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Abstract

Diverse cell biological processes that involve shaping and remodeling of cell membranes are
regulated by membrane lateral tension. Here we focus on the role of tension in driving membrane
fusion. We discuss the physics of membrane tension, forces that can generate the tension in
plasma membrane of a cell, and the hypothesis that tension powers expansion of membrane fusion
pores in late stages of cell-to-cell and exocytotic fusion. We propose that fusion pore expansion
can require unusually large membrane tensions or, alternatively, low line tensions of the pore
resulting from accumulation in the pore rim of membrane-bending proteins. Increase of the inter-
membrane distance facilitates the reaction.
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Fusion pore expansion in the contact zone between two membranes docked together by the
adhesion proteins increases the perimeter of the energy-intensive pore edge and has to be driven
by membrane tension. Accumulation of the membrane-bending proteins at the pore rim lowers the
pore edge energy (line tension of the pore) and, thus, lowers the membrane tension required for
the pore expansion.
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Introduction

The notion of membrane tension is widely used in the cell biological literature concerned
with membrane deformations and restructuring such as cell spreading on and movement
along extracellular substrates, endocytosis, exocytosis, viral infection, cell fusion in
development, and propagation of mechanical signals between the cell front and rear. All
these diverse processes include transformations of membrane shapes by bending and
changes of membrane connectivity by fission and fusion.

While several recent reviews addressed the role of tension in the dynamic changes in
membrane shape accompanying cell motion [1-3], fewer attempts have been made to
address the effects of tension on membrane remodeling by fission [4,5] and fusion. Here we
focus on the latter topic and discuss the current data and hypotheses concerning the role of
tension in mechanisms of membrane fusion.

We start with considering the physical meaning of membrane tension, the feasible
mechanisms of its generation in cells and the realistic values of tension expected in cell
membranes. Then we address the data suggesting that membrane tension plays an important
role in fusion and discuss the related hypothetical physical mechanisms.

Membrane tension

Definitions

Tension within a membrane is generated as a response to application to the membrane
surface of external forces. Tension develops within lipid bilayers constituting structural
bases of all biological membranes. A bilayer can be seen as a continuous two-dimensional
film consisting of two lipid monolayers of about 2-3nm thickness. Lipid molecules within
the monolayers can be organized in persistent or dynamic domains of diverse lipid
compositions and even different physical states (see for recent review [6]).

Rigorous definitions of membrane tension, also referred to as the lateral tension, are
analogous to those introduced in physical chemistry of interfaces for surface (or interfacial)
tension [7]. While several such definitions exist (see for review [8,9]), beginning from the
original thermodynamic definition introduced by Gibbs [10], here we will use the most
intuitive one, which can be called the mechanical tension (see e.g. [11]). Within this
definition, tension is a local characteristic of the membrane describing the stretching-
compression elastic stresses at every point along the membrane surface. Definition of
tension requires consideration of a small (infinitesimal) element of the membrane plane
separated from the rest of the membrane by an imaginary boundary (Fig. 1). The mechanical
tension, referred below for brevity as, simply, tension, is a force applied to the unit length of
this imaginary boundary by the surrounding membrane in the direction tangential to the
membrane plane.

Tension distribution

The character of the tension distribution in the membrane plane is determined by the
membrane physical properties and the conditions of the intra-membrane mechanical
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equilibrium. Every membrane domain, each membrane monolayer as a whole, and the entire
membrane bilayer have properties of a two-dimensional fluid, which means that lipid
molecules diffuse and can undergo two-dimensional flow in the membrane plane (see for
recent review [6]). The 2D membrane fluidity determines both the tension dependence on
the direction in the membrane plane and the tension distribution along the membrane
surface, which are analogous to the orientational and positional dependence of pressure in a
regular 3D fluid.

Due to the 2D fluid nature of lipid monolayers, the membrane tension can be presented as
consisting of two contributions: static tension, vy, analogous to the hydrostatic pressure in 3D
liquid case, and dynamic contribution, v,, representing the tension contribution related to the
lipid flow. The dynamic tension, v,,, is generally, anisotropic as determined by the direction
of the lipid flow shear rate in the membrane plane [11]. In contrast, the static tension, v, as
hydrostatic pressure in 3D fluids, is isotropic. The isotropic tension exists at every point of
the membrane surface irrespectively of the lipid flow and represents the tension component
most essential for membrane shaping and remodeling.

