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Abstract

Living systems propagate by undergoing rounds of cell growth and division. Cell division is at heart a physical
process that requires mechanical forces, usually exerted by protein assemblies. Here we developed the first
physical model for the division of archaeal cells, which despite their structural simplicity share machinery
and evolutionary origins with eukaryotes. We show how active geometry changes of elastic ESCRT-III
filaments, coupled to filament disassembly, are sufficient to efficiently split the cell. We explore how the
non-equilibrium processes that govern the filament behaviour impact the resulting cell division. We show how a
quantitative comparison between our simulations and dynamic data for ESCRTIII-mediated division in Sulfolobus
acidocaldarius, the closest archaeal relative to eukaryotic cells that can currently be cultured in the lab, and
reveal the most likely physical mechanism behind its division.
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Cell division is one of the most fundamental requirements
for the existence of life on Earth. During division the mate-
rial from a single cell is divided into two separate daughter
cells. This is an inherently physical process. Living cells
have evolved multiple ways to apply mechanical forces for
this purpose. In general, the process involves proteins that
assemble into long polymeric filaments at the cytoplasmic
side of the cell membrane. The filaments then undergo a se-
ries of energy-driven changes in their form and organisation
to deform the associated membrane and/or guide cell wall
assembly. The physics of such non-equilibrium protein self-
assembly processes that produce the mechanical work needed
to reshape and cut soft surfaces is largely underexplored.

Although the mechanisms of division differ across the
tree of life, recent data support the idea that eukaryotic cells
likely arose from the symbiosis of an archaeal cell and an
alphaproteobacterial cell, where the archaeal host gave rise
to the eukaryotic cell body and the proteobacteria went on
to become the mitochondria [1, 2, 3]. Because of this, many
physical processes that control eukaryotic cell division likely
originate in archaea. In particular, ESCRT-III filaments, which
drive cell division in a subgroup of archaea called TACK
archaea, also catalyze the final step of cell division in many
eukaryotes [4, 5].

Here we develop the first physical model to study the
archaeal cell division by ESCRT-III filaments. In archaea,

ESCRT-III proteins polymerise into at least two distinct fila-
mentous rings which likely form a copolymer that is adsorbed
on the cytoplasmic side of the cell membrane. The first fil-
amenteous ring (called CdvB) serves as a template for the
assembly of a contractile ring (made of CdvB1 and CdvB2
proteins), see Figure 1. Recently it has been shown that the
contractile ring is only free to exert forces to reshape the mem-
brane once the template CdvB ring has been removed [6]. As
the membrane constricts, the contractile CdvB1/2 ESCRT-III
filament disassembles.

In our model we investigate different energy-driven pro-
tocols that can lead to the contraction and disassembly of an
ESCRT-III ring in contact with a deformable cell. We quantify
the rates, reliability, and symmetry of the resulting cell divi-
sion processes. We then quantitatively compare the dynamics
of cell division collected in simulations with that observed via
live imaging of the archeon Sulfolobus acidocaldarius, the
closest archaeal relative to eukaryotic cells that can be easily
cultured in a laboratory. This comparison identifies a physical
mechanism that matches all the available experimental data
remarkably well.

Our study advances the understanding of the physical
mechanisms governing cell division across evolution. In a
broader sense, our simulations show how the different proto-
cols that underpin the behaviour of a simple non-equilibrium
nanomachine contribute to its function. Our results can hence
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Figure 1. Computational model. a) Division of an archaeon S. acidocaldarius. The cell membrane is indicated with a dashed
line, the template filament (CdvB) is fluorescently labelled in magenta, while the constricting ESCRT-III filament (CdvB1/2) is
labeled in green. b) The initial ESCRT-III filament state (CdvB+CdvB1/2) is modelled as a single helical filament with a target
radius equal to the cell radius R.¢. The filament is attached to the inside of the fluid vesicle that represents the archaeal cell. To
constrict, upon CdvB degradation, the ESCRT-III filament (CdvB1/2) reduces its target radius to Ryarger, Which results in a new
target state of a tighter helix. The filament model itself consists of triplet subunits that are connected to each other via 9 bonds
whose lengths control the filament curvature (see inset and SI). c) An example of a cell division simulation: the target radius of
the filament is instantaneously decreased to 5% of the original cell radius. The filament is then disassembled from both ends

with a rate 10% X vgis = 6.7 /T (T is the MD unit of time). The filament first forms a superhelix which consists of multiple short
helices of alternating chiralities (shown in the dashed box). As the superhelix contracts and disassembles, it pulls the membrane

into a tight neck, which spontaneously breaks (Movie S1).

