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The cyanobacterial ESCRT-III protein
IM30 forms biomolecular condensates
at physiologically relevant conditions
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ABSTRACT IM30, the inner membrane-associated protein of 30 kDa, conserved in cyanobacteria and chloroplasts, is a mem-
ber of the ESCRT-IIl superfamily of membrane remodeling proteins. Like other ESCRT-III proteins, IM30 forms higher-order olig-
omeric structures, although the mechanisms regulating its assembly and disassembly remain poorly understood. A hallmark of
ESCRT-IIl protein monomers is the presence of at least five a-helices, with the long helices a1 and «2/3 forming a helical hairpin
that constitutes the structural core of all superfamily members. In contrast to eukaryotic ESCRT-III subunits, helices a0 and
ad-a6 of Synechocystis IM30 unfold upon oligomer disassembly. Given that intrinsically disordered proteins often form biomol-
ecular condensates via liquid-liquid phase separation and IM30 has previously been observed to form puncta structures in vivo
under membrane stress, we here investigated whether IM30 has the ability to form biomolecular condensates in vitro. We
demonstrate that IM30 forms condensates under physiologically relevant conditions of salt and protein concentrations, suggest-
ing a functional link between the now observed condensate formation and membrane dynamics. Condensate formation is driven
by the polyampholyte nature of IM30, yielding condensates that can be dissolved by both high and low salt concentrations.
In living cyanobacterial cells, we observed puncta structures under salt stress, which we now link to the formation of conden-
sates. We propose that condensates serve as transient hubs, locally concentrating IM30 monomers under stress conditions
without requiring energy-intensive disassembly of preformed oligomers. Thus, condensate formation may represent a crucial
early step in IM30-mediated stress response in bacteria and chloroplasts.

SIGNIFICANCE IM30, a protein conserved in cyanobacteria and chloroplasts, mediates membrane remodeling. As a
homologous eukaryotic (ESCRT-III) protein, it forms oligomers. Some a-helices of IM30 become disordered upon oligomer
disassembly, and we now show that monomeric IM30 forms liquid-like, highly dynamic, membraneless structures
(condensates) in vitro, which form via separation of the proteins into a high-density phase. The formation of such structures
is sensitive to ionic strength. Given that IM30 forms puncta structures in vivo at salt stress conditions, we propose that
condensates act as transient hubs, concentrating IM30 monomers, which facilitates formation of oligomeric structures at
specific intracellular locations. Thus, stress-induced condensate formation likely represents a regulatory step in IM30-
mediated stress response in prokaryotes and chloroplasts.

INTRODUCTION membrane system, the thylakoid membranes (TMs), where
photosynthetic electron transfer reactions take place (4,5).
This is also a feature of chloroplasts, which contain TMs
in addition to the inner envelope membrane. The shared
presence of TMs reflects the evolutionary ancestry between
cyanobacteria and chloroplasts, supporting their common
origin through endosymbiosis (6,7).

The protein IM30 likely evolved via gene duplication
from a gene coding for the phage shock protein A (PspA),

IM30, the inner membrane-associated protein of 30 kDa,
also known as Vipp1 (vesicle-inducing protein in plastids 1),
is conserved in chloroplasts and cyanobacteria (1-3). In
contrast to most bacteria, cyanobacteria possess not only
a cytoplasmic membrane but also an additional internal
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found in many bacterial lineages, including cyanobacteria
(1-3,8,9). In these bacteria, PspA appears to be involved
in maintaining, stabilizing, and/or repairing the cytoplasmic
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membrane. Similarly, IM30 appears to play a crucial role in
the biogenesis, dynamics, maintenance, stabilization, and/or
repair of internal membranes in chloroplasts and cyanobac-
teria (3,10-18).

In 2021, the structures of two cyanobacterial IM30s and a
cyanobacterial PspA were solved, revealing their relation to
the endosomal sorting complex required for transport-III
(ESCRT-III) protein superfamily, previously thought to
be exclusively present in eukaryotes and archaea (19-21).
The monomer structures of all ESCRT-III superfamily
members are conserved, with five a-helical regions con-
nected by short linkers (10,22). The extended helices al
and a2 form a helical hairpin, and the following short helix
a3 is a direct extension of a2 when the protein is in an open
conformation. Helices a4 and o5 are critical for intermono-
mer contacts in oligomeric assemblies. Several ESCRT-III
superfamily members, including PspA and IM30, have an
additional N-terminal helix «0 crucially for membrane
interaction (12,20,21,23,24). While bacterial PspA contains
only six helices (a0-a5), cyanobacterial and chloroplast
IM30 have an extra C-terminal helical region, helix a6,
separated from o5 by an extended, unstructured linker.
The function of this helix is largely enigmatic, yet it appears
to be crucial for IM30’s in vivo activity (25-27). Eukaryotic
ESCRT-III proteins often have additional C-terminal do-
mains with defined functions, such as protein-protein inter-
actions (22,28-30).

All ESCRT-III superfamily members exhibit a high pro-
pensity for forming higher-ordered oligomeric structures.
PspA and IM30 form large homo-oligomeric supercom-
plexes, whereas eukaryotic ESCRT-III typically hetero-
oligomerizes (22,28). Cyanobacterial IM30 exists as free
monomers (or small oligomers) in solution, which are
capable of forming barrels and rods in solution plus poly-
meric membrane-attached structures, such as carpets, spirals,
or membrane-bound barrels/rods, as mainly demonstrated
by in vitro analyses (12,13,20-22,31-37). The membrane-
attached IM30 barrel or rod structures are capable of internal-
izing membranes, resulting in tubulated membrane structures
(12,20,21). Yet, the mechanisms governing IM30 oligomer
assembly remain poorly understood. In contrast to the pro-
karyotic system, eukaryotic ESCRT-III oligomer assembly
at a membrane is orchestrated by other ESCRT family mem-
bers (ESCRT-0 to ESCRT-II) (28,30,38-40). In solution,
monomeric eukaryotic ESCRT-IIIs adopt a closed conforma-
tion, where o3 and o4 pack against the open end of the al/a2
helical hairpin, and a5 folds back, auto-inhibiting membrane
binding and oligomerization (41-43). The open conforma-
tion, representing the polymerization-competent state, in-
volves a3 extending from a2 (as also observed in PspA and
IM30), and a4 and a5 detaching for intramonomer interac-
tions. Unlike eukaryotic ESCRT-III subunits, a closed confor-
mation has not been observed for bacterial PspA and IM30
proteins yet. In contrast, helices a0 and a4-6 of the IM30
protein of the cyanobacterium Synechocystis sp. PCC 6803

1082 Biophysical Journal 125, 1081-1094, February 17, 2026

(from here on: Synechocystis) appear to unfold upon mono-
merization (33,44).

