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Abstract

Gram-negative bacteria encompass many multidrug resistant pathogens. Their multilayered
envelope is formed by an inner membrane (IM), an outer membrane (OM), and a separating
periplasm containing the peptidoglycan (PG). The OM forms a semipermeable barrier that
prevents the entry of numerous chemicals. Lipoproteins and integral OM proteins (OMPs) are
crucial, structural components of the OM permeability barrier. These proteins also mediate the
exchange of nutrients, the excretion of toxic molecules and the interactions with the
surrounding environment. The OM contains lipopolysaccharide (LPS) in the external leaflet
and phospholipids in the internal one. All OM components are synthesized in the cytosol or at
the IM and are delivered to the OM by specific transport pathways. Among these, the f—barrel
assembly machinery (BAM) complex folds OMPs into B-barrel structures, inserting them into
the OM. The assembly of some OMPs requires the poorly understood activity of the
translocation and assembly module (TAM). The accumulation of unfolded OMPs in the
periplasm triggers activation of the c5-mediated envelope stress response. ot regulates a
number of genes enhancing the levels of BAM subunits. Whereas many envelope biogenesis
pathways have been described in the last decades, little is known about how these processes

are coordinated during the life cycle of the cell.

This PhD project aimed at studying the regulation of BAM by determining all BAM interactions
in the envelope of the enterobacterium Escherichia coli. We setup a quantitative proteomic
approach to analyze the BAM complex purified upon mild-solubilization of the cell envelope.
The identified BAM putative interactors include the envelope proteins DolP/YraP and TamB
that were further studied.

DolP is a poorly characterized lipoprotein upregulated upon activation of the envelope stress
response. It consists of two bacterial OsmY and nodulation (BON) domains, a protein fold of
ill-defined function. Although DolP was implicated in preserving the OM permeability barrier,
the molecular function of DolP and the reason of its upregulation during envelope stress were
unknown. We demonstrated that DolP localized at the OM and makes direct contact to the
central and catalytic subunit of the BAM complex, BamA. This interaction was mapped at the
N-terminal BON domain of DolP. We obtained important clues concerning the physiological
role of the BAM-DolP interaction. We showed that increased levels of BamA enhance the OM
permeability and this detrimental effect is opposed by DolP. From a mechanistic point of view,
our results revealed that DolP is required for proper folding of BamA in the OM thus supporting
efficient OMP biogenesis. We speculate that upon activation of the envelope stress response,
upregulation of BAM requires DolP for efficient de novo assembly of its central subunit BamA
into the OM.



Finally, we explored the interaction between BAM and TamB, the IM component of the TAM
module. TamB contains a large periplasmic domain and was known to form a complex with
the OMP TamA, a homolog of BamA. By performing pull-down of TamB we confirmed that this
protein is a bona fide interactor of the BAM complex. Furthermore, our data suggest that the
C-terminal segment of TamB plays an important role in stabilizing this complex. These results
provide a molecular explanation concerning how BAM and TAM may cooperate during OMP
biogenesis forming a larger complex.

By characterizing novel interactions of the BAM complex, these results contribute to identify
potential targets for the development of antibacterials that can hinder the biogenesis of the

envelope permeability barrier of Gram-negative bacteria.



Résumé

Les bactéries Gram-négatives comptent de nombreux agents pathogénes multirésistants. Leur
enveloppe multicouche est composée d'une membrane interne (IM) et d'une membrane
externe (OM) séparées par le périplasme contenant le peptidoglycane (PG). L'OM forme une
barriere semi-perméable qui empéche l'entrée de nombreux produits chimiques. Les
lipoprotéines et les protéines intégrales de 'OM (OMPs) sont des composants cruciaux de
'OM impliqués dans I'échange de nutriments, la sécrétion de molécules toxiques et
l'interaction avec I'environnement. L’'OM contient des lipopolysaccharides (LPS) dans le feuillet
externe et des phospholipides dans le feuillet interne. Tous les composants de 'OM sont
synthétisés dans le cytosol ou au niveau de I'|lM et sont acheminés vers 'OM par des voies de
transport spécifiques. Parmi celles-ci, le complexe BAM (f-barrel assembly machinery) replie
et insére les OMPs dans 'OM. L'assemblage de certaines OMPs nécessite le module de
translocation et d'assemblage (TAM) dont I'activité demeure mal comprise. L'accumulation
d'OMPs dépliées dans le périplasme déclenche l'activation de la réponse au stress de
I'enveloppe médiée par o. Le facteur oF régule un certain nombre de génes, augmentant le
niveau des sous-unités de BAM. Alors que les voies de biogénése de I'enveloppe ont été bien
décrites ces dernieres décennies, la maniére dont ces processus sont coordonnés au cours

du cycle cellulaire reste peu connue.

Ce projet de thése visait a étudier la régulation du complexe BAM en identifiant ses interactions
dans l'enveloppe de l'entérobactérie Escherichia coli. Nous avons mis en place une approche
de protéomique quantitative visant a décrire l'interactome de BAM une fois purifié et solubilisé.
Parmi les interactants putatifs de BAM identifiés, on trouve les protéines de I'enveloppe

DolP/YraP et TamB qui ont été étudiées au cours de cette thése.

DolP est une lipoprotéine mal caractérisée, régulée positivement lors de Il'activation de la
réponse au stress de I'enveloppe. Elle est constituée de deux domaines bacterial OsmY and
nodulation (BON), caractérisés par un repliement conservé mais dont la fonction est mal
définie. Il était établi que DolP contribue au maintien de la barriere de perméabilité de 'OM
mais les bases moléculaires de sa fonction et le lien avec la réponse au stress demeuraient
incompris. Nous avons démontré que DolP est localisée au niveau de 'OM et qu’elle interagit
directement avec la sous-unité centrale et catalytigue du complexe BAM, BamA. Cette
interaction a été localisée au niveau du domaine BON N-terminal de DolP. Nous avons aussi
apporté des éléments nouveaux sur le rdle physiologique de l'interaction BAM-DolP. En effet,
nous avons montré que des niveaux accrus de BamA augmentent la perméabilité de 'OM et
gue cet effet néfaste est contré par DolP. D'un point de vue mécanistique, nos résultats ont
révélé que DolP est nécessaire pour le repliement correct de BamA dans I'OM, favorisant ainsi

une biogenese efficace des OMPs. Nos données suggerent que lors de l'activation de la
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réponse au stress de l'enveloppe, la production accrue de BAM nécessite DolP qui assure le

repliement correct de BamA dans 'OM.

Enfin, nous avons exploré l'interaction entre BAM et TamB, le composant de I'lM du module
TAM. TamB contient un large domaine connu pour former un complexe avec TamA, une OMP
homologue a BamA. Nous avons confirmé par pull-down que TamB interagit avec BAM. De
plus, nos données suggerent que le segment C-terminal de TamB joue un réle clé dans la
stabilisation de ce complexe. Nos résultats apportent des données moléculaires sur la fagon
dont BAM et TAM coopérent pendant la biogenése des OMPs, via la formation d’un plus grand

complexe.

En caractérisant de nouvelles interactions impliquant BAM, nos résultats contribuent a
identifier des cibles potentielles pour le développement d'antibactériens qui pourraient entraver
la barriere de perméabilité de I'enveloppe des bactéries Gram-négatives.
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Introduction

1 Several Gram-negative bacteria represent a major concern in public
health.
Bacteria are prokaryotic organisms that play many beneficial roles in ecology, food industry,
and pharmacology, but that can also be pathogenic to humans. They possess several
environment-adaptation, defense and attack mechanisms via which they successfully colonize
their niches. These mechanisms are torn to perfection thanks to their ability of fast growing,
which facilitates evolutionary adaptation. Some bacteria can also adapt by reducing their

growth rate, which helps them to persist to adverse conditions (Kussell et al., 2005).

The use of antibiotics as a therapeutic treatment to fight against bacteria begun relatively
recently in the history of human medicine. Indeed in 1928 Alexander Fleming provided a key
contribution to the discovery of antibiotics, identifying penicillin, extracted from the fungus
Penicillium rubens (Houbraken et al., 2011). Since then, many other antibiotics have been
discovered in nature or chemically synthesized. Antibiotics belong to several classes according
to their chemical structure and bacterial targets, including pB-lactams, sulfonamides,
macrolides, aminoglycosides, quinolones and glycopeptides. The use of antibiotics in modern
medicine is essential for public health, as they are needed for treating diseases caused by
pathogens or to prevent infections in hospitalized patients that undergo surgeries or other
medical procedures. Diagnosis of these infections requires a rapid antibiotic intervention. As
the identification of the precise infecting pathogen requires time, these infectious diseases are
often treated with broad-spectrum antibiotics. This strategy, however, favors as a side-effect

the development of bacteria that can resist to these antibiotics (Pruden, 2018).

When bacteria are able to neutralize the activity of antibiotics while growing in relatively normal
conditions, they develop a process which is called antimicrobial resistance (AMR) (“New report
calls for urgent action to avert antimicrobial resistance crisis,” n.d.). Furthermore, some
bacteria can develop resistance to not only one, but also several antibiotics and this process
is called multidrug resistance (MDR). The development and spread of MDR bacteria can be
facilitated by several environmental factors, such as the excessive use of antibiotics for food
industry, the abuse of antibiotics for treating diseases, hospitalization of patients carrying MDR
bacteria, etc. (Prestinaci et al., 2015). This has created a major concern in public health,
therefore it is necessary to find alternatives to cure people and fight against MDR bacteria
(Dadgostar, 2019).

The World Health Organization (WHO) estimates that at least 700,000 people die each year
due to MDR bacterial diseases. According to the WHO commission, if no action is taken, we

will face more than 10 million death per year by 2050 (“New report calls for urgent action to
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avert antimicrobial resistance crisis,” n.d.). This dramatic scenario marks an unprecedented
urge for the study of essential processes in bacterial physiology that will help the identification
of new inhibitory molecules that can be used as antibiotics.

Recent clinical reports have identified a group of bacteria that seems to be recurrent in
developing MDR. This group is named ESKAPE, to allude to the fact that these bacteria
“‘escape” from being treated with antibiotics and their strong prevalence in their hosts. The
ESKAPE acronym stands for Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aureuginosa and Enterobacter spp
(Rice, 2008; Santajit and Indrawattana, 2016). The study of essential processes in these
organisms has attracted a great deal of attention these last years and they have become

important model organisms in the research of new drugs.

Bacteria are traditionally divided in two major groups: Gram-positive and Gram-negative
bacteria (Megrian et al., 2020). This classification was originated by the Gram staining test, in
which after coloration with Crystal Violet some bacteria were capable to retain this color even
after treatment with ethanol used as a decolorant. Bacteria that retained the color where then
called Gram-positive, while the ones that lost coloration were Gram-negative as a result for the
staining. The retention or loss of this dye depends on specific features of the morphology of

the bacterial envelope.

Most (but not all) Gram-positive bacteria contain a single membrane surrounded by a thick
layer of peptidoglycan (PG), a complex molecule composed of sugars and crosslinking
peptides that serves as a cell-structuring wall, conferring protection against adverse osmotic
conditions and serving as a platform for the attachment of appendices on the cell surface.
Gram-negative bacteria contain an inner and an outer membrane (IM and OM, respectively),
separated by a thin PG layer in the separating periplasm (Fig. 1). Crystal Violet initially colors
both types of bacteria. The subsequent use of solvents dissolves the bacterial membranes.
The dye leaks out the thin PG layer of Gram-negative bacteria but is retained by the dehydrated

thick PG layer of Gram-positive bacteria.

The OM is essential for the cell and it serves as first line of interaction with the extracellular
environment. Additionally, the OM is asymmetric and contains a molecule called
lipopolysaccharide (LPS) in the external leaflet of the OM, while phospholipids are in the
internal leaflet. LPS is molecule composed of a lipid moiety (lipid A) and polysaccharides that
protect bacteria. The LPS of some bacteria can act as an endotoxin, increasing the toxicity of
these bacteria. The presence of this molecule prevents the entry of some toxic molecules,
including small hydrophobic compounds and detergents. In fact, the LPS molecules form a

packed layer thanks to the presence of multiple (4-7) acyl chains and salt bridges between the
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polar head of the lipid A moiety and divalent cations. These properties confer mechanical

stability to the OM contributing to form an effective permeability barrier.

Notably, from the ESKAPE group, four out of six bacteria are Gram-negative, which possess

mechanisms that permits them to grow even in the presence of noxious molecules.

B Lipopolysaccharide (LPS)

Outer
Membrane

(OM) Phospholipids (PL)

Periplasm Peptidoglycan (PG)

Inner
Membrane
(IM)

Figure 1. The Gram-negative bacterial envelope. A. Atom force microscopy (AFM) of E. coli cells, adapted
from Benn et al., 2021. B. Scheme of the Gram-negative bacterial envelope. LPS: lipopolysaccharide; OM:

outer membrane; PL: phospholipids; PG: peptidoglycan; IM: inner membrane.

Two types of proteins can be found at the OM of Gram-negative bacteria: OM lipoproteins and
integral outer membrane proteins (OMPS). These peripheral proteins perform several functions
including the import of nutrients, the export of virulence factors, the attachment to surfaces or
the activation of efflux pumps to get rid of noxious molecules (Ranava et al., 2018). Some
machineries at the OM are responsible for critical processes, such as the biogenesis of LPS
molecules in the external leaflet of the OM, or act as stress response sensors to promote
envelope homeostasis. The study of these machineries will help developing new antibiotics
that can interfere with processes related to biogenesis and maintenance of the envelope. Other
alternatives include the use of bacterial viruses to cure infections, known as bacteriophage
therapy (Broncano-Lavado et al., 2021; Hart et al., 2019b; Imai et al., 2019; Luther et al., 2019;
Mulani et al., 2019).

In this manuscript introduction, we will focus on the study of processes that drive biogenesis
and homeostasis of the OM, as it is a critical component for cell viability. We will present how
the OM building blocks are first synthesized and then transported across the envelope to reach

the OM. Finally, we will present processes that promote envelope homeostasis and their
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regulation. We will apply special emphasis to studies of these processes in the model
organisms Escherichia coli (a member of y-proteobacteria). E. coli is closely related to
important enterobacterial pathogens (Klebsiella, Shigella species) as well as to dreaded
pathogens such as Yersinia pestis. Furthermore, the vast literature on this microorganisms
and the availability of numerus experimental tools to study its physiology, make E. coli an ideal
model organisms to investigate the regulation of an essential and evolutionarily conserved

process such as the biogenesis of the Gram-negative bacterial envelope.
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2 Biogenesis of the Gram-negative bacterial envelope components

The Gram-negative bacterial envelope is composed by two membranes (Fig. 2). In this

chapter, we introduce the biogenesis of the building blocks of bacterial envelope, focusing

mostly on the components of the OM, including membrane proteins, phospholipids, and LPS.

Finally, this chapter ends with an overview of remodeling of the bacterial envelope during cell

division.
A B
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Figure 2. Biogenesis of components of the OM. After synthesis of secretory proteins by ribosomes in the

cytoplasm, these proteins are taken to the Sec translocase by cytosolic chaperones, such as SecB.

Translocation of the substrate is energized by the ATPase SecA. After translocation, the signal peptide at the

N-termini of secretory proteins is cleaved by LepB (also known as signal peptidase, SPase I) or LspA (SPase

II). A. The LOL pathway. When a secretory protein contains a lipobox motif at its signal peptide, this signal

peptide is retained to the IM and the precursor is maturated by the integration of acyl chains by Lgt at a

conserved Cys. The signal peptide is then cleaved by LspA (SPase Il) and another acyl chain is transferred by
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Lnt. If the protein possesses a retention signal, it stays at the IM, otherwise it is recognized by the LOL pathway
that exports precursors to the OM via the IM subcomplex (LolICDE), the periplasmic partner LolA and the OM
receptor LolB. B. The OMP biogenesis pathway. When the secretory protein contains a C-terminal motif called
a B-signal, this precursor is taken to the BAM complex to be assembled into the OM. Periplasmic chaperone
molecules such as Skp, SurA and DegP assure the delivery to BAM and act as quality checkpoints to prevent
aberrant OMP biogenesis. C. The LPS biogenesis pathway. After synthesis of lipid A-core oligosaccharide at
the cytoplasmic leaflet of the IM, it is flipped by MsbA to the periplasmic leaflet. Then, LPS is transported to the
OM along the the LPT pathway via the IM subcomplex LptBCFG, the periplasmic partner LptA and the OM
subcomplex LptDE. LOL: localization of lipoproteins BAM: pB-barrel assembly machinery; LPT:

lipopolysaccharide transport.

2.1 Protein biogenesis and targeting from ribosome to the secretory pathways

Envelope components, such as membrane proteins, have to be first synthesized in the
cytoplasm to be further transported across the bacterial envelope. Several studies have aimed
at understanding the process of export and nowadays we understand that transport of these

components is mediated by protein machineries.

More than four decades ago, studies on secretory pathways of eukaryotic cells led to the signal
hypothesis according to which secreted proteins were synthesized as precursors containing
an N-terminal extension that permitted the subsequent export to their mature form to the
endoplasmic reticulum. The detailed mechanisms were demonstrated in the following years.
Gunter Blobel, who first proposed the signal hypothesis, received the Nobel prize in Physiology
in 1999 because of this work (Blobel and Dobberstein, 1975; Simon, 2018). Soon after the
formulation of the signal hypothesis, similar N-terminal signals were found in bacteria for
secreted proteins, like the maltose binding protein or arabinose binding protein (Randall et al.,
1978). In bacteria, these extensions are called signal (or leader) sequences or signal peptides.
Today, more than 40 years after the discovery of these N-terminal extensions, we continue to
discover the components, the regulation and mechanisms by which these protein transport

machineries function.

Signal peptides are often located at the N-termini of protein precursors and they are essential
for protein export in bacteria. They typically consist of 20 to 25 residues, containing an N-
terminal domain, a hydrophaobic central core, and a C-terminal domain. This C-terminal domain
serves as a recognition sequence for the removal of the signal peptide by a peptidase (Heijne,
1983). In Gram-negative bacteria, the majority of proteins that contain a signal peptide are

translocated via the Sec traslocon and few are recognized by other machineries.

In E. coli, the Sec translocon is composed by a core complex SecYEG that permits the

translocation of substrates from the cytoplasm to the periplasm through the IM. SecYEG
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requires other ancillary proteins that promote function to assure the translocation of secretory
proteins across the membrane and that provide the energy required for the process of
translocation and release (Oswald et al., 2021).

All cellular proteins are synthesized in the cytoplasm by ribosomes and they may have different
fates: they can remain at the cytoplasm as soluble proteins. If they possess N-terminal
cleavable signal peptides or other targeting signals such as hydrophobic regions that can
ultimately function as membrane-anchoring segments, they can be targeted to the bacterial
envelope via a co-translational or post-translational translocation mechanism. During
translation, a highly hydrophobic signal peptide promotes the recruitment of a signal
recognition particle (SRP) at the signal peptide to be taken in the vicinity of the membrane
(Akopian et al., 2013). By this mean, the ribosome associates with the membrane in the
proximity of the Sec translocon via the receptor FtsY. From there, the protein continues its
synthesis and is co-translationally translocated via the Sec complex. The translocation process
is possible because the ribosome provides energy and there is some evidence that suggests
chaperones molecules may assist in this process (Crane and Randall, 2017; Steinberg et al.,
2018). Another mechanism of co-translational translocation is possible by the recognition of
the insertase YidC. (Steinberg et al., 2018). YidC can independently insert small peptide
sequences in the membrane, but it was suggested that it could also cooperate with SecYEG

for translocation of inner membrane proteins (Kumazaki et al., 2014; Steinberg et al., 2018).

The second type of translocation consists of the delivery of already synthetized proteins to the
Sec complex, post-translationally (Fig. 2). The precursor must stay unfolded to cross the
membrane, and they acquire their tertiary structure after being translocated, at their final
destination in the envelope. Chaperone molecules in the cytoplasm prevent aggregation of
these precursors until they are delivered to the Sec translocase. The ATPase SecA is one of
these and can work in cooperation with the chaperone SecB (Castanié-Cornet et al., 2014).
SecA also serves as a targeting factor to take precursors to the Sec translocon. Evidence
suggests that the signal peptide delays the folding of mature domains and this permits the

recognition by the chaperone SecB (Beena et al., 2004).

To promote transport of secretory proteins an energy source is required. The proton gradient
across the inner membrane that is generally established by respiratory chain complexes
generates a potential of energy called Proton Motif Force (PMF). Energization via PMF and
ATP hydrolysis is required for the functioning of the Sec translocon in vivo. The ATPase SecA
interacts with the core subunit SecY and it provides energy to the transport process by the
hydrolysis of ATP during translocation of precursors (Keramisanou et al., 2006; Knyazev et al.,
2018; Lill et al., 1989; Tsirigotaki et al., 2017). SecA can form dimers and 50% is free in the
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cytoplasm, whereas 50% is associated with the membrane (Cabelli et al., 1991; Crane and
Randall, 2017). However, SecA has been identified forming complexes with ribosomes and
this suggest it interacts with nascent substrates. This leads to the hypothesis that SecA has a
double role: one in which SecA is free at the cytoplasm and can carry substrates after synthesis
to permit their translocation via the posttranslational pathway (Steinberg et al., 2018) and
another in which it participates during post-translational translocation to efficiently channel
them through SecYEG by associating to a SRP (Huber et al., 2011).

The other chaperone SecB has shown to form homooligomers composed by a dimer of dimers
in E. coli. When SecB homooligomerizes, it creates an hydrophobic surface by the addition of
B-strands of two molecules in each of the two faces of the homooligomer (Murén et al., 1999;
Smith et al., 1996; Suo et al., 2015; Topping et al., 2001). Thanks to this arrangement, the
surface of the homooligomer can arrange precursor proteins. Depending of the size, the
homooligomer can carry one or several precursors (Lecker et al., 1989). SecB can bind to
SecA and form a complex and their interaction is enhanced when SecA is in complex with the
translocon (Hartl et al., 1990).

The gene secB is not essential and other chaperones (such as DnaJ/K) can substitute its
function. Thus it was suggested that the role of SecB is to prevent aggregation or premature
folding and to promote the correct engaging of secretory proteins with the translocon (Crane
and Randall, 2017).

2.2 Secretion of substrates via Sec and TAT

2.2.1 The Sec translocon

Once secretory proteins reach the membrane, they are exported by the SecYEG translocon.
The Sec core subunit SecY is a transmembrane o-helical protein comprising 10
transmembrane segments arranged in two cluster domains disposed as a clamp. SecE
consists of two transmembrane a-helical segments and it engages SecY externally. It has been
shown that in vitro SecYE is sufficient to promote translocation of substrates into
proteoliposomes (Akimaru et al., 1991). SecYE is conserved in prokaryotes, eukaryotes and
archaea, whereas SecG is not. Studies from the group of Tokuda show SecG may invert its
localization from the cytoplasm to the periplasmic space (Nagamori et al., 2002; Nishiyama et
al., 1996, 1996; Sugai et al., 2007). When the complex is not active, the protein SecG can
block the pore of SecY suggesting a regulation of the translocation activity (Tanaka et al.,
2015). In vitro analyses have shown that SecG may play a role in energizing the complex in E.
coli and helping to maintain the homeostasis of the complex by regulating protein translocation
(Crane and Randall, 2017; Tanaka et al., 2015).
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Current knowledge on the function of the core of the SecYEG translocon relies on biochemical
and structural analyses of the complex isolated from different organisms (Berg et al., 2004;
Egea and Stroud, 2010; Mitra et al., 2005; Tanaka et al., 2015; Tsukazaki et al., 2008). Two
mechanisms can be mediated by the SecYEG translocon: translocation of the secretory protein
across the membrane via a central polypeptide transport channel and insertion of
transmembrane segments via a lateral gate that forms between the a-helices 2 and 7 in each
moiety of the SecY clamp (Egea and Stroud, 2010; Tanaka et al., 2015). The translocon in its
idle conformation is closed by a plug domain of SecY, which is displaced upon entry of the
signal peptide to unlock the transport activity of the channel, suggesting a dynamic behavior

of the complex to promote translocation (Hizlan et al., 2012).

Other ancillary proteins assist the process of protein secretion by SecYEG (Komar et al., 2016).
These accessory subunits include SecD, SecF, YajC and the insertase YidC. Together, they
form the Sec-Holotranslocon (HTL).

YajC is a small protein that can form homooligomers in vitro with an N-terminal domain buried
in the membrane (Fang and Wei, 2011) and can associated to SecDF. SecD and SecF form a
multi-a-helical span membrane complex that can conduct protons. The SecDF complex has
been linked to energy harnessing from the PMF supporting steps of the protein transport by
SecYEG (Collinson, 2019; Crane and Randall, 2017). The inner membrane insertase YidC can
associate with SecYEG via the SecDFYajC subcomplex to promote the insertion of some
transmembrane segments of the secretory proteins. This complex may also associate with

ribosomes for the co-translational translocation (Carlson et al., 2019; Duong, 2014).

2.2.2 The Twin-Arginine translocation (TAT) pathway

As described previously, the conserved Sec translocon is a machinery that permits the
translocation of unfolded substrates through the IM. Some secretory proteins need to acquire
cofactors and fold in the cytoplasm before being secreted. These proteins follow a different
translocation pathway where proteins are transported in a folded state: the Twin-Arginine
Translocation or TAT pathway. The TAT pathway is conserved among bacteria, plant
mitochondria and chloroplasts. Generally, fewer proteins are translocated via this pathway

compared to the Sec (Palmer and Berks, 2012).

Secretory proteins that follow the TAT pathway contain an N-terminal signal peptide
recognized by TAT and that contains two consecutive Arginines (R-R maotif) in the N-terminal
region (thus the name of this transport system). The translocon recognizes this motif and

translocates different types of substrates, including lipoproteins. In E. coli, the translocon is
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composed by three subunits TatA, B and C. In some organisms, only TatA and TatC are
present (Palmer and Berks, 2012). TatBC function as a receptor that recognizes the R-R motif
at the signal peptide of secretory proteins. Then, TatA is recruited to the TatBC subcomplex
and it homooligomerizes in a PMF-dependent manner. This polymerization of TatA occurs at
the surroundings of the secretory proteins to translocate, adapting to its size up to 70 A. Then,
the substrate crosses by the pore of the polymer of TatA, while the signal peptide remains
attached to TatC. After full translocation, the signal peptide is proteolytically removed (Palmer
and Berks, 2012).

By integrative approaches, the structure of the TAT translocon has been partially solved. TatA
is observed as a big polymer that may vary in copy numbers to create pores of different sizes.
TatBC subcomplex can form an integral IM complex that contains approx. 6-8 copies of each
protein (Bolhuis et al., 2001). Analysis by fluorescence microscopy suggests the presence of
subunits TatBC permits the clustering of approximately 25 molecules of TatA, while their
deletion allows clustering of only 4 molecules of TatA (Leake et al., 2008). This suggests TatBC
subcomplex may influence the ability of TatA to form homooligomers, probably linked to their
role to promote translocation (Palmer and Berks, 2012). The precise mechanisms by which
TAT translocates proteins across the IM are still not fully understood as we lack the structure
of the active TAT complex.

After transport of substrates by either the Sec translocon or the TAT pathway, the signal
peptide of proteins is cleaved by the activity of the signal peptidases. Signal peptidase | (SPase
| or LepB) functions at the periplasmic face of the cytoplasmic membrane and uses a
Serine/Lysine catalytic mechanism (Tschantz et al., 1993; Wolfe et al., 1983; Zimmermann et
al., 1982) that handles signal peptides imported by the Sec translocon and by the TAT pathway
(Luke et al., 2009). After cleavage, the mature protein is addressed to the periplasm or taken
by periplasmic chaperones. The signal peptide remains in the membrane, where it can be
degraded (Auclair et al., 2012; Crane and Randall, 2017; Paetzel, 2014). In some cases,
proteins that are translocated across the IM continue their journey to the OM or the extracellular

space.

2.3Biogenesis of lipoproteins at the IM

Lipoproteins are characterized by the presence of a conserved N-terminal Cysteine that
becomes triacylated, thus anchoring them to the membrane (Fig. 2). Biogenesis of lipoproteins
starts in the cytoplasm, where proteins are synthesized. Lipoproteins contain a signal peptide
at their N-termini that is recognized by the Sec translocon, however, some proteins can be

translocated via the TAT pathway (Shruthi et al., 2010). The C-terminal region of the signal
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peptide contains a particular consensus amino acid sequence, called the lipobox, consisting
on [LVI][ASTVI][GAS]C residues. The Cys is strictly conserved in all lipoproteins and it permits
further maturation to be anchored in the membrane (Konovalova et al., 2014). Once lipoprotein
precursors are recognized by the Sec or the TAT pathway, they are translocated to the
periplasmic face of the IM, where they follow a process of maturation (Fig. 2). First, after the
protein is translocated, the signal peptide remains in the IM. The Lgt enzyme transfer a
diacylglyceryl group from a phospholipid to the sulfhydryl group of the conserved Cys residue
at the lipobox. Commonly, lipids used in this process are PhG and PhE (Konovalova et al.,
2014; Olatuniji et al., 2020). Then, signal peptidase Il (or LspA) cleaves of the signal peptide.
The structure of LspA shows a main core helix domain with a -cradle and a periplasmic helix
subdomains (Olatuniji et al., 2020; Vogeley et al., 2016). It has been shown that LspA can only
cleave the signal peptide after acylation of the conserved Cys (Inouye et al., 1983). This
process is essential in bacteria and currently, the development of some antibiotics such as
globomycin and myxovirescin rely on the inhibition of the activity of LspA to prevent maturation
steps (Olatunji et al., 2020; Vogeley et al., 2016). After LspA cleaves the signal peptide, the
protein is triacylated by the activity of the apolipoprotein N-acyltransferase Lnt. This process is
the last step for lipoprotein maturation of lipoproteins at the IM (Konovalova et al., 2014). These
proteins can be further exported to the OM (Fig. 2), as discussed later in this manuscript.

