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Summary
The phage shock proteins (Psp) system is activated in bacteria in response to various membrane stress
conditions. PspA, the main Psp effector, preserves the integrity and functions of the bacterial inner
membrane. Here, we present the 3.6 Å resolution cryo-EM structure of PspA assembled in helical rods. The
structure reveals that PspA adopts a canonical ESCRT-III fold in an extended open conformation with the
C-terminal helix facing the outside of the helical tube. In addition to the structural homology, we visualized
how PspA fuses small vesicles into µm-sized vesicles when reconstituted with bacterial membrane lipids.
This membrane remodeling activity is in line with the functional properties of ESCRT-III family proteins.
Our structural and functional analyses reveal that bacterial PspA belongs to the evolutionary ancestry of
ESCRT-III proteins involved in membrane remodeling.

2

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.23.309765; this version posted September 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction
Membrane remodeling and re-shaping is crucial for cell viability in all domains of life. In order to maintain
the integrity of internal membranes under stress conditions, many bacteria activate the phage shock protein
(Psp) system. A key component of this multi-protein system is the effector protein PspA that interacts with
other Psp members and membrane lipids to stabilize bacterial membranes (Joly et al., 2010). For the
currently best studied E. coli Psp system, it has been shown that cytoplasmic PspA binds and thereby
inactivates the transcription factor PspF under non-stress conditions (Joly et al., 2010). After stress
stimulation, signaling activates the Psp response system by the release of PspF from PspA. Free PspA can
bind peripherally to the cytoplasmic face of bacterial inner membranes via interaction with negatively
charged membrane lipids (Jovanovic et al., 2014) and thereby counteracts membrane stress (Joly et al.,
2010; Manganelli and Gennaro, 2017). This way, membrane-bound PspA has, for instance, been shown to
block proton leakage of isolated damaged membranes (Kobayashi et al., 2007). More recently, a membrane
protecting protein carpet mechanism has been proposed for the PspA-homologous cyanobacterial protein
IM30 (inner membrane associated protein of 30 kDa, alternatively known as Vipp1) (Junglas et al., 2020).
Moreover, upon homologous overexpression of the E. coli PspA (EcoPspA), higher-order structures were
observed, which originated from membrane-associated fractions (Standar et al., 2008). In support, members
of the PspA family may also function in membrane surveillance and repair via tethering and sealing stressinduced membrane lesions, presumably by triggering lipid bilayer fusion (Siebenaller et al., 2020). Indeed,
membrane fusion activity has been reported previously for the PspA homolog IM30 of the cyanobacterium
Synechocystis sp. PCC 6803 (Hennig et al., 2015).
While the Psp response system appears to be conserved in Gram-negative bacteria, Psp’s have also been
identified in cyanobacteria, archaea as well as in chloroplasts (Manganelli and Gennaro, 2017). Yet, solely
homologs of PspA, the key effector protein of the Psp response system, appear to be strictly conserved and
thus critical for membrane protection and remodeling (Manganelli and Gennaro, 2017). The homologous
proteins PspA, IM30 and LiaH are part of a bacterial membrane remodeling family that shares many
structural and functional features for maintaining membrane integrity (Thurotte et al., 2017). Previously,
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EcoPspA was found to form large, homo-oligomeric rings in solution with outer diameters of ~20 nm and
a molecular mass of about 1 MDa (Hankamer et al., 2004), as well as higher-order rod structures (Male et
al., 2014). Similarly, the PspA homologous proteins LiaH and IM30 form rings (Aseeva et al., 2004;
Fuhrmann et al., 2009; Saur et al., 2017; Wolf et al., 2010), while IM30 also forms rod structures (Fuhrmann
et al., 2009; Theis et al., 2019, 2020; Vothknecht et al., 2012). In addition to the shared property to form
large homo-oligomeric structures, the predicted secondary structure and some sequence motifs of
PspA/LiaH/IM30 are conserved (Bultema et al., 2010; Thurotte et al., 2017; Vothknecht et al., 2012). The
three proteins share six predicted helices, whereas IM30 contains an additional seventh C-terminal α-helix
connected by a flexible linker (Bultema et al., 2010). The structure of an extended α-helical hairpin formed
by the 2nd and 3rd EcoPspA helices was resolved by X-ray crystallography (Osadnik et al., 2015), yet the
full-length PspA structure is not known to date.
Although most membrane-remodeling proteins such as epsin, dynamin or BAR domain-containing proteins
were first characterized in eukaryotes (Ford et al., 2002; Frost et al., 2009; Praefcke and McMahon, 2004),
membrane remodeling is a common process in all three domains of life. Several bacterial proteins, such as
a dynamin-like protein and the bacterial tubulin-homologue FtsZ (Low et al., 2009; Szwedziak et al., 2014),
have been demonstrated to be involved in membrane remodeling (Bohuszewicz et al., 2016). In some
archaea, the gene products of the cell division machinery CdvB/CdvC were identified as homologues of the
well-characterized eukaryotic protein family of endosomal sorting complexes required for transport
(ESCRT) (Lindås et al., 2008; Samson et al., 2008). They were originally characterized in eukaryotic
membrane trafficking events of multivesicular body biogenesis (Katzmann et al., 2001), viral budding
(Garrus et al., 2001) and cytokinesis (Carlton and Martin-Serrano, 2007).
ESCRT proteins have been shown to be involved in a series of very diverse membrane remodeling processes
in eukaryotic cells, which include nuclear envelope sealing (Vietri et al., 2015), plasma membrane repair,
lysosomal protein degradation (Zhu et al., 2017) and closure of autophagosomes (Takahashi et al., 2018;
Zhen et al., 2020). Despite this functional diversity, the responsible core proteins belong to a single
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conserved group of ESCRT-III proteins. Depending on the species, different ESCRT-III isoforms exist, and
8 or 12 isoforms are known in yeast and humans, respectively. ESCRT-III proteins comprise approx. 220
amino acids and share seven predicted α-helices. Initial X-ray crystallographic studies of truncated CHMP3
revealed a compact structure made of a four-helix bundle comprising of a long α-helical hairpin motif
(Muzioł et al., 2006). More recently, polymers assembled from full-length ESCRT-III were elucidated at
near-atomic resolution using cryo-EM: human IST1 and CHMP1B make up a hetero-polymer with a
compact and extended conformation forming a tubular assembly (McCullough et al., 2015), whereas yeast
Vps24 assembles in a double-stranded filament composed of domain-swapped dimers in the extended
conformation (Huber et al., 2020). Although these two structures have the predicted α-helical stretches in
common, how the helices combine to a tertiary structure differs between these two structures. It has been
shown that mixing of different ESCRT proteins in a particular order is required to assemble heteropolymeric complexes that drive membrane remodeling in vitro (Caillat et al., 2019; Huber et al., 2020;
Pfitzner et al., 2020). Downstream of the ESCRT-III activity is the AAA-ATPase Vps4 that promotes
assembly and disassembly of ESCRT-III complexes and thereby contributes to membrane remodeling.
Despite the known critical roles of ESCRT-III proteins in the Archaea and Eukarya kingdom, members of
a conserved bacterial ESCRT family have not yet been identified, neither by sequence analysis or structural
comparison nor by functional characterization. In the current study, we determined the 3.6 Å resolution
cryo-EM structure of PspA assembled in helical tubes. The built atomic model reveals that PspA adopts a
canonical ESCRT-III fold, making up the wall of the tubular assemblies. When PspA rods are reconstituted
with small lipid vesicles, they modulate the lipid bilayer structure via membrane interaction and induce
vesicle fusion. The cryo-EM structure combined with biochemical lipid remodeling experiments show that
bacterial PspA is a bona fide member of an evolutionary conserved ESCRT-III family.
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Results
PspA rods are tubular assemblies with helical symmetry
In order to structurally investigate the membrane protective mechanism of PspA, we overexpressed and
purified PspA of the cyanobacterium Synechocystis sp. PCC 6803. Subsequently, we visualized the PspA
preparations using cryo-EM. The acquired micrographs show elongated rod assemblies with around 20 nm
in width and varying lengths of up to several hundreds of nanometers (Figure 1A). We characterized the
rods by 2D classification using a large data set of 8,342 micrographs and found that approx. 40 % of the
segmented rods had a consistent diameter of 20 ± 1 nm, whereas the remaining rods showed larger diameters
(Figure S1). Closer analysis of the most homogeneous segments revealed a basic Christmas-tree pattern
with a longitudinal repeat every 30 Å indicative of a repeating pitch and a detailed pattern of features typical
for helical assemblies in the center of the 2D class average (Figure 1B). The corresponding power spectrum
showed a layer line pattern diffracting to approx. 7 Å resolution (Figure 1C). Based on this class average
and a smaller cleaned-up subset, we worked out that the majority of PspA rods is organized in a helical
assembly with a helical rise and rotation of 2.9 Å and 35.3º per subunit. Using a total of 139,300 asymmetric
units, we then determined the cryo-EM structure at an overall resolution of 3.6 Å (Figure 1D), with the best
resolution of 3.5 Å at 50 Å radial distance and decreasing to 4.7 Å resolution at 100 Å radial distance from
the center of the helical tube (Figure 1E). After density segmentation, we found that a single subunit has an
elongated shape of 180 x 20 Å dimension, which is positioned perpendicular to the rod axis (Figure 1F).
When seen in top view, the subunit extends over one third of the rod’s cross section. In side view, the
subunits are arranged like overlapping bricks that constitute the wall of the helical rod (Figure 1G).