Although prokaryotic and eukaryotic ESCRT-III olig-
omer assemblies differ in shape, their structural organiza-
tion is remarkably similar. In oligomeric assemblies, each
ESCRT-III monomer interacts with multiple neighboring
subunits, with a5 of one monomer packing perpendicularly
against the o1-3 hairpin of a neighboring monomer. Addi-
tional contacts, such as between a4 of one monomer and
the al-3 hairpin of a neighboring protomer and parallel
stacking of al-3 hairpins, further organize and stabilize
these assemblies (22), finally resulting in the formation of
barrel-like structures and higher-order rod-shaped com-
plexes with masses of several MDa (22,30).

When IM30 of Arabidopsis thaliana was highly overex-
pressed in tobacco plants, storage of overexpressed IM30
as bundled filaments was observed (45). However, at near-
native expression levels, bacterial ESCRT-III proteins (e.g.,
PspA of E. coli, LiaH of B. subtilis, and IM30 of Synechocys-
tis) are evenly distributed within the bacterial cytoplasm, yet
form puncta structures near internal membranes under mem-
brane stress conditions (46—51). Similar structures have been
observed for the chloroplast homolog, although their nature
remains elusive (18,26). All ESCRT-III superfamily members
appear to be implicated in membrane stabilization and/or
repair (10,13,15,24,28,29,38,39,52). Given that a significant
fraction of Synechocystis IM30 is disordered when the pro-
tein is monomeric (33,44) and that intrinsically disordered
proteins (IDPs) or proteins with intrinsically disordered re-
gions (IDRs) often form biomolecular condensates via phase
separation (53-55), we now investigated whether the cyano-
bacterial protein has the potential to form condensates under
physiologically relevant conditions.

Biomolecular protein condensates are dynamic, liquid-
like droplets forming when a protein solution undergoes
phase separation, resulting in regions of high protein
concentration (the condensates) coexisting with regions of
low protein concentration. Protein condensates can be
described as viscoelastic, networked fluids that form via
phase separation of macromolecules coupled to percolation
(56,57). For most IDPs, the process of protein phase separa-
tion can be understood through the perspective of polymer
physics. If hydrophobic contributions are dominant, the
protein behavior can be understood as the result of a single
quantity: the solvent quality y, a measure of how favorably
polymer chains interact with the surrounding solvent. Sol-
vent quality is not an intrinsic property but is highly sensitive
to environmental conditions, such as salt concentration,
pH, temperature, and molecular crowding. For polymers,
including polypeptide chains, the minimal concentration
needed for phase separation, the critical saturation concentra-
tion Cgy, scales with the degree of polymerization N (i.e., the
number of monomeric units in the chain) as N 1’2, thus
longer chains exhibit lower c,, values. This model describes
well mostly neutral, low-complexity chains, as, e.g., found in



the well-studied protein FUS (58,59). Yet, in contrast to
a dominating hydrophobic contribution, the electrostatic
behavior of polyampholytes, i.e., polymers containing both
positively and negatively charged monomers, is much more
complex, particularly when the charge asymmetry is low.
In such quasineutral polyampholytes, long-range electrostatic
attractions between oppositely charged segments can domi-
nate over repulsive forces, leading to intramolecular or inter-
molecular association. However, unlike a purely hydrophobic
collapse, which typically results in compact globules, the
spatial arrangement and interactions of charged groups in
polyampholytes can give rise to nonuniform, heterogeneous
morphologies, such as pearl-necklace architectures (see
(60,61) and references therein). Moreover, the phase behavior
of polyampholyte solutions exhibits a hallmark feature
known as re-entrant phase separation with respect to salt
concentration. That is, phase separation does not occur at
very low or very high salt levels, but only at intermediate
salt concentrations, linked to competition between polyelec-
trolyte and polyampholyte behaviors (62).

We now observed that IM30 phase separates in vitro
under physiologically relevant salt and protein concentra-
tions, indicating a potential functional role of this process
in cells. Condensate formation is driven by IM30’s polyam-
pholyte character and is disrupted at both high and low
ionic strengths. We suggest that the condensates act in vivo
as transient hubs, concentrating IM30 monomers at defined
intracellular sites without the need for energy-dependent
disassembly of preformed oligomers. In fact, in living
cyanobacterial cells IM30 forms puncta structures when
cells are salt-stressed, which links the condensates that
form in vitro with the protein’s in vivo behavior. Thus, phase
separation potentially represents an early, key step in IM30-
mediated stress response, linking protein condensation to
the dynamics of cyanobacterial and chloroplast inner mem-
brane systems.

MATERIAL AND METHODS

Cloning, expression, and purification of IM30
variants for in vitro studies

Construction of the plasmids used to express the genes coding for Syne-
chocystis sp. PCC 6803 im30 and im30* has been described previously
(33,34). In contrast to the wild-type (WT) protein, IM30* contains six
mutations: E83A, E84A, F168A, E169A, R170A, and M171A. For
IM30_mVenus, a Gly-Ser linker of seven amino acids was added after
the IM30 WT C-terminus before the mVenus fluorescence tag, which
has previously been shown to result in a functional fusion protein (47).
The sequences of all the plasmids were confirmed by sequencing (Euro-
fins, Ebersberg, Germany).

For the in vitro analyses, the protein variants were expressed in E. coli
BL21 (DE3) grown overnight in LB medium at 37°C. Cells were harvested
by centrifugation (3000 x g, 4°C), resuspended in buffer (300 mM NacCl,
20 mM imidazole, 50 mM phosphate [pH 7.6]) and lysed by sonication
at 4°C. Cell debris was removed by centrifugation (12,000 x g, 4°C),
and proteins bound to a Ni-NTA column were washed with increasing
amounts of imidazole (20, 50, or 100 mM). His-tagged proteins were finally

Salt-induced IM30 condensates

eluted with a buffer containing 500 mM imidazole. The buffer was
exchanged to 10 mM phosphate, 10 mM HEPES (pH 7.6) using PD-10 col-
umns or dialysis, and the proteins were concentrated using centrifugal
filters (Merck, Darmstadt, Germany) with a molecular weight cut-off
of 30 kDa for IM30 and IM30-mVenus, and 10 kDa for IM30* and
IM30*-mVenus, respectively. Protein concentrations were determined
with a Bradford assay using bovine serum albumin (BSA) as a standard
for the calibration curve, and the proteins were frozen in liquid nitrogen
and stored at —20°C until use. To validate the purity of aliquoted protein
samples, proteins (1 ug/lane) were separated on a 12% SDS-PAGE gel
and stained after electrophoresis with Coomassie brilliant blue R250.