2.4 Integral outer membrane proteins (OMPSs)

Another main component of the OM consists of integral outer membrane proteins (OMPS) (Fig.
2). The OMPs polypeptides form a series of -strands arranged in an antiparallel fashion in the
form of a closed cylinder (or barrel) by the interactions of the first and the last B-strand. Notably,
the last strand of this type of proteins has a conserved consensus sequence in bacteria,
mitochondria and chloroplasts called the B-signal that has been linked to folding in the
membrane (Kutik et al., 2008; Robert et al., 2006; Tommassen, 2010). The number of strands
(which in bacteria is generally even) may vary and the interaction between all B-strands
including the most N- and C-terminal ones of the barrel are stabilized by hydrogen bonds. After
their folding, OMPs acquire a very stable architecture, embedded in the OM and exposing
hydrophobic residues towards the exterior of the barrel. OMPs display different architectures,
as they can have few -strands such as OmpA (8 B-strands) to a conspicuously higher number,
such as LptD (26 B-strands). In addition, they can possess different accessory water-soluble
domains. Some examples include the Polypeptide Transport Associated (POTRA) domains of
TamA and BamaA, the B-jellyroll domain of LptD or plug domains of TonB-dependent receptors.

Whereas the former water-soluble domains are N-terminal, in the case of OmpA the B-barrel

22



domain is followed by a C-terminal PG-interacting domain (Horne et al., 2020; Schiffrin et al.,
2017a).

The mechanisms by which OMPs are targeted to and assembled into the OM, after transport
by the Sec complex into the periplasm, will be discussed in section 3.2 of this Introduction.

2.5Biogenesis and transport of membrane phospholipids

Another main component of the bacterial envelope are phospholipids. Mainly, three types of
lipids can be found in E. coli: phosphatidylglycerol (PhG), phosphatidylethanolamine (PhE) and
cardiolipin (CL) (Fig. 3A, left panel). Most y-proteobacteria accumulate these three
phospholipids, however some can present a different composition of phospholipids with
diverse properties and structures (Duong et al., 1997; Kakimoto and Tero, 2018; Sohlenkamp
and Geiger, 2016). The most abundant phospholipid of E. coli is PhE, a zwitterionic lipid that
represents around 75% of membrane lipids. Then, the negatively charged phospholipid PhG
is the second most abundant, representing around 20% of membrane lipids. Finally, the
negatively charged CL is the least abundant of these three (Kakimoto and Tero, 2018;
Sohlenkamp and Geiger, 2016).
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Figure 3. Membrane phospholipid biogenesis and transport through the Gram-negative bacterial
envelope. A. PhG, PhE and CL and their biosynthetic pathway in E. coli. B. The transport and maintenance
pathways of phospholipids to the OM. PhG: phosphatidylglycerol; PhE: phosphatidylethanolamine; CL:
cardiolipin; G3P: Glycerol 3-Phosphate; LPA: lysophosphatidic acid; PA: phosphatidic acid; DAG:
diacylglycerol; CDP-DAG: cytidine diphosphate-diacylglycerol; PS:  phosphatidylserine; PGP:
phosphatidylglycerol phosphate; MCE: Mammalian Cell Export.
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2.5.1 Biogenesis of phospholipids

Fig. 3A (right panel) illustrates a schematics of phospholipid synthesis. This process begins
with the molecule Glycerol 3-Phosphate (G3P) that is acylated by the G3P-acyltransferase
PIsB to create lysophosphatidic acid (LPA). Then, LPA is transformed into phosphatidic acid
(PA) by PIsC. The formation of PA can be also achieved by the transformation of diacylglycerol
(DAG) by DgkA. Then, PA is transformed to cytidine diphosphate-diacylglycerol (CPD-DAG)
by CdsA from the addition of Cytidine 5'-triphosphate (Parsons and Rock, 2013; Sohlenkamp
and Geiger, 2016). The latter CDP-DAG precursor leads to the synthesis of phospholipids PhE,
PhG and CL. To synthesize PhE, the phosphatidyl serine synthase (Pss) condenses L-serine
with CDP-DAG to synthesize phosphatidylserine (PS). Then the phosphatidyl serine
descarboxylase (Psd) transforms PS to phosphatidylethanolamine (PhE). In the case of the
negatively charged phospholipids PhG and CL, they are synthesized by
phosphatidylglycerophosphate synthase A (PsgA) by the condensation of G3P from CPD-DAG
to create phosphatidylglycerol phosphate (PGP). Then, PGP is dephosphorilated by PgpA/B/C
(phosphatidylglycerophosphatase A/B/C) to create phosphatidylglycerol (PhG). The cardiolipin
synthase A (ClIsA) can synthesize CL with two molecules of PhG. In E. coli, CL can be also
synthesized from PhE and PhG by CIsC. Moreover, in a recent study it was shown that CIsB
is able to convert PhE to PhG (Li et al., 2016; Sohlenkamp and Geiger, 2016; Tan et al.,
2012).These lipids can integrate the IM by diffusion, however to arrive to the OM they must
pass through different machineries that will be discussed in the section of lipid transport.

Another component of the OM is the LPS, discussed in the next paragraph.

After synthesis in the cytoplasm, phospholipids have to be incorporates in the bacterial
envelope membranes. The process of transport to the OM is particularly challenging, as
phospholipids must cross the IM and the aqueous periplasm. Moreover, the OM must remain
asymmetric, so phospholipids must remain at the internal leaflet of the OM, while molecules of
LPS must remain at the outer leaflet of the OM. The process of transport of phospholipids and
maintenance of the OM asymmetry involves machineries that span the bacterial envelope or
involve a multi-step complex that mediate anterograde and retrograde transport of lipids. In
Gram-negative bacteria, at least two systems that transport phospholipids exist: the MCE

systems and the AsmA-like superfamily.

2.5.2 The Mammalian Cell Export (MCE) domain-containing systems to transport
phospholipids
MCE systems are ubiquitously conserved in double-membrane bacteria. In E. coli there are

three genes that code for a MCE protein family: mlaD (maintainance of OM lipid asymmetry
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D), pqiB (paraquat inducible B) and letB (lipophilic envelope tunnel B) (Fig. 3B). These proteins
have been implicated in several mechanisms, such as transport of lipids and other hydrophobic
molecules. The architecture of the three MCE members was recently revealed in E. coli, which
is linked to their functional role to transport substrates (Ekiert et al., 2017; Isom et al., 2020).

The MLA complex is a six subunits complex, MlaA-F, composed by the central subunit MlaD,
an IM protein arranged as a hexamer. This MlaD hexamer interacts with a dimer of MlaF that
spans the IM. The dimer MlaF interacts with two molecules of MlaB at the cytoplasm and
provides energy to the complex, as it contains signature motifs found in ABC proteins that
permit ATP hydrolysis for energizing the complex. The periplasmic protein MlaC was observed
to contain a hydrophobic pocket and it has hypothesized to act as a chaperone of
phospholipids (Huang et al., 2016; Thong et al., 2016). It has been shown that MlaA is possibly
related to its function to preserve OM asymmetry (Yeow et al., 2018). MlaA resides as a
lipoprotein embedded in the OM and interacts with the trimeric porin OmpC. Recent studies
have shown MlaA interacts extensively with the OmpC trimer and MlaA forms a hydrophilic
channel that could permit the transport of phospholipids (Yeow et al., 2018). MIaA interacts
with MlaC by protein affinity and could transport lipids to the IM via the interaction with the
MlaBDEF subcomplex (Yeow and Chng, 2022). The sense of the translocation has not yet
been defined and it has been proposed that MlaC could act as a ferry by carrying phospholipids
in both directions to preserve OM asymmetry or to promote their translocation to the OM (Ekiert
et al., 2017).

The second structure corresponds to LetB, a tunnel-like protein complex that spans the
bacterial envelope for transport of lipids. LetB arranges as a hexamer and it presents seven
MCE domains. This creates an elongated seven ring-like multimer of LetB spanning the
envelope. Particularly, this conformation creates a cavity where lipids could fit. The gene letB
arranged in operon together with letA, suggested to be an IM protein partner (Isom et al., 2020).
Each MCE domains of LetB enlarges the distance of the complex by approx. 30 A each
(approx. 220 A for the full complex). The length of LetB is important for its function in E. coli,
as when a 4letB was complemented with MCE proteins with different amount of rings, it failed
to complement growth in the presence of lauryl sulfobetaine (LSB) when the structure became
too short (Isom et al., 2020). Moreover, analysis of multibody refinement of cryoEM density
maps showed the tunnel can be open or closed. This suggests the tunnel may pivot substrates
for transport. Analysis by site-directed photocrosslinking suggests that the cavity of LetB is in
contact with phospholipids and it could act as a tunnel to transport lipids to the OM, possibly
via an OM-protein partner (Isom et al., 2020). Indeed, a recent cryoEM structure was reported
in a substrate-bound state, fitting PhG (Liu et al., 2020).
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Finally, the structure for PgiB was solved too. PqiB contains three MCE domains and it forms
a hexamer, like the other two MCE-containing proteins. It shows PqiB organizes with an
elongated C-terminal domain that arranges as a needle and the three MCE domains forming
three rings, very similar to LetB. The hollow lumen of the C-terminal extension would have a
size of 15 - 20 A. These are amphipathic along their length, so phospholipids could fit inward-
facing the hydrophobic cavity or outward-facing the hydrophilic exterior (Ekiert et al., 2017).
The structures of PgiA and PqiC are not yet solved, however it has been proposed that PqiB
could interact with PqiA and PqiC. PqiA could be an IM protein partner and PgiC an OM
lipoprotein forming oligomers (Nakayama and Zhang-Akiyama, 2016; Yeow and Chng, 2022).
It is still not clear how this protein promotes transport of phospholipids, but it has been
hypothesized that it could act as a bridge (Ekiert et al., 2017).

2.5.3 The AmsA-like superfamily

In addition to this members of MCE domain family, there is another group that has been
proposed to have a role for the transport of phospholipids: the AsmA-like superfamily. In E.
coli, there are six members of this family and they include AmsA, TamB, YdbH, YhdP, Yh|G
and YicH (Fig. 3B). They are IM proteins, characterized to contain large periplasmic domains
that may adopt a particular folding with hydrophobic cavities, as shown for a portion of TamB
(Yeow and Chng, 2022).

Phospholipid transport in these cavities could be very similar to members of MCE domain
proteins or the b-jelly roll bridge of the Lpt system, as lipids could travel from the IM to the OM
using an OM protein partner. Energization from PMF or ATP hydrolysis could be possible with
a cytoplasmic partner that may harness energy at the IM, as observed with the MCE proteins.
Protein partners at the OM could be able to monitor quality control of phospholipids and/or
receive the phospholipids for insertion, like the case of the MlIaA-OmpC pair. Interestingly,
TamB is known to interact with TamA, a B-barrel protein involved in biogenesis of OMPs
(Selkrig et al., 2012), but the precise role it may have for lipid transport has never been
described in the literature. Recent studies have shown the absence of YhdP, TamB, and YdbH
lead to defects in transport of phospholipids (Douglass et al., 2022). Moreover, a
semiredundant role has been proposed for members of this family to promote lipid homeostasis
(Ruiz et al., 2021).

Overall, there are still many gaps in the understanding of the regulation processes that rule
transport of lipids. However, new structural data and functional analyses permit to understand
the mechanisms to promote translocation of these machineries that permit translocation of

lipids through the aqueous periplasm. Here we discussed about one mechanism Gram-
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negative bacteria possess to cope for defects in the bacterial envelope to maintain OM
asymmetry. In the next chapter, we will focus on some of the processes bacteria have to cope

for stress and maintain homeostasis when biogenesis machineries encounter some problems.

2.6 Lipopolysaccharide (LPS)

The OM contains LPS in the external leaflet, which is a glucosamine-based saccharolipid

(Sperandeo et al., 2017). The structure of LPS may vary from bacteria to bacteria and in some
bacteria it plays a role in pathogenicity (Wilkinson, 1996). LPS also creates a tightly packed
layer that protects bacteria against hydrophobic compounds, such as some antibiotics
(Sperandeo et al., 2017). This confers bacteria a first permeability barrier (Guest et al., 2021).

The LPS molecule is composed of three parts: Lipid A, the core oligosaccharide and the O-
antigen repeats (exposed in the cell surface). Lipid A is the most conserved part of LPS. The
core oligosaccharide can be further divided into two parts: the inner and outer core. The inner
core is formed by at least a residue of 3-deoxy-manno-oct-2-ulosonic acid (Kdo) and of L-
glycero-D-manno-heptose (heptose). The outer core is more variable in composition (Holst,
2007). The acyl chains of lipid A are saturated, whereas the polar head of lipid A contains
phosphates groups that, being negatively charged, mediate interaction with divalent cations,
such as Mg?* and Ca? giving rigidity to the LPS layer (Guest et al., 2021; Sperandeo et al.,
2017). Some non-pathogenic bacteria do not contain O-antigen repeats, as for E. coli K12
derivatives  (Sperandeo et al., 2017). Metal-chelating agents, such as
ethylenediaminetetraacetic acid (EDTA) are able to disrupt the interactions via these cations
and thus interfere with LPS organization.

The cell possesses protein machineries that permit to keep the asymmetry of the OM lipid
bilayer, such as the Mla lipid trafficking system (Ekiert et al., 2017), the palmitoytransferase
PagP or the phospholipase PIdA (Sperandeo et al., 2017).

Biogenesis of LPS takes place in the cytoplasm, the IM and the periplasm. The biosynthetic
pathway of LPS requires the convergence of Lipid A-core biosynthesis (that is the synthesis of
lipid A plus the oligosaccharide core) and eventually the O-antigen synthesis pathway. The
synthesis of Lipid A-core occurs at cytoplasmic leaflet of the inner membrane starting from
UDP-GIcNAc (uridine diphosphate-N-acetylglucosamine). After a series of enzymatic
reactions, the two Kdo residues of lipid A are covalently linked to the sugars of the core
oligosaccharide. After this step, the ATP-Binding Cassette (ABC) transporter MsbA can flip
this protein through the IM. There, the O-antigen can be ligated to the chain (Guest et al., 2021,
Sperandeo et al., 2017; Wang and Quinn, 2010).
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2.7Remodeling of the bacterial envelope during cell division

In Gram-negative bacteria, cell division is a critical process that requires coordination of
multiple machineries and regulatory factors. During cell division, cells need to form a division
septum, duplicate and segregate genetic material, enlarge and remodel the bacterial envelope
preserving the integrity of the OM, PG and IM (Egan and Vollmer, 2013). Here we will briefly
illustrate how the PG is remodeled during cell division and the processes of coordination

between this process and the remodeling of the IM and the OM.

2.7.1 PG remodeling and penicillin-binding proteins (PBP)

The sacculus is a bag-like macromolecule made of PG chains that encases the IM of Gram-
negative bacteria. This sacculus helps to maintain cell shape and provides mechanical
resistance against osmotic stress (Typas et al.,, 2012). Renewal of PG is achieved by
enzymatic removal old PG material and insertion of new strands. Removed strands of PG can
be recycled for de novo synthesis (Park and Uehara, 2008).

Biogenesis of PG starts at the cytoplasm and it requires three main steps. First, the activated
nucleotide-based precursors UDP-N-Acetylglucosamine and UDP-N-acetylmuramyl
pentapeptide are synthesized in the cytoplasm (Barreteau et al., 2008). Second, precursors
are assembled with undecaprenyl phosphate at the cytoplasmic side of the IM to form the
monomer subunit Lipid Il. This molecule is then flipped from the cytoplasmic side to the
periplasmic leaflet of the IM. Finally, Lipid Il is used by glycosyl transferases (GTases) to
synthesize a polymer of glycans that will then be crosslinked by peptidyl transferases (TPases)
(Typas et al., 2012).

During cell division, the cell must coordinate processes of biogenesis of the bacterial envelope.
The sacculus must remain with approximately the same thickness and grow simultaneously.
Given the structure of the PG, it would not be sufficient to attach new material to the sacculus,
because it would grow in thickness and not in length. Instead, it requires the enzymatic activity

to cleave and insert new PG strands and this is possible by the activity of hydrolases.

In E. coli, there are at least 13 hydrolases, with partially redundant activities, as none of these
individual genes is essential. There are mainly three types of hydrolases: amidases,
transglycosilases and endopeptidases and they all contribute to cell separation (Typas et al.,
2012; Vermassen et al., 2019). Amidases cleave between N-acetylmuramic acid and a residue
of the stem of the pentapeptide. Transglycosilases cleave glycosidic linkages and

endopeptidases cleave between peptide residues (Vermassen et al., 2019).
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In addition to these, GTases polymerize glycan chains and TPases crosslink peptides between
glycan strands (Vigouroux et al., 2020). The GTase MtgA is a monofunctional synthase that
has a role as a glycotransferase during cell elongation and it has been described that it may
interact with other proteins to assemble PG during cell division (Derouaux et al., 2008). PG
biosynthetic enzymes are also called penicillin-binding proteins (PBP) and there are two main
classes: class A (aPBP) and class B (bPBP). The aPBP are bifunctional synthases that can
catalyze transglycosilation and transpeptidation in vitro (Matsuhashi, 1994). In E. coli PBP1A,
PBP1B and PBP1C are required for mechanical stability of the PG (Vigouroux et al., 2020).
PBP1A and PBP1B are partially redundant and only one is necessary for cell viability. The role
of PBP1C is not yet clear, but it has the ability to interact with other PBPs, suggesting the
formation of a complex containing hydrolases and polymerases (Schiffer and Hdltje, 1999).
PBP1B has an activity in de novo regeneration of the cell rod shape by repairing defects (Ranjit
et al., 2017; Vigouroux et al., 2020). The bPBP are monofunctional TPases and there are two
proteins: PBP2 and PBP3 (also known as Fstl). PBP2 is a transpeptidase, necessary for cell
elongation and the maintenance of the correct diameter of the cell pole (Den Blaauwen et al.,
2003; Ozbaykal et al., 2020). PBP3 is a TPases enzyme, key element in cell separation that
has a role in the recruitment of proteins at the division septum (Addinall et al., 1997; Ishino and
Matsuhashi, 1981; Nguyen-Disteche et al., 1998).

Other PBPs are present in E. coli, classified as low molecular weight or class C (cPBP). In E.
coli there exist PBP4, PBP5, PBP6, PBP6b, PBP7, PBP4b, and AmpH. The precise role of
these PBPs is not well characterized to the date, but the function of some of them is related to
cell elongation and division (Kocaoglu and Carlson, 2015).

2.7.2 Remodeling of the bacterial envelope during cell division

From a temporal point of view, cell division can be divided in early and late steps (Aarsman et
al., 2005; Egan and Vollmer, 2013). During the early steps, FtsZ, a tubulin-like protein, masters
the regulation of the bacterial cell division. FtsZ associates with with FtsA, ZipA, ZapA, ZapB,
ZapC, ZapD and FtsEX at the future division site, where they form filaments and arches in a
ring shape at the IM in a structure called the Z-ring (Aarsman et al., 2005; Margolin, 2005).
Functional Z-ring is essential for the cell division and more than 10 essential proteins form it.
ZipA and FtsA stabilize the Z-ring. Enzymes required for lipid 1l and presumably PG synthesis
are recruited to the Z-ring to perform preseptal elongation (Aaron et al., 2007; Typas et al.,
2012; Vollmer and Bertsche, 2008). The precise mid-cell localization of the Z-ring is controlled

by MinC/MinD/MinE that inhibit the formation of this complex near the poles. SImA has a similar
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function, avoiding the formation of the Z ring near the nucleoid, that would squeeze DNA during

septation (Egan and Vollmer, 2013).

To promote cell division, cells require the assembly of a series of essential proteins at the Z-
ring. This process is the late step and it involves the recruitment of PBP3 by FtsW that interacts
with FtsQLB, PBP1B and FtsN. Septation only occurs after the arrival of FtsW and FtsB at the
mid-cell (Goley et al., 2011). E. coli contains at least six DD-carboxypeptidases and PBP5 is
the most active (Typas et al., 2012). In addition, there are seven lytic TG: the periplasmic SIt70
and the OM lipoproteins MItA, MItB, MItC, MItD, MItE and MItF.

Amidases are critical for cell constriction, in E. coli the periplasmic proteins AmiA, AmiB and
AmiC are responsible for this activity and they are localized at the division septum. Two
different pathways of activation of amidases exist: the one activated from the IM and other
activated from the OM (Fig. 4A and B). AmiA and AmiB are activated via EnvC and AmiC is
activated by the OM lipoprotein NIpD (Tsang et al., 2017; Typas et al., 2012; Uehara et al.,
2010). The activation of AmiA/B is dependent to the binding of EnvC to the ABC-like transporter
complex FtsXE, driven by ATP hydrolysis (Cook et al., 2020).
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Figure 4. Peptidoglycan remodelling during cell division. A. During a late step of cell division, septal
peptidoglycan is assembled at the cell division site. B. The activity of septal peptidoglycan amidases is
necessary to allow cell separation by completing the formation of the new poles of daughter cells. Activation of
amidases is necessary and can be achieved via a NlpD-regulated (at the OM) or an FtsXE/EnvC-regulated (at
the IM) pathway. NIpD activates AmiC, whereas FtsEX/EnvC activates AmiA/B, respectively.
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The Tol-Pal system is a mutioligomeric transenvelope complex composed by the IM proteins
TolA, TolQ TolR, the soluble periplasmic TolB and the OM lipoprotein Pal. It has been
suggested that this complex could play a regulatory role in activation of amidases and provide
energy to process late steps of cell division (Egan and Vollmer, 2013), however this step and
the precise requirement of this complex is not yet fully understood.

In conclusion, cell division involves the coordination of several factors at the different steps of
cell division. It is proposed that the activity of hydrolases is triggered by the activity of IM and
OM proteins, to promote PG remodeling and cell separation. This coordination should be
involving several factors that are not yet known. The difficulty for their detection lies in the fact

that such putative factors should form transient complexes (Typas et al., 2012).
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3 Biogenesis of the OM

In Gram-negative bacteria, the OM is the first line of interaction between the cell and its
extracellular environment. Proteins in the OM are capable of performing several functions from
the import of nutrients, the export of virulence factors, the attachment to surfaces or the efflux
of noxious molecules. Moreover, OM protein machineries can promote essential processes,
such as the assembly of LPS and proteins in the OM. Two main topological classes of proteins
can be found at the OM: OM-associated lipoproteins and OMPs (Ranava et al., 2018).

3.1 Export of lipoproteins to the OM

3.1.1 The Localization of lipoproteins (LOL) pathway

After maturation, some lipoproteins remain at the IM while many are transported to the OM by
the localization of lipoprotein (LOL) pathway. The system is composed by LoICDE at the IM
(an ABC transporter), LolA at the periplasm (a molecular chaperone) and LolB at the OM (a
lipoprotein) (Fig. 2A). LoICDE is essential for the cell and the structure of the subcomplex,
recently solved by Cryogenic electron microscopy (cryoEM), provides insights into how it
functions. LolC and LolE have transmembrane segments with periplasmic domains, while LolD
forms dimer at the cytoplasmic side of the IM, interacting with transmembrane segments of
LolCE. From this LolICDE subcomplex, LolD is the ATPase of the ABC system. It is proposed
that the substrate enters in the interface between LolC and LolE and, by hydrophobic
interactions with the subcomplex, the substrate is taken from the IM. Finally, by the
energization by ATP hydrolysis by LolD dimer, the subcomplex hands the substrate over to its

periplasmic partner LolA via the periplasmic domains of LoICE (Sharma et al., 2021).

The periplasmic protein LolA contains a large hydrophobic cavity where the hydrophobic
moiety of the lipoprotein is able to fit being shielded from the aqueous periplasm. LolA hands
the substrate over to the OM lipoprotein LolB. Despite the different primary sequence, the
structures of LolA and LolB are very similar, with a big hydrophobic cavity (Konovalova et al.,
2014; Takeda et al., 2003). It is proposed that an opening/closing mechanism of LolA permits
the release of the substrate to LolB. These hydrophobic cavities have been previously reported
as incomplete or unclosed B-barrels and it has been proposed a “mouth-to-mouth” mechanism
of transport (Oguchi et al., 2008; Okuda and Tokuda, 2009). This environment permits the
transport to LolB and OM incorporation involves a protruding loop, important for protein

anchoring by a still ill-defined mechanism (Grabowicz, 2019; Hayashi et al., 2014).

The LOL subunits are essential. However, it was shown that under some conditions,
translocation of OM lipoproteins can occur even in the absence of IolA or loIB. It has been

speculated that the main reason why LolA and LolB are essential is to prevent aberrant
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localization of OM lipoproteins at the IM, which would be toxic for the cell (Grabowicz and
Silhavy, 2017a).

Some lipoproteins do not follow the LOL transport pathway and remain at the IM. This process
is called “the LOL avoidance” and is determined by the amino acid sequence that follows the
lipobox. First, the +2 rule, where lipoproteins can avoid the pathway depending on the identity
of the amino acid in position +2 after the conserved and acylated lipobox Cys (that becomes
residue +1 after cleave by LspA). An Asp residue at position 2 causes retention at the IM
(Terada et al., 2001; Yamaguchi et al., 1988). Moreover, it has been shown that the presence
of Asp, Asn, GIn or Glu at position +3 also has a strong impact for this avoidance. It has been
speculated that the interaction with LOL subunits may be affected by the presence of acidic
residues (Terada et al., 2001).

Another criterion is the nature of the linker in lipoproteins. After maturation, lipoproteins contain
a linker at their N-termini. It has been recently proposed that the linker has an impact for OM
localization, as deletion of linker of some OM lipoproteins cause retention to the IM. It is further
suggested that the length and intrinsic disorder of the linker are important parameters for
optimal processing by the LOL pathway (El Rayes et al., 2021).

3.1.2 Lipoprotein topology in the OM

In the y-proteobacterium E. coli, lipoproteins acquire different topologies in the OM. In their
typical topology, the lipid moieties of lipoproteins are embedded in the inner leaflet of the OM
and the globular protein domain is facing the periplasm. Other lipoproteins have different
topologies, such as exposed at the cell surface (via the anchoring at inner leaflet of the OM)
or in complex with other protein partners (Konovalova et al., 2014). Interestingly, in other
bacteria, e.g. in the genus Neisseria, lipoproteins can be surface exposed via their anchoring
at the external leaflet of the OM. This process relies on OMPs proteins called surface

lipoprotein assembly modulator (Slam) (Cole et al., 2021).

Two of the two most studied lipoproteins are Lpp and Pal. As previously described, Pal
participates in a late step of cell division and can interact non-covalently with the PG. Lpp (or
Braun’s lipoprotein) is the most abundant lipoprotein of E. coli and it consists of a small protein
of 6 kDa (58 residues). It has been shown that Lpp can covalently crosslink with the PG. It was
also suggested that the length of Lpp plays a role in regulating the distance between the OM
and the PG. Indeed, some studies have used mutant versions of Lpp that are different in size,
to modify the space between the PG and the OM (Alvira et al. 2020; Asmar et al. 2017). A

portion of Lpp is covalently bond, while another is not. It has been suggested that the free-form
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of Lpp is cell surface-exposed, however the precise role is not yet defined (Cowles et al., 2011).
This dynamic localization has been reported for other lipoproteins, such as RcsF and BamC.
In the case of RcsF this dynamic localization has been linked with the activity of this lipoprotein,
while in the case of BamC is not yet fully understood (Cho et al., 2014; Konovalova et al., 2014;
Webb et al., 2012). The role of those proteins will be discussed in detail in the section 3.2 and
5.1 of this Introduction.

Finally, other lipoproteins can form large transmembrane multimeric channels in the OM, such
as CsgG and Wza. Cgs is involved in the formation of curli for T8SS and it forms a channel in
the OM composed of a nonamer of molecules that create a structure of 36 -strands arranged
in the form of a pore. The precise mechanism of formation of this large complex is not yet
known (Costa et al., 2015; Konovalova et al., 2014). The protein Wza is also involved in
secretion and it can form homooligomers of eight subunits. This protein is involved in the export
of capsule polysaccharides. Interestingly, the oligomerization of Wza forms a lumen by o-
helices, creating an a-helical barrel. This represents a different folding class of integral

membrane proteins in the OM (Konovalova et al., 2014; Nickerson et al., 2014).

3.2Biogenesis of OMPs from the IM to the OM

One of the major questions in OM biogenesis is how OMPs are assembled into the OM. Their

biogenesis requires the coordinated function of several factors in the bacterial envelope:
proteins that promote translocation through the IM, chaperone molecules that recognize and
escort the unfolded OMPs to the OM preventing their misfolding in the aqueous periplasm, and
folding and insertion into the OM. The source of energy required for promoting assembly is not
yet fully understood because the periplasmic space lacks of conventional energy-storing
molecules, such as ATP, and there is no PMF across the OM (Fleming, 2015; Plummer and
Fleming, 2016).

3.2.1 The periplasmic journey of OMPs to the OM

To cross the aqueous periplasm, client OMPs interact with molecular chaperones, such as the
survival protein A (SurA), the seventeen kilodalton protein (Skp) and the periplasmic serine
endoprotease DegP (Wang et al., 2021). These chaperones allow unfolded OMPs (UOMPS)
to remain folding competent and reach the OM complex that folds and inserts them into the

OM (Fig. 2B). This complex is known as p-barrel assembly machinery (or BAM complex).

Skp is classified as an ATP-independent holdase (Mas et al., 2019). The structure of Skp

shows a stable trimer in the form of a crane claw. This is possible by the interaction of their N-
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termini f-domains to form a small  structure, while their C-termini form large parallel a-helices.
Skp is able to interact with several uOMPs of different sizes with great affinity by hydrophobic
and electrostatic interactions via its C-terminal region (Jarchow et al., 2008; Mas et al., 2019;
Qu et al., 2007; Schlapschy et al., 2004). This OMP-Skp interaction is possible because the
claws can be expanded to adapt to the size of the substrate (Holdbrook et al., 2017). Moreover,
it has been proposed that Skp could interact with big proteins via a multivalent binding of
several molecules of Skp (Schiffrin et al., 2017b, 2016).