PspA adopts an elongated four-helix core with an accessory C-terminal helix
Using the segmented density, we built an atomic model of a PspA monomer, covering residues 22 to 217
arranged in five α helices connected by loops (Figure 2A-C). At one end of the elongated subunit, we
identified a density that corresponds to the determined structure of a long α-helical hairpin PspA fragment
(PDB-ID 4WHE, (Osadnik et al., 2015)) and that independently confirmed the chosen handedness of the
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cryo-EM map (Figure 2D). The observed density at the hairpin matches the features expected at the
estimated resolution. The best resolved density stretch accommodates helices α1-α4 (25-185), e.g. helix α1
(Figure 2E) and helix α2+3 (Figure 2F), making up the elongated four-helix core thereby constituting the
wall of the tubular assembly. Unfortunately, we did not find density corresponding to a predicted N-terminal
helix α0 (4-21) (Figure S2A) in the inner lumen of the rod. Attached to the outer wall of the helical rod,
however, we identified density accommodating the amphipathic helix α5 (191-215) (Figure 2G, Figure
S2B) that is positioned longitudinally with respect to the rod axis in contrast to the long transverse direction
of the subunit core. Moreover, the density of helix α5 displays a poorer local resolution of 4.7 Å, and the
corresponding residues of the atomic model have larger B-factors at 200 Å2 indicating a higher degree of
flexibility than the central helices. Together, helices α1-α4 constitute the elongated four-helix core of the
PspA molecules that form the wall of the tubular rod structure via a brick-like stacking. A total of 10.19
subunits are wound in a right-handed manner to form a single 360º turn with a pitch of 30 Å to make up this
polar helical assembly consisting of two unique ends (Figure 2H). The top view of the assembly reveals
that the PspA core helices are arranged like the diaphragm of an iris aperture pointing to the outside of the
rod (Figure 2I) while the amphipathic paddle helix α5 at the C-terminus emanates from the wall to the
outside of the helical rod (Figure 2J). Interestingly, at both ends of the PspA core, first the tip of the hairpin
between helix α1 and α2 (70-90) and second at the opposite end of helix α4 (167-180), we find highly
conserved (>90 % identity) residues among the PspA/IM30 family of proteins (Figure 2K, Figure S3)
highlighting the evolutionary importance of these intersubunit stabilizing residues. In order to validate the
critical importance of these residues, we mutated A75 and A78 and analyzed the PspA_A75S/A78S
preparations using negative staining EM. The grids revealed proteinaceous material and showed that the
mutant is not able to form rod structures (Figure S4). Next, we computed the Coulomb potential of the
atomic model PspA assembly. While the lumen and outer surface contains no preferred surface charge, we
found that both ends show opposite charges with a basic and acidic surface, respectively (Figure 2L),
resulting in a polar assembly that has very different binding surfaces at each end of the assembly.
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PspA shares the basic domain architecture with ESCRT-III proteins
Based on the here determined cryo-EM structure of PspA, we found one particular structural feature, i.e.
the helix α1/α2 hairpin packing against a perpendicular helix α5, reminiscent of previously resolved
structures of ESCRT-III proteins, which is a well-characterized primarily eukaryotic family of membraneremodeling proteins. Therefore, we closer examined their apparent similarity by sequence alignment and
compared cyanobacterial PspA and IM30 proteins with yeast Vps24 as well as human IST1 and CHMP1B
(Figure 3), for which high-resolution cryo-EM structures have been determined. Interestingly, there are
several stretches that show high sequence agreement (Quality score >4, Figure S5A). Furthermore, we
focused our analysis on the α1/α2 hairpin region and found that structural superposition yields CA RMSDs
with EcoPspA (PDB-ID 4WHE, (Osadnik et al., 2015)), IST1 (PDB-ID 6TZA, (Nguyen et al., 2020)),
CHMP1B (PDB-ID 6TZ9, (Nguyen et al., 2020)) and Vps24 (PDB-ID 6ZH3, (Huber et al., 2020)) reporting
average RMSD values of 1.6 Å, 2.3 Å, 2.2 Å and 1.8 Å, respectively (Figure S5B). CHMP1B, Vps24 and
PspA adopt elongated conformations, whereas IST1’s structure was determined as a compact fold (Figure
4A). The corresponding resolved higher-order structures show that all of their assemblies remain unique.
IST1/CHMP1B and PspA organize in tubular structures of 260 Å and 200 Å in diameter, respectively
(Figure 4B). By contrast, homopolymeric yeast Vps24 has been shown to form filaments rather than tubular
structures (Ghazi-Tabatabai et al., 2008). However, the fundamental organization of the α-helices remains
conserved between all ESCRT-III proteins whereas helix-to-helix loops vary in their precise angular
linkage. Nevertheless, common to all structures is that the C-terminal helix α5 packs approx. perpendicularly
against the α1/α2 hairpin motif (Figure 4C). Based on the identified similarities between primary, secondary
and tertiary structure between the here determined bacterial PspA cryo-EM structure and members of the
eukaryotic ESCRT-III family, PspA may have shared evolutionary ancestry with ESCRT-III proteins.

