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Abstract
Many molecular factors required for mitochondrial division have been identified; however, how
they combine to physically trigger division remains unknown. Here, we report that constriction by
the division machinery does not ensure mitochondria will divide. Instead, potential division sites
accumulate molecular components and can constrict before either dividing, or relaxing back to an
unconstricted state. Using time-lapse structured illumination microscopy (SIM), we find that
constriction sites with higher local curvatures – reflecting an increased membrane bending energy
– are more likely to divide. Furthermore, analyses of mitochondrial motion and shape changes
demonstrate that dividing mitochondria are typically under an externally induced membrane
tension. This is corroborated by measurements using a newly synthesized fluorescent
mitochondrial membrane tension sensor, which reveal that depolymerizing the microtubule
network diminishes mitochondrial membrane tension. We find that under reduced tension, the
number of constrictions is maintained, but the probability that constrictions will divide is
concomitantly reduced. These measurements allow us to establish a physical model, based on in
situ estimates of membrane bending energy and tension, which accounts for the observed fates of
mitochondrial constriction events.
Keywords: mitochondrial dynamics, mitochondrial division, membrane energetics

Introduction
Mitochondria are highly dynamic organelles, transported through the cytoplasm along
cytoskeletal networks as they change in size and shape from long filaments to short fragments.
Underlying such morphological changes are altered equilibria between fusion and division [1, 2].
These transformations have been linked to an adaptive response to cellular energy requirements,
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for example in response to stress [3-5] or the cell cycle [6]. As a vestige of their bacterial origins,
mitochondria cannot be generated de novo, but instead must multiply by division, or fission, of
existing mitochondria [2]. Division has also been suggested to act as part of a quality control
mechanism and an intracellular signal for mitophagy [7, 8].
In cellular division systems, internal assembly of the division machinery is tightly regulated and
a series of cell cycle checkpoints ensure daughter cell viability. In contrast, the mitochondrial
division machinery has been largely outsourced to the eukaryotic host cell and assembles on the
outer surface of the organelle. Initially, the division site is marked by a pre-constriction defined by
contact with ER tubules [9] and deformed by targeted actin polymerization [10-12]. Subsequently
surface receptors including MiD49/51 [13], Mff [14, 15] and Fis1 [16] accumulate at the
preconstriction and recruit dynamin related protein (Drp1) [17, 18]. Drp1 then oligomerizes into
helices that wrap around mitochondria and hydrolyze GTP to provide a mechano-chemical force
for constriction [19-21]. The dynamin 2 protein (Dyn2) is also reported to play a role downstream
of Drp1 [22, 23].
This sequence of events leading to mitochondrial division, while frequently observed, is reported
to be variable. For instance, the existence of multiple Drp1 adaptor proteins is indicative of their
complementary roles [24], while Dyn2 has been shown to be a frequent, but non-essential partner
in mediating mitochondrial fission [23], suggesting that different combinations of molecular
machinery can lead to fission. Furthermore, deformations induced by external mechanical forces
can trigger recruitment of the downstream machinery for mitochondrial fission [25]. These
observations are consistent with the nature of membrane fission processes as requiring membrane
deformation, agnostic of its origins. However, it remains unknown how mitochondria integrate the
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forces imposed by the cytoplasmic machinery to regulate division. This is in part because it is
challenging to quantify the effects of forces acting upon mitochondria in living cells.
To address these points, in this work we characterize the energies and forces required for
mitochondrial division. Using time-lapse super-resolution imaging, we measure dynamic changes
in membrane shape down to ~100 nm, in living cells. We observe that the presence of the fission
machinery at mitochondrial constriction sites does not ensure division. We reveal that constrictions
with higher bending energy are more likely divide, but leave a residual energy barrier to overcome.
We find that constrictions were more likely to result in division when mitochondria were under
higher membrane tension. A novel Fluorescence Lifetime Imaging (FLIM) mitochondrial
membrane tension sensor demonstrated that mitochondrial membrane tension was reduced
following perturbations to the microtubule network, a condition that resulted in fewer divisions
and a higher frequency of reversals. Finally, using our in situ measurements, we established a
physical model for mitochondrial division, in which elastic energy and membrane tension govern
the kinetics and probability of fission.

Results
Constricted mitochondria frequently reverse to an unconstricted state
We performed live-cell SIM imaging of COS-7 cells transiently transfected with a mitochondrial
matrix-localized GFP (mito-GFP) and Drp1-mCherry. We observed that highly constricted sites
were typically marked by Drp1-mCherry, but while some proceeded to fission (Fig. 1a, Movie S1),
others lost enrichment of Drp1 and relaxed to an unconstricted state (‘reversal’) (Fig. 1b, Movie
S2). For quantification purposes, we defined ‘reversals’ as instances when a mitochondrion
accumulated Drp1 at its constriction site and reached a diameter below 200 nm before relaxing
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(Fig. 1c, d). Overall, 66% of constriction sites with Drp1 proceeded to fission (N=112, Fig. 1a,
SFig. 1a-d), while the remaining 34% relaxed to an unconstricted state (N=57, Fig. 1b, SFig. 1eh). Similar “reversible” or “non-productive” Drp1 constrictions were previously reported in yeast
[26] and mammalian cells [12]. However, the features that distinguish reversals from fissions were
not investigated.

