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Summary

The transport of substrates across biological membranes can be broadly classified into
translocation of unfolded proteins (both co-translational and post-translational), translo-
cation of folded proteins (exclusively post-translational), and transport of small molecules.
In the research work carried out as part of this thesis, structural and functional aspects of
a translocase for unfolded proteins in FEscherichia coli, a translocase of a folded protein in
the Saccharomyces cerevisiae mitochondrial inner membrane and a transporter of polysac-
charides in Pseudomonas aeruginosa have been investigated, revealing novel aspects of
their mechanism and offering new perspectives into their function in the context of the

membranes where they reside.

The SecYEG translocon and the Oxal family member YidC from FEscherichia coli,
are central to the insertion and translocation activities in the bacterial membrane. Each
of them can handle different substrates independently of the other, but specific substrates,
such as the multi-pass membrane protein NuoK, one of the components of the respiratory
complex I, require both for efficient insertion. However, a detailed molecular understanding
of their cooperation, despite numerous efforts, so far remained elusive. This work presents
the first cryo-EM structure of a SecYEG-YidC-NuoK complex, providing a structural basis
for the insertion of multi-pass membrane proteins in the bacterial membrane. YidC is found
at the back of SecYEG, with NuoK clamped in between, resembling the “back-of-sec” route
described for eukaryotes. Furthermore, we have observed that the recruitment of YidC is
dependent on the substrate length, as the SecYEG-YidC complex is not observed when
the reconstitution is performed with truncated NuoK. Overall, this study has revealed for

the first time the organisation of an active SecYEG-YidC bacterial multi-pass translocon,



xiv Summary

shedding light into NuoK'’s insertion pathway and providing a robust method to study the
insertion pathway of other membrane protein substrates.

Folded protein transport was investigated using an in vitro system comprising Besl
and its only but essential substrate Ripl. The single-pass membrane protein Ripl is first
targeted to the mitochondrial matrix, to be later translocated and its N-terminal transmem-
brane domain inserted into the inner (mitochondrial) membrane. This particular biogenesis
route is necessary because Ripl’s C-terminal globular domain harbours an iron-sulphur-
cluster, which is synthesised and incorporated into Ripl in the matrix. Besl, a heptameric
AAA-ATPase embedded in the inner membrane, is the membrane protein responsible for
this translocation and insertion activity. Previous studies of the Saccharomyces cerevisiae
and Mus musculus Besl lacking the Ripl substrate led the to the proposal of an airlock-
like mechanism, where Besl alternates between two states, moving the substrate from a
matrix-facing to an inner membrane embedded cavity, thus preserving the electrochemical
proton gradient. In this work, we present the cryo-EM structures of Besl-Ripl loading and
translocation intermediates as well as their functional characterisation, providing experi-
mental support for the airlock mechanism. We identify charge complementarity between
interacting surfaces in Besl and Ripl as a major driver for the docking of the substrate
in the matrix vestibule and its subsequent movement towards the inner membrane upon
ATP binding. Taken together, these results provide molecular details into the mechanism
of Besl, regarding how it coordinates substrate movement with ATP binding and hydrol-
ysis, how it preserves the membrane permeability barrier and how the release step might
proceed after Ripl has moved to the inner membrane cavity.

Pseudomonas aeruginosa is an opportunistic human pathogen, particularly risky to
immunocompromised patients. The ability of Pseudomonas aeruginosa to form biofilms
partially explains its successful adaptation to hostile environments. The biofilm matrix is
composed by exopolysaccharides such as Pel, which are synthesised and exported by dedi-
cated protein machineries with components present in both the inner and outer membranes.
In the outer membrane, a substrate-specific porin mediates the export of the polysaccha-

ride. Interestingly, among the different polysaccharide export machineries, the export of
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Pel appears to be mediated not only by the PelB porin, but also by PelC, a lipoprotein
attached to the inner leaflet of the outer membrane. Nevertheless, the structural elucida-
tion of PelC or a PelBC complex in Pseudomonas aeruginosa remained elusive, leading to
open questions regarding the native stoichiometry of the complex and the determinants
of its assembly. We present the cryo-EM structure of the PelBC complex reconstituted
in lipid nanodiscs and further characterise it through molecular dynamics simulations and
biophysical measurements. This approach allowed us to assign a 1:12 stoichiometry for
the PelB:PelC complex and to identify the key features in PelC and PelB that stabilise
their interaction, as well as elements that could guide the substrate through the porin
towards the extracellular space. On the whole, our study has led to a model of substrate

translocation across the outer membrane.
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Chapter 1

Introduction

Cellular compartmentalization was a key step in the emergence of life. It allowed the segre-
gation of small, organic biomolecules and the establishment of an electrochemical gradient
which, ultimately, drove the biosynthesis of bigger assemblies, conferring the cell its abil-
ity to perform and control a wide array of functions, including self-replication, and thus
to thrive on Earth. Such compartmentalization is thought to have been first achieved on
the microporous cavities found inside hydrothermal alkaline vents [Russell and Hall, 1997],
where minerals, organized in an inorganic layer, acted as a semipermeable barrier that sep-
arated the compartment where biochemical reactions took place from the outside world.
Despite its limitations, this primitive cell form led to the appearance of organic molecules
with a special chemistry such as polypeptides, nucleotides and lipids. The lipids, consti-
tuted by a polar head and an apolar core, spontaneously form special structural arrange-
ments, minimizing the exposure of its hydrophobic moieties to water molecules. Evolution
made use of such molecules in building a more flexible and versatile semipermeable mem-
brane, the lipid bilayer, that released the primitive cell from its restricted location and
allowed life not only to diversify but to adapt to a remarkable variety of conditions across
the planet.

Alongside the evolution of the cell membrane, proteins associated to it evolved to
carry out the many different tasks required by the cell. Accordingly, membrane proteins
can interact with the membrane in different ways, for example through covalent links

to hydrophobic molecules (i.e. membrane anchors) or through noncovalent interactions
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mediated by the residues in their polypeptide chains. Most of the membrane proteins,

accounting for 30% of the mammalian proteome [von Heijne, 2007] span the membrane,

which has a length of approximately 5 nm, by embedding segments of their polypeptide
chain in an a-helix or #-sheet conformation into the hydrophobic core, while exposing other

segments to both sides of the lipid bilayer. These are generally known as transmembrane

proteins (Figure [1.1)).

Single-pass (~46%) Multi-pass (~54%)
coon f 1T ]
out Typel Type Il Typelll TA Small Typel Typell  Typelll
Cleavage N
Slgnal
peptlde
Cytosol C
In NH2
COOH
a-helical a-helical B-barrel Integrlns Most Golgl Many P450 SNARES Most ABC Most
in out apparatus  enzymes ionotropic  transporters ~ GPCRs
enzymes receptors
[ | ]
Single-pass Multi-pass Notable examples fro!m the human genome

Figure 1.1: Integral transmembrane proteins. (A) The polypeptide chains of transmem-
brane proteins (TMPs) can adopt a-helical or S-sheet conformations, spanning the mem-
brane one (single-pass) or multiple (multi-pass) times, and have their N-terminus oriented
towards the inner (Nj,) or the outer (N, ) side of the membrane. (B) Distribution and
salient examples of human a-helical TMPs and classification according to their topology
in Type [: containing a signal peptide inserted in Ny, which after cleavage leads to an Ny
topology, Type II: Ny,, Type III: Nyy, Type IV: tail-anchored (TA) membrane proteins,
which contain a single TMD close to their C-terminus and are inserted in an Nj, topology.
Figure adapted from [Hegde and Keenan, 2022].

The a-helical and [-sheet conformations minimize the exposure of the polar peptide
bond to the hydrophobic core of the membrane, while maximizing the formation of hy-
drogen bonds. While a-helical chains usually contain around 20-30 amino acids, 10 amino
acids or fewer are enough to form a [ strand that traverses the lipid bilayer. However,
while hydrogen bond donors are stabilized with nearby acceptor residues inside a single a-
helical segment, the hydrogen bond donors of one /3 strand find their acceptors in another
[ strand. This imposes a restriction on the overall structure of the membrane protein,
as a-helical proteins can have as little as one segment inserted in the membrane, while

[-sheets are restricted to cylindrical arrangements of 3 strands where all hydrogen bonds



are satisfied simultaneously. Depending on how many times the polypeptide chain crosses
the membrane, transmembrane proteins are further classified as single-pass or multi-pass
transmembrane proteins. Single-pass proteins have been observed only in an a-helical con-
formation, while multi-pass proteins can adopt structures made of either a-helical bundles
or (-barrels. Moreover, the orientation of the N-terminal domain of an a-helical mem-
brane protein is used to define its topology (i.e., its position relative to the compartment
where the protein is synthesised), which can be Nj, (N¢yt), when the N-terminus is oriented
towards the compartment, or Noy (Neyo), when it is oriented towards the exterior. The
topology is determined by the identity of the protein and, in turn, by its biogenesis path-
way. Being invariant, it allows the classification of transmembrane proteins in four types
(Figure [1.1B).

The core of the helical bundle in a-helical multi-pass transmembrane proteins is not
necessarily hydrophobic and can contain polar and charged amino acids. This confers
functional diversity, as they can interact with hydrophilic molecules coming from both sides
of the membrane (i.e. receptors) and, in some cases, form hydrophilic paths that lower the
energetic barrier of crossing the hydrophobic core of the bilayer (i.e. transporters). In a
similar way, the amino acids exposed to the inside of S-barrel multi-pass proteins exhibit
high compositional variability, depending on the protein function. However, a [-barrel
structure is less flexible than an a-helical bundle because, in contrast to the fixed positions
of the [ strands, the interactions between different a-helical segments are weaker, allowing
them to move and change position relative to one another. This impacts the variety of
functions a (-barrel can carry out and explains to some extent why a-helical multi-pass
proteins are more abundant in nature.

Considering its paramount importance to the cell’s homeostasis and viability, the
question of how proteins are synthesised, inserted and folded into an active form in
the lipid bilayer or translocated across it, has always been an intriguing one. Since
the initial identification of signal sequences and postulation of their role in targeting
[Milstein et al., 1972 Blobel and Dobberstein, 1975] to the most recent visualization of a

multi-pass translocon [Smalinskaite et al., 2022], an enormous body of knowledge has been
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built around the mechanisms of biogenesis, insertion and translocation. Yet, many details
of these processes remain unknown. In the first part of this introduction (Section , an
overview of the different factors involved in these mechanisms will be presented. In the
second part, the translocation of fully folded proteins (Section and small molecules
(Section across the membrane will be discussed.

1.1 Membrane protein biogenesis and protein translo-
cation

A wide variety of factors are involved in the biogenesis of membrane proteins, tailored to the
needs of each specific membrane and cellular context. All bacterial, archaeal and endoplas-
mic reticulum (ER) membranes (which themselves are believed to have evolved from the
archaeal membrane [Baum and Baum, 2014]) possess members of the Oxal (called Oxal
in mitochondria, Alb3 in chloroplasts and YidC in bacteria) or the SecY (called SecY in
prokaryotes and endosymbionts, Sec61 in S. cerevisiae and Sec61a in other organisms) fam-
ilies. They are proteins central to the mechanisms of targeting, insertion and translocation
of a-helical proteins into and through the membrane, as is the case for secreted proteins
that possess a cleavable first a-helical transmembrane domain [Voorhees and Hegde, 2016].
Oxal and SecY families will be discussed in more detail in the following sections. Different,
specialized machineries handle protein import and insertion in mitochondria [Busch et al.; 2023]
and chloroplasts [Nellaepalli et al., 2023], as well as the insertion of S-barrel membrane pro-
teins, which are present exclusively in the outer membranes of bacteria and endosymbiotic
organelles [Tomasek and Kahne, 2021]. The reader is referred to the respective references

for details on those machineries.
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1.1.1 Oxal protein family

An essential step in membrane protein biogenesis is the partition of hydrophobic segments,
the transmembrane domains (TMDs), into the lipid core of the membrane and the translo-
cation of hydrophilic segments across it. For some polypeptides with short hydrophilic
segments located at the N- or C- termini or connecting two TMDs, the energy cost of
translocation is paid off by the energy minimization achieved by inserting the TMDs into
the lipid bilayer [White and Wimley, 1999], and thus a spontaneous insertion is possible.
However, the longer the hydrophilic segment or the more TMDs a protein has, the lower
the likelihood is of an unassisted insertion, and competing interactions might lead to ag-

gregation.

It is presumed that the evolution of a protein that acted both as a ribosome receptor
and an insertase enabled the concomitant emergence of membrane proteins with multiple
TMDs by providing a translation location close to the membrane surface and stabilizing
TMD pairs by protecting them from the other nascent TMDs. Such central activities
are carried out by proteins belonging to the Oxal family and, remarkably, at least one
of their members is present in today’s archaeal, bacterial and eukaryotic membranes (ER
and endosymbiont-derived organelles), highlighting their importance for membrane pro-
tein biogenesis. Among the members of the family, the most notable ones are YidC, Alb3
and Oxal, located in the bacterial, the thylakoidal and the inner mitochondrial mem-
brane, respectively [Hennon et al., 2015]. Furthermore, bioinformatic studies allowed the
inclusion of Getl, EMC3 and TMCO1, remote homologs of YidC found in ER membrane
(Figure [1.2]A)[Anghel et al., 2017]. Interestingly, substrates of YidC, Alb3 and Oxal are
mainly associated with energy transduction functions, e.g. respiration or light-harvesting,
highlighting their potential role in the early stages of evolution. The conservation of their
catalytic function is such, that Oxal and YidC can replace each other both as ribosome
binding platform and as insertase [van Bloois et al., 2005, [Preuss et al., 2005|, while Alb3
can replace YidC’s insertion activity [Benz et al., 2009, [Jiang et al., 2002].

Oxal family members share a three-TMD helical fold (Figure ,C). These TMDs
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are arranged in a conical conformation, leading to the formation of a groove accessible from
both sides of the membrane. This groove is lined by hydrophilic and positively charged
residues, constituting a docking site for the hydrophilic segments handled by the Oxal
family members. In addition, the length of the TMDs favours a local membrane thinning,
destabilizing the lipid core at the protein insertion site (Figure [L.2]D). These two features
are suggested as the main functional characteristics with which Oxal members facilitate
the insertion of certain membrane proteins with multiple TMDs and hydrophilic segments
of up to ca. 50 amino acids [Hegde and Keenan, 2022, [Hennon et al., 2015]. In addition, a
hairpin-like cytoplasmic region and a C-terminal extension, which vary in length and amino
acid composition for the different members of the family, mediate substrate recruitment
and interaction with different binding partners, further supporting their insertion and

translocation activity [McDowell et al., 2021].

Oxal

The oxidase assembly factor, Oxal, is located in the inner mitochondrial membrane.
It is responsible for the insertion of all membrane proteins encoded by the mitochon-
drial genome and some nuclear-encoded substrates |[Hennon et al., 2015]. Its positively
charged C-terminal tail engages with the mitochondrial ribosome, thus catalysing co-
translational insertion of the organelle encoded subunits of oxidative phosphorylation com-
plexes [Hell et al., 2001]. Additionally, it assists in the post-translational insertion of the
nuclear-encoded targets that follow the conservative import pathway (Section , such
as the ATP dependent permease MdI1, as well as those following alternative pathways,
such as the ATP/ADP carrier protein Aac2 [Hildenbeutel et al., 2012]. Besides Oxal,
a closely related paralog, Oxa2, is also present in mitochondria. Having a shorter C-
terminal tail, Oxa2 loses the ribosomal interaction, and its main known activity is the
post-translational insertion of the strongly charged, mitochondrially encoded, Cox2 C-
terminal domain [Funes et al., 2004]. However, this activity can be taken over by Oxal

in absence of Oxa2, pointing to a more central, upstream role of the former in membrane
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protein insertion.

Alb3

Alb3 was first discovered in the chloroplasts of Arabidopsis thaliana [Sundberg et al., 1997].
It is involved in the insertion of the light-harvesting chlorophyll-binding protein (LHCP),
a core component of the photosynthetic system II (PSII). To that end, Alb3 interacts
with the transit complex formed by the chloroplast signal-recognition particle (cpSRP)
machinery and a post-translationally processed LHCP peptide. This interaction is medi-
ated by the C-terminal tail, which is intrinsically disordered but folds upon interaction
with the ¢cpSRP [Falk et al., 2010]. Similarly to the mitochondrial case, a second para-
log, Alb4, has also been found in the thylakoid membrane. Alb4 knock-down mutants
display an altered chloroplast ultrastructure but don’t seem to be essential for its bio-
genesis |Gerdes et al., 2006]. Alb4 has been shown to influence the steady state levels of
the CF{CFy-ATP synthase and interact with some of its subunits, probably resembling
the roles of Oxal and YidC in the membrane insertion of subunits of the ATPase syn-
thase homologs. Interestingly, while Alb4 can rescue the lethal phenotype observed in F.
coli YidC depletion strains, it doesn’t compensate for the absence of Alb3, supporting its

non-redundant function in chloroplast homeostasis [Benz et al., 2009].

YidC

YidC is found in the membrane of Gram-positive and Gram-negative bacteria and it is
responsible for the insertion of a wide variety of substrates. Its insertion activity can be
accomplished both independently and in combination with the SecYEG translocon (Sec-
tion . In the Sec-independent pathway, it associates with the translating ribosome,
mediating the co-translational insertion of substrates such as Foc (an F1Fo-ATP syntase
subunit), MscL (a mechanosensitive channel), TssL (a component of the type VI secretion
system), and the phage proteins M13 and Pf3 [Hennon et al., 2015].

The crystal structures of Bacillus halodurans (BhYidC) [Kumazaki et al., 2014a] and
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E. coli (EcYidC) [Kumazaki et al., 2014b] have provided important insights into YidC’s
structure and function. The core TMHs of YidC are bundled together, forming a hy-
drophilic groove exposed to both the cytoplasmic side and the interior of the membrane.
The helices are interconnected via two cytoplasmic and two extracellular regions. One
of the cytoplasmic regions is composed by two moderately hydrophobic helices, forming a
hairpin-like structure that exhibits flexibility relative to the core. On the extracellular side,
one of the regions consists of an amphipathic helix that lies parallel to the membrane plane
and is embedded in the membrane. Functional analysis of the residues in the hydrophilic
groove has shown that a conserved arginine residue (R72 in BhYidC), which confers a
strong positively charged potential, is necessary to sustain insertion activity, as mutations
that abolish the positive charge exhibit reduced insertion and a lethal phenotype. Similarly,
mutations in the hairpin-like region lead to decreased YidC-mediated membrane insertion,
suggesting a role in the initial interaction with the substrate and subsequent handling, as
has been recently confirmed [Laskowski et al., 2021].

An additional element of YidC is present in Gram-negative bacteria, protruding from
the N-terminal core of TMHs, as visualised in the EcYidC crystal structure (Figure [1.2]A)
[Kumazaki et al., 2014b]. This periplasmic domain, referred to as P1, includes a cleft that
resembles the sugar binding pocket of galactose mutarotase enzymes, but lacks the sugar
binding motif. The orientation of P1 positions it away from the membrane, making the
interaction with substrate proteins unlikely. Instead, the cleft is thought to be a docking
site for periplasmic macromolecules. This activity, however, is not essential for the function
of YidC, which can be inferred from its lack of conservation outside Gram-negatives.

All these structural features support a Sec-independent model for the insertion of
single-pass transmembrane proteins, where a negatively charged N or C terminal tail is
first recognised by the hairpin-like domain and subsequently directed towards the conserved
positively charged residue in the hydrophilic groove. Next, favoured by the electrochemical
gradient and the local membrane thinning, the energy barrier for the translocation of the
charged tail is lowered and, consequently, the tail is released to the extracellular side of

the membrane.
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Figure 1.2: The Oxal family. (A) Prominent members of the Oxal family in bacteria, en-
dosymbiotic organelles and the ER membrane. (B) The three-TMD fold (coloured) and the
hydrophilic groove are structurally conserved in Oxal members, usually accompanied by
three additional TMDs in the same protein (YidC) or in a protein partner. (C) Organisa-
tion of TMDs in the different Oxal members, displaying the three-TMD fold (coloured) and
the accompanying TMDs (grey), the shared hairpin-like loop and the unique cytoplasmic
domain in E. coli. (D) Model of facilitated TMD insertion by the Oxal members. Mem-
brane thinning and the hydrophilic groove reduce the energetic barrier for translocation of
hydrophilic residues across the bilayer. Figure adapted from [McDowell et al., 2021].

Oxal members in the ER

Bioinformatics and biochemical analyses led to the identification of multiple archaeal and
eukaryotic membrane proteins related to Oxal/Alb3/YidC, including the “YidC-like pro-
tein 1”7 (Ylpl) and members of the “guided-entry of tail-anchored proteins” (GET) path-
way, the “ER membrane complex” (EMC) family, and the “transmembrane and coiled-coil

domains 17 (TMCO1) family (Figure [1.2]/A) [Anghel et al., 2017].

The GET pathway is involved in the targeting and insertion of tail-anchored (TA) pro-
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teins in the ER membrane (Figure [1.1B). Its membrane spanning components, known as
Getl/Get2 in yeast (WRB/CAML in mammals), form a 2:2 heterotetramer that interacts
with the central targeting factor Get3 (TRC40) to coordinate TA protein post-translational
insertion [Schuldiner et al., 2008].The insertase activity of Getl/Get2 relies on a membrane
thinning mechanism and the hydrophilic groove formed by Getl, whose TMDs adopt the
conformation typical of the Oxal family [McDowell et al., 2023].

In the multi-subunit EMC, the Oxal family member EMC3 constitutes a pseudo-
symmetric, membrane spanning core along with EMC6, EMC1 and EMC5. Crosslink-
ing experiments have shown that EMC3 interacts with the substrates of the complex,
which are low-hydrophobicity TA proteins and the first TMD of multi-pass membrane
proteins that exhibit an Ny (Nexo) topology. Additionally, it has been observed that
a hydrophilic vestibule and, particularly, the conserved residues R31 and R180, are re-
quired for the insertion activity of the complex, resembling the strategy employed by YidC
[Pleiner et al., 2020].

TMCOL1 is an ER membrane protein whose function was not initially connected to
membrane protein biogenesis but had been linked to different human disorders such as
glaucoma and intellectual disability. After being identified as a relative of the Oxal fam-
ily, TMCO1’s predicted ribosome association was confirmed [Anghel et al., 2017]. In ad-
dition, TMCO1 has been characterised as part of a “multi-pass translocon” constituted
by the Sec translocon (Section and the abundant ER proteins CCDC47, Nicalin,
TMEM147 and NOMO [McGilvray et al., 2020]. More recently, the protein C200rf24 was
identified to be an obligate partner of TMCO1 (OPTI), in a homologous way as Get2
is to Getl or EMC6 is to EMC3 (Figure [1.2). These proteins have been grouped in
the BOS (back-of-sec; Nicalin, TMEM147 and NOMO) and GEL (GET and EMC-like;
TMCO1 and C200rf24) heterocomplexes which, together with PAT (CCDC47 and Asterix
[Chitwood and Hegde, 2020]), assemble at the back of the Sec translocon to assist the co-
translational insertion and folding of multi-pass membrane proteins [Sundaram et al., 2022]
(Section . The concrete role TMCO1 plays in substrate recognition and insertion is

yet to be characterized.
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1.1.2 The Sec translocon

The members of the Oxal family generally transport membrane proteins that possess
hydrophilic segments of up to ca. 50 amino acids |[Hennon et al., 2015]. The evolution
of a transporter that created a hydrophilic conduit across the lipid bilayer likely allowed
membrane proteins to have longer hydrophilic segments, thus increasing their complexity
and variety of functions, as well as enabling protein secretion. This transporter is known
as SecY (Sec6la in higher eukaryotes), a pseudo-symmetric, membrane-spanning channel
that provides an aqueous tunnel for the transport of long hydrophilic segments and can

laterally release TMDs into the membrane.

SecY /Sec6la associates with SecG and SecE (Sec613 and Sec617), forming the Sec
translocon, a heterotrimeric complex found in the membranes of bacteria, archaea and eu-
karyotes (ER and some endo-symbiont derived organelles). SecY /Sec61a and SecE/Sec617y
are essential for cell viability and are highly conserved, while SecG/Sec61/ is non-essential
and not universally conserved [Park and Rapoport, 2012]. The translocon, like other pro-
tein channels, couples the transport of its substrates to sources that can provide a driving
force for translocation, depending on the mechanism of insertion (Section . The free
energy minimisation resulting from the partition of a hydrophobic TMD into the lipid
bilayer is thought to be the major driving force for co-translational insertion and translo-
cation [Cymer et al., 2015]. In post-translational mechanisms, an additional energy source
is supplied by ATP hydrolysis, carried out by protein partners such as BiP in the ER or
SecA in bacteria [Van den Berg et al., 2004].

The channel formed by SecY /Sec61a is composed of 10 TMDs, which can be grouped
in a TM1-TM5 and a TM6-TM10 half (Figure [1.3]A). These two halves are related by
a two-fold rotational pseudo-symmetric axis and share conserved structural features with
Oxal, indicating that SecY/Sec6la potentially evolved from an antiparallel, Oxal-like,
homo-dimeric ancestor [Lewis and Hegde, 2021]. The halves define the geometry of the
channel, adopting an hourglass-like conformation around a central pore with cavities of

20-30 A in diameter, one opening towards the cytoplasmic side, the other one facing the



12 1. Introduction

extracellular side. The fusion of the halves through a loop between TM5 and TM6 at the
back acts as a hinge, allowing the interface between TM2 and TMT7 to open in a clam-
like manner, constituting what is defined as the lateral gate. SecE/Sec61y wraps around
SecY /Sec6la, keeping the halves together and closing the back side, while SecG/Sec61/3
has only limited contacts with the channel [Van den Berg et al., 2004].

In addition to the lateral gate, two elements in SecY /Sec61a determine its mechanism
of translocation: the plug and the pore ring (Figure ) The plug is a short helix that
occupies the extracellular cavity of the channel, blocking the substrate path in the resting
(idle) state. The pore ring is a cluster of six hydrophobic residues (175, V79, 1170, 1174,
1260, 1406 in M. jannaschii), located at the narrowest point of the channel that, during the
idle state, keeps the permeability barrier of the membrane by hindering the passage of small
molecules and separates the cytoplasmic and extracellular sides [Van den Berg et al., 2004].
In the translocating state, the folded first N-terminal TMD segment of a substrate induces
the opening of the lateral gate at the cytoplasmic side [Kater et al., 2019] and snorkels into
the channel, inserting as a loop (Figure [1.3B) [Li et al., 2016]. The downstream amino
acids at the C-terminal of this segment are threaded through the pore ring, displacing the
plug helix. At this stage, two of the pore ring hydrophobic residues, 175 and 1170, are
excluded from the ring and are instead replaced by the substrate chain, which in turn acts
as a seal, keeping the permeability barrier (Figure ) If the downstream amino acids
form a second TMD segment, it starts folding in the extracellular cavity after crossing the
pore ring. In later stages, the two TMDs slide out of the channel into the lipid bilayer
through the lateral gate [Ou et al., 2025].

1.1.3 Mechanisms of a-helical membrane protein biogenesis

The biogenesis of secretory and a-helical membrane proteins can be divided in a targeting
phase and an insertion/translocation phase. In the targeting phase, the newly synthesised
polypeptide is directed to the membrane either post-translationally, that is, after transla-

tion has finished and the full chain has exited the ribosome, or co-translationally, when the
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Figure 1.3: The Sec translocon. (A) Structure of the Sec61af~y translocon in the resting
(idle) state. Left panel: the N-terminal half (TM1-TM5, blue), the C-terminal half (TM6-
TM10, red), the lateral gate, pore ring and plug are displayed. Right panel: a cut-view
into the protein channel allows for a better visualisation of its pseudo-symmetric nature
and the relative positions of the pore ring and the plug. (B) Left panel: SecY channel
in the translocating (open) state, engaged with a signal peptide (green), docked at the
interface between TM2 (light blue) and TM7 (omitted for clarity) with a displaced plug
helix (yellow). Right panel: an electrostatic surface representation displays the relative
hydrophobicity around the docked signal peptide. (C) Comparison of SecY’s pore ring
residues in a substrate engaged (left and central panels) vs a resting state (right panel). The
substrate position keeps the permeability barrier during threading through the channel.
Figure adapted from |[Rapoport et al., 2017].
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N-terminal segment of the nascent chain, in complex with the ribosome, is targeted to the
membrane and inserted, allowing translation to occur concomitantly with the insertion of

subsequent TMDs or the translocation of hydrophilic domains [Rapoport et al., 2017].

Co-translational targeting

In the co-translational mode, the ribosome-nascent chain complex (RNC) is first scanned
by the signal recognition particle (SRP), a highly conserved RNA-protein complex that
can interact with the ribosome and the exposed N-terminal segment of the nascent chain
(Figure [Walter and Blobel, 1981a), Walter and Blobel, 1981b| [Keenan et al., 1998].
For secretory proteins, this N-terminal segment encodes a cleavable sorting signal composed
of 7 to 12 hydrophobic amino acids, whereas for membrane proteins it can feature a TMD of
around 20 hydrophobic amino acids [Park and Rapoport, 2012]. The RNC-SRP complex
is then relocated to the membrane, where binding of SRP to its membrane-bound receptor
(SR), followed by GTP hydrolysis, leads to the transfer of the RNC to the Sec translocon
and to the release of the SRP to the cytosol, allowing its recycling in a new cycle of
scanning and targeting [Halic and Beckmann, 2005]. Most multi-pass membrane proteins
use this mechanism, as it prevents the premature folding of TMDs and their exposure to

the aqueous environment, which could potentially lead to aggregation and misfolding.

For some proteins, the N-terminal segment is not hydrophobic enough, or the first
TMD is located far downstream, which prevents their efficient binding to SRP. These sub-
strates might be translocated by alternative mechanisms such as the SRP-independent
pathway (SND) [Aviram et al., 2016]. The three protein components of SND were orig-
inally described in S. cerevisiae and named SND1, SND2 and SND3. While SND1 is
a ribosome associated cytosolic protein [Fleischer et al., 2006], SND2 and SND3 are pre-
dicted to be membrane spanning, potentially acting as membrane receptors in the pathway.
However, a recent study has shown that the human homologue of SND2, TMEM208, ac-
celerates substrate release in the SRP pathway [Wang and Hegde, 2024], and that SND3

displays structural features like those of insertases in the Oxal family [Yang et al., 2025],
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Figure 1.4: Co-translational targeting and translocation. (1) After the signal sequence has
exited the ribosome, it is recognised by the SRP, which accommodates it in a hydrophobic
binding pocket and targets it to the membrane-bound SRP receptor (2). Upon GTP
hydrolysis, the SRP is disengaged and returns to the cytosolic pool, whereas the RNC
remains docked at the Sec translocon (3). Translation proceeds to completion threading the
nascent protein through the SecY /Sec61a protein channel (4) and leading to the recycling
of the ribosomal subunits (5). Figure adapted from [Park and Rapoport, 2012].

pointing to a partial dependence of SND on SRP and a wider range of activities not limited

to targeting.

Post-translational targeting

In post-translational targeting, chaperones and cytosolic factors, such as calmo-

dulins in mammals [Shao and Hegde, 2011] or Hsp40 and Hsp70 proteins in yeast

[Ngosuwan et al., 2003], shield the nascent chain, keeping it in a translocation compe-

tent unfolded state, and deliver it to the membrane once it is released from the ribosome

[Rapoport et al., 2017, |Aviram and Schuldiner, 2017]. In S. cerevisiae, the Hsp70 protein

Ssal hands over the substrate to an ER-membrane resident heptameric complex consti-

tuted by the proteins Sec62, Sec63, Sec72, Sec72 and the Sec translocon, also known as



16 1. Introduction

the SEC complex [Tripathi et al., 2017]. In E. coli, SecB acts as a cytosolic chaperone
and delivers the substrate to SecA [Hartl et al., 1990], an ATPase belonging to the RecA
family which also associates with the Sec translocon [Zimmer et al., 2008]. A special case
of post-translational targeting is carried out by the Get3/TRC40 chaperone, responsi-
ble for handing over TA proteins to the Getl/Get2 (WRB/CAML) heterodimer. In TA
proteins, a single TMD is located close to the C-terminus, precluding the SRP pathway
from handling their targeting. Interestingly, Get3/TRC40 binds the hydrophobic helix
by providing a hydrophobic pocket, resembling the SRP and calmodulin binding modes
[Mateja et al., 2015].

Insertion/translocation

The Sec translocon is a core component in the biogenesis of many single-pass and multi-pass
membrane proteins. In the co-translational pathway, the ribosome binds to SecY /Sec61a
through the loop 6/7 (between TM6 and TM7) and the loop 8/9 (TM8 and TM9), altering
its overall conformation and causing a slight opening of the lateral gate [Kater et al., 2019]
Shaw et al., 1988 Tsukazaki et al., 2008]. This interaction renders the channel in a “primed”
or ready for substrate engagement state [Voorhees et al., 2014} [Gogala et al., 2014]. A
primed state is also observed in the SecA post-translational pathway, as the SecA-SecY
interaction is mediated by the loop 8/9, inducing similar structural rearrangements in the
channel upon SecA binding [Zimmer et al., 2008]. The subsequent engagement of a pro-
tein substrate with SecY /Sec61a leads to a conformational change where the lateral gate is
fully open and the hydrophobic signal sequence or the TMD intercalates between TM2 and
TM7, changing the conformation of the plug and making the aqueous channel accessible
[Li et al., 2016]. The binding of the hydrophobic segment to the lateral gate and accom-
panying plug displacement initiates translocation by allowing a downstream hydrophilic
segment to be threaded across the membrane. As the channel itself does not impose a
limit to the number of amino acids that can be threaded, this hydrophilic segment can

constitute the soluble domain of a secretory protein as well as a soluble domain or loop
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connecting two TMDs. In the case of a secretory protein, once the C-terminus has been
translocated, SecY /Sec6la closes and a signal peptidase releases the soluble domain to
the extracellular space or ER lumen. In contrast, when the downstream element to the
translocated hydrophilic segment is a TMD, it enters SecY /Sec61a and is released to the
membrane through the lateral gate [Do et al., 1996 [Yost et al., 1983]. In this case, cleav-
age of the signal peptide will give rise to a membrane protein with an orientation defined
as type I (Neyo): the N-terminus is exposed to the extracellular space or ER lumen. Al-
ternatively, when the hydrophobic segment docked at the lateral gate is a TMD and no
additional TMDs are present downstream, the resulting orientation is defined as type II
(Neyt): the C-terminus is exposed to the extracellular or luminal side of the membrane
(Figure [1.5/A).

The hydrophilic segments translocated through Sec are generally long (more than
50 amino acids). If the hydrophilic segments are short (ca. 50 amino acids or less),
the insertion can proceed independently of the Sec translocon, assisted by Oxal family
members. This activity is mainly co-translational, except for proteins where a single hy-
drophobic segment or TMD is only around 70 amino acids away from the C-terminus,
such as TA proteins (Figure and Figure [L.5B). The insertion of TA proteins starts
after the GET complex component Get3/TRC40 hands over the hydrophobic TMD to
its membrane receptor constituted by the Getl/Get2 (WRB/CAML) heterodimer. Both
Getl/WBR and Get2/CAML have cytosolic domains capable of interacting with the TA-
bound Get3/TRC40 dimer but, while Get2-Get3 (CAML-TRC40) interaction does not pro-
mote the release of the TMD, the Getl/WRB hairpin-like domain can dislodge the TMD
and orient the hydrophilic segment towards the hydrophilic groove, enabling its transloca-
tion, while the TMD is released laterally to the membrane [McDowell et al., 2020].

