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Regulator of cell death-1 (RCD-1) governs the heteroallelic expression of RCD-
1-1 and RCD-1-2, a pair of fungal gasdermin (GSDM)-like proteins, which pre-
vent cytoplasmic mixing during allorecognition and safeguard against myco-
parasitism, genome exploitation, and deleterious cytoplasmic elements (e.g.,
senescence plasmids) by effecting a form of cytolytic cell death. However, the
underlying mechanisms by which RCD-1 acts on the cell membrane remain
elusive. Here, we demonstrate that RCD-1 binds acidic lipid membranes, forms
pores, and induces membrane bending. Using atomic force microscopy (AFM)

and AlphaFold, we show that RCD-1-1 and RCD-1-2 form heterodimers that
further self-assemble into -14.5 nm-wide transmembrane pores (-10 hetero-
dimers). Moreover, through AFM force spectroscopy and micropipette
aspiration, we reveal that RCD-1 proteins bend membranes with low bending
moduli. This combined action of pore formation and membrane deformation
may constitute a conserved mechanism within the broader GSDM family.

Gasdermins (GSDMs) and gasdermin-like proteins are a family of pore-
forming proteins responsible for pyroptosis, an inflammatory type of
programmed cell death, and have been widely identified and char-
acterized in mammals'”, early vertebrates®, invertebrate animals’, and
bacteria'®". A typical GSDM comprises a cytotoxic N-terminal domain,
which exposes intrinsic membrane pore-forming activity, and an
inhibitory C-terminal domain (in animals) or fragment (in bacteria),
which acts as an N-terminal repressor®®'?®, Upon activation by pro-
teolytic cleavage of the two components (typically, but not exclusively,
by an inflammatory caspase), the N-terminal domains assemble into
cyclic oligomers which form pores in the cell membrane, thereby
effecting cell death.

GSDMs are abundant and widespread in fungi”%°, with some
species encoding more than 20 GSDM homologs in their genomes',
While some fungal GSDMs follow the same route of proteolytic acti-
vation as their animal and bacterial cousins, regulator of cell death-1

(RCD-1) in the filamentous fungus Neurospora crassa (N. crassa) is
unusual. RCD-1 is regulated by the co-expression of alleles from the
two haplogroups RCD-1-1 and RCD-1-2, which encode sequences of 257
and 244 amino acids, respectively”%; cell death only occurs when both
proteins are present. Structurally, they strongly resemble the
N-terminal domains of human and murine GSDMs, and both lack an
inhibitory C-terminal domain. The mechanism of RCD-1 activation and
subsequent pore formation are not yet known.

The pore formation mechanisms and propagates of GSDMA3,
GSDMD and GSDMB have been investigated by various techniques
including cryo-electron microscopy (cryo-EM)*~, atomic force micro-
scopy (AFM)**%, and molecular dynamics simulations (MD)***, Com-
plexes formed by these proteins share a conserved pore structure
comprising anti-parallel B-barrels which are compactly aligned to form
the transmembrane region**?*?’. Monomers first assemble into arc-
shaped oligomers on the membrane surface which then, in some
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order, (1) grow into slit-shaped or ring-shaped oligomers and (2) insert
their B-hairpins into the membrane® >,

Here, we apply AFM to investigate the activation and oligomer-
ization of RCD-1. To further understand the interactions of RCD-1 and
lipids, we characterize RCD-1 binding, insertion, and oligomerization
with 54 different lipid compositions. By using AFM with high spatial
resolution and Alphafold, we illustrate that RCD-1-1 and RCD-1-2 co-
activate by forming a heterodimer. Using time-lapse AFM, we reveal
the mechanisms of RCD-1 assembly and pore formation. Our images
show that RCD-1 assembles into arc- and slit-shaped oligomers, which
form dynamic structures that transform into larger, thermo-
dynamically stable ring-shaped oligomers. Finally, we observe that
RCD-1 induces lipid membrane deformation beyond pore formation,
which s controlled by RCD-1 density and membrane bending modulus.

Results

RCD-1-1/RCD-1-2 heterodimer is the basic unit of RCD-1
oligomers

In mammalian GSMDs, pore formation requires the assembly of acti-
vated N-terminal domains into ring- or slit-shaped oligomers, whose
parallel B-hairpins insert into the membrane. Since (1) no proteolytic
activation step has been observed in RCD-1 and (2) no pore formation
occurs when only RCD-1-1 or RCD-1-2 is present, we hypothesize that
RCD-1 pore complexes comprise both RCD-1-1and RCD-1-2 monomers.

We used AlphaFold2-multimer and AlphaFold3 to predict the
structures of RCD-1-1 homodimer, RCD-1-2 homodimer, and RCD-1-1/
RCD-1-2 heterodimer (Fig. S1, S2). Both homodimers are predicted to
assemble into symmetric complexes with non-parallel B-hairpins. On
the other hand, the 3-hairpins in the asymmetric heterodimer complex
arrange in a parallel fashion, producing a structure more like a mam-
malian GSDM dimer and better disposed to simultaneous membrane
insertion.

To test these predictions, we incubated RCD-1-1, RCD-1-2, and
mixture of them on mica for 5min (Fig. 1a(i)(ii)(iii)). AFM imaging
revealed numerous small oligomers on the surfaces in all instances,
indicating that both homo- and heterocomplexes can form. Notably,
while larger oligomers form in a mixture of the two proteins
(Fig. 1a(iii)), there are no arcs, slits, or rings.

Experiments with model membranes reveal a different picture.
We prepared supported lipid bilayers (SLBs) of E. coli total lipid on a
freshly cleaved mica surface in a buffer solution (see “Materials and
Methods”). For all the SLBs used in this work, we confirmed by AFM
imaging that the bilayers were defect-free and covered the mica
surface uniformly (Fig. S3b). We then incubated the SLB with 250 nM
RCD-1 (RCD-1-1 and/or RCD-1-2) for 5min at room temperature
(Fig. 1a(iv-vi)). After rinsing with buffer solution, we imaged the SLBs
with AFM in either tapping mode or peak-force tapping mode. AFM
images of SLBs containing only one of RCD-1-1 or RCD-1-2 showed no
signs of protein aggregation, suggesting that individual proteins of
either type lack the capacity to interact with the membrane, or the
interaction too weak to anchor proteins in a fixed position on the
membrane during scanning (Fig. 1a(iv)(v)).

By contrast, 1:1 mixtures of RCD-1-1 and RCD-1-2 formed arc-, slit-
and ring-shaped oligomers (Fig. 1a(vi)). Oligomers in the pore and pre-
pore states were indistinguishable by height and mobility (Figs. 1b, c).
Following previous reports on GSDMs***?, we categorize RCD-1 pre-
pores as including both membrane-attached mobile oligomers, and
membrane-inserted oligomers in the plugged pre-pore state, in which
the inner membrane has not yet been released. RCD-1 pores consist of
membrane-inserted oligomers that form open transmembrane pores
with inner membrane released. Negative-stained transmission electron
microscopy (TEM) results corroborate the pore structures (Fig. S4a).
The number of oligomers increased in proportion with concentration
(Fig. S4b). Ring oligomers dominate the population (91.6 +1.7% of
oligomers) with only small numbers of arcs (3.2+1.0%) and slits

(5.2+1.3%, Fig. 1d) observed. The upper protrusion (top ring) dia-
meters of pre-pore and pore structures vary widely from 5.2 to0 27.7 nm,
measuring 14.5+3.2nm on average (n=1582), smaller than those
observed in GSDMD (23.1+ 0.7 nm)* or GSDMA3 (26.3 +2.2 nm)*.