PspA mediates fusion of small vesicles into large membrane vesicles
Based on the observed structural homology of PspA with ESCRT-III proteins, we wanted to establish
whether PspA has a membrane remodeling activity in analogy to the ESCRT proteins. Therefore, we
8
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incubated PspA rods with small unilamellar (SUVs) vesicles prepared from E. coli polar lipid extract (EPL)
and analyzed the mixture using cryo-EM. As expected, in the SUV control we visualized a population of
small vesicles with 20 - 200 nm diameter (Figure 5A). Vesicles show strong contrast in cryo-EM images
due to the unilamellar phospholipid bilayer, and thus, morphological changes can be easily monitored. In
the cryo-micrographs of the PspA lipid mixture, PspA rods in solution as well as a large fraction of vesicles
with increased diameters of up to 1.2 µm were observed (Figure 5B). Bilayer perimeter measurements
indicate a 5-fold increase of membrane perimeter upon addition of PspA rods, suggesting on average a
fusion of at least five smaller vesicles into one large vesicle. The large vesicles in the PspA mixture are
often round-shaped and not fully surrounded by a continuous bilayer. Instead, often the lipid bilayer appears
to be interrupted by “fuzzy” zones that have PspA protein coats as well as PspA rods associated with the
membrane (Figure 5C, Figure S6). Furthermore, for large vesicles the peak-to-peak separation of the
bilayer increased from 2.4 to 5.5 nm measured in class averages (Figure S7) when compared with the lipid
samples alone (Figure 5D). The peak shape and width indicate that the 5.5 nm peak-to-peak distance indeed
corresponds to the two bilayer leaflets rather than to a double bilayer structure. Additional micrographs of
large unimellar vesicles (LUVs) or the LUV/PspA mixture confirm the observation of an increased leaflet
separation of 5.7 nm for fused vesicles (Figure S8), and also smaller oligomeric ring structures attached to
the membrane surface are commonly observed (Figure S6). By contrast, the fuzzy zones are present in
smaller as well as larger vesicles and appear to be devoid of an intact lipid bilayer. Thus, they may constitute
hot spots of (dissociated) PspA rods mediating vesicle fusion into larger µm-sized liposomes (Figure 5E
and 5F). Together with the observed structural ESCRT-III homology, the PspA lipid-mixing experiments
demonstrate that PspA is capable of mediating vesicle fusion, and can, therefore, be considered a bona fide
member of the ESCRT-III family of membrane remodeling proteins.