be of help in designing protocols for synthetic nanomachinery,
in particular in the context of building synthetic cells [7, 8, 9].

Results

A minimal model of cell division

In our model, the ESCRT-III filament (CdvB1/2) bound to
the template (CdvB) is described as an elastic helical polymer
made of two full turns whose radius of curvature matches the
radius of the cell, Ry (Figure 1b). The polymer is modelled
via three beaded monomers that are connected by harmonic
springs to each other (inset in Figure 1b). The equilibrium
lengths of the springs determine the curvature of the polymer
[10]. The archaeal cell is described as a vesicle made of a
coarse-grained, one-particle-thick membrane (developed by
Yuan et al. [11]), in which a single particle corresponds to
a cluster of ~ 10 nm wide lipid molecules. These particles
interact via an anisotropic pair potential that drives the self-
assembly of fluid membranes with expected physiological
bending rigidity. The outer side of the filament (coloured in
blue beads in Figure 1b is attracted to the membrane via a
generic Lennard-Jones attractive potential, while the inner
side of the filament (red beads) only interacts with the mem-

brane via volume exclusion. The system is evolved using
molecular dynamics simulation with a Langevin thermostat
(see Methods and Supplementary Information Section 1 for
more details).

The removal of the template CdvB filament and subse-
quential constriction of the ESCRT-III filament (CdvB1/2) are
modelled by shortening the equilibrium lengths of the bonds
between the filament’s subunits, which increases the filament
curvature, from a large radius of curvature R to a small
radius Ryyger. Figure 1b shows the filament in its initial and
target geometrical states. This change in target filament radius
is expected to transform the filament from a wide ring into
a tight helix and would drag the membrane with it. To test
this idea, we instantaneously changed the target radius of the
filament to 5% of the cell radius and let the system evolve.
Since filament disassembly is needed for scission [6], as soon
as the new equilibrium bond lengths have been imposed, we
initiated the disassembly process by severing bonds between
filament monomers sequentially from both ends of the helix
at a specified rate vg;s.

Interestingly, rather than adapting the target shape of a
single tight helix, we find that the filament upon constriction
instantly transforms into a collection of short tight helices of
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Figure 2. Reliability of the division. Left panel: The influence of the filament radius reduction, Rrget/Rceii, and the rate of
the filament disassembly, vgis, on the probability of cell division. The colour of each square represents the percentage of
successful divisions out of 10 simulations performed with different random seeds. Right panel: The snapshots of the

representative simulations.

alternating chiralities separated by kinks called perversions
(Figure 1c). Such a structure is called a hemihelix and it
presents a local energy minimum in which the system gets
trapped [12, 13, 14] (see SI Section 2). This shape arises
due to non-homogeneous stresses in the filament, where the
outer part of the filament is strained to a different extent rela-
tive to the inner part as the filament is changing its curvature.
Hemihelical shapes, first documented by Darwin in plant ten-
drils [15], are ubiquitous in nature and have been reported
in the development of the gut tube [16], in synthetic elas-
tomers [17, 18], as well as in an everyday example of wrap-
ping ribbon coiling by scissors [19]. Recently, this shape has
also been imaged in nanoscale biopolymers such as mitotic
chromosomes in vivo [20] and, importantly, for ESCRT-III
and FtsZ filaments in vitro (see examples in Fig. S7, or e.g.
Fig. 1B in Ref. [21], Fig. 5G-I in Ref. [22], or Fig. 6 in Ref.
[23]).