According to Pascal’s low, the hydrostatic pressure generated in some region of a 3D fluid is
transmitted, homogeneously, throughout the whole fluid volume. Hence one would expect
also the static tension, v, to be equal along the whole membrane plane. There are, however,
situations where the distribution of y in the membrane plane is inhomogeneous.

A straightforward reason for inhomogeneity of v could be related to the sharp boundaries of
membrane domains, which represent barriers for lipid lateral diffusion. Indeed, because of
the line tension of the domain boundary, B4 (see e.g. [12]), the tension within such a domain
can be different by an amount, 8y, from the tension in the surrounding membrane. The value
of &y, depends of the domain radius, Dg, according to &y ~ B4/Dg. Taking into account that
the typical value of the domain line tension constitutes Bg ~ 1pN [12], the tension inside the
domain can be smaller than that in the surrounding membrane by a value comparable to a
typical cell-membrane tension, &y ~ 0.01mN/m (see below), provided that the domain is
sufficiently small, Dgq < 100nm. For larger domains, the difference between the intra- and
extra- domain tension must be negligibly small.

A continuous variation of tension along the membrane plane can be due to the effects of
membrane curvature. Thermodynamic consideration or, equivalently, the condition of the
membrane mechanical equilibrium in the lateral direction show that the membrane tension
depends on the local membrane curvature (see e.g., [13]). Tension adopts larger values in
the regions of larger curvature. Another factor leading to inhomogeneity of the tension is
application to the membrane surface of distributed external forces directed tangentially to
the membrane plane. A specific example of such forces are the forces arising from viscous
friction developing in the course of the cell movement between the membrane bilayer and
the proteins anchoring the membrane to the cytoskeletal cortex [14].
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Membrane tension generation in cells

The characteristic tensions in plasma membranes are in the range of 0.01-0.04mN/m (see
e.g., [2] and refs therein) but for some cells can reach much larger values of 0.15-0.3mN/m
[15-18].

One can think of three major origins of forces acting on cell membranes and generating
membrane tension: (i) osmotically controlled difference in hydrostatic pressure between the
cytosol and the outside medium (see e.g. [19]); (ii) membrane interaction with cytoskeletal
components such as sub-membrane acto-myosin cortex [17] and acto-myosin network
driving cell motion along external substrates [20,21]; and (iii) forces resulting from cell
adhesion to and spreading on external substrates [2] and forces caused by cell-cell adhesion
[22]. In specific instances, tension is often produced by interplay between these primary
factors.

The membrane tension produced by the forces listed above can be modulated by
intracellular structures and processes coupled to the changes in the effective area of the
plasma membrane through the exchange of the lipid material between the membrane under
question and an effective membrane reservoir. Specifically, a balance between endocytosis
consuming the membrane area through budding and abscission of endocytic vesicles and
exocytosis replenishing the area through vesicle fusion can modulate the tension [2,4].
Another mechanism relates to an effective reservoir of membrane area stored in caveolae
[23]. Reversible flattening of caveolae into the plasma membrane regulates the in-plane
membrane area and, hence, the membrane tension.

The tension generation by acto-myosin machinery and modulation by interplay between
endo- and exocytosis was clearly demonstrated for cells spreading on extra-cellular
substrates [2]. For moving cells (fish keratocytes) the tension was shown to result from
counter-action between, on one hand, the pushing forces produced by actin filaments
polymerizing against the membrane at the lamellipodial leading edge, and, on the other, the
membrane-substrate adhesion at the cell rear. The resulting tension was maximal at the cell
front and decreased continuously towards the cell rear because of an effective viscous
friction between the membrane and the cytoskeleton [14,15].

In both examples above, the effect of polymerizing actin was counteracted by the contractile
activity of myosin I, which pulls the polymerizing actin bundles towards the cell interior,
hence, decreasing the pushing force they exert on the membrane and, consequently, reducing
the tension. The same must be true for the myosin effect on the tension generated by the
cortical acto-myosin layer coupled to the cytosolic face of the plasma membrane. The
myosin-driven contraction of the cortex layer is counteracted by the stresses within the
membrane bilayer leading to the negative (compressing) contribution to the bilayer tension.
This negative contribution can be achieved, directly, through the bilayer in-plane
compression or, effectively, through the bilayer local bending between the spots of the
cortex anchoring to the bilayer surface. The tension reduction by myosin Il activity has been
demonstrated experimentally in several studies on different cell types [2,15,24].
Observations of the opposite relationship between the myosin Il activity and the membrane
tension [25] may be due to raising of the intracellular hydrostatic pressure through a
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tendency of the cell to reduce its volume driven by the acto-myosin cortex contraction [19],
or reflect indirect myosin effects, such as tension control by myosin 1l dependent
endocytosis [26].

