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Fig. S1. Synthetic myomerger ectodomain (sMyomerger26-84) promotes HA-mediated fusion. (a, b) HA-cells with pre-bound RBCs labeled with
the fluorescent lipid PKH26 and loaded with carboxyfluorescein were treated with a 5-min pulse of pH 5.1 medium at 220C. Immediately after the end
of the low pH pulse, we applied different concentrations of sMyomerger26-84 for 10 min at the room temperature. (a) Fusion (redistribution of lipid and
content probes from RBCs to HA-cells) was analyzed with fluorescence microscopy in ≥ 10 randomly chosen fields of view for each condition.
Content mixing (fusion) and lipid mixing (fusion plus hemifusion) were quantified as the ratios of the numbers of either content probe (CF)-labeled
HA-cells or lipid probe (PKH26)-labeled HA-cells, respectively, to the total number of HA-cells. Shown are representative results in one of three
independent cell preparations. N, the number of randomly selected fields of view examined for each condition is indicated to the left of the box
associated with that data. Box-and-whisker plots show median (center line), mean (blue line), 25th–75th percentiles (box), 10th-90th percentiles
(whiskers), 5th - 95th percentiles (solid circles). P-values were calculated using a two-tailed unpaired t-test relative to the data in control (no
sMyomerger26-84). b) Representative images for the experiments in (a) taken for the control cells and for the cells treated with 2.5 µM sMyomerger26-
84. Arrows mark an example of fusion: HA-cell that acquired from fused RBC both lipid (red)- and content (green) probes.
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Figure S2. Low and high concentrations of sMyomerger26-84 applied before low pH pulse promote HA-mediated fusion and inhibit HA-

mediated hemifusion and fusion, respectively. (a) HA-cells with pre-bound RBCs were incubated for 5 min with different concentrations of

sMyomerger26-84 then treated with a 3-min pulse of pH 5.0 medium at 220C. Immediately after the end of low pH pulse, we raised the temperature

to 370C. 15 min later we analyzed fusion (redistribution of lipid and content probes from RBCs to HA-cells) with fluorescence microscopy in ≥ 10

randomly chosen fields of view for each condition. Content mixing (fusion) and lipid mixing (fusion plus hemifusion) were quantified as the ratios of

the numbers of either content probe (CF)-labeled HA-cells or lipid probe (PKH26)-labeled HA-cells, respectively, to the total number of HA-cells.

Shown are representative results in one of three independent cell preparations. N, the number of randomly selected fields of view examined for

each condition is indicated to the left of the box associated with that data. Box-and-whisker plots show median (center line), mean (blue line), 25th–

75th percentiles (box), 10th-90th percentiles (whiskers), 5th - 95th percentiles (solid circles). P-values were calculated using a two-tailed unpaired

t-test relative to the data in control (no sMyomerger26-84). (b) Representative images for the experiments in (a) taken for the control cells and for the

cells treated with 5 mM sMyomerger26-84. Arrow and arrowhead mark examples of fusion and hemifusion, respectively. Scale bar 50mm.
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Fig. S3. The efficiency of complete fusion between Myomerger-deficient myoblasts after LPC synchronization depends on the time between cell coplating and LPC addition. a)
Schematic showing cell fusion induced by lysophosphatidylcholine (LPC) application to co-plated differently labeled differentiating Myomerger-deficient cells. b) After 2
days in the differentiation medium (DM) we co-plated differently labeled cells and after different time intervals applied 150 µM LPC to synchronize myoblast fusion. 16
hours later LPC was washed out and 1h later we fixed the cells and scored fusion as the ratio of nuclei in the cells with > 2 nuclei to the total number of nuclei. c)
Representative images for the experiments in (b) taken for t=0, t=1h and 4h. Arrows mark examples of fusion. Scale bar 50mm. d) The same experiments as in (b)
were analyzed counting as fused cells only double labeled cells plus cells that are not double labeled but have more than 2 nuclei. b,d) The quantifications of the
fusion extents. N, the number of randomly selected fields of view examined over three independent cell preparations for each condition, is indicated to the left of the
box associated with that data. Box-and-whisker plots show median (center line), mean (blue line), 25th–75th percentiles (box), 10th-90th percentiles (whiskers), 5th -
95th percentiles (solid circles). P-values were calculated using a two-tailed unpaired t-test relative to the data for t=0.
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Fig. S4. Cell surface biotinylation analysis of the cells overexpressing Myomerger. Immunoblot for Myomerger from
the surface-biotinylated fraction (IP: streptavidin) and total lysates (input) from w.t. C2C12 myoblasts transduced with empty
vector or overexpressing Myomerger. Cells were differentiated for three days. Cells not treated with a cell-impermeable
biotinylation reagent were used as a control. GAPDH was used as a loading control. Data shown are representative of 2
independent experiments.
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Fig. S5. Effects of LPC and oleic acid on myoblast fusion. (a) Myomerger-deficient cells were differentiated for 2 days, labeled either with DiI or with green cell tracker and

co-plated. After 3 days of the differentiation, we applied 100 mM LPC or either 5 or 10 mM OA for 60 min. Then we fixed the cells and scored fusion as the ratio of nuclei in the

cells with > 2 nuclei to the total number of nuclei. We also scored the extents of lipid mixing by counting mononucleated cells labeled with both of our probes. (b)