The TMDs of some TA proteins exhibit low to moderate hydrophobicity and thus are
only inefficiently targeted by Get3/TRC40 [Mateja et al., 2015| [Rao et al., 2016]. Those
cases are preferentially handled by the EMC complex, which has been shown to cap-
ture TA proteins, most likely by transient binding to its cytosolic domain, and direct

them to the membrane [Guna et al., 2018]. The main insertase activity is then carried
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out by the Oxal family member EMC3, where the hydrophilic groove probably binds
and assists the translocation of the TA C-terminus, while inserting the TMD into the

membrane [Anghel et al., 2017, |(O’Donnell et al., 2020|. The EMC complex has also been

associated with the insertion of a third type of membrane protein topology, namely the

type III (Nexo) which, despite having an inverted topology compared to TA proteins, also

possesses short N-terminal hydrophilic domains (Figure [1.5/C) [Chitwood et al., 2018].

Multi-pass membrane proteins that exhibit a combination of short and long hydrophilic
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Figure 1.5: Mechanism of insertion of the first TMDs of multi-pass membrane proteins.
Depending on key substrate features the insertion route is handled by Sec or Oxal family
members. (A) Type I and Type II proteins are inserted via the lateral gate of SecY /Sec61a.
(B) TA proteins are inserted via the GET or EMC machineries. (C) Type III proteins are
inserted by Oxal family members. Figure adapted from |Hegde and Keenan, 2022].
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segments interconnecting their TMDs use both the Sec translocon and Oxal family mem-
bers, with the ribosome acting as a hub that recruits and directs the nascent chain to
the corresponding factors (Figure . In some cases, the coexistence of both the Sec
translocon and the Oxal family member(s) is not possible due to steric hindrance con-
strains. Such is the case of type III (Ney,) multi-pass membrane protein insertion, where
the SRP would need to first deliver the N-terminal TMD to EMC before Sec can engage
the ribosome (Figure [L.5C) [Chitwood and Hegde, 2019]. For type II (Ngy) multi-pass
substrates, the targeting of the TMD to Sec is presumably followed by the recruitment
of the BOS, GEL and PAT complexes, which not only act as insertases, but provide an
environment that facilitates the proper folding of the TMDs. This is especially impor-
tant because some TMDs in multi-pass membrane proteins are usually slightly hydrophilic
[Hessa et al., 2007], as they require hydrophilic side chains to form channels, binding and
catalytic sites. If those residues are directly exposed to the lipid bilayer, they can be
recognised by quality control mechanisms that degrade them [Hegde and Keenan, 2022].
Consequently, they need to be protected during insertion and folding by intramembrane
chaperones such as Asterix in the PAT complex, which has been reported to directly
engage semi hydrophilic TMDs in the ER membrane [Chitwood and Hegde, 2020]. The
complex formed by BOS, GEL, PAT and Sec has been recently visualised by cryo-EM
(Figure ), providing a structural basis for a unified model of membrane protein
biogenesis (Figure [1.6B) [Smalinskaité et al., 2022, [McGilvray et al., 2020]. The protein
components of these complexes are widely conserved in metazoans, which is coherent with
the increased complexity of their membrane proteome. The question of whether such
assemblies are also used by prokaryotes, which lack PAT, BOS and GEL components
[Li et al., 2016, [Guna et al., 2018|] remains open.

1.1.4 Research question and aim of Publication 1

In bacteria, some multi-pass membrane proteins, such as NuoK, require both SecYEG

and YidC for their correct insertion. It is a long-standing question how SecYEG and
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Figure 1.6: Multi-pass membrane protein insertion by the BOS-GEL-PAT-Sec complex.
(A, top) Relative organisation of each complex around Sec61, viewed from the ER. The
putative localisation of the proteins C200rf24 and Asterix is displayed by dashed circles,
and the lipid-filled cavity formed by the assembly is indicated. (A, bottom) Scheme of the
assembly and the role of each complex. (B, top) Atomic model based on PDB 6W6L and
predicted models for C200rf24 and Asterix displaying the surface facing the lipid-filled
cavity. (B, bottom) Lipid-filled cavity facing surface coloured according to the hydropho-
bicity of its residues. The docking site of Sec61 in TMEM147, the hydrophilic vestibule in
TMCO1 and a potential substrate binding domain in Asterix are indicated. (C) Model for
the insertion of a multi-pass membrane protein at the back of Sec61, after the first TMD
has been inserted in an Ny (Nexo) topology (Figure ) The hydrophilic residues in
the downstream TMDs are handled by Asterix, as the proper folding of the membrane
protein is chaperoned in the lipid-filled cavity. Short connecting loops between TMDs
can be translocated through the hydrophilic vestibule in TMCO1. Figure adapted from
[Smalinskaite and Hegde, 2023].
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YidC cooperate during insertion and folding of these substrates. One possibility is that, in
analogy to the eukaryotic MPT, YidC plays a similar role as BOS/PAT/GEL. However,
available structural data is limited to RNC-SecY or RNC-YidC, as the structure of a
SecYEG-YidC complex has so far remained elusive. The aim of Publication 1 was to
combine structural and biochemical approaches to study the interaction between SecYEG
and YidC from E. coli in order to understand how the synthesis of the multi-pass membrane
substrate NuoK induces their assembly and to identify key features of bacterial multi-pass

membrane insertion by the SecYEG-YidC complex.

1.2 Translocation of folded proteins across membranes

In contrast to the translocation of unfolded proteins, the mechanisms of folded protein
translocation are more diverse. For example, the unconventional protein secretory sys-
tems (UPS) have different mechanisms of transport such as direct translocation through
pore formation (type I), direct translocation through ABC transporters (type II), secre-
tion through endocytic compartments (type III) or Golgi bypass of integral membrane
proteins (type IV) |Dimou and Nickel, 2018]. UPS have also been observed in bacte-
ria |[Ebner and Gotz, 2019]. A unifying characteristic of the proteins that follow these
pathways is the lack of a targeting or leading sequence. Another instance of folded pro-
tein translocation occurs at the peroxisomal membrane, where proteins with a C-terminal
(S/A/C)-(K/R/H)-L [Brocard and Hartig, 2006] or N-terminal R-(L/V/I/Q)-XX-(L/V/I/H)-
(L/S/G/A)-X-(H/Q)-(L/A) [Petriv et al., 2004] peroxisomal targeting sequence (PTS) are
recognised by their respective PEX5 (PTS1) and PEX7 (PTS2) adaptors, which target
them to the nuclear pore-like receptor PEX13 in the membrane to be subsequently imported
into the peroxisomal matrix [Léon et al., 2006, [Pei and Dalbey, 2022| [Skowyra et al., 2024}
Wu and Zhuang, 2025].

In archaea, bacteria, chloroplasts and mitochondria of some species, the twin-arginine

pathway (TAT) is the main route for translocation of folded substrates. These substrates
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play key roles in respiratory and photosynthetic energy metabolism, iron and phosphate
acquisition, cell division, cell motility, quorum sensing, organophosphate metabolism, re-
sistance to heavy metals and symbiotic nitrogen fixation [Palmer and Berks, 2012]. The
mitochondria of several species have lost the machinery required for this pathway many
times during evolution [Petru et al., 2018] and, instead, an alternative pathway dependent
on the AAA-ATPase Besl evolved to replace it [Wagener et al., 2011]. These pathways

will be discussed in more detail in the following sections.

1.2.1 The TAT Pathway

The substrates of the TAT pathway possess an N-terminal targeting signal composed
of a highly conserved twin-arginine motif defined as SRRXFLK, where the consecutive
arginines have a very low variability and the other residues occur with a frequency higher
than 50% [Berks, 1996]. This signal sequence has an overall architecture similar to the
Sec targeting signal, exhibiting a tripartite structure with an N-terminal basic region, a
middle hydrophobic region and a polar C-terminal region with a signal peptidase recog-
nition site (Figure [1.7]A). The crucial difference is, however, that the basicity of Sec
targeted signals can be borne by arginine as well as lysine residues, whereas replacement
of arginine for lysine in the twin-arginine motif impacts the efficiency of the TAT path-
way [Stanley et al., 2000]. Other important differences are a less hydrophobic character of
the middle region [Cristobal et al., 1999] and a basic amino acid in the C-terminal region of
TAT signals, the latter preventing an association with the Sec translocon [Bogsch et al., 1997].
Additional substrates that do not have the TAT targeting sequence can be translocated
if they bind a small-subunit partner carrying the signal [Rodrigue et al., 1999]. Two fam-
ilies of proteins, termed TatA and TatC, constitute the machinery involved in substrate
recognition and translocation. While some minimal TAT pathways contain only one type
of TatA and TatC, most of them contain an additional member of the TatA family, called
TatB (Figure [1.7B) [Berks et al., 2014]. TatC proteins comprise six TMDs arranged to

form a cavity capped on the periplasmic (thylakoidal lumen in chloroplasts, intermembrane
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Figure 1.7: The TAT pathway. (A) Comparison of the Tat and Sec signal peptide structure,
highlighting key differences such as the twin-arginine motif (SRRXFLK) and the presence
of a positively charged residue in the ¢ region ((+)AXA) of Tat signals. (B) The three
main constituents of the TAT pathway, TatA, TatB and TatC. (C) Model of TatABC
mediated translocation across the membrane. The binding of the signal peptide to a TatBC
receptor complex triggers the oligomerisation of TatA subunits which, in turn, form a pore
to facilitate the movement of the folded substrate. Cleavage of the signal sequence and
posterior release are followed by TatA de-oligomerisation and return of TatBC to the resting
state. Panel (A) and (C) adapted from [Palmer and Berks, 2012]. Panel (B) adapted from
|Palmer and Stansteld, 2020].
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space in mitochondria) leaflet of the membrane by a surface helix and two parallel surface
loops. Two of the TMDs, 5 and 6, are too short to span the lipid bilayer, enabling a
possible route from the inside of the cavity towards the periplasm by means of membrane
thinning [Rollauer et al., 2012, Berks, 2015]. TatA members contain a short hydropho-
bic N-terminal TMD, oriented almost perpendicularly to a downstream amphipathic helix
facing the cytosolic (stroma in chloroplasts, matrix in mitochondria) leaflet of the mem-
brane. A cytosolic facing, unstructured C-terminal tail is located further downstream,
whose deletion does not abolish TAT translocation activity [Berks, 2015].

In the resting state (i.e. without substrate engaged), crosslinking data support a
model where a complex, formed by TatA, TatB and TatC in a 1:1:1 stoichiometry, is
present in the membrane as trimeric or tetrameric assemblies [Palmer and Stansfeld, 2020].
One face of the N-terminal helix of TatB is predicted to interact with TMD 5 and 6 of
TatC while the opposite face interacts with TMD 1, facilitating the oligomerisation of
the complex [Alcock et al., 2016]. Recently, analysis of the Tat translocation machinery
in chloroplasts has suggested that the substrate receptor complex is formed by a trimeric
core of TatC subunits, to which an equimolar amount of TatB is loosely bound yielding
a TatB3Cjs assembly [Reimers et al., 2025]. Even though only the TatBC complex is sta-
ble enough to be isolated, TatA is associated adjacent to the TatB binding site in vivo
[Alcock et al., 2016|, [Habersetzer et al., 2017].

Under the current model (Figure ), the transport activity is initiated by bind-
ing of the signal sequence to a conserved cytosolic patch in TatC [Rollauer et al., 2012],
followed by internalisation and a conformational change where TatB is displaced by TatA,
likely triggered by the extensive contacts established between the middle hydrophobic re-
gion of the signal and TatB. This structural rearrangement leads to the proton motive force
(PMF) dependent recruitment of additional TatA subunits [Alcock et al., 2013], which
oligomerise and lead to the formation of either a pore of variable size or a region of transient
bilayer disruption that facilitates the movement of the folded substrate across the mem-
brane [Berks, 2015 [Patel et al., 2014]. After translocation, the signal sequence is cleaved,
TatA dissociates, and the system returns to the resting state [Palmer and Stansfeld, 2020].
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Despite major advances, structural elucidation of the Tat ABC complex has remained chal-
lenging and, in consequence, a deep molecular understanding of its mechanism is still

lacking.

1.2.2 The Bcsl Pathway

Some of the most relevant TAT substrates are the iron-sulphur cluster proteins (ISPs)
such as qcrA (belonging to the Menaquinol-cytochrome reductase complex in bacteria),
petC (present in the Cytochrome b6-f complex in chloroplasts), and Ripl (a subunit
of the Cytochrome be-1 (bel) complex in mitochondria). In the mitochondrial case,
however, not all species rely on the TAT pathway, as its genes are only found in some
protists [Petru et al., 2018] and plant mitochondria [Carrie et al., 2016]. Most of the op-
sithokont (i.e. Fungi, Metazoa and related species) genomes, with only Monosiga brevicollis
[Burger et al., 2003] and Oscarellidae [Wang and Lavrov, 2007] as exceptions, lack genes
encoding the TAT pathway. Instead, Besl, an inner mitochondrial membrane (IM) bound
AAA-ATPase, has been identified as the dedicated protein involved in fully folded Ripl
translocation and insertion [Wagener et al., 2011, [Nobrega et al., 1992} [Cruciat et al., 1999],
when the TAT machinery is absent. Notably, no other substrates of Besl are known to

date.

Ripl ISP

Ripl, also known as Rieske protein [Rieske et al., 1964], is one of the catalytically active
subunits of bcl, together with cytochrome b and cytochrome c1. It is formed by three main
domains: an N-terminal domain containing a mitochondrial matrix targeting sequence and
an a-helical membrane spanning segment; a globular C-terminal domain exposed to the
intermembrane space (IMS), harbouring a Fe,Ssy cluster; and a short, flexible domain that
connects the former two. In the bel complex, which exists as an obligate homodimer in

the IM, the N-terminus of Rip1 interacts with the cytochrome b subunit of one monomer,
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while the C-terminus interacts with the cytochrome cl subunit of the second monomer
[Hunte et al., 2000].

The nuclear encoded Ripl polypeptide, containing 215 amino acids in S. cerevisiae,
is synthesised in the cytosol and targeted to the mitochondrial matrix. After import
through the TOM-TIM23 machinery [Hartl et al., 1986 [van Loon et al., 1987], the first 22
amino acids, comprising the matrix targeting signal, are cleaved by the matrix processing
peptidase, leading to a Ripl intermediate (i-Ripl). In a following step, that occurs after
assembly of i-Ripl into bcl [Nett and Trumpower, 1999], the mitochondrial intermediate
peptidase further cleaves eight residues of the N-terminus, resulting in a mature Ripl (m-
Ripl) of 185 amino acids. This two-step post-translational processing of Ripl contrasts
with the single-step cleavage that occurs in mammals where, in addition, the cleaved pre-
sequence is kept in the bcl complex [Brandt et al., 1993].

The import of Ripl into the matrix, before targeting to its final location in the
IM/IMS, is required for the assembly of the FeySs cluster by the iron-sulphur cluster
assembly machinery (ISC) (Figure [Kispal et al., 1999, |[Lill and Freibert, 2020]. The
cluster sits in the FeySy-binding subdomain (FeSD), coordinated by the residues C159,
H161, C178, and H181, along with a disulfide bond formed between C164 and C180. This
subdomain is structurally supported by a bundle of 5 strands denominated the base subdo-
main (BD). Together, these subdomains are key structural elements whose proper folding
determines the electron transfer activity of Ripl [Hunte et al., 2000]. It is not clear whether
the folding of Rip1’s C-terminus happens before or concomitantly with the Fe,S, assembly
process, but a folded conformation is required for translocation and insertion into the IM
[Wagener et al., 2011]. The matrix chaperone Mzm1 (LYRM7/MZMI1L in humans) stabi-
lizes this transport-competent folded state and, even though it is not required for translo-
cation [Cui et al., 2012} [Sanchez et al., 2013], its mutation or deletion impairs bel complex
assembly and thus respiration [Atkinson et al., 2011]. For its final targeting, the IM bound
Besl recognises the Ripl substrate, translocates the C-terminal domain to the IMS and
laterally releases the N-terminal domain into the IM [Wagener et al., 2011]. The assembly

of Ripl is one of the latest steps in the biogenesis of bcl, after a dimerised intermediate of



1.2 Translocation of folded proteins across membranes 27

A Ya

Rip1 precursor
Cytosol

IMS
BCS1

-

Matrix e

“\)

ATPl Mzm1 ? et

bc, Precomplex
C \

4
g

\
bc, Complex 4

\

be, Dimer

\

Supercomplexes

Figure 1.8: Ripl biogenesis pathway. The Ripl precursor (p-Ripl) is translocated across
TOM and TIM23 into the mitochondrial matrix, where it is post-translationally processed
to remove its targeting sequence (22 amino acids), leading to an intermediate form (i-Rip1).
The iron-sulphur cluster is assembled concomitantly with the removal of additional eight
residues from the N-terminus, resulting in the mature form (m-Ripl), which is stabilised
by the matrix chaperone Mzml. It is not clear whether Mzm1 hands over m-Rip1 directly
to Besl. After translocation by Besl, Ripl is laterally released, and the bcl complex
biogenesis can move forward. Figure adapted from |[Wagener et al., 2011].
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around 500 kDa (Intermediate III) containing cytochrome b, cytochrome c1, Corl, Cor2,
Qcr6, Qer7 and Qcr8 has been assembled [Ndi et al., 2018]. It was initially proposed that
Rip1 insertion into bcl could be a pre-requisite for its dimerization [Cruciat et al., 2000].
However, it has been shown that the dimerization is an early event in the biogenesis of
bel, independent of Ripl incorporation [Conte et al., 2015, [Stephan and Ott, 2020]. At
this step, Qcr9 insertion into the intermediate III is required for the assembly of Ripl
[Phillips et al., 1993]. Once Ripl is incorporated, the last subunit, Qecrl0, can associate

with bcl and the functional complex is complete.

The Becsl AAA-ATPase

The BCS1 (ubiquinol-cytochrome ¢ reductase (bcl) synthesis) gene was first discovered
by screening respiratory deficient mutants in S. cerevisiae, which exhibited a substantial
decrease in the levels of Ripl assembled into the bel complex. The product of the gene,
Besl, was found to be essential for the expression of a catalytically active bcl, being par-
ticularly involved in the handling of Ripl, as over-expression of the substrate could not
rescue the observed phenotype [Nobrega et al., 1992]. Similarly, mutations in the human
ortholog, BCSIL, have been found to be the cause of different human diseases related to
bel complex deficiency due to failed Ripl assembly [De Meirleir et al., 2003] such as the
GRACILE [Ramos-Arroyo et al., 2009] and the Bjornstad [Hinson et al., 2007] syndromes.
Besl is imported via the TOM-TIM23 machinery and anchored to the IM via an N-terminal
TMH, downstream of which the IM targeting signal is located [Folsch et al., 1996]. Its
matrix facing C-terminus contains a conserved AAA-ATPase domain (ATPases associ-
ated with diverse cellular activities |[Erdmann et al., 1991] [Tomoyasu et al., 1993]) that
diverges from several clades in the superfamily [Frickey and Lupas, 2004]. The AAA do-
main resembles the D1 domain of AAA-ATPases such as p97/Cdc48, but it lacks a second
domain (D2) and a pore loop region [Wagener and Neupert, 2012], core features of the
family involved in substrate handling (binding, unfolding, translocation) (Figure
[Wagener and Neupert, 2012, Martin et al., 2008]. The absence of these features and the
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fact that translocation of a fully folded Rip1 substrate poses a different challenge, compared
to the threading of unfolded peptide chains, raised the question of whether Besl would fol-

low the well-known “hand-over-hand” mechanism [Puchades et al., 2020], as many AAA-

ATPases do, or an alternative mechanism would be in place [Wagener and Neupert, 2012].

TMH

Middle
domain

[y

Connector
hairpin

Figure 1.9: Structure of Besl. (A) Matrix (top) and side views (bottom) of a cryo-EM 3D
reconstruction (left) and corresponding atomic model (right) of Besl in the ADP bound
state. (B) Structural details of one Besl protomer, TMH: transmembrane helix, MD:
middle domain, AAA: AAA-ATPase (LD): large or (SD): small domain. Figure adapted
from [Kater et al., 2020].

In recent years, structural studies on M. musculus (mBcsl) [Tang et al., 2020] and S.

cerevisiae (yBesl) [Kater et al., 2020 shed light on Besl’s tertiary and quaternary struc-

ture. Unexpectedly, Besl exclusively forms homoheptameric oligomers, in contrast to most

of the AAA-ATPases characterised so far, which form homohexameric rings [Iyer et al., 2004,

Vale, 2000, |Zhang et al., 2021]. This oligomeric assembly not only grants it a wide matrix
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facing vestibule with a pore of around 40 A, big enough to accommodate a folded Ripl
(around 30 A), but allows for a basket-like arrangement of the TMHs, therewith an IM
embedded vestibule is created. A middle, Besl specific domain close to the matrix-IM
interface separates both vestibules, acting as a seal and potentially restricting the free
movement of molecules between them [Kater et al., 2020} [Tang et al., 2020].

Besl undergoes major conformational changes upon nucleotide binding. In yBesl,
three main states (one ADP bound state and two Apo states) outline a transition from
ADP-bound state to Apo state, characterised by changes in the matrix vestibule and the
middle domain. yBesl’s (456 amino acids) N-terminal TMH comprises amino acids 53-83,
followed by the seal-forming middle domain (MD, amino acids 84-202), a large (LD, amino
acids 203-387) and a small (SD, amino acids 388-449) AAA domains. The MD contains
a loop, termed the seal loop, protruding towards the central axis of the heptamer, and a
[-hairpin, termed the connector hairpin (CH), that interacts with the LD. In the ADP
state, yBesl exhibits a matrix pore diameter of 40 A, a tightly closed MD seal and CH
loops pointing towards the matrix. During the transition from the ADP state through the
two Apo states (Apol and Apo2), its AAA domain (SD and LD) rotates inwards, closing
the matrix pore from 40 A to around 30 A (Apol), followed by an outward movement of
the CH and a slight opening of the MD seal (Apo2) [Kater et al., 2020]. Notably, even
though mBecsl appears to have structurally similar ADP and Apo states, the trend of
inwards movement of the AAA domain, together with the outwards movement of the CH
and opening of the seal continues upon ATP binding. mBcsl bound to ATP~S, a non-
hydrolysable ATP analogue, displays a constricted matrix vestibule and a wide-open MD
seal, suggesting that ATP binding might trigger a major conformational change where the
matrix and IM vestibules are connected, what could allow the substrate to be translocated
from one to the other [Tang et al., 2020].

These observations lead to the proposal of an “airlock-like” mechanism for the translo-
cation of Rip1 across the IM, divided in three main steps (Figure [Kater et al., 2020].
First, a transport competent Ripl docks in the matrix vestibule of Besl. In the second

step, ATP binding causes a major constriction of the matrix vestibule and opening of the
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MD seal, allowing the movement of Ripl towards the IM vestibule. Finally, the third step
would involve the lateral release of Ripl N-terminus to the IM and release of the C-terminus
to the IMS. A salient feature of this mechanism is the requirement for a concerted ATP

hydrolysis, opposed to the sequential hydrolysis observed in the hand-over-hand mecha-

nism |[Puchades et al., 2020]. Evidence for such concerted hydrolysis cycle was obtained

by means of high-speed atomic force spectroscopy (HS-AFM), where a transition between

protomers was observed to be at least three orders of magnitude faster than the mean

half-life of ADP or ATP bound states [Pan et al., 2023]. The concerted mechanism and

controlled gating of the MD seal are also consistent with the requirement of maintaining

the proton gradient across the IM.

(1) Loading (2) Gating (3) Release

IMS

[] Rip1 [ AAA domain [_] Middle domain [] TMH

Figure 1.10: Model of the airlock-like mechanism of Besl-mediated Ripl translocation.
Besl is proposed to translocate Ripl in three main steps: first, a loading step where Ripl
docks at the matrix vestibule, followed by a second step where the middle domain opens
to allow the movement of the substrate towards the IMS vestibule and a third step, where
the TMH domain opens to allow the lateral release of Ripl into the IM. Figure adapted
from |Kater et al., 2020].

1.2.3 Research question and aim of Publication 2

The airlock-like mechanism offers a plausible explanation of how Besl translocates its

fully folded substrate across the IM without disrupting the electrochemical proton gra-
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dient. However, the question remains how and when Besl binds Ripl and what are the
molecular details of that interaction. The aim of Publication 2 was to capture stable Bes1-
Ripl translocation intermediates and determine their 3D structure by cryo-EM to confirm
the proposed airlock mechanism. Furthermore, another goal was to characterise different
binding modes of Besl to Ripl, identifying the necessary elements for translocation, and
provide a clearer picture of how Besl coordinates Ripl movement across the IM during the

ATP hydrolysis cycle.

1.3 Transport of small molecules across membranes

The permeability barrier of the lipid bilayer not only restricts the free movement of polypep-
tides and folded proteins (Section[I.2)) but also affects the rate of diffusion of small molecules
and ions. While small hydrophobic or non-polar molecules, such as CO5 and Oy, readily
diffuse down their concentration gradient, lipid bilayers are virtually impermeable to polar
molecules such as H,O and urea, as well as to ions like Na*, K* and Mg?*. However,
these and many other charged chemical species, also called solutes, are central to different
cellular processes and, therefore, the cell has evolved mechanisms to control the rate at
which they are imported and exported across the membrane.

The mechanisms of transport are divided in passive transport and active transport,
each carried out by specialized, multi-pass membrane proteins. Passive transporters facil-
itate the movement of solutes in the direction of their concentration gradient. They can
perform this activity by alternating between inwardly and outwardly open conformations
that expose their binding sites to opposing sides of the membrane (e.g. members of the
major facilitator superfamily (MFS) such as GLUT transporters [Chen and Phelix, 2019]
Deng et al., 2015]), or by providing an aqueous conduit spanning the lipid bilayer. In
contrast, active transporters use a source of energy as the driving force for the transport
of solutes against their concentration gradient. The sources can be the energy stored in

the electrochemical gradient of a different solute (e.g. the sodium dependent, excitatory
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amino acid transporters EAATs [Kato et al., 2022]), the energy released by ATP hydroly-
sis (ABC transporters [Thomas and Tampé, 2020], P-type ATPases [Palmgren, 2023] and
F-/V- ATPases [Kuhlbrandt, 2019, [Chen et al., 2022]), and the energy coming from pho-
tons (bacteriorhodopsin [Haupts et al., 1999]) or released by redox reactions (cytochrome
¢ oxidase [Wikstrom and Sharma, 2018]). Many similarities exist between transporters
mediating passive and active transport. Most active transporters also alternate between
inwardly and outwardly open conformations during transport and, by experimentally ad-
justing the solute concentrations at both sides of the membrane, they have been shown to
reverse their direction of transport [Garrahan and Glynn, 1966, [Mintz et al., 1990]. How-
ever, in the case of transport coupled to the gradient of an ion, the conformational changes
are only triggered in presence of the solute, which prevents dissipation of the gradient
uncoupled to transport.

Passive transporters forming an aqueous passage across the membrane are called chan-
nels. Because their interaction with the solute is more transient, their rate of transport is
faster than other types of transporters. Specialised channels transport ions such as Na™,
KT, CI~ or Ca?", among others, with high selectivity [Catacuzzeno et al., 2025] through
gates regulated by different external stimuli such as ligands (ligand-gated) or in response
to the membrane potential (voltage-gated). Other channels are more permissive, allowing
the passage of small ions and polar molecules through the outer membranes (OMs) of bac-
teria, mitochondria and chloroplasts [Bolter and Soll, 2001], [Vergalli et al., 2020]. They are
collectively referred to as porins and are in many cases multi-pass S-barrel membrane pro-
teins. Salient examples are OmpF in E. coli [Cowan et al., 1992], VDAC in mitochondria
[De Pinto, 2021] and OEP21 in chloroplasts |[Giinsel et al., 2023].

An important class of porins includes those involved in the secretion of synthase-
dependent polysaccharide chains in gram-negative bacteria (Figure . These polysac-
charides are required in the formation of biofilms, essential for the establishment of sessile
bacterial communities, which confer them resistance to different chemical and physical
stressors in the environment as well as to antimicrobial agents [Liu et al., 2024]. A com-

mon component in biofilms of Enterobacteriaceae is phosphoethanolamine-cellulose, which
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is transported to the extracellular space by BesC, an OM S-barrel porin contacting the
IM through a long, N-terminal domain with tetratricopeptide repeats (TPR), involved in
substrate handling during export [Acheson et al., 2019]. Other examples in gram negatives
include the OM S-barrel porins for transport of alginate and poly-3-D-N-acetylglucosamine
(PNAG), AlgE and PgaA, respectively [Whitney and Howell, 2013]. P. aeruginosa, an
opportunistic, gram-negative pathogen secretes, together with alginate and Psl, the pel-
licle polysaccharide (Pel) for biofilm formation, critical for its virulence and persistence
[Franklin et al., 2011]. Translocation of Pel across the OM is proposed to occur through
PelB, a (§-barrel porin structurally similar to BesC and PgaA [Marmont et al., 2017a]. De-

tails of the Pel biosynthesis and export machinery will be discussed in the following section.

1.3.1 Pel transport in Pseudomonas aeruginosa

Pel polysaccharide biosynthesis and export are performed by the proteins encoded in the
PelABCDEFG operon, PelA-G (Figure [1.11]D) [Franklin et al., 2011], all essential for
the pellicle formation [Friedman and Kolter, 2004, [Vasseur et al., 2005]. Its assembly pro-
cess starts in the cytosol, with the polymerisation of galactosamine (GalN) into a lin-
ear N-acetyl-a-1,4-GalNAc homopolymer [Le Mauff et al., 2022]. This reaction is catal-
ysed by the cytosolic glycosyl-transferase PelF [Ghafoor et al., 2013|, which binds uridine
5’-diphosphate (UDP) [Jennings et al., 2015, [Marmont et al., 2020] and, therefore, poten-
tially uses UDP-GalNAc as substrate. The biosynthesis of Pel is allosterically regulated
by binding of bis-(3’-5")-cyclic dimeric GMP (c¢-di-GMP) to the cytosolic domain of PelD,
an IM protein with four TMDs in its N-terminus [Lee et al., 2007, Whitney et al., 2012].
Also in the IM, the proteins PelE, containing two TMDs and a TPR domain, and PelG,
containing twelve TMDs, are potentially involved in multimerization with PelD and elec-
trochemical gradient coupled transport of the nascent polymer across the IM, respectively
[Franklin et al., 2011]. Based on bacterial adenylate cyclase two-hybrid (BATCH) as-

says, different interactions between each of these components have been observed, indi-
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Figure 1.11: Biofilm exopolysaccharide biosynthesis machineries. The main components
of each machinery are displayed for (A) cellulose, (B) alginate, (C) PNAG and (D) Pel.
Among their shared features is the use of a specialized porin (BcsC, AlgE, PgaA or PelB),
through which the assembled polysaccharide is exported, and a c-di-GMP binding compo-
nent in the IM, which enables allosteric control of the polysaccharide biosynthesis. Figure
adapted from |[Poulin and Kuperman, 2021].

Cytosol

cating that an IM localized complex integrated by PelDEFG acts as the Pel polysaccha-

ride synthase |[Whitfield et al., 2020]. In this complex, PelD, most likely as a homodimer

[Whitney et al., 2012, allosterically regulates the assembly of the polymer carried out by

PelF, which is subsequently translocated through PelG. The BATCH assays have also sug-

gested that contrary to what was previously postulated |[Franklin et al., 2011], the TPR

domain of PelE localises to the cytosol and not to the periplasm. In this way, PelE would
act as a hub both at the IM, through its two TMDs, and the cytoplasm, through its TPR

domain, coordinating the organisation and crosstalk between the other subunits. The
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structural elucidation of PelIDEFG in presence of ¢-di-GMP and substrate could shed light
into the organisation of the different domains in the active state of the complex.

After its translocation into the periplasm, PelA modifies Pel via its deacetylase and
glycoside hydrolase domains [Van Loon et al., 2025]. The selective removal of acetyl groups
from GalNAc by the former transforms the homopolymer into a chain of dimeric repeats
containing both galactosamine and N-acetylgalatosamine, conferring it a positively charged
surface [Colvin et al., 2013]. The hydrolase domain generates a cell-free form of the poly-
mer, relevant for P. aeruginosa virulence |[Razvi et al., 2023]. PelA has been observed
to interact with the N-terminal TPR domain of PelB, the OM porin proposed to ulti-
mately export the modified Pel to the extracellular space [Marmont et al., 2017b|, bridg-
ing the path from the IM machinery to the PelB pore and modulating the deacetyla-
tion/hydrolysis activity of PelA [Van Loon et al., 2025]. A characteristic trait of the Pel
export machinery, compared to other polysaccharide export systems, is the involvement
of a lipoprotein bound to the inner leaflet of the OM, PelC [Franklin et al., 2011]. The
crystal structure of a PelC homolog from Paraburkholderia phytofirmans allowed the visual-
isation of its ring-shaped dodecameric assembly [Marmont et al., 2017a]. The observation
that the periplasm-facing side of the ring is negatively charged suggested that, during
deacetylated Pel transport, PelC directs the nascent polymer towards the OM. Addition-
ally, the previous assignment of the C-terminal helix as a TM domain could be re-evaluated
[Franklin et al., 2011}, [Vasseur et al., 2007], leading to the conclusion that, instead, PelB,
whose C-terminal domain is predicted to form a [-barrel porin [Keiski et al., 2010], could

form the channel through which Pel is secreted.

1.3.2 Research question and aim of Publication 3

Bioinformatic analyses have shown that numerous gram-positive and gram-negative bacte-
rial species have a Pel biosynthesis locus, underscoring the conservation and potential rel-

evance of the Pel biosynthesis pathway in biofilm formation [Whitfield and Howell, 2021].
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However, PelB, PelC or a PelBC complex from P. aeruginosa have so far eluded structural
characterisation, raising the question of what the determinants for the assembly of the
PelBC complex are, how the transport of Pel is coordinated and whether the dodecameric
assembly is also observed in association with PelB or alternative stoichiometries are pos-
sible. The aim of Publication 3 was to combine structural characterisation, molecular
dynamics simulations and biophysical studies in order to identify the critical elements for

PelBC assembly, and propose a model of Pel translocation across the OM.
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Publications

2.1 Publication 1 | Substrate-induced assembly and
functional mechanism of the bacterial membrane
protein insertase SecYEG-YidC
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Abstract

The universally conserved Sec translocon and the
YidC/Oxa1-type insertases mediate biogenesis of a-
helical membrane proteins, but the molecular basis of
their cooperation has remained disputed over
decades. A recent discovery of a multi-subunit
insertase in eukaryotes has raised the question about
the architecture of the putative bacterial ortholog
SecYEG-YidC and its functional mechanism. Here,
we combine cryogenic electron microscopy with cell-
free protein synthesis in nanodiscs to visualize
biogenesis of the polytopic membrane protein NuoK,
the subunit K of NADH-quinone oxidoreductase, that
requires both SecYEG and YidC for insertion. We
demonstrate that YidC is recruited to the back of the
translocon at the late stage of the substrate insertion,
in resemblance to the eukaryotic system, and in vivo
experiments indicate that the complex assembly is
vital for the cells. The nascent chain does not utilize
the lateral gate of SecYEG, but enters the lipid
membrane at the SecYE-YidC interface, with YidC
being the primary insertase. SecYEG-YidC complex
promotes folding of the nascent helices at the
interface prior their insertion, so the examined cellular
pathway follows the fundamental thermodynamic
principles of membrane protein folding. Our data
provide the first detailed insight on the elusive
insertase machinery in the physiologically relevant
environment, highlight the importance of the nascent
chain for its assembly, and prove the evolutionary
conservation of the gate-independent insertion route.