Discussion
The propensity of PspA to form higher-order structures has been shown early on (Hankamer et al., 2004;
Kobayashi et al., 2007), yet how oligomerizations contributes to the basic physiological PspA function of
9
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maintaining membrane integrity remained uncertain. Here, we determined the 3.6 Å resolution cryo-EM
structure of PspA rod assemblies. We found that PspA assembles into 20-nm wide helical tubes. The wall
of the tube is formed by stacking of overall elongated PspA molecules, consisting of a four-helix core of αhelices α1-α4 and the C-terminal amphipathic α-helix projecting to the outer solvent. The structure also
revealed a striking similarity to ESCRT-III proteins, which is supported by analyses on several levels of
structural organization, including primary, secondary and tertiary structure motifs. Eukaryotic ESCRT
proteins are known to assemble in homopolymeric or heterooligomeric complexes that have been shown to
mediate membrane remodeling processes in eukaryotic cells, including membrane repair and/or membrane
sealing (Takahashi et al., 2018; Vietri et al., 2015; Zhen et al., 2020; Zhu et al., 2017) as well as
multivesicular body formation (Katzmann et al., 2001) and viral budding (Garrus et al., 2001). Therefore,
we reconstituted PspA rods with lipid vesicles and observed that PspA interacts with the lipid bilayer and
mediates fusion of small vesicles into larger µm-sized structures. Given the agreement between structural
and functional properties of the PspA molecule, we here identified PspA as a bacterial member of the
evolutionary conserved ESCRT-III superfamily of membrane remodeling proteins.
Similar to ESCRT proteins, PspA monomers have an elongated structure with a four-helix core. Yet, in
contrast to ESCRT-III proteins, the predicted N-terminal helix α0 was not found to be ordered in our
structure. This observation is supported by recent analyses of the isolated N-terminal EcoPspA(1-24)
fragment using CD spectroscopy, demonstrating that this stretch is disordered in solution but has an
increased α-helix content upon binding to membrane surfaces (McDonald et al., 2017). For IM30 and
EcoPspA, removal of the N-terminal helix affects the equilibrium between monomers, ring or rod structures
(Jovanovic et al., 2014; Thurotte and Schneider, 2019), suggesting a central role of the N-terminal helix α0
for formation of defined oligomers. The physiological importance of ring vs. rod structures remains an open
question, as these structures have not been observed in their native context yet. Using in vivo fluorescence
microscopy, IM30 and PspA were shown to form dynamic localized puncta at curved membrane regions of
Synechocystis and E. coli cells (Gutu et al., 2018; Jovanovic et al., 2014), which is consistent with rings,
transient rod or other higher-order structures (Junglas and Schneider, 2018; Siebenaller et al., 2019).
10
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Furthermore, the equilibrium and precise amount of rings and/or rod structures appears to differ between
different IM30’s and PspA’s, as well as between species (Siebenaller et al., 2019). Structurally, rods and
rings are closely related, and conversion can be easily envisioned by accommodating small angular changes
in subunit-subunit interactions.
Due to revelation of PspA as a member of an ESCRT-III superfamily, we wondered whether there are more
similarities beyond the identified structural homology. Initial biochemical characterization of PspA
demonstrated already that it is not a typical soluble protein but has an inherent propensity to form higherorder structures (Hankamer et al., 2004; Male et al., 2014; Standar et al., 2008) consistent with the
characteristics of many ESCRT-III proteins. Purified ESCRT-III proteins are known to assemble into a
variety of large EM-observable structures, amongst them strings, rings, coils, sheets, filaments and domes
(Bodon et al., 2011; Ghazi-Tabatabai et al., 2008; Lata et al., 2008). Due to the large number of isoforms of
eukaryotic ESCRT-III proteins, the complexity of assembling hetero-complexes is significantly increased,
and multiple combinations have been investigated (Henne et al., 2011; Huber et al., 2020; Pfitzner et al.,
2020). A structural motif of striking similarity found in PspA as well as in eukaryotic ESCRT structures is
the perpendicular packing of helix α5 against the α1/α2 hairpin (see Figure 4). In fact, when highly
conserved residues (Figure 2K) in the loop of connecting the α1/α2 hairpin are mutated, assembly of supercomplexes is impaired (Figure S4). While these functionally critical contacts have been probed by a series
of experimental approaches in ESCRT-III proteins (Bajorek et al., 2009), various modes of helix α5
association have been found, either folding back to its own hairpin (IST1, PDB-ID 6TZA), associating with
a domain-swapped dimer (Vps24, PDB-ID 6ZH3) or with neighbors within a helical assembly (CHMP1B
(PDB-ID 6TZ9) and PspA). Additionally, helix α4 establishes important intersubunit contacts in the central
core of the polymers, which is reflected in a stretch of residues with properties conserved between
PspA/IM30 and ESCRT III proteins (Figure 3). Accordingly, mutation of the aFErmE cluster (Figure 2K)
as part of this stretch in the SynIM30 protein also resulted in impaired formation of super-oligomeric
complexes (Heidrich et al., 2016; Saur et al., 2017). It is worth to note that the predicted helix α6 of
eukaryotic ESCRT-III and IM30 is not evolutionary conserved in PspA and it also has not been observed in
11
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any of the determined polymeric structures of ESCRT-III proteins. A functional property that is conserved
between EcoPspA and ESCRT-III is the known interaction of two AAA-ATPases PspF and Vps4,
respectively. EcoPspF and EcoPspA have been shown to form a hetero-dodecamer that lead to disassembly
of larger PspA multimers into smaller oligomers (Joly et al., 2009). Similarly, ESCRT-III Vps24 filaments
fused C-terminally with the MIT domain motif could also be disassembled by Vps4 (Ghazi-Tabatabai et al.,
2008). Furthermore, Vps4 was shown to mediate assembly as well as disassembly of ESCRT-III complexes
and thereby contributing to membrane remodeling (Maity et al., 2019).
Despite the observed matching structural organization of PspA and ESCRT-III proteins, we further assessed
whether PspA and ESCRT-III proteins share functional similarities. Consistent with the proposed function
of ESCRT-III being involved in membrane remodeling processes, PspA rods co-incubated with SUVs
showed membrane remodeling activity. Cryo-EM images revealed two noteworthy details: PspA binding to
membrane surfaces induced a leaflet separation to 5.5 nm and the appearance of µm sized liposomes,
presumably as a result of PspA-mediated vesicle fusion. The observed widening of the lipid bilayer likely
results from the formation of a PspA carpet on the membrane surface, as recently described for IM30
(Junglas et al., 2020), or previously referred to as clathrin-like network structure in EcoPspA preparations
(Standar et al., 2008). Membrane adhesion and partial incorporation of PspA molecules into the membrane
likely lead to the here observed thickening of the lipid bilayer. Interestingly, it has been shown previously
that membrane adhesion of SynIM30 goes along with a bilayer phase transition from the fluid towards the
gel phase (Heidrich et al., 2016; Hennig et al., 2015), which is also associated with bilayer thickening.
Nevertheless, lipid phase separation alone has recently been observed to cause not more than one nm
thickening of a lipid bilayer depending on the bilayer composition (Cornell et al., 2020; Heberle et al., 2020),
a value several times lower to the here determined increase in the lipid bilayer thickness. Binding of
influenza M1 protein to LUVs, however, was shown to effectively double the detectable bilayer thickness
visualized using cryo-EM (Dahmani et al., 2019). The observed bilayer structures could represent a
protected form of the lipid bilayer minimizing, for instance, leakage of protons under imposed membrane
stress conditions (Kobayashi et al., 2007). Electrostatic surface analysis of the PspA rod structure reveals
12
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an acidic and a basic end that may be responsible for promoting the observed effects. The ends could provide
a rational for PspA’s observed preference of binding to negatively charged membrane surfaces (Kobayashi
et al., 2007; McDonald et al., 2015, 2017). Furthermore, the imaged liposomes show “fuzzy zones” devoid
of any visible lipid bilayer but with a high PspA density, often with PspA rods attached to the vesicle surface.
The observed sizes of the fuzzy zones are sufficiently large to accommodate smaller vesicles for fusion with
the liposome or other solvent content. These vesicle openings are reminiscent of a toroidal pore zone
proposed for amphipathic antimicrobial peptides (Brogden, 2005), where at places with high protein
concentration PspA likely pulls lipid head groups inwards to line an inner pore wall, and thus, the resulting
pores are lined with both PspA and lipids. This way, high local concentrations of PspA can make up a porous
zone where PspA molecules lines hydrophobic as well polar stretches of the lipid molecules and thereby
interrupting the continuity of the lipid bilayer. In agreement with the here observed formation of porous
zones are previous experiments performed with IM30, which demonstrated that the IM30 interaction with
membranes disturbs the bilayer in such a way that quencher molecules can enter liposomes (Hennig et al.,
2015). It appears to be likely that fuzzy zones are transient structures whereas the widened bilayers are the
final product of a fusion process and make up the bulk of the observed membranes of large vesicles. The
images of the fuzzy zone contain a grainy texture suggestive of floating PspA molecules dissociated from
the rod into smaller units such as rings. Observed flat washer or ring structures would maintain the required
end-on basic surfaces to interact with the lipid headgroups while also having amphipathic N and C-terminal
paddle helices available for additional lipid interactions. In support of this argument, IM30 larger oligomers
were already shown to mediate membrane fusion, and the first helix N-terminus as well as the last helix at
the C-terminal are critical for lipid interaction (Hennig et al., 2015, 2017). Interestingly, the fusogenic
activity of IM30 could be established using solely the isolated helix α1/α2 hairpin structure (Thurotte and
Schneider, 2019), suggesting that in our full-length PspA rod, helix α5 is masking the fusogenic core. In a
putative PspA ring structure, helix α1/α2 hairpins will be pointing to the outside of the ring. Noteworthy,
our PspA preparations revealed a significant variation of the diameters of the rods. This structural flexibility
may be an important property of PspA to accommodate different bilayer intermediate configurations during
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the lipid fusion process. Whether PspA’s fusion activities are topologically equivalent and compatible with
the proposed activities of the ESCRT proteins remains to be established. In contrast to lipid reconstitutions
mediated by several eukaryotic ESCRT proteins, a homo-oligomer of PspA alone is already capable of
inducing large-scale changes to liposome morphology and thereby represents a minimal bacterial membrane
remodeling system. Yet, it is important to identify further mechanistic details of structural intermediates of
this membrane remodeling system responsible for maintaining bacterial membrane integrity, which can then
be transferred to the eukaryotic ESCRT-III system.