When attached to the cell, the hemihelix itself acquires
a superhelical shape to follow the cell curvature (Figure 1c).
This effectively shortens the filament length and thereby pulls
the membrane with it. Over time, the filament further shortens
by disassembling, until it reaches the geometry of a single ring
of a curvature 1/Rygec enveloped by a tight membrane neck.
As the helix disassembles, the membrane neck breaks, giving
rise to two separate cells (Movie S1). To the best of our knowl-
edge, this mechanism of constriction by effectively coiling a
coil has not been considered before in cellular systems.

Characterising the reliability and symmetry of cell
division

We next investigate the functionality of such a division mech-
anism: how reliable it is and how good is it at partitioning
protein content between the two daughters. Figure 2 shows the
dependence of the probability of cell division on the amount of
the filament curvature change, Ryarget /Reell, and the rate of the

filament disassembly, vq4is. We see that division occurs only if
both the filament curvature change and its disassembly rate
are in the right regime. When the change in the filament cur-
vature is not sufficient, the resulting large hemihelical loops
barely shorten the filament and the filament does not have
enough tension to constrict the membrane to a width suffi-
ciently narrow to induce fission. Therefore, as the filament
disassembles, the cell inflates back to its original size (square
label in Figure 2). In the opposite regime, if the reduction in
the filament curvature is too large, the large tension stored in
the filament causes filament detachment from the membrane,
preventing scission (circle in Figure 2).

In the intermediate regime, the filament has enough ten-
sion to form a sufficiently tight neck and is disassembled at a
rate that then allows cell division (star in Figure 2). However,
if the rate of disassembly is too high, the filament disassembles
before the sufficiently small membrane bottleneck is reached,
and division fails again (diamond in Figure 2). On the other
hand, without disassembly (v4is = 0), the filament generally
blocks the membrane neck, preventing efficient cell division.
Occasionally, the membrane neck can still break even in this
case, leaving the daughter cells connected by the filament.

We also wanted to determine how the mechanism of divi-
sion influences division symmetry. We therefore test how
evenly the disassembled filament subunits are partitioned
between the daughter cells for different curvature changes
and disassembly rates, in the region of phase space in which
division occurs. This evenness is quantified via parameter
E = 2Ngman / Neotal, Where Ny is the number of ESCRT-IIT
subunits in the less filled daughter cell and Ny, is the total
number of ESCRT-III subunits.

As shown in Figure 3, for small filament curvature reduc-
tions, which is at the very boundary of the phase space in
which division occurs (down-pointing triangle label), the fila-
ment does not constrict much and the division occurs because


https://doi.org/10.1101/2021.03.23.436559
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.23.436559; this version posted March 23, 2021. 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
ava|lab|e under aCC-BY 4.0 International license
Physical mechanisms of ESCRT-III driven cell division in archaea — 4/10

INSTANTANEOUS CONSTRICTION: DIVISION EVENNESS

10.00
7.52
6.03
5.04
4.34
3.82

v

R target/R cell in %

A

No division

Q N
o N N m oM < N o

102 x Vs [1/7]

—
o

13.3 1

40.0 1

100% V  Filament slowly contracts
3
80% & :
Q
= A Filament quickly contracts
60% :>_|J '
-20% 5 & 4
20% g &  Filament evenly partitioned
-20%
e Y ‘?&
-0% '
Time Disassembly

Figure 3. Symmetry of the division. Left panel: the influence of the amount of the instantaneous target radius reduction and
the rate of the filament disassembly on the partitioning of ESCRT-III proteins between the daughter cells. The colour of each
square represents average value of 10 simulations performed with different seeds. Right panel: Representative simulation

snapshots.

the membrane wraps over the exposed membrane attraction
sites generated via local perversions in the helices formed. As
a result, following division, one cell contains substantially
more of the filament content than the other. This mechanism
has a probability of yielding a successful division in only
~ 70% of cases (Figure 2). A similar effect occurs for strong
radius reduction (up-pointing triangle label in Figure 3). Here
the filament supercoils very quickly and the membrane wraps
over one side of the coiled filament, leaving the filament in
just one of the two cells. The result is again a less reliable and
more uneven division. In the middle of the dividing region
(star label in Figure 2 and diamond label in Figure 3), the
protein partitions evenly between the daughter cells because
the filament maintains a super-helical shape that is equally
spread between the two cells. In this region the divison also
occurs with ~ 100% probability.