Representative images for the experiments in (a} taken for the control cells and for the cells treated with 100mM LPC or 5mM OA. White and yellow arrows mark examples of

complete fusion and lipid mixing, respectively. Scale bar 50mm. (c) Differentiating w.t. C2C12 cells were accumulated upstream of hemifusion by the incubation in the presence

of LPC. After 3 days in the DM, including last 16h in the LPC-supplemented DM, we replaced this medium with LPC-free DM (Bars 2 and 3). In Bar 3, 5 min after LPC removal

we applied 10mM OA. In Bar 1 LPC was not removed. 30 min later we fixed the cells and scored fusion as the ratio of nuclei in the cells with > 2 nuclei to the total number of

nuclei. (d) Representative images for the experiments in (c). Arrows mark examples of fusion. Scale bar 50mm. (a, c) N, the number of randomly selected fields of view

examined to quantify the % of nuclei in syncytia and lipid mixing extents (right and left Y-axes, respectively) in (a) and % of nuclei in syncytia in (c) over three independent cell

preparations for each condition, is indicated to the left of the box associated with that data. Box-and-whisker plots show median (center line), mean (blue line), 25th–75th

percentiles (box), 10th-90th percentiles (whiskers), 5th - 95th percentiles (solid circles). P-values relative to the corresponding data (lipid mixing or complete fusion) in control

(a) or the data in Bar 2 (c) were calculated using a two-tailed unpaired t-test.
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Fig. S6. Timelines of different experimental designs used in this study to prepare 
the cells for fusion assays (see the Methods for details).
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Fig. S7. Dissociation of hemifusion connections between myoblasts assayed by counting
as fused cells only double labeled cells or cells with more than 2 nuclei. Experiments on
synchronized Myomerger-deficient cells treated by chlorpromazine (CPZ) at different times after
LPC removal presented in Fig. 7 were analyzed by counting as fused cells only double labeled
cells and cells that are not double labeled but have more than 2 nuclei rather than all cells with
>2 nuclei. N, the number of randomly selected fields of view examined over two independent
cell preparations for each condition, is indicated to the left of the box associated with that data.
Box-and-whisker plots show median (center line), mean (blue line), 25th–75th percentiles (box),
10th-90th percentiles (whiskers), 5th - 95th percentiles (solid circles). P-values were calculated
using a two-tailed unpaired t-test relative to the data in +LPC/-LPC bar.
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Fig. S8. Emission and absorption spectra of individual fluorescent lipids TopFluorPE; RhPE;
TopFluorPC and TopFluorTMRPC used in the FRET experiments. Emission spectra were
measured in liposomes, containing 0.5 mole percent of the corresponding fluorescent lipid, 89.5 mole
percent of DOPC and 10 mole percent DOPS. Absorption spectra were measured in methanol.



Fig. S9. sMyomerger26-84 readily enters the tight cell-cell contact zone. Confocal fluorescence microscopy images
(left) and phase contrast (right) of HA-cell/RBC contact (marked by arrow) taken after 5 min incubation of HA-cell/RBC
complexes with TAMRA-sMyomerger26-84 followed by washing the cells to remove unbound peptide. Shown is a
representative pair of images of two independent experiments. Scale bar 5 µm.



Appendix A.  

Elastic energy of the fusion site and the strategy of computations 

The energy of the fusion site accounts for the elastic energy of the tilt and splay deformation 

of the constituent lipid monolayers, as introduced in detail in the earlier work [1-3]. In the first 

part of this appendix we briefly review the physical meaning of these monolayer deformations 

and the related elastic energy. Next, we describe the procedure of the elastic energy 

minimization leading to the optimal configurations of the HD. All the values defined in this 

section are related to the neutral planes of the monolayers, which are taken to be located at the 

interface between the regions of the monolayer polar heads and hydrophobic chains [4]. 