Introduction

Integral membrane proteins (IMPs) constitute up to
30 % of a genome content for each organism and
determine the functionality of the cellular
membranes’. Biogenesis of a-helical IMPs at the
cytoplasmic membrane of bacteria and the
endoplasmic reticulum (ER) in eukaryotes typically

occurs in a co-translational manner: The nascent
transmembrane helices (TMHs) emerging from the
ribosome are identified by the signal recognition
particle (SRP) and delivered in the form of ribosome-
nascent chain complexes (RNCs) to the universally
conserved Sec translocon that facilitates their
insertion in the lipid bilayer 23. The translocon of
Escherichia coli (E. coli) is a heterotrimeric complex
composed of SecY, SecE and SecG proteins forming
a central pore. N- and C-terminal halves of the central
subunit SecY may open laterally in a clam-shell
manner, thus opening a lipid-exposed gap between
the opposing TMHs 2b and 7. This gap, commonly
referred as the “lateral gate”, has been seen as the
exclusive site for the nascent TMHs to partition into
the lipid phase, both for bacterial SecYEG and the
homologous Sec61afy in eukaryotes. This model
was supported by extensive biochemical studies #°
and more recently by structural insights, commonly
focusing on signal peptides of secretory proteins and
single-span IMPs exposing their N-terminal end into
the cytoplasm 68, However, polytopic IMPs have their
TMHs in alternating topology, suggesting higher
complexity within the biogenesis pathways 10,

Folding of numerous bacterial IMPs relies on a
cooperative action between SecYEG and the
essential and ubiquitous membrane protein insertase
YidC . YidC may distort the cytoplasmic lipid leaflet
and facilitate folding and membrane insertion of the
nascent IMPs 213, Extensive intermolecular cross-
linking studies suggested that YidC is located in front
of the lateral gate of SecYEG where it could access
the nascent TMHs emerging from the lateral gate 54,
and the model was further supported by low-
resolution cryo-EM analysis '5. Remarkably, the
AlphaFold model predicts a position of YidC of E. coli
and other Gram-negative bacteria at the back of
SecYEG, and diverse architectures are predicted for
the homologs from Gram-positive bacteria, such as

1



bioRxiv preprint doi: https://doi.org/10.1101/2025.05.26.656142; this version posted May 27, 2025. The copyright
holder for this preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a

Bacills sL5RS (SIS EiGHEPAY ThPAPA Eabad o™ ISA08°VAGE Tiols Rce 2

model confidence is low, suggesting that other
factors, such as the bound ribosome and/or the
nascent chain may be required for the complex
assembly.

Recent biochemical and high-resolution cryo-EM
studies of the eukaryotic insertase machinery
revealed that the YidC homolog TMCO1 was located
at the back of the Sec61 complex, being a component
of the large multi-subunit complex BOS-GEL-PAT
16,17 Furthermore, insertion of a nascent polytopic
IMP occurred not via the lateral gate, but between
Sec61 and the BOS complex, thus challenging the
long-standing paradigm in the field. The accumulated
controversy between the insights from the eukaryotic
homologs and the conventional model of the
SecYEG-YidC complex has raised the question about
the mechanism of IMP folding in bacteria and the
architecture and dynamics of the insertion machinery.
To tackle this issue, here we employed nanodisc-
reconstituted SecYEG-YidC and cell-free protein
synthesis (CFPS) to analyze the biogenesis of the
polytopic IMP NuoK, the subunit K of the NADH-
quinone oxidoreductase that requires both insertases
for proper membrane integration and folding in E. coli
8 By means of cryo-EM, we describe the detailed
architecture of the RNC-bound SecYEG-YidC
complex, where YidC is recruited to the back of
SecYEG in the substrate-dependent manner thus
indeed resembling the architecture of the eukaryotic
insertase machinery. The nascent chain emerging
from the SecY-bound ribosome is routed away from
the lateral gate to the crossed SecY TMH 10 and
SeckE TMH 3 and then handed over to YidC to be
inserted into the lipid bilayer via the dedicated groove.
Overall, the data elucidate the functional architecture
of the bacterial cotranslational [IMP insertion
machinery and reveal the evolutionary conservation
of the “back-of-Sec" insertion route, thereby offering
a new perspective on membrane protein biogenesis
in bacteria.

Results

SecYEG and YidC-dependent insertion in nanodiscs
We set out to elucidate the architecture of the
SecYEG-YidC complex by means of cryo-electron
microscopy (cryo-EM) using lipid-based nanodiscs as
a well-defined system for studying IMP insertion 619,20
(Figure 1A). To co-reconstitute both SecYEG and
YidC in the relevant topology and to avoid their
stochastic distribution among the nanodiscs, YidC
and SecE were genetically fused via a cleavable
linker (Suppl. Figure 2A), while the non-essential
catioinic C-terminal end of YidC was removed to
exclude spontaneous electrostatic interactions with
the ribosome observed in vitro 1%2'. The fusion protein
was expressed and isolated together with SecY and
SecG subunits (Figure 1B). The complex was
reconstituted into a sufficiently large nanodisc formed
by MSP2N2 scaffold protein (expected diameter up to
17 nm) and treated with the HRV-3C protease to
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Figure 2B-D). As a result, each nanodisc contained
one copy of both SecYEG and YidC, presumably in
the correct orientation, while the dimensions of the
surrounding lipid bilayer would allow for lateral
diffusion of the proteins, assembly of the functional
complex and insertion of the nascent TMHs.
Supporting this notion, the molecular weight
distribution of the nanodisc-embedded SecYEG-YidC
complexes centered at 290 kDa (Figure 1D), and the
difference from the calculated total protein weight of
~225 kDa likely reflected the presence of the co-
reconstituted lipids.

We focused on biogenesis of E. coli NuoK (Suppl.
Figure 3A), as both in vivo and in vitro experiments
confirmed its dependence on SecYEG and YidC 1823,
To ensure sequential incorporation of nascent NuoK
TMHs into the membrane and reduce the risk of
erroneous insertase:substrate complexes, we
supplied the SecYEG-YidC nanodiscs to the CFPS
reaction based on E. coli S30 extract. With that, the
translating ribosomes were targeted to SecYEG-
YidC, presumably by the endogenous SRP and the
SRP receptor FtsY, to initiate nascent IMP insertion.
To form a defined co-translational insertion
intermediate, the gene construct coded for the first
three TMHs of NuoK (NuoK?®®) followed by a 31 aa
long linker, incl. HA-tag and a C-terminal ribosome
stalling sequence SecM* 2425 (Suppl. Figure 3B and
C). With this construct, after CFPS, the SecM*
peptide and the linker/tag would occupy the exit
tunnel of the stalled ribosome, while all three NuoK
TMHs would be exposed and accessible for the
insertase complex (Figure 1A).

Visualiation of the active RNC:insertase complex

The purified NuoK8-RNC:SecYEG-YidC complexes
were stabilized by rapid glutaraldehyde crosslinking
before vitrification and cryo-EM analysis. After 3D
classification followed by focused classification and
refinement of the tunnel exit region, we obtained a
structure of this complex with an average resolution
of 2.4 A (Suppl. Figure 4). The reconstruction showed
a ribosome programmed with tRNAs in the A- and P-
sites, a continuous nascent chain density ranging
from the CCA-end of P-site tRNA to the tunnel exit
and a clear density below the exit tunnel accounting
for SecYEG and YidC embedded into a nanodisc of
approx. 15 nm in diameter (Figure 1E and F).
Focused refinement of the nanodisc density resulted
in a local resolution of 3 to 5 A for SecYEG and 4 to 7
A for most parts of YidC (Suppl. Figure 4B and C) and
allowed unambiguous docking of the modelled
SecYEG-YidC complex with only minor adjustments
(Suppl. Figure 5). The structure shows the RNC-
bound SecYEG in the center of the nanodisc, while
YidC is positioned at the back side of SecYEG near
SecE TMH 3, with the large P1 domain of YidC
exposed to the “periplasmic” side of the nanodisc. An
additional density accounting for TMH 2 and TMH 3
of NuoK appears between SecYEG and YidC,
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building
within the membrane and at the interface (Figure 1E).
At lower contour levels, an additional transmembrane
density appeared near NuoK TMH 2, which likely
represents NuoK TMH 1 (Suppl. Figure 5F), though
YidC TMH 1 could not be excluded.

As YidC was initially fused with Sec TMH 1 near the
lateral gate, it must have relocated substantially
within the lipid-filled nanodisc after the linker
cleavage. To test whether the localization of YidC
was not artificially induced by the chemical
crosslinking, we carried out cryo-EM analysis of the
non-crosslinked NuoK8-RNC:SecYEG-YidC sample
(Suppl. Figure 6). Though somewhat weaker and less
well resolved, YidC density was clearly present in the
same position at the back of SecYEG, implying that
the crosslinked sample reflects the endogenous
architecture of the substrate-bound SecYEG-YidC
machinery.

Architecture of the SecYEG-YidC insertase

The clear density for all TMHs of SecY, SecE and
SecG present in the local refined map offered the by
now best-resolved view on the translocon structure in
the physiologically relevant lipid environment (Figure
2A; Suppl. Figure 5). As observed previously for
SecYEG-only assemblies, SecY is anchored via its
cytoplasmic loops 6/7 and 8/9 to the tunnel exit of the
large ribosomal subunit 50S (Figure 2B and C).
Interestingly, SecY loop 6/7 is somewhat remodeled
compared to the previously reported RNC-
FtsQ:SecYEG assembly 6. To avoid a clash with the
NuoK nascent chain, the loop shifts away from the
exit tunnel towards H6/7 and uL23 (Suppl. Figure 7A).
Here, Tyr-258 is tightly accommodated in a pocket
formed by bases A91, U92 and G93 of H7, while Arg-
256 stacks on A63 of H6, and Arg-255 interacts with
the loop of uL23 (His-70/Gly-71/GIn-72) (Figure 2B).
In fact, this distortion in loop 6/7 leads to a global re-
positioning of SecYEG with respect to the ribosome,
with the 50S tilting by ~10° towards the N-terminal
half of SecYEG (Suppl. Figure 7B). Contacts between
the loop 8/9 with 50S are established via Lys-348 with
the flipped-out base C490 of 23S rRNA helix H24 and
a stacking interaction between SecY Arg-357 with
A1392 (H53) that may be stabilized by a salt bridge
with Glu-18 of the proximate ribosomal protein uL23
(Figure 2C). Further interactions are via the backbone
of SecY Lys-347 with U1318 (H50) and Arg-340, Lys-
364 with the flipped-out base A1535 of H59. The C-
terminal cytoplasmic extension of SecY TMH 10 is
bowed at Met-425/Ser-426 toward the SecY loop 8/9,
so another contact is formed with the flipped-out base
C490 of rRNA H24 (likely via Ala-436) (Figure 2D). As
this SecY:ribosome contact was absent in earlier
SecYEG:ribosome structures 672, we speculated that
its formation is associated with the specific nascent
chain routed for insertion. Notably, the lateral gate
formed by TMHs 2b and 7 is in a tightly closed
conformation indicating that it is not employed by the
NuoK nascent chain, and the central pore is sealed
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The conformation of YidC within the RNC-bound
complex clearly deviates from the structure of isolated
YidC obtained via X-ray crystallography 26 (Suppl.
Figure 5E). The paddle domain, i.e. the hairpin built
of helices CH1 and CH2 at the cytoplasmic interface,
shifts by 1 nm to the periphery of the complex. There,
it appears in close vicinity to the ribosomal protein
uL24, but does not form a direct contact (Figure 2A).
With that, it allows the passage of the nascent chain
(Figure 2E), as described below. Furthermore, YidC
TMH 6 is located at the periphery of the nanodisc, and
its C-terminal extension is not required for the
ribosome:SecYEG-YidC assembly, though this
polypeptide is essential for binding to an RNC in
absence of SecYEG in vitro 1°, and it is also important
for the homologous ribosome:Oxa1 interactions in
mitochondria 27. The large density at the periplasmic
side matched the structure of the YidC P1 domain
known from crystallography studies 2628, With respect
to SecYEG, YidC is oriented with its TMH 3 facing
TMH 3 of SecE, and the tip of the paddle domain
faces the N-terminal end of SecY, in agreement with
the efficient crosslinks observed in E. coli membranes
between the residue 399 of YidC and SecY . At the
periplasmic side, the essential amphipathic helix EH1
and SecY TMH 5 (Figure 2E) form the only
pronounced direct contact between these two
proteins. In agreement with the AlphaFold2 model
and our map in this region, this contact is mediated
by SecY Arg-211 and YidC Asp-329 forming a salt
bridge (discussed below). Apart from the salt bridge,
SecYEG and YidC are held together mainly by the
NuoK® nascent chain, i.e. TMH 3 at the cytoplasmic
interface and TMH 2 within the membrane region,
suggesting that YidC is likely recruited to the RNC-
bound SecYEG in a substrate-dependent manner.

Routing and insertion of the nascent NuoK

The nascent chain could be unambiguously traced
from the CCA-end of P-site tRNA to the tunnel exit
site within the ribosome (Figures 1F and 3A). All side
chains of the SecM* stalling element
(11MWWWPRIRGPP120) were resolved with Pro-120
attached to the CCA-end of the A-site tRNA, while the
preceding modified motif 117RGP119 (163RAG165 IN
SecM) was coupled to the CCA-end of the P-site
tRNA (Figure 3A). The conformation of the stalling
peptide, tRNAs and critical bases in the peptidyl-
transferase center were highly similar to the structure
of SecM-stalled E. coli ribosome 2°, indicating the
same trapping mechanism as described for the
RAG/P motif and its modified versions. Further,
residues Arg-115 and Arg-117 interacted with
PSU2504 and A2062, and the aromatic rings of the
tryptophan motif (112WWW114) with bases A2059 and
U2586 in the 23S rRNA (Figure 3B). Less resolved
density accounting for the linker and the HA-tag
continues from the constriction by ulL4 and ul22
towards the tunnel exit (Figure 1F).
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chain acquires a helical fold accounting for three C-
terminal turns of its TMH 3 docked between the SecY
loops 6/7, 8/9 and C-terminal TMH 10 extension and
the tip of uL24 (Figure 3C). This newly formed
arrangement of SecY creates a hydrophobic pocket
in the otherwise hydrophilic environment of the tunnel
exit and the solvent, that allows early folding and
accommodation of a short hydrophobic TMH (Figure
3D). Strikingly, the emerging nascent chain is not
routed into the central channel or the lateral gate of
SecY. Once approaching the cytoplasmic funnel of
SecY, NuoK TMH 3 density is kinked by approx. 120°
towards the back side of the SecYEG, and so it
acquires an interfacial topology laying over TMH 3 of
SecE and TMH 10 of SecY (Figure 3E). These
crossed TMHs form a sawhorse-like crevice at the
membrane interface oriented toward YidC. In its turn,
the paddle domain of YidC covers the nascent NuoK
helix from the cytoplasmic side and completes a
triangular window for the hydrophobic substrate. This
observation is also consistent with previously
proposed interactions of the evolutionary conserved
paddle with substrates '3. Like the SRP M-domain or
Get3/TRCA40, the YidC paddle contains a “methionine
bristle” for client binding and indeed, our structure
now shows how the membrane-facing Met-408 and
Met-409 in CH2 interact with NuoK TMH 3 prior its
insertion (Figure 3E). Notably, replacing these
methionine residues with lysines, but not alanine,
rendered a cold-sensitive phenotype in E. coli upon
depletion of the wild-type YidC (Figure 3F, Suppl.
Figure 8). We speculate that the effect originates from
defects in IMP biogenesis, and that the apolar
environment provided by the paddle domain is an
important factor for the nascent IMP folding at the lipid
membrane interface prior the insertion, in agreement
with the physical considerations 30,

The close association of YidC with SecYEG ensures
immediate hand-over of the nascent chain to the YidC
insertase, and the position of NuoK TMH 2 in our
structure elucidates the insertion route (Figure 4A).
The membrane-inserted NuoK TMH 2 is separated
from TMH 3 by the kink, likely the short flexible loop,
in a close contact with YidC TMH 3 at the level of Cys-
423 of the insertase. NuoK TMH 2 occupies the wide
groove between YidC TMHs 3 and 5, i.e. the
functional insertase site described in previous
studies?%3'. As the groove narrows towards the
periplasm, the N-terminal end of NuoK TMH 2 is
expelled from the helical bundle of YidC, being fully
exposed to the lipid environment. Notably, the
visualized NuoK does not reach YidC TMH 2 and
does not interact with Arg-366 located deep in the
YidC groove (Figure 4A). This residue was shown to
be important for YidC functionality, as it destabilizes
the lipid membrane and potentially interacts with
charged/polar insertion substrates '232. Although not
observed in our structure, we cannot exclude that this
interaction is formed at other stages of NuoK

IMPs.

Determinants for the SecYEG-YidC assembly

Since the structure of SecYEG-YidC is organized
around the NuoK insertion intermediate, we next
asked how specific elements of the nascent chain
may affect the complexes’ assembly. As YidC
involvement in NuoK biogenesis was previously
linked to Glu-36 and Glu-72 residues within TMH 2
and TMH 3 of the nascent IMP, respectively '8, we
substituted both glutamates with lysines and
performed cryo-EM analysis of the NuoK86mut-
RNC:SecYEG-YidC complexes (Figure 4B; Suppl.
Figure 9). Despite the charge inversion and without
the glutaraldehyde stabilization, the YidC density was
observed in the same position at the back of SecYEG
as upon wild-type NuoK insertion. However, when the
length of the nascent chain was reduced to 48 amino
acids, so only TMH 1 and TMH 2 of NuoK were
exposed from the ribosome (NuoK*8-RNC), only the
RNC-bound SecYEG was resolved within the
nanodisc. The signal for YidC was lost, so the
insertase remained mobile within the surrounding
membrane, and the nanodisc manifested the
characteristic tilt by ~10° (Figure 4C; Suppl. Fig. 10).
Thus, we concluded that the SecYEG-YidC complex
is dynamically assembled to mediate insertion of a
nascent IMPs emerging via the “back of Sec” route,
and the YidC recruitment may not depend on specific
charge within the substrate, but may rely on other
determinants, such as the length and the folding
status of the emerging chain.

Interestingly, the sequence-based prediction of the
SecYEG-YidC assembly by AlphaFold showed a very
similar arrangement of YidC versus SecYEG as
observed in our insertion intermediate in nanodiscs,
despite the absence of the ribosome and the nascent
chain. Here, the salt bridge between SecY Arg-211
(TMH 5) and YidC Asp-329 (end of EH1) may be a
key interaction between the two proteins (Figure 4D
and Suppl. Fig. 11A). This salt bridge is found among
multiple distant Gram-negative species, but it is
absent in Gram-positives, such as B. subtilis, which
correlated with differences in the AlphaFold
predictions (Suppl. Figure 1). This further suggested
that the charged interaction is not essential but may
serve to stabilize the dynamic complex. Thus, we
speculated that disrupting this interaction may be
detrimental for IMP biogenesis and affect the cell
viability. Accordingly, we tested the importance of the
salt bridge by replacing YidC Asp-329 with either
alanine or arginine. Both YidC variants could be
recombinantly expressed and purified, suggesting
that the mutated proteins were correctly folded
(Suppl. Figure 11B and C). When testing the
functional complementation of these YidC variants in
E.coli FTL10 strain, we observed that the plasmid-
encoded YidCP32%A fully supported the cell growth
under depletion of the wild-type YidC (Figure 4E;
Suppl. Figure 11D). Strikingly, introducing a positive
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similar to the known effect of a minor deletion within
the proximate EH1 29, Thus, we concluded that the
salt bridge indeed plays a stabilizing role upon the
assembly of the dynamic SecYEG-YidC complex,
while the electrostatic repulsion rendered via the
YidCP329R mutation prohibits YidC docking, causing
defects in IMP folding, either at the insertion or
intramembrane assembly stage.

Comparison of bacterial and eukaryotic insertases
Guiding of the NuoK nascent chain to the back side
of SecYEG for YidC-mediated insertion manifests an
obvious resemblance to the route of multi-spanning
IMP biogenesis in the ER of eukaryotes 7. Here, the
ribosome-bound Sec61 translocon serves as a core
for the substrate-dependent assembly of a super-
complex including BOS (back-of-Sec61) and GEL
(GET- and EMC-like) complexes. We thus compared
the arrangement of the E. coli SecYEG-YidC
insertase with the human Sec61-BOS-GEL-PAT
machinery trapped with a nascent chain of
rhodopsin'” (Figure 5). The bacterial insertase forms
a compact assembly, where YidC is tightly packed
against SecYEG and the inserted part of NuoK,
providing a simple solution for transferring the
nascent chain from the ribosome to the insertion-
competent groove of YidC. In contrast, the loosely
packed eukaryotic super-complex extends far from
the Sec61 core and the resolved nascent chain, and
it forms a lipid-filed “peninsula”. Remarkably, the
YidC homolog TMCO1 (a constituent of the GEL
complex) is found more than 3 nm away from Sec61
with its paddle domain oriented towards the rest of
GEL. The interaction with the core translocon is
mediated via the BOS subunit TMEM147 that largely
overlaps with the position of YidC in the bacterial
machinery. Interestingly, also the route of the nascent
chain differs between two structures: While the
membrane-inserted opsin TMH 3 and the RNC-bound
linker were found in the orthogonal geometry to the
membrane without interactions with the BOS-GEL
subunits (Figure 5B), we report here that the TMHs of
NuoK required distinct YidC domains for insertion and
folding at the interface. The involvement of YidC at
different stages of NuoK biogenesis correlates with its
dual role as insertase and as chaperone for nascent
IMPs.

The structure of the eukaryotic machinery suggests
that blockade of the lateral gate by the CCDC47
protein of the PAT complex is a possible determinant
to guide a nascent chain to the alternative exit 7.
Here, the extended helices of CCDC47 at the
cytoplasmic interface reach the N-terminal half of
Sec61a, the SecY homolog, and restrict its mobility
required for opening the gate (Figure 5B), so the
nascent IMP is forced to follow the Sec61-GEL-BOS
insertion route. Within the bacterial insertase, the C-
terminal end of SecY at the RNC:SecYEG interface
may play a similar role, though using a different
mechanism. In presence of the NuoK TMH 3
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forms a contact with the rRNA base C490 and hinders
the access to the lateral gate. Thus, it may favor the
alternative route for the growing nascent chain to the
back of SecYEG. Strikingly, shortening of the SecY
C-terminus and deletion of Lys-433 and Lys-434
involved in RNA binding appeared lethal for the
cells33, highlighting the importance of this poorly
studied element of SecYEG.

Discussion

Variations in TMH topologies and lengths,
appearance of partially unfolded regions and charged
residues within the membrane core, point to the
complexity in IMP biogenesis across the kingdoms of
life. Membrane insertion of hydrophobic TMHs via the
lateral gate of the SecYEG/Sec61apy translocon has
been described as a general route towards IMP
folding and assembly. The universal paradigm has
been lately challenged by the discovery of the
eukaryotic insertase machinery, the novel multi-
subunit complex BOS-GEL-PAT, that facilitates IMP
insertion at the back of the ribosome-bound Sec61
away from the lateral gate. The discovery of a novel
insertion route in eukaryotes has immediately raised
a question about the evolutionary conservation of the
mechanism. Here, we describe how the bacterial
machinery composed of SecYEG and YidC
insertases mediates the biogenesis of the multi-
spanning IMP NuoK. Cryo-EM of the lipid-embedded
complex has revealed the substrate-dependent
recruitment of YidC to the ribosome-bound SecYEG
and visualized the route taken by the nascent chain
from the ribosome to the lipid membrane. Differently
to the lactose permease folding intermediates
assessed in a recent study '°, the NuoK nascent chain
does not pass the lateral gate, but it folds within the
hydrophobic pocket formed by SecY loops and leaves
via the sawhorse-shaped crevice at the back, where
it is encountered and inserted by YidC. Here, the
conserved and partially hydrophobic paddle domain
of YidC assists in handover of the pre-folded nascent
chain from SecYEG to YidC. The SecYEG-YidC
assembly is induced by the nascent chain of sufficient
length, and it is stabilized by the salt bridge between
SecY and YidC at the periplasmic interface. Although
somewhat different in details and complexity level,
the overall architecture of the active SecYEG-YidC
complex manifests a conceptual similarity to the
eukaryotic Sec61-BOS-GEL-PAT insertase
machinery. Thus, our results not only validate the
existence of the alternative insertion pathway in
bacteria and reveal the path of the nascent chain but
also strongly suggest an evolutionary link between
the distant systems.

Multiple studies have described interactions of
nascent IMPs with the lateral gate of SecYEG and
suggested that YidC is located in proximity to access
the emerging nascent TMHs %410 Qur findings do
not exclude such architecture, though no relevant
classes were observed in the acquired cryo-EM data
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factors determine the route of nascent IMPs, i.e. the
triage between the lateral gate and the “back-of-Sec”
insertion, and also what features of the nascent chain
serve as signals for YidC recruitment. For NuoK
biogenesis, the necessity of YidC was previously
linked to the anionic residues within the substrate,
e.g. via interactions with YidC Arg-366 '8. However,
we show that YidC is docked at the back of SecYEG
also when the charges within the NuoK TMHs are
inverted, while no contact with Arg-366 is observed.
Notably, the involvement of YidC at the late stage of
NuoK biogenesis correlates with the recent findings
that both YidC and the evolutionary related EMC
complex facilitate insertion of the C-terminal TMHs of
polytopic IMPs 3435 This final insertion event would
occur post-translationally when the translation
termination happens soon after the synthesis of the
last TMH. NuoK would be an example of such IMP: In
absence of the stalling introduced here for the
purpose of the structural analysis, the nascent
polypeptide chain would be released from the peptidyl
transferase center, and the membrane insertion of
NuoK TMH 3 complex would occur post-
translationally. As both YidC and EMC ensure folding
of post-translationally delivered clients 16:36.37 the C-
terminal TMHs of polytopic IMPs may utilize the same
recognition and insertion routes, while the SecYEG-
YidC assembly would facilitate the efficient substrate
delivery.

The topology acquired by NuoK in the nanodisc is
another puzzling outcome of our study. The model
based on the resolved TMHs suggests that the N-
terminus of the insertion intermediate is oriented into
the cytoplasm, thus being inverted in comparison to
NuoK within the assembled complex | (Suppl. Figure
3A). One explanation may be that the non-native
topology originated from the experimental in vitro set-
up, as the employed nanodiscs lack the physiological
trans-membrane electrostatic potential, an important
factor for the IMP orientation. However, if the
electrostatic potential was a decisive factor, we would
expect to find NuoK in two different topologies in cryo-
EM reconstructions, possibly utilizing different
insertion routes, while only one class was
experimentally observed. Thus, an alternative
scenario seems plausible: Several IMPs, such as
four-TMH EmrE, were shown to undergo the
complete topology inversion in the last step of their
folding, and a single charged residue here can be
decisive for the final orientation 383940 As NuoK does
not contain long loops between the TMHs but
contains a stretch of three arginine residues within its
C-terminal end, it is tempting to speculate that the
protein acquires its correct topology in the cellular
membrane once the complete polypeptide chain is
released from the ribosome. The flip-flop of the
inserted TMHs may be promoted by the proximate

WHEE 2 VRic."88 fivs insertase Would distott thefipid bilayer

and so destabilize the NuoK intermediate that
eventually results in the new topology.

Our study delivers a new, direct view on the
organization of the bacterial SecYEG-YidC insertase
machinery, and the revealed architecture is calling for
detailed investigation on its dynamics, as well as re-
evaluation of the earlier data. One current limitation of
the employed nanodisc-based system is the pre-
defined stoichiometry of SecYEG and YidC within the
complex, while YidC is substantially more abundant
in the bacterial membrane 4'. Thus, even larger
insertase complexes may be envisioned for the
cellular membrane, where multiple YidC copies could
manage biogenesis of polytopic IMPs, resembling the
Sec-BOS-GEL machinery of the eukaryotes (Figure
5). Experiments on the native bacterial membranes,
such as those by cryogenic electron tomography 42,
as well as reconstituted systems will be of the utmost
importance to explore such modes of interaction and
deliver detailed and possibly direct insights on the key
process of membrane protein biogenesis.
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Figure 1. Substrate-induced assembly of the RNC:SecYEG-YidC complex.

(A) Scheme of the assay to study NuoK biogenesis. SecYEG and YidC are co-reconstituted into
MSP2N2-based nanodisc in presence of POPC.POPG lipids and introduced into CFPS reaction.
Synthesis of the substrate NuoK is interrupted by SecM* stalling sequence, so the stable
insertion intermediate is formed for structural analysis.

(B) SDS-PAGE of the affinity-purified SecYEG-YidC fusion insertase complex, with the subunits
indicated. Right: Size exclusion chromatography profile of the isolated insertase complex.

(C) SDS-PAGE of the nanodisc-reconstituted SecYEG-YidC complex after the protease treatment.
The minor band at 70 kDa (*) corresponds to the residual YidC-SecE fusion protein.

(D) Mass photometry recording of isolated SecYEG-YidC nanodiscs manifests the main peak at 290
kDa. The minor peak at 130 kDa (#) corresponds to the nanodiscs loaded only with lipids.

(E) Cryo-EM reconstruction of NuoK&-RNC:SecYEG-YidC assembly. Shown is a composite map
consisting of isolated densities of the ribosome subunits 30S and 50S, P-site peptidyl-tRNA (“P-
tRNA”) and focused refined SecYEG-YidC, with subunits and the substrate NuoK indicated.

(F) Isolated density of the nascent chain NuoK (in transparent) with fitted model; tRNAs and the

ribosomal proteins lining the exit tunnel are indicated.
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Figure 2. Architecture of SecYEG-YidC insertase and its interactions with the RNC.

(A)  Molecular model of the SecYEG-YidC insertase complex bound to NuoK8-RNC. The putative
position of the membrane-inserted NuoK TMH 1 is indicated as a red circle in the cytoplasmic
view (bottom).

(B, C) The network of ribosome:SecYEG interactions mediated by SecY cytoplasmic loops 6/7 and
8/9.

(D) The C-terminal extansion of SecY contacts the flipped-out base C490 of 23S rRNA. This
interaction is likely stabilized by Lys-435 close to the H24 rRNA backbone and Lys-348
stacking on the C490 from the opposite site.

(E) Overlay of X-ray and cryo-EM structures of YidC highlight the conformational change within the
insertase. The movement of the YidC paddle domain upon entry of the NuoK nascent chain is
indicated with an arrow. The closest SecY-YidC contact at the periplasmic side is indicated
with the dashed box.
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Figure 3. SecYEG and YidC jointly mediate delivery of the nascent chain to the membrane.

(A) Isolated cryo-EM density (transparent mesh) of the SecM* stalling sequence in the ribosomal exit
tunnel with the fitted model. The residues of SecM* peptide are indicated.

(B) Model for the SecM*:ribosome interactions. Hallmark bases of the PTC and involved in SecM*
binding are shown as in SecM-stalled ribosome (PDB 8QOA), fitted into the respective density in
(transparent mesh).

(C) Surface representation of the molecular model for SecY cytoplasmic loops 6/7, 8/9 and the C-
terminal tail colored according to the molecular lipophilicity potential (scale bar shown). The
emerging NuoK nascent chain (red ribbon) acquires a-helical fold within the hydrophobic pocket.

(D) The indicated apolar residues form the hydrophobic pocket for the nascent chain folding.

(E) Zoom view on the molecular model for the SecYEG-YidC complex highlighting the route of the
folded NuoK TMH 3 (red ribbon) from SecYE to YidC. The methionine residues within the YidC
paddle domain are indicated.

(F) Complementation test using wild-type YidC (“WT”), mutants YidCM*08A M409A (“M—A”) and
YidCM408K, Ma0K (“M—K”) and empty vector (“--”) in presence of glucose at 25°C.
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Figure 4. YidC-mediated insertion of the nascent membrane protein.

(A) View on the molecular model of YidC focusing on the insertion groove between TMHs 3 and 5
with the accommodated NuoK TMH2. Arg-366 within YidC TMH 2 is not involved in interactions
with the nascent chain. The rest of YidC is shown in transparent.

(B) Insertion model of the NuoK®¢ intermediate bearing E36K, E72K mutations (yellow circles) and
the corresponding cryo-EM map (right). The outline of the nanodisc is shown with the dashed line.

(C) The insertion model of the NuoK*® intermediate and the corresponding cryo-EM map (right). The
outline of the nanodisc is shown with the dashed line. The color code in (B) and (C) is as in Figure
1E.

(D) View on the molecular model of the SecY-YidC complex focusing on the closest contact site at
the periplasmic interface. A putative salt bridge is formed between SecY Arg-211 and YidC Asp-
329.

(E) Complementation test using wild-type YidC (“WT”), mutants YidCP32% (“D—A”) and YidCP32°R

(“D—R”) and empty vector (“--") in presence of glucose at 37°C.
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Figure 5. Comparison of the bacterial and eukaryotic IMP insertases.

(A) Side and cytoplasmic views on E. coli SecYEG-YidC assembly and the route of the NuoK nascent
chain. The putative position of the accessory SecDF complex is indicated, based on a high-
confidence AlphaFold3 prediction. A hypothetical position of YidC oligomers is shown in blue.

(B) Side and cytoplasmic views on the eukaryotic insertase with the subcomplexes and individual
subunits indicated. The partially resolved route of the opsin nascent chain is indicated. Similar

structural and functional features of the bacterial and eukaryotic machineries are shown.
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Molecular cloning

The primers were synthesized by Eurofins Genomics
and Merck/Sigma-Aldrich. Sequencing was conducted
by Eurofins Genomics and Microsynth AG. The used
restriction enzymes and cloning kits, incl. the Phusion
High-Fidelity DNA polymerase and the Gibson
assembly kits were purchased by New England
Biolabs.

The genes encoding for SecYEG-YidC complex were
cloned in a pBAD-TOPO (Thermo Fisher Scientific)
derived vector (plasmid ID pEM472). The gene
encoded for E. coli YidC (1-535) was fused to the N-
terminus of SecE with a sequence coding for HRV-3C
protease cleavage site inserted in between; the
construct also contained a N-terminally decahistidine-
tagged SecY and unmodified SecG. The construct was
created using conventional restriction-ligation cloning
techniques. For the IMP substrate, the DNA encoding
86 amino acids of E. coli NuoK and the C-terminal
extension containing the HA-tag for immunodetection,
a linker and the SecM* stalling sequence
(FSTPVWIWWWPRIRGPP) (Ref. 2°) was synthesized by
GenScript Biotech (Netherlands), and the construct
was cloned cloned into pRSET vector (Thermo Fisher
Scientific) via Sall/Hindlll restriction sites. The gene
encoding NuoK#® nascent chain was prepared by
removing the fragment corresponding to NuoK
residues 49-86 via PCR, followed by blunt-end
ligation.To study the effects of point mutations within
YidC in complementation assays, the YidC mutants
were cloned into pTrc99A-based plasmid pKAD107 *°.
For the expression of the YidC mutants, the
corresponding genes were cloned into pBAD-based
plasmid 20,

Expression of the membrane insertases

E.coli C41(DE3)AompF-AacrAB strain 43 transformed
with the pEM472 plasmid was grown in LB medium
supplemented with 100 uyg/mL ampicillin at 37°C while
shaking at 180 rpm. Upon reaching ODeoo 0.6,
expression of the fused SecYEG-YidC complex was
induced by adding 0.5 % arabinose (w/v) and carried
out for 2.5 h. Cells were harvested and lysed using a
microfluidizer (M-110P, Microfluidics Corp.), and the
debris was removed by centrifugation at 18000 g for 10
min  (SS34 rotor, Sorvall/Thermo  Scientific).
Membranes were isolated by ultracentrifugation at
42000 rpm for 1 h (45Ti rotor, Beckman Coulter).
Membranes were then suspended in the solubilization
buffer (50 mM Hepes-KOH pH 7.4, 150 mM KOAc, 5 %
glycerol, 200 pM tris(2-carboxyethyl)phosphine
(TCEP), 1 % n-dodecyl B-maltoside (DDM; Glycon
Biochemicals GmbH) for 1 h at 4°C. The solubilized
material was centrifuged at 21,380 x g for 10 min at a
tabletop centrifuge (Hermle Z 216 MK, Hermle
Labortechnik GmbH) and the supernatant was
incubated with Ni2*-NTA agarose resin (Macherey-
Nagel GmbH & Co. KG) for 1 h at 4°C. The resin was
washed with 50 mM Hepes-KOH pH 7.4, 500 mM

10 mM imidazole and the target protein was eluted with
50 mM Hepes-KOH pH 7.4, 150 mM KOAc, 5 %
glycerol, 200 uyM TCEP, 0.05 % DDM, 300 mM
imidazole. The elution fractions were concentrated and
subjected to size exclusion chromatography (SEC) in
50 mM Hepes-KOH pH 7.4, 150 mM KOAc, 5 %
glycerol, 0.05% DDM using Superdex 200 Increase GL
10/300 column with AKTA Pure set-up (Cytiva). The
protein concentration was determined
spectrophotometrically (NeoDot, NeoBiotech) using
calculated extinction coefficient of 134,000 M-' cm-.
Expression of YidC mutants, YidCP32°A and YidCDP329R,
was achieved using pBAD-based plasmid and the
proteins were solubilized and purified in DDM
according to the previously published protocol 2°.