We detect both immobile (n=1282) and mobile (n=300) rings
(Fig. 1e). We infer that mobile rings are adsorbed to but not inserted
into the membrane, much like the pre-pore state reported for GSDMD
and GSDMA3**?2, While mobile rings exhibit similar heights to immo-
bile rings (2.9 + 0.3 nm for mobile rings vs. 3.1+ 0.3 nm for immobile
rings; Fig. 1e(i)), their diameters are significantly smaller (10.1+1.6 nm
vs. 15.6 £ 2.5 nm; Fig. le(ii)). This difference may be due to differing
numbers of monomers, or to different monomer spacings in an oli-
gomer; further structural characterisations with higher spatial resolu-
tion could address this question.

To investigate the compositions of the oligomers, we conducted
further experiments with various concentration ratios of RCD-1-1 and
RCD-1-2, with individual concentrations ranging from 250 nM to 1 uM
(Fig. 1f(i)-(v)). In these experiments, the lower concentration compo-
nent was consistently maintained at 250 nM. Structures of oligomersin
arc-, slit- and ring-shape formed in all cases (Fig. 1f(i)-(v)). The surface
coverage remained consistently around 8.6% across all tested ratios,
with values of 8.6+0.6%, 8.7+0.7%, 8.6+0.5%, 8.7+0.6% and
8.6 +0.5% observed in conditions of Fig. 1f(i)-(v), respectively
(Fig. 1f(vi)), indicating that the degree of oligomerization governed is
by the component present at a lower concentration. The results sug-
gest arc-, slit- and ring-shaped oligomers comprise a 1:1 ratio of the two
proteins, and, based on the Alphafold predictions, formed from
heterodimers.

We then used high spatial-resolution AFM to characterize the ring
pores formed by RCD-1. We successfully determined subunit struc-
tures (Fig. 1g, Fig. S5). Using this information, we determined the
number of component dimers in ring-shaped structures formed in the
lipid membrane. The perimeter of ring-shaped oligomers ranges from
16.2 to 87.1nm, with an average of 45.8+9.9 nm (n=1582), corre-
sponding to the count of RCD-1 dimers varies from 3 to 17 with an
average of 9 +2 (Fig. 1h). Among the ring-shaped oligomers, the peri-
meters of immobile rings range from 31.4 to 87.1 nm with average of
49.0 +7.7 nm, corresponding to 6 to 17 dimers with average of 10 +2
(Fig. 1h). In contrast, the perimeters of mobile rings range from 16.2 to
46.9 nm with average of 31.9 £ 5.2 nm, corresponding to 3 to 9 dimers
with average of 6 +1 (Fig. 1h). Compared to immobile rings, mobile
rings are approximately 4 dimers smaller, which suggests that they
may represent an intermediate state of RCD-1 ring-shaped pores,
which could undergo further assembly and transformation to form
final, larger pore structures.

Additionally, during the submission of our paper, the RCD-1 pore
structure was resolved (Fig. 1g, upper right, Fig. S5)*, showing that the
RCD-1 pore is composed of 11 RCD-1-1/RCD-1-2 heterodimers, which
falls into the range we observe for immobile rings (10 + 2 dimers). Our
high spatial-resolution topography also detected rings consisting of 5
dimers (Fig. 1g, Fig. S5d). Although we could not confirm whether these
structures represent a pre-pore or pore state, they are consistent with
the AlphaFold3-predicted RCD-1 pore structures composed of 5 RCD-1-
1/RCD-1-2 heterodimers (Fig. 1g, bottom right, Fig. S5). This suggests
that RCD-1 may form very small pores comprising only 5 heterodimers.

Our investigations suggest that RCD-1-1/RCD-1-2 heterodimer is
the basic unit of RCD-1 oligomers. However, due the formation of
homo-oligomers on mica (Fig. 1a), we cannot rule out the possibility
that homodimers play some role in RCD-1 pore formation.

Real-time imaging of RCD-1 oligomerization and pore formation
Time-lapse AFM imaging of a 1: 1 mixture of RCD-1 proteins with con-
centration 125nM, on an E. coli total extract SLB reveals two distinct
pore assembly processes. In one pathway, mobile oligomers grow into
larger arcs and slits, eventually forming mobile rings (Fig. 2a). This pre-
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Fig. 1| RCD-1-1/RCD-1-2 heterodimers assemble into oligomers and pores.

a AFM topographies showing oligomerization of RCD-1-1, RCD-1-2, and their mix-
tures on mica (i-iii) and E. coli total lipid membranes (iv-vi). Experimental repeats:
i-v, n=3; vi, n=20. b Representative (i) arc-, (ii) slit-, and (iii) ring-shaped oligomers
observed in prepore and pore states, with height profiles marked by red lines
(experimental repeats, n = 20). Black dashed lines indicate the SLB surface. ¢ Mobile
RCD-1 rings visualized on lipid membranes, with blue arrows tracing representative
trajectories (experimental repeats, n =20). d Quantification of arc-, slit-, and ring-
shaped oligomers across five independent experiments reveals a predominance of
ring structures (Mean = SEM). e Height (i) and diameter (ii) distributions of
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immobile and mobile rings, fitted with Gaussian curves to determine the mean + std
value. f AFM imaging of RCD-1 oligomers on SLBs with varying RCD-1-1:RCD-1-2
ratios (i-v, 1uM:250 nM to 250 nM:1 uM). (vi) Surface coverage remains consistent
(-8.6%). Data are presented as mean values + SEM from 5 independent experiments.
g High-resolution AFM topography of RCD-1 oligomers on SLBs composed of
DOPE: CL(6: 4). Highlighted oligomers (green/orange) contain 11 and 5 hetero-
dimers, respectively, corresponding to cryo-EM and AlphaFold3-predicted pore
structures. h Distribution of ring perimeters and dimer counts: immobile rings
average 49.0 + 7.7 nm (10 + 2 dimers, mean + SD), mobile rings average

31.9 +5.2nm (6 =1 dimers).

pore state may persist for tens of minutes (Fig. 2b) before eventual
membrane insertion and lipid expulsion. In the alternative assembly
pathway, short oligomers of as few as two RCD-1 dimers insert into the
membrane, thus becoming immobile (Fig. 2c). Upon growing to
around six dimers in size, pore formation and lipid release occurs.
These immobile assemblies may continue to oligomerize, resulting in
the formation of ring-shaped pores (Fig. 2c).