Monolayer deformations: tilt, splay and saddle splay and the elastic energy. Lipid tilt is 

generated as a result of slanting the average orientation of the hydrocarbon chains of lipid 

molecules with respect to the direction perpendicular to the monolayer surface. Equivalently, 

lipid tilt can be seen as shearing of the lipid hydrocarbon chains the direction perpendicular to 

the monolayer plane. Characterizing the lipid chain orientation by a unit vector, 𝐧 , referred 

below to as the lipid director, the lipid tilt can be defined as a deviation of, 𝐧, from the unit 

vector of the surface normal, 𝐍 [3], 

𝐭 = 𝐧
𝐧∙𝐍

− 𝐍.      (A1) 

From simple geometrical considerations it is easy to see that |𝐭| = tan 𝜃, where 𝜃 is the angle 

between 𝐍 and 𝐧, called the tilt angle (Fig. A1 B).  

The geometrical meaning of lipid splay is the two-dimensional divergence of the lipid director, 

𝜵 ∙ 𝒏, defined along the curved monolayer surface. In covariant form, the lipid splay can be 

presented as a trace of a tensor, 𝑏/$
% = ∇$𝑛%, where the sub- and superscripts denote, 

respectively, the co- and contravariant components in the local coordinate basis of the surface 

[3]. Hence, 𝛁 ∙ 𝐧 = ∇$𝑛$ = 𝑏/$$ 	, where, according to the common convention, summation is 

performed over repeating indices. Assuming small tilt, |𝒕| ≪ 1, the lipid director is, 

approximately, 𝐧 ≅ 𝐍 + 𝐭, and the lipid splay can be presented as [3], 

𝛁 ∙ 𝐧 ≅ 𝛁 ∙ 𝐍 + 𝛁 ∙ 𝐭.     (A2) 

The two-dimensional derivatives of the surface normal vector, 𝐍, constitute the curvature 



tensor, 𝑏$
% = ∇$𝑁% [5], whose trace, 𝛁 ∙ 𝐍 = ∇$𝑁$ = 𝑏$$, is referred to as the surface total 

curvature, 𝐽, or twice mean curvature [5]. The total curvature can be presented as the sum of 

the surface principal curvatures, 𝐽 = 𝑐& + 𝑐' [5]. Based on these definitions, the lipid splay, 

𝛁 ∙ 𝐧, is also referred to as the modified total curvature,	𝐽<, accounting for the geometrical total 

curvature and the two-dimensional gradient of the tilt,  𝐽< = 𝐽 + 𝛁 ∙ 𝐭 [6]. The surface Gaussian 

curvature, 𝐾, is defined as the determinant of the curvature tensor, 𝐾 = det	𝑏$
% [5]. The lipid 

saddle-splay, which is also referred to as the modified Gaussian curvature,	𝐾@, is a 

generalization of Gaussian curvature in the presence of both bending and tilt deformations, 

𝐾@ = det	𝑏/$
% [3].  

The energy of the tilt and saddle-splay deformations per unit area of the membrane plane is 

given by the generalized Helfrich model [3], 

𝑓( = &
'
𝜅(C𝐽 + 𝛁 ∙ 𝐭 − 𝐽),(D

' − &
'
𝜅(𝐽),(' + �̅�(𝐾@ +

&
'
𝜅(,+𝐭',  (A3) 

where 𝐽),( is the monolayer spontaneous splay, 𝜅( is the monolayer bending modulus, �̅�( is 

the monolayer saddle splay modulus, and 𝜅(,+ is the monolayer tilt modulus.  

The total elastic energy is calculated by integrating the energy density (Eq. A3) over the areas 

of the distal and proximal monolayers, 

𝐹 = ∫𝑓(,,𝑑𝐴 + ∫𝑓(,-𝑑𝐴,     (A4) 

where the subscripts d and p denote the distal and proximal monolayer, respectively. 

Calculation of minimal energy configuration. To find the HD structure we minimize the elastic 

energy presented (Eq. A4). The fusion site is divided into three parts – the diaphragm, the 

proximal and distal monolayers of the peripheral zone (Fig. 2 A). The diaphragm is composed 

of the two distal monolayers that contact each other along a flat midplane. The distal and 

proximal monolayers of the peripheral zone, which correspond to the monolayers of the initial 

membranes, contact each other along a bent mid-plane (Fig. 2 A).  

To minimize the total energy, we calculate separately the energy of the diaphragm, 

𝐹,./(𝑅0 , 𝜑)), and the energy of the monolayers of the peripheral zone, 𝐹-12(𝑅0 , 𝜑)), for 

different combinations of the diaphragm radius, 𝑅0, and junction angel, 𝜑). We require in our 

calculations that the lipid director, 𝐧, and lipid tail length (Fig. 2 A), which is defined as a 

distance computed along the 𝐧 direction between the position of a molecular polar head at the 



neutral plane and the bilayer mid-surface, are continuous everywhere including the monolayer 

junction within the HD rim. With these restrictions and simple geometrical considerations, we 

find the tilt at the diaphragm rim to be 𝑡),, = tan P3
4
− 5!