SurA is composed by 4 domains: a large N-terminal domain, two parvulin-like peptidyl-prolyl
isomerase (PPlase) domains and a short C-terminal helix (Bitto and McKay, 2002). The N- and
C-terminal domains of SurA are suspected to mediate the interaction with the uUOMP and they
are proposed to be the core of the protein that may form a clamp to hold the client protein.
PPlase domain 2 is proposed to “close” to maintain the client protein in the core domain (Bitto
and McKay, 2002; Calabrese et al., 2020). SurA could recognize a motif QXQ (aromatic, any
other residue, aromatic) that is present in OMPs, suggesting specificity for this type of protein
substrates (Mas et al., 2019; Xu et al., 2007).

Some authors have suggested a model where two parallel pathways exist to target uUOMPs to
the BAM complex: the Skp- and SurA-dependent pathways and this last is considered the main
(Mas et al., 2019). Many questions are arisen from the coordination of these two chaperone
pathways for delivery to the BAM complex. It is not clear what determines the requirements of
the uOMP for one or the other chaperone pathway or by which mechanisms both pathways
can be regulated. It is important to highlight that the affinity of SurA for an uOMP is relatively
lower compared to the affinity between Skp and OMPs so it is difficult to conceive how the two

chaperones regulate their biogenesis pathways and for which substrates (Mas et al., 2019).

Another model has been recently proposed in which SurA and Skp could play non-redundant
roles in the control and homeostasis of biogenesis of OMP (Fig. 2B) (Combs and Silhavy,
2022). As previously stated, B-signals permit the correct assembly of OMPs in the OM. It has
been proposed that Skp is able to interact with uUOMP at the Sec translocon in an early step of
transport. In this step, Skp acts as quality controller of uOMP by the recognition of defective 3-
signals and can eventually hand them over to DegP for degradation. Proteins that pass the
quality check by Skp are handed over to SurA for delivery to the BAM complex (Wang et al.,
2021). Interaction between the BAM complex and SurA has been identified in the past
(Bennion et al., 2010; Schiffrin et al., 2022). If there is a problem in the assembly of OMPs at
the BAM complex, Skp is able to remove stalled proteins at the complex to hand them over to
the protease DegP (Combs and Silhavy, 2022). This opens a new perspective on how Skp and

SurA would work in two non-redundant pathways and may act as quality control chaperones.
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3.2.2 The BAM-Sec holotranslocon supercomplex

Recent studies have investigated the formation of a supercomplex between the Sec
translocase and the BAM complex. It was demonstrated by site-directed photocrosslinking that
SurA could be interacting with the main subunit BamA via its POTRA domains, but also with
PpiD. PpiD is a protein associated to facilitate transport and biogenesis of OMPs at the Sec
translocon (Furst et al., 2018). It was previously reported that double mutant AsurAAppiD was
synthetically lethal (Dartigalongue and Raina, 1998). This interaction hub (Sec-PpiD-SurA-
BamA) may take place to promote biogenesis of OMPs and form a pathway from the IM to the
OM (Wang et al., 2016).

Evidence for the formation of a BAM-Sec supercomplex was recently captured by cell
fractionation of E. coli and cryoEM analysis. It shows an envelope spanning complex created
with the BAM complex and the Sec translocon (Alvira et al., 2020). This analysis shows the
formation of the supercomplex is dependent on CL. Importantly, two conformations of the Sec
holotranslocon are observed as described in previous studies, an open and a compact
conformation (Botte et al., 2016). The open conformation has been reported as an active form
of the translocon and it was observed this form was enhanced by adding CL. Finally, the
interaction between Sec and BAM seems to be an important mechanism to promote OMP
biogenesis. It has been suggested that proton transport is required for OMP maturation (Alvira
et al., 2020).

Altogether, this new evidence leads to hypothesize that upon OMP biogenesis, the Sec
holotranslocon could interact with the BAM complex. This supercomplex must cross the PG
and some chaperone molecules may be involved in mediating the interaction. This
supercomplex could help resolving some unanswered question such as those relative to the

energy source that drives OMP biogenesis.

3.2.3 The BAM complex

The central component of the BAM complex, the Omp85-family protein BamA, was discovered
in the model organism Neisseria meningitidis (Voulhoux et al., 2003) and then identified also
in E. coli (Werner and Misra, 2005). Thanks to genetic and structural analyses, subunits of the
BAM complex were identified (Malinverni et al., 2006; Sklar et al., 2007; Wu et al., 2005). The
subunit BamA is embedded in the OM and is a B-barrel protein itself. It belongs to the
evolutionary conserved Omp85 protein family. Homologues in mitochondria include

Sam50/Tob55, and in chloroplast Toc75-IIl and Toc75-V/Oep80. They are responsible for

37



folding and insertion (i.e. assembly) of -barrel in the OM of these organelles proteins (HOhr et
al., 2018; Plummer and Fleming, 2016; Sommer et al., 2011).

In E. coli the BAM complex is composed by BamA that interacts with other four lipoproteins
BamBCDE. Structural analyses of the complex revealed that BAM is 120 A in length, 100 A in
width and 140 A in height. BamA is the central subunit that contains a membrane embedded
domain and a periplasmic domain that mediates the interaction with other lipoproteins, forming
a hat-shaped complex at the OM (Han et al., 2016).

BamaA is an essential subunit, composed of two domains: a periplasmic soluble N-terminal
domain and a membrane C-terminal B-barrel domain. The soluble domain is composed of five
POTRA motifs. The B-barrel of BamA is an essential domain. POTRA 1 (P1) or P2 can be
deleted, because they are not essential for the cell. In E. coli, POTRA domains 3, 4 and 5 are
essential, however deletion of P3 and P4 can be generated in a lab strain that expresses an
additional copy of wild-type BamA. Instead a copy of BamA lacking P5 is toxic for the cell
probably as it impairs a vital function in the biogenesis of OMPs, even when full-BamA is
present (Kim et al., 2007). Interestingly, in Neisseria meningitidis only P5 is essential for cell
viability and protein function (Bos et al., 2007). This could be explained by the fact that, P3 is
required for assembly of LptD and this protein is not essential in N. meningitidis (Bos et al.,
2004) differently from E. coli where it is (Ruiz et al., 2006).

The POTRA motifs of BamA scaffold the interaction with BAM lipoproteins. BamB interacts
directly with the POTRA domains 1-3 of BamA (Dong et al., 2012). BamB is not essential,
however the deletion of its gene induces activation of the cc=—mediated envelope stress
response (Charlson et al., 2006; Wu et al., 2005) and results in increased sensitivity to
detergents and antibiotics producing lower levels of OMPs. Moreover, this deletion leads to a
synthetic phenotype with deletion of chaperones degP or fkpA (Onufryk et al., 2005). The
structure of BamB shows an eight blade B-propeller and it has been suggested it could
participate in substrate binding and delivery (Kim and Paetzel, 2011) as well as in controlling

the orientation of the POTRA domains with respect to the B-barrel of BamA (Gu et al., 2016).

BamC is a non-essential lipoprotein. It contains two globular domains and it has been
described as the most dynamic BAM subunit, because its domains are not tightly coupled to
the complex (Gu et al., 2016). It has been described it interacts mainly with BamD via its N-
terminal globular domain and with P1 and P2 of BamA via its C-terminal globular domain.
BamC stabilizes the interaction between BamD and BamA and enhances a periplasmic ring
formed by these two subunits (Gu et al., 2016). It has been suggested that BamC could be
exposed at the cell surface (Webb et al., 2012), however structures of the BAM complex have

shown BamcC to be facing the periplasmic side (Gu et al., 2016; ladanza et al., 2016). We could
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speculate that this could correspond to a dynamic behavior of the protein related to its still

unknown function.

BambD is the other essential subunit (Onufryk et al., 2005) and together with BamA, it forms
the core of the complex. BamD structure reveals 10 a-helices containing five tetratricopeptide
repeat (TPR) motifs. It interacts with P1, P2 and P5 of BamA to form a ring and it interacts with
BamC and BamE. It has been suggested that it stabilizes the dynamics of POTRA domains of
BamA. A slow folding OMP mutant was observed to bind BamD (Lee et al., 2018). In addition,
the study of the autotransporter EspP has suggested that BamD could be implicated in a late
step of the release of the folded pB-barrel domain from the BAM complex (leva et al., 2011).
This suggests that BamA and BamD could work in a sequential process to promote folding of
OMP substrates in the OM.

BamE is the smallest component of the BAM complex, yet pull down assays have shown it is
sufficient to co-purify all BAM subunits (Roman-Hernandez et al., 2014). It has been associated
with correct activity of the BAM complex by stabilizing the interaction between BamA and
BambD (Sklar et al., 2007) and also by modulating activity of BamA (Konovalova et al., 2016).
Its deletion causes mild OM defects as these cells become sensitive to SDS and levels of
OMPs are slightly reduced (Sklar et al., 2007).

3.2.4 Mechanism of biogenesis

Although the precise mechanism via which BAM assists the assembly of OMPs in the
membrane remains somewhat unclear, evidence for several key mechanistic details has been
acquired in the last decade. It is widely accepted that BamA acts as a central catalytic subunit
of the BAM complex. In vitro assays have shown that all subunits of the complex are necessary
to assure a maximum catalytic effect to assemble OMP in membranes (Hagan et al., 2010;

Roman-Hernandez et al., 2014).

OMPs can spontaneously fold in vitro and insert into lipid bilayers. In vivo, however, BamA
catalyzes this process rendering it much more efficient (Gessmann et al., 2014). OMP folding
by the BAM complex is improved by the presence of the molecular chaperone SurA (Bennion
et al., 2010; Hagan et al., 2010; Roman-Hernandez et al., 2014). A single-residue deletion on
P1 of BamA (AR64) affects the interaction with SurA leading to a dramatic effect on the

mechanism of biogenesis of several OMPs (Bennion et al., 2010).
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@ New OMPs
® Old OMPs

Figure 5. The BAM complex is a dynamic machinery that promotes biogenesis of OMPs. A. Biogenesis
of OMPs occurs preferentially at the mid-cell localization. B. The structure of the BAM complex in an open-
conformation. Blue: BamA, orange: BamB, green: BamC, pink: BamD, grey: BamE. In yellow, the lateral gate

of BamA formed by B1 and p16. C. The B-barrel domain of BamA can laterally open. Structures of BamA were
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observed highlighting a dynamic arrangement of 1 and B16 strands during biogenesis of OMPs. Indicated

PBD files were used to create structures.

It has been previously shown that the BAM complex has a homogenous localization in the OM
(Gunasinghe et al., 2018; Ursell et al., 2012). However, some studies have suggested that
OMP biogenesis could be enriched at mid-cell localization, suggesting that the process of OMP
biogenesis is spatially organized and that turnover of OMPs may occur by segregation of older
OMPs at the cell poles (Fig. 5A) (Rassam et al., 2015). Furthermore, it was reported that the
BAM complex is able to span the PG with all its subunits and this could help to promote correct
distance between the PG and the OM (Consoli et al., 2021a). Immunolabelling experiments
revealed that the BAM complex is enriched at cell division sites. This enrichment depends on
the assembly of the Z-ring but it does not require an active divisome. It was hypothesized that
the BAM complex is assembled at preseptal sites supposedly in conjunction with preseptal
biogenesis of PG (Consoli et al., 2021a, 2021b). This observation is in line with a model where

OMP biogenesis occurs preferentially at the mid-cell (Rassam et al., 2015).

The B-barrel domain of BamA forms a 16 stranded B-barrel protein and several structures have
been obtained during the past years (Fig. 5B). These structures have highlighted the dynamic
interaction between the -1 and pB-16 (Fig. 5C):

e A “closed” conformation (PDB: 4N75, Ni et al. 2014)

¢ An “inward open” (with B-strands partially closing the barrel in a parallel fashion, PDB:
5D00, 6LYR, 5AYW, Gu et al. 2016; Xiao et al. 2021; Han et al. 2016)

¢ An “outward open” (or “laterally open”, PDB: 5SEKQ, 5LJO, ladanza et al. 2016; Bakelar,
Buchanan, and Noinaj 2016)

e An open and engaged with a substrate (PDB: 7RJ5, 7RI4, R. Wu et al. 2021).

Molecular dynamics of the C-terminal domain of BamA showed a distortion of phospholipids
surrounding the protein in the B—barrel seam (Danoff and Fleming, 2015; Gu et al., 2016; Horne
et al., 2020; Horne and Radford, 2022; ladanza et al., 2016; Schiffrin et al., 2017b). This could
be caused by the highly dynamic B-barrel domain that could catalyze insertion of OMPs into
membranes by shrinking the thickness of the membrane region in which precursors will be

assembled (Fleming, 2015).

In addition to these structures, others have highlighted mechanisms of the BAM complex
(Doyle et al., 2022; Noinaj et al., 2013; Wu et al., 2020). Moreover, structural and functional
assays revealed the presence of an exit pore above the lateral gate, both essential for BAM
activity and required for cell viability. These analyses have shown that the lateral gate is located

between the first and last B-strand of the B-barrel domain of BamA (Noinaj et al., 2014). Also,
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that the complex presents a large surface hole that may function as substrate-exit pore
delimitated by P5, BamD, P2 and P3, as well as the first and last B-strands of the B-barrel
domain of BamA at the periplasmic side of the complex (Han et al., 2016). These structures
have given an unprecedented view of how the BAM complex could accommodate and handle
hydrophobic substrates and make conformational changes to promote OMP biogenesis.

Recent work has demonstrated the interaction between BamA and a substrate using the model
proteins EspP, LptD and BamA-substrate (BamAS). It reveals how the dynamic BamA is able
to interact with its substrates to promote folding by the recognition of the B-signal of a client
protein (Doyle et al., 2022; Doyle and Bernstein, 2019; Lee et al., 2019; Tomasek et al., 2020).
In its homologous protein Sam50, the similar principle was also demonstrated (Hohr et al.,
2018). This leads to three models on how the complex is working (Fig. 6).

A. The assisted model B. The budding model

C. The B-barrel elongation model

Figure 6. Proposed models of biogenesis of OMPs mediated by BAM. A. The assisted mode. The client
OMP is prefolded in the periplasm, recognition of the substrate is facilitated via the B-signal and the BAM
complex acts as an insertase to promote biogenesis. B. The budding model. The BAM complex recognizes
the B-signal of client OMPs and after sequential formation of B-hairpins, BamA would create a hybrid barrel with
the client OMP during assembly. C. The B—barrel elongation model. The client protein would be recognized via
its B-signal and then the protein would follow steps of folding in the vicinity of the membrane. After client protein
is partially prefolded forming a B-sheet, it would be inserted in the membrane by BamA and the barrel would

close itself with its insertion.
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a) The assisted model

In this model, it is proposed that the client protein undergoes a series of prefolding steps in the
periplasmic space. The BAM complex would insert into the OM proteins that have already
acquired to some extent a -sheet structure in the periplasm, thus functioning as an insertase.
The partially folded OMP would be recognized via its -signal. This assembly could be
facilitated by the thinning of the lipid bilayer that BAM complex causes (Fig. 6A) (Konovalova
et al., 2017; Noinaj et al., 2013; Ranava et al., 2018; Schiffrin et al., 2017a). The shortcomings
of this model are that B-barrel proteins would present a large hydrophobic surface exposed to
the aqueous periplasm before insertion into the OM and that the energy required to insert a
folded protein into the membrane would be very high.

b) The budding model

In this model, it is proposed that the B-barrel domain of BamA opens upon interaction with the
client unfolded OMP (Fig. 6B). The pB-strand 1 of BamA interacts with the B-signal of the client
protein. Then, the client protein undergoes folding by incorporating B-hairpins of the substrates
consecutively. The distortion of the membrane created by BamA could facilitate the adding of

B-hairpins, one at a time.

Analysis by crosslink between the E. coli EspP autotransporter OMP and BamA or between a
mitochondrial porin and the mitochondrial BamA-homolog Sam50 showed that these p-barrel
proteins were folded following a step-by-step mechanism which is compatible with this budding
mechanism (Doyle and Bernstein, 2019; Hohr et al., 2018; Noinaj et al., 2014; Ranava et al.,
2018).

c) The B-barrel-elongation model

More recently, the budding model has been refined with the proposal of a mechanism where
OMPs first form a B-sheet in continuity with BamA p-strand 1 creating a hybrid surface. The
prefolded p-sheet of assembling OMPs undergoes a swing-type movement (Fig. 6C).
According to this model, the client OMP could fold partially either at the periplasm or in the
vicinity of the membrane, interacting with the open structure of BamA. The barrel would close
its seam, because the interaction of the client protein with itself would be energetically more
favorable than that of the hybrid barrel. A recent evolution of this model suggests that the
forming B-sheet of the client OMP sheet can lead to a deflection of the plane of the membrane
layer. By a “spring” effect, the elasticity of the membrane would contribute to promote a late
step of OMP folding, probably inducing the formation of a new seam in the barrel of the nascent
OMP (Doyle et al., 2022; Horne and Radford, 2022; Lee et al., 2019).
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3.2.5 Assembly of some OMPs not only depends on BAM

The translocation and assembly module (TAM) is a two-subunit complex, composed by TamA
and TamB (Selkrig et al., 2012). This complex participates in the assembly of a subset of
OMPs, including some autotransporters and the fimbrial usher protein FimD. It has been shown
that biogenesis of autotransporter OMPs such as pll1l21 of Citrobacter rodentium
(heterologously expressed in E. coli) or EhaA and Ag43 of E. coli benefit from the expression
of TAM. Neither TamA nor TamB are essential; however, it has been shown that the deletion
of their encoding genes causes the accumulation of autotransporters in the periplasm and that
capacity of virulence or colonization is reduced in several bacteria (Heinz et al., 2015; Selkrig
et al., 2014, 2012; Stubenrauch et al., 2016).

Like BamA, TamA is a member of the Omp85 superfamily (Bamert et al., 2017; Heinz et al.,
2015; Selkrig et al., 2015) with only three POTRA domains in the periplasmic space. TamB is
an IM protein with a N-terminal transmembrane domain and a large C-terminal periplasmic
soluble domain and possesses a conserved C-terminal DUF490 (TamB%>12%%) suspected to
mediate the interaction with the POTRA domains of TamA. A portion of the DUF490 domain
of TamB has been resolved by crystallography revealing a characteristic B-taco fold that
suggests this portion may act as an hydrophobic cavity that could bind substrates, such as
hydrophobic proteins or lipids (Josts et al., 2017). Indeed, the seven C-terminal amino acids
of TamB are reported to be critical for the interaction with TamA (Bamert et al., 2017; Heinz et
al., 2015; Selkrig et al., 2012). The mechanism for the function of the TAM is not yet clear.
Nevertheless, it has been suggested that POTRA domains of TamA may act as a lever arm
via the interaction of TamB, that may cause a destabilization of the OM or a movement of
TamA-bound client proteins, thus promoting somehow OMP assembly (Albenne and leva,
2017; Selkrig et al., 2014).

It was shown in E. coli that biogenesis of the chaperone-usher protein FimD requires both the
BAM complex and the TAM for its efficient assembly in the OM (Costa et al., 2015; Selkrig et
al.,, 2012; Stubenrauch et al., 2016). Regarding the conservation of this protein, most
proteobacteria contain the TAM, almost all diderm bacteria encode TamB-like proteins with a
DUF490 domain, but many other bacterial phyla do not contain TamA (Heinz et al., 2015). The
evolutional conservation of TamB has attracted a great deal of interest and some studies
suggest that TamB plays an important but yet-to-be-identified function other than its role in
association with TamA. For instance, studies on Borrelia burgdorferi (which does not encode
tamA) show a functional complex between BamA and the protein encoded by a tamB

orthologue (Igbal et al., 2016). This study raises the question whether TamB (or TamB-like
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proteins) may also interact with BamA in organisms that express both complexes, such as E.
coli. Furthermore, a global interactome analysis conducted on the envelope of E. coli provided
some evidence for an interaction between the BAM complex and the module TAM (Babu et
al., 2017).

In general, it is clear that an interplay between BAM and TAM exists and that this may lead to
a functional role in biogenesis of OMPs or some related function. Questions remain to be
elucidated, such as if these proteins interact in some specific conditions (such as stress) or to
accomplish the biogenesis of a particular class of OMPs or of most OMPs. Moreover, the
interaction between the BAM complex and the transenvelope organized module TAM could
help solving some questions concerning how the OM insertases harness energy to promote
OMP folding, given that TamB spans the IM, where several forms of energy sources are
available, including ATP, the PMF as well as an energy potential stored in the form of turgor

pressure.

3.3LPS bhiogenesis and transport to the OM

Another main component of the envelope is LPS in the external leaflet of the OM. The
Lipopolysaccharide Transport (LPT) complex transports molecules of LPS from the IM to the
external leaflet of the OM (Fig. 2C). The LPT complex is a multiprotein envelope-spanning
complex composed by two subcomplexes: one at the IM and the other at the OM connected
by the periplasmic component LptA.

The first subcomplex is at the IM and it is composed by a dimer of the ABC transporter protein
LptB that associates with the transenvelope domains of one copy of LptFG. A molecule of LptC
permits to create the interphase between the IM subcomplex and LptA (Narita and Tokuda,
2009). It has been proposed that upon energization of the IM subcomplex, a molecule of LPS
can detach from the IM, similarly to the mechanisms of lipoprotein transport by the LOL
machinery. The protein LptC folds into a p-jellyroll that could accommodate the hydrophobic

moiety of LPS molecules (Sperandeo et al., 2017).

The OM LPS translocon is composed by the B-barrel protein LptD and the OM lipoprotein LptE.
LptD is the largest monomeric OMP, composed by 26 B-strands and a p-jellyroll domain.
Biogenesis of LptD depends on the activity of the BAM complex that folds LptD around the
lipoprotein LptE. Folding of LptD has been previously described as a step-wise and relatively
slow process, as it requires many factors that promote its correct biogenesis. Mature LptD
contains two non-consecutives disulfide bonds that are formed by the activity of the periplasmic
oxidative folding machinery DsbA and DsbC (Chng et al., 2012; Ruiz et al., 2010).
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The periplasmic component LptA creates a bridge that carries LPS from the IM to the OM.
LptC and LptD folds into a B-jellyroll structure extending the protein-LPS contact interface
across the periplasm (Sperandeo et al., 2017). After the translocation of LPS through the
periplasm, LptD receives this molecule via its B-jellyroll domain. This B-jellyroll bridge of
LptCAD is only able to form after assembly of LptDE subcomplex (Sperandeo et al., 2017).
The precise copy number of the periplasmic component LptA is still unclear, as it forms
homooligomers (Merten et al., 2012). However it has been speculated that a dimer of LptA
could be enough to permit the transport of LPS to the OM, as in its homologue in P.

aeuruginosa (Shapiro et al., 2014).

It has been suggested that activity of this OM-subcomplex is dependent on the activity of a
lateral gate on LptD, that would probably form between the first and the last B-strands of it -
barrel domain. Recently, a structural study performed by using nanobodies derivative
molecules bund to the LptDE complex and cryoEM analysis provided evidence for partial
opening of the LptD lateral gate (Botte et al., 2022). It is speculated that LPS can pass through
the lateral gate of LptD and it can be positioned at the outer leaflet of the OM (Sperandeo et
al., 2017).
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4 Transport of substrates across the bacterial envelope

Substrates of the OM are synthesized at the cytoplasm, however they can only reach their final
destination via envelope machineries that can promote their translocation. In this chapter, we
will focus on the transport of proteins and lipids through the bacterial envelope, with an

overview of secretion systems.

4.1 An overview of secretion systems in E. coli

Gram-negative bacteria have developed machineries to secrete proteins to their cell surface
or across the OM into the extracellular milieu. These secreted proteins play a variety of
functions, including exchange of metabolites, nutrients and noxious molecules like antibiotics,
transport of DNA, and the envelope building blocks including lipids and proteins. The protein
components of these machineries can be transported to the cell surface in one or two distinct
steps. One-step mechanism are mediated via the type | secretion system (T1SS), T3SS, T4SS
and T6SS and they require transenvelope machineries that span both the IM and OM. In
contrast to the one-step mechanism, a two-step translocation mechanism implies that proteins
are first translocated into the periplasm via the Sec or TAT pathways and from there they are
further exported via OM machineries, via the T2SS, T5SS, T7SS and T8SS. T7SS, initially
discovered in Mycobacteria, is also present in other Gram-positive bacteria, whereas its
presence in Gram-negative bacteria is debated (Kengmo Tchoupa et al., 2020; Unnikrishnan
et al., 2017). Generally, these systems are not constitutively active and they are activated by
the presence of toxic molecules in the cytoplasm, the export of virulence factors, in the
response to invade a host, etc. (Costa et al., 2015). In this manuscript we will not discuss the
more recently discovered T10SS nor T11SS (Filloux, 2022; Gbmez-Santos et al., 2019; Palmer
et al., 2021).

4.1.1 One-step secretion systems

Type | Secretion System (T1SS) and resistance-nodulation-division (RND) efflux pumps

The T1SS is involved in the secretion of substrates from the cytoplasm to the extracellular
environment. Some bacteria can secrete virulence factors and this system is closely related to
the RND efflux pumps, used to eliminate secondary metabolites and antibiotics that contributes
to antibacterial resistance. In this system, there are three main elements to take into account:
an IM component (IMC), a membrane fusion protein (MFP) in the periplasmic space and TolC,
an OMP that serves as a channel of secretion. The IMC is responsible for the first steps of
recognition of the particles to secrete. Recent crystal structures have revealed different

topologies this domain may adopt to engage a substrate at the cytoplasm. Energy is harnessed
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from ATP hydrolysis by the ATPase of the ABC transporter (for T1SS) or by protein gradient
(for RND efflux pumps) (Costa et al., 2015; Du et al., 2014; Morgan et al., 2017).

The MFP domain is pre-associated with the IMC domain and usually these two can only
recognize one set of substrate, while TolC can associate with several IMC-MFP subcomplexes
(Costa et al., 2015). Trimers of TolC (and its orthologues) form of a single B-barrel structure
where each monomer contributes 4 B-strands to the barrel. The stoichiometry of the
IMC/MFP/TolC complex can vary from complex to complex, for example in the case of the
efflux pump AcrB/AcrA/TolC, there is a 3/6/3 ratio, respectively (Du et al., 2014; Wang et al.,
2017). When the substrates bind an IMC-MFP complex, it enables association with the
periplasmic domain of TolC to enable the release of the substrate thanks to an energization at
the IM (Costa et al., 2015).

Type lll Secretion System (T3SS)

Bacteria can transport effector proteins to a host environment thanks to the T3SS. It consists
in a machinery that spans the two membranes of Gram-negative bacteria with forming a
syringe-like mechanism. The injected effectors may facilitate host invasion and colonization,
like in Salmonella enteritica (discussed in this paragraph). The T3SS is composed of approx.
25 proteins in two main substructures. It is formed by two concentric rings (composed by PrgH,
K) that are arranged at the IM in interaction with additional components (such as SpaP-S and
InvA). The formation of a multimer of the protein InvG (15 copies) permits the formation of an
OM ring. This multimer interacts with the PrgH-PrgK pair to create a lumen for the formation
of the needle.

The protein Pgrl is arranged in a polymer of more than 100 copies in the shape of a needle of
approx. 30-70 nm and 10-13 nm in width. It has been shown that the lumen of the OM ring
may have a diameter of 25 A. Because the diameter is rather small, it is suggested that the
substrate is unfolded upon translocation. Substrates may be carried by cytoplasmic
components to their target and recruitment to the machinery. The translocation is ATP-

dependent by the action of a cytosolic component, such as the ATPase InvC.

Type IV Secretion System (T4SS)

One of the function of the T4SS is to translocate DNA (in addition of proteins) to promote cell
transformation (Jin et al., 1990). The best characterized systems are from the Vir family (VirB1-
VirB11 and VirD4) from Agrobacterium tumefasciens and the T4SS produced by the pKM101
and R388 conjugative plasmids from E. coli (Costa et al., 2015).
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The structure of a T4SS of E. coli expressed from R388 conjugative plasmid was obtained by
electron microscopy (Low et al., 2014). It shows a core complex at the OM that spans the
periplasmic space by a stem that connects to a bifurcate IM complex. The OM complex is
composed by VirB7, VirB9 and VirB10 (14 copies each) and they arrange in the shape of a
pore. The composition of the stem domain is not yet known. The bifurcate IM complex is
composed by VirB3, VirB4, VirB6, VirB8, and VirB10 N-terminus. The copy number of these
subunits varies, the 2 barrels of six copies each of VirB3-VirB4 are observed facing the
cytoplasm. VirB6 and VirB8 contain 12 and 24 copies, respectively and interact with the N-
terminal moiety of the 14 copies of VirB10 (Costa et al., 2015).

It was suggested this system may have a role in cell-to-cell adhesion via a pili formed in the
lumen of the pore by the polymerization of VirB2 containing VirB5 at the tip of the pilus (Aly
and Baron, 2007). It has been proposed that T4SS may switch between pilus biogenesis and

substrate translocation mode (Ripoll-Rozada et al., 2013).