Figure 1: Drp1 intensity and constriction diameters at constriction sites. (a,b) Time-lapse SIM imaging of COS7 cells transiently transfected with mito-GFP (grey) and mCh-Drp1 (magenta) showing (a) fission and (b) reversal
events (see Movies S1,2, SFig 1). (c) Dynamic evolution of diameter at the mitochondrial constriction site measured
for fission (blue) and reversal (red) events shown above. (d) Normalized integrated intensity of Drp1 at the constriction
site over time measured for fission (blue) and reversal (red) events shown above. Arrowheads indicate rounds of Drp1
constriction (filled for fission, hollow for reversal). Scale bar represents 500 nm in a and b.
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Presence of the division machinery does not ensure fission
To exclude the possibility that reversals are simply caused by differences in the fission
machinery, we first investigated the presence of key molecular players for mitochondrial
constriction – ER, Drp1 and Dyn2 (Figures 1 and 2). First, we examined the colocalization between
the ER and mitochondrial constrictions, as such contacts mark pre-constrictions which can become
fission sites [9]. We found that both fissions and reversals occurred at ER contact sites (Fig. 2a,
c). Next, we examined the recruitment of the central molecular player Drp1; by quantifying the
integrated intensity of Drp1, we found that its accumulation at constriction sites was similar for
fissions and reversals (Fig. 1a, b, d, Fig. 2c). An accumulation of Drp1 typically coincided with an
increased rate of constriction, measured at ~17 nm/s for fissions and 18 nm/s for reversals during
the 5 seconds leading up to maximal constriction. Some sites underwent multiple rounds of
constriction and relaxation, coupled with Drp1 accumulation and disassembly (Fig. 1d,
arrowheads). Both fissions and reversals sometimes displayed cyclic dynamics, 3±2 constriction
cycles/min and 2±1 cycles/min respectively (N=61 and 38), implying that cyclic activity does not
distinguish fissions from reversals.
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Figure 2: Presence of division machinery does not ensure successful fission. (a) Time-lapse live-cell confocal
imaging of COS-7 cells transfected with Mito-BFP, Drp1-GFP and KDEL-RFP showing an example of reversal events
in the presence of ER. Arrows indicate Drp1 mediated constrictions that reverse without dividing. (b) Time-lapse SIM
imaging of mitochondria and Dyn2 showing a reversal in the presence of Dyn2. (c) Bar charts indicating the fraction
of fissions and reversals observed in the presence of the ER, Drp1 and Dyn2. Scale bar represents 1 µm in (a) and 500
nm in (b).

Since Dyn2 has been implicated in mitochondrial fission [22], we also investigated whether its
presence distinguishes fissions from reversals. Since our SIM imaging was limited to two colors,
we performed fast (1 Hz), three-color live-cell confocal imaging of mitochondria, Drp1 and Dyn2.
We observed both fissions and reversals, but found that Drp1 and Dyn2 could be present in both
classes of constrictions. To determine whether these events satisfied our definition of reversals,
we used the higher resolution of SIM to image mitochondria and Dyn2 (Fig. 2b).
Constriction sites which reversed in the presence of Dyn2 also reached diameters down to ~130
nm. Among mitochondrial division sites, we observed that 30% were enriched in Dyn2 (N=30)
(Fig. 2c), consistent with recent reports that Drp1, but not Dyn2 is necessary for mitochondrial
division [23]. Overall, no significant differences in the recruitment of mitochondrial division
machinery were observed between fissions and reversals, including ER which defines the
preconstriction, nor Drp1 and Dyn2 - the two most downstream components of the division
machinery (Fig. 2c). This led us to hypothesize that both fissions and reversals are distinct
outcomes of a shared, but non-deterministic process.