RCD-1 oligomers lead to membrane bending

Lipid compositions have been reported to play a critical role in GSDM
oligomerization?*>**?°, Here, we investigate RCD-1 oligomerization
with various lipids compositions. No oligomer was observed when co-
incubation of 250 nM RCD-1-1 and 250 nM RCD-1-2 on mica SLBs made
by neutral lipids (pure DOPC or 1: 1 DOPC: DOPE) (Fig. S6). On SLBs
comprising DOPC and DOPS at mass ratios 6: 4 and 8: 2, co-incubation
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Fig. 2 | Time-lapse topographs showing RCD-1 oligomerization and pore for-
mation. a Time lapse topographies showing the high mobility of RCD-1 oligomers
during oligomerization, with data collected by incubation of 125 nM RCD-1-1 and
125nM RCD-1-2 on E. coli total SLB (experimental repeats, n=3). The cartoons
underneath to indicate the interpretation of growing oligomers. The yellow arrows
indicate the same oligomers, the green arrow represents the scanning direction of
AFM imaging. b The mobile rings transform into pores, with data collected by

incubation of 500 nM RCD-1-1 and 500 nM RCD-1-2 on E. coli total SLB. The yellow
arrowheads indicate the same oligomers (experimental repeats, n = 3). ¢ Time-lapse
topographs showing immobile RCD-1 oligomerization and pore formation, with
data collected by incubation of 125 nM RCD-1-1 and 125 nM RCD-1-2 on E. coli total
SLB (experimental repeats, n = 3). The bottom panels show the height profile along
the green dashed line. The yellow arrows indicate the same oligomers. The cartoons
indicate the interpretation of growing pores.

of RCD-1-1 and RCD-1-2 not only results in the formation of arcs, slits,
and ring-shaped oligomers, but also induces membrane bending—an
effect not previously reported in studies of other GSDMs (Fig. 3a(i)(ii),
Fig. 4, Fig. S7-S8). Bent membranes exhibit a variety of shapes, ranging
from small, sphere-like structures to large, irregular, flat forms
(Fig. 3a(i)(ii), Fig. 4, Fig. S7-S9). Whether a sphere-like or flat defect is
observed depends to some extent on the magnitude of the imaging
force; when using larger forces, the defects appear to be flatter
(Fig. S7). To minimize parachuting artifacts that can produce long tails,
we typically employ imaging forces ranging from 40 to 80 pN. The
bent membranes are all some -5nm higher in elevation than the
unperturbed membrane, and rougher, due to the accumulation of
small particles on their surfaces (Fig. 3a). Ring-shaped oligomers tend
to localize at the edges of the defect, with their ring planes making a
non-zero angle with the mica substrate (Figs. 3a, 4c), indicating
membrane bending. Membrane defects, bordered by multiple end-to-
end connected RCD-1 arcs, were observed to localize within the bent
membrane (Fig. S8b, d).

RCD-1 pore formation and membrane deformation still occur
upon substituting DOPS with other negatively charged lipids (we

tried DOPG, cardiolipin (CL), phosphatidylinositol (PI), and phos-
phatidic acid (PA); Fig. S10-16). DOPG, in compositions DOPC: DOPE:
DOPG=6: 2: 2 or 5: 3: 2, leads to comparable results to those with
lipids containing PS (Fig. 3a (iii), Fig. S10, S11). Additionally, numer-
ous small particles were observed on the surface of the bent mem-
brane (Fig. 3a (iii), Fig. S11). The sizes of these particles are
approximately 3 nmin height and ~5.5 nm in width, indicative of RCD-
1 dimers (Fig. 3a (iv) (v)). Thus, we speculate that membrane bending
is induced by the interaction with RCD-1 dimers.

RCD-1 also induces bending in giant unilamellar vesicles
(GUVs). Using confocal fluorescence microscopy, we imaged
fluorescently labeled GUVs with composition DOPC: DOPS: [Liss
rhod PE(18:1)] = (8: 2: 0.005) in a solution with 1 uM FITC-dextran.
Within 4.3 s of exposure to 500 nM RCD-1, the spherical GUV had
developed a cone-like protrusion with a locally decreased con-
centration of PE (Fig. 3b). This observation suggests that RCD-1
affects local membrane composition in addition to membrane
curvature.

To estimate the bending moment exerted by RCD-1 on the GUV,
we employed micropipette aspiration to measure the bending
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Fig. 3 | Membrane bending induced by RCD-1. a Bent membranes of DOPC:
DOPS = 6: 4 or DOPC: DOPS = 8: 2 ranging from small, sphere-like structures (i) to
large, irregular, and flat forms (ii) (i-ii, experimental repeats, n=10). (iii) High-
resolution AFM image of the bent membrane of DOPC: DOPE: DOPG = 5: 3: 2, with
small particles on the surface (A, B, C, D) (experimental repeats, n = 3). The particles
occur at heights of 3.0 nm (n=24) (iv) and are 5.6 + 0.5nm (mean = SD, n=24) in
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width (v). The right panels show the height profile along the dashed line. b Confocal
fluorescence microscope images of GUV local membrane bending upon addition of
RCD-1. The GUV composition is DOPC: DOPS: Liss rhod PE(18:1) = 8: 2: 0.005. Green
represents FITC (dextran) in the solution and red represents 18:1 Liss rhod PE of
GUV (experimental repeats, n=3).

modulus of the GUVs (Fig. S17). The curvature of a surface can be
characterized by the average curvature (I/R; + 1/R,), where R; and R,
are the principal radii of curvature measured along two perpendicular
directions®. For a spherical surface, R; = R,. The bending moment M of
the curved membrane can be calculated using the formula:

M=k (1/R,+1/R;) 1)

where k. is the bending modulus. The method for calculating the
bending modulus of GUVs follows previous studies®**. The measure-
ments yielded a bending modulus of 18.1+1.2 kT for the GUVs formed
by DOPC: DOPS = 8: 2, the same components used in Fig. 3b. The ori-
ginal radius of the GUV R is approximately 46 pum, while the radius of
the membrane bending region induced by RCD-1 Rg is about 15 pum
(Fig. 3b). The change in curvature during this process is (1/Rg - 1/Rg).
Therefore, the bending moment exerted by RCD-1 on the GUV Mgcp.
can be calculated by Mgcp.; = k. x (1/ Rg - 1/Rg)*°, resulting in a value of
approximately 0.8 kgT/pm.

In situ imaging of membrane bending

Time-lapse AFM reveals that membrane bending begins at lipid defects
stabilised by RCD-1 oligomers, whether in the form of arcs, rings, or
multiple end-to-end connected oligomers (Fig. 4a). Upon further
addition of 250nM RCD-1 (RCD-1-1 and RCD-1-2) monomers, bent

membranes expand along the edges of defects, growing and merging
with one another until they cover the entire screen area (Fig. 4a). Later
removing the monomers causes membrane bending to cease, with
some of the bent areas reverting to their original SLB state (Fig. 4b).
Notably, RCD-1 oligomers on the bent membrane remained mobile,
and new RCD-1 ring structures formed at the edges of the bent mem-
branes (Fig. 4c). This suggests the RCD-1 oligomers that mediate
membrane bending may remain in an intermediate oligomeric state,
which could further assembly into more stable ring structures through
diffusion to the edges of bent membranes and interaction with
smooth SLBs.