'
Q in the distal monolayer and 𝑡),- =

tan𝜑) in the proximal monolayer. The minimal energy of the diaphragm, 𝐹,./(𝑅0 , 𝜑)), is 

calculated in Appendix B (Appendix B, Eq. A16), the energy of the peripheral zone, 

𝐹-12(𝑅0 , 𝜑)), is found using finite element analysis with the help of Surface Evolver [7]. The 

optimal configuration of 𝑅0 and 𝜑) is found by minimizing the sum of the diaphragm and 

peripheral zone energy, 

𝐹6-+ = minT𝐹-12(𝑅0 , 𝜑)) + 𝐹,./(𝑅0 , 𝜑))U.   (A5) 

Assumptions and approximations. In our calculations	𝜅(, �̅�( and 𝜅(,+ are assumed not to 

depend on the monolayer lipid composition and are identical everywhere, whereas the 

monolayer spontaneous curvature can be different for the distal and proximal monolayers. We 

simplified our analysis by neglecting the effects of the monolayer thickness variation due to 

the lipid splay gradients. In other words, the monolayer dividing plane was considered to be 

parallel to the membrane mid-plane everywhere. The lipid tail length was related to the tilt by 

the relationship = 𝛿)√1 + 𝐭' , which follows from the requirement of a fixed volume per lipid 

molecule upon a possibility of expansion of the in-plane molecular lipid area. The energy 

contribution of the lipid area expansion is proportional to the square of gradient splay and is 

negligible according to our estimations. Finally, we neglected the contribution of the saddle 

splay while minimizing the energy, but took it into account by computing the energy barrier of 

the pore formation, which is justified in Appendix E. 

 

Appendix B   

Lateral tension and elastic energy of the diaphragm 

Here we find the lateral tension, 𝛾(𝑅0 , 𝜑)), and the elastic energy of the diaphragm, 

𝐹,./(𝑅0 , 𝜑)), as functions of the diaphragm radius 𝑅0 and the junction angle 𝜑). We start with 

explicit description of the tilt, splay, and saddle-splay in the diaphragm. Next, we minimize the 

elastic energy with respect to the diaphragm radius 𝑅0 and the junction angle 𝜑). Finally, we 

find the minimal diaphragm energy and the corresponding lateral tension. 

 



Tilt, splay and saddle splay in the diaphragm. The symmetry of the HD and the geometrical 

constraint at its boundary suggest that the lipid director must point towards the center of the 

diaphragm (Fig. A1), therefore, tilt vector (Eq. A1) in the diaphragm can is expressed as  

𝐭 = −𝑡(𝑟)𝐫[,     (A6) 

where �̂� is the unit radial vector and 𝑡(𝑟) is the magnitude of tilt at a distance 𝑟 from diaphragm 

center (see Fig. A1). The monolayers of the HD are flat, 𝐽 = 0, so that the expression for the 

lipid splay (Eq. A2) is simplified to 𝐽< = 𝛁 ∙ 𝐭. In cylindrical coordinate system the expression 

for splay is, 

𝐽< = 𝛁 ∙ 𝐭 = − 7+
72
− +

2
.    (A7) 

We refer to the first and second terms in (Eq. A7) as the meridional and parallel splay, 

respectively. The saddle splay can be presented as a product of the meridional and parallel 

splays: 

𝐾@ = 7+
72
∙ +
2
.     (A8) 

Minimization of the elastic energy in the diaphragm. Next, we proceed to finding the minimal 

energy configuration of the diaphragm monolayers by using the regular procedure based on the 

variational principle. Tilt is perturbed by a small increment,	𝒕 → 𝒕 + 𝛿𝒕, while keeping the 

geometrical shape of the monolayer fixed. The tilt at the rim of the diaphragm is given by the 

junction geometry, so that its variation is required to vanish, 𝛿𝒕289" = 0. To find the 

equilibrium tilt distribution in a given monolayer, we first find the resulting variation in energy 

density of a monolayer, 𝛿𝑓, and than the total variation of the monolayer elastic energy 𝛿𝐹 =

∫𝛿𝑓 𝑑𝐴. From the requirement that 𝛿𝐹 = 0 we can derive a differential equation for the tilt 

distribution, which is Euler-Lagrange (EL) equation. To simplify the analysis, we neglect at 

this stage the contribution to the energy by the saddle splay deformation, which is justified in 

Appendix E. Such EL equation was derived in [6], and can be represented as 

𝑟' 7
#+

72#
+ 𝑟 7+

72
= (1 + 𝑟'𝑙:')𝑡.     (A9) 

This is Sturm-Liouville differential equation and its general solution is 

𝑡(𝑟) = 𝐶&I&(𝑙:&𝑟) + 𝐶'K&(𝑙:&𝑟),    (A10) 

where I and K are the modified Bessel functions of the first and second kind, respectively, and 

𝐶&, 𝐶' are integration constants. 