Dynamical curvature change protocols
The choice to induce instantaneous changes in filament curva-
ture (Figure 4a) was inspired by experimental observations in
S. acidocaldarius, where the template CdvB ring was found
to be rapidly degraded, which was then assumed to trigger
rapid curvature change of the constricting ring, akin to releas-
ing of a loaded spring [6]. However, the local constriction
rate is non-zero and is likely to be set by the local presence
of an enzyme Vps4 ATPase, which is needed for division
in Sulfolobus, as well as for force production of ESCRT-IIT
filaments in eukaryotes [24, 25]. In fact, Pfitzner et al. [25]
recently found that Vps4 modifies ESCRT-III filament com-
position in a step-wise manner, thereby changing the overall
filament geometry, which in turn leads to membrane remod-
elling. This led us to investigate how different protocols of
non-instantaneous dynamical filament constriction influence
the outcome of the division process.

We test two additional protocols: i) filament curvature is
changed in a sequential manner starting from one end of the
filament in a process that spreads with a rate vy (Figure 4b)

and ii) filament curvature is changed at random points along
the filament with a rate v, (Figure 4c). In all the cases
the filament disassembly starts after the new target curvature
has been imposed throughout the whole filament. To com-
pare these different mechanisms we track the cell diameter
evolution in time for different protocols.

As can be seen in Figure 4a (right panel), following an
instantaneous curvature change the cell diameter sharply de-
creases and then slowly plateaus before the division occurs.
The smaller the target radius of the filament, the more en-
ergy is stored in the filament, and the faster the cell diameter
reaches its equilibrium value. This behaviour is in a remark-
ably good agreement with the findings for the case of furrow
behaviour in animal cell division by Turlier et al. [26].

The sequential and randomised protocols (Figure 4b and ¢)
only follow the same qualitative curve if the curvature change
is very fast, approaching the instantaneous limit; however if
the curvature change is slower, the time evolution of the cell
diameter follows a concave curve, where the furrow formation
is significantly delayed, after which it follows an almost linear
decrease before division occurs. The slower the constriction
rate, the longer the delay in the furrow formation, which in-
dicates that a certain critical portion of the filament has to
be constricted in order to significantly deform the membrane.
This delayed onset is less pronounced for the randomised pro-
tocol, since the filament is transformed at random points, the
tension is distributed evenly across the midcell diameter ring.
For the same reason, in the case of randomised constriction
the diameter decreases faster than in the sequential protocol.
Taken together, it is clear that the rate at which the filament
geometry is changed greatly influences the relation between
the diameter and time in both protocols: the curvature of the
midcell diameter evolution changes from convex to concave
as the rate of the curvature change decreases. Furthermore,
we observe that the filament geometry itself depends on the
rate of the curvature change: the slower the curvature change
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Figure 4. Different protocols for the curvature change. a) Instantaneous: The target filament radius changes globally
throughout the filament t0 Rarget /Reell, as indicated in the legend, within a single timestep. b) Sequential: The filament
curvature change starts at one end of the filament and propagates with a rate vy, to the other end. Here shown for
Riarget/Reel = 5.5% c) Randomised: Random bonds along the filament constrict with a rate vyry. Here shown for

Riarget /Rcenl = 5.5%. In all the protocols: once the entire filament is transitioned, it is disassembled from both ends with a rate
vais- The value of vg;s does not influence the division curve (Figure S2). The panels on the right compare the normalised
diameter of the cell at the midzone as a function of time. We only selected simulations that led to division and averaged over

simulation seeds and different disassembly rates.

the less perversions the hemihelical filament contains (SI Sec-
tion 2 and Figure S1), in agreement with previous studies of
hemihelix formation in elastic materials [19].