A two-step membrane bending was observed upon introducing
alow concentration of RCD-1 to the bent area. As depicted in Fig. 5,
50 nM RCD-1 were introduced to replace the pre-incubated 250 nM
RCD-1 on lipid membrane of DOPC: DOPS = 8: 2 at 10 min. Initially,
expansions of the bent area were observed with a height increase
~2 nm, followed by a subsequent height increase to a final height of
4 to 5nm, accompanied by a reduction in the size of the bent area.
We refer the initial 2 nm height increase as the intermediate state of
membrane bending, corresponding to lower RCD-1 dimer density
(Fig. 5a, yellow circles). The subsequent further height increase is
attributed to the condensation of RCD-1 dimers. The results indi-
cate RCD-1 concentration plays an important role in membrane
bending.
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Fig. 4 | AFM characteristics of membrane bending. a Time lapse topographies
showing the process of RCD-1-induced membrane bending, with data collected by
incubation of 250 nM RCD-1-1 and 250 nM RCD-1-2 on DOPC: DOPS = 6: 4. The blue,
white and green arrowheads indicate the membrane bending initiated from pores
of arc, ring and end-to-end connected oligomers. The percentage of bent mem-
brane areas shows 5.8%, 7.4%, 10.0%, 26.5%, 36.9%, and 99.4% at times of 10,17, 32,
54, 61 and 85 min, respectively (experimental repeats, n=>5). b Time lapse
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topographies showing that some of the bent areas (partial highlighted by white
circular pattern) reverting to their original SLB state upon removing the monomers
at 10 min. The percentage of bent membrane areas shows 91.0%, 87.1%, 82.6%, and
78.8% at times of 10, 125, 173 and 240 min, respectively (experimental repeats,
n=3). ¢ New RCD-1 ring structures formed at the edges of the bent membranes
upon removing the monomers at 30 min (experimental repeats, n=>5).

159 ‘min

Fig. 5 | Time-lapse AFM reveals a two-step membrane bending process at low
concentration of RCD-1. a Membrane bending underwent curvature expansion at
first, followed by an increase in curvature accompanied by a reduction in the size of
bent area (experimental repeats, n = 5). Specifically, 250 nM RCD-1 was co-incubated
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Fig. 6 | Membrane stiffness measurement by AFM force spectroscopy and
micropipette aspiration. AFM topographs of RCD-1 incubated with various lipid
membranes of DOPC: DOPS = 8: 2 (a) (a, experimental repeats, n=10), DOPC:
DOPE: DOPS = 6: 2: 2 (b), DOPC: DOPE: DOPS =5: 3: 2 (c), PC(22:1): DOPS =8: 2 (d),
DOPC: DOPE: DOPA = 6: 2: 2 (e), DOPC: DOPE: PA(18:0) = 6: 2: 2 (f). b—-f Experimental
repeats, n=3. g lllustration of how force spectroscopy was used to measure
membrane rigidity. h Bending moduli of the six lipid compositions, measured by
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AFM force spectroscopy (black) and micropipette aspiration (red). Symbols a-f
represent the lipid components of (a-f). The AFM force spectroscopy experiments
included n=73, 51, 55, 62, 59, and 56 force curves for a-f, respectively. For micro-
pipette aspiration experiments, n=10, 10,9, 9, 9, and 10 GUVs for a-f, respectively.
In box plot visualizations, the central line represents the median, while the bottom
and top edges of the box denote the 25th and 75th percentiles, respectively.

Membrane rigidity plays a significant role in membrane bending
The extent of bending is also sensitive to membrane composition. For
example, after incubating 250 nM of RCD-1-1 and RCD-1-2 on a (DOPC:
DOPE: DOPS) = (8: 0: 2) membrane for 5min, ~24% of the membrane
bends (Fig. 6a). Substituting a quarter of the DOPC with DOPE (6: 2: 2
DOPC: DOPE: DOPS) reduces the extent of bending by a factor of eight
(Fig. 6b), while further increasing the weight fraction of DOPE (5: 3: 2
DOPC: DOPE: DOPS) eliminates bending altogether (Fig. 6c, Fig. S9).
Ring-shaped pores still form in all cases. We see similar results for
other acidic lipids: for weight fractions (DOPC: DOPE: DOPG) = (2: 6: 2),
(DOPC: DOPE: Heart CL) = (2: 6: 2), and (DOPC: DOPE: DOPI) = (4: 4: 2),
almost no bending is observed; reducing the (DOPE: DOPC) ratio
recovers the bending phenomenon (Fig. S10, S12, S13, Supplementary
Table 1). Since PE is known to increase membrane rigidity* ¢, we
hypothesized that a membrane composed of stiffer lipids would also
exhibit less bending; using the stiffer saturated PA(18:0) instead of
unsaturated DOPA(18:1) in a (6: 2: 2) mixture of (DOPC: DOPE: PA)
preserves pore formation but inhibits bending, suggesting that mem-
brane rigidity does indeed determine the extent of membrane bending
(Fig. 6e, f).

To quantify our hypothesis that membrane rigidity deter-
mines the degree of membrane bending, we measured the bending
moduli of some of the SLBs used in this work with AFM force
spectroscopy, using the AFM tip to press and penetrate the SLBs
(Fig. 6g, “Materials and Methods”)*’%. The results revealed that

the bending modulus of DOPC: DOPS=8: 2 was 11.1+4.9 kgT,
whereas DOPC: DOPE: DOPS = 6: 2: 2 exhibited a higher modulus of
15.0 + 5.5 kgT (Fig. 6h). Upon increasing the PE component to 30%
with DOPC: DOPE: DOPS =5: 3: 2, the bending modulus rose to
18.3 £ 5.0 kgT (Fig. 6h). Under this condition, pore structures were
observed, while membrane bending was almost absent.

Interestingly, when incubating with a thicker lipid membrane of
(PC (22:1): DOPS) = (8: 2), we see a decrease in both pore formation and
membrane bending compared to DOPC: DOPS = (8: 2) (Fig. 63, d). The
bending modulus increased -3 kgT to 14.4 + 6.3 kgT compared with
(DOPC: DOPS) =(8: 2), which can explain the decrease in membrane
bending (Fig. 6h). The results also suggest that the pore formation of
RCD-1 is related to membrane thickness in addition to membrane
acidity.

We also measured the bending moduli of GUVs with identical lipid
compositions using micropipette aspiration by applying suction
pressure to them (Fig. 6h, Fig. S17, “Materials and Methods”)***. The
values obtained from AFM and micropipette aspiration are qualita-
tively similar, although the average bending moduli measured by AFM
were generally lower than those from micropipette aspiration (Fig. 6h).
One possible explanation is that the GUV measurements using
micropipette aspiration were conducted in a solution of 80% 100 mM
sucrose and 20% 100 mM glucose, whereas our AFM measurements
were performed in a salt buffer (20 mM HEPES-NaOH, pH 7.4, 150 mM
NaCl). Numerous studies have shown that the bending modulus of
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Fig. 7| RCD-1 oligomerization in fungal membranes. AFM topographies of RCD-1
incubated with various different fungal membranes: model fungal cell membrane-
DOPC: DOPE: DOPA: DOPS: CL(18:1) = 30: 28: 20: 4: 18 (a) (weight ratio); model
fungal mitochondrial membrane-DOPC: DOPE: DOPA: DOPIL: DOPS: CL(18:1):
DOPG = 37: 43: 1: 8: 4: 6: 1(b); model fungal mitochondrial outer membrane-DOPC:
DOPE: DOPA: DOPI: DOPS: CL(18:1): DOPG =40: 36: 4: 9: 5: 5: 1(c); model fungal
mitochondrial inner membrane-DOPC: DOPE: DOPA: DOPI: DOPS: CL(18:1):