Fission events are characterized by higher bending energy
The different components of the division machinery combine at the constriction site to deform
the organelle. While we found no difference in the presence of components of the fission
machinery between fissions and reversals, we considered that there could be differences in the
resulting deformation of the mitochondrial membrane. The resultant build-up of elastic energy is
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an important physical precursor to the hemi-fission state that membranes transit before undergoing
scission [27]. To investigate this, we quantified the minimal constriction diameters and local
envelope curvatures at constriction sites, allowing us to compute the integrated bending energy.
We found that fissions and reversals do not differ in the minimal constriction diameter, since on
average, constrictions leading to fission achieved measured diameters of 122 ± 3 nm (mean ±
SEM, N = 69) in the frame before fission or maximal constriction respectively (defined as time
t=0) (Fig. 3a), while reversals reached similar minimum diameters of 128 ± 4 nm (N = 43) (Fig.
3a). These sizes are consistent with the diameter at which Dnm1/Drp1 helix is proposed to
assemble, encircling the mitochondrion [20, 28]. We also imaged mitochondria using live
stochastic optical reconstruction microscopy (STORM), which offered higher spatial resolution
but a reduced, ~6-second temporal resolution. Fission and reversal events measured by STORM
had negligible differences in their minimum measured diameters, 90±18 (N=13) and 82±10 nm
(N=10) respectively (SFig. 2a-c), marginally smaller than those measured by SIM. Our
measurements are consistent with previously reported sizes of mitochondrial constrictions found
with photoactivated localization microscopy (PALM) [29] and STORM [30]. Thus, within the
resolution of SIM and STORM, we found no significant differences in minimal diameter between
fissions and reversals.
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Figure 3: Curvature and bending energy at the constriction site for fissions and reversals. (a) Binned curves
showing the evolution of the constriction diameter for fissions (blue, n=69) and reversals (red, n=43). Inset shows the
distribution of minimal diameters of fission and reversals at t=0 (horizontal line shows mean). (b) Schematic showing
the local envelope curvature at a constriction site (colormap). (c) Tube curvature and envelope curvature measured
along the backbone at the constriction site in (a). (d) Binned curves showing the evolution of envelope curvature at
the constriction site for fissions (blue, n=69) and reversals (red, n=43). Shaded regions represent SD (light shade) and
SEM (dark shade). Inset shows the distribution of minimal envelope curvatures of fission and reversals at t=0
(horizontal line shows mean). (e) Schematic showing the bending energy measurement. The local envelope curvature
𝑅𝑒𝑛𝑣 was computed as the local mean of opposing sides 𝑅𝑒𝑛𝑣,1 and 𝑅𝑒𝑛𝑣,2 . Analysis of the local tube (𝑅𝑡𝑢𝑏𝑒 ) and
envelope (𝑅𝑒𝑛𝑣 ) radii for individual segments (striped region) allowed estimation of the local bending energy
(colormap). (f) Binned curves for the calculated local bending energies over time for fissions (blue, n=70) and reversals
(red, n=43). Shaded regions represent SD (light shade) and SEM (dark shade). Inset shows the distribution of
integrated bending energies at the constriction site of fission and reversals at t=0 (horizontal line shows mean). (g)
Timelapse showing the raw data (top) and estimated local bending energies (bottom, colormap) of a Drp1 mediated
constriction site resulting in fission. Scale bar: 1um. Statistical significance calculated by 2-tailed Mann Whitney U
test: n.s. P>0.05, *P<0.05, **P<0.01.

However, the energetic cost of membrane deformation is a function of the two principal
membrane curvatures (Fig. 3b). We wondered whether fission and reversal sites could differ in
membrane bending energy; to test this idea, we measured the, using our custom written analysis
software (SFig. 6). The local curvatures exhibited extrema at the constriction site: a maximal tube
∗
∗
curvature (1/𝑅𝑡𝑢𝑏𝑒
) – related to the diameter – and a minimal envelope curvature (1/𝑅𝑒𝑛𝑣
) (Fig.

3c).
Indeed when we monitored the time evolution of the curvature extrema we found that
distributions of envelope curvatures (1/𝑅𝑒𝑛𝑣 ) were initially similar for fissions and reversals (Fig.
3d), but beginning at t ~ -30 seconds, deformations leading to fission achieved and maintained a
∗
lower minimum envelope curvature (1/𝑅𝑒𝑛𝑣
) on average: at t=0, (−8.1 ± 0.4) ∙ 10−3 nm-1

compared to (−6.6 ± 0.5) ∙ 10−3 nm-1 in the case of reversals (Fig. 3d inset, N=69 and 43
respectively). This difference in shape implies a difference in bending energy at mitochondrial
constriction sites (see SI Methods). A single membrane may be modeled as an elastic sheet, whose
bending energy, 𝐸𝐵 , is given by the Helfrich equation [31] (Fig. 3e). To calculate the bending
energy, we numerically evaluated
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𝑬𝑩 (𝒛) =

𝜿𝑩
𝟐

∬ 𝑱𝟐 𝒅𝑨

(1)

Here, 𝜅𝐵 is the membrane bending rigidity and 𝐽 is the sum of local principal curvatures 𝐽 =
(𝑅

1
𝑡𝑢𝑏𝑒

+𝑅

1

𝑒𝑛𝑣

) measured for each segment along the mitochondrion and numerically integrated

over the surface of the constriction site (Fig. 3e).(Fig. 3e, SI). The mitochondrial envelope is
composed of two membranes, which are constrained to be in close proximity at the constriction
site [32]. Thus, as a first approximation, we considered both membranes as a composite system
with a rigidity of 40 kBT, double the value of single lipid bilayers from in vitro measurements [33].
We followed the temporal evolution of the bending energy at the constriction site (Fig. 3f, g,
Movie S3, SFig. 2d-f) and estimated the energy of the constriction site as a whole by summing the
local contributions over its area (Fig. 2f). As seen for the envelope curvatures, the time evolution
of the bending energy was similar for fissions and reversals until t ~ -30 seconds, when the
distribution shifted to higher values for constrictions resulting in fission (Fig 3f inset, 188±14 𝑘𝐵 𝑇
versus 127±10 𝑘𝐵 𝑇 mean±SEM, N=70 and 43 respectively, Appendix A). This result might at first
appear obvious, since constrictions resulting in fission must eventually overcome the energy
barrier, while reversals do not. However, there is significant overlap between the distributions (Fig.
3f, inset), and a range of values of constricted state bending energies can result in either outcome
(SFig. 2g,h). We wondered whether other contributions to the membrane elastic energy besides
bending might contribute, and help to distinguish fissions and reversals.