Circular dichroism spectroscopy

Urea-induced alterations in the secondary structure of IM30 were moni-
tored via circular dichroism (CD) spectroscopy. For each data point, a
protein solution at a concentration of 0.1 mg mL~' was preincubated
for 30 min at 20°C in 10 mM HEPES buffer (pH 7.6) containing the indi-
cated urea concentration. CD spectra were then recorded at 20°C using a
JASCO J-1500 spectropolarimeter (JASCO, Tokyo, Japan), scanning the
wavelength range from 190 to 250 nm with a step size of 1 nm, a scan
rate of 100 nm minfl, and a slit width set to 1 nm. Each condition was
measured at least three times independently, and the reported spectra
correspond to the average of these replicates.

Turbidity measurements and phase diagrams

Turbidity measurements were performed in 384-well plates (Cellvis, Moun-
tain View, CA) using an Omega plate reader (BMG LABTECH, Ortenberg,
Germany). Protein samples (60 pL) with the specified concentrations were
prepared in either phosphate buffer (10 mM phosphate, 10 mM HEPES [pH
7.6]) or PEG/NaCl buffer (20 mM HEPES [pH 7.6], 10% [w/v] PEG-8000,
NaCl as indicated) at the indicated urea concentrations. To ensure well-
mixed and rapidly equilibrated protein solutions, the proteins were pre-
mixed with 4 M urea if applicable. The premixed protein was then added
to the respective buffer to reach the final composition for the experiment.
Fifty microliters were transferred to a 384-well plate and incubated for
5 min at room temperature, in which phase separation was completed. Sub-
sequently, the turbidity was measured as the absorbance value at 350 nm at
room temperature. Data from three independent turbidity measurements
were combined to visualize condensate-forming conditions in the phase di-
agram. Here, onset of phase separation was defined to occur at an absorp-
tion of 0.13, and strong phase separation above twice that value, namely
0.26.

Differential interference contrast and
fluorescence microscopy of condensates

Samples were prepared as described above for the turbidity measurements
and imaged after 15 min incubation time using an Axio Observer.Z1 (Carl
Zeiss, Jena, Germany) equipped with a 63x oil objective in differential
interference contrast (DIC) mode, 500 ms acquisition time, and 4.5-
5.5 V lamp voltage. In the case of fluorescently labeled crowders, 12.5
#M (1 mol% in case of 10% PEG-8000) Cy5-PEG (Biopharma PEG Scien-
tific, Watertown, MA) was added to the PEG mixture for condensate forma-
tion. Fluorescence images were acquired using 3 ms acquisition time, 20%
power of a 630 nm LED light source for the Cy5 channel and 5 ms acqui-
sition time, 20% power of a 475 nm LED light source for the mVenus
channel. The images were evaluated using FIJI software (63) by automati-
cally adjusting the brightness of the DIC and fluorescence images.

For fluorescence recovery after photobleaching (FRAP) experiments,
sample chambers were assembled by lining two stripes of double-sided
tape on a glass slide and covering it with a cover slide to form the chamber.
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Samples were prepared as described above for the turbidity measurements,
with 90% unlabeled and 10% of the respective mVenus-labeled proteins.
FRAP experiments were performed on a Leica SP5 confocal microscope
using a 488 nm laser and 63 objective at 1% laser power for imaging.
The sample was allowed to equilibrate inside the chamber for 15 min after
mixing, and the regions of interest were selected for full-bleaching of the
condensates. Image size was 41.33 x 41.33 ym with 128 x 128 pixels to
enable fast frame rates of 0.06 s. Regions of interest (ROIs) were defined
in the software to mark individual condensate areas for bleaching. The
time series was set to 30 s of prebleach acquisition, followed by 100% laser
power bleach pulses for 10 frames (0.6 s) and 10 min of postbleach acqui-
sition. The FRAP experiments were evaluated using FIJI software (63) by
selecting and measuring the mean intensity over time in ROIs for the back-
ground, control condensate, and condensates that were bleached by the
bleach pulse. For each experiment, the background signal was subtracted,
and the control condensate was used to correct for unwanted photobleach-
ing. Normalized intensities were calculated using the following equation:

I — Lyinpos .
I’wrm _ min,post with

Imax,pre = Aminpost

I * CWIIJX
Im(u‘, pre — max( c - bg )

I * Cpyay
Imin. post — min <— — bg) and
) c

Crax, pre — max (C - bg)

where pre and post refer to pre- and postbleach time points being used for
evaluation of extrema, and bg and c are the mean intensities of ROIs from
the background and the control condensate, respectively.

FRAP data were analyzed using ImageJ (64). The normalized fluores-
cence intensities were fitted with a 2D diffusion model with a fixed bound-
ary condition (65). The resulting recovery curve was described by the
equation:

Lom = B x (1-¢™)

where B is the mobile fraction and 7 is the characteristic recovery time
constant. The half-time of recovery (¢,,), i.e., the time it takes for fluores-
cence to recover to half its maximum, was then calculated as:

t1/2 = 111(2) X T.

Assuming a uniform radius of the bleached area (r), the diffusion coeffi-
cient D was calculated based on the equation derived by Soumpasis (66),
which relates #,, to D by:

D = 0224 x (I /)

Since the bleached area (rz) was different for different experiments,
for each individual experiment the diffusion coefficient was calculated
from the fitted recovery time constant. Finally, the average and SD were
calculated.

Corse-grained molecular dynamics simulations

All residues were modeled using the CALVADOS-2 force field, where
each amino acid is represented as a single bead, and the system is treated
with implicit solvent (67). The initial configuration for the simulations
was generated using HOOBAS (68). The electrostatic screening parameter
in force field was explicitly tuned by varying the inverse Debye length (k)
from 0.04 t0 0.3 A~!, corresponding to experimental salt concentrations up
to 1000 mM.
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Simulations were performed using HOOMD-Blue (69,70) in a slab ge-
ometry with dimensions of 3000 x 250 x 250 A3, containing 216 protein
chains. The system was evolved in the canonical (NVT) ensemble for 5 ps
using Langevin dynamics. The integration time step was set to At =0.01 <,
7 is the unit of time, corresponding to 10 fs. A total of 5000 snapshots were
generated, with the first 500 snapshots discarded to allow for equilibration.