DOPG =32:30: 1: 5: 5: 25: 2(d); model modified fungal cell membrane- DOPC: DOPE:
PA(18:0): DOPS: CL(18:1) = 30: 28: 20: 4:18(e); model modified fungal mitochondrial
inner membrane- DOPC: DOPE: DOPA: DOPI: DOPS: Heart CL(18:2): DOPG = 32: 30:
1: 5:5: 25: 2(f) (a-f, experimental repeats, n = 3). Membrane bending occurred in the
model fungal cell membrane (a) and model fungal mitochondrial inner membrane
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(d). Change the PA from 18:1 to 18:0 for artificial fungal cell membrane, bending
disappeared in model modified fungal cell membrane (e). Change the CL from 18:1
to 18:2 (Heart CL), more bending occurred in the model modified fungal mito-
chondrial inner membrane (f). g Bending moduli of the fungal membranes, mea-
sured by AFM force spectroscopy (black) and micropipette aspiration (red).
Symbols a-f represent the lipid components of (a-f), while symbol g represents the
yeast extract polar lipid. The AFM force spectroscopy experiments included n =37,
38, 44, 41, 47, 31, and 37 force curves for a-g, respectively. For micropipette
aspiration experiments, n=9, 9, 10, 10, 9, 10, and 9 GUVs for a-g, respectively. In
box plot visualizations, the central line represents the median, while the bottom
and top edges of the box denote the 25th and 75th percentiles, respectively.

acidic lipid membranes decreases with increasing salt ion
concentration®**°. Given that all lipid compositions we consider con-
tain an acidic lipid, this effect may account for the difference in
bending moduli measured by the two techniques. However, both AFM
and micropipette aspiration measurements consistently demonstrate
that membrane rigidity significantly impacts the degree of membrane
bending.

Pore-formation and membrane bending with fungal membranes
To gain deeper insights into the functions of RCD-1 in fungi, we
modeled fungal cell membranes (DOPC: DOPE: DOPA: DOPS:
CL(18:1) =30: 28: 20: 4: 18) and mitochondrial membranes using pre-
viously reported components*~° (see “Materials and Methods”). Pore
formation is evident in all our models (Fig. 7a-d), but we only see
extensive bending in our model of a fungal cell membrane (Fig. 7a),
suggesting that membrane bending has a particular biological rele-
vance to pyroptotic-like cell death in fungal cells. As before, increasing
the saturation of PA by substituting PA(18:0) for PA(18:1), leads to less
bending in the cell membrane model (Fig. 7a, e). Some bending occurs
on the mitochondrial inner membrane (Fig. 7d), substituting doubly
unsaturated for monounsaturated CL in this model predictably
increases the extent of bending (Fig. 7f). Both force-spectroscopy and
micropipette aspiration measurements indicate that the model fungal
cell membrane (Fig. 7a) and the model modified fungal mitochondrial
inner membrane (Fig. 7f) exhibit lower bending moduli compared to
the other model membranes (Fig. 7g). These findings support the
conclusion that RCD-1-induced membrane bending occurs specifically
in soft membranes.

Additionally, we investigated RCD-1 with a real fungal cell mem-
brane: the yeast extract polar membrane. As shown in Fig. S18, mem-
brane bending also occurred when RCD-1 was co-incubated with this
membrane. AFM and micropipette aspiration measurements indicate
that the yeast extract polar membrane has a bending modulus close to
the values observed for the model fungal cell membrane and the
model modified fungal mitochondrial inner membrane (Fig. 7g). This
result aligns with our findings from artificial lipid membranes, rein-
forcing the robustness of our conclusions.

Discussion

Daskalov et al. found that co-incubation with RCD-1 proteins leads to
the disintegration of acidic liposomes'®. Most importantly, RCD-1 also
controls a rapid lytic cell death in N. crassa, which was the main reason
and phenotype used to identify the gene'®, Based on this behavior,
and a strong homology to the cytotoxic N-terminal domains of human
and murine GSDMs, the authors identified RCD-1-1 and RCD-1-2 as
gasdermin-like proteins™. However, they found no direct evidence of
oligomerization to form membrane pores, despite finding that the
proteins form aggregates.

Here, we find that, on SLBs containing acidic lipids (PS, PG, CL, PI
or PA), RCD-1 does form pore structures like those formed by other
GSDMs, and via a similar mechanism: either by growing an oligomer
from a dimer already inserted in the membrane, or by forming an
oligomer which adsorbs to the membrane and subsequently inserts
(Fig. 8). Furthermore, we observe that pore formation on acidic SLBs
only occurs when both proteins are present. Our Alphafold calcula-
tions predict that only the heterodimer adopts a conformation
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Fig. 8 | Model of RCD-1 pore formation and bending membrane. (i) RCD-1-1 and
RCD-1-2 coactivated to form heterodimers. (ii-iv) These dimers oligomerize into
mobile arc-, slit- and ring-shaped mobile structures before penetration into the
membrane to initiate pore formation. (v-vi) The dimers oligomerize into immobile
arc-, slit- and ring-shaped oligomers which have penetrated the membrane and
continue assembling until a stable pore is formed. (vii) Membrane bending occurs
when dimers bind to a membrane with low bending modulus, particularly in areas
with membrane defects or pores.

homologous to GSDM dimers, which, along with our extensive stoi-
chiometric studies, suggests the heterodimer as the smallest building
block of RCD-1 pores.

While we do not observe membrane disintegration, we do find
that, unlike other GSDMs, incubation with RCD-1 leads to small mem-
brane bubbles and detachment of the membrane from the mica sub-
strate, observed as an increase in membrane elevation ~ 5 nm. We find
stiffer membranes are less affected by this distortion, with no distor-
tion occurring in membranes with a bending modulus above ~18.3 kgT
(Fig. 8), implying that RCD-1-induced membrane bending has a role in
the formation of both kinds of defect. In addition to the bending
modulus, the curvature of membrane bending is also related to the
number of proteins bound per unit area. When the bending modulus is
constant, the greater the number of proteins bound per unit area, the
more pronounced the membrane bending (Fig. 5). These factors may
be responsible for the liposome disintegration observed by Daskalov
etal.; in particular, the RCD-1 concentration used in that work (-3 uM) is
more than ten times that used here. Extensive bending is also observed
on membranes designed to mimic fungal cell membranes and on
natural yeast extract polar membranes, suggesting that the bending
phenomenon may have some biological function. We suggest that in
fungal pyroptosis, RCD-1 not only forms pores in the cell membrane
but may also act to pull the membrane away from the cell wall,
undermining the structural integrity of the cell and causing cell death.
In reality, both processes will depend on the concentration of RCD-1
proteins in the cell, as well as the specific interactions between the cell
membrane and cell wall.

In summary, we not only observed the structure of the oligomers
formed by RCD-1in SLBs, but also demonstrated that these oligomers
primarily consist of heterodimers of RCD-1-1 and RCD-1-2. In addition,
we observed membrane bending phenomena that were not previously
reported in studies of gasdermin proteins with SLBs. We have found
that the bending modulus of SLBs plays a crucial role in regulating the
interaction between RCD-1 protein and lipid bilayers. This implies that
we can potentially modulate the impact of RCD-1 protein on mem-
brane behavior by manipulating the composition of cell membranes.
Although it remains unclear whether other GSDMs exhibit similar

effects on lipid bilayers, these findings provide a potential strategy for
modulating cellular pyroptosis.

Methods

Protein expression and purification

The recombinant RCD-1-1 and RCD-1-2 proteins were separately
expressed in E. coli BL21 (DE3). After lysis of the bacteria, supernatants
were subjected to Ni**-affinity chromatography. RCD-1-1 proteins were
then purified by HiTrap SP cation-exchange and then Superdex G75
gel-filtration chromatography, while the RCD-1-2 proteins were pur-
ified by HiTrap Q anion-exchange and subsequently Superdex G75 gel-
filtration chromatography. Proteins were stored at -80 °C in 20 mM
Tris-HCI, 150 mM NaCl, pH 8.