Assembly of SecYEG-YidC nanodiscs

To prepare the nanodiscs, liposomes were first formed
using 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC; 70 mol %) and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1-rac-glycerol) (POPG; 30 mol %) (Avanti
Polar Lipids, Inc). The lipids were mixed from
chloroform stocks to achieve the desired ratio, the
solvent was evaporated and the liposomes were
prepared, as described 6. The detergent-purified
SecYEG-YidC complexes were reconstituted in
MSP2N2-based nanodiscs in a protein:MSP:lipid molar
ratio of 1:4:400 following the published protocol 6. After
forming the nanodiscs, the linker connecting YidC and
SecE was cleaved by HRV-3C protease for 1 h at 4°C
and SEC was performed in in 50 mM HEPES-KOH pH
7.4, 150 mM KOAc, 5 % glycerol using Superose 6
Increase GL 10/300 column with AKTA Pure set-up.
SEC fractions containing SecYEG-YidC nanodiscs
were concentrated to ~10 yM using Amicon Ultra-4,
Ultracel 30 K centrifugal filters (Merck/Millipore). Mass
photometry measurements were performed using
TwoMP instrument (Refeyn Ltd.) calibrated in the range
from 66 to 1,048 kDa with NativeMark Unstained
Protein Standard (Invitrogen/Thermo Fisher Scientific).

Cell-free protein synthesis

E. coli S30 extract for CFPS was prepared based on
previously published protocols 44 Briefly, E.coli
BL21(DE3) cells were transformed with TargoTron
pAR1219 plasmid (Sigma-Aldrich) encoding for T7
RNA polymerase. 2 L of 2x YPTG media was
inoculated with 100 mL overnight cultures, the cells
were grown to ODsoo 0.5, and the T7 RNA polymerase
expression was induced with 1 mM IPTG. The cells
were further grown to reach ODsoo 1.0 and then they
were harvested at 7500 rpm for 15 min (FiberLite F8-
6x1000y rotor, Piramoon Technologies Inc.). The cell
pellet was washed three times with 10 mM Tris-acetate
pH 8, 60 mM KOAc, 14 mM Mg(OAc)2, and 1 mM
PMSF, and the pellet was resuspended in the same
buffer at the ratio of 1 mL per 1 g pellet. Subsequently,
cells were lysed by sonication (10 times, 15s on, 30 s
off, 50 % power, 5 pulsed cycles) (Sonopuls GM2200,
Bandelin). The lysate was cleared via two-steps
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30 min (S120 AT®6 rotor, Sorvall /Thermo Fisher). The
supernatant was aliquoted and stored at -75°C.

The CFPS reaction was composed of 40 % S30
extract, the master mix (10 mM ammonium acetate,
130 mM KOAc, 33 mM sodium pyruvate, 1.5 mM
spermidine, 1 mM putrescine, 4 mM sodium oxalate,
1.2 mM ATP, 0.85 mM of GTP, CTP and UTP, 34 ug/ml
folinic acid, 170.6 pg/mL of E.coli tRNA MRE 600
(Roche Diagnostics GmbH), 0.33 mM NAD*, 0.26 mM
coenzyme A and 2 mM of each amino acid), and
Mg(OAc)2. The optimum Mg(OAc)2 concentration was
identified for each new batch of the S30 extract upon
screened within the range of 0 to 12 mM and using
synthesis of the yellow fluorescent protein as a read-
out. For NuoK synthesis, at least 7 ng/pL plasmid DNA
encoding the nascent chain was added to the reaction,
as well as at least 100 nM of the nanodisc-reconstituted
SecYEG-YidC. CFPS reactions were performed at
37°C for 1 h while shaking at 450 rpm. The
synthesis/stalling was evaluated via Western-blotting
using monoclonal antibodies against the HA-tag (sc-
7392, Santa Cruz Biotechnology).

Isolation of ribosomes from CFPS reactions

To isolate the ribosomes, 10-40 % linear sucrose
gradients were formed in SW40 tubes (Beckman
Coulter) using the Gradient Station (BioComp
Instruments). CFPS reactions (100 yL) were loaded on
top of the gradients and the samples were centrifuged
for 16 h at 16,500 rpm (SW40 Ti rotor; Beckman
Coulter). The gradients were fractionated using the
Gradient Station while monitoring the absorbance at
280 nm (Azs0). The peaks with the ribosomal fractions
occurring in the sucrose concentration range of 20-25
% were pooled together and incubated with Ni2*-NTA
agarose resin (Macherey-Nagel GmbH & Co. KG) for 1
h at 4°C. The resin was washed with 50 mM Hepes-
KOH pH 7.4, 500 mM KOAc, 25mM Mg(OAc)2, 10 mM
imidazole. The complexes were eluted with 50 mM
Hepes-KOH pH 7.4, 150 mM KOAc, 25 mM Mg(OAc)z,
300 mM imidazole and concentrated using an Amicon
Ultra-4 Ultracel 30 K centrifugal filters (Merck/Millipore)
while exchanging the buffer to 50 mM Hepes-KOH pH
7.4, 150 mM KOAc, 25 mM Mg(OAc)2. The presence of
the nascent chain with ribosomes was confirmed by a
western blot against the HA-tag. The concentration of
ribosomes was then estimated by measuring the
absorbance at 260 nm (Aze0).

In order to improve the resolution of the
cryo-EM data on  NuoK®-RNC:SecYEG-YidC,
glutaraldehyde was added to the purified samples. The
sample was diluted 5-fold to prevent inter-particle
crosslinking, and it was then incubated with 0.1 %
glutaraldehyde (v/v) for 15 min on ice and quenched by
100 mM Tris-HCI pH 7.5. Afterwards the sample was
concentrated using a Amicon Ultra-4, Ultracel 30 K
centrifugal filters, flash-frozen and stored at -75°C
before grid preparation.

Isolated NuoK-RNC:SecYEG-YidC samples were
supplemented with (1H, 1H, 2H, 2H-perfluoro-octyl)-B-
D-maltopyranoside (FOM, Anatrace) to a final
concentration of 0.03% to favor random orientation of
the particles and plunge frozen. For each grid, 3.5 uL
of the sample was applied onto glow-discharged
Quantifoil Cu 300 mesh R3/3 grids with an additional 2
nm layer of carbon. After a waiting time of 45 s, the
grids were blotted for 3 s and plunge frozen in liquid
ethane at 4°C and 100% humidity using a Vitrobot Mark
IV (Thermo Fisher Scientific). Data collection for RNC-
NuoK:SecYEG-YidC samples was performed at 300
keV using a Titan Krios microscope equipped with a
Falcon 4i direct electron detector and a SelectrisX
imaging filter (all Thermo Fisher Scientific) at a pixel
size of 0.727 A. Dose-fractioned movies were collected
in a defocus range from -0.5 to 3.0 ym and with a total
dose of 40 e~ per A2, fractionated in 40 frames to obtain
a total dose of 1 e per A2 per frame. Gain correction,
movie alignment and summation of movie frames was
performed using MotionCor2 4°. Further processing,
including CTF estimation, was carried out in
cryoSPARC v4.4 48,

Data processing

For the crosslinked NuoK&-RNC:SecYEG-YidC
complex, 27,660 micrographs were selected. Blob
Picker was used to pick 1,420,623 particles which were
sorted by 2D classification, yielding a subset of 636,995
particles. An ab-initio job with 2 classes was run to
further clean the particle set. A consensus refinement
of 582,663 particles resulted in a map of 70S with clear
extra density below the tunnel exit. A soft mask
covering this region (accounting for nanodisc,
SecY/YidC and eventually the NuoK nascent chain)
was used to sort the particles into 6 classes, using a 3D
Classification job. Two of the classes, representing a
total of 221,144 particles, displayed a strong SecYEG
and YidC density. The class with best resolved nascent
chain density containing 113,368 particles (19.5 %)
was selected and refined to a final resolution of 2.44 A.
Local refinement was performed on the tunnel exit
region yielding a map with a final resolution of 3.76 A.
This map was used to build the atomic model for the
NuoK:SecYEG-YidC  assembly  (PDB: 9RBF;
EMDB:XXX; EMDB: XXX (local refinement);
EMDB:XXXX (composite map)). Data processing for
this dataset is summarized in Suppl. Figure 4.

For the non-crosslinked NuoK&-RNC:SecYEG-YidC
assembly, 10,234 micrographs were selected and
manually curated. A total of 693,102 particles was
picked with Blob Picker and sorted by 2D classification
to generate templates for the Template Picker job.
From 2,300,222 template-picked particles, 406,978
were selected after 2D classification. An ab-initio job
(three classes) allowed further cleaning of the data set.
A consensus refinement with a set of 217,418 particles
resulted in a map of 70S ribosome with clear extra
density below the tunnel exit. Focused sorting into five
classes in the tunnel exit region yielded a class of
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extramembrane P1 domain of YidC. These particles
were used to train a TOPAZ picking model, which
resulted in 360,610 particles. The particles were further
curated and focused sorted into a final class of 70,670
particles. This class was refined to a final resolution of
2.73 A (EMD-53587). A local refinement in the
SecYEG-YidC region yielded a map with a final
resolution of 3.19 A (EMD-53589). Data processing for
this dataset is summarized in Suppl. Figure 6.

For the NuoK8mi_RNC:SecYEG-YidC complex
assembled upon NuoKE38K. E72K gynthesis Blob picker
was used to pick an initial set of 586,721 particles from
9,099 micrographs. The particles were curated and
after 2D classification, a subset of 287,399 particles
was used to generate an ab-initio reconstruction (two
classes) of 70S ribosomes with extra density for the
insertase complex. The same set was further used to
generate templates for template picking, which resulted
in 2,057,403 particles, from which a final set of 56,980
particles was obtained after extensive 2D and 3D
classification. The particles were fed into a TOPAZ
training job, obtaining 433,249 particles after picking
and extraction. These particles were used to generate
a consensus refinement and focused sorted into eight
classes. The class with the best resolved insertase
region, comprising 48,952 particles, was further refined
to generate a reconstruction with final resolution of 2.87
A (EMD-53584). A local refinement with a mask in the
translocon region generated a map of 3.20 A (EMD-
53585). Data processing for this dataset is summarized
in Suppl. Figure 9.

For the  NuoK*-RNC:SecYEG-YidC complex
assembled upon synthesis of the early NuoK
intermediate, an initial set of 741,311 particles was
picked using a Blob picker job based on 21,440
micrographs. The particles were cleaned by 2D
classification jobs to yield a final 511,016 particle set.
An ab-initio reconstruction (two classes) job was used
to generate an initial map of the ribosome-bound
SecYEG in the nanodisc. Successive, focused 3D-
classifications from a consensus refinement were used
to obtain a final class of 66,486 particles. These
particles were refined to a final resolution of 2.62 A
(EMD-53560). A local refinement with a mask in the
translocon region resulted in a reconstruction of 2.90 A
(EMD-53568). Data processing for this dataset is
summarized in Suppl. Figure 10.

For visualization of all cryo-EM maps, consensus maps
were generated consisting of isolated density for the
70S ribosome from the global refinements and isolated
density for the nanodisc-embedded insertase from the
local refinements.

Model building and refinement

A molecular model was built for the crosslinked
NuoK8-RNC:SecYEG-YidC complex. For the 70S
ribosome a previously released model based of high-

P15 lﬂlﬁgrr]acc:(rjy%\-(ﬂ\ﬁ'h‘rﬁa‘lposIng?mgt'%“cﬁ osome and a
SecM-stalled RNC were used as templates (PDB IDs
7K00, 8QOA) 29,47. The model for the tRNA-Gly (in
SecM) was changed to tRNA-Pro and the mRNA model
was adusted from GCU-GGC-CCU (Ala-Gly-Pro in
SecM) to GGU-CCU-CCG (Gly-Pro-Pro in SecM*). A
model for the SecYEG-YidC assembly was generated
based on the rigid body fitting the AlphaFold3
prediction of this complex (see also Suppl. Figure 4)
that was fitted into the locally refined cryo-EM density
with only minor adjustments (see also Suppl. Figure 5).
For the nascent chain, the modified SecM* sequence
could be modelled de novo based on well-resolved
density for this region (Figue 3A). Less-resolved
density was present to fit the backbone and a few bulky
side chains for major parts of glycine-serine linker and
the HA-tag (Figure 1F). The NuoK TMH 2 and 3 were
identified based on the rod-like shape of extra density
present at the mouth of the exit tunnel and between
SecY and YidC (Figure 1F). While at the given
resolution we cannot be sure about the exact register,
we positioned residues 73-82 of NuoK THM 3 into the
corresponding density supporting the predeicted o-
helical conformation. 70S ribosome and SecYEG-YidC
atomic models were processed independently in
multiple rounds of manual real-space refinement in
Coot v0.9.8.95 4°. The models were later merged and
further refined in Phenix v1.20.1-4487 0. The
Molprobity tool was used for model validation.
Visualization was done in UCSF ChimeraX v1.9 51,

Complementation assay

The complementation assay was prepared as
described before '°. Briefly, a single colony of FTL10
cells 52 transformed with either YidC-encoding plasmid
or empty pTrc99A vector was grown in LB medium with
0.2% arabinose, 25 pg/mL kanamycin and 100 pg/mL
ampicillin for 16 h at 37°C at 180 rpm. The overnight
cultures were diluted to an ODeoo of 0.05 and grown
until the early logarithmic phase before diluting them all
to an ODesoo of 0.1 and doing a subsequent serial
dilution. 5 L of each diluted culture were transfered on
the plates (LB agar supplemented with 25 pg/mL
kanamycin, 100 pg/mL ampicillin and either 0.2%
arabinose or 0.2% glucose). The plates were incubated
for 16 h at 37°C or 24 h at 25°C.

Data availability

The cryo-EM structural data have been deposited in the
Electron Microscopy Data Base (EMDB) and the
Protein Data Bank (PDB) repositories under the
accession numbers EMD-53892, EMD-53893, EMD-
53894 and PDB-9RBF (NuoK®-RNC:SecYEG-YidC
(crosslinked); EMD-53587 and EMD-53589 (NuoK®&6-
RNC:SecYEG-YidC); EMD-53584 and EMD-53585
(NuoK®&mut-RNC:SecYEG-YidC); EMD-53560 and
EMD-53568 (NuoK*-RNC:SecYEG-YidC).
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Abstract

A functional mitochondrial respiratory chain requires coordinated
and tightly regulated assembly of mitochondrial- and nuclear-
encoded subunits. For bc1 complex (complex IlI) assembly, the
iron-sulfur protein Rip1 must first be imported into the mitochon-
drial matrix to fold and acquire its 2Fe-2S cluster, then translo-
cated and inserted into the inner mitochondrial membrane (IM).
This translocation of folded Rip1 is accomplished by Bcs1, an unu-
sual heptameric AAA ATPase that couples ATP hydrolysis to
translocation. However, the molecular and mechanistic details of
Bcs1-mediated Rip1 translocation have remained elusive. Here, we
provide structural and biochemical evidence on how Bcs1 alternates
between conformational states to translocate Rip1 across the IM.
Using cryo-electron microscopy (cryo-EM), we identified substrate-
bound pre-translocation and pre-release states, revealing how
electrostatic interactions promote Rip1 binding to Bcs1. An ATP-
induced conformational switch of the Bcs1 heptamer facilitates Rip1
translocation between two distinct aqueous vestibules—one
exposed to the matrix, the other to the intermembrane space—in
an airlock-like mechanism. This would minimize disruption of the
IM permeability barrier, which could otherwise lead to proton
leakage and compromised mitochondrial energy conversion.
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Introduction

In eukaryotes, 50-75% of proteins are transported to organelles or
secreted outside the cell. To enter the endoplasmic reticulum (ER),
mitochondria and chloroplasts, proteins need to translocate across
or insert into lipid membranes. Here, transport is mediated by so-
called translocators or translocons, which serve as protein-

, Otto Berninghausen

, Thomas Becker® &

conducting channels. Typically, these translocons, such as the Sec
complex in the ER or the Tim-Tom import machinery of
mitochondria, recognize fully unfolded or only marginally folded
(a-helical secondary structure) proteins as translocation competent
substrates (for review see (Rapoport et al, 2017; Wiedemann and
Pfanner, 2017)). Thereby, these translocons can accommodate a
plethora of very different substrates. In contrast, the translocation
of fully folded proteins is rather rare and is usually observed only as
soon as folding and maturation to the native state is not possible in
the final target compartment. For example, for many proteins that
require insertion of complex cofactors such as iron-sulphur (Fe-S),
iron-nickel (Fe-Ni) or molybdopterin clusters via enzymatic
assembly factors, the maturation is completed before translocation
(Berks, 1996; Santini et al, 1998; Sargent et al, 1998). In bacteria,
chloroplasts and some archaea, such proteins are usually
translocated by the twin-arginine translocase pathway (Tat path-
way) (Frain et al, 2019; Palmer and Stansfeld, 2020). The main
translocator unit is the small membrane protein TatA that has been
suggested to oligomerize for cargo transport, but the exact
mechanism still remains enigmatic. Mitochondria, however, lost
the Tat system during evolution while still dealing with transloca-
tion of the highly conserved Fe-S cluster-containing Rieske protein
(Ripl in yeast). Rieske is part of the ubiquinol-cytochrome-c
reductase, also known as bcl respiratory chain complex or complex
III in bacteria, mitochondria and chloroplasts (RIESKE et al, 1964)
that is responsible for oxidation of the membrane pool of ubiquinol
and reduction of cytochrome ¢ in the mitochondrial intermem-
brane space (IMS) (Crofts, 2004; Xia et al, 2013). Rieske is a small
integral membrane protein, with an N-terminal transmembrane
helix (TMH) and a globular C-terminal domain bearing the 2Fe-2S
cluster, which is exposed to the IMS (Harnisch et al, 1985). In
mitochondria, Rieske has a dedicated translocator named Bcs1 (bcl
synthesis 1) (Aldridge et al, 2008; Bachmann et al, 2006; De Buck
et al, 2007) which is a member of the AAA-ATPase family. While
members of this class usually are enzymes that couple ATP
hydrolysis with distinct unfolding or disaggregation activities, Bcsl
belongs to an outlying clade (Frickey and Lupas, 2004) and
functions as a translocator for folded proteins.

Mitochondrial assembly of yeast Rip1 and its insertion into the bcl
complex is a multistep process (Wagener and Neupert, 2012). The
Ripl precursor carries a mitochondrial matrix targeting signal and is
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initially imported into the matrix of mitochondria via the general
import pore by TOM and TIM23 complexes (Hartl et al, 1986; van
Loon et al, 1987). Subsequently, the 30 amino acid long mitochondrial
targeting pre-sequence is removed in the matrix in two processing
steps (Graham and Trumpower, 1991) and the C-terminal domain
folds and acquires its 2Fe-2S cluster (FeS domain) (Kispal et al, 1999;
Wagener et al, 2011). During late stages of assembly, Ripl can
associate with the small protein Mzm1 (Cui et al, 2012), which was
shown to prevent aggregation and proteolytic decay of Ripl in the
matrix. Finally, the completely folded Rieske C-terminal domain
translocates from the matrix to the IMS while the N-terminal TMH
inserts into the inner mitochondrial membrane (IM) (Wagener et al,
2011), leading to bcl complex maturation. Initially, it was suggested
that incorporation of Rieske protein into the bcl complex by Bcsl
could be a prerequisite for the dimerization of bcl and super complex
formation (Cruciat et al, 2000). More recently, it has been shown that
dimerization and further super complex formation can be observed in
the absence of Ripl (Conte et al, 2015; Stephan and Ott, 2020).

First structural insights into the architecture of the Bcsl
complex were gained from cryo-EM and X-ray crystallography
studies of yeast (Saccharomyces cerevisiae) and mouse (Mus
musculus) Besl (yBesl and mBCSI, respectively) (Kater et al,
2020; Tang et al, 2020). Here, contrary to most AAA-ATPases that
form hexameric rings with rather narrow central pores, Bcsl was
shown to form heptameric rings with a significantly wider pore and
two large vestibules. This characteristic heptameric architecture is a
result of specific features of the Bcsl protomers. One protomer
consists of three domains, a transmembrane helix (TMH) at the N-
terminus, a Besl-specific B-sheet-containing middle domain and a
C-terminal AAA cassette (Kater et al, 2020; Tang et al, 2020). Upon
assembly, the seven TMHs form the transmembrane domain
(TMD), a basket-like structure in the IM establishing a large and
partly aqueous space in the hydrophobic lipid bilayer (also called
IM vestibule). Towards the matrix side, the middle domains are
assembled into a proteinaceous ring that forms a seal-like structure
(seal pore), whereas the seven AAA cassettes form a second cavity
opening to the matrix side (matrix vestibule).

Structural analyses have shown that the arrangement of the
individual domains with respect to each other can undergo changes
leading to global rearrangements of the Bcsl quaternary structure,
giving rise to the idea of an airlock-like translocation mechanism
for Rieske. The pre-translocation state, as represented by structures
of the ADP-bound state of yBcs1 (Kater et al, 2020) as well as ADP-
and Apo states of mBCS1 (Tang et al, 2020) showed a large matrix
vestibule formed by AAA and middle domains that would be wide
enough to accommodate the folded FeS domain of Ripl. These
structures also show the seal between the matrix and the IM
vestibules to be closed. The two yeast Apo states both show a
compaction of the matrix vestibule but differ in the conformation
of the middle domain that leads to an opening of the seal pore.
When bound to ATPyS as observed with mBCS1 (6UKS and EMD-
20811) the size of the matrix vestibule is further reduced while the
seal pore is opened, indicating that ATP binding may trigger
transient opening to gate Rieske from the matrix to the IM
vestibule. Notably, in both yBcsl-Apo2 and mBCSI1-ATPyS
structures, the basket-TMHs are largely disordered, indicating that
the basket may open both vertically to release the FeS domain and
laterally to release the Rieske TM for integration into the adjacent
bcl complex.

© The Author(s)
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This proposed mechanism was further corroborated by a high-
speed atomic force microscopy (HS-AFM) and line scanning (HS-
AFM-LS) study (Pan et al, 2023) using purified mBCS1 in different
nucleotide states (ATPYS, ADP, apo), confirming the nucleotide-
dependent conformational changes and manifesting the concerted
nature of such changes in Besl. Yet, for a long time, how substrate
recognition, translocation and membrane insertion are coupled to
the Bcsl’s ATPase cycle remained enigmatic due to a lack of
substrate-bound Bcsl structures. Only recently, a low-resolution
cryo-EM structure of mBCS1 bound to bovine Rieske FeS domain
(Iron-Sulphur Protein extrinsic domain; ISP-ED) gave first insights
into the substrate recognition step (Zhan et al, 2024). Here, a bulky
extra density was indeed found inside the matrix vestibule,
asymmetrically bound to one or two protomers of the Bcsl
heptamer that adopted the ADP-bound conformation of mBCS1.
Yet, limited resolution did not allow to determine the orientation of
the ISP-ED of Rieske or to unambiguously assign the nucleotide
state in Besl.

Thus, several key questions regarding the Bcsl-mediated Rieske
translocation mechanism remain open. First, it is unclear in which
conformational state of Bcsl substrate recognition takes place.
Second, the molecular basis of substrate recognition and accom-
modation remains to be established. This is especially important
with respect to positioning of the Rieske TM that needs to be
inserted into the IM in an Nyjueix-Crums topology. Third, so far, no
structural information on the actual gating step from the matrix
vestibule into the IM vestibule is available which would be required
to allow the transition of the Rieske protein from the matrix into
the IM vestibule.

Here, we present cryo-EM structures of in vitro reconstituted
yeast Bes1-Ripl complexes under various conditions. We observed
in a 3.4 A resolution structure that Rip1 binds to Besl in the Apo
state. We could position the Rip1-FeS domain as well as parts of the
TM segment inside the Bcsl matrix vestibule based on resolved
secondary structure. This further allowed us to map residues in
Bcesl and Ripl crucial for substrate accommodation, mutation of
which leads to respiratory growth defects. We further show
structures of Besl in two distinct ATPYS states, which display a
largely constricted matrix vestibule. We could visualize Rip1 in one
of the two states, relocated through the wide-open seal pore into the
IM vestibule. We conclude that ATP binding to substrate-loaded
Bcesl leads to compaction of the matrix vestibule and, at the same
time, to gating of the substrate into the IM vestibule, accompanied
with a conformational change of the middle domains that results in
opening of the TMD helices.

Results
Structure of Bcs1-Rip1-FeS in the substrate loading state

To obtain stable Besl-bound Ripl translocation intermediates, we
chose an in vitro reconstitution approach using purified compo-
nents. Therefore, we first developed a protocol for rapid affinity
purification of Bcsl solubilized in digitonin from S. cerevisiae
(Appendix Fig. SIA,D). For Ripl, we chose two constructs
(Appendix Fig. S1B,C), one containing only the C-terminal FeS
domain but lacking the N-terminal TM segment (Ripl-FeS; aa
83-215) and one that still contains parts of the TM (Ripl-TM; aa
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Figure 1. Structure of a Bcs1-Rip1 substrate loading complex.

Cristian Rosales-Hernandez et al

(A) Blue native (BN) gel showing the in vitro reconstitution of the Bcs1-Rip1 complex. Purified Rip1-FeS was added to purified Bcsl in the absence of any nucleotide in
increasing molar excess as indicated. (B, C) Cryo-EM structure (B) and molecular model (C) of the Bcs1-Rip1-TM complex. Upper panels are bottom views from the matrix
side, lower panels cut side views to highlight the Rip1 position. The transmembrane basket helices were flexible in our maps, and the model shown represents their position
in the Apol conformation (Kater et al, 2020). They are shown transparent to indicate that they are not present in our map. Protomers interacting with Rip1 are color-coded
and labeled from (A-D). (D) Orientation of Rip1-FeS in the Bcs1 matrix vestibule. The N- and C-terminus of Rip1 are facing the seal pore (SP) and the dashed line indicates
the putative position of N-terminal residues (including the TM helix). IMS intermembrane space, IM inner membrane, TD transmembrane domain, MD middle domain,
AAA AAA-ATPase domain, BD base domain, FeSD 2Fe-2S cluster binding subdomain. The 2Fe-2S cluster is shown in a sphere representation, where yellow spheres
represent the sulfur atoms and red spheres represent the iron atoms. Source data are available online for this figure.

31-55 and 66-215) and that was shown to be successfully
integrated into the bcl complex (Ramabadran et al, 1997). Both
proteins were expressed in E. coli and affinity purified using a twin
Strep tag (Appendix Fig. SIE,F). Bcsl heptamer and Ripl were
further purified by size-exclusion chromatography and Bcsl was
checked for quality and oligomerization state by negative stain
TEM (Appendix Fig. S1D). Binding of Rip1 to Bcsl was monitored
by a size shift of the apparent molecular weight in Blue native gel
electrophoresis (BNGE) as described before (Wagener et al, 2011)
(Fig. 1A; Appendix Fig. S1E,F). This shift (from about 700 to
800 kDa) occurred as Rip1-FeS or Ripl-TM were added in at least
twofold molar excess over Bcsl in the absence of any nucleotide.

Accordingly, cryo-EM samples were prepared from in vitro
reconstituted Bes1-(Rip1-FeS) and Besl-(Rip1-TM) complexes and
subjected to Single Particle Analysis. 3D reconstruction of both
samples yielded classes with clear Ripl density within the Besl
matrix vestibule (Appendix Figs. S2 and S3). Those classes (of
106,497 particles for Besl-(Ripl-FeS); of 57,257 particles for Besl-
(Rip1-TM)) were refined to a final resolution of 3.5A and 3.4 A,
respectively with local resolution ranging from 3.0 to 6.5A
(Appendix Fig. S4). This allowed us to unambiguously identify
the Ripl-FeS domain (30 A in diameter) and determine its
orientation within the Bcsl matrix vestibule, resulting in a near-
complete molecular model for a stable Bcs1-Ripl pre-translocation
intermediate (Fig. 1C).

Both Bes1-(Rip1-FeS) and Bes1-(Rip1-TM) complexes displayed
a very similar overall architecture, with Bcsl adopting the same
conformation as observed in Apol state of yBcs1 (Kater et al, 2020)
(Figs. 1B and EV1). This state adopts a closed seal pore, but the
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matrix vestibule was already somewhat more compacted when
compared to the ADP state. In addition, no ADP density was found
in the ATP-binding pocket of any of the seven protomers
(Fig. EV2A,B). Notably, the substrate loading state clearly differs
from mBCS1, where Apo and ADP states adopt the same
conformation (Tang et al, 2020; Zhan et al, 2024). Since the
Besl-(Rip1-TM) reconstruction showed a slightly better resolution
and overall map quality, it was used for molecular model building
and the detailed structure will be discussed based on this map
(Appendix Table S1).

Ripl-FeS introduces asymmetry in the matrix vestibule by
exclusively contacting the AAA domains of four Bcsl protomers,
henceforth called protomers A-D (Fig. 1C). It binds to Bcsl with
the 2Fe-2S cluster binding subdomain (FeSD) tightly packing
against protomers C and D while the large (base) domain (BD) is
exposed to protomers A and B (Fig. 1C). Based on resolved
secondary structure including several side chains in the Rip1-FeS
density (Appendix Fig. S4A, left panel and Fig. EV3), we could
position the FeS domain with its N- and C-termini facing towards
the seal pore locking up the IM vestibule. In this orientation, the
N-terminal TM helix would also face towards the IM vestibule
(Fig. 1D).

In Besl, we identified two highly conserved charged motifs, the
EWR motif (E212-R214) and the DDR motif (D300-R302), that
contain residues exposed to the FeS domain of Rip1 (Fig. 2A, left panel;
Appendix Fig. S5). The EWR motif was located in the Bes1-specific -
strands B-al and -a2 (BSB) that extend the canonical six B sheets in
the AAA domain, whereas the DDR motif was located at the tip of
helix a2, following one of the loops (pore loop 1 (PL1)) corresponding

© The Author(s)
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Figure 2. Conserved motifs mediate the interaction between Bcs1 and Rip1-FeS.

Cristian Rosales-Hernandez et al

(A) Multiple sequence alignment displaying two conserved motifs (EWR motif and DDR motif) and their location in the Bcs1 protomer. (B) Close-up view highlighting the
interaction between Bcs1 protomers C and D with the Rip1-FeSD. (C) Left panel: Bottom view on the Bcs1-Rip1-TM complex. View directions for close-up views (i-iv; right
panels) are indicated. Right panel: Zoom on the interactions of protomers A (i), B (ii), C (iii), and D (iv) with Rip1-FeS. Side chains of interacting residues, including the
conserved EWR motif (E212 and R214) and the DDR motif (R302), are indicated. The 2Fe-2S cluster is shown in a sphere representation, where yellow spheres represent
the sulfur atoms and red spheres represent the iron atoms. (D) Mutational analysis of Bcs1 residues in EWR and DDR motifs based on a growth assay (tenfold serial
dilutions) of yeast cells on a fermentable (glucose) or non-fermentable (glycerol) carbon source. Right panel shows the growth control on rich media (YP), middle panel is
a control for the presence of the Bcs1-expressing plasmid, left panel shows growth on YP with glycerol. Growth was monitored at 30 °C unless indicated. (E) Growth assays
for Rip1 were carried out in a similar way on a rip1A background and from a Ripl-expressing plasmid (see “Methods" for details). (D, E) Are an excerpt of the
comprehensive combined display shown in Appendix Fig. S6, reduced here to emphasize the residues discussed in the text and shown in (A-C). Source data are available

online for this figure.

to the substrate-binding pore loops in canonical AAA-ATPases
(Fig. 2A, right panel). First, we observed that the BSB and PLI from
protomers C and D are forming contacts to the Rip1-FeSD (Fig. 2B).
Second, the EWR and DDR motifs—together with F209—formed a
module that contributes to substrate contacts in all four interacting
protomers (Fig. 2C). Thereby, a characteristic positive charge
distribution pattern is established in the matrix vestibule that is
complementary to several negatively charged residues, e.g., D139,
D145, E201 and D210 in the Rieske substrate. However, in each
protomer, these residues can exhibit a different binding mode
complementary to the surface properties of the Rip1-FeS.

We next tested whether the above-described charged residues in
Besl and Ripl are indeed involved in transient complex formation
and are thus important for Bcsl-mediated translocation. We
expressed Bcsl and Ripl mutants under the control of Bcsl
endogenous promotor in a besIA and a riplA yeast strain while
checking for respiratory growth defects in a non-fermentable
carbon source. Indeed, we found that Bcsl charge inversion
mutations in the EWR and the DDR motives were not viable in YP
medium containing glycerol. For E212, D300 and R302, also
mutations to alanine were lethal in respiratory conditions, whereas
R214A and D301A show only a mild effect. In contrast, mutants of
an unrelated residue in the vicinity of the DDR motif show no
lethal effect (E295, located in PL1) (Fig. 2D; Appendix Fig. S6A).
For Ripl, we find that single charge inversion mutations (D139R,
D145R, E201R and D210R) did not show any growth defect while
double mutations indeed show lethal phenotypes on a non-
fermentable carbon source (Fig. 2E; Appendix Fig. S6B). To
support our hypothesis that a charge complementarity between
Ripl and Besl is required for Ripl translocation, we performed a
multiple sequence alignment of Ripl homologs in species that use
both Bcsl (in mitochondria) and the Tat pathway (petC in
chloroplasts or qcrA in prokaryotes). The alignment shows that
D139, D145, E201 are conserved only in cases where Bcsl is
required for translocation (Fig. EV4A,B). In contrast, only D139 is
conserved in chloroplasts, and none of the three residues are
conserved in prokaryotes. Moreover, we note that these residues are
exposed to the surface when Ripl is integrated into complex III,
indicating that they are not required for complex III activity
(Fig. EVAC-E).