The density profile was extracted using a convolution-based method. In
phase-separated systems, where the position of the interface fluctuates
along the x axis, each profile was centered by aligning the dense phase
at x = 0. This centering was achieved by defining a concentration autocor-
relation function and shifting the profiles to maximize their overlap with a
reference autocorrelation function, following the method described by Jung
and Yethiraj (71).

The centered density profiles were then fitted using a symmetric hyper-
bolic tangent (tanh) function:

P(x) = pay + 0.5 % (Pgey — pan) * (tanh((x +T — xo) / w)

— tanh((x — T — x0) /w))

where pgy; and pge, are the dilute and dense volume fraction, 7 is the half-
thickness of the protein slab, and w is the interface width. This method per-
forms well for strongly phase-separated systems but becomes less reliable
near the critical point, where the density contrast diminishes. As such, a fit
was considered valid only if the coefficient of determination (R?) exceeded
0.70, in which case the system was classified as phase-separated (two-
phase) state. Otherwise, the system was identified as mixed (one-phase)
state. Exact phase boundaries are therefore subject to noise in the profile.
Results were further confirmed by visual inspection.

Simulations were performed for 10 values of the screening parameter «,
covering temperatures from 200 to 235 K for the IM30 system and from 200
to 245 K for the IM30* system. The results are presented in the main text.
Simulation data handling, and workflow management were handled by sig-
nac and signac-flow (72-74).

In vivo localization of fluorescently labeled IM30

The construction of Synechocystis sp. PCC 6803 cells stably expressing
mVenus-tagged IM30 upon induction was described recently (75). For
analyzes, the Synechocystis cultures were maintained in a shaker at 30°C
under continuous, low-intensity white light (30 ymol photons m2sh
in BG11 medium (76). Before the analyses, the cells were diluted to an
optical density of about 1 at 750 nm, and gene expression was induced
by adding 0.1 mg/mL L-rhamnose. Following a 1-day incubation period,
the cells were visualized with a Zeiss Axio Observer.Z1 microscope (Zeiss,
Oberkochen, Germany) equipped with a Zeiss ApoTome.2 to remove
out-of-focus light, featuring a 63x/1.4 oil immersion objective. For
image acquisition, cells were immobilized on 2% agarose. The mVenus
was excited at 450-490 nm and imaged at 500-550 nm. Images were
processed using the ZEN software (version 2.3.64.0) supplied by the
vendor. Salt-stressed Synechocystis cells were imaged upon incubating
the IM30-mVenus expressing Synechocystis cells for 15 min in BG11 me-
dium containing 0.5 or 1 M NaCl.

RESULTS

NaCl-induced formation of IM30* condensates in
crowded environments

Diverse cellular constraints can trigger and modulate the
formation of biomolecular condensate in vivo and in vitro,
including molecular crowding and ionic strength (77,78).
Often, IDPs or proteins containing IDRs are involved in
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FIGURE 1 The structure of IM30(*). (A) Sche-

matic representation of the full-length IM30(*)
protein with a-helical regions (a0-a6) indicated.
Only in an oligomeric assembly, helices a0 and
od-a6 are structured. In monomeric IM30, these
regions are disordered. The position of amino
acids mutated in IM30* are indicated by yellow
boxes. In (B) the structure of monomeric IM30
extracted from an oligomeric barrel assembly

(PDB: 703Y) is shown. Note that the structures
of the regions following helix a5 were not solved.

(C) Multiple IM30 monomers oligomerize to form planar ring structures (shown). Six to seven of such rings stack to form the barrel structures observed in
the cryoelectron microscopy analyses. A conserved interaction between helix a4 of one ring layer with helix a3 of a stacking layer crucially stabilizes the
oligomeric assembly. In IM30* the four residues (‘*FERM'"") are replaced by Ala, which retains the a-helix-forming propensity of this region (44).

phase separation resulting in the formation of condensates
(53-55). As a large part of monomeric IM30 is ID
(33,44), we aimed at analyzing whether the protein has
the potential to phase separate and form biomolecular con-
densates, which might be linked to the puncta structures
observed in vivo, in stressed Synechocystis cells.

Under standard (nonstress) growth conditions, IM30 is
evenly distributed throughout the cyanobacterial cytoplasm,
likely reflecting its monomeric or small oligomeric state.
However, the purified protein has a strong propensity to
spontaneously assemble into large homo-oligomeric struc-
tures in vitro, a process accompanied by the folding of at
least helices a0 and a4-a5 (44). While cellular chaperones
are known to disassemble larger IM30 oligomers in vivo
(79), an engineered variant, IM30*, offers a valuable
in vitro model for the monomerized state.

In IM30%*, a critical intersubunit interaction is disrupted,
preventing the formation of large oligomers (33,44,80)
(Fig. 1C). Importantly, the intrinsic helical propensity of
individual regions within the oligomeric structure remains
unchanged by the mutations, confirming that IM30* effec-
tively recapitulates the disassembled, monomeric state of
IM30 (44).

To investigate whether the IDR-containing protein IM30
phase separates and forms condensates under physiologi-
cally relevant conditions, particularly in relation to the
puncta formation observed in vivo (46,47,51), we first
analyzed phase separation of IM30* at physiological ionic
strength (100 mM NaCl) and a pH of 7.6, the cytoplasmic
pH of cyanobacteria measured when cells were grown at
neutral pH (81). However, under these conditions, IM30*
did not phase separate (Fig. 2A). Yet, the cytoplasm of a
cell is a highly crowded environment filled with macromol-
ecules that occupy 20-30% of the cell volume (82). Crowd-
ing has been recognized as an important factor crucial for
the formation of biomolecular condensates (83,84), and to
mimic the crowding conditions observed within a cell,
in vitro studies typically utilize macromolecular crowding
agents, such as polyethylene glycol (PEG). In fact, in the
presence of 10% PEG as crowding agent, IM30* formed
condensates already at low ionic strength (>25 mM NaCl,
Fig. 2, A and B). Our turbidity data collected in the presence

of 10% PEG, 100 mM NaCl, and with increasing protein
concentrations suggest a saturation concentration in the
lower uM range for NaCl-induced phase separation
(Fig. 2, C and D). While we observed condensate formation
already at concentrations below 10% (Fig. S1), 10% PEG
appears to provide a crowding level that gives measurable
effects for several phase-separating proteins even without
completely mimicking the dense cellular interior (83).
Thus, we used 10% PEG in our experiments to allow for
standardized comparisons across different proteins.