Fission events are characterized by increased membrane tension
We noticed that after division, daughter mitochondria would recoil from each other, in a directed
manner away from the division site (Fig. 4a), as if they were pulled in opposite directions. This
coordinated motion was distinct from typical, sporadic mitochondrial mobility and was consistent
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with what one would expect when cutting an elastic body under tension (Movie S4, S5). Membrane
tension also contributes to the membrane elastic energy at the constriction site [31] and has been
previously proposed to play a role in mitochondrial division [34]. Therefore, we next wanted to
examine whether fission events occurred on mitochondria under higher membrane tension
compared to mitochondria whose constriction sites reverse.
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Figure 4: Estimated membrane tension for fissions and reversals. (a) Time-lapse SIM images of a mitochondrion
(mito-GFP) 1 sec before (left) and after (right) fission showing the recoil of daughter mitochondria post fission.
Measured retraction velocities 𝒗 (red arrows) were projected perpendicular to the constriction site (white dashed line).
(b) Fluorescence image showing a constricted mitochondrion with a pulled membrane tube (boxed region). Scale bar:
1 µm. (c) Mitochondrial contour from the outlined region in (a) showing the diameter of the tube 𝑑, used as a readout
for tension 𝜏. (d) Distribution of tubule radii measured between fission and reversal events. (e) Distribution of
calculated membrane tension values between fission and reversal events. Statistical significance calculated by 1- and
2-tailed Mann-Whitney U test where appropriate: **P<0.01.

13

bioRxiv preprint doi: https://doi.org/10.1101/255356; this version posted March 25, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

In vitro experiments can be used to estimate membrane tension by exerting a pulling force on a
membrane and measuring the size of the resulting membrane tubule [35, 36]. Analogously, in
living cells, mitochondria can exhibit membrane tubules, which are dynamic, reversible structures
spontaneously pulled out by microtubule-based motors [37, 38] (Fig. 4b). These structures were
observed at similar frequencies just before fissions or reversals (19% and 24% for N=101 and 59
respectively). We can infer the membrane tension by assuming it minimizes the elastic energy of
cylindrical membrane, in which case the diameter of the tube 𝑑 is related to the membrane tension
𝜏 and the membrane bending rigidity 𝜅𝐵 [35, 36] (Fig. 4c, SI):
𝜏=

2𝜅𝐵
𝑑2

(2)

The average diameters of tubules pulled from mitochondria that subsequently either divided or
reversed were 176 ± 4 nm and 229 ± 7 nm respectively (Fig. 4d). According to equation (2), the
population of mitochondria undergoing fission was under significantly higher average membrane
tension at 5.81 ± 0.54 x 10-6 N/m, compared to the population undergoing reversals at 3.85 ± 0.75
x 10-6 N/m (Fig. 4e, N = 19 and N = 14 respectively, mean ± SEM). The recoil motion also allowed
us to independently estimate membrane tension in individual mitochondria, with results consistent
with those estimated from membrane tubules (SI, Fig. 4e). These results suggest that constricted
mitochondria at higher membrane tensions are more likely to subsequently divide.
As further evidence for excess membrane tension, we observed pearling modes on 11% of
dividing mitochondria (N=88) (SFig. 9e), also previously reported in neuronal mitochondria [39,
40]. We found that mitochondria exhibiting pearling modes eventually underwent fission of at
least one of the constriction sites (100%, N=10). Conversely, reversals of pearling modes were
rarely observed (4%, N=57) and occurred exclusively following fission at a neighboring
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constriction site, suggesting that the loss of tension released during fission could be responsible
(SFig. 9e, Movie S4, S5). Overall, these results speak to the role of membrane tension as increasing
the likelihood that mitochondrial constrictions divide.