Bcs1 undergoes conformational changes upon
nucleotide binding

Our observation of the pre-translocation state in the absence of any
bound nucleotide (Fig. EV2A,B) suggests that subsequent binding

3724 The EMBO Journal Volume 44 | Issue 13 | July 2025 | 3720 - 3741

of ATP or ATP hydrolysis may trigger substrate translocation. This
question was addressed using BNGE-based binding assays as shown
above. When incubated in presence of nucleotides, Bcsl exhibits
characteristic migration shifts, which can be correlated with
conformational changes that lead to different electrophoretic
mobilities in the gel. After incubation with ADP or ATP (for
10 min), we observed a similar size shift (from about 700 to
750 KDa) in BNGE as upon addition of Rip1-FeS (Figs. 1A and 3A).
Here, we assume that, in the case of ATP, the resulting band
represents also the ADP state, since Bes1 hydrolyzes ATP in vitro at
an average rate of 27 nmol ATP / nmol yBesl (heptamer) / min
(Appendix Fig. S1G). The observed size shift thus reflects the
conformational change of Bcsl from the Apo state to the ADP
state. Interestingly, ATPyS incubation caused a smaller but still
clearly discernable size shift when compared to ATP or Ripl-FeS,
indicative of another distinct conformation of Besl.

To test this hypothesis, we determined the structure of Bcsl
bound to ATPyS by cryo-EM. Here, we were able to distinguish two
conformations of Bcsl after 3D classification that differed from
previously observed yBcsl classes. These two subsets (here termed
ATPyS1 and ATPyS2) were refined to an overall resolution of 2.6
and 2.7 A, respectively (local resolution ranging from 2.2 to 5 A for
both ATPyS states (Appendix Figs. S7-S9). Both reconstructions
showed Bcsl in an entirely different, more compacted conforma-
tion when compared to the other observed nucleotide states
(Fig. 3B) from yeast (Bcsl-Apol and Bcs1-ADP), but its overall
architecture was similar to mBCS1-ATPyS (Tang et al, 2020).
ATPYS density was observed in each of the seven protomers as well
(Fig. EV2C,D). Notably, our reconstructions showed a substantially
narrowed matrix vestibule of ~20 A in diameter as opposed to
~40 A and ~30A in the ADP or apo states, respectively. This
dimension is incompatible with substrate binding at the matrix side
and coincided with a wide-open seal ring of 30 A diameter (only
15 A in the ADP and Apol states) large enough to accommodate
Ripl during translocation (Fig. 3B). Moreover, the basket TM
helices are in a defined position and clearly resolved in ATPyS1,
occupying a similar position as observed in yeast ADP or
Apol states, tightly held together by a hydrophobic seal in IMS
leaflet of the IM. In ATPyS2, however, the TM domain becomes
more flexible, especially in the hydrophobic seal region (Fig. 3B;
Appendix Fig. S8A).

For both of our ATPYS states, the arrangement of the AAA-
ATPase domains relative to each other was significantly different
from yBcsl-Apol and yBces1-ADP (Fig. 3C). The observed inward
rotation for the transition between ADP- and Apo state is even
more pronounced for both ATPyS states (of approx. 25° from
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(A) Blue native (BN) gel showing the Bcs1 oligomer after incubation with ADP, ATP and ATPyS. (B) Comparison of molecular models for Bcs1-ADP, Bes1-Apol (Kater et al,
2020) as well as two states of Bcs1 bound to ATPyS (ATPyS1 and ATPyS2). Upper panels show cut side views, middle panels show top views from the IMS side at the
middle domains and lower panels bottom views from the matrix side at the AAA domains. Note the compaction of Bcs1, the opening of the seal pore and the narrowing of
the matrix vestibule in the ATPYS states. (C) Conformational rearrangements of the AAA domain from the ADP via Apol to ATPyS states: when aligned to the AAA

domain of one protomer (AAAT1) the neighboring AAA domain undergoes in inward rotation (10° from ADP to ApoT; 15° from Apol to ATPyS) relative to AAA1. (D)

Overlay of the two ATPYS states: The ring formed by the middle domains rotates versus the AAA ring by 6° as shown in a top view (left panel) and a side view (right
panel). The seal loops are shown transparent, indicating that they are largely delocalized. (E) Comparison of the two ATPYS states in one isolated protomer. The middle
domain shifts with respect to the AAA domain by 7 A. In ATPyS1 the CH of the neighboring protomer forms a contact with the large AAA domain involving E124, N125
(CH) and K250, S253 (AAA). In ATPyS2 the CH dissociates, and the loop becomes more flexible as indicated by transparency. Source data are available online for this

figure.

ADP- to -ATPYS- and 15 degrees from Apol- to ATPyS state). For
the middle domains, we observe a similar tilt motion away from the
membrane plane as observed for the transition from ADP (or
Apol) to the Apo2 state (Appendix Fig. S10). We also observed the
outward movement of the connector hairpin (CH) that can adopt
two positions (see below). Thus, as also observed in the Apo2 state,
both ATPyS states show a wide opening of the seal pore (res

© The Author(s)

161-168) with seal loop residues being largely delocalized in these
structures.

The two ATPYS states can be distinguished from each other
mainly by the orientation of the middle versus the AAA domains
(Fig. 3D). While the conformation of the AAA domains is
essentially the same, we observed a rotation of the middle domains
of 6° degrees against the AAA domains, leading to a shift of the
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middle domains by 7A away from the AAA domain in each
protomer (Fig. 3E). Notably, the same shift and rotation also apply
to the TD helices that rotate with the middle domains as rigid
bodies (Fig. 3D, right panel). This rotation may also lead to
destabilization of the TD, which would explain why its helices are
less defined in the ATPyS2 state.

Of note, in ATPyS1, the CH forms a contact with the large AAA
domain of the neighboring protomer (D124/N125 of the CH with
K250 and S253 of AAA), but this contact breaks after the transition
to ATPyS2, concomitantly leading to a higher flexibility of the CH
loop (Fig. 3E; Appendix Fig. S9A). A direct contact between the CH
and AAA domain was also observed for the ADP state, here
involving N287 and R313 of the AAA (Kater et al, 2020). This
suggests that the conformation of the CH may be an important
signal for the status of translocation and that the CH may transmit
changes in the MDs, e.g., due to the presence of substrate or
unpacking of seal loops, to the AAA domains. In our structures,
however, in the ATPyS-bound nucleotide binding site we do not
detect any significant differences when comparing the AAA
domains in both states.

Taken together, yBcsl in the ATPyS state shows a severely
contracted matrix vestibule — as observed for mBCS1 — which is
too small to bind the substrate in the loading state. However, this
closing of the matrix vestibule together with the widening of the
seal pore suggests that the two observed ATPyS conformations may
also occur at intermediate stages of substrate gating, as also
proposed before for mBCS1 (Pan et al, 2023; Tang et al, 2020; Zhan
et al, 2024).

ATPyS locks the Bcs1-Rip1 complex in a substrate
gating intermediate

To establish conditions for the stabilization of the Bcsl-Ripl
translocation intermediate, we performed binding assays as
described above using Ripl-FeS and Ripl-TM with ATP and
non-hydrolysable ATPyS and varied the order of component
addition for complex assembly (Fig. 4A). When adding Rip1-FeS
followed by ATP, the BNGE bands became rather smeary
indicating multiple conformations, probably due to a mixture of
states occurring at various stages of translocation (Fig. 4A, lane 5).
We observed a similar smeary appearance of the bands when first
adding ATP for 10 min and then Ripl-FeS (Fig. 4A, lane 7). When
adding ATPyS followed by Ripl-FeS (Fig. 4A, lane 8), no further
size shift was observed when compared to adding only ATPyS
(Fig. 4A, lane 4), indicating no or only weak binding of Rip1-FeS to
Besl in the ATPyS state, which is in line with our observation that
the matrix vestibule is constricted in this state and cannot
accommodate the substrate. However, we saw a clear difference
when Ripl-FeS was added first, followed by ATPyS (Fig. 4A, lane
6). Here, the bands became again rather smeary with no clear shift
anymore towards higher apparent molecular weight. We conclude
that after Rip1-FeS binds to Bcsl the addition of ATPyS induces a
conformation of Ripl-FeS-bound Bcsl that is different from the
one observed for Bes1-Rip1-FeS in Apo state and different from the
Bcs1-ATPyS. We hypothesized that Ripl binding to Bcsl is
required prior to ATP, e.g., in the Apo state as shown above or
in the ADP state. Addition of a non-hydrolysable ATP analog
before incubation with substrate most likely locks Besl in a
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constricted conformation entirely preventing access of Rip1 to the
Bcesl matrix vestibule.

We thus structurally analyzed the pre-formed Bcsl-Ripl
complex incubated with ATPyS by cryo-EM. Single particle
analysis showed Bcsl again in the two ATPYS states and, in
addition, we obtained one class (70,366 particles) that displayed
extra density for Ripl-FeS in the IM vestibule (Fig. 4B), refined to
an overall resolution of 3.1 A (local resolution ranging from
2.7-7.5 A) (Fig. 4B; Appendix Figs. S8 and S9). Interestingly, we
exclusively observed Ripl bound to Bcsl in the ATPyS2
conformation, with all seven ATP-binding pockets exhibiting
ATPyS density (Fig. EV2E), the only difference to the unbound
ATPyS2 state being that the TD basket helices were now completely
delocalized. We find an extra density of ~30 A in diameter for Ripl
in the aqueous cavity between the middle domain and the TD
basket and it appears to be, at least partly, clogging the seal pore
from the IM side, indicating that the substrate itself could play a
role for maintenance of the permeability barrier during and
immediately after translocation. Notably, however, in contrast to
the loading state, the density for Ripl-FeS in the IM vestibule did
not display any obvious orientation preference, as confirmed by a
rather low local resolution. Moreover, we observed that the central
loops of the middle domain appear more delocalized compared
with the unbound ATPyS2 state. We thus were not able to position
the Ripl-FeS domain in a distinct orientation, and no specific
contacts with Besl could be identified.

We conclude that binding of ATPYS to a pre-formed Besl-Ripl
complex triggered a conformational change in Bcsl, ie, matrix
vestibule constriction and opening of the seal pore, that results in
translocation of the substrate from the matrix vestibule into the IM
vestibule. This translocation step apparently coincides with the rotation
of the middle domains against the AAA domains, leading to a partial
opening on the TM basket. Translocation into the IM vestibule then
resulted in the delocalization of the TD domain, a prerequisite for the
eventual release of the folded substrate into the IMS (Rip1-FeS) and the
IM (Rip1-TM domain). Failure to hydrolyze ATPYS, however, leads to a
—at least partial—locking of the substrate inside the IM vestibule as
observed in our structure, thus leading us to speculate that ATP
hydrolysis may be coupled with substrate release.

In addition to the matrix vestibule constriction, an additional
driving force for the movement of Ripl-FeS toward the IM
vestibule may be the electrostatic interaction between the partially
negatively charged surface of the substrate and the positively
charged residues that line the inner walls of the IM vestibule in
Besl (Fig. 4C). Indeed, one plausible model fitting our Rip1 density
would position the N-terminus of Ripl towards the matrix side
exposing the negative charges towards the TD basket (Figs. 4C and
EV5). Furthermore, several positively charged residues are
conserved across different species (Appendix Fig. S5), amongst
them R69 and R81. We thus investigated R69 and R81 mutants for
respiratory growth defects in a non-fermentable carbon source as
described above (Fig. 4D). We observed that R69A and R69E
mutations lead to a lethal phenotype. Moreover, R81 mutations
show a detectable growth defect. Of note, mutation of R81 in H.
sapiens (R45C) is one of the mutations associated with the
GRACILE syndrome (Al Qurashi et al, 2022), which highlights
the role of selective pressure on maintaining a positively charged
surface in this region of Bcsl.
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Figure 4. Structure of a Bcs1-Rip1 substrate gating intermediate in ATPyS2 state.

Cristian Rosales-Hernandez et al

(A) Blue native (BN) gel showing the in vitro reconstitution of the Bcs1-Rip1 complex in the presence of ATP and ATPYS. Purified Rip1-FeS was added to purified Bcs1
prior to (lanes 5, 6) or after (lanes 7, 8) the addition of the nucleotide. (B) Cryo-EM structure (left panels) and molecular model (right panels) of a Bcs1-ATPyS-Rip1-FeS
gating complex. Upper panels show top views from IMS side, lower panels cut side views. The seal loops are shown transparent as in Fig. 3D. Approximate size of the Rip1-
FeS density is indicated. (C) Cut side view of the electrostatic potential map of Bcs1-ATPyS2 (leftmost panel), Rip1-FeS density superimposed into the electrostatic
potential map of Bcs1-ATPyS2 (left panel), Ripl1-FeS density superimposed in the atomic model of Bcs1-ATPyS2 (right panel) and Rip1-FeS model docked in the atomic
model of Bcs1-ATPyS2 (rightmost panel), displaying the overall charge distribution on the IM vestibule, substrate surface and substrate density. The relative position of the
substrate in the central panel was approximated according to the extra density detected in the IM vestibule as shown in (B). A display of TD flexibility is omitted in the
electrostatic map for better visualization of the overall location of the positively charged patch, but it is indicated in the atomic model, where it is shown as transparent. (D)
Close-up view of enclosed area in C (right panel) displaying the position of conserved positively charged residues surrounding the substrate density. TD flexibility is
indicated by the transparency of the helices. (E) Mutational analysis of the positively charged residues in Bcs1 TD based on a growth assay as described in Fig. 2. This panel
is an excerpt of the comprehensive combined display shown in Appendix Fig. S6, reduced here to emphasize the residues discussed in the text and shown in (D). Source

data are available online for this figure.

Discussion

The translocation of a fully folded protein across the inner
mitochondrial membrane requires a source of energy for direc-
tional movement across the hydrophobic barrier of the lipid bilayer
and, at the same time, must at large preserve the membrane
permeability barrier to maintain the proton gradient across the IM.
We found how Bcsl-mediated Rieske translocation meets these
requirements by employing an airlock-like mechanism that can be
divided into three principal steps, loading of Bes1 with the Rieske,
gating of Rieske through the Bcsl pore and release of both, the
folded FeS domain into the IMS and the TM helix into the lipid
bilayer of the IM (Fig. 5). In this work, we were able to visualize
Rieske translocation intermediates, providing structural insights
into the loading and gating steps of Rieske translocation.
Interestingly, we observe stable complex formation between
Besl and Ripl only in the apo state (Apol), i.e., with no nucleotide
bound. Our structure of this complex clearly showed a substrate
loading state with the Ripl-FeS stably accommodated within the
Bcesl matrix vestibule. A similar position was observed previously in
the cryo-EM structure of the bovine Rieske FeS domain bound to
the mammalian mBCS1 (Zhan et al, 2024). Unfortunately, however,
the resolution of this structure did not allow for unambiguous
positioning of the FeS domain, identification of molecular
interactions or identification of the nucleotide state of mBCS1.
Our structure provides molecular details for the interaction
between Ripl-FeS and Bcsl and allows for the unambiguous
positioning of the Ripl-FeS binding four Bcsl protomers. In this
conformation the C-terminus as well as the N-terminal region that
would be following the TM domain, that were not visualized, are
facing towards the seal pore of Bcsl. The Ripl-FeS interacts mainly
via positively charged residues in Bcsl and negatively charged
patches on the Ripl which form complementary surfaces. Here, we
identified the DDR and EWR motifs in Besl that interact with the
substrate surface and showed that mutation of charged residues
within those motifs was lethal in respiratory conditions, under-
lining their functional importance. In the observed position, the
Rip1-FeS is transiently restricted in its orientation within Bcs1. This
distinct mode of interaction may enable Bcsl to probe the folding
state of the substrate, explaining why mutants disturbing the
characteristic antiparallel p-structure of the FeSD are deficient for
translocation (Wagener et al, 2011). This is also in line with our
observation, that reduction of the disulfide bond between C164 and
C180, important for the overall fold of Ripl, results in a substrate
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unable to bind Bcsl (Fig. EV3B). The indirect probing of the
presence of the 2Fe-2S cluster by Bcsl may explain why it is not an
absolute prerequisite for the translocation and IM insertion of Rip1l
but required for its efficiency (Graham and Trumpower, 1991).
Thus, the binding preference of Besl to properly folded and 2Fe-2S
cluster containing Ripl over only partially folded Ripl lacking the
2Fe-2S cluster appears to be established by the large interaction
region in the matrix vestibule which is complementary to the fully
folded Ripl.

Binding of folded Ripl to the open matrix vestibule of Bcsl is
sterically only possible in the apo and ADP-bound states. Since we
never observed Ripl bound to Bcesl in the ADP-bound state
biochemically or by cryo-EM, we speculate that Ripl either binds to
the apo state directly or triggers the release of ADP when engaging
Besl. This would be in agreement with the clearly different
conformations of Bcsl observed in the apo or ADP-bound state. This
is different from the observations in the mammalian system where the
mBCS1 loading complex (Zhan et al, 2024) adopted the ADP
conformation. However, since mBCS1 ADP and Apo states were
indistinguishable at the reported resolution of 7.2 A it is unclear
whether in the mammalian system the Rieske initially binds to the
ADP state followed by ADP release, or whether ADP release is coupled
to substrate release as suggested for mBCS1 (Zhan et al, 2024).

But how does ATP binding or ATP hydrolysis eventually trigger
Ripl translocation after its recruitment to the matrix vestibule?
Here, we were able to determine the structures of Besl in the
presence of ATPyS with and without bound Ripl. We observed that
upon nucleotide (ATP) binding, Bcsl undergoes a substantial
conformational change, displaying a dramatic narrowing of the
matrix vestibule and concomitant opening of the seal pore. In the
absence of Ripl, we found an equilibrium of two distinct ATPyS
states, ATPyS1 and ATPyS2, which differ by a rotation of the Bcsl
MD accompanied with a (partial) delocalization of the TM basket
forming the matrix vestibule. Interestingly, we could trap Ripl in
the ATPyS2 state after incubation of Bes1 with Ripl followed by the
addition of ATPyS. In this structure, we find Ripl translocated
through the open seal pore into the IM vestibule, likely still
clogging the pore from the IM side. Ripl may be trapped in this
position because, as described in a previous study (Wagener et al,
2011), release requires ATP hydrolysis and resetting of its
conformation to the ADP state. Moreover, it was shown that TM
deletion mutants, as used in this study, were retained in the Bcsl
complex in in vitro chase experiments in the presence of another
slow-hydrolysable ATP analog, AMP-PNP. Notably, the Rip1-FeS
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Figure 5. Airlock mechanism of Bcs1-mediated Rip1 translocation across the IM.
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Bcs1-ATP State 2 Bcs1-ADP bc1 complex

Schematic representation of the different states that Bcs1 goes through during Rip1 translocation. Dashed lines represent structural flexibility of transmembrane segments
in Rip1 and Bcs1. Positive and negative charges are indicated in the Bcs1-Apo-Rip1-FeS and Bcs1-ATP State 2 as plus and minus signs.

is now located in the aqueous funnel of the IM vestibule clad by a
number of positively charged residues that may again attract the
negatively charged Ripl-FeS. Yet, in this state we do not observe
any distinct interactions between Bcsl and Ripl, indicating that the
Ripl-Besl interaction is not well defined but rather allows for
multiple orientations of Ripl. Comparing the two structures of
Ripl-bound Besl in the substrate loading and gating states clearly
suggests that ATP binding triggers a conformational change in Besl
that leads to unidirectional translocation of the Rip1-FeS from the
matrix vestibule to the IM vestibule. Our structures thus confirm
and refine the proposed airlock-like mechanism by which a
concerted constriction of the matrix vestibule would push the
Ripl-FeS towards the seal pore, which opens the gate into the IM
vestibule. Charge complementarity between the positively charged
surface of the IM vestibule of Bcsl and the negatively charged
surface of Ripl may serve as an additional driving force and may
also prevent the dissociation of the substrate back into the
mitochondrial matrix upon ATP binding.

Based on these findings, we propose a refined model for Besl-
mediated Rip1 translocation across the IM (Fig. 5). Our structure of
the substrate loading state clearly shows that Bcesl is in the
nucleotide-free state when bound to the Rip1-FeS. In the next step
ATP can now bind to the substrate loading complex, which leads to
a conformational change in the entire Besl heptamer. The dramatic
constriction of the matrix vestibule drives translocation in the
direction of the seal pore that opens to allow charge-driven passage
of Ripl to the IM vestibule. ATP binding results in at least two
intermediates, here described as ATPyS1 and ATPyS2. We propose
that the first intermediate, that we never observe with a bound
Ripl, may occur only at an early stage of the translocation. In this
very transient state, Ripl may still be bound at or within the seal
pore and the Bcsl TM basket is closed. Rotation of the middle
domain partially opens the TM basket allowing Ripl to be
accommodated in the IM vestibule, leading to a pre-release state.
Moreover, our structures give a hint on how the permeability
barrier during this translocation process may be maintained.
Although contacts between translocated Ripl and Bcsl are loose
and the resolution is thus rather poor, it appears plausible that the
substrate itself is part of the permeability barrier by contributing to
the closure of the seal pore. Another possibility is that the
compacted AAA domains at the matrix side, as observed in the
ATPyS states, also contribute to form a barrier. At least at low

© The Author(s)

contour levels, we observe in our density maps that the central pore
to the matrix is closed, presumably by flexible loops. The final step
to complete the translocation process is the release of the Rip1-FeS
to the IMS and the integration of the Rip1-TM into the IM bilayer,
eventually allowing integration into the bcl complex.

This step has been shown to be ATP hydrolysis dependent
(Wagener et al, 2011), and can be assumed to reset the
conformation to the observed ADP state. We speculate that this
conformational transition from the ATP to the ADP state may
occur with the Besl TMD basket still open towards the IMS, as
observed in the ATPyS2 state. This would allow for release of the
Rip1-FeS domain into the IMS and for the Ripl-TM to laterally
integrate into the IM. It should be noted that for the final release of
the Rip1-TM it would be sufficient for the basket helices of the TD
of Besl to laterally open and allow for partitioning of the Rip1-TM
into the bilayer of the IM. Unfortunately, the visualization of the
basket helices appears to be difficult and not only reflecting
conformational differences but rather qualitative and quantitative
aspects in the different datasets (Appendix Table S2).

Therefore, while our structures provide mechanistic details for
the loading and gating step, several fundamental questions remain
open with respect to the insertion and release of Rieske’s TM by
Bcesl. The native topology of all Rieske proteins is TM Npypaerix -
Criumss i.€., the N-terminus faces the matrix side while the C-terminal
FeS is in the IMS. Notably, in our loading state, the Rip1-TM would
be positioned facing towards the seal pore, but we cannot visualize
it in our structure indicating that it is not (yet) ordered.
Nevertheless, inversion of the globular FeS orientation relative to
the pre-translocation state (Fig. 1D) would be required to adopt the
native topology. This inversion may occur during the transition of
the FeS through the seal pore. Notably, in other species like M.
musculus and H. sapiens, the N-terminal region is even extended by
a folded globular domain, representing another subunit of the bcl
complex, which remains in the matrix side of the membrane after
insertion of Ripl. Consequently, in contrast to the situation in
yeast, release of this N-terminus requires a complete lateral opening
of the mBCS1 protomers, a step that was suggested to occur during
ADP/ATP exchange for mBCS1 (Zhan et al, 2024). But even in the
simpler situation in yeast, where the Ripl-TM just must laterally
slip through the basket helices of Besl, it remains largely elusive at
which exact stage of the ATPase cycle, and under which conditions
the Rieske TM is released into the IM. It was shown before that
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Besl can interact with the bcl complex (Zara et al, 2009) and
although one study demonstrates that translocation and release of
Ripl are apparently independent of bcl (Wagener et al, 2011), it is
tempting to speculate that under physiological conditions Rieske
TM release is coupled to the nearby presence of an assembly
intermediate of the bcl complex. Interestingly, it has recently been
shown that folded Rieske interacts with an inner membrane-bound
factor after Besl translocation and insertion, during bcl assembly
(Zerbes et al, 2025). Eventually, ATP hydrolysis or release of ADP
and exchange to ATP may be triggered or influenced by bcl or
another factor, yet so far experimental evidence for this hypothesis
is lacking. In this context, we noted that in vitro Bcsl permanently
hydrolyzes ATP in the absence of substrate, which is highly unlikely
to occur in vivo, further speaking for a contribution of the native
membrane environment to Bcsl’s ATPase cycle regulation. Thus,
based on our structural work, we suggest that after Ripl-bound
Besl arrived in the pre-release state, ATP hydrolysis occurs in a
conditional manner and leads to a transition state with the
substrate still loosely bound to Bcsl. A direct handover and proper
insertion into the bcl pre-complex are then accompanied by Besl
dissociation and transition to the ADP state. Further experiments
will be required to answer this question.

Methods

Reagents and tools table

Identifier or
catalog number

Reference or

Reagent/resource source

Experimental models

Thomas and
Rothstein, 1989

S. cerevisiae W303 bcsTA:natNT2  This study
S. cerevisiae W303 rip]A:: natNT2  This study

S. cerevisiae W303

E. coli DH5a NEB C2987

E. coli BL21 Novagen 70235-M
Recombinant DNA

pETDuet-TwinStrep-3C-Rip143% 2565 This study
pETDuet-TwinStrep-3C-Rip1%®' This study
YEplac112-GAL-Hisg-FLAG-Bcs This study
YCplac111-P.Rip1-Rip12% This study
YCplaci11-P.Bcs1-FLAG-Bcs] This study

Chemicals, enzymes, and other reagents

Kaiser SC Single Drop-Out -LEU  Formedium DSCK1004
Phusion High Fidelity DNA NEB MO531S
Polymerase

Digitonin Calbiochem 300410
GDN (glyco-diosgenin) Anatrace GDNI101

His cOmplete Resin Roche 5893682001
Strep-Tactin XT 4Flow lba 2-5010-025
Superose 6 Increase 10/300 GL  Cytiva 29091596
Superdex 200 Increase 10/300 GL Cytiva 28990944
NativePAGE gels Thermo Fisher BN1003BOX
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Reference or Identifier or

Reagent/resource source catalog number
ATPyS Jena Bioscience NU-406-5
Software

Cryosparc v4.4 Punjani et al, 2017

Alphafold Database http://
alphafold.ebi.ac.uk

ISOLDE Croll, 2018

Coot Emsley and Cowtan,
2004

ChimeraX v1.8 Goddard et al, 2018

Phenix Adams et al, 2010

Image) (Fiji) Schindelin et al,
2012

GraphPAD Prism v10 Dotmatics

Affinity Designer 2 Affinity

Other

Titan Krios + Falcon 4i + Thermo Fisher

SelectrisX Energy Filter

Vitrobot Mark IV Thermo Fisher

AKTA Pure Cytiva

Tecan Infinite M1000 Tecan

Plasmids, strains, and growth conditions

The coding region of the yBcsl gene (YDR375C, residues 1-456)
was cloned into a YEplacl12 vector, downstream to a GAL
bidirectional promotor and a N-terminal 6xHis-FLAG-3C tag. The
plasmid was transformed into a Saccharomyces cerevisiae W303
(Thomas and Rothstein, 1989) bcsIA strain using the lithium
acetate method. For the overexpression of yBcsl, a single colony
isolated from a YPG plate (1% yeast extract, 2% peptone, 2%
glucose, 2% Bacto-agar) was grown at 30 °C on synthetic complete
media lacking leucine, containing 2% glucose (SDC-LEU-Glucose)
to a final ODgy of 1.0. The cells were then shifted to YPGal (1%
yeast extract, 2% peptone, 2% galactose) and further grown until an
ODyggp of ~4.0 was reached. Cells were harvested and flash frozen
for storage at —80 °C.

The yRipl gene without the mitochondrial targeting sequence
(YEL024W, residues 30-215) was cloned into a pET-Duet plasmid
after truncation of the mitochondrial targeting sequence and the
full transmembrane helix coding region (residues 30-81) or only a
hydrophobic segment (residues 55-64), downstream to a
N-terminal TwinStrep-3C tag. For protein expression, the plasmids
were transformed to an Escherichia coli BL21 strain. Single colonies
isolated from LB-Amp plates (lysogeny-broth, 100 pg/mL ampi-
cillin) were grown at 37 °C in LB-Amp liquid media to an ODgq, of
0.5-0.7, induced with IPTG to a final concentration of 0.5 mM, and
supplemented with Fe,(SO,); and L-Cysteine to a final concentra-
tion of 0.5 mM. The cells were further grown for 18 h at 16 °C. Cells
were harvested and flash frozen for storage at —80 °C.

For the growth assays shown in Figs. 2D and 4E and Appendix
Fig. S6A, the upstream UTR region (250 bp) of the yBcsl gene was
cloned to a YCplaclll vector (YCplacl11-P.Bcsl). N-terminal
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FLAG-tagged yBcs1 (1-456) was cloned downstream, and selected
mutations were introduced by site-directed mutagenesis based on
standard PCR techniques using Phusion polymerase (NEB). The
mutations were confirmed by sequencing. The constructs were
transformed as described above to the besIA strain. A single colony
was grown in SDC-LEU-Glucose to an ODggo of 1.5-2.0 and then
diluted to 1.0 with fresh media. Serial 10-fold dilutions were spotted
on YP plates containing either 2% glucose or 2% glycerol and on
SDC-LEU-Glucose plates. The plates were incubated for 2-3 days
at 30 °C, or at 37 °C where indicated.

For the growth assays shown in Fig. 2E and Appendix Fig. S6B,
the upstream UTR region (322 bp) and the mitochondrial targeting
sequence (1-30) of the yRipl gene were cloned to a YCplaclll
vector (YCplacll1-P.Ripl). yRipl (31-215) was cloned down-
stream and selected mutations were introduced by site-directed
mutagenesis based on standard PCR techniques using Phusion
polymerase (NEB). The mutations were confirmed by sequencing.
The constructs were transformed as described above to a ripIA
strain. A single colony was grown in SDC-LEU-Glucose to an
ODgqp of 1.5-2.0 and then diluted to 1.0 with fresh media. Serial
10-fold dilutions were spotted on YP plates containing either 2%
glucose or 2% glycerol and on SDC-LEU-Glucose plates. The plates
were incubated for 2-3 days at 30 °C, or at 37 °C where indicated.
Contrast enhancement of the digital images was carried out with
Image]J (Fiji) (Schindelin et al, 2012) only for visualization purposes
(see Source Data for Original Images).

Protein expression and purification

For purification of Bcsl, pelleted yeast cells were thawed and
resuspended in lysis buffer (2 mL/g pellet; 0.65 M Sorbitol, 100 mM
Tris pH 8.0, 5mM EDTA pH 8.0, 5mM aminocaproic acid, 0.2%
BSA, 1 mM PMEFS). Cells were lysed after two passages in a Cell
Disruptor (Constant Systems Ltd.) at 2500 bar. Supernatants were
clarified by centrifugation, 30 min at 3000g. The membrane
fraction was separated by ultracentrifugation, 1h at 120,000 x g.
Crude membranes were washed once in SW buffer (0.65M
Sorbitol, 100 mM Tris pH 7.5, 5mM aminocaproic acid, 1 mM
PMFS) and centrifuged for further 30 min at 120,000 x g. The
pelleted membranes were then resuspended in SH buffer (0,65 M
Sorbitol, 10 mM HEPES pH 7.5), aliquoted to an approximate total
protein concentration of 10 mg/mL, and flash frozen for storage at
—80°C. For solubilization, membranes were resuspended in
solubilization buffer (30 mM HEPES pH 7.5, 150 mM potassium
acetate, 3% digitonin) to a final protein concentration of 5 mg/mL.
After 1 h incubation at 4 °C, the insoluble fraction was separated by
ultracentrifugation for 30 min at 120,000 x g. The supernatants
were incubated with pre-equilibrated (AP buffer: 30 mM HEPES
pH 7.5, 150 mM KCl, 5% glycerol, 5 mM Imidazole, 0.1% digitonin)
His cOmplete resin (Roche) for 2.5 h, 4 °C. They were subsequently
washed with AP buffer supplemented with 50 mM imidazole and
eluted with AP buffer supplemented with 250 mM imidazole.
Selected fractions were pooled and concentrated in a 100 kDa cut-
off Amicon (Merck). The concentrated sample was injected to a
Superose 6 Increase 10/300 GL (Cytiva) column and run with SEC-
GDN buffer (30 mM HEPES pH 7.5, 150 mM KCl, 5% glycerol,
0.024% glyco-diosgenin (GDN)). Final fractions were concentrated
as described before and flash frozen or used immediately for
downstream experiments.

© The Author(s)
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For the purification of Ripl constructs, frozen pellets were
thawed and resuspended in lysis buffer (10 mL/g pellet; 100 mM
Tris pH 8.0, 150 mM NaCl, 10% glycerol, 1mM PMFS, 1x
cOmplete protease inhibitor cocktail (Roche)). Cells were lysed
after two passages in a Cell Disruptor (Constant Systems Ltd.) at
1250 bar. Supernatants were clarified by centrifugation, 15 min at
3000 x g followed by 25min at 36,000 x g. The supernatant was
passed twice through a bed of pre-equilibrated (Strep-AP buffer:
25 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol) Strep-Tactin®
XT 4Flow® (iba) resin. The resin was washed with Strep-AP, and
the protein was eluted on the same buffer supplemented with
50 mM Biotin. The fractions were incubated with 3C-protease for
90 min and then concentrated in a 3kDa cut-off Amicon for
injection to a Superdex 200 Increase 10/300 GL (Cytiva) column,
run with SEC buffer (30 mM HEPES pH 7.5, 150 mM KCl, 5%
glycerol). Selected fractions were concentrated as before and flash
frozen or used immediately.

ATPase activity assay

Bcesl ATPase activity was measured using the NADH (nicotinamide
adenine dinucleotide)-coupled assay. Bcsl (heptamer) in a final
concentration of 65 nM (heptamer) was incubated in absence or in
presence of 163 nM, 325nM or 650 nM Ripl-TM substrate for
10 min at 25 °C in assay buffer (25 mM HEPES pH 7.5, 50 mM KCl,
2mM MgCl,, 0.024% GDN, 0.1 mg/mL BSA). After incubation,
reactions were mixed with phosphoenolpyruvate 0.5 mM, NADH
0.1 mM, lactate dehydrogenase-pyruvate kinase (Merck) 25 U/mL
and ATP 1mM, to a final volume of 50 uL. Reactions were
incubated at 30°C, and fluorescence decay was monitored at
454 nm for 60 min in a Tecan Infinite M1000 plate reader. ATP
concentration was calculated by interpolation in an ADP standard
curve in the range 10-100 pM.

BN-PAGE

Samples for BN-PAGE were prepared as follows. Besl and Ripl
concentration was quantified using a Pierce™ BCA Protein Assay kit
(Thermo Fisher Scientific). In total, 30 pmol of Bcsl (heptamer)
were diluted in BN-buffer (15 mM HEPES pH 7.5, 30 mM KCl, 5%
glycerol, 0.1% digitonin) and incubated with varying quantities of
Rip1 substrate (from 0 up to tenfold excess) in presence or absence
of nucleotides and MgCl, (1mM ADP, ATP or ATPYS, 2 mM
MgCl,). The final reaction volume was 30 uL. Depending on the
experiment, the sample was incubated with substrate 10 min at
25°C followed by the addition of the respective nucleotide and
further incubated 10 min at 25 °C, or vice versa. The samples were
mixed with NativePAGE™ Sample buffer (4X) and loaded to a
NativePAGE™ gel (Thermo Fisher Scientific). Contrast enhance-
ment of the digital images was carried out with Image] (Fiji)
(Schindelin et al, 2012) only for visualization purposes (see Source
Data for Original Images).