The phase diagram assembled from multiple measure-
ments (Fig. 2 D) is reminiscent of a middle salt phase sep-
aration (85). Here, the term middle salt does not refer to
a defined salt concentration, but rather to a nonmonotonic
dependence of phase separation on the salt concentration,
where condensate formation is observed only within an
intermediate salt regime and suppressed at both low and
high ionic strengths. At salt concentrations below 10 mM,
no increase in turbidity was observed at any tested protein
concentration, suggesting that a minimal concentration of
1025 mM NaCl is required to induce condensates
(Fig. 2, B and D). Increasing the NaCl concentration above
this critical concentration first resulted in condensate forma-
tion, whereas further increasing the salt concentration
resulted in disassembly of these structures, as observed
above 100 mM at 4 and 8 yM IM30* (Fig. 2, B and D).
Thus, there are both a lower and an upper critical NaCl con-
centration for condensate formation, typical for middle salt
phase separation, as further discussed below.

In summary, the formation of IM30* condensates appears
to depend on a combination of (at least) the presence of
NaCl and crowding. IM30* forms condensates in vitro at
physiologically relevant salt concentrations, and deviations
from near-physiological concentrations negatively affect
the propensity for condensate formation.

Coarse-grained simulations recapitulate the
experimentally determined phase diagram

To elucidate the origin of the observed phase separation, we
next turned to coarse-grained molecular dynamics (CG MD)
simulations. Specifically, we used the CALVADOS force

Biophysical Journal 125, 1081-1094, February 17, 2026 1085



Quarta et al.

A + PEG + NaCl + PEG + NaCl FIGURE 2 Salt-induced in vitro formation of
IM30* condensates. (A) DIC microscopy images
of 32 yM IM30* in the absence or presence of
100 mM NaCl and 10% PEG. Only when both
100 mM NaCl and 10% PEG were present, conden-
sate formation was observed. Scale bars, 10 pm.
(B) Turbidity of an 8 M IM30* solution measured
in the presence of 10% PEG and increasing NaCl
concentrations. (C) Turbidity of a solution with a

B 16! c 00!0 00 B m m constant NaCl concentration of 100 mM and 10%

| 1.5 50010 O O © m =m PEG determined at increasing IM30* concentra-

1.2 > 250 |0 LB oW W tions. Error bars in (B) and (C) represent SD

5 | -E; 1.0 g 128 E - E : : : (n = 3 biological replicates). (D) Phase diagram

'g 0-87 { -g G2 00 C 0 mm of IM30* at various NaCl and protein concentra-

= 04l =05 g 1070 0O 0O 0O O = tions in the presence of 10% PEG. All measure-

- 510 0 0 0 0 O ments were performed using 20 mM HEPES
0.0 = EE | O e buffer (pH 7.6). At a turbidity above 0.13, conden-
0 10 50 250 1000 0 5 10 2550100 0 2 4 8 16 32 sates became observable via DIC; thus, this value

S N;5C| [:I?K/I] 500 IM30* [UM] IM30* [uM] was set as the lower limit for condensate formation

field (67) in a slab geometry, and an overall protein concen-
tration of 50 yM. Charge interactions are treated through
screened electrostatics, which allows us to tune the salt
concentration by varying the Debye length. With an average
(mean-field) hydrophobicity of <y> = 0.38, the protein
is considered to be in a favorable solvent environment at
300 K. Consequently, we did not observe phase separation,
in line with the experiments.

In experiments, molecular crowders such as PEG promote
protein condensation by reducing the availability of solvent,
which makes it effectively less favorable for polymers to
remain dissolved. While PEG can influence electrostatic
screening in real systems, its dominant physical effect,
macromolecular crowding, is primarily entropic and equiv-
alent to worsening the solvent quality. In CG simulations
of polymer systems, the solvent quality is typically tuned
via a single effective parameter, most commonly the tem-
perature, which controls the balance between energetic
(attractive) and entropic (dispersive) forces. A lower tem-
perature here corresponds to poorer solvent conditions
enhancing self-association, even in the absence of explicit
crowders. Thus, we model the effect of PEG by reducing
the simulation temperature.

For IM30%*, phase separation was observed at 240 K and
below (Fig. 3 B), whereas for (monomeric) IM30 WT it
occurred at 230 K and below (Fig. 3 C). This temperature
is slightly below the 6 temperature, i.e., the condition under
which the solvent is just sufficient to maintain the polymer
chain in an ideal, unperturbed conformation, corresponding
to a scaled interaction strength of TN'/* &~ —2.4. At this
point, the solvent quality is only marginally poor, meaning
that hydrophobic interactions alone are too weak to drive
phase separation (see Fig. S2). Phase separation is only
observed at intermediate salt concentrations, as in the
experiments, indicating that the polyampholyte character
of IM30 is crucial. Noteworthy, the phase diagrams for
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(gray). Values >0.26 were defined as significant
condensate formation (black).

IM30 WT and IM30* are highly similar, suggesting that
the overall phase separation propensity is not strongly
affected by the mutations.

The observed phase behavior aligns well with established
theoretical frameworks for polyampholytes, where quasi-
neutral polyampholytes can undergo phase separation due
to attractive electrostatic interactions between oppositely
charged segments, especially when the net charge is low
but the total charge density is high (62). Thus, the phase
behavior of polyampholyte solutions depends critically on
the balance between electrostatic charge correlations arising
from the spatial arrangement and interactions of charged
groups and entropic contributions from chain conformations
and counterion release, as also quantified by recent experi-
mentally validated predictors of phase separation, which
quantify how the spatial arrangement of charges along a
polyampholyte chain influences the phase separation pro-
pensity (86,87). If the temperature is further reduced
to 210 K in our simulations, hydrophobic interactions are
sufficient to drive phase separation on their own, with
N2 ~ —4.2, if a minimal salt concentration is provided
to shield the polyelectrolyte nature of IM30*. Consequently,
the transition ceases to be re-entrant.

Nature and dynamics of IM30* condensates

Next, we studied the dynamic features of the formed IM30*
condensates via following the FRAP of single condensates.
IM30* condensates were formed and characterized at pH
7.6 in the presence of 100 mM NaCl and 10% PEG. In
the FRAP experiments (Fig. 4, A and B), the IM30* conden-
sates showed an incomplete recovery after 10 min, yet, the
condensates were still able to recover approximately 60%
of their fluorescence signal (Fig. 4 B) and partially wet the
bottom glass surface (Fig. 4 C). From the recovery curves
(Fig. 4 B) we were able to calculate the time it took for
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the fluorescence intensity to recover to half of its final value,
i.e., the recovery half-time (¢;,,), which was approximately
96.1 = 43.5 s, as well as a diffusion coefficient D of
0.0089 = 0.0029 um?/s.