Methods
Expression and purification of PspA
PspA (slr1188) of Synechocystis sp. PCC 6803 was heterologously expressed in E. coli BL21 (DE3) cells
in LB medium using a pRSET6 plasmid. Cells were resuspended in lysis buffer (50 mM sodium phosphate,
300 mM NaCl, pH 7.6) supplemented with a protease inhibitor cocktail (Sigma) and lysed in a cell disruptor
(TS Constant Cell disruption systems 1.1 KW; Constant Systems). The lysate was cleared by centrifugation
for 15 min at 5000 g. The cleared lysate was incubated over night at 4 ºC to allow formation of filaments.
Filaments were pelleted by centrifugation for 15 min at 5000 g. The pellet was resuspended in 50 mM
sodium phosphate, 1000 mM NaCl at pH 7.6. The resulting suspension was concentrated by
ultracentrifugation (Vivaspin centrifugal filter units MWCO 10 kDa) and washed thoroughly with 10 mM
sodium phosphate pH 7.6. The crude filament extract was further purified by differential centrifugation:
large particles and aggregates were sedimented by centrifugation for 20 min at 20,000 g; smaller filaments
by centrifugation for 60 min at 49,000 g. As a final polishing step, the filaments were diluted and incubated
with 0.5% Triton X-100 overnight. Again, large particles and aggregates were removed by low speed
centrifugation for 60 min at 20,000 g; filaments were pelleted and washed twice with 10 mM sodium
phosphate pH 7.6.
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Lipid reconstitution
Chloroform dissolved E. coli polar lipid (EPL) extract was purchased from Avanti polar lipids. EPL lipid
films were produced by evaporating the solvent under a gentle stream of nitrogen and vacuum desiccation
overnight. The lipid films were rehydrated in 10 mM sodium phosphate pH 7.6 by shaking for 30 mins at
37 ºC. The resulting liposome solution was subjected to five freeze-thaw cycles, combined with sonication
at 37 ºC in a bath sonicator. SUVs (small unilamellar vesicles) or LUVs (large unilamellar vesicles) were
generated by extrusion of the liposome solution through a porous polycarbonate filter (50 nm or 400 nm
pores). For membrane interaction studies, PspA filaments (0.8 mg/mL) were incubated with EPL vesicles
(5 mg/mL) for at least 2 h at room temperature. PspA lipid mixtures were analyzed by cryo-EM.