Reduced membrane tension decreases the probability of fission
Next we set out to explore underlying mechanisms for differences in membrane tension
between mitochondria. The presence of recoil after division suggests external forces are present
and pulling the mitochondria in opposite directions, which could give rise to an increased
membrane tension. Mitochondrial transport is mainly mediated through microtubule-based motor
proteins [41], and we hypothesized that the same motors could exert an external pulling force and
generate membrane tension. To test this hypothesis, we depolymerized microtubules using
nocodazole [42, 43]. Indeed, while cell and organelle morphologies were maintained (Fig. S3), we
observed a decrease in recoil velocities reflected in a reduction of estimated membrane tensions
by 40% (Fig. 5a, N=33 control and 26 nocodazole).
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Figure 5: Membrane tension under nocodazole perturbation. (a) Distribution of recoil speeds of mitochondria
post-division, between control and nocodazole treated cells. (b) Confocal (up) and FLIM (down) images of
mitochondria in control cells marked with the FliptR fluorescent tension probe. (c) Confocal (up) and FLIM (down)
images of mitochondria in nocodazole treated cells marked with the FliptR fluorescent tension probe. (d) Distributions
of bulk fluorescence lifetimes of the FliptR fluorescent tension probe between control and nocodazole treated cells.
(e) Box chart showing rates of fission and reversal in Nocodazole treated (N=16) and control (N=16) cells. Scale bars:
1µm. Statistical significance calculated by 1- and 2-tailed Mann-Whitney U test where appropriate: *P<0.05,
**P<0.01, ****P<0.0001.
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To prove that depolymerizing the microtubule cytoskeleton directly results in a decreased
membrane tension, we used a mitochondrial targeting variant of the mechanosensitive FliptR probe
(Fig. 5b,c, SFig. 3a)[44-46]. The fluorescence lifetime of FliptR depends on the orientation
between its chromophoric groups, which is sensitive to membrane tension. Comparing cells under
control versus nocodazole-treated conditions, FliptR showed significantly shorter average
fluorescence lifetimes, indicative of an overall reduction in membrane tension (Fig. 5d).
After establishing that nocodazole treatment reduced mitochondrial membrane tension, we
examined its consequences on mitochondrial division. Importantly, the rate of Drp1-induced
constrictions per mitochondrial area was unperturbed by nocodazole treatment (~ 0.014
min−1 μm−2). Furthermore, the degree of overlap between mitochondria and ER remained
unchanged (SFig. 3b-f), as did mitochondrial membrane potential and diameter (SFig. 3g,h).
However, we found a 2.4-fold increase in the rate of reversal events (Fig. 5e), and a concomitant
decrease in the rate of fission. These results suggest that Drp1 activity is unchanged by nocodazole
treatment, and that decreased membrane tension leads to a reduced likelihood of a constriction site
to divide.

Probabilistic model for mitochondrial fission
Our measurements show that fission occurs over a wide range of bending energies, membrane
tensions, and timescales. Models developed for other fission processes, such as dynamin-mediated
endocytosis, explain the distribution of fission times as an outcome of a stochastic process [47] in
which thermal fluctuations allow the membrane to overcome the energy barrier to fission.
Constricted membranes with higher elastic energy, and thus a lower residual energy barrier, will
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be more likely to undergo fission. Conversely, sites with lower bending energies will be further
away from the energy barrier to fission, making it more likely for the fission machinery to
disassemble within this timeframe, and lead to reversal. In such a stochastic fluctuation-activated
model, the probability 𝑝(𝐸) to overcome the energy barrier to fission 𝐸𝑓 , given a certain membrane
energy 𝐸 ∈ [0, 𝐸𝑓 ] is set by:
𝑝(𝐸) = exp (−

Δ𝐸
𝜆

𝐸−𝐸𝑓

) = exp (

𝜆

)

(3)