Upon an initial formation of liquid spherical condensates,
such structures transition to more gel-like assemblies in
some cases (83,88,89). While some condensates undergo
this transition as part of their physiological function, in
other cases, changes in fluidity can indicate impaired func-
tion, finally leading to the formation of toxic aggregates
(90-93). The here observed reduced mobile fraction inside
the IM30* condensates suggests that the NaCl/PEG-induced
IM30* condensates rapidly transitioned toward a less-
mobile state.

In experiments, molecular crowders such as PEG are used
to promote phase separation not via a direct chemical inter-
action but by reducing the availability of the solvent, which
makes it less favorable for proteins to remain dissolved. Yet,
while PEG is a crowding agent commonly used for studying
in vitro condensate formation, the crowder itself has been
shown to induce phase separation of proteins in some cases
(83,94-96). In fact, it is possible that crowding agents spe-
cifically interact with proteins instead of providing a neutral
environment that supports condensate formation. If PEG in-
teracts with the protein, we would expect the crowder to co-
localize with the protein within the formed condensates. In
contrast, if condensate formation displaces the crowder, it is
expected to localize preferentially in the solution. Favored
incorporation, exclusion, or neutral partitioning of crowding
agents can be tested via fluorescence microscopy using
a fluorescently labeled crowder (94,97). We here used
Cy5-labeled PEG to check preferential partitioning of
PEG into condensates. As a control, we first examined
two distinct systems undergoing phase separation (Fig. 5,
C-F): in the PEG/dextran system, dextran-rich condensates
preferentially incorporate PEG due to attractive interac-
tions, whereas, in the PEG/BSA system, PEG is excluded
from BSA-rich condensates, due to repulsive interactions.

Salt concentration [mM]

In contrast, PEG/NaCl-induced IM30* condensates contain-
ing 10% PEG did not show pronounced crowder incorpora-
tion or exclusion through attractive or repulsive interactions
between IM30 and PEG, respectively (Fig. 5, A and B). This
supports the suitability of PEG as a neutral crowding agent
in our experiments.

Consequently, condensate formation induced by the
addition of NaCl plus PEG was triggered by the crowded
environment rather than by direct chemical interactions of
IM30* with PEG, in line with the simulations.

Formation of IM30 condensates requires barrel
disassembly

In contrast to IM30*, IM30 WT monomers establish
multiple intermolecular contacts in solution resulting in
the formation of large homo-oligomeric barrel structures
(12,20,21). Furthermore, individual IM30 barrels can
stick to each other, stack, and even form extended rods
(12,34,37,98,99). The large size of IM30 barrel and/or rod
structures inherently causes an increased light scattering,
which explains the significant difference in (baseline)
turbidity observed between IM30 and IM30* at pH 7.6
(Fig. 6 B). When comparing the turbidity of the IM30 and
IM30* solutions in the absence vs. presence of NaCl/PEG,
we observed a significant increase in turbidity for both,
indicating the formation or larger assemblies (Fig. 6 B).
Consequently, larger structures formed when protein-pro-
tein interactions were promoted by crowding conditions,
in particular if the protein solubility was reduced by
lowering repulsive electrostatic interactions at intermediate
ionic strengths (Fig. 6 B). However, turbidity measurements
alone cannot distinguish between the formation of conden-
sates, i.e., reversible, fluid-like, spherical droplets formed
via liquid-liquid phase separation, and the formation of
aggregates, i.e., irreversible, solid-like assemblies typically
arising from protein misfolding and aberrant interactions of
damaged or misfolded proteins.

Biophysical Journal 725, 1081-1094, February 17, 2026 1087



Quarta et al.

A
pre-bleach

1.0 |
0.8 |
0.6
04 |
0.2 |
0.0 |

[0
O
C
[0
O
0
0]
—
o

=

T

[0

(14

0 200 400 600
Time [s]

Yet, these structures are distinguishable via DIC micro-
scopy (Fig. 6 A). In fact, while IM30* formed spherical
condensates in the presence of NaCl and PEG, the WT pro-
tein formed large irregular aggregates.

To determine whether the homo-oligomeric IM30 barrel
structure hinders the formation of condensates, we next de-
stabilized IM30 barrels by adding 3 M urea and compared
condensate formation of IM30 and IM30* under otherwise
identical conditions (Fig. 6, A and B). At this urea concen-
tration, homo-oligomeric IM30 supercomplexes are largely
disassembled exposing the unstructured region of IM30
while the al-a3 helical hairpin region remains structured
(Fig. S3) (44). In the sole presence of 3 M urea, IM30 did
not form higher-ordered oligomers, aggregates, or conden-
sates, visible as a decrease in turbidity (Fig. 6, A and B),
in line with recent observations (44). However, when
NaCl plus PEG were added to urea-destabilized proteins,
the formation of larger assemblies was observed for both
IM30 WT and IM30%*, visible as an increase in turbidity
(Fig. 5 B). When these assemblies were analyzed via DIC
microscopy, the formation of condensates was confirmed
for both proteins (Fig. 6 A). Thus, the structure of the
IM30 barrels indeed appears to inhibit the formation of
condensates and triggers the formation of aggregates under
conditions where IM30* readily forms condensates (Fig. 2).

However, while addition of urea promotes condensate
formation in the case of IM30 WT, for IM30* a different
effect was observed (Fig. 6 B): the extent of condensate
formation was reduced by 3 M urea (Fig. 6, A and B), visible
as a decreased turbidity compared with the NaCl/PEG-only
sample. Thus, urea dissolved the IM30 WT aggregates,
which formed in the absence of urea, resulting in partial
monomer unfolding (44) and thereby enabling the formation
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1 min

10 min FIGURE 4 Structure and dynamics of IM30*

condensates. (A) FRAP experiments: fluorescence
microscopy images of a fully bleached (white
arrow) and a nonbleached (gray arrow) NaCl/
PEG-induced IM30* condensate before and after
the bleach pulse. Nonbleached condensates were
used as controls to correct for acquisition bleach-
ing. Scale bar: 2 ym. (B) Normalized fluorescence
intensity measured in FRAP experiments with
IM30* condensates. Error bars represent SD (n =
3 biological replicates [N = 6 condensates]). The
red line represents a fit to the normalized average
values. From similar fits to the individual FRAP
curves the #;, and D values were determined.
(C) Wetting of IM30* condensates on glass sur-
faces. Exemplary DIC image showing wetting of
bottom glass surface by IM30* condensates after
prolonged incubation time. White arrows indicate
some condensates that attached to the glass slide
and wet the surface. Condensates were formed in
10 mM HEPES at pH 7.6, in the presence of
100 mM NaCl and 10% PEG. Scale bar: 10 ym.

of biomolecular condensates when PEG and NaCl were
present (Fig. 6, A and B). However, condensates formed
by IM30* are destabilized by urea. As IM30 and IM30*
formed condensates under conditions where IM30 no longer
assembled into large homo-oligomers, the interactions
driving condensate formation are likely identical for IM30
and IM30*.