Diaphragm energy and lateral tension. We use the boundary conditions in the diaphragm rim 

and center. As mentioned in Appendix A, the tilt of the distal monolayer for, 𝑟 = 𝑅0, is related 

to the junction angle by 𝑡(𝑟 = 𝑅0) = tan P3
4
− 5!

'
Q. Based on the rotational symmetry of the 

diaphragm, tilt must vanish at the center of the diaphragm, 𝑡(𝑟 = 0) = 0 . Using these two 

boundaries conditions we can find the integration constants (Eq. A10) to be 

𝐶' = 0					,					𝐶& = −
;<=>$%:

&!
# ?

@'(B('9")
 .   (A11) 

Hence, the tilt at any point along the diaphragm (Fig. A2 A) is given by: 

𝑡,./(𝑟) = − tan P3
4
− 5!

'
Q @'DB('2E
@'(B('9")

 .    (A12) 

Using Eqs. A7 and A8 (Fig. A2 B and C) we obtain that lipid splay and saddle-splay in the 

diaphragm are given, respectively, by 

𝐽<,./(𝑟) = −
;<=>$%:

)!
# ?

'BF'(B('9")
PI)(𝑙:&𝑟) + 2

B
2
I&(𝑙:&𝑟) + I'(𝑙:&𝑟)Q,  (A13) 

𝐾@GH<(𝑟) =
+
2
7+
72
=

;<=#>$%:
)!
# ?

'2B
@'DB('2E
@'#(B('9")

[I'(𝑙:&𝑟) + I)(𝑙:&𝑟)].   (A14) 

The membrane lateral tension is equal to monolayer energy per unit area, which, according to 

(Eq. A3) is given by: 

𝛾(𝑟) = 2𝑓( = 𝜅(C𝐽<,./ − 𝐽),(D
' − 𝜅(𝐽),(' + 2�̅�(𝐾@,./ + 𝜅(,+𝑡,./' ,  (A15) 

substituted with (Eqs. A3, A12, A13 and A14) (Fig. A2 D). The total elastic energy of the 

diaphragm is given by integration of (Eq. A15) over the entire diaphragm area: 

𝐹, = 2𝜋 ∫ 𝛾(𝑟)𝑟𝑑𝑟289"
28)	  .    (A16) 

Example of lipid tilt, splay, saddle-splay and lateral tension radial distribution in the diaphragm 

is presented in Fig. A2. 

 

Appendix C   

Energy barrier and the rate of fusion pore formation 

Here we derive the expression for the energy barrier and the characteristic time of the fusion 

pore formation. A model for pore formation in a flat lipid membrane with uniform lateral 

tension was introduced and explored in a series of works such as in [8]. The essence of the 

model is an interplay between the membrane lateral tension, 𝛾, and the energy of the pore rim 



related to the rim unit length and referred to as the pore line tension,	𝜆. The pore growth is 

favored by the energy gain due to the membrane removal from the stressed region and 

counteracted by the energy cost of the pore rim expansion. The pore behavior is determined by 

the relationship between the pore radius, 𝜌,  and its critical value, 𝜌∗. Pores with 𝜌 < 𝜌∗ tend 

to close while pores with 𝜌 > 𝜌∗ tend to infinitely expand. The activation energy for pore 

formation, 𝐸∗,  referred to by us as barrier energy, is the energy of pore with the critical pore 

radius, 𝜌∗. The characteristic time of formation of a large fusion pore , 𝜏, in a membrane with 

area 𝐴 is given by [8]  

𝜏 = K!L!
K
	𝑒

*∗

,-.,     (A17) 

where 𝑘M is the Boltzmann constant, and 𝑇 is the absolute temperature. A) and	𝜏) are two 

microscopic constants with units of area and time, respectively, that are unknown but can be 

assumed not to change upon small variations of the membrane lipid composition.  

To calculate the energy barrier, 𝐸∗, we modify the model proposed by Taupin et. al. [8] to 

account for changes of the lateral tension along the membrane plane related to the  tilt and splay 

gradients. The energy gained by removal of the membrane material from the stressed bilayer 

will be calculated as ∫𝛾𝑑𝐴, where 𝛾 membrane lateral tension given in the diaphragm by (Eq. 

A15) in Appendix B. The pore line tension, 𝜆, will be assumed to be independent of the pore 

radius, as proposed in [8].  