Looking deeper into the difference between the sequential
and random constriction protocols, we characterise the extent
to which a robust cell division depends on the rate of the
curvature change and the rate of the filament disassembly,
fixing the amount of the curvature change to Rarget /Reell =
5.5% (Figure 5a and b). In the case of the sequential curvature
change, the cell only divides reliably (Figure 5a) and evenly
(Figure S3a) for very fast curvature changes, which approach
instantaneous constriction. In that regime the new curvature
and associated tension spread quickly across the filament
length, pulling the membrane with it (Movie S2). However,
if the rate of the curvature change is decreased, the system
enters a regime in which almost none of the cells divide. In
this regime the tension is no longer spread evenly along the
filament length and local filament loops have time to detach
and equilibrate to their preferred curvature while the rest of
the filament is still transitioning (Figure 5c and Movie S3). If
the rate of the curvature change is however further decreased,
the division becomes more likely again, because the detached

local loops have time to reattach and pull the membrane with
them.

In the case of randomised curvature change protocol (Fig-
ure 5b, Movie S4), the curvature and the associated tension are
distributed more evenly along the filament, no matter the rate,
resulting in a more reliable and even (Figure S3b) division
overall. Our model therefore predicts that cells divide more
successfully and evenly if the constricting filament changes
its curvature in a randomised fashion, rather than sequentially
from one filament end.

Quantitative comparison between simulation and ex-
perimental data

To identify which of the described constriction protocols best
describes the ESCRT-III-driven archaeal cell division, we
decided to compare the time evolution of the midcell diameter
collected in simulations with similar measurements taken from
live dividing S. acidocaldarius cells. To do so, we analysed
cells imaged live using a membrane dye from Pulschen et al.
[27], as shown in Figure 6a. This set-up allowed us to measure
the intensity profile of the membrane along the division axis
over time and to extract the value of the midcell (furrow)
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Figure 5. Reliability of division for non-instantaneous curvature change protocols. a) The influence of the filament
constriction rate, veyry, and the filament disassembly rate, vg4is, on the probability of cell division for the sequential (a) and
randomised protocol (b). The colour of each square represents the amount of successful divisions out of 10 simulations
performed with different seeds. c¢) The representative examples of a successful and unsuccessful division. If the local helices
fail to reattach to the membrane when forming (indicated by an arrow in the upper panel), division fails. If the helices manage
to reattach to the membrane (see arrow in the bottom panel), division suceeds. All simulations are performed using
Riarget/Reenl = 5.5%, which divides cells with 100% reliability for the instantaneous protocol (Figure 2).

diameter evolution (Figure 6a, Figure S5-6). Since cells can
have varying initial diameters and can take a varying time to
divide, we rescale the midcell diameter with the initial cell
diameter and the time axis with the total division time for each
cell. We then align all the curves at the point of 50% of the cell
diameter decrease. Satisfyingly, all the cells appear to follow
the same general trajectory as they divide, which allows us to
average the data into a single experimental curve (Figure 6b,
see SI Section 6-7 for details). We transform our simulation
measurements in the same way for a direct comparison with
experimental data.

As can be seen in Figure 6d, for the instantaneous filament
constriction, the behaviour of the furrow diameter in time has
a very different qualitative shape than the experimental curve,
irrespective of the amount of the curvature change in the fila-
ment. A possible reason for this discrepancy could be that our
simulated cells are empty on the inside and do not resist the

fast initial cell constriction when the target filament geometry
is suddenly changed. To check the role of the cytoplasmic
volume, we repeated the instantaneous constriction protocol
measurements for cells that were filled with volume-excluded
particles that mimic the cytoplasmic content. As Figure S4
shows, under these conditions the constriction curves do not
change significantly; if division occurs the process is com-
pletely governed by the filament tension.