Taken together, our data clearly show that the formation
of IM30 condensates depends on a combination of NaCl,
crowding, plus the oligomeric state (and potentially other
factors).

In vivo formation of IM30 puncta in salt-stressed
Synechocystis cells

The formation of puncta has previously been observed
when living Synechocystis cells were light stressed (47).
Here, we now demonstrate that IM30 can undergo phase
separation and forms biomolecular condensates in a
crowded environment at moderately elevated NaCl con-
centrations. To test whether IM30 also assembles into
puncta in vivo in salt-stressed Synechocystis cells, we
next examined IM30-mVenus-expressing cells exposed to
an increased extracellular NaCl concentration.

In standard BG11 growth medium, the intracellular Na*t
concentration is ~30 mM (100,101). When the external
NaCl concentration is raised, intracellular Na™ can rise to
roughly 10-20% of the external level. For example, supple-
mentation with 684 mM NaCl yields an intracellular Na™*
concentration of ~215 mM in Synechocystis (100,101).
Accordingly, we incubated IM30-mVenus-expressing Syne-
chocystis cells in BG11 supplemented with 0.5 M or 1 M
NaCl, respectively, for 15 min and subsequently visualized
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FIGURE 5 Fluorescence microscopy of IM30* condensates in the presence of a fluorescently labeled crowding agent. (A and B) 32 uM IM30*/IM30%*-
mVenus (9:1), 10% PEG, 1 mol% Cy5-PEG, 100 mM NaCl, and 20 mM HEPES (pH 7.6). (C and D) PEG/dextran condensates (control) and (E and F) PEG/
BSA condensates (control) each with the same total concentration of Cy5-PEG as in (A) and (B). (A, C, and E) DIC image (left); mVenus channel (middle),
and Cy5 channel (right). (B, D, and F) Fluorescence signal profiles along the white lines shown in the corresponding images; exemplary images and line
profile are shown for a set of n = 3 experiments. Scale bars, 10 gm. While in the PEG/dextran system (C and D), PEG is specifically concentrated in
condensates, the crowder is excluded in case of condensates forming in the PEG/BSA system (E and F).

the cells by fluorescence microscopy (Fig. 7). Under control
conditions (no added NaCl), IM30 was uniformly distrib-
uted throughout the cyanobacterial cytoplasm. At 0.5 M
NaCl, occasional discrete puncta became apparent, and at
1 M NaCl robust puncta formation was clearly evident.
Thus, in addition to light stress, salt stress, typically accom-
panied by osmotic stress, can also induce the formation of
intracellular IM30 puncta in living Synechocystis cells.

DISCUSSION

IM30 forms condensates in vitro at
physiologically relevant conditions

IM30 is localized in the cyanobacterial cytoplasm or chlo-
roplast stroma, respectively, where it is either soluble or
attached to internal membranes (34,47,51,102). In mono-
meric IM30, about 50% of the protein is intrinsically disor-

dered (44), and we here analyzed whether this highly
disordered protein is capable of condensate formation, as
often observed for IDPs or proteins containing IDRs. The
pH within the cytoplasm of cyanobacteria has been esti-
mated to be around 7.6, when the cells are grown at neutral
pH (81), and because of this all of our analyses were
performed at this pH. When the crowded environment of
the cell was mimicked by the addition of 10% PEG, we
observed the formation of condensates at physiologically
relevant NaCl concentrations when IM30%*, the monomeric
IM30 variant, was analyzed (Fig. 2).

However, in vitro, IM30 WT proteins tend to cluster
and form large aggregates instead of forming liquid-like
condensates under these conditions (Fig. 6), which seems
to contradict the assumption that the protein can and does
form condensates. The observation that IM30%*, which
cannot form homo-oligomeric barrels anymore, readily
forms condensates, indicated that the differences observed
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FIGURE 6 Formation of IM30 WT and IM30* aggregates/condensates. (A) DIC images of 32 uM IM30 WT or IM30* in the absence or presence of 10%
PEG, 100 mM NaCl, and/or 3 M urea, as indicated. Scale bars, 10 ym. (B) Column diagram showing the turbidity of solutions containing 32 uM IM30 (black)
or IM30* (red) monitored at varying conditions. Experiments were performed in phosphate buffer (pH 7.6) and changes in the buffer conditions are indicated
below the columns. All samples were analyzed via DIC microscopy at each specified condition to distinguish between the formation of aggregates and con-
densates. Columns in (B) with diagonal stripes indicate the formation of large, ill-defined aggregates, in contrast to the formation of defined spherical con-
densates. Aggregation was observed solely with the IM30 WT protein. Representative images and error bars representing standard deviations were obtained
from at least three biological replicates. Statistically significant increases in turbidity, calculated via a Welch’s ¢ test, are indicated with an asterisk, with

significance values: *p < 0.05, **p < 0.01, ***p < 0.001.

are related to the oligomeric state of IM30. In fact, urea-
destabilized IM30 WT does phase separate and forms con-
densates as IM30* (Fig. 6). The assumption that monomeric
IM30 WT behaves essentially like (monomeric) IM30%* is
further supported by the simulations (Fig. 3), which show
that the intrinsic propensity to form condensates is not
altered due to the mutations. Thus, disassembly of IM30
oligomers in a cellular environment, e.g., mediated by chap-
erones, could well enable the formation of IM30 conden-
sates. In fact, interaction of chloroplast and cyanobacterial
IM30 with Hsp70 chaperones has been shown (47,79) as
well as Hsp70-mediated disassembly of large IM30 oligo-
mers (79).

Generally, a protein concentration exceeding a critical
saturation concentration cg,, is required for condensate for-
mation (103,104). Our experimentally determined phase
diagrams indicate a cg, of ~4 M at a physiological relevant
NaCl concentration (Fig. 2D). While the exact cg, value is
modulated both in vitro and in vivo by various factors,
including temperature, ionic strength, and posttranslational
modifications, this value serves here as a reference point.