Type VI Secretion System (T6SS)

Some bacteria use the T6SS to translocate toxic effector proteins playing a role in
pathogenesis and bacterial competition. The T6SS consists in a contractile machinery that
injects toxins directly in a prey cell. It comprises 13 conserved core components and some
accessory components that form a membrane, a baseplate and a tail complex (Gallique et al.,
2017). The membrane complex serves as a docking station and platform and it is composed
by the proteins TssJ, TssL and TssM that are able to create a pore-like architecture through
the envelope. TssM mediates the interaction between TssJ (at the OM) and TssL (at the IM).
The membrane complex is in contact with the baseplate complex at the cytoplasm, composed
by the proteins TssK, TssFG and TsskE. The baseplate complex is the interphase with the tail
complex. The VgrG trimer forms a spike-like structure at the lumen of the baseplate and the
tail complex. The tail complex is a polymer of Haemolysin co-regulated protein (Hcp) that forms
hexameric rings (inner tube) and TssB-TssC that form a protective structure to the Hcp
polymer, creating an external tube of the tail (Costa et al., 2015). The mechanism of secretion
is proposed to take into account a contraction mechanism of the tail complex to promote
translocation of an effector protein (sometimes multiple effectors), as a syringe through the
lumen of the core complex (formed by the Hcp polymer). For this mechanism, ClpV has a role

in the energization of the complex by hydrolysis of ATP (Bénemann et al., 2009).
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4.1.2 Two-step secretion systems

Type Il Secretion System (T2SS)

T2SS has been previously linked to export of virulence factors and exoproteins in P.
aeruginosa, K. pneumonia and V. cholerae (Nivaskumar and Francetic, 2014). The overall
architecture of the machinery responsible of secretion involves between 12 and 15 members
of the general secretory (Gsp) pathway, assembled in the envelope. We can divide it in 4 main
parts: an OM complex, an IM platform, a cytoplasmic ATPase and a periplasmic pseudopilus
(Costa et al., 2015).

The OM complex is composed by GspD that forms dodecamers spanning the OM (also called
T2SS secretin). Protomers of GspD contain a C-terminal domain that forms a pore through the
IM, and four periplasmic N-terminal domains. When GspD is in complex it can permit the
forming of a pore of approx. 155 A in diameter, as observed in a V. cholerae structure (Reichow
et al., 2010). The IM platform is composed by the proteins GspC, GspF, GspL and GspM. Of
those, GspC interacts with GspD in the periplasm, while GspF, GspL and GspM preserve the
interaction with the IM or other cellular partners (Nivaskumar and Francetic, 2014). The
cytoplasmic ATPase is GspE, which is a ring shaped hexamer that interacts with GspL and
GspF. Finally, the periplasmic pseudopilus is composed of GspG, which is a major component,
and GspH, Gspl, GspJ, GspK, which are minor components (Costa et al., 2015).

Translocation of substrates can be done via the Sec (Pugsley et al., 1991) or the TAT pathway
if the substrate has to be previously folded before export (Voulhoux et al., 2001). Then, by
some mechanism still unknown, the secretin can open to allow the entry of the substrate. In a
movement piston-like, the substrate is propelled into the extracellular space (Costa et al., 2015;

Nivaskumar and Francetic, 2014).

Type V Secretion System (T5SS)

Autotransporters are a family of OMPs classified in the type V secretion system (T5SS), which
is subdivided in five different categories (a, b, ¢, d and e) They contain a signal peptide and
two domains, an N-terminal passenger domain and a C-terminal 3-barrel domain (Albenne and
leva, 2017; leva et al., 2011; Wells et al., 2007). After transport into the periplasm by the Sec
translocon, the C-terminal domain is inserted in the OM as a B-barrel protein (OMP with 12 (3-
strands) and this process permits the translocation of the N-terminal passenger domain. The
passenger domain is involved in virulence and they are found in a wide range of Gram-negative
bacteria (Costa et al., 2015; Leo et al., 2012). Initially, the transport of these proteins across

the bacterial envelope was thought to be autonomous (from there, the name), but studies have
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shown that this transport is assisted by two translocase machineries: the BAM and TAM
complexes (Costa et al. 2015; Selkrig 2014; Albenne and leva 2017).

Biogenesis of classical T5SSa autotransporters, such as EspP (a Serine Protease
autotransporter of Enterobactericeae or SPATE from Enterohemorrhagic E. coli) depends on
the activity of the BAM complex (Doyle and Bernstein, 2019; leva et al., 2011; Sauri et al.,
2009). EspP forms part of the T5SSa and it is a protease in pathogenic E. coli. After folding of
the B-barrel domain, the passenger domain is translocated to cell surface where it can be
proteolytically cleaved, with the exception of some autotransporters. The cleavage between
the passenger and the pB-barrel domains can be autoproteolytic (such as for SPATE
autotransporters, including EspP) or can involve other proteaseses. The passenger domain of
autotransporters often play roles associated to virulence, as well as adhesion and motility
(Grijpstra et al., 2013).

T5SSh is also named “two-partner secretion system” and it is characterized for the presence
of two polypeptide chains encoded in one operon, TpsB (the translocator) and TpsA (the
secreted passenger domain). TpsB is a 16 stranded B-barrel protein member of the Omp85

family, containing two POTRA domains (Meuskens et al., 2019).

T5SSc is also called “trimeric autotransporter adhesins” and it is characterized for the
interaction of three molecules to complete a B-barrel (each one with 4 B-strands). The
passenger domain forms a trimeric structure with a lollipop shape. Proteins of the T5SSc are

generally adhesins (Meuskens et al., 2019).

T5SSd resembles a hybrid between T5SSa and T5SSb, because it consists in a B-barrel
domain of 16 B-strands and only one POTRA domain, similar to T5SSb. The passenger domain
remains attached and their functionality seems limited to a lipase/esterase (da Mata Madeira
et al., 2016; Meuskens et al., 2019).

T5SSe is called “inverted autotransporter” and it presents a domain organization inverted with
respect to the T5SSa or classical autotransporter. In the T5SSe the passenger domain is at
the C-terminus and the B-barrel domain is at its N-terminus. The passenger domain remains

attached after export (Meuskens et al., 2019).

Finally, the T5SSf was proposed as an additional group. It is still under debate whether it
belongs to this secretion system, as there are some differences with classical T5SS. The first
difference is that the B-barrel domain is only eight B-strands, making a smaller B-barrel than
the rest of the others. Second, the fact the passenger domain is not situated at any extremity
could mean that it could be an extended loop of the pB-barrel domain and not a passenger

domain (Coppens et al., 2018; Meuskens et al., 2019).
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Type VIII Secretion System (T8SS) or curli biogenesis

This secretion system is involved in the formation of curli that is a type of amyloid that promote
the formation of protective biofilm. This system includes the activity of CsgABCDEF. Curli is
composed by a polymer of CsgA and CsgB in the extracellular space. Transport of these
proteins across the IM is mediated by the Sec translocon and after this first step of
translocation, they are secreted by a multimeric complex formed by the OM lipoprotein CsgG
that generates a 36 B-strands pore in the OM. In addition, CsgG interacts with two accessory
factors CsgE and CsgF (Goyal et al., 2014). CsgE forms a nhonamer at the periplasmic side of
the OM and acts as an adaptor to plug in CsgG and thus creating a cage for protein secretion.
It is thought that the protein CsgF stimulates the formation of CsgA-CsgB polymer at the
extracellular space. The role of CsgC is not yet well characterized. It is speculated that CsgB
nucleates the polymerization of CgsA into curli fibers after translocation (Costa et al., 2015).

Chaperone-usher pathway

The chaperone-usher pathway is involved in the biogenesis of pili or fimbriae that has a role
for cell recognition and attachment. It is composed by proteins encoded by the fim (for type |
pilus) and pap (for P pili proteins) operons.

The main subunits involved in this system are FimD (type 1) and PapC (P pili) and they are j-
barrel proteins with an architecture of 24 p-strands, one of the largest OMPs described in the
literature (Horne et al., 2020). It has been proposed that biogenesis of this type of OMPs
benefits from the activity of the TAM (Bamert et al., 2017; Stubenrauch et al., 2016). Biogenesis
of FimD/PapC is required and then, these proteins catalyze the formation of a polymer of
FimA/PapA to create the extracellular extension. The mechanism of polymerization is thought
to be via a donor strand exchange, in which the pilus assembles by stabilizing p-strands from
one molecule to another. A flexible tip comprises the proteins FimH, FimG and FimF or PapE,
PapF, PapK and PapG. After the export of those subunits by the Sec translocase, FimC or
PapD are molecular chaperones that prevent their misfolding in the periplasm during their

transport to the OM components (Costa et al., 2015).

Type IX Secretion System (T9SS)
TOSS is a recently discovered secretion system, present in Bacteroidetes phylum (Lauber et
al., 2018). It has been related to virulence in some bacteria (Lasica et al., 2017) and proteins

transported via this secretion system are generally large. At least 15 proteins are involved in
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translocation. A transperiplasmic motor is made by proteins GldK, GIldL, GIdM and GIldM,
energized from the IM by PMF. Then, proteins PorQ, PorU, PorV and PorZ create a cell
surface-exposed complex in the OM. The main component in the OM is the recently discovered

SprA, containing 36 B-strands forming a barrel with a diameter of 70 A. (Lauber et al., 2018).

The structural data obtained for SprA suggests it can form a water-filled conduct to promote
the transport of large folded proteins. The protein PorV at the OM may serve as a sealing
protein of the pore of SprA and act in regulating transport of substrates, possibly by their
recognition inside the cavity and then by promoting their translocation. The presence of PorV
may help in the monodirectional sense of translocation in the cavity of SprA (Lauber et al.,
2018). Protein substrates are translocated to the periplasm via the Sec translocase and then
they are targeted to the OM components via a C-terminal domain (CTD) signal composed of
approx. 80 amino acids (Gorasia et al., 2020).
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5 Homeostasis of the Gram-negative bacterial envelope

Biogenesis of the bacterial envelope is a crossroads of processes involving several
machineries at the IM, PG and OM with periplasmic partners. As previously discussed,
biogenesis of OM proteins depends on mainly two machineries: the BAM complex and the LOL
machinery. Dysfunction of these machineries leads to the activation of extracytoplasmic stress
responses (ESR). There are several ESR and we will discuss about Rcs, Cpx and £, all linked
to the activity of the transport of substrates across the envelope. There exists however other

ESR, such as the Bae, Psp and Dpi not discussed in this manuscript (Delhaye et al., 2019a).

5.1The Rcs response for PG homeostasis, LPS damages and BAM function

The Rcs stress response is one the most complex signaling systems and it is in charge of
promoting homeostasis in response to problems in the PG and the OM (Fig. 7A) (Cho et al.,
2014; Evans et al., 2013; Konovalova et al., 2014; Meng et al., 2021). It is composed by at
least six components: the core proteins RcsB, RcsC and RcsD, the IM IgaA, the cytosolic

partner RcsA and the protein regulators RcsF and YrfF (Cho et al., 2014; Meng et al., 2021).

Activation of this ESR consists in the autophosphorylation of RcsC at its histidine kinase
domain, at the cytoplasm. Phosphorylation of RcsC is induced via stress stimuli. It has been
demonstrated that RcsF is able interact with IgaA to trigger the Rcs response (Cho et al.,
2014). In a recent study it was demonstrated that the protein IgaA negatively regulates RcsD
(Wall et al., 2020). This leads to the model where the RcsF-lgaA interaction leads the activation
of the IM proteins RcsC/D. RcsC autophosphorylates and then it phosphorylates RcsD to
trigger stress response via the activation of RcsB/A dimer at the cytosol (Mitchell and Silhavy,
2019). This activation consists in the transfer of a phosphoryl group to RcsB. RcsB is a DNA-
binding transcriptional activator and it can form homo or heterodimers to promote expression
of genes involved in restoring homeostasis (Meng et al., 2021). When RcsB forms a
homodimer, it promotes the upregulation of RprA, the controlling the expression of factors
involved in the formation of biofilm, and negatively regulate gadA that is involved in the
formation of glutamate decarboxylase synthesis. RcsB can form heterodimers with RcsA to
promote the expression of cps involved in the production of colanic acid and the
downregulation of flnDC, involved in motility. The expression of these genes can be used to
monitor the activation of the Cpx response (Castanié-Cornet et al., 2014; Cho et al., 2014).
Finally, RcsB can form an heteroligomer with BglJ, MatA and GadE to promote the expression
of bgl, mat and gad, involved in the production of D-glucoside, Mat fimbria and acid resistance,

respectively (Meng et al., 2021).
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A. The Rcs response B. The Cpx response
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Figure 7. Stress responses in the Gram-negative bacterial envelope. A. The Rcs stress response. In non-
stressed conditions, a complex between RcsF and an OMP is formed. When there are some problems in the
formation of the OMP-RcsF complex, RcsF may interact with IgaA at the IM to and leads the activation of the

IM proteins RcsC/D. RcsC autophosphorylates and then it phosphorylates RcsD to trigger stress response via
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the activation of RcsB homodimer or RcsB/A heterodimer at the cytosol. This promotes the upregulation of rprA
or cps and the downregulation of motility genes. B. The Cpx stress response. In non-stressed conditions, the
lipoprotein NIpE is localized at the OM and CpxP protects the IM protein CpxA. When there are some problems
in lipoprotein transport or other type of stress in the envelope, CpxP is presumably degraded by DegP and
leaves CpxA exposed to autophosphorylation. Then, CpxA phosphorylates CpxR that upregulates genes such
as cpxP or degP and downregulates rpoE. C. The oF stress response. In non-stressed conditions, BAM
promotes the biogenesis of OMPs at the OM after they are delivered by chaperone proteins (such as SurA). In
parallel, LPS is able to be transported via the LPT pathway. The cF factor is sequestered by the IM protein
RseA and its periplasmic domain is protected from degradation by DegS at the periplasm by RseB. The
transmembrane domain of RseA cannot be degraded by RseP if RseA has its periplasmic domain. When
uOMPs and LPS accumulate in the periplasm, the & stress response is triggered. First, a molecule of LPS
binds RseB and frees the periplasmic domain of RseA. DegS is activated by the binding of an uOMP and is
then able to degrade the periplasmic domain of RseA and this permits RseP to degrade the transmembrane
domain of RseA. The degradation of RseA permits that frees the cF factor. A cytoplasmic protease (such as
ClpX) degrade the cytosolic domain of RseA. The oF factor upregulates genes, such as bam subunits, skp,
degP and dolP, and posttranslationally downregulates OMPs by the production of the SRNAs MicA and RybB.

Recently, the Rcs response has been linked to the activity of the BAM complex. The lipoprotein
RcsF is an OM lipoprotein that interacts with OMPs, such as OmpA or OmpC to create a
complex. This complex is formed by the activity of BamA to assemble OmpA/C and funnel the
lipoprotein RcsF (Cho et al., 2014; Konovalova et al., 2017). It has been debated whether RcsF
is exposed to the cell surface by its lipid moiety at its N-terminus (Cho et al., 2014; Konovalova
et al., 2014). Recent structural data has revealed the protein is RcsF resides in the seam of
the B-barrel domain of BamA via the periplasmic side of the OM. It is proposed that BamA may
create an inward-to-outward movement that would funnel RcsF to an OMP during its
biogenesis, creating an RcsF-OMP complex. The topology of the RcsF-BamA complex
suggests RcsF may not be exposed to the cell surface (Rodriguez-Alonso et al., 2020). This
leads to the model that the Rcs response system can sense correct functioning of the BAM

complex for OMP biogenesis.

5.2The Cpx response for lipoprotein homeostasis

The Cpx stress response is a major actor in promoting homeostasis in E. coli and other vy-
proteobacteria (Fig. 7B) (Raivio, 2014). It is composed by CpxA at the IM, CpxR at the
cytoplasm, CpxP at the periplasm and the lipoprotein NIpE (Delhaye et al., 2019b).

CpxA is an IM protein that can autophosphorylate its histidine kinase domain to promote
activation of the transcriptional regulatory protein CpxR at the cytoplasm. CpxA is composed

of two transmembrane domains and a periplasmic loop that acts as stress sensor. It has been
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suggested that CpxA is able to sense stress by itself (Raivio and Silhavy, 1997).
Phosphorylation of CpxA may occur by different stimuli, such as damages in the PG, elevated
pH, high salt concentrations, alteration in the IM composition and missfolding of periplasmic
and IM proteins (Grabowicz and Silhavy, 2017b; Raivio, 2014). It has been recently proposed
that problems in the trafficking of lipoproteins trigger the Cpx response by the activation via the
lipoprotein NIpE (Delhaye et al., 2019b). CpxR is a cytoplasmic protein that binds a specific
DNA binding site to regulate gene expression (Grabowicz and Silhavy, 2017b; Raivio and
Silhavy, 1997), possibly by increasing the activity of the RNA polymerase (Guharajan et al.,
2021).

The Cpx response involves the OM lipoprotein NIpE, the stress response sensor. It is
composed by two domains: an N- and a C-terminal domain. It has been demonstrated that
NIpE acts as a protein sensor that upon damage in the envelope interacts with CpxA to
promote signaling cascades and restore homeostasis. It has been demonstrated that the N-
terminal domain of NIpE is responsible of activation of Cpx response. It is intriguing how the
OM lipoprotein NIpE activates CpxA at the IM, considering the N-terminal domain would be
very close to the OM. It has been proposed that during problems in trafficking of lipoproteins,
NIpE can induce Cpx response by its accumulation at the IM to promote activation of CpxA
(Delhaye et al., 2019b).

The periplasmic protein CpxP acts as a negative regulator of the response. It protects the
periplasmic loop of CpxA to prevent the activation of the Cpx response. It has been
demonstrated that DegP is able to degrade CpxP (Buelow and Raivio, 2005). CpxR activation
leads to the upregulation of both degP and cpxP (Yamamoto and Ishihama, 2006), this

suggests that Cpx stress response can be autoregulated after homeostasis is restored.

Some of the upregulated genes include the chaperone protease DegP, the periplasmic
chaperones CpxP and Spy, the bond-forming oxidoreductase DsbA, etc. This upregulation
suggest that Cpx stress response is implicated in processes of degradation and folding of

envelope proteins (Hews et al., 2019).

NIpE has disulfide bonds at its N- and C-terminal domains. The formation of NIpE disulfide
bonds has been related to its activity to induce stress response via the activation of the Cpx
response. This maturation of NIpE is accomplished via the oxidoreductase DsbA, as a dsbA
mutant strain triggers Cpx response dependent on NIpE. Interestingly, when Cpx response is
active, dsbA is upregulated that suggests the stress response has a mechanism to

autoregulate its protein sensor (Delhaye et al., 2019b).
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5.3The oF response for OMPs and LPS homeostasis

The oF stress response is one of the best-characterized envelope stress responses (Fig. 7C).
The name of this stress response comes from the name of the alternative o factor, RpoE or
of. This factor permits the RNA polymerase to transcribe genes that are involved in the

homeostasis of the bacterial envelope (Rhodius et al., 2005).

In non-stressed conditions, the cF factor is sequestered by the anti-cF factor RseA (Missiakas
et al.,, 1997). RseA is an IM protein that contains a periplasmic, a transmembrane and a
cytoplasmic domain. RseA sequesters ot by its cytoplasmic domain, but it can be released by
a series of proteolytic processes that enable its association to the RNA polymerase and
promote gene transcription. RseB protects RseA to prevent its degradation from the proteases
DegS and RseP (Lima et al., 2013).

It has been previously reported that deletion of surA triggers o response, resulting in lower
levels of OMPs and susceptibility to antibiotics and SDS (Onufryk et al., 2005; Rouviére and
Gross, 1996), leading to the observation that malfunctions in the OMP biogenesis pathway
leads to trigger oF stress response. In E. coli, it has been proposed that activation of the ot
stress response involves two factors: the accumulation in the periplasm of uOMPs and LPS.
LPS assembly intermediates that accumulate in the periplasm are recognized by RseB. The
recognition of LPS is mediated probably via its hydrophobic moiety (Lima et al., 2013). It has
been debated how it is possible that LPS, a highly hydrophobic molecule can be free at the
periplasm. For this, some authors propose that another protein partner could be mediating the
transport from the LPT complex to interact with RseB under stressed conditions (Grabowicz
and Silhavy, 2017b).

After RseB interacts with LPS, RseA becomes more accessible to proteases. DegS recognizes
UOMPs via it PDZ periplasmic domain and this activates DegS to degrade of the periplasmic
domain of RseA (Walsh et al., 2003). The IM protein RseP is able to degrade RseA only after
partial degradation by DegS, otherwise it cannot be active (Akiyama et al., 2015). This
degradation frees the cytoplasmic domain of RseA and then cytoplasmic proteases as ClpXP
can release the oF factor (Grabowicz and Silhavy, 2017b). Gene transcription involves mainly
two mechanisms: the upregulation of biogenesis factors, and the posttranslational
downregulation of OMPs via SRNA (Grabowicz and Silhavy, 2017b).

One of the consequences of o stress response is the decrease in OMP levels. This is possible
thanks to the posttranslational downregulation of small non-coding RNAs micA and rybB. Both

genes have strong promoters and produce sRNA. MicA is able to regulate OmpA and LamB
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production, while RybB is able to control OmpC and OmpX (Coornaert et al., 2010; Johansen

et al., 2006). This process is essential to alleviate the workload for biogenesis machineries.

Upregulation of biogenesis factors include several proteins, such as subunits of the BAM

complex, molecular chaperones such as SurA and Skp, DsbC (involved in proper maturation

of LptD), DegP and proteins of still unknown function (Dartigalongue et al., 2001). Interestingly,

degP is one of the genes that are upregulated during both ot and Cpx stress response.

Altogether, the activity of the BAM complex to promote OMP biogenesis seems to be a process

that involves the regulation of several molecular actors in an interconnected network (Fig. 8):

)

ii)

Upregulation of OMP or malfunctions in their process of biogenesis can cause their
accumulation at the periplasm triggering oF that promotes upregulation of
biogenesis factors and posttranslational downregulation of OMP synthesis (Lima et
al., 2013). The Cpx response also triggers this posttranslational downregulation of
OMPs, however it seems that Cpx may act as a second step stress response by
modulating the activity of ot. Indeed, CpxR posttranslationally downregulates rpoE
(that codes for o) (Grabowicz and Silhavy, 2017b).

During activation of & and Cpx responses, degP is upregulated, which facilitates
alleviating stress response by degradation of unfolded/aberrant OMPs (Combs and
Silhavy, 2022). Malfunctions in the OMP biogenesis pathway can cause aberrant
localization of OMPs by Skp. Skp is a of upregulated gene, but posttranslationally
downregulated in the Cpx by the SRNA CpxQ. At an early stage of envelope stress,
Skp would be needed to hand OMPs over to DegP for their degradation.
Subsequently, skp would be downregulated by CpxQ to reduce its activity
afterwards and prevent their misslocalization in the IM supposedly by a poorly
understood mechanism of spontaneous insertion (Gerken et al., 2010; Grabowicz
et al., 2016). In this context, Cpx would help to control a possible detrimental effect
of oF activation.

Malfunctions of BAM causes Rcs response by failing to form the OMP-RcsF
complex (Cho et al., 2014; Rodriguez-Alonso et al., 2020). Moreover, when RcsF
is stalled at the BAM complex by deletion of bamB and bamE, cells are not viable.
Conditional deletion bamB and bamE triggers ot response to restore homeostasis
of non-functional BAM and this effect is corrected by the deletion of RcsF (Hart et
al., 2019a).
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Figure 8. An interconnected network of stress responses regulates the activity of the BAM complex.

The BAM complex promotes biogenesis of OMPs and malfunctions in its activity may trigger stress responses.

Malfunctions of BAM may lead to activation of Rcs response by failing to form OMP-RcsF complex. When

uOMPs accumulate at the periplasm triggers sE stress response, upregulating biogenesis factors such as BAM,

DegP and DolP and posttranslational downregulation of OMPs. The Cpx response triggers

posttranslational downregulation of genes that code for OMPs, Skp and o. Skp activity involves the handling

of UOMPs to DegP, but also to the misslocalization of OMPs at the IM.

5.4DolP is a poorly characterized factor uprequlated by the o€ response.

The dolP gene (formerly known as yraP) is a constitutively expressed gene that can be

upregulated in a ct-dependent manner, but whose function remains ill-defined. It encodes a

lipoprotein that has been linked to maintenance of OM homeostasis. In fact the deletion of dolP

is synthetically lethal with the deletion of surA (Onufryk et al., 2005), suggesting a link with

OMP biogenesis involving the BAM pathway. The deletion of dolP also leads to sensitivity to

SDS, suggesting a problem in preserving the permeability barrier of the OM (Onufryk et al.,

2005). More recently DolP has also been linked to activation of septal PG hydrolysis by the

amidase AmiC (Goyal et al., 2014), however the mechanisms that mediates such regulation

remains unexplored (Fig. 9A). The structure of a non-native form of DolP expressed as a water-

soluble protein in the periplasm of E. coli was solved by NMR in 2020 (Fig. 9B). The structure

60



shows two BON domains downstream of a flexible N-terminal region (Bryant et al., 2020). This
form of DolP was shown to be monomeric. In contrast, it was suggested recently that the
homologue of DolP in Acinetobacter baumannii, BonA, forms dimers that supposedly associate
in a larger decameric complex (Fig. 9C) (Grinter et al., 2021). It has been proposed that BON
domains are domains of approximately 60 residues each that can interact with hydrophobic
ligands (Yeats and Bateman, 2003). Very recently, in the case of DolP, it was shown that only
BON 2 contains a lipid binding site at its position W127, where it binds to negatively charged
phospholipids (Bryant et al., 2020).

Similar to what was observed for DolP, its orthologue in Neisseria meningitidis (GNA2091)
was show to be important for OM homeostasis (Bos et al., 2014; Seib et al., 2019). Notably,
GNA2091 is also a component of a recently developed and marketed recombinant vaccine
against serogroup B meningococcus (Seib et al., 2019). In addition, a different study conducted
on another dual-BON domain protein OsmY of E. coli revealed that this protein promotes
biogenesis of a major family of OMPs, the autotranspoters (Yan et al., 2019). Notably, osmY
is regulated by RpoS (or c°), the general stress response transcription initiation factor. Taken
together, these findings highlight that dual-BON domain proteins could play roles important to
overcome stress conditions, although especially in the case of DolP and GNA2091 their

molecular functions remain unknown.
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Figure 9. DolP is a o®-induced factor. A. DolP may have a role in the activation of AmiC during late steps of
cell division. B. Structure of DolP reveals two BON domains and it contains a lipid-binding motif in BON 2, at
position W127 (PDB: 7A2D). C. The homolog of DolP, BonA from Acinetobacter baumannii, can form large

homooligomers formed by a pentamer of dimers (adapted from Grinter et al., 2021).
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Work objective

Multiple processes of lipid and protein transport contribute to form the Gram-negative bacterial
envelope. Mechanisms of biogenesis of OMPs by the BAM complex have been studied from
a structural and functional point of view. Sophisticated models have been proposed concerning
how the BAM complex promotes the assembly of OMPs in the bacterial envelope. The activity
of other envelope machineries can be beneficial for some of the functions of BAM, including
the SEC translocon in the IM and the transenvelope TAM module. Finally, envelope stress

surveillance mechanisms monitor the activity of the BAM complex.

Together, these observations highlight that the BAM complex plays a central role during
envelope formation, and point to the possibility that other envelope biogenesis and remodelling

processes are intimately coordinated with OMP assembly by the BAM complex.

In this work, we aimed to gain insights into mechanisms of regulation of OMP biogenesis by
identifying protein partners of the BAM complex. For this, we explored whether the BAM
complex interacts with other machineries in the membrane. We designed an experimental
strategy to identify possible BAM interactors and characterize their physiological role in

supporting or regulating envelope biogenesis.
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Results

1 Affinity-purification of the BAM complex for quantitative proteomics analyses

1.1 SILAC-based strategy used for the BAM interactomic analysis

The BAM complex is an essential machinery required for the biogenesis of the bacterial
envelope, and more specifically for the assembly of OMPs in the OM. As explained in the
introduction, a number of machineries contribute to the assembly of other distinct components
of the envelope. To gain insights into how the BAM complex functions and cooperates with
other envelope machineries, we aimed to describe the interactome of BAM. This global
analysis will enable us to get an unprecedented view on the regulation and coordination of the
BAM activity during the biogenesis of the envelope of the Gram-negative bacterial model

organism E. coli.

One of the main difficulties for such global interactomic analyses is to discriminate specific
interactors from non-specific ones. To address this problem, we employed a methodology
based on Stable Isotope Labeling by Amino Acids in Cell culture (SILAC) labeling prior to
affinity-purification of the BAM complex and further identification of proteins co-eluted together
with BAM by mass spectrometry. The technique relies on the use of stable isotopes **C and
15N contained in arginine (Arg) and lysine (Lys) residues. Because trypsin cleaves the protein
polypeptide backbone after Lys and Arg, these amino acids are chosen to ensure the
incorporation of at least one heavy amino acid in each tryptic peptide, leading to an increase

in mass of 8 and 10 Da for each peptide cleaved after Lys or Arg, respectively.

The experimental strategy is summarized in Figure 10. E. coli cells overproducing the full BAM
complex are grown on M9 minimal medium supplemented with either light or heavy Arg and
Lys. A recombinant version of the BAM complex in which BamE is fused to a tag is produced
using light amino acids whereas the BAM complex without tag is overproduced in the presence
of heavy Arg and Lys. After isolation of the cell envelope fraction, membrane proteins are
solubilized using a mild non-ionic detergent that preserves the overall integrity of membrane

complexes.
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Figure 10. Strategy used to define the interactome of the BAM complex. Two strains were cultured using
M9 minimal medium: one expressing a non-tagged version of the BAM complex was grown in the presence of
heavy amino acids and the other expressing a tagged version of the BAM complex was grown in the presence
of light amino acids. After cell fractionation, membranes were isolated and solubilized using a mild detergent.
Membrane proteins were mixed in equal amounts prior purification using Ni-affinity chromatography. After
trypsin digestion, proteins were analyzed by mass spectrometry to identify and quantify peptides. Proteins
identified with a light/heavy ratio of their tryptic peptides (fold change) higher than 2 were considered as specific

interactors.
Membrane protein extracts from the two different cultures are then mixed 1:1 in the presence
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of affinity-chromatography resin to promote binding of the affinity-tagged BAM complex. During
this step, that lasts 1h, protein partners of the tagged BAM complex produced with light
residues can potentially exchange with their identical counterparts from the sample labeled
with heavy isotopes. Proteins that interact specifically with BAM will have a stronger tendency
to remain bound to the bait compared to low affinity partners or non-specific interactors. Upon
washes of the resin and elution of the affinity-tagged BAM complex, the eluate is subjected to
LC-MS/MS analysis to identify all proteins present and determine the light/heavy ratio of their
tryptic peptides. An enriched light/heavy peptide ratio is indicative of a stable or specific
interactor, whereas a ratio close to one indicates interactor with fast binding and dissociation

kinetics or non-specific interactors.