Using slower non-instantaneous filament curvature change
protocols, the profiles develop initial and final plateaus and
become more symmetric, resembling the experimental curve.
Interestingly, the randomised protocol shows somewhat bet-
ter agreement with the experimental curves, and for a range
of simulation parameters, the normalised simulation and ex-
perimental curves match remarkably well (the blue and pink
curves in Figure 6f). These best matching curves in the case of
randomised curvature change also exhibit a reliable division
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Figure 6. Comparison with live cell experiment. a) Time sequence of a dividing S. acidocaldarius cell. The bottom row
shows the division axis along which we measure the membrane intensity profile to determine the time evolution of the midcell
(furrow) diameter. Scale bar is 1um. b) The evolution of the midcell diameter in time. The midcell diameter d is normalised by
the initial cell diameter dy, while the time is normalised by the total division time 7;;,;si0n- Coloured curves show the normalised
measurements for individual cells (N = 23), and the black line shows the mean of all the experimentally measured curves. c)
The average of the partitioning of the constricting filament proteins in the daughter cells in experiments (CdvB1/2) and in
simulations for non-instantaneous curvature changes protocols that match the experimental curves for midcell evolution in time
(10%veury =5 /7 for the sequential and 10%veury = 15 /7 for the randomised protocol). d)-e) Show the normalised cell diameter
evolution curves collected in simulations for different protocols (d: instantaneous; e: sequential; f: randomised) and compare it
to the averaged experimental data (black curve). For the instantaneous protocol different amounts of filament constriction
Riarget /Rcen are investigated. For the sequential and randomised protocols Riarget /Rcenl = 5.5% and the constriction rate veyry is
varied, as shown. The disassembly rate does not influence the curves. All the simulation curves are averaged over at last 10
repetitions and the shading shows one standard deviation.

(Figure 5b) and divide the protein evenly between the two
daughter cells (Figure S3b).

For a further comparison between simulations and exper-
iments, we also measured the evenness of filament protein
(CdvB1/2) partitioning in daughter cells in experiments. Fig-
ure 6¢ shows the partitioning for CdvB1/2 proteins that we
extracted from experiment, compared to the average evenness
of partitioning in the case of the two best-matching curves
in our simulated data (10%veyy = 5 /7 for the sequential and

10%veyy = 16 /7 for the randomised protocol). The experi-
mental data shows that the filament proteins are divided fairly
evenly between the daughter cells (Figure 6¢), which agrees
very well with the behaviour found in simulations for the
randomised protocol. Taken together, our results indicate
that a constriction protocol in which the filament curvature is
non-instantaneously changed at random points throughout the
filament length faithfully reproduces Sulfolobus cell division
as measured using live cell imaging.
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Discussion

Here we develop a computational model for archaeal cell
division via ESCRT-III filaments to study the physical mecha-
nisms that underlie the division process. Our mesoscale model
allows for a direct connection between the geometrical and
mechanical properties of the filament and the resulting experi-
mentally observable cellular behaviour. The model can hence
be used as an in silico testing machine for division hypotheses
that cannot be directly addressed in experiments.

One of the key questions about ESCRT-III’s ability to di-
vide cells was how one system can constrict the membrane
from a micrometre to just a few nanometres. Our model
reveals the details of two important length-scales that are in-
volved — the global curvature that arises due to the superhelical
arrangement of a coiled filament and the local curvature of the
individual coils. This supercoiling shortens the filament and
guides the initial cell constriction, while the membrane wrap-
ping around the individual tight coils creates a narrow neck
that snaps after the filament has completely disassembled.

We find that the filament curvature changes that occur at
random points along the filament provide a good model of
the time evolution of the furrow diameter dividing Sulfolobus
cells. Such a geometry change spreads the filament tension
evenly along the filament, and hence yields the most reliable
and symmetric division in the simulations. It can be imagined
that it is also easiest for cells to implement this mechanism,
as it does not rely on starting at a certain point within the
filament.

Our model cannot determine which exact biochemical
processes will create the randomised curvature change, but
it is tempting to speculate that this is related to the ability
of Vps4 ATPase enzyme to act in a nonprocessive way to
extract the proteins of the CdvB template at random positions
from the CdvB/B1/B2 copolymer. It should also be noted
that, in our model the geometry changes and disassembly are
implemented ad hoc and are uncoupled. It is, nevertheless,
possible that the curvature changes and disassembly occur
concomitantly, possibly through dependence of Vps4 activity
on curvature or tension in the polymer. It is also possible
that these events occur in a cooperative manner, giving rise
to non-linear filament transformation. Since disassembly in
our model does not influence the shape of the midcell diam-
eter evolution curves, we cannot differentiate between more
complex coupling scenarios of this type and, in the absence
of further experimental data on the filament structure changes,
we have opted for the simplest mechanism.