Preparation of supported lipid bilayers (SLBs)

The method for SLBs formation was detailed in our previous studies
and followed a standardized procedure®®®’, In brief, the lipids
obtained from Avanti Polar Lipids were dissolved in chloroform,
mixed with designed components. All the lipid compositions used in
this work showed with mass ratio. The mixture was then dried using
argon flow in a small glass vial, followed by >2h incubation in a
vacuum desiccator. Subsequently, lipids were fully rehydrated with
buffer (20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl) for 5 min at room
temperature, with the volume adjusted to achieve a lipid solution at
0.5mg/ml. Next, the lipid suspension was either bath-sonicated for
45 min or tip sonicated for ~4 min to obtain clear liposome solution.
Finally, 10 ul of lipid solution was deposited onto a freshly cleaved
2.2 mm diameter mica disc, incubated for over 60 min to form fully
covered SLBs and rinsed thoroughly with buffer (20 mM HEPES-
NaOH, pH 7.4, 150 mM NaCl). Before incubation with RCD-1, SLBs
were checked by AFM to ensure that they were defect-free and
completely covered the surface. Only the SLBs with no defects were
applied.

AFM image

Except for the specific protein concentration and incubation time
mentioned, ex-situ samples were prepared by incubating 250 nM
RCD-1 (RCD-1-1, RCD-1-2, or a mixture of both) on SLBs or mica for
5 min, followed by thoroughly rinsing with 20 mM HEPES-NaOH, pH
7.4, 150 mM NaCl. Time-lapse AFM images of Fig. 2 were recorded
using a mixture of 125 nM RCD-1-1 and 125 nM RCD-1-2 on E. coli total
lipids. Time-lapse AFM images of Fig. 4 were recorded using a mix-
ture of 250nM RCD-1-1 and 250 nM RCD-1-2 on SLBs of DOPC:
DOPS =6: 4. AFM images (512 x 512 pixels) were acquired using a
Nanoscope 8 (Bruker) in tapping mode or Peakforce QNM mode in
buffer of 20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl with tips of
either SNL-10-B (Spring constant: 0.12 N/m, oscillation frequency:
2.5~3.5kHz) or Scanasyst-Fluid+ (Spring constant: 0.7 N/m, peak-
force frequency: 2kHz) at room temperature. Scanning force was
kept <80 pN to prevent sample perturbation. The scanning rate was
set 1~2 lines/s. Date was analysed using Nanoscope software. High
spatial resolution images were collected at 512 x 512 pixels and a scan
speed of 2 Hz over a 150 nm range. Linear flattening and 3 x 3 median
filtering were applied to reduce noise.

Negative-stain electron microscopy

For negative-stain TEM, a mixture of 5 pl 10 pM RCD-1-1and 5 pl 10 pM
RCD-1-2 were incubated with 0.5 pl 1 mg/ml E. coli total liposomes at
room temperature for 30 min. Subsequently, 1.5 pl of the mixture was
dropped onto a glow-discharged copper grid coated with parlodion
and carbon and left for 10 min at room temperature. The grid was then
washed with 10 droplets of distilled water, followed by staining with
7ul 1 % uranyl acetate for 10s and blotting dry with filter paper.
Negative-stained images were collected using JEOL2100 microscope
with 200 kV.
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AFM force-spectroscopy

Membrane rigidity was measured by force spectroscopy with tip of
Scanasyst-Fluid+ (spring constant: 0.7 N/m). To avoid damaging of the
tip, the calibration procedures were performed at the end of force-
spectroscopy experiment. To reduce the influence of the tip shape and
substrate on the force curves acquisition and calculation, only the data
from the region where the indentation depth does not exceed 1nm
were used for analysis and computation. For each measurement, over
50 positions with 10 curves per position were measured.

Calculate the bending modulus k.
The bending modulus &, of a film can be calculated by the formula as it
is reported:

ER®

ke=a- 2)

(03

where £ is the Young's modulus, f is the thickness of the membrane,
and v is the Poisson’s ratio®”®,

And the Young’s modulus can be calculated by the Hertz model
form force-indentation curve with a correction of bottom-effect arti-
fact proposed by Garcia®*:
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where F is the force, R is the radius of indenter, and & is the
indentation depth.

Fluorescence imaging of giant unilamellar vesicles (GUVs)
GUVs with composition of DOPC: DOPS: Liss rhod PE(18:1) = 8:2: 0.005
(Avanti Polar Lipids, Inc.) were produced via electroformation using
the Vesicle Prep Pro (Nanion Technologies)®*. In brief, 10 pl 2 mg/ml
lipid mixtures in chloroform were deposited within an 18 mm O-ring
chamber mounted on an indium tin oxide (ITO) electrode and placed
in vacuum chamber for 2 hours. Subsequently, the O-ring chamber was
filled with about 250 pl 300 mM sucrose solution (shielded from light
with aluminum foil), and the Vesicle Prep Pro machine was operated
using a standardized protocol (37 °C, 8 Hz, 1.1V, 45 min Rise, 60 min
Main, 45 min Fall). The resultant GUVs were stored in small glass bot-
tle at 4 °C.

Before the addition of RCD-1 proteins, 90 ul mixed liquid (con-
taining 80 ul GUVs with a composition of DOPC: DOPS: Liss rhod
PE(18:1) = 8: 2: 0.005 in sucrose, 10 pl of 10 uM FITC-dextran (Sigma-
Aldrich)) was dispensed on the glass-bottom dish. 10 pl 5 uM RCD-1
(RCD-1-1: RCD-1-2 =1:1) was then introduced to the mixed solution. The
GUVs were imaged with a confocal fluorescence microscope (FV3000,
Olympus) and processed with Fiji (ImageJ).

Micropipette aspiration measurement of the bending mod-
ulus k,

Using a glass micropipette controlled by a micromanipulator (Inject-
Man 4, Eppendorf), we followed the previously reported methods for
measuring the bending modulus of GUVs™ *, Simply, a single GUV was
firstly held at the micropipette tip for ~2 minutes with slight suction
pressure (-1Pa in our experiments) to eliminate excess hidden mem-
brane area and reduce thermal undulation effects. Subsequently, the
pressure was gradually increased to ~-300 Pa in ~5Pa increments. To
observe larger deformations, suction was sometimes further increased
in 50 Pa increments, up to 1000 Pa.

The isotropic membrane tension () induced upon aspiration is
related to the applied suction pressure (AP) by:

AP R,
R “4)
2(1-%)
where R, and R, are the pipette and vesicle radii, respectively.
The aspiration length (AL) increases with AP and is related to the

T=

observed apparent area strain (a,,,,) as follows:
AL|(Rp/R))* = (Rp/R))?
o M _2mRAL ( Ry _ [(Re/Ry)* = (Rp/Ry)’] 5)
WAy A R, 2R,

where A is the initial membrane area at low tension, and A is the area
after pressurization®>*
The bending modulus k. can be determined by following equa-

tion:
T 8k
n—= ( °>a 6
T kgT app (6)

where k; is the Boltzmann constant, T is the absolute temperature, and
1o is the reference tension. The bending modulus &, is determined by
plotting [n(t) vs a4y, at bending regime and taking the product of the
slope with k,T/8m* . Fig. S17 illustrates the measurement and cal-
culation process for a GUV with composition of DOPC: DOPS =8: 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
authors upon request. The values from all bar graphs displayed in this
manuscript as well as uncropped scans of all AFM images are supplied
in the Source Data file. The cryo-EM structure of RCD-1 pore comprised
by 11 dimers can be accessed by PDB under accession number
8JYZ. Source data are provided with this paper.