Cryo-EM sample preparation and data collection
For the Bcsl-Apo-Ripl-FeS or Ripl-TM sample, 30 pmol of Bcsl
(heptamer) were incubated with a 10-fold excess of substrate for

20 min at 25°C in BN-buffer. For the Bcs1-ATPyS sample, Besl
was incubated in BN-buffer supplemented with 2 mM ATPyS and
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2.5 mM MgCl,, for 20 min at 25 °C. For the Bcs1-ATPyS-Rip1-FeS
sample, Bcsl was first incubated with substrate in BN-buffer
supplemented with 2.5 mM MgCl, for 10 min at 25 °C, followed by
ATPyS addition to a final concentration of 2 mM and incubated for
an additional 10 min. After incubation, all samples were kept on ice
until plunge-freezing. A drop of 3.5uL was applied onto glow-
discharged Quantifoil Au 300 mesh R2/2 grids with an additional
3nm layer of carbon. After incubation for 45s, the grids were
blotted for 3 s and plunge-frozen in liquid ethane, using a Vitrobot
Mark IV (Thermo Fisher Scientific). Data collection was performed
at 300 keV using a Titan Krios microscope equipped with a Falcon
4i direct electron detector and a SelectrisX Energy Filter (all
Thermo Fisher Scientific) at a physical pixel size of 0.727 A. Dose-
fractioned movies were collected in a defocus range from —0.5 to
3.0 um with a total dose of 60 e- per A and fractionated in 60
frames to obtain a total dose of 1 e- per A per frame.

Data processing

Gain correction, movie alignment, and summation of movie frames
were performed using MotionCor2 (Zheng et al, 2017). Further
processing was carried out in CryoSPARC v4.4 (Punjani et al,
2017). CTF parameters for the micrographs were estimated using
CTFFIND4 (Rohou and Grigorieff, 2015) (Bcs1-Apo-Ripl-FeS) or
the Patch CTF Estimation job (Bcs1-Apo-Rip1-TM, Bcs1-ATPyS1/
2, Bes1-ATPyS2-Ripl-FeS).

Bcs1-Apo-Rip1-FeS

Particle picking on 6044 micrographs was carried out by running a
Blob Picker job, resulting in 800,580 particles. The particle set was
extracted using a box size of 360 pixels, binned four times. 2D
classification allowed the selection of a subset of 68,540 particles,
which was used to train TOPAZ (Bepler et al, 2019). After TOPAZ
particle picking, a set of 667,578 particles was selected and further
cleaned by one round of 2D classification. In all, 546,208 particles
belonging to good classes were used to generate an ab initio model,
using the Ab-Initio Reconstruction job with three classes. After an
initial round of heterogeneous refinement, the map with best
features was employed to generate a consensus refinement of the
entire particle set. Particles were then further classified in a second
round of heterogeneous refinement, where a class with 320,760
particles displayed the best substrate density and was thereby
selected for downstream refinement. Particles were re-extracted,
two times binned, and sorted by unmasked 3D classification with 4
classes. In total, 309,698 particles from the best class were used in a
focused 3D-classification job with three classes, where a circular
mask covered the substrate density. A final subset of 106,497
particles was re-extracted and refined by a non-uniform refinement
job, without imposing symmetry (Cl), to a final resolution of
3.56 A.

Bcs1-Apo-Rip1-TM

A total of 1,415,540 particles were picked by a blob picker job on
13,310 micrographs. After extraction with a box size of 360 pixels,
binned four times, the set was cleaned by successive 2D
classification rounds, resulting in a subset of 119,984 particles,
subsequently used for TOPAZ training. From TOPAZ picks, a total
of 460,919 particles were cleaned with an additional 2D classifica-
tion run and refined by a heterogeneous refinement job with 4
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classes, using the Bcsl-Apo-Rip1-FeS map as reference. A class of
149,392 particles displaying the best resolved features was run in a
second round of heterogeneous refinement. After the refinement, a
set of 109,143 particles was re-extracted without binning, and a
focused 3D classification with a mask in the substrate density was
performed. A final subset of 57,257 particles was refined by a non-
uniform refinement job (Cl symmetry) to a final resolution of
3.46 A.

Bcs1-ATPyS1/2

An initial set of 877,660 particles picked with Blob Picker from
8825 micrographs was used to generate templates for template
picking. A set of 367,217 particles was obtained, extracted with a
box size of 360 pixels, binned two times, and cleaned by successive
rounds of 2D classification. 165,566 particles were selected, and a
consensus map was obtained by homogeneous refinement. Multiple
rounds of heterogeneous refinement with 4 classes were run to
improve the quality of the map. A set of 234,802 particles belonging
to a class with well-resolved features was obtained and refined by
non-uniform refinement (C1 symmetry). 3D classification with two
classes resulted in a class of 142,262 (61%, state S1) and a class of
92,540 (39%, state S2) differing by a rotation of 6° on the middle
domain of Besl and a worse resolved transmembrane region (state
S2). The classes were re-extracted without binning and further
refined by non-uniform refinement, enforcing Cl1 or C7 symmetry,
to a final resolution of 2.92 A (state S1-C1), 2.58 A (state S1-C7),
3.09 A (state S2-C1), and 2.74 A (state S2-C7).

Bcs1-ATPyS2-Rip1-FeS

From a subset of 2024 micrographs, 874,465 particles were picked
using blob picker followed by template picker, extracted with a box
size of 360 pixels, binned two times, and processed by successive
rounds of 2D classification. 165,865 particles belonging to good
classes were used to generate an ab initio model, using the Ab-Initio
Reconstruction job. The particles were also used as templates for
particle picking and 1,415,352 total particles were obtained from
the full data set (18,385 micrographs). The map obtained was
refined by non-uniform refinement (C1l) and a heterogeneous
refinement with three classes was performed to sort for overall
structural heterogeneity. A class with the best structural features,
containing 567,113 was re-extracted, two times binned and refined
by non-uniform refinement. The refined map was used as input for
a focused 3D-classification job, with a mask on the inner membrane
vestibule. One class of 80,299 particles with strong density was
selected. To confirm that the density was not an artifact from the
processing methodology, the particles were input to an ab initio
reconstruction job with two classes. This resulted in a junk class
and a well-resolved class of 70,453 particles. These particles were
re-extracted without binning and refined by non-uniform refine-
ment (Cl1) to a final average resolution of 3.07 A.

Model building

A model of Bcsl from the AlphaFold database (http://
alphafold.ebi.ac.uk) was used to build the Besl-Apo-Ripl-FeS and
Besl-Apo-Ripl-TM models. To model the substrate chain, the
residues 82-215 of Rip1 from a model of the yeast cytochrome bcl
complex (PDB accession number 1KB9) were used. For the ATPyS
models, an initial model was obtained using Modelangelo (Jamali
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et al, 2024) on the Bcs1-ATPyS1 (C7) map. Real-space refinement
was performed manually in COOT (Emsley and Cowtan, 2004).
Multiple rounds of density fitting, and refinement were subse-
quently performed using ISOLDE (Croll, 2018) and real-space
refinement in Phenix (Adams et al, 2010) . MolProbity (Chen et al,
2010) was used for model validation in Phenix. Docking and
visualization of maps and models was done in ChimeraX (Goddard
et al, 2018).

Data availability

Cryo-EM density maps and atomic models have been deposited in
the Electron Microscopy Data Bank (EMDB https://www.ebi.ac.uk/
emdb/) and Protein Data Bank (PDB https://www.rcsb.org/) data
bases under the accession codes EMD-51561 (Bcsl-Apo-Ripl-FeS),
EMD-51537 and PDB:9GS2 (Bcsl-Apo-Ripl-TM), EMD-51552
and PDB:9GSN (Bcsl-ATPyS1 C7), EMD-53185 (Bcs1-ATPyS1
C1), EMD-51605 and PDB:9GU9 (Bcsl-ATPyS2 C7), EMD-53189
(Bcs1-ATPyS2 C1), and EMD-51562 (Bcs1-ATPyS2-Rip1-FeS).
The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44318-025-00459-4.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44318-025-00459-4.
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Expanded View Figures

Bcs1-ADP Bcs1-Apo1 Bcs1-Rip1-FeS Bcs1-Rip1-TM

Figure EV1. Comparison of yeast Bcs1 structures in ADP and Apo1 states.

Cryo-EM structures shown at bottom (upper row) and side views (lower row) of Bcs1 in ADP state, Apol state (Kater et al, 2020) and bound to Rip1-FeS and Rip1-TM.
Note that the Rip1-bound conformation of Bcs1 is Apol. Red circles represent the diameter of the matrix vestibule.
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Figure EV2. ATP-binding pocket occupancy in the different Bcs1 states.

(A) Left panel: Alignment of the atomic models of Bcs1-ADP (PDB:6SH3, chain A) and Bcs1-Apol1-Rip1-TM (PDB:9GS2, chain A), displaying the relative position of ADP in
the binding pocket. Right panel: Close-up view on the AAA domain of protomer A of Bcs1 and map superposition, highlighting the density of ADP found in the Bcs1-ADP
state (top) and absent in Bcs1-Apo1-Rip1-TM (bottom). (B) ADP nucleotide model superimposed on the AAA domain density of the protomers B-G of Bcs1-Apol-Rip1-TM.
(C) Left panel: Bottom view of Bcs1- ATPyS1 and isolated ATPyS density. Highlighted in squares are a close-up view of the density in the protomer A and, in boxes i-vi,
ATPYS densities for protomers B-G. Right panel: Close-up views of the enclosed regions i-vi. (D) same as in C for Bcs1- ATPyS2. (E) Same as in (C) for Bcs1- ATPyS2-Rip1-
FeS.

© The Author(s) The EMBO Journal Volume 44 | Issue 13 | July 2025 | 3720 -3741 3737

"0bE:2T20:v98E 02k 0:T08Y:0801:TO0T d | W04} GZ0Z ‘#T Jgo3o0 U0 Bio'ssaidoguue’ mmmy/sdiy Lwoiy popeojumoq



The EMBO Journal Cristian Rosales-Hernandez et al

A _ B g
Rip1-FeS 23
_______ o &% 2
] i3 o ik
%o B9 g 32
FeSD DY
C164
) Disuffide bond 720 — 720 —
/
450 —|
C178 450 /)
C180 272 = 272 —
Fe2S2 cluster
146 —
H181 146
H161 66 =
66 —
kDa kDa

FeSD

BN: Coomassie staining

Fe2S2 cluster Fe2S2 cluster

(PDB:9GS2; EMDB:51537; chain H)
(This study)

(PDB:6HU9; EMDB:0262; chain E) (PDB:6GIQ; EMDB:0004; chain E)

Figure EV3. Structural details of Rip1-FeS bound to Bcs1 in the Apo1 state.

(A) Left panel: Rip1-FeS atomic model fitted into density, highlighting the FeSD domain. Right panel: Close-up view on the FeSD displaying the residues involved in
coordination of the 2Fe-2S and the disulfide bond between C164 and C180. The 2Fe-2S cluster is shown in a stick representation, where yellow sticks represent the
sulphur atoms and red sticks represent the iron atoms. (B) Blue Native (BN) gel showing the effect of f-mercaptoethanol (3-ME) on the binding of purified Rip1-FeS to Bes1
(left) compared to Rip1-FeS purified in the absence of 3-ME. (C) Comparison of the Ripl-associated 2Fe-2S cluster densities from Bcs1-Apol-Rip1-TM and active ClII
complex Cryo-EM maps. Source data are available online for this figure.
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Figure EV4. Conserved residues on the Bcsl-interaction surface of Rip1.

(A) Multiple sequence alignment of the globular domain of Rip1 from selected species generated by Clustal Omega (Madeira et al, 2024) and displayed using Jalview
(Waterhouse et al, 2009). Enclosed in red boxes are some of the negatively charged residues (D139, D145, E201) that interact with Bcs1 during translocation, in brown
boxes are the residues responsible for the coordination of the 2Fe-2S cluster (C159, H161, C178, H181) and yellow arrows point to the residues that form a structurally
relevant disulfide bond (C164, C180). The amino acids are colored according to their percentage of identity. (B) Multiple sequence alignment as in (A) but comparing the
mitochondrial (pink box) Rip1 homolog of photosynthetic species with its chloroplast homolog petC in the same species (green box) and its prokaryotic homolog gqcrA
from prokaryote species (light blue box). (C) Structure of the fully assembled dimeric bc1 complex (PDB: 1KY O), highlighting the position of the globular domain of one of
the two Rip1 subunits. (D) Close-up view on the enclosed region from (C), displaying Rip1 negatively charged amino acids. (E) Same view as in (D) but displaying the
negatively charged electrostatic surface. The 2Fe-2S cluster is shown in a sphere representation, where yellow spheres represent the sulfur atoms and red spheres
represent the iron atoms.
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Figure EV5. Plausible orientations of Rip1-FeS in the translocation state.

(A) Cut side view of the atomic model of Rip1-FeS docked into the Bcs1-ATPyS2-Rip1-FeS map in an orientation that locates the N-terminal residues towards the
mitochondrial matrix (left) or towards the IMS (right). The 2Fe-2S cluster is shown in a sphere representation, where yellow spheres represent the sulfur atoms and red
spheres represent the iron atoms. (B) Electrostatic surface representation of the models displayed in (A).
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The pathogen Pseudomonas aeruginosa enhances its virulence and antibiotic
resistance upon formation of durable biofilms. The exopolysaccharides Pel, Psl
and alginate essentially contribute to the biofilm matrix, but their secretion
mechanisms are barely understood. Here, we reveal the architecture of the
outer membrane complex PelBC for Pel export, where the essential peri-
plasmic ring of twelve lipoproteins PelC is mounted on top of the nanodisc-
embedded [-barrel PelB. The PelC assembly is stabilized by electrostatic
contacts with the periplasmic rim of PelB and via the membrane-anchored acyl
chains. The negatively charged interior of the PelB B-barrel forms a route for
the cationic Pel exopolysaccharide. The B-barrel is sealed at the extracellular
side, but molecular dynamic simulations suggest that the short loop Plug-S is
sufficiently flexible to open a tunnel for the exopolysaccharide transport. This
gating model is corroborated by single-channel conductivity measurements,
where a deletion of Plug-S renders a constitutively open [3-barrel. Our struc-
tural and functional analysis offers a comprehensive view on this
pathogenicity-relevant complex and suggests the route taken by the exopo-
lysaccharide at the final secretion step.

The Gram-negative bacterium Pseudomonas aeruginosa is an oppor-
tunistic human pathogen that accounts for nearly 20% of all nosoco-
mial infections, being a major risk factor for immunocompromised
patients and those with cystic fibrosis'. P. aeruginosa infections build
up a burden for the healthcare systems worldwide due to the pro-
longed hospitalization period and the associated costs. The primary
challenges to combat this versatile bacterium are its rapidly develop-
ing antibiotic resistance and formation of extensive durable biofilms,
both in tissues upon host invasion and on diverse abiotic surfaces.
Stability of the biofilms is mediated by the complex composition of the
matrix, where the exopolysaccharides—alginate, Psl and Pel—serve to
embed cells, ensure the mechanical strength of the matrix and provide

attachment sites for secreted virulence factors®. Despite the highest
biomedical relevance of the exopolysaccharides of P. aeruginosa, the
understanding of the molecular mechanisms behind their secretion
is poor.

Pel is the major constituent of P. aeruginosa pellicles, i.e., films
formed at the water-air interface, and it plays a key role at early stages
of the biofilm formation at solid surfaces. Pel has been recently iden-
tified in other -, §-, and y-proteobacteria, but also several extremo-
philes and Gram-positive bacteria’. P. aeruginosa Pel is composed of o
-1-4-linked N-acetyl-D-galactosamine residues, which are partially
deacetylated in the periplasm, so the Pel exopolysaccharide acquires
positive charge along the secretion pathway*. This charge is utilized
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then to crosslink the extracellular DNA thus contributing to the matrix
assembly’. Other roles of Pel involve stabilization of the adhesin CdrA
and complementation for defects in the outer membrane, as deletion
of the major structural protein OprF stimulates Pel accumulation at the
cell surface (reviewed in ref. 2).

Secretion of Pel in the Gram-negative P. aeruginosa assumes the
polysaccharide translocation across the inner and outer membranes
(Fig. 1), and the genes essential for the process are encoded in a single
pelABCDEFG operon. The polysaccharide elongation mediated by the
glycosyltransferase PelF in the cytoplasm is coupled to the synthase-
dependent translocation through the inner membrane complex of
PelD, PelE, and PelG subunits, in a still unknown fashion (Fig. 1A)°.
Upon crossing the periplasm, Pel is partially deacetylated by PelA and
then translocated through the outer membrane via PelB’. PelB is
composed of a C-terminal B-barrel preceded by the helical scaffold,
built of multiple tetratricopeptide repeats (TPR). The length of the
modelled scaffold exceeds 20 nm, thus being sufficiently long to span
the periplasm (Supplementary Fig. 1A). Notably, the N-terminal end of
PelB contains 22 apolar and aromatic residues, which may form a
transmembrane helix within the inner membrane without a cleavage
site for the signal peptidase (Supplementary Fig. 1B). Thus, PelB of P.
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Fig. 1| Isolation of the natively assembled PelBC complex of P. aeruginosa.

A Putative organization of the synthesis/secretion machinery for the Pel exopoly-
saccharide in P. aeruginosa. B Gene constructs of PelB and PelC in the pETDuet-1
vector. Cleavage sites after the signal peptides (SP) of both proteins are indicated as
“X”. C SDS-PAGE of the membrane isolates after the sucrose gradient shows PelB
and PelC co-occurring in late fractions characteristic for the outer membrane
vesicles. A reference band for the outer membrane protein A (OmpaA) is indicated.

aeruginosa, as well as its multiple homologs in other species, may
physically bridge two membranes, with the TPR scaffold forming a
passage for the polysaccharide across the periplasm.

The B-barrel of PelB is assumed to form a complex with PelC
lipoproteins, a hallmark of the Pel system in Gram-negative bacteria.
PelC is essential for the polysaccharide transport, and several muta-
tions within PelC were identified which inhibited the biofilm formation,
either via direct interactions with the polysaccharide or due to their
involvement in the PelBC complex assembly®. The exact role of PelC in
the exopolysaccharide translocation is not clear. A partial crystal
structure of PelC from Paraburkholderia phytofirmans solved in the
absence of the membrane and the lipid anchors revealed the proto-
mers arranged into a dodecameric ring with a 3.2 nm-wide pore in the
center®, and the negative charge on the periplasm-facing side of PelC
was suggested to assist in translocation of the cationic polysaccharide.
The width of the PelC pore matches closely the diameter of the
modelled PelB structure (Supplementary Fig. 2), and AlphaFold-based
modelling of the complex in 1:12 stoichiometry provides a high-
confidence assembly, where the TPR domain of PelB is placed within
the central pore of the PelC ring’. However, models of a similar con-
fidence could also be rendered at different stoichiometries, either
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D SDS-PAGE of immobilized metal affinity chromatography on PelBC with His-
tagged PelB variants, wild-type (left) and the truncated PelB lacking the periplasmic
helical scaffold (right, PelB.rpg). Loaded fractions: “Sol.” - detergent-solubilized
material; “FT” - flow-through; “W” - wash, “E” - elution. E Left: Size-exclusion chro-
matograms of the PeIBC samples from (D). Right: SDS-PAGE of the major SEC
fractions collected for the wild-type PelBC. Each biochemical experiment was at
least repeated twice independently. Source data are provided as a Source Data file.
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having less PelC subunits (ratio 1:11) or more (ratios 1:13 and above)
(Supplementary Fig. 2). Since the assemblies of lipoproteins in solution
and at the membrane interface may differ', visualizing the actual
architecture of the PelBC complex remains an open task. The experi-
mentally determined structure would also explain the functionally-
defective PelC mutants, and potentially address protein:lipid interac-
tions for the lipoproteins and the transmembrane -barrel. Critically,
the modelled PelB barrel does not manifest a substantially wide con-
duit at the extracellular side for the polysaccharide translocation,
being sealed by several loops. Though the model may reflect the idle
state of the channel, the experimental structure determination is
required to understand the functional dynamics of the complex.

Here, we employed cryogenic electron microscopy (cryo-EM) to
visualize the structure of the PelBC complex of P. aeruginosa in the
lipid-based nanodiscs, reaching a final resolution of 2.5 A. Next to the
overall architecture of the asymmetric complex of 250 kDa, we report
extensive protein:lipid interactions formed by both the lipoproteins
and the B-barrel and discover that the periplasm-exposed helical
domains of PelB and the highly conserved tryptophan of PelC are
essential for the assembly of the complex. The acquired structure
suggests the route of the exopolysaccharide across the channel, and it
is further used to design single-channel conductivity experiments and
computational simulations, which jointly provide first evidence for
PelB conformational dynamics in the lipid membrane.

Results

Isolation and nanodisc reconstitution of the intact PelBC
complex

To establish heterologous expression of the PelBC complex, both
genes were cloned into pETDuet-1 vector under individual T7 promo-
tors. To facilitate the efficient export of the synthesized proteins into
the periplasm via the Sec machinery, the signal sequence of PelC was
substituted with the signal sequence of Lpp, the highly abundant
Braun’s lipoprotein of Escherichia coli. PelB was expressed as the
C-terminal fragment (residues 762-1193) containing three periplasmic
TPR repeats and the transmembrane -barrel, which were preceded
with the conventional signal sequence of pectate lyase B of Erwinia
carotovora and the octa-histidine tag (Fig. 1B). Based on the AlphaFold
models (Supplementary Fig. 2), we assumed that the truncated peri-
plasmic region of PelB would be sufficient to interact with the PelC
subunits. Once expressed in E. coli C41(DE3) AompF AacrAB strain”, the
protein localization to the outer membrane was validated by the
ultracentrifugation in the sucrose density gradient: Both proteins
appeared within the high-density fraction together with OmpA, an
intrinsic marker for the outer membrane vesicles (Fig. 1C)".

Both PelB and PelC were extracted from the membranes with the
mild non-ionic detergent DDM. IMAC based on the N-terminal histi-
dine-tag of PelB resulted in co-purification of substantial amounts of
PelC (Fig. 1D), suggesting that the proteins resided as a complex. The
PelB-PelC isolates manifested three distinct peaks in size exclusion
chromatography (SEC, Fig. 1E): The major peak contained both PelB
and the excess of PelC and it was observed at 10.5 mL elution volume
suggesting the molecular weight of ~300 kDa, while the downstream
peaks at 12 mL and 14 mL contained PelB and PelC, respectively. The
appearance of the tag-less free PelC subunits in the latter peak indi-
cated partial disassembly of the detergent-solubilized complex after
the IMAC stage. To prevent that, SEC-purified PeIBC complexes were
immediately reconstituted into nanodiscs in presence of POPC:POPG
lipids (molar ratio 70:30). The chosen scaffold protein MSP1D1 builds
nanodiscs of ~-8nm inner diameter”? that should be sufficient to
accommodate the B-barrel of PelB and the acyl chain anchors of PelC
lipoproteins, assuming the ring-shaped assembly. SEC of PelBC-
nanodiscs resulted in a major peak at ~10.5 mL where PelB, PelC, and
MSP1D1 were found, followed by minor amounts of PelB-only nano-
discs (Fig. 2A). The lipid environment of nanodiscs greatly stabilized

the complex, as no dissociation of PelC was observed in SEC, so the
lipoprotein remained anchored within the lipid layer.

Cryo-EM resolves the architecture of the PelBC complex in the

lipid bilayer

The nanodisc-stabilized PelBC complexes were subjected to cryogenic
electron microscopy (cryo-EM). From around 30,000 movies, 4.8
million particles were picked for downstream processing. In reference-
free 2D class averages, a balanced distribution of side and top views of
the PelBC complex was observed (Fig. 2B and Supplementary Fig. 3),
and the nanodisc density could be well-recognized in side views, with
the outer diameter of 9 nm in agreement with the previous reports®.
Notably, no classes displaying stoichiometry different from 1:12
PelB:PelC were obtained. The homogeneity of the particle distribution
allowed for a 3D reconstruction of the PelBC complex at 2.5 A resolu-
tion with no symmetry imposed (Supplementary Figs. 3 and 4).
Extensive sorting was carried out to look for different conformations
of the complex, but no major structural differences between the
classes were detected. A focused classification on PelB resulted in a
class with the best resolved (3-barrel with short a-helical loops and the
N-terminal helical extension, which subsequently led to the final map
used for model building (Fig. 2C, D). In agreement with the prediction,
the complex is composed of a single PelB barrel built of 16 antiparallel
B-strands embedded in the lipid bilayer and a dodecameric ring of PelC
lipoproteins mounted at the periplasmic side (Fig. 2E). The -barrel is
centrally positioned within the nanodisc, without contacts to the edges
which could otherwise distort the conformation. Notably, the archi-
tecture of PelB is similar to bacterial transporters for cellulose (BcsC)™
and PNAG (PgaA)”, which share the overall fold of the 16-stranded [-
barrel, with partially structured loops occluding the extracellular exit
of the channel (Supplementary Fig. 6). At the periplasmic side of PelB,
two TPR domains resolved from the residues Gly-803 and the inter-
mediate helix (“stalk”) are located within the PelC ring, being docked at
multiple lipoprotein subunits, as described below. The preceding PelB
residues ranging from Asn-762 to Ile-802 remained unresolved, likely
due to their higher flexibility.

The interior of the PelB fB-barrel is predominantly negatively
charged, where the charge is distributed asymmetrically, being largely
concentrated on strands 11 to 14 (Fig. 3A). The anionic cluster faces the
groove within the TPR domains, so the cationic Pel polysaccharide may
employ this route for entering the channel driven by the electrostatic
interactions. The anionic wall is continued with the negatively charged
and partially structured loops forming the bottom of the barrel at the
extracellular side with no tunnel sufficiently wide for the EPS passage
(Fig. 3B, C). As a major element here, a short a-helix between the
strands 7 and 8 (further referred as Plug-l) is bent inwards the central
cavity of PelB where it lays perpendicular to the barrel axis (Fig. 3C).
Plug-I forms several contacts within the barrel, first of all via Arg-999 to
Tyr-922 in -strand 2 and Glu-935 in -strand 3, and so it may serve to
stabilize the barrel. Plug-I is opposed by a glycine-rich loop between
the C-terminal -strands 15 and 16 (Plug-S), and together these two
loops occlude the exit tunnel of PelB (Fig. 3B). The loop between the [3-
strands 11 and 12 (Plug-O) is exposed to the solvent at the extracellular
side forming a “dome” over the barrel. Though only a small part of this
31 residues-long loop builds an a-helix, the polypeptide chain is well-
resolved in cryo-EM, so Plug-O is rigid under the experimental condi-
tions. Comparison of the resolved P. aeruginosa PelB structure with the
models of PelB homologs from other Pseudomonas species shows high
conservation of the extracellular loops, apart the Plug-O (Supple-
mentary Figs. 7 and 8). Here, broad variations in the length and the
putative structures are observed, suggesting that the loop architecture
evolves in response to the certain habitat of the bacteria and/or its
specie-specific LPS layer.

Similar to the barrel interiors (Fig. 3), the extracellular side of P.
aeruginosa PelB is highly anionic with the net charge of -11 (Asp+Glu:
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Fig. 2 | Structure of the PelBC complex embedded into the lipid membrane.
A SEC of PelBC reconstituted into the MSP1D1-based nanodisc and SDS-PAGE of the
fraction at 10.5 mL elution volume used for cryo-EM analysis. B Characteristic 2D
classes found upon cryo-EM data processing show various projections of the
assembled PelBC complexes in the nanodiscs. C Final 3D reconstruction (cross-
section) of the PeIBC complex in the nanodisc. PelB is colored in blue, PelC in
golden, nanodisc/lipids in green. D The structural model of the PelBC complex,
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PelB in blue, PelC in golden. PelC subunits labeled from “A” to “L”, so the subunit A
approaches the N-terminal end of the PelB 3-barrel. The Plug-S loop occupying the
exit tunnel of PelB is seen in the periplasmic view (right). E The electrostatic
potential at the periplasmic surface of the PelC ring (left) and under the capping
loop (right). Each biochemical experiment was at least repeated twice indepen-
dently. Source data are provided as a Source Data file.

-18, ArgtLys: 7), which appears as a common feature among PelB
homologs in Pseudomonas species (Supplementary Fig. 8). Such
charge distribution is also seen for several P. aeruginosa porins, incl.
PA4067 (OprG; PDB ID 2x27), PA3280 (OprO; 4RJX), and PA3279
(OprP, 204V), and the negative charge may serve to repel the phos-
phate groups of the surrounding LPS cores. In context of the poly-
saccharide secretion, it may also be involved in functional opening/
closing of the barrel, and/or providing the electrostatic driving force
for translocation of the cationic Pel. For the outer membrane trans-
porters of partially cationic polysaccharides, such as bacterial phos-
phoethanolamine cellulose and PNAG, the electrostatic interactions at
the exit of the secretion machinery were proposed to facilitate the
directed transport®.

As a unique feature of the Pel translocation system, twelve PelC
subunits assemble in a ring at the periplasmic side of the PelB barrel
(Figs. 2 and 4), and so they repeat the architecture of the crystallized
PelC of P. phytofirmans®. Beneficially, the cryo-EM map visualizes the
complete periplasm-facing loop-helix turn (residues 70-98) that was
not resolved in the crystal structure, due to its flexibility apparent from
the current reconstruction (Fig. 4A and Supplementary Fig. 4). The
loop-helix segment caps the PelC subunit beneath and shields the
excessive negative charge rendered by the glutamates in positions 52
and 55 (Fig. 2E), but also provides negative charge via Asp-79 and Asp-
84 lining the central pore (Fig. 4A). At the membrane interface, the
extended loop of PelC (further referred as D-loop, for the conserved
Asp-119 within) is exposed into the central pore. The electronegative

potential rendered by Asp-119 was previously related to PelC:ex-
opolysaccharide interactions®, as altering the charge here abolished
the biofilm formation. However, within the assembled complex those
aspartates are buried at the PelB-PelC interface and build multiple
contacts with the surface-exposed arginine residues of PelB, such as
905, 944, 1018, 1114, 1122, and 1190 (Fig. 4B, C), thus playing rather a
structural role. Noteworthy, with glycine residues in positions 117 and
120, the D-loop is sufficiently flexible, so individual PelC subunits adapt
their conformations to the proximate structural features of PelB, i.e.,
the helical domain and the periplasmic loops (Fig. 4B).

Two PelC subunits, C and D, build electrostatic interactions with
the stalk helix of PelB (Fig. 4D), and the preceding TPRs are stabilized
in defined positions by interactions with PelC subunits B/C/-D and I/)/-
K, so these two repeats are well-resolved within the central pore. To
test the role of the helical region in the PelBC assembly and stability,
we co-expressed PelC with the truncated PelB variant containing only
the B-barrel domain. Though both proteins could be extracted from
the membrane, no PelC was co-purified with PelB in absence of the
stalk helix and the TPR domains (Fig. 1D, E), suggesting that the con-
served domain is crucial for the protein:protein interaction, and it may
serve as a nucleation site for the PelC ring assembly.

The PelBC complex is stabilized via multiple protein:lipid
interactions

The 3D reconstruction of the nanodisc-embedded complex reveals
several rod-shaped densities proximate to PelBC (Fig. 5A, B). Within the
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Fig. 3 | The architecture of the PelB B-barrel. A The charge distribution inside the
PelB f-barrel is asymmetric, with anionic residues localized at the B-strands 11-14
and the bottom of the barrel. Representative residues are indicated. B The tunnel
across the f-barrel is rendered by HOLE algorithm, shown in blue. The bottleneck
impermeable for water molecules is indicated in red, and the areas accessible for a

single water molecule are in green. The extracellular loops are colored accordingly
to the (C). C Detailed view on the extracellular loops Plug-I (green), Plug-S (violet),
and Plug-O (yellow) of PelB and the interactions which stabilize their positions in
the resolved structure. The universally conserved residue Tyr-1103 near the Plug-S
loop is indicated.

periplasmic leaflet, most of those densities emerge from the N-termini
of PelC subunits, so they are unambiguously assigned to the covalently
bound acyl chain anchors. For several PelC subunits, all three acyl
chains conjugated to the N-terminal cysteine are resolved, reaching up
to 16 carbon atoms (Fig. 5C). The anchor chains of individual PelC
subunits are sandwiched between two Trp-149 residues, one from the
same PelC, and one from a preceding subunit, a configuration that
potentially facilitates docking of the lipoproteins at the membrane
interface. Compared to the membrane-less crystal structure®, Trp-149
residues undergo rotation towards the lipid bilayer (Fig. 4A), so their
indole rings immerse into the hydrophobic core of the membrane.
Previous in vivo analysis showed that P. aeruginosa biofilm formation
at the water-air interface was severely inhibited once Trp-149 was
replaced by alanine®. To test whether this functional defect arose from
the complex assembly, we expressed PelCy1494 mutant either alone or
in combination with PelB. PelC was targeted to the outer membrane in
both cases, however we found a detrimental effect of the mutation on
stability of the PelBC complex, as only PelB barrel without the lipo-
proteins could be isolated (Supplementary Fig. 9). Thus, we concluded
that Trp-149 stabilizes the lipid anchors within the assembled PelBC
complex, possibly by suppressing their dynamics, and it may facilitate
the oligomerization of the subunits into the ring.

The lipid anchors of PelC subunits reside at 3-4 A distance from
the PelB barrel, and so do not interact with the protein. However,

multiple densities were found at the surface of PelB, which occupy the
grooves formed by the membrane-facing aromatic and apolar residues
(Fig. 5A, B). Those were assigned to acyl chains of the phospholipids,
which were either co-purified with the PeIBC complex, or were pro-
vided upon the nanodisc reconstitution. A fully resolved lipid molecule
was located between the PelC subunits H and I, forming extensive
interactions with the lipoproteins and the barrel (Fig. 5D). Based on the
size and the interactions with the proximate polar residues which
coordinate the head group, the density was assigned to a zwitterionic
lipid, either PE or PC (Supplementary Figs. 10 and 11). The best-fitting
PE could be co-isolated from the bacterial membrane, while PC is a
constituent of the synthetic nanodisc, which could replace an endo-
genous PE molecule upon the reconstitution. Remarkably, a con-
tinuous density was resolved in a groove crossing the strands 1-2 and
13-16 that stapled N- and C-terminal ends of the -barrel. The density
spanning from the periplasmic to the extracellular sides of PelB likely
arises from averaging of two acyl chains that belong to lipids in the
opposing leaflets. In the native bacterial membrane, the groove would
be partially filled by a lipid A molecule in the extracellular leaflet. In
support of this hypothesis, a cationic cluster of Lys-888, Lys-897, and
Arg-921 is found at the extracellular side of the groove, offering a
docking site for the phosphate head groups (Fig. 5B). On the other side
of the barrel, a similar cluster of Arg-1071 (3-strand 11) and Arg-1102 (B-
strand 12) is formed near a hydrophobic groove, which appears to be

Nature Communications | (2025)16:5249



Article

https://doi.org/10.1038/s41467-025-60605-8

pe

G Asp-119
Arg-151

Gln-1126

Fig. 4 | The architecture of the PelC ring and PelC:PelB interactions. A Cryo-EM
structure of P. aeruginosa PelC, subunit E (orange), aligned with the partial crystal
structure of PelC from P. phytofirmans (white). The capping loop absent in the

crystal structure is shown in green. B Alignment of 12 PelC subunits resolved in the
cryo-EM structure. Due to the subunit-specific interactions with PelB, the pore-

exposed D-loops manifest different conformations (zoomed), where the deviations
measured for Leu-118 C reach up to 8.5 A for subunits K and G. C The residue Asp-

119 within the D-loop of multiple PelC subunits is involved in interactions with the
periplasmic loops of PelB (residues indicated). PelB residues which interact via the
backbone amide group are indicated with asterisk. D Several PelC subunits
(colored) build electrostatic interactions with the helical scaffold of PelB (shown in
blue). Subunits (C and D) interact with the stalk helix, and subunits B and I-K with
the TPR domain.

well-conserved feature among Pseudomonas species (Supplementary
Fig. 8), suggesting that the PelB structure is evolutionary tuned to
facilitate interactions with lipid A molecules.