Tension in membrane fusion

Mechanisms of membrane fusion

Membrane fusion, merger of two membrane bilayers into one, is ubiquitous in cell biology.
Fusion is a key stage in intracellular trafficking of membranes and proteins, including
exocytosis. Enveloped viruses utilize fusion to enter cells. Cells fuse in fertilization, muscle
and bone formation and maintenance. As fusion between protein-free bilayers, diverse
biological fusion processes including well-characterized examples of intracellular, viral and
cell-to-cell fusions, apparently start with a local merger of contacting leaflets of the
membranes (referred to as hemifusion stalk) followed by opening of a nascent fusion pore
(Fig. 2). In this pathway, fusion pore edge is lined by a bent lipid monolayer containing or
not containing transmembrane protein domains (TMDs). While this fusion-through-
hemifusion pathway seems to be widely accepted for most fusion processes [27], it is still
under debate in the case of SNARE-dependent intracellular membrane fusion where an
alternative pathway starting from opening of an entirely proteinaceous channel-like fusion
pore lined by SNARE TMDs is also considered [28], but see [27,29].

Well-characterized examples of intracellular, viral and cell-to-cell fusions as well as fusion
between protein-free bilayers have been dissected into the early and late stages (Fig. 2)
driven, at least in some fusion processes, by distinct factors [30-33]. The early stages of
fusion are finished by formation of a nanometer-sized fusion pore(s). The essence of the late
stages is expansion of the fusion pore to radii comparable with sizes of fusing cells and
vesicles. This yields, in the case of cell-to-cell fusion, multinucleated syncytia and, in the
case of exocytotic fusion, a complete flattening of the vesicle membrane in the plasma
membrane.

Experimental work on diverse fusion processes and theoretical studies demonstrate that
fusion pore opening and, especially, its expansion at the late fusion stages are the most
energy-demanding fusion stages [31,34]. For instance, in fusion mediated by viral fusogenic
proteins (“fusogens”) such as influenza hemagglutinin and in SNARE-dependent fusion,
lowering the number of functional viral and intracellular fusion proteins decreased the size
of observed fusion pores and shifted the fusion phenotype from fusion pore to hemifusion
[31,34-36].

The similarity of fusion pathways and similar dependences of the distinct stages of different
fusion processes on the lipid compaosition of fusing membranes suggested conserved
mechanisms of lipid rearrangements in both stages of the fusion reaction. Local membrane
restructuring at the early fusion stage is limited by a few nanometer scale. Theoretical
analysis based on the description of the membrane as a continuous elastic film and, most
recently, molecular simulations have substantiated the physical mechanism, in which the
energies of formation of hemifusion stalk and nascent fusion pore are determined by
curvature stresses accumulated in the lipid bilayers of the membranes before fusion and
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released in the course of the early fusion stage [37,38]. It has been suggested that
accumulation of the local curvature stresses is driven by specialized fusion proteins (such as
SNAREs and their partners, or viral fusion proteins) assembled in relatively small
complexes around the fusion sites.

Fusion pore expansion constituting the late stage of fusion process leads to membrane
rearrangements, whose scales largely exceed those of the fusion protein complexes and vary
between tens of nanometers for the vesicle fusion and tens of microns for cell-cell fusion.
Such large scale membrane restructuring must be driven by global factors, persisting within
large membrane areas or the entire membranes. The most natural candidate for playing a
role of such a large-scale fusion factor is the lateral tension (see e.g. [39]).