As a first step of our BAM interactomic strategy, it was crucial to set up a purification method
permitting to obtain highly purified BAM complex. For this purpose, we performed several
assays to define the optimal parameters for the affinity chromatography used to isolate BAM
and its specific interactors, including the type of tag, the nature of the detergent used for
membrane solubilization and the composition of the growth medium.

1.2 Choice of the purification method of the BAM complex

Two strategies of affinity purification were considered to purify the BAM complex: one based
on an octahistidine polypeptide as an affinity tag, and another one based on a Staphylococcus
aureus protein A-derivative tag. To this purpose, two constructs were used: both contain a Piac
promoter followed by all bam encoding open reading frames (ORFs) with bamE fused either
to an octahistidine tag (pBAM"S) or to a protein A-heptahistidine tag (pBAMP™%) at its C-
terminal end (Fig. 11A, right panel). The construct pBAM" (or pJH114) was available in the
lab at my arrival and has been already described in the literature (Roman-Hernandez et al.,
2014). To create pBAMP" we performed a restriction-free cloning after amplification of a
construct encoding the protein A fused to a heptahistidine tag from the plasmid pYM10 (Knop
et al., 1999) to replace the octahistidine tag of BamE in pBAM"s. A Tobacco Etch Virus (TEV)
cleavage site was present upstream of the protein A tag to permit elution of the protein by TEV
protease digestion (Fig. 11A, right panel). After controlling the expression of BamEP™%, we

used these two constructs to optimize the purification conditions of the BAM complex.

First, we used the procedure already described for the Ni-affinity purification of the BAM
complex (Roman-Hernandez et al., 2014) using both pBAM"S and pBAMP°“ as bhoth
constructs contain a poly-histidine tag. An E. coli MC4100 derivative strain transformed with
pBAMMS or pBAMP™A were grown in rich medium until mid-exponential phase. Then, the

expression of recombinant BAM was induced by supplementing Isopropyl B-D-1-
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thiogalactopyranoside (IPTG) to cell cultures. Cells were collected and subjected to
mechanical disruption. After clarification spin, the supernatant was used to isolate the envelope
fraction by ultracentrifugation. The non-ionic detergent n-dodecyl § D-maltoside (DDM) was
used to solubilize membrane fractions and, after an additional clarifying spin step, the
supernatants containing membrane proteins were added to nickel-nitrilotriacetic acid (Ni-NTA)
coupled to agarose beads. After binding and extensive washing, the bound proteins were

eluted using an excess of imidazole.
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Figure 11. The purification of the BAM complex can be efficiently optimized for further LC-MS/MS
analysis. A. Comparison between the methods of purification of the BAM complex. Left. E. coli MC4100
derivative strains ectopically expressed BAM complex fused to a Protein A tag (pBAMP™) or to a poly-histidine
tag (pBAMMS), BAMMs was purified using Ni-affinity chromatography after solubilization using 1% DDM. After
extensive washes, proteins were eluted using an excess of imidazole. In parallel, BAMP™* was purified using
IgG coupled to sepharose beads. A cleavage site was included in the tag between BamE and the Protein A,
allowing to elute protein using a TEV protease. Four proteins corresponding to the BAM subunits (BamA to

BamD) were clearly detected by Coomassie Brilliant Blue staining SDS-PAGE. BamE migrates at different
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sizes according to its C-terminal tag, with BamE* corresponding to the form of BamE obtained after TEV
digestion slightly higher than BamEHs, Right. Schematic representations of the bait protein BamE fused to a
poly-histidine tag (BamEHs, 11.6 kDa), to a Protein A tag (BamEP™%, 28.5 kDa) and the form after TEV protease
digestion (BamE*, 12 kDa). B. Comparison of the detergents used for solubilization of proteins prior to
purification of the BAM complex. Left. E. coli MC4100 derivative strains ectopically expressed BAM complex
fused to a Protein A tag. The complex was solubilized using 1% DDM or 1% digitonin. Then the BAM complex
was purified using IgG coupled to sepharose beads and proteins were eluted using the TEV protease. Proteins
were separated by SDS-PAGE and subjected to Coomassie Brilliant Blue staining. Right. Analysis by BN-
PAGE of the elution fractions using the two conditions revealed a band migrating at 250 kDa approx., the size

of the BAM complex, with putative incomplete versions of the BAM complex using DDM.

Second, we developed a purification technique by using human serum Immunoglobulin G (IgG)
conjugated to sepharose beads to bind the BAMP™* complex, and TEV protease digesting to
cleave off the complex from the IgG-bound tag and promote its elution. Proteins produced in a
MC4100 E. coli derivative strain carrying pBAMP™* were solubilized from the envelope fraction
and incubated with human IgG coupled to sepharose beads. After extensive washes of the
beads, the TEV protease was added to cleave between BamE and Protein A to elute BamE?*,
corresponding to a version of BamE slightly modified with 15 additional amino acids before the
TEV protease cleavage site (Fig. 11A, right panel, BamE?*). Finally, Ni-NTA agarose beads
were added to the elution fraction to retain the TEV protease that is tagged with a poly-histidine

tag. After incubation, the flow-through constituted the BAM purified fraction.

Total membrane and elution fractions obtained using the two constructs and the two
purification approaches were analyzed by SDS-PAGE. Coomassie Brilliant Blue staining of the
gel revealed a similar amount of proteins in the total membrane fractions (Fig. 11A, lanes 1-
3), suggesting that the solubilization of the membrane fractions for the three samples was
similarly efficient. Then, we observed in the elution fractions four bands with apparent
molecular weights of approximately 97, 40, 37 and 25 kDa (lanes 4-6). These correspond to
the expected molecular weights of BamA, BamB, BamC and BamD, respectively. For the
purification of the sample BAMP by Ni-NTA, we observed also a protein band running with
an apparent molecular weight of 28 kDa, which is the expected molecular weight of BamEP™%
(Fig. 11A, lane 4). Instead, the elution samples containing either BamEMs or BamEP™*“
presented an additional protein band running with an apparent molecular weight of
approximately 12 kDa, corresponding to the size of BamE" (lane 5) or BamE* (lane 6). It

should be noted that BamE* is slightly bigger than BamE"s.

Altogether, these results suggest that the BAM complex can be efficiently purified using both

IgG- and Ni-affinity chromatography of tagged BamE.
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Both purification strategies show that the quaternary organization of the BAM complex was
preserved during the purification procedure and no major contaminants were co-purified. For
our interactomic analysis, we chose to purify the BAM complex via the IgG-protein A affinity
procedure, as an enzymatic elution is likely to yield less contaminants compared to imidazole
elution of nickel bound proteins. In fact, nickel may also interact with metal-binding proteins
that are endogenously produced by the bacterial cells.

1.3 The detergent used for solubilization of membranes has an impact on the stability

of the BAM complex

Another criterion to take into account for sample preparation prior MS analysis is the
preservation of the integrity of the BAM complex and its partners during purification. Membrane
solubilization is a critical step and optimal conditions should be set up to preserve the native
conformation of proteins and their quaternary organization. We tested two non-ionic detergents
for the solubilization of total membrane fraction prior to purification of the BAM complex:
digitonin and DDM. Previous studies have used DDM as non-ionic detergent (Roman-
Hernandez et al., 2014). Digitonin is another detergent that has been used in the past for the
solubilization of BamA from Neisseria meningitidis prior to functional analyses in vitro (Kozjak-
Pavlovic et al., 2011), however no study has been reported for purification of the full BAM
complex in E. coli using this detergent. Although we expected digitonin to be less efficient than
DDM in extracting protein complexes from the E. coli envelope fraction (Stenberg et al., 2005),
we hypothesized that the milder solubilizing behavior of digitonin could help preserving BAM
interactions, as previously shown for other complexes including the respiratory chain
supercomplexes obtained from the inner membrane of both bacteria and mitochondria
(Schagger, 2002). We thus aimed to analyze the yield of purified BAM complex using these
two detergents prior to affinity purification.

We used IgG-affinity purification of BAMP™* from the E. coli envelope fraction solubilized with
either 1% w/v DDM (as used in the optimization assays) or 1% w/v digitonin. Total membrane
and elution fractions were analyzed by SDS-PAGE. Coloration of the gel using Coomassie
Brilliant Blue revealed that the patterns of total membranes solubilized with DDM or digitonin
were similar (Fig. 11B, left panel, lanes 1 and 2). Elution fractions (lanes 3 and 4) showed the
five subunits of the BAM complex, as previously observed. The purification yield of BAM seems
to be higher using DDM, suggesting that digitonin could be less efficient in extracting
membrane-embedded protein complexes. We could also observe a band running with an
apparent molecular weight of 32 kDa when proteins were solubilized with digitonin (Fig. 11B,
lane 3). This band was identified by MALDI-TOF MS as the TEV protease (data not shown),
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suggesting that removal of TEV by Ni-NTA affinity chromatography in the last step of our
procedure was not efficient in this specific experimental replicate. We can assume that the
amount of Ni-NTA resin added was not sufficient to completely retain the protease from this
sample.

To gain insights into the integrity of the complex using both detergents, we subjected the
elution fractions to Blue Native-PAGE (BN-PAGE). As this analysis is performed under native
conditions protein complexes are preserved during electrophoresis, allowing the separation of
large protein complexes based on their mass. After coloration using Coomassie Brilliant Blue,
a band of 250 kDa was observed in both samples (Fig. 11B, right panel). This band is likely to
correspond to the full BAM complex, as previously described in the literature (Roman-
Hernandez et al., 2014). Remarkably, sample solubilized with DDM displays additional fast-
migrating bands, which may be indicative of a less stable BAM complex under these conditions

(Fig. 11B, right panel, lane 2).

It has been previously reported that the lipoprotein BamB can dissociate from the BAM
complex during purification using DDM (Gu et al., 2016). Moreover, the lipoproteins BamC,
BamE and BamD form a subcomplex that interacts with BamA (Hagan et al., 2010; ladanza et
al., 2016). We can thus assume that the DDM may partially affect the stability of the BAM
complex during purification steps, leading to the formation of subcomplexes of BAM subunits.
Even though DDM is moare efficient for the solubilization of proteins compared to digitonin,
digitonin seems to be a milder detergent and helps preserving the integrity of the full BAM
complex. Regarding our objective to analyze the BAM interactome, preserving protein-protein
interactions during the sample preparation is crucial. For these reasons, we will then use
digitonin as non-ionic detergent for solubilization of membranes prior to BAM purification and

further MS analyses.

1.4Yield of the BAM complex from cells grown on minimal medium

After obtaining a highly purified and stable BAM complex under standard culture conditions
(rich LB medium, 37°C), we aimed to set up a protocol for further SILAC labeling prior to BAM
purification and LC-MS/MS analyses. Because the method relies on the incorporation of heavy
amino acids in culture, we needed to perform culture on minimal medium supplemented with
or without heavy-isotope Arg and Lys amino acids. For an initial set-up, we used two minimal
media: one medium that we routinely use in the lab for pulse-chase radiolabeling of cells, which
contains all amino acids except Met and Cys; the second medium lacks amino acids except
Arg, Lys and Pro. In the latter case, Arg and Lys were specifically selected because the SILAC

relies on their incorporation in cell culture in their light or heavy forms. An excess of light proline
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was added to prevent that Arg could be converted to Pro and bias the quantification of tryptic

peptides in the mass spectrometry analysis (Bendall et al., 2008; Chen et al., 2015).
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Figure 12. The BAM complex can be efficiently purified from cells grown on minimal medium to obtain
a high confidence interactome. A. Comparison of the composition of the minimal medium used for cell
culture. E. coli MC4100 derivative strains carrying pBAMP™* were grown in minimal medium supplemented
with Lys, Arg and Pro (3 aa) or with all amino acids, except Met and Cys (18 aa). The BAM complex fused to a
Protein A tag was ectopically expressed and after solubilization using 1% digitonin, membrane protein extracts
were used to purify the BAMP™A complex using IgG coupled to sepharose beads. Proteins were eluted using
the TEV protease. Proteins were analyzed by SDS-PAGE and subjected to Coomassie Brilliant Blue staining.
B. SILAC of E. coli MC4100 derivative strain carrying pBAM or pBAMP™A, Cells were cultured in minimal

medium supplemented with light or heavy Arg and Lys and an excess of light Pro, as indicated in Fig. 10.

71



Samples were solubilized using 1% digitonin and proteins were bound to IgG sepharose beads. Proteins were
eluted using the TEV protease, as indicated previously. Proteins were loaded to a SDS-PAGE and subjected
to coloration by Coomassie Brilliant Blue staining. C. Representation of proteins identified by SILAC LC-MS/MS
analyses. Proteins identified by the four biological replicates (one replicate using MC4100 derivative strain and
three using strain BW25113) are represented in the volcano plot, according to the log2 of their enrichment
light/heavy and the —logio of the p-value by the T-test. In total, 75 proteins are highlighted (red and blue), as
they were selected as specific BAM interactors, based on a light/heavy ratio of tryptic peptides > 2 and a p-
value < 0.05 (corresponding to x=1 and y=1.3 on the plot). Proteins in blue represent the top 18 interactors with
a logz of their enrichment light/heavy >4, except for BamA (x=3.94), BamB (x=3.09) and BamC (x=3.83).

Cells were grown in these two different minimal media and membranes were isolated as
described previously. After solubilization using digitonin, total membrane protein extracts were
subjected to IgG chromatography to purify the BAM complex. SDS-PAGE analyses of the total
extracts and the elution fractions revealed that the BAM complex could be efficiently purified
in minimal media (Fig. 12A). Also in these cases, the TEV protease was not efficiently removed

from our elution fraction.

Since the BAM complex is efficiently produced from cells cultured on minimal media
supplemented with only Arg, Lys and Pro, we decided to choose this medium for further SILAC-
based MS experiments. Overall, the whole production and purification process, starting from
200 ml of culture, led to a final elution fractions of 150 pl containing approximately 0.5 to 1
mg/ml of purified BAM complex, which is sufficient for MS analyses.

1.5 SILAC-based analysis of the BAM interactome

As previously described in the introduction of this result section (paragraph 1.1), the SILAC-

based proteomics approach chosen to analyze the BAM interactome relies on the
guantification of proteins co-eluted with BAM and the measurements of the light/heavy ratio

for each protein peptide, representative of the specificity of the interaction with BAM.

MC4100 cells transformed with pBAMP™* or pBAM (expressing untagged version of BAM)
were grown using minimal media supplemented with light or heavy Arg and Lys, respectively.
Total membrane protein extracts were obtained after solubilization of isolated membranes
using digitonin. Proteins from both extracts were quantified by measuring tryptophan UV-
absorbance using a Nanodrop spectrophotometer, and equivalent amounts of membrane

proteins were mixed prior to purification using IgG chromatography.

After 1gG-protein A binding, extensive washes were performed and the TEV protease was

added to cleave between BamE and protein A tag eluting the BAM complex. After depleting
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the TEV protease using Ni-NTA agarose beads, elution fractions were collected and further

analyzed by SDS-PAGE and Coomassie Brilliant Blue staining.

We can observe a difference in the concentration of proteins between both total membrane
extracts (Fig. 12B, lanes 1 and 2). This difference, quantified by tryptophan UV-absorbance,
was taken into account to mix equivalent amounts of total protein extracts during the binding
step. This is particularly critical to accurately evaluate the light/heavy ratio of protein peptides
observed after purification in the elution fractions, which reflect the propensity of proteins to
exchange during the binding step. The analysis of the elution fraction shows five bands
corresponding to all subunits of BAM (Fig. 12B, lane 3). This fraction was directly analyzed by
LC-MS/MS analysis.

Our first optimization SILAC-based MS analysis was performed using an MC4100 derivative
strain. However, in the perspective of using E. coli mutants of the putative interactors of the
BAM complex, we decided to repeat the experiment using the BW25113 strain, which was
used to generate the Keio collection of E. coli strains, a library of single-gene deletion mutant
strains each lacking one of the non-essential gene in E. coli (Baba et al. 2006).

To this purpose, the BW25113 strain was transformed with pBAM or pBAMP™* and the same
experiment was carried out in three independent biological replicates. Altogether, the elution
fractions from the four independent biological replicates (one with MC4100 and three with
BW25113) were analyzed by LC-MS/MS at the Infrastructure de Protéomique de Toulouse at
the IPBS of Toulouse (https://proteotoul.ipbs.fr).

To validate the labeling method, a quality control experiment was performed to assess the
incorporation of heavy amino acids in proteins. For this, the total membrane fraction of the
protein extracts from the heavy amino acids culture (expressing BAM without tag) was
analyzed. After quantification, 65% of unique peptides were found to be entirely labelled, 27%
were labelled between 80-100%, 6% were labelled between 60-80% and only 2% were not
labelled, meaning that 98% of unique peptides were found to be labeled with heavy Lys and
Arg. This preliminary analysis validates the method of labeling that is important for the

guantification of the light/heavy ratio values obtained for each peptide.

Elution samples were concentrated to approximately 1 mg/ml and loaded onto a C18 HPLC
precolumn. Peptides were then analyzed using a nanoLC/ESI Orbitrap (Q-exactive Plus). This
analysis permitted the identification of proteins by bottom-up proteomics and their
quantification by comparing the signal of non-labelled proteins vs labelled (i.e. light vs heavy).
A p-value (based on the T-test) was calculated based on the results obtained with the four
biological replicates and the MaxQuant software. Identified proteins were represented using a

volcano plot with the log. of average light/heavy peptide ratio obtained for each protein (i.e.
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mean intesity light

logz( )) on the x-axis and the inverse of logi, of the p-value (i.e.

—log1o (p — value)) on the y-axis. It should be noted that only proteins with a gene ontology

mean intensity heavy

(GO) terms related to envelope protein localization were considered to build the volcano plot
(Fig. 12C).

Gene -logie(p- >
G logz (LIH) value) Anotated function
yebO 842 3.06419269 Integral component of membrane [GO:0016021]; plasma membrane [GO:0005886]
yifL 5.81 276518831 Plasma membrane [GO:0005886]
Cell outer membrane [GO:0009279]; integral component of membrane [GO:0016021]
ironion binding [GO:0005506]; receptor activity [GO:0004872]; iontransport
2B G 27012652 105:0006811]; iron ion homeostasis[GO:0055072]: siderophore transport
[GO:0015891]
bamD 519 3.35713706 Cell outer membrane [GO:0009279]
Integral component of membrane [GO:0016021]; plasma membrane [GO:0005886];
yecs a2 00 3.29055169 42 s porter activity [G0:0005215]: amino acid transport[GO:0006865]
Integral componentof membrane [GO:0016021]; plasma membrane [GO:0005886];
dcuA 4.88 1.75611475 C4-dicarboxylate transmembrane transporter activity [GO:0015556]
lolA 480 2.48124512 Periplasmic space [GO:0042597]; lipoprotein transporter activity [G0:0042954]
Plasma membrane [GO:0005886]; amino acid-transporting ATPase activity
[GO:0015424]; ATP binding [GO:0005524]; L-cystine transmembrane transporter
yecC 455 1.84423288 activity [GO:0015184]; ATP hydrolysis coupled cation transmembrane transport
[GO:0099132]; cysteine transmembrane transport [GO:1903712]; L-cystine transport
[GO:0015811]
dolP 437 2.36542409 Periplasmic space [G0O:0042597]
Cell outer membrane [GO:0009279]; carbon-oxygen lyase activity. actingon
polysaccharides[G0O:0016837]; Iytic endotransglycosylase activity [GO:0008932];
emtA 431 2.42144703 Iytic transglycosylase activity [GO:0008933]; cell wall macromolecule catabolic
process [GO:0016998]; cell wall organization [GO:0071555]; peptidoglycan metabolic
process [GO:0000270]
Integral component of plasma membrane [GO:0005887]; TAM protein secretion
LA 221181568 1 p1ex[GO:0097347]: protein secretion [GO:0009306]
bamE 419 2.60250905 Cell outer membrane [GO:0009279]
Cell outer membrane [GO:0009279]; cell adhesion [GO:0007155]; requlation of cell-
LB 1.80507315 ¢ pstrate adhesion [G0:0010810]
Cell outer membrane [GO:0009279]; periplasmic side of cell outer membrane
[GO:0031241]; periplasmic space [GO:0042597]; enzyme regulator activity
ipoA 404 2.02438559 [GO:0030234]; hydrolase activity. hydrolyzing O-glycosyl compounds[GO:0004553];
peptidoglycan biosynthetic process[G0O:0009252]; regulation of cell shape
[GO:0008360]

Integral component of plasma membrane [GO:0005887]; plasma membrane
[GO:0005886]; branched-chain amino acid transmembrane transporter activity
[GO:0015658]; L-isoleucine transmembrane transporter activity [G0:0015188]; L-
livM 401 2.05967286 phenylalanine transmembrane transporter activity [G0:0015192]; L-valine
transmembrane transporter activity [GO:0005304]; branched-chain amino acid
transport [GO:0015803]; isoleucine transmembrane transport [GO: 19037 14]; L-valine
transmembrane transport [G0O:1903785]; phenylalanine transport [GO:0015823]

Table 1. List of top score interactors according to their enrichment light/heavy. E. coli cells were cultured
using the SILAC procedure described in Fig. 10 to purify the BAM complex by affinity chromatography. List of
the top 15 interactors identified using the SILAC-based BAM interactomic approach described on Figure 10.
The selection criteria (i.e. logz (light/heavy) > 4 and —logio of the p-value > 2). The log: of their light/heavy
fraction is reported. Values of the —logio of the p-value by the T-test are presented, together with the annotated
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function according to gene ontology (GO), proposing a cellular localization or a cellular function. In bold, we

present subunits of the BAM complex, DolP and TamB.

1.6 Interactome of the BAM complex

The volcano plot presented on Fig. 12C highlights in red the proteins identified with a log:
light/heavy fractions > 1 and a p-value < 0.05 (in the volcano plot, this represents values x=1,
y=1.3, respectively). In total, 75 putative interactors were identified using these criteria. A group
of top 15 interactors, selected for presenting a Log: light/heavy fraction > 4 are labeled in blue
and are listed in Table 1.

Among the 75 putative interactors (light/heavy fraction >2), we identified 17 proteins (22.6%)
related to transport of substrates across the membrane, 29 proteins (38.6%) related to
synthesis/transporter pathways (ATP, amino acid, etc.), 8 proteins (10.6%) related to PG
remodeling, 3 proteins (4%) related in envelope stress-response, 3 proteins (4%) of
miscellaneous functions and 14 proteins (18.6%) with an unknown function. As expected, the
BAM subunits were all identified in this interactome, in agreement with our SDS-PAGE analysis
of the sample. It should be noted that BamB appears with a relative low score (ratio light/heavy)
compared to other BAM subunits. This is in accordance with the literature, as BamB is
described as a less stably-bound component of the complex (Gu et al., 2016).

Interestingly, RcsF, a component of the Rcs stress response system, is part of the BAM
interactome (log: light/heavy labeled peptide fraction=3), validating our experimental approach
as RcsF is a known BamA interactor. Indeed, recent studies have shown that BamA is able to
interact with RcsF via the lumen of its B-barrel domain (Rodriguez-Alonso et al., 2020). Of
note, OmpA, which is one of the most abundant OMP in E. coli envelope, was not identified
among the putative BAM interactors. It was identified with a log. light/heavy labeled peptide

fraction < 1, indicating that the interaction between BAM and its client OMPs are transient.

Interestingly, TamB, which is part of the Translocation and Assembly Module (TAM), an
ancillary module composed by TamA and TamB proposed to promote the assembly of some
type of OMPs (Selkrig et al., 2012) was identified in the top list of interactors (Table 1). As
previously stated, TAM shares common tasks with BAM in the assembly of OMPs yet the
molecular basis of this putative coordinative job has remained unknown. It should be noted
that, differently from TamB, the light/heavy peptide fraction observed for TamA, which is an

homologous of BamA, was close to 1, suggesting that BAM is less likely to interact with TamA.
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Several pieces of evidence have suggested an interplay between BAM and TamB in Borrelia
burgdorferi (Babu et al., 2017; Igbal et al., 2016), a bacterium that lacks TamA. However, in E.
coli no formal experimental proof of an interaction between BAM and any of the two TAM
subunits had been described yet in the literature. In this context, the identification of TamB in
our BAM interactome attracted our attention and we decided to dedicate a part of this PhD
work to initiate the characterization of the interaction between the BAM complex and TamB.
This work is presented in the final chapter of this manuscript.

The main objective of my PhD work was the characterization of the BAM-DolP interaction given
that DolP is critical to preserve OM homeostasis but its molecular function remains unknown.
Elucidating the mechanism by which DolP promotes OM homeostasis is particularly relevant
in the fight against bacterial drug resistance as the inactivation of DolP could hinder the

envelope permeability barrier to antibiotics.

At the beginning of my PhD, multiple pieces of evidence had suggested that this protein is
critical in the maintenance of OM homeostasis. The dolP gene is upregulated during of stress
response (Onufryk et al., 2005) and the deletion of this gene makes cells hypersensitive to
detergents, suggesting that DolP is important to preserve outer membrane homeostasis
(Onufryk et al. 2005; Tsang, Yakhnina, and Bernhardt 2017; Morris et al., 2018). Moreover, it
has been suggested that DolP in Neisseria meningitidis was required for proper biogenesis of
a set of OMPs (Bos et al., 2014; Seib et al., 2019). However, the molecular bases underlying
the function of DolP were unknown and the interaction with BAM was never reported before.
Furthermore, it was unclear why DolP is upregulated during activation of the oF response.
Considering the physiological importance of DolP in promoting OM biogenesis and its
unprecedented link with BAM, my work aimed to gain new insights into the function of DolP
and to understand why it interacts with the BAM complex. Through the exploration of the role
of the BAM-DolP interaction, we expect to better understand the molecular basis underlying

the ability of DolP to promote OM homeostasis.
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2 DolP is a putative interactor of the BAM complex

2.1DolP is an OM lipoprotein

DolP is a lipoprotein conserved among y-proteobacteria. It contains a predicted signal peptide
that permits its trafficking via the Sec translocon through the IM. The signal peptide includes a
lipobox, the consensus sequence for N-terminal modification of lipoproteins (Konovalova and
Silhavy, 2015; Onufryk et al., 2005). Following the lipobox, DolP contains a linker region and
two BON domains (Fig. 13A and B). As described in the introduction, the precise function of
BON domains is not yet fully understood, however it has been speculated that they could play
a role in the binding to hydrophobic ligands (Yeats and Bateman, 2003).

In E. coli, the lipobox of DolP corresponds to the sequence 1sLQGC1s. The conserved lipid-
modified Cys at position 19 is triacylated to be anchored to the membrane. Bioinformatics
analyses of DolP sequences from y-proteobacteria reveals this Cys is strictly conserved (Fig.
13C). Moreover, the residue after the conserved Cys defines the localization of the lipoprotein
at either the IM or OM (Konovalova and Silhavy, 2015). In the case of DolP, a residue different
than Asp is found at this key position, suggesting DolP is an OM lipoprotein (Fig. 13C).

To obtain a more direct evidence that DolP resides in the OM, we performed cell fractionation
to separate the IM and the OM by differential centrifugation using sucrose gradients. This is
based on differential density of each membrane, given that the presence of LPS confers a
higher density to the OM.

E. coli BW25113 cells were grown to mid-exponential phase, collected and subjected to
plasmolysis using EDTA and lysozyme to permeabilize the envelope. Then, cells were
collected and mechanically disrupted. After a clarifying spin to remove cell debris, the
supernatant was subjected to analytical ultracentrifugation to isolate the total membrane
fraction. These membranes were then resuspended and subjected to a new step of
ultracentrifugation through a sucrose gradient. The samples were separated in two fractions,
corresponding to both membranes. Both fractions were carefully collected prior analysis by
SDS-PAGE and Western blot. Heat-modifiability and immunoblotting assays were performed
to reveal components of each membrane fraction and assess the quality of the separation of
the OM from the IM. This heat-modifiability helps to identify OMPs as these proteins adopt a
characteristic p-barrel fold, which is refractory to denaturation by SDS, unless a sufficient
amount of energy is provided by heating. When analyzing proteins by SDS-PAGE without
boiling of the samples prior to gel loading, OMPs remain partially folded, and they migrate
faster (Noinaj et al., 2015).
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Figure 13. DolP is an OM lipoprotein. A. Representation of the primary structure of DolP. DolP is composed
by a signal peptide from residues 1-23 that contains a lipobox with Cys19 being acylated. Then, from residues
23-46 there is a flexible linker, followed by two BON domains from residues 47-115 and 125-191, respectively.
BON domains are separated by a small linker from residues 116-124. B. NMR structure of DolP (PDB: 7A2D,
Bryant et al. 2020) C. Logo plot of the lipobox of DolP in y-proteobacteria. A conserved Cys at position 19
permits the acylation of the protein. Residues 20 and 21 are not predicted to allow the LOL avoidance,
suggesting DolP is localized at the OM. D. DolP accumulates in the OM fraction. E. coli BW25113 strain was
grown and cells were subjected to differential centrifugations to allow the isolation of the envelope fraction

(total), the OM fraction (OM) and the IM fraction (IM). Proteins were subjected to a heat-modifiability assay to
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observe patterns of migration of OMPs. DolP remains mostly enriched in the OM fraction, demonstrating its

localization is at the OM.