References

1. Brogz, P., Pelegrin, P. & Shao, F. The gasdermins, a protein family
executing cell death and inflammation. Nat. Rev. Immunol. 20,
143-157 (2020).

2. Ding, J. et al. Pore-forming activity and structural autoinhibition of
the gasdermin family. Nature 535, 111-116 (2016).

3. Liu, X. et al. Inflammasome-activated gasdermin D causes pyr-
optosis by forming membrane pores. Nature 535, 153-158
(2016).

4. Ruan, J., Xia, S., Liu, X., Lieberman, J. & Wu, H. Cryo-EM structure of
the gasdermin A3 membrane pore. Nature 557, 62-67 (2018).

5. Xia, S. etal. Gasdermin D pore structure reveals preferential release
of mature interleukin-1. Nature 593, 607-611 (2021).

6. Wang, C. et al. Structural basis for GSDMB pore formation and its
targeting by IpaH7.8. Nature 616, 590-597 (2023).

7. Zhong, X. et al. Structural mechanisms for regulation of GSDMB
pore-forming activity. Nature 616, 598-605 (2023).

8. Jiang, S., Gu, H., Zhao, Y. & Sun, L. Teleost Gasdermin E is cleaved
by caspase 1, 3, and 7 and induces pyroptosis. J. Immunol. 203,
1369-1382 (2019).

9. lJiang, S., Zhou, Z., Sun, Y., Zhang, T. & Sun, L. Coral gasdermin
triggers pyroptosis. Sci. Immunol. 5, eabd2591 (2020).

10. Johnson, A. G. et al. Bacterial gasdermins reveal an ancient
mechanism of cell death. Science 375, 221-225 (2022).

1. Johnson, A. G. et al. Structure and assembly of a bacterial gasder-
min pore. Nature 628, 657-663 (2024).

Nature Communications | (2025)16:1011

10


https://doi.org/10.2210/pdb8JYZ/pdb
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56398-5

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

Wang, Y. et al. Chemotherapy drugs induce pyroptosis through
caspase-3 cleavage of a gasdermin. Nature 547, 99-103 (2017).
Shi, J., Gao, W. & Shao, F. Pyroptosis: Gasdermin-mediated pro-
grammed necrotic cell death. Trends Biochem. Sci. 42, 245-254
(2017).

Zhou, Z. et al. Granzyme A from cytotoxic lymphocytes cleaves
GSDMB to trigger pyroptosis in target cells. Science 368, eaaz7548
(2020).

Liu, Z., Busscher, B. M., Storl-Desmond, M. & Xiao, T. S. Mechanisms
of gasdermin recognition by proteases. J. Mol. Biol. 434, 167274
(2022).

Rihl, S. & Broz, P. Regulation of Lytic and Non-Lytic functions of
gasdermin pores. J. Mol. Biol. 434, 167246 (2022).

Daskalov, A., Gladieux, P., Heller, J. & Glass, N. L. Programmed cell
death in neurospora crassa is controlled by the allorecognition
determinant rcd-1. Genetics 213, 1387-1400 (2019).

Daskalov, A., Mitchell, P. S., Sandstrom, A., Vance, R.E. & Glass, N. L.
Molecular characterization of a fungal gasdermin-like protein. Proc.
Natl. Acad. Sci. 117, 18600-18607 (2020).

Clavé, C. et al. Fungal gasdermin-like proteins are controlled by
proteolytic cleavage. Proc. Natl. Acad. Sci. 119, 2109418119 (2022).
Daskalov, A. & Glass, N. L. Gasdermin and gasdermin-like pore-
forming proteins in invertebrates, fungi and bacteria. J. Mol. Biol.
434, 167273 (2022).

Mulvihill, E. et al. Mechanism of membrane pore formation by
human gasdermin-D. EMBO J. 37, €98321 (2018).

Mari, S. A. et al. Gasdermin-A3 pore formation propagates along
variable pathways. Nat. Commun. 13, 2609 (2022).

Sborgi, L. et al. GSDMD membrane pore formation constitutes the
mechanism of pyroptotic cell death. EMBO J. 35, 1766-1778 (2016).
Schaefer, S. L. & Hummer, G. Sublytic gasdermin-D pores captured
in atomistic molecular simulations. eLife 11, €81432 (2022).

Korn, V. & Pluhackova, K. Not sorcery after all: Roles of multiple
charged residues in membrane insertion of gasdermin-A3. Front.
Cell Dev. Biol. 10, 958957 (2022).

Xia, S., Ruan, J. & Wu, H. in Methods in Enzymology Vol. 625 (ed J.
Sohn) 95-107 (Academic Press, 2019).

Wang, K. et al. Structural mechanism for GSDMD targeting by
autoprocessed caspases in pyroptosis. Cell 180,

941-955.e920 (2020).

Li, Y. et al. Cleavage-independent activation of ancient eukaryotic
gasdermins and structural mechanisms. Science 384,

adm9190 (2024).

Dufréne, Y. F., Martinez-Martin, D., Medalsy, I., Alsteens, D. & Miller,
D. J. Multiparametric imaging of biological systems by force-
distance curve-based AFM. Nat. Methods 10, 847-854 (2013).
Sackmann, E. Membrane bending energy concept of vesicle- and
cell-shapes and shape-transitions. FEBS Lett. 346, 3-16 (1994).

Lu, L., Doak, W. J., Schertzer, J. W. & Chiarot, P. R. Membrane
mechanical properties of synthetic asymmetric phospholipid vesi-
cles. Soft Matter 12, 7521-7528 (2016).

Karal, M. A. S., Billah, M. M., Ahmed, M. & Ahamed, M. K. A review on
the measurement of the bending rigidity of lipid membranes. Soft
Matter 19, 8285-8304 (2023).

Rawicz, W., Olbrich, K. C., Mcintosh, T., Needham, D. & Evans, E.
Effect of chain length and unsaturation on elasticity of lipid bilayers.
Biophys. J. 79, 328-339 (2000).

Dawaliby, R. et al. Phosphatidylethanolamine is a key regulator of
membrane fluidity in eukaryotic cells *. J. Biol. Chem. 291,
3658-3667 (2016).

Szlasa, W., Zendran, |., Zalesinska, A., Tarek, M. & Kulbacka, J. Lipid
composition of the cancer cell membrane. J. Bioenerg. Biomem-
branes 52, 321-342 (2020).

Llado, V. et al. Regulation of the cancer cell membrane lipid com-
position by NaCHOleate: Effects on cell signaling and therapeutical

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

relevance in glioma. Biochimica et. Biophysica Acta (BBA) - Bio-
membranes 1838, 1619-1627 (2014).

Evans, E. A. Bending resistance and chemically induced momentsin
membrane bilayers. Biophys. J. 14, 923-931 (1974).

Eid, J., Greige-Gerges, H., Monticelli, L. & Jraij, A. Elastic moduli of
lipid membranes: Reproducibility of AFM measures. Chem. Phys.
Lipids 234, 105011 (2021).