Tension drives fusion pore expansion

The role of tension as the driving force of the fusion pore expansion was unambiguously
demonstrated for fusion in model systems based on protein-free bilayers. In case of black
lipid membranes, fusion pores were driven by a huge surface tension (~1-3 mN/m)
generated by the bilayer contact with lipid reservoir [40]. Fusion pore expansion can be also
driven by membrane tension generated by osmotic pressure gradient across the membrane
[41,42]. In the case of fusion of very small vesicles with sizes comparable with the bilayer
thickness (such as 20nm diameter vesicles often used in molecular simulations), fusion
completion can be driven by the vesicle unbending, which releases a very significant
bending elastic energy equivalent to the lateral tension. This mechanism can be relevant for
specific examples of protein-mediated fusion of biological membranes. However,
estimations show that that for vesicles with radii exceeding several tens of nanometers, the
released bending energy covers only a relatively small part of the fusion pore energy so that
the involvement of tension becomes essential. Therefore, recent studies have focused on the
hypothesis that fusion pore expansion in biological fusion is powered by the tension in the
nearly flat plasma membranes [25,37].

In cell-to-cell fusion initiated by influenza hemagglutinin [43], plasma membrane tension
generated by applying a positive hydrostatic pressure to cell interior promoted expansion of
the fusion pores. In a recent study on exocytosis in human neuroendocrine cells [25], two
regulators of the dynamic properties of actin cytoskeleton, small GTPase Cdc42 and myosin
Il ATPase, were found to control the expansion of small fusion pores by maintaining tension
in plasma membrane. Lowering the tension by blocking activities of either of these proteins
lowered the percentage of the exocytotic fusion events that resulted in the full collapse of the
vesicle into the plasma membrane rather than in kiss-and-run events with non-expanding
and transient fusion pore.

Hypothesis that lateral tension drives fusion explains the data implicating several tension-
generating and/or tension-controlling protein machineries in different fusion processes.
Actin and actin-regulating proteins are major players in exocytosis [44]. Both myoblast
fusion in muscle development and regeneration and macrophage fusion in osteoclast
formation [45,46] have been reported to depend on formation of actin-rich podosome-like
structures by which one of the fusing cells invades another. Lowering the activity of actin-
crosslinking protein myosin Il inhibits fusion pore expansion in exocytosis [25,47] and in
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cell-to-cell fusion [48]. Fusion was shown to depend on proteins, which, potentially, can
regulate tension through endocytosis, such as dynamin, clathrin, epsin and BAR-domain
proteins. Dynamin was shown to be involved in expansion of fusion pores in exocytosis
[49], and in cell-to-cell fusion [46] and, specifically, the late stages of this process [32,50].
Cell-to-cell fusion has been reported to depend on clathrin [46] and F-BAR domain protein
GRAF1 [51]. Overexpression in cells of F-BAR domains GRAF1 and FCHo2, and of ENTH
domain of epsin, promoted late stages of cell fusion initiated by viral fusogens [33].

Feasibility of fusion pore expansion by membrane tension

While, qualitatively, the existing experimental data support the role of tension as a major
factor expanding the fusion pore, the viability of this mechanism has to be verified by
quantitative estimations. There are two potential factors counteracting the fusion pore
expansion by tension. The first is the line tension of the pore edge, B, whose essence is the
bending energy of the membrane at the pore rim related to unit length of the pore perimeter.
The second is the protein-mediated mutual adhesion of the fusing membranes along the area
of the inter-membrane contact. In our estimate below we will focus on the line tension
because, at least in a specific case of cell-cell fusion initiated by viral fusogens, fusion pore
expansion to cell-size radii proceeds by lateral displacement of cell-cell adhesion zone to the
periphery of the fusion site [30]. Thus, fusion pore expansion does not necessarily break
protein complexes responsible for the cell-cell adhesion and may just move these complexes
within a contact plane. We, therefore, estimate the interplay between the membrane lateral
tension, v, and the pore line tension, . It is known from the theory of membrane rupture that
the activation energy of pore expansion, Fp, is related to the lateral and line tensions,

32
Fp:§ B The pore line tension can be expressed, approximately, through the membrane
bending modulus, k, and the distance between the mid-planes of the fusing membranes, H,