Since bending increases the energy of the constricted state, it brings constrictions closer to the
energy required for fission, implying that constrictions with higher bending energy will be more
likely to divide. This idea is supported by the experimentally measured probability of fission,
defined as the ratio of the number of fissions to total constrictions with a given energy, which
increases with local bending energy and closely matches the relationship given by equation (3)
(Fig. 6a).
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Figure 6: Fission timing and probability related to bending energy and tension. (a) Left: Histogram showing
numbers of fissions and reversals at different local bending energy intervals. Right: Experimental probability of fission
calculated as ratio of fissions to total constrictions at different local bending energy intervals. Fit curve (red dashed
line) 𝑦 = 𝑎 exp(𝑏𝑥), with 𝑎 = 0.336 and 𝑏 = 0.0035 𝑘𝑇 −1 (b) Experimental probability of fission of control and
nocodazole treated cells. Fits (red dashed line) = 𝑎 exp(𝑏𝑥), with 𝑎 = 0.758 and 𝑏 = 0.00091 𝑘𝑇 −1 for control and
𝑎 = 0.1528 and 𝑏 = 0.00553 𝑘𝑇 −1 for nocodazole respectively. (c) Distribution of final bending energies between
control and nocodazole treated fission events. (d) Distribution of fission times between control and nocodazole treated
fission events. Statistical significance calculated by 1- and 2-tailed Mann-Whitney U test where appropriate: *P<0.05.
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Importantly, fitting the experimental probability of fission to equation (3) allowed us to estimate
the fluctuation energy and the energy barrier to fission (Fig. 6a). From the fit to equation (3) we
found an energy barrier 𝐸𝑓 ~ 250-300 kBT, corresponding to the deformation energy above which
we expect deterministic fission and 𝑝(𝐸)~1 (Fig 6a). Considering that mitochondria are doublemembraned organelles, this value is consistent with previous simulations for dynamin-mediated
scission [47], as well as theoretical estimates of the energy barrier to a hemifission state, which
spontaneously leads to fission [27]. Similarly, considering the time required to undergo fission, we
estimated the fluctuation energy at 𝜆 ~90 kBT (SI, SFig. 4f). Consistent with this, we estimated the
residual energy barrier, 𝛥𝐸 ~ 90 kBT as the difference between the estimated energy barrier and
the average constriction site energies (SI). This is far too large a barrier to be frequently overcome
by thermal fluctuations alone, so what could account for this fluctuation energy?
Previous work has shown that membrane tension has the effect of lowering the energy barrier to
fission [47]. From another point of view, a membrane under tension can stretch, producing small
changes in its surface area [31, 48], which contribute to its elastic energy. Consequently, stretching
energy could contribute to overcome the residual energy barrier, 𝛥𝐸, between the constricted and
hemi-fission states. Since the external forces acting on a mitochondrion are fluctuating in time,
the membrane tension and therefore elastic energy at the constriction site will also fluctuate.
Considering the values we found for membrane tension (Fig. 4d, SI), we estimated the stretching
energy to contribute ~50 kT, consistent across two independent estimates (SI). This nearly matches
the fluctuation energy, 𝜆 estimated above (SI); we thus propose that membrane tension could act
as a fluctuating source of energy, enabling constriction sites to overcome the energy barrier to
fission. If this is the case, reducing the membrane tension by nocodazole treatment should reduce
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the values we extract for 𝜆. Fitting equation (3) to both datasets indeed shows that while the barrier
to fission remains mostly unchanged, the size of the energy fluctuations working to overcome the
barrier was decreased as predicted, by 6-fold. Examining the measured probability of fission
between control and nocodazole treated cells, we found it was shifted towards higher bending
energies when membrane tension is decreased (Fig 6b). This is consistent with our model, since
achieving a similar probability of fission would now require more deformation to increase the
energy of the constricted state (Fig. 6c, N=33 control and 22 nocodazole). We also noticed that
Drp1 appeared to reside for longer time periods at mitochondrial constriction sites in nocodazoletreated cells. Fission events in nocodazole-treated cells required on average ~12±7 s longer (Fig.
6d, N=33 control and N=22 nocodazole), reflecting decreased fission probability and consistent
with a major role for membrane tension in driving the final step of fission.

Discussion
We propose a model based on an energy landscape for the mitochondrial fission reaction, where
membrane bending energy and tension determine the probability of overcoming an energy barrier
(Fig 7a). Bending induced by the constriction machinery (Fig. 7b), increases the energy at the
constriction site. Separately, membrane tension – largely accounted for by the microtubule
cytoskeleton - determines the range of fluctuation energies available to overcome the energy
barrier (Fig. 7b). Since constrictions cannot be maintained indefinitely, if during their lifetime they
do not experience a large enough fluctuation, they will become reversals. As predicted, with a
nocodazole-induced decrease in membrane tension, there are fewer fluctuations large enough to
overcome the fission barrier, which lowers the probability of fission and results in a larger
proportion of reversals. Our physical model is intended to account for how mitochondria integrate
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the forces exerted by the molecular fission machinery to decide whether and when to divide, in a
manner that is independent of the precise origin of the forces. Hence, the model helps explain the
observed variability in the mitochondrial division machinery by proposing a more general
framework accounting for the energetic cost of mitochondrial deformation.

Figure 7: Physical model of mitochondrial fission controlled by bending energy and membrane tension. (a)
Cartoon of the probabilistic model of mitochondrial fission showing the contribution of bending energy (green line)
and membrane tension (orange shaded area) in reaching the energy barrier for fission (grey dashed line). Both bending
energy and tension set the probability 𝑝 of fission (blue line). Reversals occur either due to a lack of bending energy
or low probability of necessary fluctuation energies. (b) Schematic representation of the different contributions to
fission probability: bending energy (magenta) and tension (blue).