Samples mixed with Laemmli buffer were split in two, one half was subjected to boiling at 98°C
and the other kept on ice. After separation by SDS-PAGE at 4°C, proteins were transferred
onto a Polyvinylidene fluoride (PDVF) membrane and subjected to immunodetection using
available antisera against several membrane proteins. We observed that BamA and OmpA,
two OMPs are indeed enriched in the OM fraction (Fig. 13D, lanes 3 and 4), compared to their
signals in the total membrane fractions (lanes 1 and 2) and in the IM fraction (lanes 5 and 6).
We can also distinguish their migration patterns by heat-modifiability as these proteins migrate
faster when the samples were not boiled. The OM lipoprotein BamE was also enriched in the
OM fraction compared to the total membrane and IM fractions. In addition, proteins such as
SecD and CyoA were enriched in the IM fraction, where they normally reside (lanes 5 and 6).

Even though we can observe a weak contamination of both membranes, we can conclude that
our fractionation method permits to get proteins enriched in either OM or IM and to investigate

their cellular localization.

The detection of DolP using proper antiserum reveals a clear signal at the expected molecular
weight in the total membrane fraction, which is much more intense in the OM fraction, whereas
it is very low in the IM fraction (Fig. 13D). This result clearly demonstrates that DolP localizes
at the OM and we can conclude that DolP is an OM lipoprotein.

2.2DolP is required for OM integrity

It was previously reported that deletion of dolP causes sensitivity to SDS (Onufryk et al., 2005).
However, at the beginning of my PhD, no data was available to know whether deletion of dolP
could cause a growth defect, or more specifically, sensitivity to large hydrophilic antibiotics,
such as vancomycin (1449 Da), that cannot pass the OM by diffusion. In fact, the molecular
weight diffusion cut-off of porins is approximately of 600 Da (Welte et al., 1995), and therefore

too small to allow the entry of vancomycin.
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Figure 14. DolP is a critical component for envelope integrity. A. BW25113 and AdolP cells were cultured
in LB medium. Cell densities of both cultures were monitored by measuring the ODsoo at regular time intervals.
The graph reports mean values of independent cultures + standard deviation (SD, N = 3). B. and C. BW25113,

AdolP and AwaabD cells carrying the indicated plasmids were serially diluted and spotted on LB lacking or
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containing 60 pg/ml vancomycin. Ectopic expression was driven by the leaky transcriptional activity of Pwc or
Ptac in the absence of IPTG.

First a new AdolP strain was generated by P1 transduction of the dolP::kan construct present
in the corresponding dolP Keio deletion strain (Baba et al., 2006). This strain was used for
further experiments in this manuscript. We grew AdolP cells in rich liquid medium and
monitored the growth at regular time intervals by the measure of ODso. Strains carrying or not
dolP were inoculated to the same initial ODeoo and then their density was monitored over time.
Values of ODeoo Were blotted on a logarithmic scale over time on a linear scale (Fig. 14A). The
growth curve indicates that there is no difference in cell growth between WT and AdolP strains,
suggesting that dolP does not alter bacteria fithess under normal growth conditions (rich

medium, 37°C, no treatment).

To check if the deletion of dolP also leads to vancomycin sensitivity, growth assays were
performed in agar media using WT and AdolP strains, as well as with complementation AdolP
strains that had been transformed with either pDolP" or pDolP¢F""s encoding DolP C-
terminally fused to either an His tag or to superfolder Green Fluorescent Protein (GFP) followed
by a His tag. Then, we performed some serial dilutions and we spotted these dilutions on LB
agar plates supplemented or not with 60 pg/ml of vancomycin. We can observe that the
deletion of dolP makes cells hypersensitive to vancomycin, whereas normal resistance to this
antibiotic was restored in the complementation strain containing pDolP"s (Fig. 14B) or
pDolPCFPHis (Fig. 14C). This result suggests that DolP is crucial to maintain the OM

permeability barrier to large molecules.

To go further into the characterization of the AdolP strain, we wondered if its sensitivity to
vancomycin might be linked to membrane fluidity or maturation of LPS, as AdolP was shown
to have a marginal increment on membrane fluidity (Bryant et al., 2020). To address this point,
we decided to test whether the deletion of waaD, that causes a much more prominent
increment in membrane fluidity (Bryant et al., 2020; Storek et al., 2019), induces sensitivity to
vancomycin. WaaD is an ADP-L-glycero-D-mannoheptose-6-epimerase involved in the
biogenesis of a precursor of the LPS molecule. As a consequence, the waaD deletion strain
presents a truncated LPS structure and is hypersensitive to novobiocin and other hydrophobic
drugs (Coleman, 1983). Moreover, it was reported that the deletion strain triggers formation of
colanic acid independently of Rcs response and dependent to the upregulation of the RpoS
operon (Joloba et al.,, 2004). Serial growth assay of AwaaD strain in rich medium in the
presence of vancomycin reveals that this strain is not sensitive to this antibiotic (Fig. 14B),

suggesting that the OM integrity defect caused by the deletion of dolP is not related to the
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marginal increment of membrane fluidity observed for the latter strain. This result suggests that

the enhanced permeability of the AdolP has a different cause.
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3 Characterization of the interaction between DolP and the BAM complex

As DolP was identified as a putative interactor of BAM in our interactomic approach, we wanted
to confirm the interaction between DolP and the BAM complex. To this purpose, we used native
pull down assays to check that DolP and the BAM complex interact with each other in the

envelope of E. coli. Moreover, we aimed to reconstitute the interaction in vitro.

3.1DolP and the BAM complex interact in vivo

The BAM interactome identified DolP as a putative interactor of the BAM complex. Indeed,
light DolP at the BAM complex exchanged inefficiently with its heavy counterparts from the
sample labeled with heavy-isotope amino acids, which is indicative of a stable interaction. To
confirm such interaction, we performed the purification of BAMP under native conditions to
assess the co-isolation of DolP using immunoblotting. Cells harboring pBAMP™* or pBAM
(encoding the full BAM complex, with BamE tagged with protein A or non-tagged, respectively)
were cultured to mid-exponential phase prior to induction of plasmid-borne BAM expression
for 1h. After collecting cells, the total membrane fraction was isolated. Membranes were
solubilized with 1% (w/v) digitonin supplemented with 0.1 % (w/v) DDM to favor efficient
solubilization. Membrane extracts were mixed with lgG-sepharose beads and proteins were
eluted using proteolytic digestion by TEV. We confirmed the integrity of the BAM complex by
SDS-PAGE and Coomassie Brilliant Blue staining that colors bands corresponding to the five
subunits of the BAM complex (Fig. 15A, left panel). The total membrane fraction (loads) and
elutions were also run on another gel and proteins were transferred to a PVDF membrane to
perform Western blot.

When membranes were immunodecorated with antibodies directed against subunits of the
BAM complex (a-BamA, a-BamD, a-BamE), we obtained clear signals at their expected sizes,
validating our pull down (Fig. 15A, right pane, lane 3). In addition, we observed a signal using
DolP antiserum in the elution of the sample pBAMP™* confirming that DolP is co-purified with
BAMP™* No signal was detected in the sample pBAM, our negative control. The OMPs OmpA
and LamB were not detected in the elution fraction, demonstrating the specificity of our pull-
down procedure. OmpA and LamB are assembled by the BAM complex into the OM. This
reaction however involves transient BAM-client protein interactions (Doyle et al., 2022;
Schiffrin et al., 2017a; Xiao et al., 2021), therefore these proteins are not detected in our
BAMP™* pull-down. In addition, the subunit F1p from the ATP synthase complex in the inner
membrane and the cytosolic protein RpoB, used as negative controls, were not detected.

Finally, the periplasmic chaperone Skp was also not detected.
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To have another proof of this interaction, we aimed to perform the reverse experiment by
purifying DolP. In this purpose, we constructed pDolPP™% by replacing the poly-histidine tag of
pDolP"s by protein A tag. We created also another plasmid by introducing a stop codon
between the sequence of DolP and Protein A (pDolP), which will be used for a mock control of

the purification procedure.
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Figure 15. DolP and the BAM complex interact in vivo. A. Left. Envelope fractions of BW25113 cells
carrying pBAMP™ were solubilized with 1% (w/v) digitonin and 0.1% (w/v) DDM and subjected to IgG-affinity
purification of protein A-tagged BamE (pBAMP™%). Elution fraction was loaded onto a SDS-PAGE and
Coomassie Brilliant Blue stained, revealing 5 bands corresponding to the 5 BAM subunits. Right. The load and
elution fractions were analyzed by SDS-PAGE and then transferred onto a PVDF membrane and proteins were
detected by immunolabeling using the indicated antisera. Loads were set to 1% and elution to 100%. B. Left.
The envelope fractions of BW25113 cells carrying the indicated plasmids were solubilized with 1% (w/v)
digitonin and 0.1% (w/v) DDM and subjected to IgG-affinity purification of protein A-tagged DolP. The load and
elution fractions were analyzed by SDS-PAGE and Coomassie Brilliant Blue stained. Right. Proteins were
transferred onto a PVDF membrane and blotted protein from load and elution fractions were detected by
immunolabeling using the indicated antisera. Loads were set to 0.5% and elution to 100%. C. Equal aliquots of
the envelope fraction of BW25113 cells expressing His-tagged DolP were solubilized with the indicated
concentrations (w/v) of digitonin and DDM, respectively: 1%, 0.1% (lane 1), 0.8%, 0.3% (lane 2), 0.3%, 0.8%
(lane 3), 0.1%, 1% (lane 4). His-tagged DolP was purified by Ni-affinity chromatography. In all cases, proteins
were eluted in the presence of 0.3% (w/v) digitonin and 0.03% (w/v) DDM. Loads were set to 0.2% and elution
to 100%.

Cells were cultured as described previously for the purification of BAMP™A, Membrane protein
extracts obtained upon solubilization of the envelope fraction with a mixture of 1% (w/v)
digitonin and 0.1% (w/v) DDM were bound to IgG-conjugated beads. TEV digestion eluted
DolP*, a slightly modified version of DolP that harbors 15 additional residues at the C-terminal
end. Total membrane proteins (loads) and elution fractions were analyzed by SDS-PAGE.

Coloration of the gel by Coomassie Brilliant Blue staining shows a single band running with an
apparent molecular weight of 20 kDa, the expected size of DolP?*, in the elution fraction (Fig.
15B, left panel). To further confirm this is DolP, analysis by Western blot was conducted. The
a-DolP antiserum decorated a band corresponding to DolP* in the TEV elution fraction (Fig.
15B, right panel, lane 3), validating our purification procedure. In addition, when membranes
were incubated with antisera directed against BAM subunits, signals were detected with
antisera specific for BamA, BamC, BamD and BamE in the elution sample of DolPP%,
Besides, decoration with o-OmpA, o-CyoA and o-RpoB antisera showed no signal in the
elution samples, demonstrating the specificity of the binding between DolP and BAM. Taken

together, these results confirm that DolP is a bona fide BAM interactor.

3.2DolP — BAM interaction is detergent-sensitive

In an attempt to purify native BAM and DolP as separated components for further in vitro
complex reconstitution experiments, we looked for conditions in which the interaction between
DolP and BAM could be reduced. To this purpose, we tested mixtures of detergents, containing

different concentrations of DDM and digitonin. Total membrane extracts of E. coli producing
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recombinant DolPHs were obtained using different ratios of digitonin/DDM: 1%/0.1%,
0.8%/0.3%, 0.3%/0.8% and 0.1%/1% (w/v), respectively. After binding on Ni-NTA agarose
beads and extensive washes, proteins were eluted using an excess of imidazole. Proteins of
the total membrane and elution fractions were separated by SDS-PAGE and then transferred
onto a PVDF membrane, prior to immunodetection. Whereas similar amounts of DolPHs were
purified from all samples, we observed a reduction in the amounts of BAM subunits co-eluted
along with DolP"* at concentrations of DDM between 0.3% and 1% (Fig. 15C, lanes 6 to 8).
This suggests that a concentration of DDM above 0.3% (w/v) interferes with the interaction
between DolP and the BAM complex. Instead, digitonin preserves the interaction between
BAM and DolP. Based on these results, we used a concentration of 1% of DDM to purify BAM
and DolP as separate components for further in vitro assays. Conversely, a combination of 1%
digitonin and 0.1% DDM seems to work best to extract efficiently membrane proteins while

preserving the BAM-DolP interactions.

3.3DolP and the BAM complex can be purified separately

To better understand whether the DolP-BAM interaction requires other protein partners, we
aimed to set up a protocol to test the interaction in vitro, after purifying separately both

components.

To obtain a large amount of protein required for the in vitro assays, a scaled-up procedure was
conducted using larger cultures of cells. As described before, plasmid-borne gene expression
was induced by supplementing IPTG. After membrane isolation and solubilization using DDM,
clarified total membrane protein extracts were loaded onto a HisTrap column for metal ion
affinity chromatography using an automated AKTA machine. Proteins bound to the column
were eluted using a gradient of imidazole and monitored during the chromatography process
by measuring OD2go. The fraction containing the protein of interest were pooled and loaded on

a gel filtration column to fractionate the proteins according to their size.

In the case of the BAM complex, the gel filtration elution profile shows a single-peak at 114
min (Fig. 16A, right panel). Based on the peaks obtained with a high molecular weight
calibration kit (data not shown), the BAM sample peaks corresponds to a complex of
approximatively 250 kDa, in accordance with previous reports (Roman-Hernandez et al.,
2014). Analysis by SDS-PAGE and Coomassie Brilliant Blue staining of the elution fraction

shows that all five BAM subunits are present in the elution fraction (Fig. 16A, left panel).

Interestingly, in the case of DolP, several peaks were visible in this GF elution profile,
suggesting DolP could form multiple protein complexes by homooligomerization (Fig. 16B,

right panel). Elution fractions were pooled and samples were concentrated prior SDS-PAGE
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analysis and Coomassie Brilliant Blue staining, revealing a single band running with

apparent molecular weight corresponding to that of DolP™s (Fig. 16B, left panel).
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Figure 16. DolP and the BAM complex can be efficiently purified as separate components. A. The

envelope fraction of BW25113 cells overproducing BAMM's was subjected to protein solubilization with 1% (w/v)

DDM, Ni-affinity purification, and gel filtration chromatography. Left. The elution fractions were analyzed by

SDS-PAGE and Coomassie Brilliant Blue staining. Right. GF chromatogram shows a single peak at the
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expected size for the BAM complex (around 250 kDa). B. The envelope fraction of AdolP cells overproducing
DolPHs was subjected to protein solubilization with 1% (w/v) DDM, Ni-affinity purification, and gel filtration
chromatography. Left. The elution fractions corresponding to the size of DolP were pooled, concentrated and
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. Right. GF chromatogram reveals several peaks
at different sizes, indicating an heterogeneous oligomeric pattern for DolP. C. Total soluble fraction of AdolP
cells overproducing DolP2219Mis \was subjected to protein solubilization with 1% (w/v) DDM, Cobalt-affinity
purification, and gel filtration chromatography. Left. The elution fractions were analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining. Right. GF chromatogram reveals a single peak corresponding to the size of

monomeric DolP.

3.4Soluble DolP can be expressed in the cytosol and purified

We engineered a recombinant water-soluble form of DolP by deleting residues 2-19
(corresponding to its signal peptide including the conserved lipobox Cys residue) and fusing
its C-terminus to a poly-histidine tag (DolP*>°Hs) This form of DolP was expressed as a
cytosolic protein, as it lacks the lipoprotein signal peptide. Cells transformed with the
corresponding vector pDolP*%19His (encoding this water-soluble form of DolP under the control
of an IPTG-inducible promoter) were cultured, supplemented with IPTG at mid-exponential
phase and collected to purify DolP*%19Hs after cell disruption and removal of the membrane
fraction. The supernatant was loaded onto a TALON column for affinity purification using an
automated AKTA machine. TALON, a metal-affinity chromatography resin charged with cobalt,
was used to increase the specificity of protein binding and improve the purity of the eluted
proteins of interest. Proteins bound to the column were eluted using a gradient of imidazole.
SDS-PAGE analysis and Coomassie Brilliant Blue staining of the elution fraction showed a
prominent unique band, revealing efficient purification of DolP*?1%His (Fig. 16C, left panel, lane
2). Purified DolP*%19"s was then loaded onto a gel filtration column, revealing a single peak
corresponding to a monodisperse species (Fig. 16C, right panel) of around 20 kDa by
comparison with a small molecular weight calibration kit (data not shown). SDS-PAGE analysis
of pure DolP*219Mis showed a unique band at the expected size for DolP (Fig. 16C, left panel,
lane 3). This results confirms that a water-soluble form of DolP is monomeric, as previously
shown for a non-native water-soluble form of DolP targeted to the bacterial periplasm (Bryant
et al., 2020).

To confirm that native DolP can form homooligomers in the OM, we analyzed purified DolP**
19His and DolPHs by BN-PAGE. Then, the gel was blotted onto a PVDF membrane and
incubated with a-DolP antibodies. Western blot analysis of the sample containing DolPA2-19His
showed a smear signal migrating with an apparent molecular weight ranging from 140 to 280
kDa approximately (Fig. 17A, lane 1). However, DolP"s (purified from the OM) showed a
diffuse signal between 250 and 600 kDa (Fig. 17A, lane 2). Interestingly, we observed soluble
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DolP migrated at a high molecular weight considering it is monomeric, however this sample
seems very different to the OM-produced DolP that seems to make very large multimers. This
observation could be due to migration in BN-PAGE that could favor the formation of complexes
after purification. These results suggest that native DolP presents a dynamic multimeric

organization.

Altogether, our results reveal that, upon native purification, DolP can form at least in part large
oligomers. This behavior is reminiscent of the multimeric organization of BonA from A.
baumanii, which displays a dynamic multimeric organization consisting of pentamers of dimers
(Grinter et al., 2021). BonA is an OM lipoprotein that contains an N-terminal extension, two
BON domains and a C-terminal extension. However, the functional role of BonA
homooligomerization process remains unknown. Similarly, further experiments should be
conducted to determine how DolP of E. coli oligomerizes and how such quaternary

organization promotes function.

3.5DolP and the BAM complex interact in vitro

In order to assess if DolP and the BAM complex could interact in vitro, we decided to
reconstitute the BAM complex in proteoliposomes in presence of either native DolP or its water-
soluble variant. The reconstitution of the BAM complex in proteoliposomes has been already
described (Roman-Hernandez et al., 2014). Following a similar procedure, purified E. coli
phospholipids were resuspended in water and mixed with purified protein solutions containing
DDM-solubilized BAMHs alone, or equivalent amounts of purified BAMHs with either DolP22-19His
or with DolP"'s (Fig. 17B, lanes 1-3). After incubation, these reactions were diluted to promote
formation of proteoliposomes and subjected to ultracentrifugation. The pellets were then
resuspended and loaded on a SDS-PAGE to assess reconstitution of proteins. After migration,
the gel was submitted to coloration by Coomassie Brilliant Blue. For the sample containing
only the BAM complex, we observed five bands corresponding to subunits of the BAM complex
(Fig. 17B, lane 4), demonstrating proteins were reconstituted in proteoliposomes. For the
sample where the BAM complex was mixed with DolPs, we observed the presence of a band
migrating at the expected size of DolP, suggesting this protein was reconstituted with the
complex (lane 5). This was not the case for the sample where the BAM complex was mixed
with the cytosolic DolP (DolP*%1Hs |ane 6), suggesting this reconstitution is dependent on the

purified form of DolP.
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Figure 17. The BAM complex and DolP can interact in vitro. A. Purified proteins (DolPHs and DolP22-19/His)
were analyzed by BN-PAGE and Western blot using DolP antibodies. B. Equimolar amounts of proteins were
mixed and reconstituted into proteoliposomes. Analysis by SDS-PAGE and Coomassie Brilliant Blue staining
of the input reveals the amount of protein used (lanes 1-3) and the amount retrieved after proteoliposome
reconstitution (lanes 4-6). C. Proteins after proteoliposome reconstitution were then subjected to BN-PAGE
and transferred onto a PVDF membrane. Membranes were analyzed using indicated antisera. D. Roughly
equimolar quantities of purified His-tagged BAM complex and DolP were incubated alone for 1 hr at 4°C (lanes
1, 2, and 7), or together for 1 hr at 4°C (lanes 3 and 6) or for 30 min at 25°C (lanes 4 and 5), prior to BN-PAGE
and immunoblotting using the indicated antisera.
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To further verify this reconstitution, samples were loaded in a BN-PAGE to observe formation
of protein complexes. Proteins were then transferred onto PVDF membranes and
subsequently immunodetected using BamA or DolP antibodies. For the sample containing only
BAM in proteoliposomes, we observed a signal using BamA antibodies at 250 kDa
approximately, the size of the BAM complex (Fig. 17C, lane 1). Interestingly, for the sample
BAMH'S mixed with DolPs, we observed a faint signal just above the main band of the BAM
complex (lane 2). When membranes were incubated with DolP antibodies, a signal in the upper
part of the gel was observed for the sample in which BAM is mixed with DolP"s corresponding
to the signal previously observed for DolP"* (lane 5). This signal however was not visible for
the soluble version of DolP (lane 6), corroborating the fact that this soluble version was not
reconstituted in proteoliposomes. When we merged both signals, we can observe the two
bands in the presence of BAM and DolPHs, suggesting the formation of a supercomplex only
with the OM-version of DolP (lane 8).

Considering the fact that the yield of protein incorporation into proteoliposomes was low, we
decided to work in the presence of only detergents, assuming they could be sufficient to
maintain DolP-BAM interaction. In this experiment, we used low concentrations of DDM (0.03%
w/v) to maintain protein soluble after purification. Purified proteins were mixed in roughly
equimolar amounts and then incubated with low amounts of DDM and subsequently diluted
with buffer containing digitonin. Then, samples were analyzed by BN-PAGE. As negative

control, purified proteins alone were also analyzed.

After BN-PAGE, proteins were transferred onto a PVDF membrane and then decorated using
a-DolP or a-BamA antisera. When decorated with DolP antibodies, a diffuse signal of DolP
was observed in the upper part of the gel, as in previous analyses (Fig. 17D, lane 1). When
BAM and multimeric DolP"*s were mixed, we obtained a diffuse signal at the top of the gel, but
also a clear band migrating around 280 kDa (lanes 3 and 4). As expected, no signal was
obtained for BAM, using DolP antibodies (lane 2).

When using BamA antibodies, a signal at 250 kDa was observed for the sample containing
only BAM™s, confirming the full complex was reconstituted (lane 7). Some less abundant bands
were observed below the expected weight of the BAM complex, which suggest the presence
of incomplete forms of the BAM complex, as seen in previous experiments when BAM is
purified with DDM (Fig. 11B, right panel, lane 2) or in the literature (Rodriguez-Alonso et al.,
2020). When DolP"s and BAM"'s were incubated, we obtained an additional band above that
of the BAM complex around 280 kDa (lanes 5 and 6). This band displays the same Rf as the
one observed using a-DolP, suggesting it corresponds to the same complex. Altogether, our

data suggest that DolP and the BAM complex may form, in the presence of detergents, a
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supercomplex migrating around 280 kDa in BN-PAGE. It is to note that this supercomplex is
non-stoichiometric, as we can observe a significant amount of BAM and DolP that are still
migrating independently. We can observe also that DolP is migrating mostly as a multimer and
only a small proportion of DolP forms a supercomplex with BAM, suggesting the interaction is
labile.

We demonstrated that only the OM-associated DolP is able to interact with the BAM complex.
Besides, as OM-associated DolP is oligomeric, we assume DolP oligomerization could be
critical for BAM-DolP interaction. However, the apparent molecular weight observed for the
supercomplex (around 280 kDa) suggests that DolP may interact with the BAM complex as a

monomer or dimer.

Previous studies have suggested the interaction between DolP and BAM (Babu et al., 2017;
Bryant et al., 2020), but to date, no formal proof of this interaction was available in the literature.
Here we show that DolP can interact with the BAM complex both in vivo and in vitro and our
data demonstrate that the native form of DolP is required to promote the interaction. Moreover,
our data suggest that DolP is able to form homooligomers in vivo only when it is produced as
a membrane-anchored lipoprotein. However, when DolP interacts with BAM, it is most likely
under a monomeric or dimeric form, suggesting it may display a dynamic behavior, shifting
from a multimeric form when anchored in the OM to a monomeric/dimeric version when it
interacts with BAM. The interaction between DolP and BAM is however not stoichiometric and
a large portion of BAM and DolP do not interact. More studies should be conducted to

investigate the biological relevance of these different populations of DolP.

We now wanted to further characterize the DolP-BAM interaction by identifying the subunit of
the BAM complex that interacts with DolP, using pull down experiments and crosslinking

assays.

3.6BamA is efficiently co-purified with DolP when both proteins are overproduced

We first hypothesized that DolP could interact with BamA as this subunit makes contact to
other lipoproteins including the BamBCDE subunits and the Rcs sensor protein RcsF (Cho et
al., 2014; Konovalova et al., 2014; Rodriguez-Alonso et al., 2020)

To test this hypothesis, we co-overproduced DolP"’s together with BamA using the plasmid
pBamA-DolP"s, Upon purification, proteins in the elution fraction were separated by SDS-
PAGE. The Coomassie stained gel shows two bands, one migrating at around 20 kDa, which
corresponds to the bait DolP™*s and one at 90 kDa, which is the size of BamA (Fig. 18A). This

result suggests that BamA, the core component of the BAM complex, can directly interact with
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DolP. It should be noted that the amount of co-purified BamA is still submolar compared to
DolPH's, even though the concomitant overproduction of BamA together with DolPHs improves
the co-purification efficiency compared to the condition where only DolP is overproduced (Fig.
15B).
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Figure 18. BamA in the OM is a critical determinant for the interaction with DolP. A. Envelope fractions
of BW25113 cells carrying the plasmids overproducing His-tagged DolP and BamA were used for Ni-affinity
purification after solubilization using 1% (w/v) digitonin and 0.1% (w/v) DDM. Eluted proteins were analyzed by
SDS-PAGE and Coomassie Brilliant Blue staining. B. Envelope fractions of BW25113 cells carrying the
plasmids overproducing the BAM complex with variants of BamA (deleted of POTRAL or of POTRA2) were
used for cell fractionation upon treatment with lysozyme and EDTA. Samples were analyzed by SDS-PAGE
and Western blot for the total membrane fraction (lanes 1-3) and soluble fraction containing the periplasmic
protein DsbA (lanes 4-6). C. Envelope fractions of cells overproducing BAMP©A BAMAP1ProtA " gr BAMAP2/ProtA
were solubilized with 1% (w/v) digitonin and 0.1% (w/v) DDM. Fractions were subjected to native IgG-affinity
purification and samples were eluted using TEV protease. These samples were analyzed by BN-PAGE and
Coomassie Brilliant Blue staining (lanes 1-3) and SDS-PAGE and Western blot using BamE antibodies (lanes

4-6). D. Envelope fractions of BW25113 cells carrying the plasmids overproducing His-tagged DolP and the
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indicated BamA protein variants (deleted of POTRAL or of POTRA2) were solubilized with 1% (w/v) digitonin
and 0.1% (w/v) DDM and subjected to Ni-affinity purification. Proteins were eluted with an excess of imidazole

and subjected to SDS-PAGE and Western blot analysis. Loadings were set to 2% and elutions to 100%.

3.7DolP interacts with OM-assembled BamA

We wondered whether DolP would interact with BamA prior to or after its assembly into the

BAM complex at the OM. To address this question, we monitored the interaction of DolP with

wild-type BamA or a mutant form of BamA that is inefficiently assembled in the OM.

BamA contains a p-barrel domain and five POTRA domains. It was previously reported that
the deletion of POTRA 1 (P1, residues 24-91) affects efficient assembly of BamA in the OM
and for the formation of the complex (Bennion et al., 2010), providing a useful tool to monitor
the interaction of DolP with BamA at different assembly states of the latter protein. We
engineered the assembly defective BamA mutant form that lacks P1, as well as a version
deleted from the P2 (residues 91-172) known to be functional and properly assembled in the
OM (Bennion et al., 2010). The plasmid pBAMP* was used as template to create pBAMAP/ProA
and pBAM~PZProA (that harbor deletion of P1 or P2, respectively). To confirm the cellular
localization of these BamA mutant forms, we performed cell fractionation by treating cells with
EDTA and lysozyme to weaken the cell envelope in the absence of any osmoprotectant. Under
these conditions, the cytoplasmic turgor pressure causes cell lysis. This allowed us to collect
the cell soluble fraction (which includes the cytosol and the periplasm) and the total membrane
fraction. SDS-PAGE and Western blot analysis revealed that BamA~"! (80.6 kDa) accumulated
in the soluble fraction, while full-length BamA (88.1 kDa) or BamA22(79.2 kDa) were enriched

in the membrane fraction (Fig. 18B).

Upon purification of BamEP™ via IgG-affinity chromatography followed by SDS-PAGE (to
detect the bait protein by Western blot) and BN-PAGE (to detect the BAM complex by
Coomassie Brilliant Blue staining), we observed that the amount of BAM complex for the
sample harboring deletion of P1 was much lower compared to the full BamA or to the sample
containing the deletion of P2 (Fig. 18C, lanes 1-3). This result demonstrates that the deletion
of P1 of BamA alters significantly the formation and/or the stability of the full BAM complex. As
expected the BAM complex migrated with an apparent molecular weight of 250 kDa (full BamA,
lane 1), and faster with the deletions of P1 or P2, respectively 240 kDa (BamA*™!, lane 2) and
230 kDa (for BamA*P2, lane 3). Taken together, these results confirmed that BamA2™!
assembles inefficiently in the OM whereas the deletion of P2 has no effect on membrane

assembly of BamA, as previously described in the literature (Bennion et al., 2010).
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To further investigate whether DolP preferentially interacts with OM-assembled BamA or with
a form of BamA that accumulates in the periplasm, we co-overexpressed DolP together with
BamaA or its two variant forms and performed purification of DolP"* using the same conditions
as described previously. After pull down, proteins were transferred onto a PDVF membrane
and then incubated with appropriate antibodies. Decoration using DolP antiserum shows a
similar amount of bait protein DolPHs for the three elutions (Fig. 18D, lanes 6-8). For BamA
antiserum, we observed signals for BamA corresponding to the three versions of the protein
(full version or deleted of one POTRA domain), in similar amounts in the total extracts (lanes
2-4). However, whereas the amount of co-purified BamA“"? was similar to that obtained with
BamA (lanes 6 and 8), BamA“"* was much less abundant in the elution fraction (lane 7),

suggesting that the OM localization of BamA is crucial for the interaction with DolP.