Based on a study investigating the in vivo abundance
of several proteins in Synechocystis, IM30 is present
at 40,500-45,000 copies per cell (105). Assuming that a
Synechocystis cell has an average diameter d of 1-2 ym
and a spherical shape, the IM30 concentration inside a
single Synechocystis cell is 128-143 uM for d = 1 ym
and 16-18 uM for d = 2 um. The estimated concentration
represents a lower limit, because a significant portion of
the cell volume is occupied by the TM system. Therefore,
the estimated in vivo concentration is significantly higher
than the saturation concentration of approximately 4 uM
determined in our in vitro analyses with IM30* (Fig. 3, D
and H) and is perfectly in line with the physiologically rele-

1090 Biophysical Journal 125, 1081-1094, February 17, 2026

vant range for the proposed in vivo formation of IM30
condensates. Noteworthy, even at concentrations as high
as 140 uM, IM30 still forms condensates, and condensate
formation still requires the presence of a crowded environ-
ment (Fig. S4).

Thus, IM30 forms condensates at physiologically rele-
vant NaCl and protein concentrations, and one can only
wonder why the protein does not always form condensates
in vivo. Likely, oligomer formation and/or interaction of
IM30 monomers with other factors hinder the formation
of condensates in unstressed cells.

The nature and characteristics of IM30
condensates

Our experimental and simulation results (Figs. 2 and 3)
clearly show that a lower critical salt concentration exists at
10-25 mM NaCl and that IM30* condensate formation is
mostly enhanced at a physiologically relevant concentration
of 100 mM NaCl. Since condensates still formed at NaCl
concentrations of 500 and 1000 mM (Fig. 2), it is likely
that the interactions driving condensate formation are not
entirely electrostatic in nature. If they were, we would expect
these high NaCl concentrations to have a significantly stron-
ger inhibitory effect on condensate formation, as observed
with other proteins (78,106). In fact, the experimentally
determined IM30* phase separation is characterized by a
re-entrant behavior, which likely arises from the competing
effects of electrostatic screening: at low salt, long-range re-
pulsions prevent coalescence, whereas at high salt, excessive
screening disrupts attractive electrostatic interactions neces-
sary for phase separation. Thus, phase separation peaks in a
“middle” window of salt concentration, reflecting a balance
between electrostatic screening (promoting re-entrance) and



Salt-induced IM30 condensates

FIGURE 7 IM30 puncta formation in salt-stressed Synechocystis cells. Synechocystis cells expressing mVenus-tagged IM30 were cultivated in (A) stan-
dard growth medium or (B and C) salt-stressed for 15 min. with medium containing (B) 0.5 M or (C) 1 M NaCl. Formation of puncta structures was already
observed at 0.5 M NaCl, yet, was clearly more pronounced at 1 M NaCl. Scale bars = 2 pm.

salting-out (opposing it). Our experimentally determined
phase diagram likely shows an overlap of these two effects,
as they correspond well to the area around 100 mM NaCl
with the lowest saturation concentrations and the area at
higher ionic strength with increased saturation concentration.
This assumption is also supported by our simulations, where
re-entrant phase separation was observed, e.g., at 220 K but
not at 210 K because lower temperature mimics poorer
solvent quality, favoring interactions even at high salt. The
simulation temperature here is an effective parameter repre-
senting the solvent quality, and lowering the temperature
mimics the addition of crowding agents or salting-out ions
in experiments. Of note, our CG simulations do not consider
salting-out effects, which further reduce solvent quality
at high salt and can suppress re-entrance. The agreement of
our simulation results and the experimental observations at
intermediate salt concentrations suggests that our simulations
capture the dominant electrostatic contribution, despite
simplifying other effects.

Implications of condensate formation for the IM30
in vivo function

As shown recently and here, the formation of membrane-
covering IM30 carpets, membrane internalization into
IM30 rings and/or rods, as well as condensate formation
require the disassembly of (preexisting) large IM30 homo-
oligomeric structures (12,33). In fact, the formation of
higher-order IM30 assemblies modulates membrane bind-
ing (80) as well as condensate formation (Fig. 6). Yet, inter-
action of IM30 with Hsp70 chaperones has been shown for
the proteins of Synechocystis and Chlamydomonas reinhard-
tii (47,79), and thus the activity of Hsp70, and potentially
other chaperones, likely controls the monomer-oligomer
equilibrium in vivo (79). It is expected that IM30 monomers,
ordered oligomers, and condensates coexist and are physio-
logically relevant in vivo, and that their respective concentra-
tions are regulated by interacting proteins.

Biomolecular condensates often emerge in response to
stress conditions, and may play a role in protecting cells
under stress (107,108). In fact, IM30 forms puncta in vivo
with a higher frequency in response to environmental stresses
that affect the stability of internal membranes (46,47,51). We
now show that the in vivo formation of IM30 puncta, which
potentially represent condensates, can also be induced by salt
stress (Fig. 7). The basal Synechocystis BG11 growth me-
dium contains approximately 20 mM NaCl. However, ana-
lyses across various cyanobacterial species have indicated
that internal Na™ concentrations can reach 10-20% of the
external levels (100). For example, when Synechocystis cells
were transferred from standard BG11 medium to media sup-
plemented with 342 or 684 mM NaCl, the intracellular Na™
concentrations rose from ~30 to ~70 and ~215 mM, respec-
tively (100,101). This salt-dependent increase in the intracel-
lular ionic strength likely promotes the formation of IM30
condensates, suggesting that the now in vitro observed phase
separation could serve as a regulatory mechanism for the
in vivo IM30 activity. In this context, IM30 may function
as a tunable sensor or responder to ionic perturbations,
typically coupled with osmotic stress. As IM30, a protein
involved in membrane remodeling, can form condensates un-
der physiologically relevant conditions (this study) and
puncta structures are observed in vivo under membrane stress
conditions, it is reasonable to assume a connection between
membrane stabilization/repair and IM30 condensate forma-
tion. The formation of IM30 condensates could facilitate
the localized and transient accumulation of multiple IM30
monomers in an unassembled state. This process is energeti-
cally beneficial, as it circumvents the energy expenditure
typically required to disassemble IM30 oligomers into their
monomeric form, necessary for the subsequent formation
of membrane-associated structures, such as surface-covering
(e.g., carpets, spirals) or membrane-internalizing, oligomeric
structures (e.g., barrels, rods) that have been observed previ-
ously (12,13,20-22,31-37). Nevertheless, the suggested
connection between IM30 condensates and membrane
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interaction and remodeling, as well as their broader physio-
logical significance, remains incompletely understood and re-
quires further investigation.
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