The dynamic extracellular loops of PelB open a tunnel for

Pel export

The cryo-EM analysis revealed a single conformation of PelB, where
the groove within the periplasmic TPR’s is aligned with the pore at
the extracellular side of PelB between the strands 12-16 and the
opposing Plug-1, thus forming a route for the polysaccharide. Nota-
bly, Tyr-1103 in the proximity of the pore is conserved among PelB

homologs, being occasionally substituted by phenylalanine, and the
residue is also found in the BcsC structure', so it may be involved in
the EPS translocation, e.g., via CH-pi interactions with the pyranoside
rings. However, the exit pore within the resolved PelB structure is
occluded by the glycine-rich loop Plug-S (Fig. 3) with a bottleneck
width of 4 A (Fig. 3B). Such a narrow tunnel cannot be employed for
the polysaccharide translocation requiring a width of -8 A (Ref. 16),
so a conformational change, such as dislocation of Plug-S, must
occur to open the conduit. As the Plug-O loop is not structurally
conserved even among close PelB homologs in Pseudomonas species
and it extends away from the barrel, it is unlikely that the loop plays a

Nature Communications | (2025)16:5249
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Fig. 5 | The proximate lipid environment of the PelBC complex. A Non-
proteinaceous densities (green) within the nanodisc assigned to the stably docked
lipid acyl chains and the lipoprotein anchors. The approximate nanodisc borders
are indicated as a dashed line in the view from the extracellular side (right). The
density of the PelC ring is removed for clarity. B The acyl chains docked within the
hydrophobic groove of the B-barrel formed by Leu-1150, Ile-1152 and mainly Phe-

1164 and Phe-1166. At the extracellular side, Lys-888, Lys-897, and Arg-921 form a
cationic cluster as docking site for phosphate head groups. C The N-terminal acyl
chains of the lipoprotein PelC (as example, the subunit E is shown) are stabilized by
Trp-149 residues from two subunits, (D and E). D Modelled structure and the
interaction network of a phosphatidylethanolamine molecule proximate to PelC
subunits H and 1.

Table 1| Summary of simulations on PelB under different conditions

System and conditions Size [atoms] Runs Cumulated time [ps]
EC-LPS, 150 mM KCl, 37°C 184,012 3x500ns 15
PA-LPS, 150 mM KCl, 37°C 145,971 3x500ns 1.5
EC-LPS, 150 mM NaCl, 25°C 184,012 3x500ns 15
PA-LPS, 150 mM NaCl, 25°C 145,971 3x500ns 15
POPC:POPG, 150 mM NaCl, 25 °C 105,713 3x500ns 15
POPC:POPG, 150 mM NaCl +100 mM CaCly, 25°C 105,707 3x500ns 1.5
POPC:POPG, 150 mM NaCl, 25 °C, pH 3.5, 25°C 106,029 2x500 ns 1.0
Plug-O mutant, POPC/POPG, 150 mM NaCl, 25 °C 102,598 3x500 ns 1.5
Plug-S mutant, POPC/POPG, 150 mM NaCl, 25°C 104,249 3x500ns 15

Total

13.0

PA P. aeruginosa, EC E. coli, LPS Lipopolysaccharide, PA-LPS: LPS with one O-antigen unit (outer leaflet) and DOPE:DPPG:DPPE (inner leaflet) at molar ratio 46:31:23*. EC-LPS: 100% LPS with five

O-antigen units (outer leaflet) and POPE:POPG:PVCL (inner leaflet) at molar ratio 75:20:5.

key role in the protein gating, though its involvement cannot be
excluded a priori.

We speculated that the PelB conformation, first of all positions of
its extracellular loops, may be affected by multiple physiological fac-
tors, such as presence of divalent cations, LPS, and/or variations in the
temperature. To test whether those factors induce spontaneous
opening of the pore, we established all-atomic molecular dynamics
(MD) simulations of the PelB B-barrel (residues 877-1193) in triplicates
under a set of relevant conditions. The protein was virtually embedded
in a membrane of a tailored composition, and environmental factors

could be systematically screened while monitoring the dynamics of the
extracellular loops (Supplementary Fig. 12 and Table 1). The experi-
ments were initially performed at 25°C, a relevant condition for the
EPS secretion in surface-based biofilms. First, we examined whether
Ca*" cations abundant in the extracellular environment, but omitted in
the cryo-EM analysis, could alter the protein dynamics due to inter-
actions with the anionic loops. Equilibration of the nanodisc-like
phospholipid-based system in presence of different ions revealed
remarkable features at the extracellular side of PelB: The highly
charged region consistently attracted cations, and Plug-S formed
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of PelB in symmetric POPC:POPG lipid bilayers with and without calcium ions, as
well as native-like membranes with an LPS leaflet based on E. coli and P. aeruginosa
models in CHARMM-GUI. The dynamics is depicted via the RMSF of the Ca atoms
over the time of 500 ns, and the threshold displacement level of 2 A is indicated
(black line). The regions corresponding to the Plug-1, Plug-O, and Plug-S loops are
highlighted in green, yellow, and violet, respectively. Representative simulations of
each system are shown. All plots of the triplicates are provided in Supplementary
Figs. 13 and 14. Source data are provided as a Source Data file.

stable interactions with a de-solvated sodium ion coordinated by the
carbonyl groups of the tetra-glycine loop (Fig. 6A). Once CaCl, was
included in the simulation, a calcium cation displaced Na* from Plug-S
and was stably docked between Pro-1172, Gly-1175, and Glu-1143 from a
proximate extracellular loop (Fig. 6B). Despite the significant differ-
ence in the ion distribution, the dynamics of PelB were similar between
the tested conditions, where Plug-O and Plug-S repeatedly crossed the
threshold displacement of 2 A and so appeared flexible, while Plug-1
remained rather static (Fig. 6C and Supplementary Fig. 13).

The model lipid bilayer of the nanodisc does not reflect the nat-
ural asymmetry of the bacterial outer membrane, where the extra-
cellular leaflet is composed of lipopolysaccharide (LPS) molecules.
Hence, we questioned whether this specific environment enriched
with LPS-bound phosphate groups and divalent cations affects the
dynamics of PelB extracellular loops. PelB was incorporated into the
mimetics of P. aeruginosa and E. coli outer membranes provided by
CHARMM-GUI. The membranes differ substantially by the length of the
O-antigen polysaccharides of LPS, which extend into the solvent by 2.5
and 10 nm, respectively (Supplementary Fig. 12). As PelB Plug-O is
exposed to the LPS environment, its interactions were analyzed on the
example of E. coli-type membrane, where we measured the average
distance between the Plug-O residues and the specific regions of the
LPS (Fig. 7A). The interactions were clustered around three arginines,

i.e., Arg-1071 and Arg-1102 reaching the phosphate groups of the lipid
A, and the conserved Arg-1075 interacting with the LPS inner core. As a
result of the electrostatic attraction, the former conserved cationic site
attracted two LPS molecules (Fig. 7B), and two other LPS molecules
were docked by Lys-888, Lys-897, and Arg-921, as predicted from the
cryo-EM structure (Fig. 7C). However, no consistent deviations in PelB
RMSF values were observed between the simulations in either E. coli or
P. aeruginosa outer membrane models, suggesting that the dynamics
of the extracellular loops was not affected by LPS (Fig. 6C and Sup-
plementary Fig. 14).

To test whether the protein dynamics, such as a movement of
Plug-O observed in a single trial, are enhanced by the temperature, we
repeated the simulations at 37°C in triplicates. The elevated tem-
perature favored further dislocation of Plug-S, especially for PelB in P.
aeruginosa membrane (Supplementary Fig. 14). The individual con-
formations of PelB manifested transient pores, which were sufficiently
wide for passage of multiple water molecules, but also for a linear
polysaccharide, as exemplified by docking GaINAc-GalN-GalNAc-GalN
within the open pore (Supplementary Fig. 15). Thus, the position of
Plug-S within the PelB structure together with its high dynamics and
the prominent interactions with cations suggest that the loop is the
potential gating element for translocation of the cationic
polysaccharide.
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Fig. 7 | Interactions between the PelB B-barrel and LPS molecules in silico. A The
average distance map between the exposed Plug-O loop and the EC-LPS elements.
The schematic structure of the EC-LPS molecule provided by CHARMM-GUI is
shown below; details to the abbreviations are provided in the Supplementary

Fig. 10E. Here, red to yellow colors imply an interaction between the groups (dis-
tances below 1.0 nm), whereas the green to blue colors indicate no direct

interactions (distances above 1.0 nm). B, C Side and extracellular views of two
interaction sides of the PelB B-barrel with LPS molecules. The positively charged
key residues Lys-888, Lys-897, Arg-921 (B) as well as Arg-1071, Arg-1069, and Arg-
1102 (C) involved in the interactions with the phosphate groups of the lipid A or
carbonyl groups of the fatty acids are indicated. Source data are provided as a
Source Data file.

Single-channel conductivity reveals conformational dynamics
of PelB

To validate the conformational dynamics of the PelB loops seen in the
MD simulations and to document the associated opening of the central
pore, we set out to measure the ion conductivity across PelB by means
of single-channel electrophysiology. In the electrophysiology set-up,
the proteins of interest are embedded into a free-standing lipid bilayer
and the ion passage across the membrane is recorded upon applying
an electrostatic potential. The conformational dynamics of channel-
forming membrane proteins, such as ion channels, toxins, but also
outer membrane porins result in the ion flow fluctuations', which can
be then used to describe the protein dynamics. We assumed that
opening of the PelB pore can be monitored in a real-time manner, and
contribution of its individual loops can be assessed by testing specific
mutants, so the gating element will be identified. As the conductivity
experiments require the electrostatic potential applied across the
membrane, it could promote dynamics of the charged PelB loops,
bringing the protein out of equilibrium. Potentially, the cationic
polysaccharide entering the [3-barrel of PelB has a similar effect, as it
would partially neutralize the charge of the loops and could serve as a
trigger for switching the protein conformation.

Similar to the PelBC complex, the PelB protein (residues
762-1193) was expressed in E. coli C41(DE3) AacrAB AompfF strain, so
potential contamination with the major porin OmpF was excluded™. To
perform the electrophysiology experiment, the detergent-solubilized
PelB had to be incorporated into the planar bilayer of 1,2-diphytanoyl-
sn-glycero-3-phosphatidylcholine (DPhPC) formed between two
chambers of the electrophysiology set-up. The spontaneous incor-
poration could only be achieved at high ionic strength and pH 3.4,
which likely compensated the anionic nature of the extramembrane
loops. Upon applying a potential of ~150 mV across the membrane, ion
currents of various intensities were observed, indicating that the
inserted proteins reversibly switched between the conformations of

different conductance (Fig. 8A). Due to stochastic bilayer incorpora-
tion and switching between the conformations, ion flow through
multiple PelB proteins could be measured, resulting in multiplex
opening and closing patterns (Supplementary Fig. 16). Based on the
largest common denominating current of ~150 pA, we used only single-
channel traces for analysis of conductance and open/closing prob-
abilities (Fig. 8B, C and Supplementary Fig. 17). The recordings were
characterized by relatively high noise levels, which originated from
thermal fluctuations within the protein structure. As deletion of the
periplasmic TPR domain did not affect the recordings (Supplementary
Fig. 18), the ion current fluctuations were related to dynamics of the
extracellular loops. Notably, the recorded traces showed high con-
sistency for each individual molecule, i.e., the signal fluctuated
between certain ion current levels, while the signal levels differed
substantially between the measured PelB molecules (Fig. 8B and Sup-
plementary Fig. 17). Thus, the single-molecule detection visualized the
otherwise hidden heterogeneity within the PelB ensemble, which
could be caused by variations in folding or protein:lipid interactions,
e.g., due to co-purified and co-reconstituted E. coli lipids and the
acquired configuration within the membrane.

To handle the data heterogeneity, we grouped the measured
currents into three ranges, i.e., those below 25 pA (“low” conductivity
range, L), 25 to 100 pA (“median”, M), and above 100 pA (“high”, H).
Each range must have corresponded to an ensemble of PelB con-
formations/states, characterized by certain pore dimensions. The
individual PelB traces allowed to trace how the ion currents, and so the
pore dimensions changed over time, so the occupancy of each con-
ductivity range and the associated currents were calculated for indi-
vidual molecules and then statistically analyzed based on multiple PelB
recordings (Fig. 8C and Supplementary Fig. 19). For the wild-type PelB,
the conducting M- and H-states were the most abundant, each con-
stituting of approx. 40%. The ion current levels and the conductance of
0.8 nS observed in the H-range matched the values measured for
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Fig. 8 | PelB dynamics in single-channel conductivity measurements.

A Recordings of the ion current across individual PelB molecules, either wild-type
(WT) or the truncated mutants APlug-O and APlug-S. B Representative histograms
of the ion current distribution measured for the indicated PelB variants. Colored
areas highlight low (up to 25 pA; red), median (25-100 pA; violet) and high (above
100 pA; wheat) conductivity ranges, as described in the text. C Occurrence of low
(L, red), median (M, violet), and high (H, wheat) conductivity states determined for
the PelB variants at the single-molecule level. Each marker indicates a measurement
of an individual PelB molecule (n =5 for PelBy and PelB APlug-O, n =6 for PelB
APlug-S). The plots show the median values, the 25th and 75th percentile (boxes)

and the standard deviations (whiskers). The outliers are shown as filled markers
(defined by Tukey, beyond 1.5 of interquartile range). The statistically significant
difference found for the M-range occupancy is indicated (p = 0.002; one-way
ANOVA test). D The distribution density maps of sodium (blue) and chloride (red)
ions across the PelB B-barrel embedded into the POPC:POPG lipid bilayer at pH 3.5.
Chloride anions may enter the interior of the protonated f-barrel. E The con-
formational dynamics of PelB in the POPC:POPG lipid bilayer at pH 3.5. The
representation is identical to that in Fig. 6. The regions corresponding to the Plug-I,
Plug-O, and Plug-S loops are highlighted in green, yellow, and violet, respectively.
Source data are provided as a Source Data file.

OmpG of E. coli, where the pore diameter exceeded 1.5 nm'®. Based on
the resolved structure of PelB, we concluded that a major re-
arrangement of the sealing loops at the extracellular side would be
required to achieve such pore opening, while such conformation was
not observed in MD simulations. For the M-state, the conductance of
~0.4 nS matched that of OmpC of E. coli, a B-barrel with the pore of
~1nm". A pore of such dimensions within PelB would be sufficient for
translocation of the substrate'®, and the opening could be achieved
upon Plug-S dislocation, as suggested by transient conformations seen
in MD simulations (Supplementary Fig. 13).

As the conductivity experiment was performed at low pH, we
questioned whether PelB retained its conformation and dynamics at
these conditions, and so we carried out MD simulations of the lipid-
embedded B-barrel while mimicking the solvent acidic environment.
The solvent-exposed histidines, glutamate, and aspartates within the
B-barrel and at the extracellular surface were protonated at pH 3.5.
Differently to the simulations at pH 7.5, we found that CI” were abun-
dant inside PelB, in agreement with the altered electrostatics, as the
repulsion from the anionic residues was abolished (Fig. 8D and Sup-
plementary Fig. 20). Nevertheless, PelB retained its structure along the
simulation, and the dynamics of the extracellular loops was barely
affected (Fig. 8E). This high stability of the outer membrane protein

may be remarkable, but not surprising: Being exposed to the dynamic
environment, the protein must manifest robust stabilization mechan-
isms, while mild acidification is a common condition met within P.
aeruginosa biofilms®.

Single-channel conductivity recordings of the wild-type PelB
confirmed the intramolecular dynamics of the protein. As the con-
ductivity fluctuations were likely linked to the movements of the plug
domains, we set out to identify their contribution to the gating.
Deletion of either Plug-O or Plug-S may affect the channel properties,
as suggested by MD simulations and the tunnel calculations (Supple-
mentary Fig. 21). To test the protein dynamics in the conductivity
experiments, PelB mutants with the individually deleted/shortened
plugs were expressed and isolated (Supplementary Fig. 22A). Among
the mutants, deletion of the Plug-I helical region (residues LMRAL)
greatly reduced expression and purification yield of the protein, indi-
cating defective folding. The detrimental effect of the Plug-I deletion
was further proven when analyzing PelB stability via differential scan-
ning fluorimetry. When measuring the intrinsic fluorescence of the
aromatic residues abundant within PelB (15 Trp within the -barrel), we
observed that the wild-type protein, as well as PelB APlug-O and PelB
APlug-S underwent cooperative thermal denaturation in the range of
73-75°C (Supplementary Fig. 22B). In contrast, the construct lacking
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Fig. 9 | Assembly and the gating mechanism of the exopolysaccharide export
complex PelBC. Left: Schematical overview of the PelBC structure, the charge
distribution and the key protein:protein and protein:lipid interactions resolved in
the study. Right: The putative route of the substrate, Pel exopolysaccharide (yel-
low), across the tunneled conformation of the PelBC export complex. The
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polysaccharide composed of GalNAc is partially de-acetylated by PelA while bound
to the helical scaffold of PelB, and the transport is facilitated by electrostatic
interactions with the anionic interior of the PelB f3-barrel. The polysaccharide uses
the exit tunnel formed upon Plug-S displacement, while being screened by the
conserved Tyr-1103 residue.

Plug-1 unfolded already at 55 °C, in agreement with the stabilizing role
of the domain within the B-barrel structure, so the mutant was exclu-
ded from the further analysis. Notably, no thermal denaturation was
observed for the liposome-embedded wild-type PelB within the
experimentally amenable temperature range up to 95 °C, suggesting
that the lipid environment offered further stabilization for the protein
(Supplementary Fig. 22C). Once the pH level was reduced to 3.5 to
mimic the conditions of the single-channel electrophysiology experi-
ments, a transition was observed above 85°C, suggesting that the
protein remained folded within the physiological temperature range,
also in the acidic environment.

While retaining the equal stability, PelB APlug-S and PelB APlug-O
variants manifested clearly different behaviors in the single-channel
conductivity experiments. Deletion of 14 residues within the non-
conserved Plug-O loop did not have a significant effect on the
observed ion currents and their distribution, as compared to the wild-
type protein, so the M- and H-states were predominantly found among
the heterogeneous PelB ensemble (Fig. 8 and Supplementary
Figs. 19 and 23). In contrast, removal of the Plug-S loop led to radical
changes in the conducting properties: Firstly, the recordings mani-
fested substantially lower noise levels, suggesting that those initially
arose from high-frequency structural fluctuations of Plug-S. Secondly,
PelB APlug-S predominantly showed the conductance within the
M-range (occurrence approx. 80%; P=0.002), occasionally switching
to H-states (Fig. 8 and Supplementary Fig. 24). The low-conductance L-
state was nearly abolished, so deletion of Plug-S rendered a con-
stitutively open pore in PelB. Remarkably, distinct conductivity sub-
states were reproducibly observed within the M-range, with the con-
ductance values ranging from 0.42 to 0.57nS (Supplementary
Figs. 24 and 25). Those sub-states must have reflected the dynamics of
PelB beyond Plug-S, e.g., movements of the proximate Plug-O loop.

To summarize, the MD simulations and the conductivity mea-
surements jointly suggest that the Plug-S dislocation within the wild-
type PelB renders the open state with a pore of approx. 1 nm diameter,
which is sufficiently wide for the polysaccharide transport. The
dynamics of the gating loop is barely affected by the protein envir-
onment, though it is enhanced at elevated temperatures. The high-
conductance state observed in the single-channel electrophysiology
experiment may be a result of more extensive rearrangements, e.g.,
displacement/unfolding of the rigid Plug-I or deformation of the barrel
under the applied potential. Biophysical and structural analysis in

presence of the Pel exopolysaccharide mimetics should provide fur-
ther insights into the PelBC dynamics and, more generally, the export
mechanisms.

Discussion

Despite the abundance of biofilms in nature and the major roles they
play in the microbial pathogenicity, the mechanisms of their assembly
at the molecular level remain poorly understood. Resolving the
structure and function of the cellular machineries involved in the
biofilm formation, first of all exopolysaccharide synthesis and secre-
tion, may assist in developing new strategies to suppress the spreading
of many pathogens. Here, we focus on the mechanism of a unique
secretion machinery for P. aeruginosa Pel exopolysaccharide and
present the intact structure of the PelBC complex in the lipid envir-
onment, describe the determinants for its assembly, and provide the
first experimental insights into the conformational dynamics that may
facilitate translocation of the substrate exopolysaccharide (summar-
ized in Fig. 9).

Up to date, crystal structures of several exopolysaccharides
transporters have been resolved, which mediate secretion of alginate
(AIgE), PNAG (PgaA), and bacterial pEtN-cellulose (BcsC) across the
outer membrane'*">?, Consistently, they show B-barrels of either 18 or
16 strands occluded with loops at the extracellular side, and routes for
the substrate translocation have been suggested based solely on the
structural insights. PelB shares a high structural similarity to BcsC and
PgaA, but as a unique feature in Pel secretion, the outer membrane
barrel is essentially coupled to the ring of the lipoproteins PelC, which
is fully resolved in our structure. The assembly is enabled by the
conjugated acyl chains and the membrane-embedded Trp-149 of each
PelC subunit, and the necessary electrostatic interactions of multiple
lipoproteins with PelB, both with the helical TPR domains and the
periplasm-exposed loops (Fig. 9). The structure resolved in the lipid
environment and the complementary MD simulations in the native-like
membranes described the distribution of lipids and LPS molecules
around PelB. While the apolar grooves formed at the outer barrel
surface serve for docking the acyl chains, Arg/Lys clusters within the
otherwise anionic extracellular interface facilitate local interactions
with the phosphate groups of LPS. A number of approaches can be
employed for characterizing PelBC:lipid interactions, also in its native
membranes of Pseudomonas species. Recently, multiple studies high-
lighted the potential of amphipathic polymers for extraction of
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membrane proteins, followed by the structural and lipidomics
analysis®, though also effects of specific membrane mimetics on a
protein structure have been demonstrated®. As a complementary tool,
computational simulations of the protein:lipid interactions, also in
combination with cryo-EM data, allows identifying the interaction hot-
spots and even the identity of the involved lipids**. Beyond the specific
protein:lipid interaction, it remains to be shown whether the observed
tilt of the PelC ring relatively to the PelB axis has an effect on the
membrane morphology, e.g., increased curvature at the periplasmic
side, which could be potentially examined when studying PelBC
embedded into nanodiscs of larger dimensions®.

Although resolved in a uniform conformation and in the absence
of the substrate, the structure of the PelBC complex provides valuable
hints on the polysaccharide transport mechanism. It has been pre-
viously suggested that the negative charge at the central pore of PelC is
required for electrostatic funneling of the cationic polysaccharide into
the membrane channel. However, our data reveal that Asp-119, the key
anionic residue within the flexible loop, is required for PelB:PelC
docking, as it builds multiple subunit-specific interactions at the
interface within the asymmetric complex (Fig. 9). Thus, the poly-
saccharide transport is rather dependent on the negative potential
within the PelB barrel interior, i.e., the charged B-strands 11-14 and
extracellular loops. The structural analysis suggests that PelB is a
sealed B-barrel, not permeable in its idle state resolved by cryo-EM.
Indeed, the outer membrane of P. aeruginosa is known to lack porins,
which would possibly allow passage of toxic agents across the mem-
brane. Both the MD simulations of PelB in various environments and
in vitro analysis of PelB mutants suggest that the opening of a tunnel
for the exopolysaccharide secretion is provided by a movement of
Plug-S, the extracellular loop aligned with the periplasmic TPR
domains and the anionic wall inside the -barrel. Remarkably, Plug-S is
located in a direct proximity to Tyr-1103 from B-strand 12 (Fig. 3C and
Supplementary Figs. 7 and 15), a residue which is highly conserved
among PelB homologs from different species, including thermophiles,
such as Sulphurihydrogenibium azorense (gene SULAZ_0918) and Per-
sephonella marina (gene PERMA_1356), and also found in the pEtN-
cellulose transporter BesC as Tyr-1030™. The residue likely contributes
to the channel, where it may coordinate the polysaccharide chain via
CH-pi interactions with pyranose rings. Here, further structural and
biophysical analysis will be required to reconstruct the path of the Pel
chain across the PelB barrel.

The necessity of the PelC ring and the importance of the involved
PelC:lipid and PelC:PelB interactions remain puzzling. PelC subunits
extensively interact with the TPR domains of PelB, which potentially
serve as molecular rails for the Pel exopolysaccharide through the
periplasm, resembling the routes followed by polypeptide chains and/
or phospholipids in TamB and lipid A in LptA transport proteins>*. In
the resolved structure, the groove of the TPR domain is aligned with
the pore at the opposite side of PelB, with a broad electronegative
surface in between, thus forming a continuous path for the cationic
polysaccharide chain. The PelC assembly may assist in stable posi-
tioning of the TPR domains above PelB, though other transporters,
BcsC and PgaA, equipped with similar TPR scaffolds do not require
additional lipoproteins. Alternatively, PelC may facilitate the func-
tionality of PelA, a bi-modal deacetylase/hydrolase enzyme of 105 kDa’.
PelA interacts with PelB residues 332-436 within the TRP region, where
it can access the exopolysaccharide Pel and de-acetylate GalNAc
moieties. The dimensions of the full-size PelA make it possible then to
reach the PelC ring at the outer membrane, as it is predicted by the
modelled structure (Supplementary Fig. 26). As the high processivity
of PelA may be required for efficient translocation of Pel, this addi-
tional interaction with PelC subunit K would stabilize the PelB-bound
enzyme in the functional position. Testing this interaction in vivo and
in vitro, also with help of structural analysis, should explain the
necessity of this peculiar architecture and result in a comprehensive

model of the exopolysaccharide export at the cellular boundary
membrane.

Methods

Molecular cloning and protein expression

Gene sequence encoding P. aeruginosa PAO1 PelB (PA3063) residues
762-1193 with the conventional N-terminal pectate lyase signal peptide
and an octa-histidine tag was synthesized by GenScript (Leiden,
Netherlands). The pelC gene (PA3062) with the signal peptide of E. coli
Lpp was synthesized by BioCat GmbH (Heidelberg, Germany). These
synthesized genes were subsequently cloned into pETDuet-1 vector,
pelC in MCSI (restriction sites Ncol/HindlIll) and pelB in MCS2 (Ndel/
Kpnl) (restriction enzymes from New England Biolabs GmbH). For
expression of PelB variants, pETDuet-1-based plasmids contained only
the respective pelB genes. To introduce deletions in loops of the PelB
B-barrel, the plasmid was amplified by PCR excluding the target DNA
fragment and the template DNA was eliminated upon treatment with
Dpnl (all used primer sequences are listed in supplementary Table 2).
Subsequently, the purified DNA underwent phosphorylation using T4
polynucleotide kinase and ligation employing T4 ligase. Molecular
cloning was performed using chemically competent E. coli DH5a cells.
All enzymes were from New England Biolabs. DNA isolation was per-
formed with PCR & Gel Clean-Up and NucleoSpin Plasmid isolation kits
(Macherey-Nagel). The sequences of the recombinant plasmids were
confirmed through sequencing (Eurofins Genomics).

E. coli C41(DE3) AompF AacrAB cells" harbouring the recombinant
plasmids were cultured in Luria Bertoni (LB) medium containing
100 pg/mL ampicillin at 37 °C with shaking at 180 rpm. Upon reaching
optical density at 600 nm (ODg¢g0) of 0.6 to 0.8, protein expression was
induced by addition of 0.5mM isopropyl-B-thiogalactopyranoside
(IPTG), followed by incubation for 3 h at 30 °C. Cells were harvested by
centrifugation at 5000 x g for 15min at 4 °C. The cell pellets were
resuspended in 20 mL resuspension buffer (40 mM HEPES pH 7.4,
150 mM NacCl, 5% glycerol). 0.2 mM AEBSF as well as DNase were added
prior to the cell lysis step. Cells were lysed using a shear force (LM20
microfluidizer, Microfluidics), followed by centrifugation at 20,000 x g
for 15 min at 4 °C to remove the debris. To isolate the total membrane
fraction, the clarified lysate underwent a further centrifugation step at
205,000 x g for 1 h at 4 °C (60Ti rotor, Beckman Coulter). The mem-
brane pellet was then resuspended in the resuspension buffer, shock-
frozen and stored at —80 °C until further use.

The localization of the PeIBC complex in the outer membrane was
verified through ultracentrifugation in sucrose gradient. The total
membrane extracts were loaded onto a continuous 20-70% sucrose
gradient (w/v) in the resuspension buffer prepared using an automated
Gradient Station (BioComp Instruments Ltd.). Subsequently, the gra-
dient was centrifuged at 107,000 x g for 16 h at 4°C (SW 40 rotor,
Beckman Coulter). After centrifugation, the gradient was fractionated
from top to bottom using the Gradient Station combined with the UV
spectrometer and the fractions were analyzed by SDS-PAGE.

PelBC isolation and reconstitution into nanodiscs

For isolation of the PelBC complexes and the variants of PelB, the total
membranes were solubilized with 2% DDM (Glycon Biochemicals
GmbH) in IMAC buffer (50 mM HEPES pH 7.4, 300 mM KClI, 5% gly-
cerol) in 10x volume relative to the membranes. After 90 min incuba-
tion, the non-solubilized material was removed by centrifugation at
21,000 x g for 15 min at 4 °C. The soluble fraction was supplemented
with 2 mM histidine and loaded onto a gravity-flow column packed
with 400uL pre-equilibrated Ni*-NTA agarose beads (Protino,
Macherey-Nagel). Binding was carried out for 90 min at 4 °C with
rotation, the flow-through fraction was collected, and the resin was
washed four times with 2 mL of the IMAC buffer supplemented with
20 mM histidine and 0.05% DDM. The target protein complex was
eluted with the IMAC buffer supplemented 200 mM histidine and
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0.05% DDM. Three elution fractions of 800 uL each were pooled,
concentrated to 500 uL and injected onto Superdex 200 Increase 10/
300 GL size-exclusion chromatography (SEC) column in SEC buffer
(50 mM HEPES pH 7.4, 150 mM NaCl, 0.03% DDM) connected to AKTA
go system (Cytiva). Elution fractions were analysed via SDS-PAGE, and
the protein concentration was determined spectrophotometrically
based on calculated extinction coefficients of 95910 M™xcm™ for
PelB and 497,430 M™ xcm™ for PelBC assuming 1:12 stoichiometry.
Stability of the isolated PelB variants was analysed by differential
scanning fluorimetry (nanoDSF) using Prometheus NT.48 instrument
(NanoTemper Technologies GmbH). The thermal denaturation was
assessed by monitoring the intrinsic fluorescence at 330 and 350 nm
between 20 and 95 °C through a temperature ramp of 1.5 °C/min.

Nanodisc-forming protein MSP1D1 was expressed and isolated as
described®. A lipid mixture composed of POPC:POPG lipids (molar
ratio 70:30, Avanti Polar Lipids) was prepared in chloroform, the sol-
vent was evaporated, and the lipids were suspended to the final con-
centration of 5mM in 50 mM HEPES pH 7.4 and 150 mM NaCl. The
formed liposomes were extruded stepwise through 1pm and 200 nm
track-etch membranes (Whatman) and solubilized using 0.5% DDM for
15 min at 40 °C. Subsequently, the purified PeIBC complex was mixed
with MSP1D1 and lipids at the molar ratio of 1:4:500 followed by 20 min
incubation on ice. After the incubation, pre-washed Bio-Beads SM-2
sorbent (Bio-Rad Laboratories) was added and incubated overnight at
4°C with rotation. The reconstitution reaction was loaded onto
Superdex 200 Increase 10/300 GL column connected to AKTA pure
(Cytiva), fractionated in 50 mM HEPES pH 7.4 with 150 mM NaCl and
analysed via SDS-PAGE. The fractions containing the assembled PelBC
complexes in nanodiscs were pooled together, concentrated using
Amicon Ultra filters with cut-off of 30 kDa (Millipore) and flash-frozen
prior further usage in cryo-EM experiments.

Cryo-EM sample preparation and data collection

Before plunge-freezing, PelBC nanodiscs at concentration of 0.57 uM
(equals to 0.17 mg/mL) were supplemented with (1H, 1H, 2H, 2H-per-
fluorooctyl)-B-D-maltopyranoside (Anatrace) to a final concentration
of 0.03 % to promote random orientation of the particles, and 3.5 uL of
the sample were applied to glow-discharged Quantifoil Au 300 mesh
R2/2 grids with an additional 3 nm layer of carbon. After incubation for
45s, the grids were blotted for 3 s and plunge-frozen in liquid ethane
using Vitrobot Mark IV (Thermo Fisher Scientific). Data collection was
performed at 300 keV using Titan Krios microscope equipped with a
Falcon 4i direct electron detector and a SelectrisX Energy Filter (all
Thermo Fisher Scientific) at a physical pixel size of 0.727 A. Dose-
fractioned movies were collected in a defocus range from -0.5 to
-3.0 um with a total dose of 60 e- per A? and fractionated in 60 frames
to obtain a total dose of 1 e- per A% per frame.

Cryo-EM data processing and model building

Gain correction, movie alignment, and summation of movie frames
was performed using MotionCor2”. Further processing was carried
out in cryoSPARC v4.4%5, A total of 31,712 micrographs were selected
and CTF parameters were estimated using PatchCTF. Particle picking
was carried out by running a Blob Picker job on a subset of 4040
micrographs. An initial set of 2,345,182 particles were extracted with a
box size of 360 pixels (corresponds to 261 A), binned four times. After
2D classification, selected 2D classes containing 584,172 particles were
used in one round of ab-initio reconstruction, followed by multiple
rounds of heterogeneous refinement, which resulted in one good class
with 386,144 particles. The particles of this class were re-extracted,
binned two times, and further refined by non-uniform refinement.
Selected templates were used to pick particles on the remaining
micrographs of the data set. After multiple rounds of 2D classification a
set of 4,773,524 particles was selected for downstream processing. The
particles were sorted by heterogeneous refinement, using the refined

volume and the three additional volumes from the ab-initio job. After
multiple rounds of heterogeneous refinement, 3,174,321 particles
converged to one good class, which was subsequently refined by non-
uniform refinement. To further improve the resolution of the PelB 3
barrel, masked 3D classification was performed and particles belong-
ing to the classes with best resolved features were combined in a non-
uniform refinement job (613,225 particles). Further 3D classification
was carried out to improve the N-terminal TPR domain of PelB. A final
set of 124,181 particles that converged to the best-resolved class was
extracted without binning and refined by a non-uniform refinement
job to a final resolution of 2.52 A.

The complex model began with an AlphaFold2 prediction, which
was fitted into the final cryo-EM volume. Subsequent manual adjust-
ments were performed using the COOT program (WinCoot version
0.9.8.92)*, with ongoing refinement achieved through the option real-
space refinement in the PHENIX program (version 1.20.1-4487)*°. To
model the PelC anchor chains, the fatty acid tails (and the glycerol
backbone) of the phosphatidylethanolamine structure (PDB: PTY)
were extracted and fitted into the density. The subunits of PelC were
labelled from A to L, starting with the subunit closest to the first and
last 3-strand of the PelB barrel.