Delorme, N. et al. Experimental evidence of the electrostatic con-
tribution to the bending rigidity of charged membranes. J. Phys.
Chem. B 111, 2503-2505 (2007).

Faizi, H. A., Frey, S. L., Steinkihler, J., Dimova, R. & Vlahovska, P. M.
Bending rigidity of charged lipid bilayer membranes. Soft Matter 15,
6006-6013 (2019).

Bianchi, D. E. & Turian, G. Lepid content of conidia of neurospora
crassa. Nature 214, 1344-1345 (1967).

Sherr, S. & Byk, C. Choline and serine incorporation into the phos-
pholipids of Neurospora crassa. Biochimica et. Biophysica Acta
(BBA) - Lipids Lipid Metab. 239, 243-247 (1971).

Hallermayer, G. & Neupert, W. Lipid composition of mitochondrial
outer and inner membranes of Neurospora crassa. Hoppe Seylers Z.
Physiol. Chem. 355, 279-288 (1974).

Hubbard, S. C. & Brody, S. Glycerophospholipid variation in choline
and inositol auxotrophs of Neurospora crassa. Internal compensa-
tion among zwitterionic and anionic species. J. Biol. Chem. 250,
7173-7181 (1975).

Beck, D. P. & Greenawalt, J. W. Biogenesis of mitochondrial mem-
branes in Neurospora crassa during cellular differentiation: chan-
ges in oxidative phosphorylation and synthesis of mitochondrial
phospholipids. J. Gen. Microbiol 92, 111-119 (1976).

Kushwaha, S. C. & Kates, M. Lipid composition of Neurospora
crassa. Lipids 1, 778-780 (1976).

Beck, D. P. & Greenawalt, J. W. Composition and synthesis of cel-
lular lipids in Neurospora crassa during cellular differentiation. J.
Bacteriol. 131, 188-193 (1977).

Friedman, K. J. Role of lipids in the Neurospora crassa membrane. I.
Influence of fatty acid composition on membrane lipid phase
transitions. J. Membr. Biol. 32, 33-47 (1977).

Friedman, K. J. & Glick, D. Role of lipids in the Neurospora crassa
membrane: Ill. Lipid composition and phase transition properties of
the plasma membrane, and its components. J. Membr. Biol. 54,
183-190 (1980).

Martin, C. E., Siegel, D. & Aaronson, L. R. Effects of temperature
acclimation on Neurospora phospholipids. Fatty acid desaturation
appears to be a key element in modifying phospholipid fluid
properties. Biochim Biophys. Acta 665, 399-407 (1981).

Fecikova, H., Gbelska, Y., Barath, Z. & Grmanova, M. Relationship
between the composition of phospholipids and respiratory activity
of choline-deficient mutants of Neurospora crassa. Folia Microbiol
(Praha) 27, 76-80 (1982).

Friedman, K. J. & Glick, D. Role of lipids in the Neurospora crassa
membrane: |V. Biochemical and electrophysiological changes
caused by growth on phytanic acid. J. Membr. Biol. 64, 1-9

(1982).

Aaronson, L. R., Johnston, A. M. & Martin, C. E. The effects of tem-
perature acclimation on membrane sterols and phospholipids of
Neurospora crassa. Biochim Biophys. Acta 713, 456-462 (1982).
Martin, C. E. & Johnston, A. M. Changes in fatty acid distribution and
thermotropic properties of phospholipids following phosphati-
dylcholine depletion in a choline-requiring mutant of Neurospora
crassa. Biochim Biophys. Acta 730, 10-16 (1983).

Gabrielides, C., Zrike, J. & Scott, W. A. Cyclic AMP levels in relation
to membrane phospholipid variations in Neurospora crassa. Arch.
Microbiol 134, 108-113 (1983).

Aaronson, L. R. & Martin, C. E. Temperature-induced modifications
of glycosphingolipids in plasma membranes of Neurospora crassa.

Nature Communications | (2025)16:1011


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56398-5

Biochimica et. Biophysica Acta (BBA) - Biomembranes 735,
252-258 (1983).

57. Vokt, J. P. & Brody, S. The kinetics of changes in the fatty acid
composition of Neurospora crassa lipids after a temperature
increase. Biochim Biophys. Acta 835, 176-182 (1985).

58. Lakin-Thomas, P. L., Brody, S. & Coté, G. G. Temperature compen-
sation and membrane composition in Neurospora crassa. Chron-
obiol. Int 14, 445-454 (1997).

59. Suutari, M. Effect of growth temperature on lipid fatty acids of four
fungi (Aspergillus niger, Neurospora crassa, Penicillium chryso-
genum, andTrichoderma reesei). Arch. Microbiol. 164,

212-216 (1995).

60. lJiao, F., Ruan, Y. & Scheuring, S. in Methods in Enzymology Vol. 649
(ed Alejandro P. Heuck) 189-217 (Academic Press, 2021).

61. Ni, T. et al. Structure and mechanism of bactericidal mammalian
perforin-2, an ancient agent of innate immunity. Sci. Adv. 6,
eaax8286 (2020).

62. lJiao, F. et al. Perforin-2 clockwise hand-over-hand pre-pore to pore
transition mechanism. Nat. Commun. 13, 5039 (2022).

63. Chiodini, S. et al. Bottom effect in atomic force microscopy nano-
mechanics. Small 16, 2000269 (2020).

64. Ma, L. et al. Detection of tBid oligomerization and membrane per-
meabilization by graphene-based single-molecule surface-induced
fluorescence attenuation. Nano Lett. 19, 6937-6944 (2019).

Acknowledgements

We sincerely appreciate Prof. Feng Shao for the fruitful discussion and
detailed suggestion of this work. This work was supported by the
National Natural Science Foundation of China (NSFC 32371525,
T2221001, 92353304, T2350011); the Strategic Priority Research Pro-
gram of the Chinese Academy of Sciences (XDB37020105).

Author contributions

F.J. designed and conceptualized the study. K.R. and F.J. performed the
AFM and TEM experiments and analysed the data. K.R. and R.X. per-
formed the micropipette aspiration experiments. X.G. performed the
confocal fluorescence microscopy experiments. Y.L. expressed and
purified the RCD-1 protein. X.L., Q.K., Q.F., F.Y. and J.D. analyzed and
interpreted the results. F.J., J.D.F. and K.R. wrote the manuscript with
input from all co-authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-56398-5.

Correspondence and requests for materials should be addressed to
Fang Jiao.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:1011

12


https://doi.org/10.1038/s41467-025-56398-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Mechanisms of RCD-1 pore formation and membrane bending
	Results
	RCD-1-1/RCD-1-2 heterodimer is the basic unit of RCD-1 oligomers
	Real-time imaging of RCD-1 oligomerization and pore formation
	RCD-1 oligomers lead to membrane bending
	In situ imaging of membrane bending
	Membrane rigidity plays a significant role in membrane bending
	Pore-formation and membrane bending with fungal membranes

	Discussion
	Methods
	Protein expression and purification
	Preparation of supported lipid bilayers (SLBs)
	AFM image
	Negative-stain electron microscopy
	AFM force-spectroscopy
	Calculate the bending modulus kckc
	Fluorescence imaging of giant unilamellar vesicles (GUVs)
	Micropipette aspiration measurement of the bending modulus  k ckc
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