Negative-staining electron microscopy
For negative-staining electron microscopy, 5 µL sample was applied to glow-discharged (PELCO easiGlow
Glow Discharger, Ted Pella Inc.) continuous carbon grids (Protochips Inc.) and incubated for 1 min. The
sample was blotted, washed with water and stained with 5 µL 2% uranyl acetate using the droplet technique.
The samples were imaged in a 120 kV FEI Tecnai 12 electron microscope (ThermoFischer Scientific/FEI)
equipped with a TVIPS TemCam-F416 4K CCD camera (TVIPS GmbH) at an underfocus of 0.5 to 1.5 µm.

Electron cryo-microscopy
Samples for the full high-resolution dataset of PspA filaments were prepared by applying 3 µL PspA
filaments (~7.9 mg/mL) to glow-discharged (PELCO easiGlow Glow Discharger, Ted Pella Inc.) Quantifoil
grids (R1.2/1.3 Cu 200 mesh, Electron Microscopy Sciences). The grids were plunge-frozen using a
ThermoFisher Scientific Vitrobot Mark IV set to 90% humidity at 10 ºC. A total of 8,342 micrographs were
recorded on a 200 kV Talos Arctica electron microscope equipped with a Gatan K3 detector operated by
SerialEM (Mastronarde, 2005). Micrographs were collected as 50-frame movies in superresolution mode at
0.419 Å/pixel and a cumulative dose of 50 e−/Å2 and a nominal underfocus of 0.2 to 2.3 µm. Samples for an
initial cryo-electron microscopy dataset used for symmetry determination were prepared on Lacey Carbon
grids (Electron Microscopy Sciences) and imaged using a Titan Krios (300 kV, FEG) cryo-electron
15
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microscope (FEI/Thermo Fischer Scientific), equipped with a Gatan Quantum K2 energy-filtered direct
detector. A total of 936 micrographs with a pixel size of 1.35 Å were collected at an underfocus range from
0.8 to 2.6 µm. For cryo-EM of the PspA-liposome mixtures, 3 µL sample were applied to glow-discharged
(PELCO easiGlow Glow Discharger, Ted Pella Inc.) lacey-carbon grids (Electron Microscopy Sciences)
and manually blotted at the back side of the grid. Plunge-freezing was performed using a in a ThermoFisher
Scientific Vitrobot Mark IV, set at 100% humidity and 22 °C temperature. Samples were imaged on a 200
kV Talos Arctica electron microscope equipped with a CETA camera at a pixel size of 2.53 Å/pixel.

Image processing and helical reconstruction
The detailed image processing workflow is presented in Figure S1. In order to determine the symmetry
parameters, a small dataset of 936 micrographs was utilized (Titan Krios/K2) and PspA filaments were
picked manually in RELION 3.0 (Zivanov et al., 2018) and segmented with a step size of 35 Å into 39,600
windows (Test Dataset A, Figure S1). The segments were subjected to two rounds of 2D classification.
Only classes showing clear secondary structure features and consistent widths were selected. The helical
symmetry was determined by analyzing layer lines in the power spectra of the best 2D class and several
possible symmetry solutions were obtained using SEGCLASSRECONSTRUCT from the SPRING package
(Desfosses et al., 2014). Those symmetry solutions were tested systematically in RELION 3.0 (Zivanov et
al., 2018). Using the initial symmetry parameters of 30 Å pitch with 10.25 units per turn, the refinement
yielded a map with secondary structure features at 7.3 Å resolution whereas other solutions did not. This
initial model was further refined by two rounds of 3D classifications in RELION 3.0. This procedure
resulted in an intermediate map of 6.1 Å resolution (FSC=0.143) and refined helical symmetry parameters
with a 30.1 Å pitch and 10.19 units per turn corresponding to 2.9 Å rise and 35.3° rotation.
Acquired frames of the full 8,342 micrograph dataset (Talos Arctica/K3) (Figure S1) were preprocessed in
WARP by binning to the physical pixel size of 0.839 Å/pixel, frame alignment and correcting for beaminduced motion and stage drift (Tegunov and Cramer, 2019). A subset of the resulting micrographs was
subjected to manual filament tracing using E2HELIXBOXER (Ludtke, 2016). Manually traced filaments
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were used for neural network training and subsequent automated tracing with crYOLO 1.5 (Wagner et al.,
2019, 2020). This way, a total of 55,800 rods were detected. After contrast-transfer function (CTF)
determination of the micrographs with CTFFIND 4.1 (Rohou and Grigorieff, 2015) and selection of
micrographs based on ice quality and image drift (8,257 micrographs), 1.5 million segments (à 450 pixel
dimension, at a step size of seven asymmetric units given the 3 Å rise) were extracted from these rods in
RELION 3.0 (Zivanov et al., 2018). In a first round of 2D classification, junk particles and classes showing
segments with widths >23 nm and <19 nm were discarded and only classes showing clear secondary
structure features and power spectra were chosen for further processing (Dataset B, 334,000 segments,
Figure S1). A simulated helical cylinder was created from the symmetry parameters (2.9 Å rise and 35.2°
rotation obtained from Test Dataset A) and used as a reference for 3D classification. This initial reference
was further refined by several rounds of 3D classification and subsequent 3D refinement. Finally, one 3D
class resulted in a map showing clear sidechain-patterning in the α-helices at 4.7 Å resolution (19,900
segments). The segments of this class were subjected to multiple rounds of per-particle CTF refinement,
Bayesian polishing and 3D auto-refinement focusing on the central 30% of the cylinder using a mask.
Fourier shell correlation (FSC) curves were calculated within the mask containing the central 30% of the
density and local resolutions were determined using RELION’s implementation and rendered in ChimeraX
(Goddard et al., 2018). The final map was determined to have a global resolution of 3.6 Å (FSC=0.143)
(helical symmetry: 2.9 Å rise and 35.3° twist).