Since, according to our computations, the lateral tension is larger near the rim than in the 

middle of the diaphragm, a pore is expected to start forming in close to the rim. However, 

according to our computations the critical pore size is comparable to the diaphragm radius. 

Hence, before reaching the critical size, which corresponds to its maximal energy and 

determines, therefore, the energy barrier, the pore spreads to most of the diaphragm. As a result, 

the location of the point of the pore initiation, practically, does not change the value of the 

energy barrier. Therefore, in our calculations we assume, for simplicity, that the pore starts 

forming at the center of the diaphragm and expands radially. Since the lateral tension is lower 

at the center, this assumption leads to some overestimation of the energy barrier, and, thus, to 

an overestimation of the pore formation time.  

Further, we assume that the pore formation is a fast process, so that the HD shape does not 

change during the pore expansion. The pore expansion is accompanied by exchange of lipid 



monolayer area between the stressed diaphragm and the surrounding membrane playing the 

role of a lipid reservoir. The energy balance can be presented as:  

𝐸-621(𝜌) = 2𝜋𝜌𝜆 − 2𝜋 ∫ 𝛾(𝑟)𝑟𝑑𝑟28N
28) ,   (A18) 

where 𝛾(𝑟) is given by (Eq. A15) in Appendix B. The barrier energy is the maximum of Eq. 

A18,  

𝐸∗ = maxT𝐸-621(𝜌)U.      (A19) 

Finally, we define the acceleration factor of the pore formation, 𝛽, as the ratio between the 

characteristic times of pore formation in the initial, 𝜏., and final, 𝜏O, states of the diaphragm, 

𝛽 = L/
L0

 . The acceleration factor is given by  

𝛽 = L/
L0
= K0

K/
	𝑒

*/
∗(*0

∗

,-. ,     (A20) 

where 𝐴. and 𝐴O are the diaphragm areas in the initial and final states, 𝐸.∗ and 𝐸O∗ are the barrier 

energies calculated using (Eq. A19) for the initial and final states. 

Appendix D  

The effect of changing the fusion site dimension 

In the main text we assumed that the radius of the fusion site, 𝑅P has a fixed value set by the 

fusion machinery that drives the fusion process. Here we explore another scenario in which the 

size of the fusion site is free to change, but the distance between the diaphragm rim, 𝑅0, and  

the fusion site boundary, 𝑦∗ =	𝑅P − 𝑅0,  remains constant (Fig. 2A). We will call this scenario 

the “free boundary” regime, whereas the scenario presented in the main text will be referred to 

as the “fixed boundary” regime. 

Our computations showed that the model predictions for the “free boundary” regime strongly 

depend on the characteristic length of tilt relaxation, 𝑙 = v
Q1	
Q3	

, where 𝜅+	and 𝜅(	are, 

respectively, the monolayer tilt and splay (bending) moduli [9]. 



At short decay length 𝑙, the acceleration factor is predicted similar values for the “free 

boundary” and “fixed boundary” scenarios, while at long tilt decay length the predictions for 

the two scenarios are different (Fig. A3 B Vs. Fig. 3E). We explored, computationally, the 

effect on the acceleration factor of fusion pore formation, 𝛽, produced by addition to the 

proximal monolayers of LPC in concentrations corresponding to up to 10% area fraction. In 

the “free boundary” scenario, for tilt decay length = 1 nm , resulted in the acceleration factor 

of up to	1.2 (Fig. A3 B). For membrane with tilt decay length 𝑙 = 1.5 nm the acceleration factor 

had values up to 2.5 − 3 (Fig. A3 B). And, finally, for long tilt decay length of,	𝑙 = 2 nm, the  

effect of the proximal monolayer spontaneous curvature was predicted to be very substantial 

such that even small changes of 𝐽R6S+ corresponding to the added LPC area fraction of just	3% 

were predicted to accelerate the fusion pore formation by a factor about	100 (Fig. A3 B).  

 

Appendix E  

The effects of lipid redistribution  

The elastic energy and the stress-related phenomena can be reduced by the lipid redistribution 

between the membrane bulk and the elastically stressed regions of the membrane monolayers. 

The regions of lipid monolayers forming the HD rim are characterized by a substantially 

negative splay of lipid molecules. Therefore, depletion of lipid molecules with positive 

molecular curvature from and enrichment of lipid molecules with negative molecular curvature 

in the rim region are expected to decrease the local stress and, consequently, reduce, to some 

extent, the acceleration factor of the fusion pore formation. To evaluate this effect, one has to 

consider that the lipid enrichment and/or depletion in certain regions are counteracted by the 

entropy, which favors an even distribution of all lipid species across the whole plane of each 

monolayer. Therefore, the lipid repartitioning is expected to be substantial only if the resulting 

relaxation of the elastic energy related to one lipid molecule is comparable to or exceeds the 

thermal energy kTT (the product of the Boltzmann constant and the absolute temperature). The 

area occupied by one lipid molecule in the membrane plane is rather small and, as a result, the 

elastic energy relaxation is, typically, smaller than kTT, so that the effects of the lipid 

redistribution are small. 