To conclude, our data revealed that DolP interacts directly with OM-assembled BamA.
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4 Characterization of DolP interactors by crosslinking approaches

In an attempt to provide more insights into the interacting landscape of DolP, i.e. to
characterize the interaction with BamA and to identify other protein partners involved, we
carried out crosslink experiments, using either chemical or site-directed photoactivable
crosslinker.

4.1 Chemical crosslinking of DolP did not permit to detect BAM subunits

To confirm the fact that DolP and BamA interact directly, we set up chemical crosslinking
experiments. Four different crosslinkers were used, based on their chemical properties:

i) DSP (Dithiobis(succinimidyl propionate)), containing a spacer arm of 12 A

i) EGS (ethylene glycol bis(succinimidyl succinate)), containing a spacer arm of 16.1
A

iii) DSG (disuccinimidyl glutarate), containing a spacer arm of 7.7 A

iv) BS3 (bis(sulfosuccinimidyl)suberate), containing a spacer arm of 11.4 A

Upon overproduction of BamA together with DolP™s and membrane isolation, proteins were
crosslinked and DolPHs was purified under denaturing conditions. Total membranes and
elution samples were loaded on a SDS-PAGE and proteins were transferred onto a PVDF
membrane for Western blot analysis. Membranes were immunodecorated using a-BamA and
o-DolP antibodies (Fig. 19, A: low exposure, B: high exposure). For DolP decoration, we can
observe in the total membrane extract a clear signal at an apparent molecular weight of 20
kDa, the size of DolP. For the crosslinked samples, additional smeared signals were observed
at higher molecular weights in the total membrane extracts (lanes 2, 6 and 14), suggesting the
presence of DolP crosslink products. Notably, we can observe a major smear signal at around
180 kDa in the case of DSP (Fig. 19B, lane 2) and BS3 (lane 14), suggesting the formation of

high molecular weight complexes.

In the case of BamA decoration of the total membranes, we observe a signal at an apparent
molecular weight of 90 kDa, the size of BamA. Besides, additional signals at higher molecular
weights were detected with total membrane samples supplemented with crosslinkers (lanes 2,
6 and 14), suggesting the presence of BamA crosslink products. In the case of EGS (lane 6),

we can observe a smear at around 250 kDa, that could correspond to the BAM complex.

In the case of BamA decoration of the total membranes, we observe a signal at an apparent
molecular weight of 90 kDa, the size of BamA. Besides, additional signals at higher molecular

weights were detected with total membrane samples supplemented with crosslinkers (lanes 2,
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6 and 14), suggesting the presence of BamA crosslink products. In the case of EGS (lane 6),

we can observe a smear at around 250 kDa, that could correspond to the BAM complex.
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Figure 19. DolP can be chemically crosslinked in vivo. A. Envelope fractions of BW25113 AdolP cells

carrying the plasmid overproducing His-tagged DolP and BamA were isolated and resuspended in PBS buffer.

97



Envelope resuspension was mixed with indicated crosslinkers and incubated for 30 min. After quenching,
proteins were TCA precipitated and pellets were used to perform denaturing Ni-affinity chromatography
purification. Proteins were eluted with an excess of imidazole and subjected to SDS-PAGE and Western blot
analysis. Antibodies against DolP and BamA were used for immunodetection. A. Low exposure and B. High

exposure.

In the case of BamA decoration of the total membranes, we observe a signal at an apparent
molecular weight of 90 kDa, the size of BamA. Besides, additional signals at higher molecular
weights were detected with total membrane samples supplemented with crosslinkers (lanes 2,
6 and 14), suggesting the presence of BamA crosslink products. In the case of EGS (lane 6),
we can observe a smear at around 250 kDa, that could correspond to the BAM complex.

In the case of the elution samples, we can observe using a-DolP decoration that DolP is
enriched, showing the purification worked. For the crosslinked samples, we can observe
signals migrating at 40 kDa for all crosslinking conditions (lanes 4, 8, 12 and 16), suggesting
possible dimerization of DolP. Interestingly, crosslinker BS3 (lane 16) shows crosslink products
at 40, 60, 80 and 100 kDa that could correspond to a pattern of homooligomerization of DolP,
in line with our previous gel filtration and BN-PAGE data.

Concerning BamA decoration, we cannot see any signal in the elution samples, suggesting

BamA is not crosslinked to DolP in these experimental conditions.

In conclusion, our chemical in vivo crosslinking assays confirm that DolP can form
homooligomers as previously shown using other approaches. However, we could not show the
DolP-BAM association with this approach. We thus decided to test an alternative strategy
based on site-directed crosslinking to further characterize the DolP- BAM interaction.

4.2 Site-directed photocrosslinking of DolP

We used a different approach, site-directed photocrosslinking, to obtain further evidence that
DolP makes direct contact to the BAM complex and identify the sites of interaction in DolP.
This approach relies on the incorporation of a synthetic photoactivable amino acid analog (such
as para-benzoyl-phenylalanine, Bpa), along the amino acid sequence of DolP. This
incorporation is achieved directly in cells using an amber suppression method, where an
engineered orthogonal tRNA synthetase and an amber-suppressor tRNA introduced the amino
acid analog in correspondence of an amber codon introduced in a gene of interest (Chin et al.,
2002). Thus, we designed oligonucleotide pairs to perform site-directed mutagenesis to
introduce amber codons (TAG) at unique positions along the sequence of dolP, generating a

series of pDolPBP¥His derivative plasmids.
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Since Bpa is a rather hydrophobic residue, we selected non-polar/hydrophobic amino acids
along the sequence of DolP (i.e. Phe, Val, Tyr, Trp, Leu and lle) for substitution with Bpa. Then,
upon irradiation with a UV source of light (350-360 nm), Bpa forms a radical that reacts with
carbon-hydrogen bonds in forming a covalent crosslink (Chin et al., 2002; Young et al., 2010).
Because the size of Bpa is similar to that of natural amino acids, crosslink products indicate
that the covalently bound protein is in close proximity of the engineered protein of interest.

We created a collection of 24 pDolPB#His derivative plasmids containing amber codons along
the sequence of dolP (Fig. 20A). One position (V9) was on the signal peptide (as a negative
control since Bpa will not be present in the mature protein cleaved at position 19), five positions
on the linker region between the lipid-modified N-terminal cysteine and BON1 (V20, V25, V30,
V41, V45), eight positions in BON 1 (V52, L58, 164, V72, Y75, L90, V101, Y108) and nine
positions in BON 2 (W127, V132, V142, V149, F157, V162, V177, F189). Cells were co-
transformed with plasmids harboring amber codons (pDolP&PaHis) and pEVOL, a plasmid
harboring the genes encoding for the tRNA/RNA synthase pair required for Bpa incorporation
in the sequence of DolP by amber suppression (Chin et al., 2002). After induction with IPTG
and addition of Bpa, cell cultures were split in two halves: one half was UV-irradiated on ice to
promote activation of Bpa and the other half was kept in the dark on ice. Membranes were
then isolated and proteins were purified in denaturing conditions, as in previous experiments.

Elution samples were then analyzed by SDS-PAGE.
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Figure 20. DolP can be efficiently purified after site-directed photocrosslinking. A. Cartoon representation
of DolP structure (PDB: 7A2D), highlighting residues where Bpa was introduced by amber codon suppression.
B and C. BW25113 AdolP cells carrying pEVOL-pBpF and a pDolPHs with amber codons engineered at
different positions of the dolP ORF were grown in M9 minimal medium supplemented with glucose, in the
presence of Bpa. After inducing gene expression by supplementation with IPTG, fractions were split in two: one
was UV-irradiated (+UV, C) and the other was kept on ice without irradiation (-UV, B). Envelope fractions

corresponding to these cultures were subjected to denaturing Ni-affinity chromatography purification. Proteins
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were eluted using an excess of imidazole after extensive washes. Elution fractions were analyzed by SDS-

PAGE and Coomassie Brilliant Blue staining.

For the non-irradiated samples, analysis by Coomassie Brilliant Blue staining of the gel
revealed a band migrating at approx. 20 kDa that corresponds to DolP"'s (Fig. 20B). A similar
yield of purification of DolPBP¥Hs for all samples was observed, except for positions V82, V132,
F157 and V183, for which we obtained less bait protein. This suggests Bpa might have not
been properly incorporated at these positions, or that these mutations may affects the stability

of the protein and consequently its purification.

For the UV-irradiated samples, we observed some additional bands that were not present in
the gel containing —UV samples. These bands are likely to represent crosslink products (Fig.
20C). Two bands migrating at 50 and 60 kDa were visible for almost every position where Bpa
is inserted in the linker region of DolP as well as in BON 1. These bands were also visible for
some positions of BON 2. Interestingly, position V25, Y75, V101 and V177 revealed faster
migrating bands, just below the band that corresponds to DolPBP¥H's Finally, in some cases, in
particular for V30, V142 and F189, a band running with an apparent molecular weight of 38

kDa approx. was visible.

To identify proteins crosslinked with DolP, two approaches were carried out: MALDI-TOF MS,

and Western blot analysis using different antisera.

4 3ldentification of Bpa-crosslink proteins by MALDI-TOF MS
In a first attempt to identify crosslink products, we carried out MALDI-TOF MS to identify

proteins. This technique relies on the excision of gel bands corresponding to crosslink products
stained by Coomassie Brilliant Blue. After tryptic digestion, peptides were analyzed by MALDI-
TOF MS and proteins were identified by peptide mass fingerprinting. We were able to confirm
the incorporation of Bpa in the sequence of DolP by identifying the peptide with the expected
molecular mass after Bpa substitution. This identification was possible for almost all DolPBra/His
variants, in their non-crosslinked form (band excised at 20 kDa). Notably, the identified Bpa-
containing peptides were not detected in the samples corresponding to crosslink products
(bands at higher molecular weights), confirming DolP formed crosslink products after UV
irradiation. MS analyses allowed the identification of several envelope proteins crosslinked
with DolP listed below (Table 2).
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Position Proteins identified Bpa Notes

peptide

(m/z)
V9 DolP ND Peptide Bpa cleaved
V20 DolP ND
V25 DolP, OmpA ND
V30 DolP, Pal, OmpA ND
V41 DolP, OmpA ND
V45 DolP, OmpA ND Analysis by MALDI TOF TOF
V52 DolP, OmpA 1627 Analysis by MALDI TOF TOF
L58 N/A
164 DolP, OmpA ND
V72 DolP 1145
Y75 DolP 1081 Intramolecular crosslink
V82 N/A
L90 DolP 1691 Possibly contaminants detected
V101 DolP 2031
Y108 DolP 1967
W127 DolP, OmpA 2081
V132 N/A
V142 DolP, Pal 1255
V149 DolP 2047
F157 N/A
V162 DolP LD
V177 DolP LD
V183 N/A
F189 DolP, Pal 1131

Table 2. Proteins identified crosslinked to DolP by MALDI-TOF MS analysis. List of the proteins
crosslinked to DolP identified by MALDI-TOF MS analysis. After SDS-PAGE and Coomassie Brilliant Blue
staining, proteins were excised and washed prior tryptic digestion. Identification of proteins was made using
Protein Prospector software. This table includes the position where Bpa was introduced along the sequence of
DolP (N/A: not analyzed), the proteins identified in each sample (including the bait protein), the m/z value of
the Bpa-containing peptide (ND: not detected; LD: limit of detection) and additional notes, such as a further
fragmentation by MALDI-TOF/TOF MS analyses at positions V41 and V52 for analysis for OmpA crosslink and

Y75 for analysis of the intramolecular crosslink.
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OmpA

The Outer Membrane Protein A (OmpA) was identified together with DolP in the band clearly
visible around 60 kDa, when Bpa was incorporated at various positions of DolP, especially in
the linker and the domain BON 1 (Fig. 20C). The apparent molecular weight observed for this
crosslink product is in accordance with the expected size of DolP-OmpA (20 and 37 kDa for
DolP and OmpA, respectively). OmpA is one of the most abundant proteins in the Gram-
negative bacterial envelope and it is composed of two domains: a -barrel (N-terminal) domain,
which is embedded in the OM, and a periplasmic (C-terminal) domain. We identified OmpA
also in the crosslink product migrating at 50 kDa (Fig. 20C). This lower OmpA band can be a
degradation product of DolP-OmpA or it may represent a faster migrating isoform of the
crosslink product. We asked if DolP interacts with the B-barrel or the periplasmic domains of
OmpA. To this end, we predicted all putative crosslinked dipeptides containing the tryptic
peptide of DolP with Bpa at position V41 or V52 and any possible tryptic peptide of OmpA. By
comparing all these theoretical masses with the experimental ones, we identified a very intense
peak at m/z=2227.09 in the MALDI-TOF spectra (Fig. 21B and C). Because V41 or V52 are
part of the same tryptic peptide of DolP, the mass of the crosslinked dipeptide is the same for
both samples. The mass of the tryptic peptide of OmpA fitting with the m/z signal at 2227.09 is

599.33 Da, corresponding to the sequence 239GIPADK294 in the periplasmic domain of OmpA.

We carried out the fragmentation of the peptide at m/z=2227.09 (280GIPADK294) using MALDI-
TOF/TOF and of the corresponding miscleaved peptide at m/z=2653.36 (259GIPADKISAR29s)
by LC-MS/MS. This fragmentation confirmed the primary sequence of both peptides (from
DolP and from OmpA) (Fig. 21D and E). Besides, y ions from the OmpA peptide were clearly
identified until y7, suggesting the covalent bound is more probably positioned between G288
and P290. This is in agreement with the detection of b ions of OmpA peptide whose masses
included the mass of the DolP crosslinked peptide (Figure 21F). These data suggest a close
proximity between the BON1 domain of DolP and the identified region of the periplasmic

domain of OmpA.

Our data suggests that, in vivo, the BON 1 domain of DolP (Fig. 21G) is proximal to the
periplasmic domain of OmpA (Fig. 21G). In the structure of the periplasmic domain of OmpA,
crosslinked residues are part of the a-5 of this domain. Interestingly, this particular region of
OmpA has been proposed to create a bulge that denatures at low temperature and may be a
putative interface for dimerization of OmpA. Dimerization of OmpA has been suggested to
promote the formation of a larger pore (Ishida et al., 2014). Our data raise the question of the
role of DolP in the regulation of the function of OmpA. It should be noted that, in our previous

pull downs assays, we did not observe OmpA to be co-purified with DolP, suggesting that the
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interaction between DolP and OmpA may be very transient or non-specific and the crosslink

reaction is probably favored by the fact that OmpA is highly abundant in the OM.
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Figure 21. DolP interacts with the periplasmic C-terminal domain of OmpA. Bands corresponding to
DolPBratis at position V41 and V52 and its major UV-specific crosslink products (respectively, single and double
arrowheads) were trypsin digested and subjected to MALDI-TOF MS and LC-ESI-MS/MS analyses. DolPBra/His
(blue arrows), OmpA (red arrows) and DolP BPaHis.OmpA (green arrows) were identified by peptide mass
fingerprinting using tryptic peptide predicted patterns for each protein. A. Analysis of DolPBPaHis gt position V52
revealed the presence of a peptide containing Bpa at position V52 (m/z = 1627.76). Analysis of DolPBraHis gt
position V41 did not revealed the expected Bpa peptide (data not shown). B and C. Analysis of the major
crosslink product revealed a new mass (m/z = 2227.09) predicted to correspond to a crosslinked peptide (XL-
peptide) between DolP (0SVGTQVDDGTLE[Bpa]Rss) or DolP (s0S[Bpa]GTQVDDGTLEVRs3) and OmpA
(28sGIPADK2904), respectively. Bpa peptide at m/z = 1627.76 was not detected in these analyses. Tryptic
peptides from keratins or autodigestion of trypsin are labelled with asterisks. Indicated masses correspond to
[M+H]* ions. D and E. BW25113 cells carrying pEVOL-pBpF and pBamA-DolPHis with amber codons
engineered at positions V52 of the dolP ORF were subjected to UV crosslinking. After Ni-affinity purifications,
eluates were trypsin digested and subjected to LC-ESI-MS/MS analyses. D. MS spectrum at 69.0 min showed
a peptide at 2226.08 Da predicted to correspond to the crosslinked peptide identified by MALDI-TOF MS (see
B and C). E. MS spectrum at 71.4 min showed a species at 2653.32 Da predicted to include the OmpA
crosslinked peptide identified by MALDI-TOF with a C-terminal miscleavage (28sGIPADKISAR298). F. MS/MS
(HCD 30 NCE) of the ion at m/z=664.34 (z=4) confirmed the crosslink between peptide
40SVGTQVDDGTLE[Bpa]Rss of DolP and peptide 28sGIPADKISAR208 of OmpA. G. Right. Cartoon
representation of DolP (PDB: 72AD), positions V45 and V52 are highlighted. Left. Cartoon representation of
AlphaFold prediction of OmpA, positions 289GIP291 are highlighted.

Pal

The peptidoglycan associated lipoprotein (Pal) was identified crosslinked to DolP in the 38 kDa
crosslink products of the gel shown in Fig. 20C. This crosslink product was obtained with Bpa
at three different position of DolP (V30, V142 and F189). The size of the band is in accordance
with the expected molecular weight of the DolP-Pal crosslink product (20 and 18 kDa for DolP
and Pal, respectively). The crosslink identified between DolP and Pal seems relevant since
Pal localizes at the septum during cell division, like DolP. This finding suggests that both

proteins may cooperate to promote proper cell division.

It has been previously reported that the lack of Pal or DolP makes cells sensitive to detergents
(Tsang et al., 2017). Together with TolA, TolQ, TolR and the periplasmic protein TolB, Pal is
part of the transenvelope Tol-Pal complex (Gerding et al., 2007). Furthermore, Pal also tethers
PG, as OmpA, and it has been reported that TolB can chemically crosslink Pal and OmpA
(Clavel et al., 1998). Our result suggests that DolP and Pal could be in relatively close proximity
and may create an interaction hub important during the late step of cell division, for instance
regulating AmiC. Indeed inactivation of both Pal and DolP causes concatenation of cells
lacking EnvC, which revealed that both Pal and DolP are involved in the regulation of AmiC

activity (Tsang et al., 2017).The newly identified interaction between DolP and Pal should be
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furthered explored and may provide new insights into the coordination steps during cell

division.

DolP-DolP intramolecular crosslink

We excised one of the faster-migrating bands obtained upon UV crosslinking, in particular that
obtained when Bpa was introduced at position Y75 for further MALDI-TOF MS analyses. Of
note, these bands were not observed in the non UV-irradiated samples, suggesting that they
could correspond to putative intramolecular crosslinks of DolP. Only DolP peptides were
identified by MS in these samples, confirming they correspond to a fast-migrating form of DolP
(Fig. 22A, right panel).

To further characterize these crosslink products, we predicted all possible combinations of the
Bpa-containing peptide (at position Y75) with any other peptide of DolP. By comparing the
theoretical intramolecular dipeptides for DolP with the experimental data, we identified the
peptide at m/z=2976.14 as a putative intramolecular crosslink product of DolP (Fig. 22A).
Analysis of the fragmentation pattern of this peptide confirmed that the Bpa-containing tryptic
peptide (with a theoretical m/z=1081.75) was covalently linked to the DolP tryptic peptide at
m/z=1894.89. These peptides are located in the first B-strand (1) of BON1 that contains Y75
and in B2 of BON2, respectively, suggesting the two BON domains are interacting face to face.
We could identify b and y peaks until position M159/G160 of the tryptic peptide in BON2,
suggesting one these amino acids was crosslinked with position Y75 (Fig. 22B). The
intramolecular crosslink of DolP is in accordance with the structure of DolP solved by NMR
recently published (Fig. 22C), showing the residue Y75 is in front of G160 and provides a
structural support between the two BON domains (Bryant et al., 2020). This suggests that the
3D structure of native DolP is very similar to that of the soluble DolP used for NMR experiments
(Bryant et al., 2020).
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Figure 22. DolP can crosslink to itself. A and B. Fast-migrating band (pink arrow) corresponding to
DolPBraHis with Bpa introduced at position Y75 were trypsin digested and subjected to MALDI-TOF MS (A) and
MALDI-TOF/TOF MS/MS (B) analyses. Fragmentation analysis of the peptide at m/z=2976.14 revealed that
the Bpa-containing tryptic peptide (with a m/z=1081.75) was covalently linked to the DolP tryptic peptide at
m/z=1894.89. C. Cartoon representation of the interface BON1-BON2 of DolP (PDB: 72AD). Positions Y75 and
G160 are highlighted and distance was measured at its nearest point.
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4 4\dentification of Bpa-crosslink products by immunodetection

In an attempt to identify other proteins crosslinked to DolP that were not Coomassie Brilliant

Blue stainable, we performed immunodetection of the elution fractions using available antisera.

The DolP specific antiserum detected the bait protein and no major signal above this band was
observed for the non-irradiated samples (Fig. 23A). On the contrary, a number of signals above
the expected size of DolP were detected for the irradiated samples, suggesting the detection
of DolP crosslink products (Fig. 23B). Interestingly, we can observe signals at around 38 kDa,
50 kDa and 60 kDa corresponding to the Coomassie Brilliant Blue stained bands where Pal
and OmpA were identified, respectively. In addition, at positions L58 and V72, we can observe
a remarkable “ladder” pattern of crosslinks products with a regular increment of mass of about
20 kDa between each band. This pattern suggests the protein is forming homooligomers, as
previously observed using chemical crosslinking.

Immunodetection using a-OmpA revealed the bands at 50 and 60 kDa indeed contained OmpA
(Fig. 23C), as previously shown by MALDI-TOF MS analyses. Remarkably, crosslink products
with OmpA gave more intense sighals when Bpa was introduced in the linker region and in

BON 1, especially when Bpa is substituted at positions V41 to 164.

In addition, we used a BamA antiserum in an attempt to detect any possible crosslink with
BamA. We can observe some faint signals at around 115 kDa for positions localized mainly in
BON 1 (164, Y75 and L90) (Fig. 23D) which may correspond to DolP-BamA crosslink product.
These weak signals, in particular at position L90, are encouraging and may suggest DolP and
BamA interact directly via the BON1 domain of DolP. However, only faints signals were
detected, suggesting the crosslink between DolP and BamA is not favorable under our

experimental conditions.
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Figure 23. DolP crosslinks to OMPs. BW25113 AdolP cells carrying pEVOL-pBpF and a pDolP"s with amber
codons engineered at different positions of the dolP ORF were cultured in minimal medium supplemented with
glucose in the presence of Bpa. These fractions were split in two: one half was UV-irradiated and the other was
kept on ice without irradiation. Envelope fractions corresponding to these cultures were subjected to denaturing
Ni-affinity chromatography purification and eluted using an excess of imidazole after extensive washes.
Proteins of the total envelope and elution fractions both — and + UV treated were subjected to immunodetection
after SDS-PAGE and membrane blotting. A. Analysis of elution fractions of the — UV samples using DolP
antiserum. B to E. Analysis of elution of the + UV samples using DolP antiserum (B), OmpA antiserum
(C),BamA antiserum (D)
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Altogether, we successfully established a site-directed photocrosslinking approach that
permitted to describe the interactions of DolP. We observe DolP forms homooligomers and
can be proximal to Pal as well as to the very abundant OM protein OmpA. Moreover, we could
observe that DolP is crosslinking to itself, confirming previous structural analyses.

4 5BON 1 interacts directly with BamA

As endogenous DolP and BamA are produced with similar copy numbers per wild-type cell (Li

et al., 2014), we reasoned that a better strategy to detect the interaction of DolP with BamA
would be to overproduce both proteins. To this end, we conducted the site-specific
photocrosslinking experiment with cells transformed with 17 variants of the plasmid pBamA-
DolPBraHis harhoring amber codons at 17 distinct position of the open reading frame of DolP:
three in the linker region, eight in BON 1 and six in BON 2. The procedures of membrane
preparation and solubilization as well as Ni-affinity chromatography were the same as
previously described. Elution fractions were loaded on an SDS-PAGE and proteins were
analyzed by Western blot using DolP and BamA antisera. Decoration of the —UV samples did
not reveal any major band in addition to DolP or to BamA detected in the total membrane
fraction of a representative culture (Fig. 24A). Instead, the analysis of +UV elution samples
using DolP antiserum revealed DolP in all samples and a number of slower migrating crosslink
products (Fig. 24B). Notably, we can observe a ladder of signals at 40, 60, 80 and 100 kDa for
positions 164, V72 and F157, corroborating the pattern of homooligomerization previously
observed. We also observed the intramolecular crosslink of DolP at position Y75, as
previously. This was also observed for V82. Both positions are situated at very close proximity,
at the interface between BON 1 and BON2. This suggests that the conformation of DolP is not
altered by the overproduction of BamA.

Previously, we observed two signals for the crosslink of OmpA at 50 and 60 kDa which may
correspond to the crosslinked folded OmpA (50 kDa) and unfolded OmpA (60 kDa). For this
new experiment, denaturing temperature was increased to fully denature OmpA. Under these
conditions and using DolP antisera, we observed clear signals at 60 kDa for several positions
but not at 50 kDa. This result confirms that DolP can be crosslinked to OmpA in vivo through
residues from its linker region (V41 and V45) and its BON 1 domain (V52, 164, V72, V101). In
BON 2, these signals were only visible weakly for position W127 and possibly F157 (as
decoration using a-OmpA in previous experiments did not give any signal at this position, Fig.
230C).
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Figure 24. DolP interacts with BamA via its BON 1. BW25113 AdolP cells carrying pEVOL-pBpF and a
pBamA-DolP"s with amber codons engineered at different positions of the dolP ORF. Strains were cultured in
minimal medium supplemented with glycerol in the presence of Bpa. These fractions were split in two: one half
was UV-irradiated and the other was kept on ice without irradiation. Envelope fractions corresponding to these
cultures were subjected to denaturing Ni-affinity chromatography purification and eluted using an excess of
imidazole after extensive washes. Proteins of the total envelope and elution fractions both —and + UV treated
were subjected to immunodetection after SDS-PAGE and blotting. A. Analysis of —UV fraction of the total
envelope fraction with elutions using DolP (left) and BamA (right) antisera. B. Left. Analysis of the +UV elution
fractions decorated with DolP and BamA antisera. Right. Cartoon representation of DolP structure (PDB:

7A2D) highlighting Bpa positions (in blue) and Bpa-crosslink positions to BamA (in pink).

We also noticed that the sample containing Bpa at V52 presented an intense crosslink product
of 110 kDa (Fig. 24B, lower panel). Considering the apparent molecular weight of this band,
we hypothesized it could correspond to the crosslink product between DolP (20 kDa) and
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BamA (90 kDa). Moreover, this additional signal at 110 kDa was also visible with a lower

intensity in the samples containing Bpa at positions V72 and V101.

Interestingly, Western blot using a—BamA antiserum also revealed a signal at 110 kDa for the
samples V52, V72 and V101, confirming it corresponds to DolP-BamA crosslink product (Fig
24B, lower panel). Of these, the sample V52 displays the strongest relative signal, suggesting
this position of DolP is the most favorable to establish a crosslink with BamA when substituted
with Bpa. This result provides clear evidence that DolP makes direct contact to BamA. The
three positions 52, V72 and V101 belong to the BON 1 domain of DolP, revealing a site of
BamA-interaction on DolP (Fig. 24B, right panel).

Altogether, our data suggest that DolP is interacting directly with BamA via its BON 1 domain.
Importantly, the interaction with OmpA seems to be mediated by the same BON 1 domain.
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5 DolP is necessary for proper folding and activity of BamA

5.10mpA is not required for DolP function

Both our native purification approach and our crosslink strategy revealed that DolP interacts
with BamA. We also identified crosslinks of DolP to OmpA, although this interaction was not
observed with our native protein isolation protocol. To investigate if OmpA is critical for DolP
function we tested whether a strain deleted of ompA is sensitive to vancomycin similar to the
AdolP strain. We thus deleted ompA and we observed using serial dilution assays that AompA
cells were not sensitive to vancomycin (Fig. 25A). Therefore, OmpA is not required for the role
of DolP in preserving the outer membrane permeability barrier to antibiotics. We also showed
that lack or overproduction of OmpA does not interfere with the distribution of DolP®" in the
bacterial envelope (Ranava et al., 2021).
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Figure 25. OmpA may compete with BamA for the interaction with DolP. A. BW25113, AdolP and AompA
cells were serially diluted and spotted on LB containing 30 pg/ml vancomycin. B. BW25113 AdolP or
AdolPAompA cells carrying pEVOL-pBpF and a pBamA-DolP™s with amber codons engineered at position V52
of the dolP ORF. Strains were cultured in minimal medium supplemented with glycerol in the presence of Bpa.

Envelope fractions corresponding to these cultures were subjected to denaturing Ni-affinity chromatography
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purification and eluted using an excess of imidazole after extensive washes. Elution of the + UV fractions were
subjected to immunodetection after SDS-PAGE using BamA, OmpA and DolP antisera. C. The amount of DolP-
BamaA crosslink product obtained with samples lacking OmpA was expressed as fold change of the amount of

the same product obtained in samples expressing OmpA. Data are reported as mean + SEM (N = 3).