Cryo-EM map interpretation and model building
The handedness of the final reconstruction was validated by rigid-body fitting the X-ray structure of the
EcoPspA hairpin structure (Osadnik et al., 2015) (PDB model 4WHE) by Chimera (Pettersen et al., 2004).
The 3D reconstruction was B-factor sharpened (B= -98 Å2) in RELION 3.0 (Zivanov et al., 2018),
autosharpened in phenix.auto_sharpen (Liebschner et al., 2019; Terwilliger et al., 2020) in Phenix 1.163549 and FDR-FSC filtered using SPOC (Beckers and Sachse, 2020). The resulting three maps were used
for de novo model building in Coot 0.9 (Emsley et al., 2010) for residues 22 - 217. Refinement was
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performed in phenix.real_space_refine (Afonine et al., 2018a) against the phenix.auto_sharpen map after
symmetry neighbors were created with phenix.apply_ncs (Helical 35.3°; 2.9 Å) using default parameters.
After two cycles of refinement and manual inspection, the final model was validated in
phenix.validation_cryoem (Afonine et al., 2018b) (Table 1). The Coulomb potential of the PspA 10-mer
was calculated in Chimera using the built-in “Coulombic Surface Coloring” routine with standard settings.
The resulting electrostatic potential grid was sampled on the surface of the refined PspA map in ChimeraX.
Structure rendering was done in ChimeraX or Chimera (Goddard et al., 2018; Pettersen et al., 2004). Image
processing, helical reconstruction and model building was completed using SBGrid-supported applications
(Morin et al., 2013).

Image analysis of membranes
To quantitatively assess the size and size changes of EPL vesicles upon addition of PspA, minimum and
maximum widths of liposomes, as well as their perimeter, were measured using ImageJ (Rueden et al.,
2017). To determine the bilayer leaflet distance, 2D classification of bilayer segments was employed. The
bilayer was traced manually in RELION 3.0 using the filament-picking option (Zivanov et al., 2018). From
these traces, segments were extracted every 20 Å with a box size of 100 px at 2.53 Å/pixel yielding 9,963
segments of vesicles only, 8,571 segments of small vesicles and PspA and 17,056 segments of large vesicles
and PspA. Bilayer segments were CTF corrected based on micrograph CTF determination (CTFFIND 4.1
(Rohou and Grigorieff, 2015) and segment images of these groups were subjected to 2D classification in
RELION 3.0 (Zivanov et al., 2018) (Figure S7 and S8). Relative intensity profiles of the class averages
were analyzed in OriginPro 2020b using the “Multiple Peak Fit” tool with a Gauss peak function. The leaflet
distance d was measured as the distance between two peak centers in each class average. Leaflet distances
were averaged within each group.
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Figures

Figure 1: Cryo-EM structure of helical PspA assemblies.
(A) Representative electron cryo-micrograph of PspA rods. (B) Detailed class average of Christmas-tree
appearance and (C) corresponding power spectrum indicating layer lines up to 7 Å resolution. (D) Fourier
shell correlation supporting 3.6 Å resolution at the 0.143 cutoff. (E) Local resolution estimates are mapped
onto the surface of the PspA cryo-EM structure. The resolution varies from 3.5 Å at the inner wall to 4.7 Å
at the C-terminal helix. (F) Left: side view of cryo-EM density with a single segmented subunit in red.
Center: open cylinder side view. Right: top view. (G) Left: schematic view of subunits stacked like bricks
forming a wall. Right: open half-cylinder view of stacked subunits forming the cylinder wall.
26

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.23.309765; this version posted September 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2: PspA atomic model and architecture of the helical PspA assembly.
(A) Built atomic model of PspA (25-215) with colored α-helices in ribbon presentation (α1: red, α2/α3:
purple, α4: blue, α5: cyan) (B) Primary structure with secondary structure overlaid in the same color scheme
as in (A). Note that helices were named following the ESCRT-III nomenclature. (C) Segmented cryo-EM
density superimposed on built atomic model of PspA. (D) Rigid body fit of the EcoPspA (25-141) X-ray
structure PDB-ID 4WHE. (E) Density of helix α1. (F) Central helix density with helix α2 and α3. (G) Cterminal helix α5 with poorer density. (H) The rod assembly in side view: elongated monomers (in rainbow
colors) assemble to form a right-handed helix of 10.19 subunits per turn, i.e. corresponding to a pitch of
30.1 Å. (I) Top view of the assembly corresponding to one turn of stacked monomers i, i+1, i+2 … i+9 (in
rainbow colors). (J) Helix α5 (cyan) forms a paddle that emanates from the wall to the outside of the helical
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rod. (K) Helical assembly of 51 PspA monomers in sphere representation in the same color scheme as in
(A). Detail 1 (residues 167-180) and 2 (residues 70-92) show the structural context of highly conserved
residues in PspA (color code rainbow as in H). (L) Electrostatic surface potential of PspA rods. The
assembly consists of two unique ends with basic and acidic surfaces.

Figure 3: Sequence comparison of PspA/IM30 with ESCRT-III proteins.
Sequence alignment of SynPspA, SynIM30, YeastVps24, humanIST1 and humanCHMP1.B superimposed
with the secondary structures according to the ESCRT-III nomenclature. Residues with similarity >30 %
are colored according to their properties (ClustalX color scheme). Stretches of high similarity are
highlighted with red boxes. Alignment scores for the boxed areas are shown in Figure S5B. Sequences were
aligned using the T-Coffee webserver (Di Tommaso et al., 2011) and visualized with JalView (Waterhouse
et al., 2009).
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Figure 4: Comparison of the PspA structure with ESCRT-III proteins.
(A) Monomer views of CHMP1.B, IST1, PspA and Vps24 with colored α-helices in ribbon presentation
(α1: red, α2/α3: purple, α4: blue, α5: cyan). (B) Helical assemblies of ESCRT-III proteins and PspA in
sphere representation with the same coloring scheme as in (A). Upper row: top views, lower row: side views.
(C) Details of the ESCRT-III and PspA assemblies showing a conserved motif with helix α5 being packed
approx. perpendicularly against the α1/α2 hairpin motif.
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Figure 5: Membrane binding and remodeling by PspA.
(A) Electron cryo-microscopy images of small unilamellar vesicles (SUVs) prepared from E. coli polar lipid
extract (EPL) alone (left) or incubated with PspA rods (right). (B) Analysis of EPL vesicle dimensions in
the presence (red triangles, n=209) and in the absence of PspA (black circles, n=210). (C) EPL forms small
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uniform vesicles in the absence of PspA (left), a fraction of unaltered uniform vesicles in the presence of
PspA (center) and larger deformed vesicles with a distinct bilayer leaflet separation (right). A representative
and diverse gallery of EPL vesicles after incubation with PspA rods is shown in Figure S6. (D) Analysis of
bilayer leaflet separation d in EPL vesicles corresponding to populations from (C). The intensity profiles
were extracted from class averages of segmented bilayers (n=5 class averages, errors represent SD). The
respective class averages are shown in Figure S7. (E) Close-up views of two closed small vesicles (top left),
one open vesicle with a horse-shoe shape (top right) and fused large vesicle with a larger fuzzy zone
(bottom). (F) Model describing interaction of PspA with membranes based on the cryo-EM image
observations. PspA polymers (red rods) contact lipid membranes and disassemble. Dissociated PspA gives
rise to “fuzzy” zones at the membrane surface that are putative fusion-active porous zones ready to fuse
with smaller vesicles. Finally, after fusion, PspA remains bound to the lipid membrane forming a continuous
coat (“carpet”) evident by an increased leaflet separation.
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Tables
Table 1. PspA cryo-EM structure determination: Details of single-particle cryo-EM and
atomic coordinate refinement
Data collection and processing
Magnification