Single-channel conductivity recordings

An electrophysiology chamber composed of two 500 uL compart-
ments (cis and trans) separated by a 20 um PTFE film with a central
aperture of ~100 um was used for all experiments. To make a lipid
bilayer, a drop of hexadecane (4% v/v in pentane) was loaded on the
trans-side of the PTFE film, and allowed to evaporate for -2 min. Each
compartment was then filled with 400 uL buffer (1M NaCl, 20 mM
citric acid pH 3.4) and ~20 pL DPhPC lipid solution were added (5 g/L in
pentane, w/v). Ag/AgCl electrodes were inserted to each compart-
ment: Trans was the connecting electrode, cis was the ground elec-
trode. By lowering and raising the buffer level in one compartment
above the aperture, a lipid bilayer could be formed. The bilayer was
equilibrated for 5-10 min before PelB was added. PelB samples were
diluted 100-5000% with 15 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.02%
DDM and then added to the cis chamber in a small volume (below
0.1-0.3 uL). Generally, the protein would insert upon applying the
transmembrane potential of —150 mV, while breaking/reforming the
bilayer promoted insertion into the membrane. The conductivity data
were recorded under a negative applied potential (-150 mV), using an
Axopatch 200B patch clamp amplifier connected to a DigiData 1440 A/
D converter (Axon Instruments), and using Clampex 10.7 software
(Molecular Devices, LLC). Data recordings were made in gap-free set-
ting. Measurements were conducted at 20 °C, 1 M NaCl, 20 mM citric
acid pH 3.4 with a 50 kHz sampling frequency and a 10 kHz Bessel filter.
Data was digitally filtered with a Gaussian low-pass filter with 2 kHz cut-
off prior to analysis. Recordings were analyzed with Clampfit
10.7 software (Molecular Devices, LLC).

In most traces, PelB entered the bilayer in multitude, and the
single-channel conductivity was determined from the largest common
denominating current. Trace parts with two or more PelB proteins
were excluded from the analysis, so only single channels were further
examined. Per PelB variant, electrophysiology traces of 8 to 13s
recorded for at least 5 individual molecules were used for analysis. The
measured instant currents of individual PelB molecules were plotted as
all-points histogram with bin width of 0.5pA. The regions of low
(currents below 25 pA), median (25-100 pA) and high conductivity
(above 100 pA) were analyzed individually. The occurrence/occupancy
of each conductivity range for individual PelB molecules was calcu-
lated by dividing the corresponding count of events over the total
counts within the trace and presented as box plots. The outliers were
identified according to Tukey’s definition, i.e., beyond 1.5 of inter-
quartile range (IQR), while no far outliers were detected
(beyond 3 xIQR).
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The values were presented as box plots. The average conductance
for PelB variants within each range was calculated as:

I[pA
C[nS]= % D

The ion currents and the corresponding conductance values of
the sub-states resolved for PelB APlug-S were determined based on
Gaussian fits of the individual histograms. Graphs were generated with
Prism 9.5.0 (GraphPad Software) and Igor Pro 9 (Wavemetrics).

Molecular dynamics simulations

All MD simulations reported were performed on HILBERT from the
Heinrich Heine University Diisseldorf and SuperMUC-NG at Leibniz
Supercomputing Centre in Munich. All systems are summarized in
Table 1and in Supplementary Fig. 12. Two different LPS molecules with
its components which are defined as the default for E. coli and P. aer-
uginosa were acquired from in CHARMM-GUI (Supplementary
Fig. 12D)** . All atomistic systems were created by CHARMM-GUI and
the Ca** were added in the LPS layer. Furthermore, we used the mdp
scripts for energy minimization, equilibration in five steps and pro-
duction run from CHARMM-GUI web server since they are optimized
for protein-membrane simulations. The energy was minimized to
1000 kJ mol™ nm™ using the steepest descent algorithm, followed by
five-step equilibration to the desired temperature of 298 K (25 °C) or
310K (37 °C) and pressure of 1atm to mimic the physiological envir-
onment. First, two NVT equilibration steps were applied to keep con-
stant the number of atoms (N), the box volume (V), and temperature
(T), followed by three-step NpT equilibration to adjust the pressure (p).
The protein’s and lipid’s heavy atoms were restrained to allow the
water molecules and ions to relax around the solute but they were
decreased by every equilibration step. The Berendsen thermostat was
employed to regulate the temperature in the NVT simulations, while
the Berendsen thermostat and the semi-isotropic Berendsen barostat
were employed for the NpT simulations. The PME method was applied
to calculate long-range electrostatic interactions with periodic
boundary conditions. The van der Waals and Coulombic interaction
cutoffs were set to 1.2 nm using the LINCS algorithm to constrain all
bond-lengths to hydrogens. Production MD runs were performed for
0.5 us with a time step of 2 fs by recording the coordinates and velo-
cities every 20 ps as well as the Nosé-Hoover thermostat and the
semi-isotropic Parrinello-Rahman barostat.

For all-atomistic MD simulations, the CHARMM36m force field***,
modified TIP3P water and GROMACS 2018/2021°°*® were accom-
plished while using a pressure of 1bar. All systems were created by
CHARMM-GUI and Ca** were added in the LPS layer. As protein
structure, we used the cryo-EM structure of the PelB -barrel (residues
877-1193) and the models of the truncated variants, PelB APlug-O and
PelB APlug-S°*. When performing the simulations at pH 3.5, the fol-
lowing solvent-exposed histidine, aspartate and glutamate residues
were protonated: Asp-895, His-906, Asp-909, Glu-916, His-923, Glu-
963, Glu-983, Glu-991, Glu-994, Glu-1047, Asp-1066, Glu-1073, Asp-
1079, His-1084, Glu-1141, Glu-1143, and Asp-1149.

To check whether lipids and ions clustered within and around the
PelB -barrel in the in the xz-plane, we created density maps of ions and
water via gmx densmap. Here, the direction to average was over y-axis,
the grid size was set to 0.08 and the unit was molecule per nm®. We
used the DulvyTools (https://github.com/CharlesHahn/DulvyTools) to
change the format from xpm to a matrix dat file (dit xpm2dat), which
could use for plotting the density maps via an own python script.

For describing the stability and flexibility of PelB barrel during the
MD simulations, the root-mean-square fluctuations (RMSF) of the Ca
atoms around their average positions was calculated for each residue.
Similarly to the b-factor, the RMSF value represents the positional
change of the selected atoms as time-average, where the residue with

a value over 2 A was defined as flexible. To analyze PelB interactions,
we generated average distance maps per residue between (1) the
extracellular loops, as well as (2) to the ions and water, and (3) to LPS.
We calculated the minimal distance (gmx mindist) between the groups
by following computing the average distance over time.

To determine the geometry and the dimensions of the tunnel
within the PelB B-barrel and its variants, HOLE algorithm (Smart et al.,
1996) was employed in combination with the algorithm by MDanalysis
(https://docs.mdanalysis.org/1.1.1/documentation_pages/analysis/hole2.
html). The tunnels were visualized via VMD. To characterize the overall
stability of the PelB barrel in the membrane, we further conducted
clustering analyses using the relevant algorithm* as implemented in
GROMACS. Here, the root-mean-square deviation (RMSD) is a mea-
surement of the Cartesian deviation to a reference structure (mostly the
start structure of the MD or a crystal structure). The clustering was
employed for all Ca atoms with a RMSD cutoff value of 0.15 nm by using
the fitting function before calculating the RMSD on the structure to
identify cluster membership. Plotting was performed using Python
(v3.10.12) or Gnuplot (v5.4 patchlevel 2).

Software

Protein structures were visualized, analyzed, and rendered for figures
using PyMOL (v2.5.0, Schrodinger, LLC) and ChimeraX (v1.7.1, UCSF).
Figures were assembled using Inkscape (v1.3.1) and Canvas X (ACD
Systems Inc.). Software used for data analysis or plotting is listed in the
respective section above.

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

Data availability

Coordinates and EM map have been deposited at the Protein Data
Bank (PDB) under accession code 9H80 and the Electron Microscopy
Data Bank (EMDB) under accession code EMD-51916. The MD data have
been deposited to the Figshare database (https:/figshare.com/s/
43b1c784579cb156bdc7). Source data are provided with this paper.
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Chapter 3

Discussion and Outlook

3.1 SecYEG-YidC-mediated insertion of a multi-pass
membrane protein in bacteria

A long-standing model of multi-pass membrane insertion is the sequential model, which
posits that after the first or the second TMD has been inserted in the (Ney,) topology,
downstream TMDs are inserted via the Sec61/SecY lateral gate in successive (Ncy) and
(Nexo) orientations (Figure [3.1). Even though the requirement of Sec61/SecY, central to
this sequential insertion, has been experimentally confirmed for signal peptides, single-pass
type II and single-pass type III proteins, there are exceptions where, for example, YidC
can insert a sequence of two TMDs connected through a short loop, probably as a single
unit (i.e. pairwise insertion), in a Sec61/SecY independent fashion [Facey et al., 2007,
Celebi et al., 2006, [van Bloois et al., 2006, [Smalinskaité and Hegde, 2023]. In addition,
the downstream TMDs of some multi-pass proteins are not able to open Sec61/SecY’s
lateral gate, while others are insensitive to lateral gate inhibitors, suggesting that alter-
native mechanisms of insertion exist. Notably, Oxal and YidC can insert all the TMDs
of some multi-pass membrane proteins when the connecting loops are shorter than about
50 amino acids [Hegde and Keenan, 2022} [Hennon et al., 2015], further suggesting that an
expanded model, where SecY and Oxal members associate and alternate during the in-
sertion of successive TMDs, depending on the length of the interconnecting loops or the

hydrophobicity of their sequence, would reconcile experimental observations that are not
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expected from the sequential insertion model. The cryo-EM structures and biochemical evi-

dence of Sec61-associated multiprotein complexes, designated as the multi-pass translocon

(MPT) [Smalinskaité et al., 2022 [Sundaram et al., 2022|, which include members of the

Oxal family and membrane protein chaperones located at the opposite side of Sec61/SecY’s
lateral gate, have provided experimental evidence for such an expanded model by visual-
ising an alternative insertion route at the back of Sec61/SecY (Figure ). However,
the fact that many of the constituent proteins do not have homologs in prokaryotes has
limited its generalisation, as it could, in principle, represent an evolutionary feature of

higher eukaryotes.

Channel Channel Channel

closed
Termination jii i
and folding
TMD

wpeat until translation termlnatlon

Figure 3.1: The sequential insertion model. After the first TMD of a multi-pass membrane
protein has been inserted in the N, topology, subsequent TMDs are inserted through
SecY /Sec6la’s lateral gate in a sequential Ney-Nexo, topology. This cycle can repeat until
all the TMDs have been inserted. Figure adapted from [Smalinskaité and Hegde, 2023|.

In Publication 1, the structure of a bacterial multi-pass translocon constituted by
the heterotrimeric complex SecYEG and the Oxal family member YidC is reported for
the first time, revealing a route of insertion for the multi-pass membrane protein NuoK
(Figure . In line with the organisation of the eukaryotic MPT, YidC is found at the
back of SecYEG, enclosing a lipid-filled cavity where density for one NuoK’s TMDs (TMD2)
is present. NuoK consists of three TMDs, the first of which is inserted in a type III (Ney,)
topology, followed by a short (three amino acids), positively charged cytoplasmic loop that
connects it to TMD2 (N¢yt). TMD3 (Nexo) is connected to TMD2 by a loop of seven amino
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acids, and has a cytoplasmic, C-terminal extension of 13 amino acids (Figure ) The
insertion of these TMDs depends on both SecYEG and YidC |[Price and Driessen, 2010],

yet the role and order of recruitment of each component is unclear. Cell-free synthesis
of a modified NuoK substrate (NuoK®®), containing all three TMDs but replacing the C-
terminal extension by a SecM derived stalling sequence (Figure ), led to the isolation
of an insertion intermediate displaying continuous substrate density from the PTC to the
lipid bilayer in the nanodisc. This allowed building an atomic model for the nascent chain
de novo, enabling the assignment of TMD2 and TMD3 to the a-helical densities observed
exiting the ribosome tunnel (TMD3) and inserted between SecYEG and YidC (TMD?2).

Nanodise

Figure 3.2: Structure of the SecYEG-YidC-NuoK complex. Main panel: cryo-EM re-
construction of the NuoK-RNC, displaying the 70S ribosome docked on the nanodisc-
reconstituted SecYEG-YidC complex and the NuoK substrate inserted at the back of
SecYEG, between SecE and YidC. The 30S subunit is shown in light yellow, the 50S in
grey, the P-tRNA in purple, SecY in yellow, SecE in pink, SecG in brown, YidC in blue,
NuoK in red and the nanodisc density in white. Inset: close-up view of the nanodisc region
of the map shown in the same colouring scheme as in the main panel, but displaying the
nanodisc density in transparency for clarity. Figure adapted from |[Busch et al., 2025].

One determining factor of YidC recruitment during NuoK insertion seems to be the

length of the substrate protruding from the ribosome exit tunnel, as revealed by studying

a shorter version where the TMD3 is deleted (NuoK*®, Figure ) The cryo-EM data
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collected from a sample obtained by cell-free synthesis of NuoK*® reveals only classes
where the ribosome is already docked at the membrane via interactions with the loops
6/7 and 8/9 of SecYEG, in a similar conformation to one previously observed for another
membrane protein substrate [Kater et al., 2019], without detectable YidC density in the
nanodisc or substrate density beyond the exit tunnel [Busch et al., 2025]. This would
suggest that, in the in wvitro setting used in Publication 1, only after a certain length of
NuoK has exited the ribosome tunnel, YidC is recruited to assemble the MPT. Different
conformational changes are concomitant with this recruitment, such as the bending of the
C-terminal helix of SecYEG, potentially occluding the access to the protein channel, and
a tilting of the ribosome relative to the membrane plane, with a hinge point at loop 6/7
[Busch et al., 2025], all absent when NuoK*® is synthesised instead of NuoK®. Altogether,
this suggests that the order of events in the in wvitro system starts with the docking of
the ribosome at SecYEG, followed by YidC recruitment and TMD1-TMD2 insertion. It is
likely that the recruitment in vivo also depends on the length of substrate, however, it is
not clear whether SecYEG would insert TMD1, triggering YidC recruitment, or if TMD1
is inserted after handing over from SRP to YidC, as observed for some type III substrates
[Chitwood et al., 2018], followed by ribosome docking at SecYEG.

If TMD1 was inserted by SecYEG, the NuoK insertion could easily follow a se-
quential insertion, independently of YidC activity (Figure . This is, however, not
the case in wvivo, where reduced YidC expression leads to a defect in the assembly of
the bacterial complex I (NADH dehydrogenase I) due to low levels of NuoK insertion
[Price and Driessen, 200§|. Previously, to study the role of YidC, the negatively charged
residues E36 and E72 in TMD2 and TMD3 (Figure ), respectively, were mutated to
lysines, the main hypothesis being that YidC is required for the insertion of said negative
residues into the membrane. This was verified by the observation that insertion levels
for the E36K, E72K mutant in absence of YidC were in the same range as when both
YidC and SecYEG were present in the membrane, as measured in an in vitro insertion
experiment [Price and Driessen, 2010]. Although it can be concluded that SecYEG is able

to take over the task of insertion of TMD2 and TMD3 when the negative charges are
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Figure 3.3: The NuoK substrate. (A) Localisation and topology of NuoK in the E. coli
respiratory complex I (NADH dehydrogenase I, PDB: TNYR). The position of residues E36
and E73 in TMD2 and TMD3, respectively, is highlighted. (B) Scheme of the constructs
employed to obtain NuoK insertion intermediates. SecM*: stalling sequence based on
SecM, HA: HA tag. Yellow circles represent the approximate position of mutations E36K
and E72K in NuoK®6.

inverted, this does not necessarily imply that YidC becomes unable to handle the task.
Furthermore, in the same study, single mutations were still more efficiently inserted by
the combined action of SecYEG and YidC than by only SecYEG, indicating that the ef-
fect of the charge substitution on the overall insertion route is not solely due to a reduced
capacity of YidC at handling positive charges in the TMDs. Consistent with this idea, cell-
free expression of a mutant version of the NuoK construct containing the same mutations

(NuoKB0—F36K=ET2K) 4150 leads to the assembly of the SecYEG-YidC MPT, as visualised

by cryo-EM |Busch et al., 2025|. Despite the fact that the resolution in the nanodisc region

is not high enough to allow a clear identification of NuoK density, it can be concluded that
the charge inversion does not prevent YidC recruitment and subsequent assembly of the
MPT.

A puzzling feature of the structure reported in Publication 1 is that TMD?2 is inserted
in the nanodisc in an N, orientation, in contrast with the topology observed in wvivo
(Figure [3.3]A). One possibility is that this is the case in vivo, and the initial inverted

topology is resolved when the (last) TMD3 is inserted, as observed for some multi-pass

membrane proteins [Seppéla et al., 2010, Woodall et al., 2017, [Seurig et al., 2019]. An-
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other explanation is that a pairwise insertion of TMD1-TMD2 takes place because the
in wvitro system lacks a PMF, which would otherwise disfavour the translocation of the

positively charged loop such that connects TMD1 and TMD?2.

Taken together, these results provide, for the first time, a structural basis for the
assembly of a bacterial MPT consisting of SecYEG and YidC. The "back-of sec" route
followed by the nascent peptide is analogous to the one observed in eukaryotes, suggesting
a conserved insertion mechanism for multi-pass membrane proteins. However, several
questions regarding the mechanism of insertion of the SecYEG-YidC MPT remain open.
One of them is whether the TMD1 is inserted via SecYEG or YidC. Even though it is likely
that the insertion of TMD1 follows a similar route as other type III substrates and is thus
inserted by YidC, an insertion by SecYEG cannot be ruled out. Studies of insertion in
presence of lateral gate inhibitors might provide insights into the preferred route. Another
unclear aspect is how the insertion of TMD2 and TMD3 proceeds after TMD1 has been
inserted. As discussed before, they are not readily inserted by SecYEG, unless the negative
charged residues E36 and E72 have both been replaced by positive charges, indicating that
YidC preferentially inserts them either individually or in a pairwise manner. This leaves
SecYEG with a more structural/chaperone role in the MPT for NuoK insertion. Indeed, it
has recently been shown that apart from its translocase/insertase activity, SecYEG can act
as a chaperone, facilitating folding of the TMDs [Ou et al., 2025]. Based on the results of
Publication 1, a hydrophobic pocket formed at the exit of the tunnel, appears to facilitate
the folding of the substrate as it leaves the ribosome, further supporting this role. Future
investigation of different types of membrane protein substrates would shed light into the
labour division of YidC and SecYEG in the assembled bacterial MPT. In that regard,
the experimental strategy outlined in Publication 1 provides a robust approach to the

systematic study of membrane protein insertion.
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3.2 Bcsl-mediated Ripl translocation across the in-

ner mitochondrial membrane

Ripl, one of the three catalytic subunits of the mitochondrial respiratory complex bcl,
undergoes a characteristic biogenesis process where, after synthesis in a precursor form, it
is targeted to the mitochondrial matrix to be folded and acquire the Fe,Ss cluster, essential
for its activity. The folded substrate, chaperoned by Mzml, is handed over to Besl, the
AAA-ATPase responsible for its translocation across the IM and posterior lateral release.
Structural and biophysical studies [Kater et al., 2020| [Tang et al., 2020| [Pan et al., 2023]
have provided insights into how Besl might be able to accommodate a folded substrate of
the size of Ripl (around 30 A) and move it across the IM without disrupting the proton
electrochemical gradient. A concerted, airlock-like mechanism has been proposed based on

the different conformational changes Besl goes through during the ATP hydrolysis cycle
(Figure [1.10) [Kater et al., 2020].

Publication 2 reports two substrate-bound states of Besl from S. cerevisiae, a Besl-
Ripl loading complex and a Besl-Ripl translocation complex . The loading complex was
resolved to a resolution of 3.4 A, allowing for a confident assignment of the Bes1 nucleotide
state and the relative orientation of Ripl’s globular domain inside the matrix vestibule
(Figure [3.4). Moreover, it permitted the identification of specific contacts between the
Ripl substrate and individual Besl protomers, shedding light into the nature of the in-
teraction between the two proteins. The Besl-Ripl loading complex exhibits an overall
conformation resembling that of Besl-Apol [Kater et al., 2020] and no nucleotide density

is found in any of the seven ATP binding pockets [Rosales-Hernandez et al., 2025].
Besl binds Ripl through highly conserved motifs (BSB and PL1) which, adopting

different binding modes on each protomer, interact with a negatively charged patch on
Rip1’s surface. The residues on these motifs, EWR and DDR, respectively, are essential
for Besl’s function, as mutations where the charge is neutralised or inverted result in a
lethal or severely impaired growth phenotype in a non-fermentable carbon source. Corre-

spondingly, charge-inversion mutations of the residues on Rip1’s negatively charged patch
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Figure 3.4: The Besl-Ripl loading complex. (A) Cryo-EM reconstruction (left panel)
and atomic model (right panel) of the loading complex, shown in bottom (upper row)
and cut side views (lower row). The four protomers of Besl forming direct contacts to
Ripl are labeled A to D. The FeSD and BD domains of Ripl are highlighted, and the
FeySs cluster is shown as red (iron) and yellow (sulphur) spheres. TD: transmembrane
domain, MD: middle domain, AAA: AAA-ATPase domain. (B) Cut side view displaying
the relative orientation of Ripl’s N- and C-terminus inside the matrix vestibule of Besl.
Protomers A to C have been omitted for clarity. SP: seal pore. Figure adapted from
|[Rosales-Hernandez et al., 2025].

lead to a negative growth phenotype. Interestingly, this effect is virtually absent when the
residues are mutated individually, ruling out an effect on Ripl folding or catalytic function
and pointing instead to a disruption of the interaction between Besl and Ripl. A close
inspection of the localisation of this surface in a fully assembled active bcl, reveals that

it is neither in direct contact with other subunits of the complex nor involved in super

complex formation |[Hunte et al., 2000, Hartley et al., 2019|. Being highly conserved, this

could imply that mutations on these residues are negatively selected in species where the

only possible route of translocation is the Besl pathway.

Notably, during the development of this thesis, a low-resolution reconstruction of

mBcsl bound to the C-terminal domain of B. taurus Ripl was published, revealing a
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substrate density on the matrix vestibule similar to the one in the yBesl loading complex,
indicating a conserved architecture of the Ripl-Besl loading complex [Zhan et al., 2024].
This structure, however, neither allowed for unambiguous determination of the nucleotide
state nor for analysis of the Besl substate interaction. Interestingly, in contrast to yBesl,
mBecsl apo and ADP-bound states have a very similar conformation. In yBecsl, a clear
difference between the two states was observed, with Apol having a slightly smaller opening
of the matrix vestibule than the ADP-bound state [Kater et al., 2020]. Thus, the question
remains whether the apo- or the ADP-bound state of Besl is required for initial binding
of the substate and whether there are differences between species. In yBesl, the structure
suggests that Ripl might directly bind to Besl in the apo state. This, however, doesn’t
exclude the possibility that Ripl triggers the transition from ADP-bound Besl to Apol
state Besl, leading to ADP release and stable substrate accommodation. In light of the new
data in Publication 2, the inwards rotation of the AAA domains, which reduces the size of
the matrix vestibule, could happen concomitantly with substrate binding. This contrasts
with mBecsl, where no major conformational difference is observed between the Apo and
ADP states |[Tang et al., 2020]. The limited resolution of the substrate bound mBesl
reconstruction prevents a confident assignment of the nucleotide state, leaving open the
possibility of a similar ADP to Apo transition upon substrate binding [Zhan et al., 2024].

An additional aspect of the loading complex is the orientation of Ripl’s N-terminus
inside the matrix vestibule of Besl, found to be pointing towards the IMS, in an appar-
ent inverted topology compared to when it is assembled in bel (Npysarrix-Crars). This
implies that Ripl must flip during translocation to acquire the correct topology, a process
potentially chaperoned by Besl. However, the lack of a proper density for the N-terminus
indicates that this region of Rip1 is rather unstructured or that it does not bind Besl in a
specific mode. It is possible that Mzm1, the chaperone that stabilizes transport competent
Ripl in the mitochondrial matrix [Cui et al., 2012] [Atkinson et al., 2011], plays a role in
handling the Rip1 N-terminus before and during handover to Besl. In M. musculus, Ripl’s
N-terminus is fused to another subunit of the bcl complex, increasing the complexity of

substrate handling and delivery. Future studies focused on folding and posterior handling
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of Ripl by Mzm1 will contribute to a better understanding of this process.

Besl undergoes a major conformational change where the matrix vestibule is con-
stricted and the seal pore is opened upon ATP~S binding [Rosales-Hernandez et al., 2025],
as was also described for mBesl [Tang et al., 2020]. This constriction is incompatible with
substrate binding and permanence in the matrix vestibule, indicating that binding of ATP
to a Bes1-Ripl loading complex would trigger the conformational change, causing the AAA
domains to rotate further inwards forcing out Ripl, while opening the seal pore to allow
its movement towards the IMS vestibule. The identification of two ATP~yS-bound states
that differ only by a rotation of the middle domain and flexibility of the TMDs suggests
that the conformational change caused by ATP binding also destabilises the TM basket.
The gating intermediate state described in Publication 2, obtained by incubation of a
preformed Besl-Ripl loading complex with ATP~S, confirms this prediction and reveals
further details of their interaction (Figure . The substrate density is observed in close
vicinity of a positively charged patch on the TM helices of Besl containing two highly
conserved arginine residues, R69 and R81. While neutralisation or charge inversion of R69
led to a lethal phenotype in a non-fermentable carbon source, the growth defect on R81
mutants was only mild. This, however, is consistent with the fact that R81C in H. sapiens
(R45C) is one of the mutations associated with the GRACILE syndrome. Together, these
observations indicate that electrostatic interactions between Besl and Ripl are, apart from
ATP, a major driver of Ripl movement across the IM.

An updated version of the airlock-like mechanism summarises the findings of the Pub-
lication 2 (Figure , but several questions, especially related to the release of Ripl
into the IM, remain open. It is not clear, for example, how ATP hydrolysis is coupled
to the opening of the TM basket and the insertion of the N-terminus of Ripl into the
lipid bilayer. Energy calculations [Pan et al., 2023| [Zhan et al., 2024] have shown that the
concerted hydrolysis of seven ATP molecules per cycle would be able to drive the opening
of the helices embedded in the lipid bilayer, allowing the Ripl N-terminus to laterally dif-
fuse during release. Unfortunately, this open state is expected to be short-lived in order

to maintain the proton gradient, and thus not readily captured during plunge-freezing.
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T30A

Figure 3.5: A Besl-Ripl gating intermediate. Cryo-EM reconstruction (left panel) and
atomic model (right panel) of the gating intermediate, shown in bottom (upper row) and
cut side views (lower row). Besl is observed in the ATP~yS-bound state, and the substrate
density is located in the IM vestibule. The seal loops forming the SP of Besl are shown
in transparency. TD: transmembrane domain, MD: middle domain, AAA: AAA-ATPase
domain. Figure adapted from |[Rosales-Hernandez et al., 2025].
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Another unresolved aspect of the mechanism is how Besl resets and returns to the ADP
or Apo states. In wvitro, Besl hydrolyses ATP in absence of Ripl, but this is less likely to
be the case in vivo. Assuming that the ATP hydrolysis of Besl is indeed regulated, the
question remains how this is accomplished in mitochondria. One possibility is that the
pre-bcl complex or another factor locks Besl in the ADP state until Ripl binds it, causing
the transition to the Apo state. Next, Besl binds and hydrolyses ATP, translocates Ripl
and, after insertion, returns to the ADP state. Alternatively, the hydrolysis of ATP might
not directly lead to insertion of Ripl, but to a loosely bound Ripl which, upon interaction
with a factor, would trigger the N-terminus insertion and reset of Besl to the ADP state.
Future studies of Besl in the context of the lipid bilayer and the nascent bel complex could

help complete the picture of Besl’s ATP hydrolysis cycle.

First Step: Loading Second Step: Gating Third Step: Release

Mt /\m x /\ _
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IMS
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Figure 3.6: Besl-mediated Ripl translocation. During the first step, or loading step, Ripl
binds to the matrix of Besl, probably resetting its nucleotide state to the Apol state.
In the gating step, ATP binding promotes a conformational change, where the matrix
vestibule is constricted and the middle domain opens, allowing the access of Ripl to the
IM vestibule. A positively charged patch in the TM domain might drive the movement of
the substrate. In the release state, the TM domain is flexible, allowing the lateral release
of the substrate into the IM. Figure adapted from [Rosales-Hernandez et al., 2025].

3.3 Pel export across the outer membrane of Pseu-
domonas aeruginosa

Outer membrane porins that handle OM exopolysaccharide transport, such as AlgE (algi-
nate), PgaA (PNAG) or BesC (pEtN-cellulose), display a similar architecture, where 16 to
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18  strands form a membrane embedded barrel through which the polymer is exported
to the extracellular space [Acheson et al., 2019, Wang et al., 2016]. In the case of Pel ex-
port, PelB has been proposed as the channel forming multi-pass S-barrel porin in the OM
[Marmont et al., 2017a]. Accordingly, AlphaFold models of PelB predict with high confi-
dence a C-terminal (§-barrel arrangement of 16 strands and an N-terminal TPR domain
extending towards the IM. In addition, a special feature of the Pel export machinery is the
presence of the lipoprotein PelC in the inner leaflet of the OM, potentially assembled in a
dodecameric ring, as indicated by the crystal structure of an ortholog from Paraburkholde-
ria phytofirmans [Marmont et al., 2017a]. However, models of PelBC with 1:11 and 1:13
stoichiometries are predicted with similar high confidence as a 1:12 complex, preventing
the designation of a unique stoichiometry. The cryo-EM structure of PelBC in Publica-
tion 3 reveals for the first time how the PelB [-barrel is stabilised by interactions with a
dodecameric assembly of PelC subunits (Figure [3.7). The data strongly favours a 1:12
stoichiometry, as particles with a different number of PelC subunits in the ring were not
observed.

In the 3D reconstruction, the different elements that mediate the interaction between
PelB and PelC are visualised at high resolution. This clarifies the role of conserved residues
W149 and D119 in PelC, whose mutation impairs biofilm formation. W149 was proposed
as a site of contact with the membrane [Marmont et al., 2017a]. However, the structure
shows that W149 is rather involved in positioning the acyl chains of the lipoprotein, which
themselves act as lipid anchors, in their defined configuration around PelB. The role of
D119, presumed to be related to substrate handling across the ring, can now be assigned
to the stabilisation of the -barrel, achieved through interactions with positively charged
residues in the periplasmic exposed loops of PelB. This also explains why a charge inversion
to R119 severely impairs biofilm formation [Marmont et al., 2017a]. Moreover, the contacts
between some of the subunits of the PelC ring to the stalk helix and two helices of the
TPR domain in PelB explain the importance of these elements in the overall stability of
the complex, as their deletion disrupts PelBC assembly [Benedens et al., 2025].

The transport of positively charged Pel towards the extracellular space is facilitated
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Figure 3.7: Structure of the PelBC complex. (A) Cryo-EM reconstruction (left panel) and
atomic model (right panel) of the PelBC complex, shown in bottom (upper row) and cut
side views (lower row). The PelC subunits are labeled A to L in a clockwise sense. (B) Main
panel: top view of the PelBC complex, highlighting the PelB p-barrel and the periplasmic
exposed loops, Plug-I, Plug-O and Plug-S. Inset: close-up view of the region enclosed in
the main panel, displaying the relative position of the loops in PelB. Some strands of the
[-barrel have been omitted for clarity. Figure adapted from [Benedens et al., 2025].

and regulated by different features of PelB. A negatively charged surface located predom-
inantly along strands 11 to 14 could provide a driving force for the movement of the
polysaccharide inside the water filled channel formed by the §-barrel. At the extracellular
end, three main loops occlude the channel forming a gap of 4 A, small enough to control the

passage of water molecules and to impede the free movement of Pel, which would require

an opening of at least 8 A[Benedens et al., 2025, implying that a gating mechanism must

be in place to allow the export of polysaccharide outside PelB. While the loop between
strand 7 and 8, Plug-I, forms different contacts to strands 2 and 3, probably serving a
structural role, the loop between strands 11 and 12, Plug-O, sits facing the extracellular
space acting as a dome or lid for the S-barrel. This reduces the list of elements that could

act as a gate to the glycine-rich loop between strands 15 and 16, Plug-S. At the outer
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surface of PelB, additional negatively charged residues might further drive the movement
of the positively charged Pel towards the extracellular space, as proposed for PgaA and
BesC [Wang et al., 2016], or clear the exit path from negatively charged phosphate groups
or LPS [Benedens et al., 2025].

A combined approach of molecular dynamics simulations and single-channel conductiv-
ity experiments was employed to study the conformational flexibility of the loops mentioned
above [Benedens et al., 2025]. Simulations of PelB under different ion/membrane lipid con-
ditions not only displayed a relative rigidity in the case of Plug-I but also corroborated the
predicted flexibility of Plug-O and Plug-S and their ability to form transient pores, wide
enough to allow for the passage of a linear GalNAc-GalN-GalNAc-GalN polysaccharide.
Nonetheless, Plug-O is the least conserved of all three loops, making it less likely to be a
key element for the gating of the channel. This was verified during single-channel conduc-
tivity measurements, where a deletion in the Plug-O did not impact measured ion currents,
as opposed to a deletion of the Plug-S, which led to ion currents typical of a constitutively
open pore. These findings, further supported by differential scanning fluorimetry mea-
surements of deletion mutants for all loops, confirm the structural role of Plug-I and the
assignment of Plug-S as the gating element of PelB.

Considering all the evidence reported in Publication 3, a Pel export pathway and
gating mechanism based on the structural features of PelB is proposed (Figure .
Electrostatic charge complementarity appears to be a major driver for the transport of the
de-acetylated polymer, as the negatively charged surface inside PelB, near the extracellular
space, attracts the positive charges in the GalNAc-GalN chain, guiding it towards the
exterior of the 5-barrel. In the state visualised by cryo-EM, defined as idle (resting) state,
three loops occlude the exit of the PelB channel, restricting the free movement of water
molecules and the polymer itself. This fact is in line with a general absence of non-
specific porins in P. aeruginosa, denoting a tightly controlled transport of solutes across
the OM. In the case of PelB, this control is exerted through the Plug-S, which potentially
dislocates during export of Pel, allowing its passage and release to the extracellular space.

The localisation of Plug-S near the conserved Y1103 [Acheson et al., 2019], potentially
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involved in substrate handling via CH-pi interactions, suggests that the dislocation could
be triggered by the arrival of the substrate. Further investigation on the PelBC complex in
presence of its substrate, aiming to capture the gating (translocating) state, could provide
a clearer picture of how this conformational change is coordinated with the threading of

substrate across the open channel.

Periplasm

Extracellular space

Idle conformation Gating / translocation

Figure 3.8: Mechanism of Pel threading through PelBC. A negatively charged patch in
the extracellular end of PelB directs the positively charged polysaccharide towards the
gating element, Plug-S, which opens to allow the export of Pel. Figure adapted from
|Benedens et al., 2025].

Several open questions remain regarding the export mechanism of Pel. A future line of
investigation will be the elucidation of the role of PelC in substrate handling. The contacts
between PelC subunits and the TPR domain of PelB might serve the purpose of aligning the
TPR with the exit pore, as observed in the cryo-EM structure. This particular orientation
might constitute the path across which the substrate is threaded into the water filled cavity
of the B-barrel. Furthermore, PelC is predicted to interact with TPR (PelB) bound PelA

[Van Loon et al., 2025], implying that the ring might also help positioning PelA during

substrate modification. Another open question is related to the nature and function of
the structural lipids that occupy the hydrophobic grooves around PelB’s outer surface.
A detergent or nanodisc free approach, involving the direct extraction of the complex by

means of amphipathic polymers and further characterisation of the extracted lipids, as well
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as structural studies by cryo-EM, would provide insights into the organisation of PelB’s
lipid environment in vivo. In the long term, functional and structural characterisation of
the IM biosynthesis machinery, PelDEFG, which might interact with the IM embedded
TMD at the N-terminus of PelB, will unveil additional mechanistical aspects of Pel export,

particularly regarding the handover of Pel to the TPR domains and PelA.
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