Our near-minimal model for cell division in this relatively
simple archaeal cell system can also be of interest to those
invested in generating synthetic cells, for which purposes the
reconstitution of ESCRT-III filaments in vesicles is of sub-
stantial interest. Moreover, the analysis presented helps us
to understand division of soft compartments by filaments in
general, and forms the basis for studying more complex divi-
sion mechanisms that evolved from this minimalistic archaeal
division, such as severing of the midbody in the last step

of eukaryotic division. In this light, under some conditions
FtsZ has been seen to form similar hemihelices to those de-
scribed here [23]. Finally, our model presents an excellent
playground for testing specific non-equilibrium protocols be-
hind bio-insipred nanomachines and their connection to the
resulting nanomachine function.
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Methods

Simulation. The simulation set-up — an elastic self-avoiding
helical filament that is coupled to the inside of a spherical
membrane, representing the archaeal cell — can be seen in
Figure 1b. The filament helix has two full turns that consist
of N;yra1 = 480 subunits. The ratio between the helix width
and diameter (6.50 /1056 = 0.06) corresponds roughly to the
experimentally measured ratio (0.1 pm/1.25 um=0.08 [6]).

We simulate the filament using the ESCRT-III model we
developed in Harker-Kirschneck et al. [10]. It is built of
three-beaded rigid subunits that are bonded to each other via
nine strong springs with spring constant K=600 kg7 (inset in
Figure 1b), where kg is Boltzmann’s constant and 7 is tem-
perature. The equilibrium lengths of the individual springs
determine the target filament geometry (SI Section 1). The
cell membrane is simulated by a coarse-grained, one-particle-
thick model (developed by Yuan et al. [11]), in which a single
particle corresponds to a lipid patch of ~ 10nm. These parti-
cles interact via an anisotropic pair potential that drives the
self-assembly of fluid membranes with bending rigidity of
15 kgT. The blue beads of the filament are attracted to the
membrane via a Lennard-Jones potential, while the red beads
only interacts with the membrane via volume exclusion. A
more detailed description of the simulation setup and all the
interactions can be found in SI Section 1.

To change the filament curvature, the rest length of the
bonds between the subunits is adjusted to the target curva-
ture. In the case of non-instantaneous curvature change, the
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rate of the curvature change is determined by the number
of bonds that are shortened per simulation timestep (0.01
T), i.e. if we constrict the bonds between two subunits every
n-th timestep, the rate is veyry = 1/(1(0.017)). To simulate
filament disassembly, every m-th simulation time step one
subunit is removed from each end of the filament, making the
disassembly rate vgis = 2/(m(0.017)).

To measure the diameter d of the membrane at the cell
midzone as a function of time, we collect all membrane parti-
cles that are located in a cuboid which is fixed at the centre
of the simulation box and has a width of 1o (the size of one
membrane bead). The collected coordinates are then projected
onto a plane and the resulting data is fitted by a circle using
the Taubin method [28].

Experiment. Sulfolobus cells were grown in BNS me-
dia and imaged using Nile Red for membrane staining, as
described by Pulschen et al. [27]. This staining allowed us
to measure the intensity profile of the membrane along the
division axis over time (Figures S5 and S6.) The full width at
half maximum (FWHM) of this profile was used as a measure
of the midcell diameter of the dividing cells, a parameter that
we can compare well to our simulation results (for details see
SI Section 6). SI Section 7 describes the rescaling procedure
of the data. It is important to add that for the last part of the
midcell evolution curve the experimental uncertainty in mea-
surement becomes larger due to the resolution limit, hence in
all our results we focus on and discuss only the first half of
the division curves.

Data availability

All the simulation and experimental data, as well as simulation
and analysis codes, are freely available upon request.
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