PspA
x100,000

Voltage (kV)

200
-

2

Electron exposure (e / Å )

50

Underfocus range (μm)

0.2 - 2.3

Pixel size (Å)

0.8389

Detector

Gatan K3

Symmetry imposed

C1 and helical

Final no. of segments/asymmetric units

19,889/139,223

Helical rise (Å)

2.9

Helical twist (°)

35.3

Global map resolution (Å, FSC = 0.143)

3.6

Local map resolution range (Å)

3.5 - 5.1

Initial model used (PDB code)

-

Model refinement

PspA

Model resolution

3.4

CC mask

0.87
2

Map sharpening B-factor (Å )

-98

Model composition
Nonhydrogen atoms

1574

Protein residues

196

RMSDs
Bond lengths (Å)

0.004

Bond angles (°)

0.640

Validation
MolProbity score

1.36

Clashscore

5.35

Rotamer outliers (%)

1.23

Ramachandran plot

32

Favored (%)

98.45

Allowed (%)

1.55

Disallowed (%)

0.00
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Supplemental Information

Figure S1. Cryo-EM sample characteristics of PspA and image processing workflow.
(A) Gallery of 2D class averages from initial 1.5 million segment data set. (B) Histogram showing
distribution of measured widths of PspA rods. (C) Basic image processing workflow of PspA structure
determination: PspA rods were segmented and a subset subjected to symmetry determination in SPRING
followed by symmetry refinement in RELION. Once the symmetry was determined, RELION was used for
final 3D structure determination of PspA including CTF refinement and Bayesian polishing.
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Figure S2. Helix wheel projections of (hypothetical) helix α0 and helix α5.
(A) Helix wheel projection of the hypothetical helix α0. (B) Helix wheel projection of helix α5. Projections
were generated with HELIQUEST (Gautier et al., 2008).
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Figure S3. Sequence alignment of PspA/IM30 family proteins.
A conservation query for the PspA/IM30 protein was subjected to the ConSurf server (Ashkenazy et al.,
2016) using the SynPspA and the SynIM30 sequence as input. The output of 250 sequences was aligned
using ClustalW (Larkin et al., 2007) The resulting consensus sequence together with the SynPspA and
SynIM30 were visualized in Jalview (Waterhouse et al., 2009) and superimposed with the PspA/IM30
secondary structure using the ESCRT-III helix nomenclature. Residues with >90% identity are colored by
their properties according to the ClustalX coloring scheme.
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Figure S4. Negative-staining electron microscopy of PspA and PspA_A75S/A78S.
Micrographs of (A) PspA wildtype (WT) and (B) PspA_A75S/A78S negatively stained samples.
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Figure S5. Comparison of α1/α2 hairpin motif of PspA with the eukaryotic ESCRT-III
proteins IST1, CHMP1B and Vps24.
(A) Sequence alignment of PspA/IM30 with eukaryotic ESCRT-III proteins with bar graphs showing the
alignment quality score as a measure of sequence similarity. Sequences were aligned using the T-Coffee
webserver (Di Tommaso et al., 2011) and visualized with JalView (Waterhouse et al., 2009). (B) Structural
superposition of the PspA hairpin with EcoPspA, IST1, CHMP1-B and Vps24. CA RMSD of residues
approx. 50 – 90 (central hairpin) was calculated in Chimera using the “MatchàAlign” command.
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Figure S6. Gallery of E. coli polar lipid (EPL) vesicles after incubation with PspA rods.
(A) Electron cryo-micrographs of EPL small unilamellar vesicles (SUVs) in the presence of PspA rods. (B)
Large unilamellar vesicles (LUVs) made from EPL in the presence of PspA rods. Bottom row shows
magnified insets of the last row of LUV images. Red arrows indicate smaller oligomeric structures such as
rings.
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Figure S7. Class averages of segmented bilayers of small lamellar vesicles (SUVs) from E. coli
polar lipids (EPL).
Class averages in the absence (A) and in the presence of PspA (B).
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Figure S8. Cryo-EM image analysis of large lamellar vesicles (LUVs) from E. coli polar lipids
(EPL) incubated with PspA rods.
(A) In the absence of PspA, EPL forms uniform round vesicles, whereas larger and deformed vesicles with
a distinct bilayer leaflet separation in addition to a fraction of unaltered uniform vesicles were observed in
presence of PspA. A gallery of EPL vesicles after incubation with PspA rods is shown in Figure S6. (B)
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Detailed analysis of bilayer leaflet separation d in EPL vesicles determined from intensity profiles of class
averages from segmented bilayers. Only class averages with clear features were used for the measurement.
(n=3 class averages, errors represent SD). (C) Class averages in absence of PspA (D) Class averages in
presence of PspA.
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