This said, we estimated the effect of the lipid redistribution on the acceleration factor predicted 

by our model. As a relevant example we considered the depletion from the rim region of LPC 

molecules characterized by a large molecular curvature, ξUVW = 0.26 nm-1.  Following a similar 

derivation procedure as in [10] we found that the local mole fraction of LPC, 𝜙XYZ
- , within the 



rim region characterized by the average local lipid splay, 𝐽<,  is related to the mole fraction of 

this lipid in the membrane bulk,  𝜙XYZ2 , by, 

   𝜙XYZ
- = [456

7

D&:[456
7 E \]^_:Q3 à/8456(8!,-.

bc	[456
7

.    (A21) 

In this expression,  𝑎 is the area per lipid molecule in the membrane plane, which we assumed 

identical for all lipids, 𝜉) is the molecular curvature of the background lipid, and 𝜅( is the 

bending modulus of a lipid monolayer. For estimation, we used the typical parameter values, 

𝜅( = 10kdT, [11], 𝜉) = −0.1	nm-1 [12, 13], 𝑎 = 0.7 nm2 [11-13]. For the sake of a 

conservative estimation, we used the upper limit of the considered range of LPC bulk mole 

ratios, 𝜙XYZ2 = 0.1. According to our calculations, the splay in the proximal monolayer has the 

most negative value near the HD rim and decays to negligible values within a distance of a few 

nanometers. Assuming the characteristic decay length of deformations to equal	𝑙 = 1.5𝑛𝑚 , 

we calculated the mean splay to be 𝐽<~ − 0.1	nm-1. Using this value for 𝐽<, and assuming the 

typical geometrical characteristics of the fusion site to be 𝑅P = 15 nm, and 𝑥∗ = 6.6 nm, the 

pore line tension and the saddle splay modulus to constitute 𝜆 = 10 pN and �̅�( = −5kdT, 

respectively, we found the local mole fraction of LPC around the rim to be  𝜙XYZ
- ~0.08.  The 

acceleration factor was computed to be reduced from 𝛽 = 8.3 before allowing LPC 

redistribution to 𝛽 = 6.9 upon the redistribution. This means that both the local LPC 

concentration in the rim region and the acceleration factor decreased by about 20%. Such 

correction does not change the qualitative conclusions of our work.  

 

Appendix F  

Effects of the saddle splay modulus and pore line tension 

We distinguish between two effects of the saddle splay on the energy barrier and the 

acceleration factor of the fusion pore formation: a direct effect related to the energy density, 

𝑓ef =	 �̅�(𝐾@, and an indirect effect originating from the changes of the monolayer 

conformations related to minimization of the saddle splay energy. In the calculations whose 

results are presented in the main text, we accounted only for the direct effect while the indirect 

one was neglected. In the following, we show that the indirect effect can only accelerate the 

pore formation, so that our results can be considered as underestimation of the real fusion 

acceleration factor. 



The saddle splay at the diaphragm is the product of the two principle components 𝐾@,.-g =
+
2
7+
72

 

(Eq. A8). The contribution to the elastic energy associated with the saddle splay, 𝐹ef, is given 

by integrating over monolayer area: 

𝐹ef = ∫𝑓ef 𝑑𝐴 = 2𝜋�̅�( ∫ 𝑡 7+
72

289"
28) 𝑑𝑟 = 𝜋�̅�(𝑡'(𝑟 = 𝑅) < 0, (A22) 

where the integration is performed over the areas of the diaphragm monolayers. 

Since saddle splay modulus �̅�( has negative value [14, 15] the contribution of 𝐹ef  (Eq. A22) 

to the total elastic energy is negative and independent of the diaphragm radius. It depends only 

on the tilt at the diaphragm rim. Therefore, accounting for this contribution (Eq. A22) in the 

energy minimization does not change the radius of the diaphragm but decreases the junction 

angle 𝜑) (Fig. 2 A) and, hence, increases the tilt at the diaphragm. This results in higher lateral 

tension and larger rates of the fusion pore formation. 

The direct effect of the monolayer saddle splay modulus, �̅�(, on the acceleration factor 

produced by the positive spontaneous curvature of the proximal monolayers, 𝐽R), is illustrated 

in (Fig. A4).  

