under tension, they simply retract
as far as they can from one another upon fission. To reverse
the process, one would need to fix the capped NTs at a set
distance. In cells, this process is mediated by GTP-powered
docking proteins (85). Based on the low barriers, once the
membranes are brought together, the fusion process would
readily follow the reversed path of fission. This observation
might be of importance for mitochondrial fusion and fission
known to be synchronized and colocalized in time and space
(89,90). Analysis of mitochondrial remodeling indicate that
fusion may trigger fission, but fusion is not affected by
fission (90). Interestingly, the barriers in the fusion direc-
tion, shown in Fig. 12, suggest that the complex pathway
may occur more readily when membranes are fusing, partic-
ularly under low tension.

The free-energy barriers reported here are valid for homo-
geneous lipid systems under high lateral tension, such as the
one produced by the hydrodynamic flow in our cryo-EM ex-
periments. While cellular membranes are at considerably
lower tension on average, local spikes of tension during
fast membrane transformations can lead to extreme mem-
brane constriction and instabilities similar to those
described here (18,20). Biological systems may also employ
a variety of strategies to decrease the free-energy barriers
and select the preferred transformation pathway. Among
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these strategies are protein catalysis of membrane remodel-
ing. A great example of such catalyzers are the members of
the dynamin superfamily of GTPases that transform the en-
ergy of GTP into membrane curvature stress both in fusion
and in fission. Interestingly, many fusion and fission dyna-
mins colocalize at the mitochondrial fission site (94).
Another factor that may alter the outcome of the remodeling
pathway is membrane asymmetry. Biological membranes
present compositional asymmetry both between leaflets
and between different membranes (95). Such asymmetry
confers distinct mechanical properties onto each membrane,
thus potentially shifting the free-energy barriers for the
transformations we predicted in our model system. Finally,
lipid and protein redistribution along the curvature gradients
may also help remodeling (96–98).

Each one of the cited factors may alter the way that mem-
branes rearrange during fission and fusion, possibly giving
rise to new transformation pathways. However, as the
most energetically expensive transformation steps involve
locally constricting the (outer) membrane, it seems likely
that a simple mechanical constriction can drastically lower
the free-energy barriers, while leaving the details of the re-
arrangements mostly intact. The linearity of the required
free energy with constriction radius implies that a constant
force is required regardless of the membrane radius.

Futurework should therefore explore the effect of constric-
tion by cellular factors on the favorability of competing trans-
formation pathways in membrane remodeling, particularly in
fission and fusion of double-membrane systems. The main
contribution from constriction proteins, such as dynamin, is
likely simply a way to apply the required constriction force,
but there may also be specific effects due to the particular
membrane interactions, for example, splaying of headgroups
due to the insertion of dynamin’s PH domains between the
headgroups. Furthermore, although zipping of the HD around
the double tube, to produce the cylindrically hemifused state,
is prohibitively expensive, perhaps it may be possible with
the aid of constriction.

Finally, it should be noted that our SCFT implementation
used in the majority of this work leads to each membrane
having the same tension. This is not generally the case, as
each membrane, and indeed leaflet, may be attached to a
different reservoir. It does, however, create concentric tubes,
which are in close contact, as seen in the experiments, and
which we could expect from external sources of constriction,
such as helical constriction proteins around the outer tube.
We have briefly explored, in the supporting material, an
approach to calculating corrections due to different mem-
brane tensions.
CONCLUSION

In this study, we have combined SCFTand the string method
to identify optimal fission pathways in single- and double-
membrane tubes. We have further validated these pathways
using cryo-EM experiments, demonstrating the robustness
of our approach.

Our results suggest that the free-energy barriers to single-
and double-membrane fission are sensitive to membrane
tension. In double-membrane tubes, there are several
possible pathways, and the dominant pathway can be
controlled by the membrane tension. We describe two
competing pathways to fission. At very high tension, the
more likely mechanism involves the partial collapses of
the inner tube, into a WLM, which then ruptures, resulting
in two capped tubes. This occurs without interaction with
the outer membrane. The outer membrane then follows
similarly. This pathway is nonleaky, i.e., the solvent inside
the inner membrane, between the membranes and outside
the outer membrane never mix. At lower, more physiologi-
cally relevant tension, however, the barrier to forming a
WLM becomes prohibitive, and instead, the inner and outer
membranes fuse, which then catalyzes fission via a more
complicated pathway. This pathway is leaky as pores form
close to the fusion sites.

In addition to these fission pathways, we explore a variety
of other mechanisms by which double tubes may evolve.
Except for the case of very high tensions, the free-energy
barriers that we obtain (typically Oð10kÞ) are larger than
we would expect for biological processes that occur
frequently. This is consistent with the need for constricting
proteins to catalyze these processes in real biological
systems. Further work is required to understand how these
proteins affect the mechanism and free-energy barriers for
the processes presented here.
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