Mitochondrial fission differs from other fission processes such as dynamin mediated endocytosis
for which physical models have been developed [47]. Firstly, there are significant differences in
the sizes and geometries of tubular mitochondrial constrictions compared to buds involved in
dynamin mediated endocytosis, suggesting that different mechanisms might be at play. Indeed,
our results suggest that thermal fluctuations are insufficient for driving mitochondrial fission.
Instead, we propose that larger energy fluctuations due to membrane tension are responsible for
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overcoming the energy barrier to fission. Secondly, mitochondrial division requires the scission of
two membranes. To model fission probabilities, we consider the two membranes as coupled
together [49] forming a composite elastic sheet with a mean geometry, but a closer look reveals
additional insights into the interplay between the two membranes (SFig 5, SI). Because the bending
energy of the inner membrane is geometrically constrained to be higher, we expect it to undergo
fission first (SI, SFig. 5). Fission of the outer membrane could then follow due to a sudden increase
in the local stress, since it must now bear the load previously shared with the inner membrane.
Sequential timing guarantees a non-leaky fission process, which is predicted for mitochondria [50]
to avoid inadvertently triggering apoptosis or disruption of membrane potential [51].
The probabilistic nature of mitochondrial fission and the prevalence of reversals may play a role
in regulating global mitochondrial network morphologies. Given the highly crowded intracellular
environment, the resulting mechanical forces could recruit the mitochondrial division machinery
in an unregulated manner, leading to fragmentation of the network [25]. Our model provides
insight into how by modulating tension, the degree of fragmentation might be regulated.
Furthermore, our results could explain how remodeling of the microtubule cytoskeleton during the
cell cycle could help to regulate the global mitochondrial morphology and proliferation through
changes in mitochondrial membrane tension.
Maintaining the quality and distribution of the mitochondrial population requires regulating the
division of individual mitochondria. How individual mitochondria are primed for division could
involve adapting their intrinsic properties to locally influence the probability of fission. For
example, the accumulation of negatively curved lipids – such as cardiolipin [52] - at the
constriction site could generate negative envelope curvature to promote fission. Indeed, a dominant
negative Drp1-mutation, which does not interact with cardiolipin, leads to lower fission rates [53].
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Furthermore, increases in Ca2+ leading up to mitochondrial division [12, 40, 54] could change the
local mechanical properties at the constriction site[55], facilitating division. Finally, mitochondrial
division has been observed to take place near replicating nucleoids [56] – the presence of which
might create ‘rigid islands’ that increase bending energies at adjacent constriction sites [57],
making them more likely to divide according to our model. Such internal mechanisms could
simultaneously control the positioning and fate of mitochondrial constrictions.
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Materials and Methods
Cell culture, transfections and dye labelling.
Cos-7 cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Cells were plated on 25 mm, #1.5 glass coverslips (Menzel) 16-24 h prior to
transfection at a confluency of ~10^5 cells per well. Dual transfections containing mCh-Drp1 (Addgene,
plasmid #49152) and Mito-GFP (gift from Hari Shroff, Cox8a presequence) were performed with either
Lipofectamine 2000 (Life Technologies) or using electroporation (BioRad Xcell). Lipofectamine
transfections were carried out in Opti-MEM using 150 ng of mCh-Drp1, 150 ng of Mito-GFP and 1.5 µL
of Lipofectamine 2000 per 100 µL Opti-MEM. Electroporation was performed using salmon sperm as a
delivery agent. Briefly, cells were pelleted by centrifugation and resuspended in OPTI-MEM. Plasmids and
sheared salmon sperm DNA were added to 200 µL of the cell suspension prior to electroporation using a
Bio-Rad Gene Pulser (190 Ω and 950 µFD).
Triple transfections containing mCh-Drp1, Mito-BFP (Addgene, plasmid #49151) and Dyn2-GFP (gift
from Gia Voeltz) were performed with Lipofectamine 2000. Such transfections were carried out in using
80 ng of mCh-Drp1, 100 ng of Dyn2-GFP and 80 ng of Mito-BFP and 1.5 µL of Lipofectamine 2000. Dual
color imaging of dynamin was performed using double transfections of either 100 ng Dyn2-GFP and 150
ng Mito-Scarlet, or 100 ng Dyn2-mCherry and 150 ng Mito-GFP. Triple transfection containing Mito-BFP,
Drp1-GFP and KDEL-RFP were performed with Lipofectamine 2000. Such transfections were performed
using 100 ng Mito-BFP, 100 ng Drp1-GFP and 100 ng KDEL-RFP. All quantities listed are per well of
cells containing 2 mL of culture medium and carried out with Opti-MEM. The Lipofectamine mixture sat
for 20 min before its addition to cells.

Drug treatment.
Nocodazole was diluted to a stock solution of 10 mM in DMSO. To depolymerize microtubules, cells were
incubated with 10µM Nocodazole (Sigma-Aldrich) for 1h before imaging (1 µL Nocodazole per 1000 µL
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medium). Control cells were incubated with the equivalent volume of DMSO for 1h before imaging (1 µL
DMSO per 1000 µL medium).

SIM imaging and reconstruction.
Fast dual-color SIM imaging was performed at Janelia Farm with an inverted fluorescence microscope
(AxioObserver; Zeiss) using an SLM (SXGA-3DM; Fourth Dimension Displays) to create the illumination
pattern and liquid crystal cell (SWIFT; Meadowlark) to control the polarization. Fluorescence was collected
through a 100X 1.49 NA oil immersion objective and imaged onto a digital CMOS camera (ORCA-Flash4.0
v2 C11440; Hamamatsu). Time-lapse images were acquired every 1 s for 3-5 min, with 50 ms exposure
time. Fast dual color imaging of mitochondria and Drp1 was performed at 37˚C with 5% CO2, in prewarmed DMEM medium. Dual-color SIM imaging for Nocodazole and Dyn2 experiments was performed
on an inverted fluorescence microscope (Eclipse Ti; Nikon) equipped with an electron charge coupled
device camera (iXon3 897; Andor Technologies). Fluorescence was collected with through a 100x 1.49 NA
oil immersion objective (CFI Apochromat TIRF 100XC Oil; Nikon). Images were captured using NIS
elements with SIM (Nikon) resulting in temporal resolution of 1 s for single-color and 6-8s for dual-color
imaging, with 50 ms exposure time. Imaging was performed at 37˚C in pre-warmed Leibovitz medium.
See SI for details on iSIM imaging, image reconstruction and analysis.
SIM images were reconstructed using a custom 2D linear SIM reconstruction software obtained at Janelia
farm, as previously described [58, 59]. Images were reconstructed using a generalized Weiner filter
parameter value of 0.02-0.05 with background levels of ~100.