The pore line tension, 𝜆, has a significant effect on the energy barrier and the acceleration factor 

for fusion pore opening. We calculated this effect for the line tension range of  10 − 30 pN  

corresponding to the data currently available in the literature for DOPC membrane [16]. The 

results are presented in Fig. A5. In all the calculation results presented in the main text, we 

took the lower limit of the range, 𝜆 = 10 pN, to get an under-estimation of the real acceleration 

factor. If we use more feasible pore line tension, 𝜆 = 20 pN the acceleration factor increases 

from 𝛽 = 4 to 𝛽 = 48 upon addition to the proximal monolayers of LPC in concentration 

corresponding to 7.5% area fraction. Using the highest possible value of 𝜆, we obtained the 

acceleration factor of  𝛽 = 766. 
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Figure A1  

Distribution of the tilt deformation in the diaphragm. (A) The upper view of the diaphragm. 

The arrows indicate the tilt direction and absolute value. (B) Schematic presentation of the 

diaphragm cross-section illustrating the definitions of the lipid director,	𝑛�⃗ , the normal unit 

vector diaphragm, 𝐍,	 the tilt vector,	𝐭 , the tilt angle, 𝜃,  and the junction angle 𝜑), as presented 

in Fig. 2 A. 
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Figure A2 

Distribution of the monolayer deformations in the diaphragm: (A) lipid tilt, (B) lipid splay, 

(C) lipid saddle splay, (D) lateral tension for parameter values, 𝜅( = 10kdT, 𝜅+ = 40hi
h

, 

�̃�( = 0, 𝑅0 = 3	nm, 𝑡) = tan 3
j
 , and 𝐽k( = −0.1 nm-1. 

  

Ti
lt 

 

Sp
la

y 
[𝒏
𝒎
:
𝟏 ]

 

Radial distance [𝒏𝒎] 

Radial distance [𝒏𝒎] 

Radial distance [𝒏𝒎] 

Radial distance [𝒏𝒎] 

Sa
dd

le
 sp

la
y 
[𝒏
𝒎
:
𝟐 ]

 

La
te

ra
l t

en
sio

n 
[𝒌

𝒃𝑻
𝒏𝒎

𝟐
] 

a b 

c d 



 
Figure A3  

Effect of tilt relaxation length, 𝑙,  in the “free boundary” scenario on the dependence of (A) the 

energy barrier and (B) the acceleration factor of the fusion pore formation on the spontaneous 

curvature of the proximal monolayers. Blue 𝑙 = 1 nm, red 𝑙 = 1.5 nm, green 𝑙 = 2 nm. The 

parameter values:	𝑥∗ = 6.6 nm, 𝑦∗ = 15 nm, 𝜅( = 10𝑘M𝑇, 𝐽R.r = −0.1nm-1, �̅�( = −5𝑘M𝑇, 

𝜆 = 10 pN. Acceleration factor for maximal calculated amount of LPC indicated in (B): Blue 

line (𝑙 = 1 nm) maximal amount of LPC is 10% area fraction, 𝛽 = 1.5. Red line (𝑙 = 1.5 nm) 

maximal amount of LPC is 10% area fraction, 𝛽 = 3.4. Green line (𝑙 = 2 nm) maximal amount 

of LPC in proximal monolayers is 2.2% area fraction, 𝛽 = 100. 
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Figure A4  

Effect of saddle splay modulus on the dependence of the (A) the energy barrier and (B) the 

acceleration factor of the fusion pore formation on the spontaneous curvature of the proximal 

monolayers. Magenta	�̅�( 𝜅(⁄ = −1, green	�̅�( 𝜅(⁄ = −0.5, red	�̅�( 𝜅(⁄ = −0.25, 

blue	�̅�( 𝜅(⁄ = 0. The parameter values: 𝑥∗ = 4.6 nm, 𝜅( = 10𝑘M𝑇, 𝑙 = 1.5 nm, 𝑅P = 15 

nm, 𝜆 = 10 pN. Acceleration factor for 10% area fraction of LPC added to the proximal 

monolayers as indicated in (B).  
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Figure A5  

Effect of the pore line tension on the dependence of the (A) the energy barrier and (B) the 

acceleration factor of the fusion pore formation on the spontaneous curvature of the proximal 

monolayers.  Blue 𝜆 = 10 pN, red 𝜆 = 20 pN, green 𝜆 = 30 pN. The parameter values: 𝑥∗ =

6.6 nm, 𝑅P = 15 nm, 𝜅( = 10𝑘M𝑇, 𝐽R.r = −0.1 nm-1, �̅�( = −5𝑘M𝑇, 𝑙 = 1.5 nm.  Acceleration 

factor for 7.5% area fraction of LPC added to the proximal monolayers as indicated in (B). 
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