K 7T3 2

as ﬂzﬁﬁ. As a result, the activation energy is given by szjm. Note that an increase
in the distance between the membranes H lowers the line tension {3 and the activation energy
Fp- The typical value of the membrane bending rigidity is « = 20kgT [52] (where kgT = 4
10~2Joule is a product of the Boltzmann constant and the absolute temperature). The
activation energy that would allow pore expansion to occur within a biologically relevant

time scale was estimated to be about F,; =40k, T [53]. Based on these numbers and the
above relationship for Fp,, we estimate that, assuming the lateral tension to have a typical
reference value of y = 0.03mN/m ([2] and references therein), the inter-membrane distance
has to be around H = 140 nm, which greatly exceeds the typical inter-cellular distances of
few tens of nanometers or less. This brings us to a conclusion that the membrane tension in
fusing cells has to be larger by an order of magnitude, i.e. have values similar to those
measured for moving keratocytes [15]. Indeed, assuming y = 0.3mN/m, we obtain the
required inter-membrane distance to constitute H ~ 45 nm, which is feasible for cell-cell
contacts (Fig. 3A). However, since pre-fusion contacts between the membranes can be much
tighter, we suggest that fusion pore expansion is driven by increased membrane tension at
the time of fusion (Fig. 3B). Alternatively, fusion pore expansion can be facilitated by a
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lowering of the pore line tension due to accumulation of membrane bending proteins at the
pore edge (Fig. 3C) and [30]).

It has to be noted that, in general, tension might also affect early fusion stages. However, the
membrane area changes accompanying generation of a characteristic hemifusion stalk with
height of 3nm are small constituting about 100 nm?2. The corresponding energy of tension
becomes comparable to the stalk bending energy of few tens of kgT only if the tension
values are close to ImN/m. Similar tensions are required to drive expansion of hemifusion
diaphragm [54]. As noted above, the typical cell membrane tensions are at least 10 times
lower. Hence, in most cases, the effects of membrane tension on the early fusion
intermediates can be neglected.

Even very large membrane tensions generated by application of hydrostatic pressure
inhibited rather than promoted the early stages of opening of fusion pores in hemagglutinin
mediated fusion, possibly, by suppressing the small-scale membrane deformations, which
bring the membranes into immediate local contact and prime them for fusion [43]. This
finding suggests that any membrane tension-driven promotion of formation of early fusion
intermediates is overshadowed by other effects of membrane tension.

Concluding remarks

Tension is a most plausible candidate for driving expansion of the fusion pores at the late
stages of membrane fusion processes. However we still do not know why some fusion
processes result in fusion pore expansion that fully unify two membrane-enclosed volumes
(for instance, in formation of multinucleated cells) while other fusion processes are aborted
before completion (for instance, in the kiss-and-run form of exocytosis and, apparently, in
generation of cell-cell connecting nanotubes). Elucidation of the tension-fusion link will
require a combination of further theoretical analysis, plasma membrane tension
measurements and fusion assays. Moreover, since tension may also affect pre-fusion and
early fusion stages, evaluation of the role of tension in fusion pore expansion will require
fusion assays that specifically characterize late fusion stages [25,32]. We expect better
understanding of the role of tension in membrane shaping and remodeling to bring new
ways of controlling these processes in healthy cells and in pathophysiology.
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HIGHLIGHTS

e Tension in cell membrane is produced by actin-membrane interactions, osmotic
and adhesion forces.

» As other membrane reshaping processes, membrane fusion depends on lateral
tension.

» Infusion pore expansion, membrane tension overcomes the line tension of the
pore edge.
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Tension

Membrane

Fig. 1. Definition of membrane tension
Tension is the force applied to the unit length of the imaginary boundary (dashed line)

separating a small membrane region from the rest of the membrane.
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Early fusion stages
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Late fusion stages
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Fig. 2.

Paqchway of membrane fusion from early stages (contact-hemifusion—fusion pore opening)
to late stages, in which expansion of nascent fusion pore(s) of a few nanometers in diameter
to a much larger diameter comparable with fusing vesicle or cell sizes completes unification
of two membrane enclosed volumes.
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Fig. 3. Fusion pore expansion is controlled by membrane tension, distance between the
membranes and line tension of the pore edge

A. Membrane tension of 0.3mN/m is sufficient to drive fusion pore expansion for
membranes (shown as light blue films) separated by =45nm. Proteins that mediate adhesion
are shown as orange shapes. B. To drive fusion pore expansion in a tighter contact zone, the
membranes have to be subjected to a higher tension. C. In the tight contact zone,
accumulation of intracellular membrane-bending proteins at the rim of the pore would lower
its line tension and, thus, the membrane tension required to drive the pore expansion.
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