iSIM imaging and reconstruction.
For iSIM experiments, imaging was performed on a custom-built microscope setup as previously described
[60, 61]. The microscope was equipped with a 1.49 NA oil immersion objective (APONXOTIRF;
Olympus), with 488 nm and 561 nm excitation lasers and an sCMOS camera (Zyla 4.2; Andor). Images
were captured at 0.1-0.3 s temporal resolution for both channels. All imaging was performed at 37˚C in
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pre-warmed Leibovitz medium. Raw iSIM images were deconvolved using the Lucy-Richardson
deconvolution algorithm [62, 63] implemented in MATLAB, run for 40 iterations.

Confocal imaging.
Confocal imaging was performed on an inverted microscope (DMI 6000; Leica) equipped with hybrid
photon counting detectors (HyD; Leica). Fluorescence was collected through a 63x 1.40 NA oil immersion
objective (HC PL APO 63x/1.40 Oil CS2; Leica). Images were captured using the LAS X software (Leica).
All imaging was performed at 37˚C in pre-warmed Leibovitz medium.

STORM imaging and reconstruction.
For STORM imaging, prior to staining, cells were washed with PBS (Sigma). Cells were incubated with
MitoTracker Red CMXRos (LifeTechnologies) at a concentration of 500 nM for 5 minutes, before washing
again with PBS.
For measuring mitochondrial membrane potential, cells were incubated with 100 nM TMRE (Abcam,
ab113852) for 10 minutes before time-lapse measurements.
STORM imaging was performed at room temperature in a glucose-oxidase/catalase (Glox) oxygen removal
buffer described in Shim et al [30]. Briefly, a 2% glucose solution is prepared in DMEM (Gibco). Glucose
oxidase (0.5 mg/mL) and catalase (40 µg/mL) were added to the glucose solution and the pH was left to
drop for 30-60 min. After this time, the pH was adjusted to 7 yielding a final solution with 6.7% HEPES.
Imaging was performed on an inverted microscope (IX71; Olympus) equipped with a 100x NA 1.4 oil
immersion objective (UPlanSAPO100X; Olympus) using an electron multiplying CCD camera (iXon+;
Andor Technologies), with a resulting pixel size of 100nm. Laser intensities were between 1-5 kWcm-2.
For STORM datasets, single molecules were localized using the RapidSTORM v3.3 software [64]. Local
signal-to-noise detection with a threshold value of 50 was used. Peaks with a width between 70-300 nm
and at least 200 photons were rendered for the final STORM image.
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FliptR synthesis.
The FliptR probe was synthesized following previously reported procedures [45]. For mitochondrial
targeting, compounds 2,3 and 5 were synthesized and purified according to procedures that will be reported
elsewhere in another manuscript [46] in due time (SFig. 7).
Compound 5 was synthesized and purified according to procedures described in [46] (SFig. 7).
The probe can report on membrane tension as reported in reference [45]. Spectroscopic characterizations,
mechanosensitive behavior in LUVs and GUVs of various lipid composition, colocalization studies in
mitochondria and response of fluorescence lifetime to osmotic shocks (i.e. membrane tension changes) will
be reported elsewhere in another manuscript [46] in due time.

FLIM imaging and analysis.
For FLIM imaging with the mitochondria-targeted FliptR probe, cells were incubated with 500 nM of the
probe solution for 15 min, and washed before imaging. Imaging was performed using a Nikon Eclipse TI
A1R microscope equipped with a time-correlated single-photon counting module from PicoQuant. A pulsed
485 nm laser (PicoQuant LDH-D-C-485) was used for excitation, operated at 20 MHz. The emission was
collected through ha 600/50 nm bandpass filter, on a gated PMA hybrid 40 detector and a PicoHarp 300
board (PicoQuant).
FLIM data was analyzed using the SymPhoTime 64 software (PicoQuant). The fluorescence decay data
was fit to a double exponential model after deconvolution for the calculated impulse response function. The
values reported in the main text are the average lifetime intensity.

Statistics.
Statistics were performed using Matlab and OriginPro software. All datasets were tested for normal
distribution using the D’Agostino-Pearson normality test (significance value of 0.05) [65]. If the datasets
passed the test, then statistical significance was determined using a two-tailed t-tests. If datasets failed the
normality test, a nonparametric test was chosen to compare the significance of means between groups
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Mann-Whitney test for two samples (with one or two tailed distributions where appropriate) and KruskalWallis ANOVA for multiple samples [66]. P<0.05 were considered as significant and were marked by ‘*’;
P<0.01 with ‘**’, P<0.001 by ‘***’ and P<0.0001 by ‘****’.
Curve fitting was performed using the curve fitting toolbox in Matlab.
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