Next, because upon activation of the o stress response, both bamA and dolP are upregulated,
whereas the levels of OmpA are post-transcriptionally reduced, we aimed to monitor the
interaction of DolP with BamA upon deleting OmpA, a condition that mimics in part the OMP
depletion that may occur during envelope stress response. To this end, we performed site-
directed photocrosslinking on position V52 of DolP that crosslinks efficiently with BamA. AdolP
or AompAAdolP strains were transformed with pBamA-DolPV®28raHis  ypon UV-crosslinking
and isolation of DolP under denaturing conditions, Western blot analysis showed that the
amount of the DolP-BamA crosslink product was increased in cells harboring ompA deletion
(Fig. 25B). To confirm this result, three biological replicates of this experiment were conducted
and signals of the DolP-BamA crosslink were quantified from each experiment. The
guantifications indicated that the amount of DolP-BamA crosslink in the strain where ompA is
deleted is twice as intense compared to the signal obtained with the strain where ompA is
present. (Fig 25C). Altogether, our results suggest that OmpA and BamA compete for the
interaction with DolP.

We speculate that under normal conditions, OmpA could interact with low affinity with DolP.
During oF stress response, dolP and bamA upregulation, together with OmpA depletion, may
result in the release of DolP from OmpA and favor DolP-BamA interaction, promoting OM
biogenesis. This hypothesis could be supported by the fact that the sites of interaction between
DolP and OmpA or DolP and BamA mainly map in BON 1, suggesting BamA and OmpA could

compete for the same DolP sites.

5.20verproduction of BamA causes a detrimental effect that is opposed by DolP

To further test the role of DolP at the BAM complex, we wanted to assess the effect of the
overproduction of BamA (its direct interactor) in the absence of DolP by serial dilution assay.
WT or AdolP strains were transformed with pCtrl, pBAMS, pBamA or pOmpAH’s, After growth
in liquid medium and serial dilutions, cells were spotted on LA plates supplemented with IPTG
to induce gene expression. We observed that overproduction of the full BAM complex or of
BamA caused a detrimental effect on cell growth (Fig. 26A). It should be noted that, when 400
UM of IPTG is used to induce gene expression, our culture yields levels of BAM subunits that

are roughly similar to the levels of the major OMPs in the OM, such as OmpA and OmpC/OmpF
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(Fig. 26B). Remarkably, we observed that the detrimental effect caused by BamA
overproduction was exacerbated by the deletion of dolP. Furthermore, we observed that
overproduction of OmpA did not cause any growth defect, highlighting this detrimental effect
is specifically linked to BAM or BamA overproduction (Fig. 26A).
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Figure 26. Overproduction of BamA is detrimental for the cell. A. BW25113 and AdolP cells carrying
indicated plasmids were serially diluted and spotted on LB containing 200 or 400 uM of IPTG. B. BW25113
cells harbouring pBAMHs where indicated were cultured and supplemented with no IPTG or 400 uM IPTG for
1 hr prior to collecting cells. The protein contents of the envelope fractions were analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining. Prior to loading, samples were heated for 5 min at 90°C, a temperature that
is not sufficient to fully denature OmpA (folded OmpA, fOmpA). The band of BamB overlaps with the band of
the major porin unfolded OmpC (UOmpC). C. BW25113 cells carrying the indicated plasmids were cultured

overnight and streaked onto LB agar containing IPTG and vancomycin, as indicated.

In light of these observations, we wondered whether the concomitant overproduction of DolP
together with BamA could restore the detrimental defect caused by BamA overproduction. To

this end, we transformed cells with pDolP"s-BamA. We observed that concomitant
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overexpression of DolP"* restored the growth defect caused by the overproduction of BamA
(Fig. 26A).

Next, we asked if overproduction of BamA impairs OM integrity. To do so we induced a low
degree of BAM overproduction that did not impair growth of cells on LB agar. We tested
BW25113 strains harboring pCtrl, pBamA or pDolP-BamA on LB agar media alone or
supplemented with vancomycin (60 ug/ml) or IPTG (50 uM) or both. We observed that BamA
mild overproduction in the absence of IPTG or in the presence of 50 uM IPTG interfered with
the OM permeability barrier to vancomycin (Fig. 26C), suggesting that higher levels of BamA
enhance OM permeability. Vancomycin-resistance was restored to a large extern by the
concomitant production of DolP, suggesting a specific role of DolP to prevent the OM
permeabilization effect caused by BamA. These results suggest that, already upon mild
overproduction, BamA influence the OM by enhancing its permeability and that this effect is

opposed by DolP.

These results clearly show a functional link between DolP and BamA and suggest that DolP
may function as an assembly or folding factor of BamA at the OM.

5.3DolP promotes proper folding of BamA

Because BamA overproduction is detrimental and this effect is opposed by DolP, we decided
to investigate the folding of overproduced BamA. To this end, we analyzed the heat
modifiability behavior of BamA. WT or AdolP strains transformed with pBamA or pDolP"s-
BamA were cultured until mid-exponential phase prior to inducing protein expression by IPTG.
Upon cell lysis, protein separation by SDS-PAGE and Western blot using BamA-specific
antibodies, we observed in not boiled samples signals at an apparent molecular weight of 90
kDa and 70 kDa corresponding to uBamA and fBamA, respectively (Fig. 27A). The band of 90
kDa was more intense than the band at 70 kDa, indicating that the majority of BamA was
unfolded. Instead, when DolP was co-overproduced, all BamA migrated as folded form at 70
kDa in non-boiled samples (lanes 5-8). This suggests the detrimental effect of BamA
overproduction could be related to a defect in its folding, compromising its ability to properly

assemble OMPs.

To verify this effect was specific to BamA, we tested the overproduction of another OMP:
OmpA. For this, WT and AdolP strains were transformed with pOmpA"s. Upon overproduction
of OmpA, the membrane fractions were analyzed by heat-modifiability as previously. Two
bands, were observed at 30 and 35kDa, (Fig. 27B), corresponding to fOmpA and uOmpA,

respectively. When samples were not boiled, we observed that the totality of OmpA remained

116



folded, even if the protein was overproduced. This suggests that overexpression of OMPs
leads to the accumulation of unfolded forms only in the case of BamA and that this defect is
linked to the detrimental effect of BamA overproduction. Of note, we observed that BamA
migrated completely folded when OmpAMs was overproduced, providing a control for the
previous experiment suggesting that the folding defect of BamA was not caused by saturation
of the OMP secretory apparatus.
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Figure 27. DolP promotes proper folding of BamA. A and B. BW25113 and AdolP carrying indicated
plasmids were induced for 2h with 200 uM IPTG when they reached exponential phase. Total cell extracts were
normalized and mixed with Laemmli buffer and subjected to heat-modifiability assay. Sample proteins were
incubated at 25°C (Boiling —) or at 99°C (Boiling +), separated by SDS-PAGE and analyzed by immunoblotting
using the indicated antisera. u, unfolded; f, folded. * indicates a non-specific cross-reaction. C. Total envelope
fractions of BW25113 and AdolP carrying indicated plasmids were subjected to a heat-modifiability assay.
Plasmid-borne genes were induced with 200 uM IPTG for 2 h prior to collecting cells. The envelope fractions
were mixed with SDS-PAGE loading buffer, incubated at 25°C (Boiling —) or 99°C (Boiling +) for 10 min, and
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. u: unfolded. D. Strains MC4100, AdolP, AsurA,
Askp, AbamE or mutant bamA101 harboring a transcriptional fusion of rprA to lacZ (rprA::lacZ) and carrying
indicated plasmids were subjected to a p-galactosidase assay using ONPG. When sample reactions reached
a yellow color, reactions were stopped and Miller units were obtained. Miller units are expressed as relative
using as reference the WT strain transformed with pCitrl

5.4DolP contributes to promote BamA activity

To test whether the accumulation of unfolded BamA has an effect on OMP biogenesis, we
isolated membranes from AdolP and WT strains, as previously described and patterns of
OMPs were monitored by heat-modifiability assay, comparing denatured or not denatured
samples (Fig. 27C). Two bands migrating at 36 and 34 kDa were visible in wild-type boiled
samples, corresponding to uOmpC and uOmpA, respectively (lanes 2 and 4). The levels of
OmpC and OmpA were strongly reduced when BamA was overproduced, indicating a major
defect in OMP biogenesis. With the concomitant overproduction of DolP, the levels of OmpA
and OmpC were partially restored. We suspect that full OMP levels restoration was not
achieved as BamA was overproduced in the absence of the other BAM lipoproteins. This may
lead to relatively inefficient OMP biogenesis as a portion of BamA lacks its partner subunits.

Given that DolP is critical for BamA folding, we asked whether the deletion of DolP would mimic
to some extent a partial depletion of BamA. To test this hypothesis, we exploited the knowledge
that a strain harboring a transposon insertion in the promoter of bamA, namely bamA101,
produced levels of BamA that are reduced by more than 90% compared to wild-type cells (Aoki
et al., 2008; Cho et al., 2014). The strain bamA101 has been previously reported to have an
activated Rcs response because the RcsF is not efficiently funneled through OmpA (Cho et
al., 2014).

First, we wondered whether deletion of dolP could trigger the Rcs response. For this, AdolP
cells harboring a transcriptional fusion of the gene rprA to lacZ were prepared to assess Rcs

response, as previously described (Castanié-Cornet et al., 2006). To complete our

118



investigation on the Rcs response, the same approach was used to measure this stress

response in the bamA101, AsurA, Askp, AbamE strains.

Deletion of surA has been previously identified as a mutant that has several damages
especially defects in OMP biogenesis (Rouviere and Gross, 1996) and triggering stress
responses at the envelope, such as activation of o (Vertommen et al., 2009) and Rcs
responses (Castanié-Cornet et al., 2006). Activation of Rcs by deletion of other chaperones,

such as skp, or bam subunits, such as bamE has not been reported in the literature.

As expected, we observed that deletion of surA and depletion of bamA trigger Rcs response
as these samples presented a high degree of 3-galactosidase activity (Fig. 27D). Interestingly,
deletion of dolP also triggers Rcs response, almost at the level as bamA101, with a relative -
galactosidase activity increased 4-fold compared to the WT. The basal WT Rcs response level
was almost completely restored in the complementation strain (AdolP transformed with
pDolP"s). On the contrary, deletion of skp or bamE did not have any effect on the Rcs stress
response. Altogether, our results show that the deletion of dolP phenocopies the depletion of
BamA. Although we cannot exclude the possibility that lack of DolP induces activation of the
Rcs response independently of BamA, our results support a model where DolP is critical for
efficient BamA assembly and function in the OM.
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6 Molecular characterization of DolP to promote OM homeostasis

DolP contributes to maintain OM integrity, conferring resistance to large antibiotics, such as
vancomycin. Besides, it was established that DolP is localized at the division septum and
promotes proper activation of amidase activity upon cell division (Tsang et al., 2017).
Additionally, we demonstrated that DolP and the BAM complex are able to interact via the
domain BON 1 of DolP and that DolP promotes proper folding of BamA at the OM. Interestingly,
a recent study revealed that OsmY, which also possesses two BON domains, facilitates
biogenesis of an OMP (Yan et al., 2019), suggesting BON domains may have a role in
promoting OMP folding. However, the molecular bases underlying BON domain function still
have to be elucidated. In an attempt to gain further insights into the structure/function
relationships of DolP, we created a collection of mutants of DolP and performed functional

assays.

6.1Both BON domains of DolP are necessary for the proper function of the protein

As previously described, DolP possesses two BON domains. To date, the molecular bases
underlying the function of DolP and the role of each BON domain are unknown. As other BON
domains described in the literature (Yeats and Bateman, 2003), the two BON domains of DolP
share some similarities. Indeed, they display a characteristic afjpaf folding, with two a-helices
and three B-strands. So far, besides DolP, only three 3D-structures of BON domains have
been solved, such as that of the potassium binding protein (Kbp containing 2 BON domains;
PDB: 5FIM) from E. coli (Ashraf et al., 2016), BonA (containing 2 BON domains) (PDB: 6V4V)
from Acinetobacter baumanii (Grinter et al., 2021) and CdsD (containing 3 BON domains, PDB:
40QQ0) from Chlamydia trachomatis (Merildinen et al., 2016). BON domains arrange as athree-
stranded mixed parallel/antiparallel B-sheets packed against two a-helices (Bryant et al., 2020)
(Fig 28A).

We performed an alignment of the amino acid sequence of these BON-containing proteins by

using an alignment software (Corpet, 1988) (http://multalin.toulouse.inra.fr/multalin/), and we

observed some conserved features of BON domains (Fig. 28B), as previously described in the
literature (Yeats and Bateman, 2003). In particular, there is a Gly conserved in all the
sequences considered (highlighted with a * in Fig. 28). This feature has been previously
described in the literature as one of the main characteristics of BON domains. In the case of
DolP, they correspond to G83 and G160 in the a-helix 2 of each BON domain. A conserved
Leu/lle is also strictly conserved in the a—helix 1 of each BON domain (i.e. L58 in BON 1 and
L136 in BON 2 for DolP). Besides, two hydrophobic residues in the first g-strand of each BON
domain (170 and V72 in BON 1 and V147 and V149 in BON 2 of DolP) are also conserved.
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Finally, a hydrophobic motif in the B-strand 2 (VLL79-81 in BON 1 and VFL156-158 in BON 2
of DolP) was also identified as a remarkable feature conserved in all BON domains. This
suggests the BON domains may contain some characteristic features, probably related to their

function.
4
BON 1 DolP BON 2 DolP

BON Kbp BON 2 BonA BON 3 CdsD
BON1 DolP ------ DDGTLEVRVNSALSKDEQIKKEARINV-TAYQGKVLLVGQSPNAELSA--RAKQIAMGVDGANEVYNEIRQGQ-——~-—
BON2 DolP —------ NDTWITTKVRSQLLT-SDLVKS SNVKV-TTENGEVFLMGLVTERE-AK--AAADIASRVSGVKRVTTAFTFIK--—-—
BONl1 OsmY —————- DDSAITAKVKAALVD-HDNIKSTDISV-KTDQKVVTLSGEFVESQAQAE-—-EAVKVAKGVEGVTSVSDKLHVRD—————
BON2 OsmY —-————- GDTATTSEIKAKLLA-DDIVPSRHVKV-ETTDGVVQLSGTVDSQAQSD--RAESTIAKAVDGVKSVKNDLKTK-—————
BON Kbp ———-DKDDQAKKVQ-—EHLN-KTGIPDADKVNI-QIADGKATVTGDGLSQEAKE-—KILVAVGNISGIASVDDQVKTAT-
BON1 BonA —-—-——-——-— DSSIKRTANINLYKLDQRFKQSRINI-ESFHSTVLLTGQVPDPYLKQ--LAEDNVKAMSDVKAVHNYITV--—
BON2 BonA SYNTIMQDAGVTANTRALLMK-APVVSDSKVLV-HTEDGVLYVMGRLNTAEIND--L-NNV---LONVGNVTKIVTLIDN
BONl CdsD ——————————-— DLIHDIEHVIQQFPTVRFTF-NKNNGQLFLIGHVRNSIDKS--ELLYKVDALSFVKSVDDNVID-———-———
BON2 CdsD ——————-— DEAVWQEMNILLSK-NPEFK--GISMQSPEPGIFVISGYLKTEEQAA--CLAD-——-——— YLNLHFNYLSLLDNKVII 66

BON3 CdsD ----—————--— ESQVMKALAGHLVQSGFANVHV-SFTNGEAVLTGY INNKDADKFRTVVQELQDIAGIRAVKNFVVLL-————— 66
. . *

Figure 28. BON domains have conserved features. A. Cartoon representations of BON domains of DolP (E.
coli, PDB: 7A2D), Kpb (E. coli, PDB: 7PVC), BonA (Acinetobacter baumanii, PDB: 6V4V) and CdsD (Chlamydia
trachomatis, PDB: 4Q06). B. Alignment of BON domains of OmsY, DolP, Kbp, BonA and CdsD. “:” represent

“ wkn

conserved residues, “.” represent semiconservative residues and “*” the same residue.

To further test this hypothesis and better understand the role of each BON domain, we created
truncated versions of DolP by deleting either BON 1 or BON 2 and monitored its ability to fold
BamA, as previously described. It was previously reported that DolP binds to negatively
charged phospholipids in its domain BON 2 by the residue W127. Mutation W127E abolishes
this function of DolP to bind to phospholipids (Bryant et al., 2020). We used this additional
mutant to assess whether lipid binding by DolP is critical for BamA folding.
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Total cell extracts were collected and were used to perform heat-modifiability assay. Then,
proteins were transferred and Western blot analysis was performed. Signal was quantified and
expressed in ratio according to the fBamA/uBamA. We observed that when BamA was
overproduced, only 20.8% of the protein is folded, which is in accordance with previous
analyses (Fig. 29A). On the contrary, when DolP is concomitantly produced with BamA, the
ratio of folded BamA increases to 79.6%, confirming our previous experiments.

A pBamA pDolP"s-BamA
Mutation — WT ABON1 ABON2 W127E
Boiling -+ -+ -+ -+ -+
- — | —— -— - ——uBamA
-t pr— o - — — fBamA

Ratio of
20.8% 79.6% 55.8% 91.2% 95.6% fBamA/uBamA

L x% s - —Do|PHs

ABON2/His

=) - =BgISABON1/H|s

dolP ABON 1 ABON 2

bamAA

':-'..+|
» @ O O O

&

*

X

IPTG 400 uM

Figure 29. Deletion of BON domains affect its function. A. Total cell extracts were obtained from BW25113
AdolP strains transformed with indicated plasmid after induction with IPTG for 1.5 h. Total cell extracts were
normalized and mixed with Laemmli buffer and subjected to heat-modifiability assay. Sample proteins were
incubated at 25°C (Boiling —) or at 99°C (Boiling +), separated by SDS-PAGE and analyzed by immunoblotting
using the indicated antisera. u: unfolded; f: folded. B. BW25113 AdolP strains transformed with indicated
plasmids (where BamA or DolP were overproduced alone or co-overproduced) were serially diluted and spotted
on LB containing 400 pM of IPTG.

Interestingly, the deletion of BON 1 had an effect to promote folding of BamA, as we can see
that only 55.8% of the protein is folded (Fig. 29A). On the other hand, deletion of BON 2 did
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not impair the ability of DolP to promote folding of BamA (91.2%). The mutant W127E was
able to fold BamA in a similar fashion as the deletion of BON 2 (95.6%). This result suggests
that the catalytic domain of DolP could reside in BON 1, and BON 2 may have a regulatory
function. Phospholipid binding at the W127 site is not required to promote BamA folding.

These results are encouraging to continue the characterization of the function of BON domains
to promote folding of BamA. As this phenotype was linked to its ability to counteract BamA
detrimental effect, we aimed to observe if the expression of BON 1 or BON 2 alone were
sufficient to restore the BamA-overproduction detrimental effect. However, we observe that
expression of DolP (pDolP"s*) containing only one BON domain was toxic even in the absence
of BamA overproduction (Fig. 29B). These results suggest that both BON domains are required

for proper function of DolP to promote BamA folding.

6.2 Strateqy for mutagenesis of DolP

To assess the function of DolP, we decided to use Alanine scanning to investigate the role of
conserved residues. In order to identify the residues to target for this mutagenesis approach,
we performed an analysis of conserved residues of DolP among y-proteobacteria. This work
was done on collaboration with the team Fichant of the CBI of Toulouse and we obtained a

conservation map represented as a logo plot for DolP homologs in y-proteobacteria (Fig. 30A).

DolP has been identified in 196 out of the 266 genomes available, representing about 74% of
the y-proteobacteria. We observed that residue C19 responsible for acylation is strictly
conserved (Fig. 30A), corroborating DolP is a conserved lipoprotein. Besides, this analysis
revealed other strictly conserved residues, such as R39 in the linker region or D47, G83, Q84,
P86, N109 and the motif VLL79-81 in BON 1, as well as D125, W127, T129, K148, V149,
G160, G179, F187 and the motifs TEN151-153 and VFL156-158 in BONZ2.

We selected some of these conserved residues to perform site-directed mutagenesis. In
addition to the conserved residues, we also considered some of the residues previously
identified by our crosslinking approach as relevant targets for site-directed mutagenesis.
Mutations to Alanine were chosen to assess the impact of these residues while the global
folding is preserved (Morrison and Weiss, 2001). Altogether, 20 point mutations were
introduced across the sequence of DolP in the linker (V30A, R39A), in BON 1 (D47A, L58A,
164A, V72A, Y75A, L80A, G83A, L90A, N109A) and in BON 2 (D125A, R133A, K148A, F157A,
G160A, E166A, G179A, F187A, F189A) (Fig. 30A and B,). In addition, triple mutations VLL79-
81AAA and VFL156-158AAA were also generated. Finally, we included deletions of BON 1
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and BON 2 to complete this characterization. Plasmids derivative from pDolP® s were used

as template for site-directed mutagenesis and mutants were produced in AdolP strain.

Linker

BON 1

BON 2
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Figure 30. DolP has conserved residues among y-proteobacteria. A. Logo plot analysis of conserved
residues of DolP in y-proteobacteria. Blue star: residues selected from crosslink experiments, orange dot:
conserved residues identified by sequence analysis. Numbering of DolP from E. coli is indicated. B. Cartoon
representation of DolP (PDB: 7A2D), highlighting residues mutated in Alanine.

To perform a first screening for our collection of mutants, we selected two key properties of
DolP previously described: (i) its ability to promote OM integrity and (ii) its localization at the

division septum.

6.3 Mutations on DolP affect its ability to promote OM inteqrity

First, we performed a screening according to the function of DolP to promote OM integrity by
serial dilution assays using rich medium supplemented with vancomycin and SDS, as known
to cause a growing defect phenotype on AdolP strain. These assays were conducted in the
absence of IPTG, as we had estimated that the transcriptional leaky activity of the P promoter

generates an amount of DolP similar to its endogenous level.

As expected, we could observe that WT strain grows properly in the presence of vancomycin
or SDS, while deletion of dolP impairs cell growth (Fig. 31B and C). Complementation strain is
able to grow in both conditions, confirming the leaky expression is sufficient to produce DolP
at a level similar to physiological conditions. Interestingly, some mutations did not complement
the ability to promote OM integrity. For example, mutation R39A in the linker region
compromises OM integrity and in BON 1, mutations D47A and Y75A have a similar effect. On
the opposite, none of the mutations done in BON 2 led to a major growth defect. However, we
could observe smaller colonies for mutants G83A, N109A, F157A, G160A and F187A, only in
the presence of SDS (Fig. 31C).

Interestingly, residues R39 and D47 are expected to be in proximity to the OM, suggesting
they could control the anchorage of DolP in the OM. Moreover, these residues are conserved
in nearly 100% of the sequences of DolP homologs (Fig. 30A), suggesting these residues are
critical for the proper function of DolP. Even though residue Y75 is not strictly conserved, this
position can be occupied by an aromatic residue. Of note, Y75 is located at the interphase
between BON 1 and BON 2 domains, and this position was shown to be critical for the folding
of DolP as it could mediate the interaction between BON 1 and BON 2, previously analyzed by
site-directed photocrosslinking assays. This result suggests that this position could provide
hydrophobic platform between the BON domains of DolP. Also, it could be speculated that
correct conformation of BON domains is critical for the function of DolP to promote OM

integrity.
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Figure 31. Mutations on DolP affect its ability to promote OM integrity. A and B. BW25113 and AdolP

126



cells carrying pCtrl or pDolPGFPHis engineered with Ala codons at indicated positions of the dolP ORF were
serially diluted and spotted on LB (A), supplemented with 60 pg/ml of vancomycin (B) or SDS 0.05% (C).
Ectopic expression was driven by the leaky transcriptional activity of Ptac in the absence of IPTG. D. Total cell
extracts of BW25113 and AdolP cells carrying pDolPSFPHis engineered with Ala codons at different positions of
the dolP ORF were normalized and mixed with Laemmli buffer. After denaturation of samples, they were
separated by SDS-PAGE and analyzed by immunoblotting using DolP antiserum. Coomassie Brilliant Blue
staining of membrane was included as a loading control.

Besides, we can observe that the triple mutations VLL79-81AAA and VFL156-158AAA had a
major growth defect in the presence of vancomycin and SDS, suggesting these hydrophobic
residues are critical for the function of the protein. Interestingly, these two motifs correspond
to similar hydrophobic patches found in each BON domain, previously discussed. These
conserved features of the protein could play a role in the function or the structure of DolP but
further analyses should be carried out to investigate further the role of these residues and how

they contribute to maintain OM integrity.

Finally, deletions of BON 1 or BON 2 lead to a growth defect in the presence of vancomycin or
SDS, suggesting both BON domains are required for the function of DolP to maintain OM
integrity.

To validate our growth assays, we wanted to verify DolP®F” protein expression in each strain.
Normalized total cell extracts were loaded on SDS-PAGE prior protein transfer onto a PVDF
membrane and immunodetection using DolP antibodies (Fig. 31D). A signal at 37 kDa,
corresponding to the size of DolP® s s visible for each mutant, indicating DolP is expressed
correctly, except for few mutants, suggesting expression or stability issues (such as mutations
R39A, V72A, L90A and E166A). Interestingly, for some mutants (notably E166A), the
phenotype of DolP to promote OM integrity was maintained even if protein production was
reduced compared to the non-mutated DolP. Considering this, we speculate that mutation

R39A abolished the function of the protein, even if protein levels were reduced.

Protein was not detected for the mutants where BON 1 or BON 2 was deleted (data not shown).
To address this limitation, in a later experiment we use fluorescence microscopy to visualize
DolPSF? fusion proteins lacking either BON 1 or BON 2 and obtained evidence that both are

expressed (Fig. 32).

Overall, this screening permitted to identify key residues of DolP which are critical to promote
OM integrity. Some mutations in the linker and in BON 1 have a major effect, compared to
mutations in BON 2. Of note, it seems the conservation of residues does not necessary imply
these positions are critical to promote function of DolP, however it is possible that replacing

these residues with an amino acid different than alanine may cause a different phenotype.
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Mutations in conserved G83 and G160 (Yeats and Bateman, 2003) did not abolished function,
as previously reported in the literature. Only when mutations on both BON domains were made
simultaneously had an impact on the function of DolP (Bryant et al., 2020). However, our data
revealed that the phenotype observed when DolP was mutated at conserved position D47 (in
BON 1) was different from that of its counterpart D125 (in BON 2). Altogether, we speculate
that the two BON domains may have distinct roles and BON 1 could be critical in promoting
OM integrity.

6.4 Mutations on DolP may affect its recruitment to the division septum

DolP, during a late step of cell division, localizes at the mid-cell. This localization pattern can
be observed when cells harboring the chromosomal of dolP with a construct encoding
superfolder GFP. Plotting the fluorescence of a collective number of dividing cells over the cell
axis reveals a characteristic fluorescence profile with a signal peak for the mid-cell constriction
site (Ranava et al., 2021). Here, we aimed to determine if mutations on DolP could affect such
localization pattern. To this end, we analyzed the localization of our 24 DolP®" variants in vivo

by fluorescence microscopy, using cells harboring plasmids derivative from pDolPCFPHis,
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Figure 32. Mutations on DolP affect its recruitment to the division septum. Overnight cultures of BW25113
cells carrying pDolPGFPHis engineered with Ala codons at different positions of the dolP ORF were freshly diluted

in LB medium, incubated at 37°C until early exponential phase. Cell samples were spotted and visualized on
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1% (w/v) agarose pads by phase contrast and fluorescence microscopy. Collective profiles of fluorescence
distribution versus the relative position along the cell axis were plotted (N = 51 - 554). Fluorescence intensities

were normalized to the maximum value obtained for each sample.

A summary of this screening is presented in Figure 32. Collective plot profiles of fluorescence
distribution versus the relative position along the cell axis were generated using the Coli-
Inspector software (Vischer et al., 2015). The expression of plasmid borne DolP¢™ showed
the characteristic signal peak of the cell division site that wes previously described ((Bryant et
al., 2020; Ranava et al., 2021; Tsang et al., 2017). Mutations in the linker at positions V30 and
R39 impaired the localization of DolP as we can observe a reduced amount of fluorescence at
division sites and an increased peripheral distribution of the signal. We can observe that some
mutations in domain BON 1 impaired localization of DolP at division sites and in some cases,
protein formed clusters of fluorescence at different sites especially near the poles (mutants
L58A, 164A, G83A and L90A). Moreover, we can observe an increase in the peripheral
localization of DolP for Y75A and N109A mutants. Mutation V72A gave a collective plot that is
not too dissimilar from wild-type DolP. However very few cells were analyzed in this case and
a more extensive analysis of this mutant will be required. Finally, mutations at positions D47
and L80 have no effect compared to the non-mutated DolP, as we can observe a fluorescence

signal at the division septum.

Mutations in BON 2 had a marginal effect, as we can observe fluorescence signal predominant
at the division septum for all mutants, suggesting that the localization of DolP is not affected.
Finally, we can observe a signal in foci outside the division septum for the triple mutations at
positions VLL79-81 and VFL156-158. These results suggest that the hydrophobic patch is

required to promote septal localization of the protein.

Then, we investigated if the localization of DolP was affected by BON domain deletions. We
could observe that deletion of BON 1 marginally affected the ability of DolP to localize to the
septum, as we can still detect the protein at mid-cell (Fig. 32). The levels of fluorescence are
comparable to the WT and cell morphology does not seem affected by the production of the
recombinant protein. On the contrary, deletion of BON 2 totally abolished the septal localization
of the protein. In addition, very low levels of fluorescence were observed. Analysis by contrast
microscopy of cells expressing DolP deleted of BON 2 showed larger cells compared to the
WT and in some cases, the formation of vesicles and round objects with high fluorescent
signals (data not shown). For this, we speculate that deletion of BON 2 provokes toxic effects,

probably leading to shedding of the cell envelope by vesiculation.
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Altogether, we can conclude that both BON domains are required to assure DolP function.
Deletion of BON 2 is particularly toxic (Fig. 29B) and we speculate this could be related at least
in part to a deregulated ability of BON 1 to interact with BamA. BON 2 could act as a regulatory
domain of DolP, and its deletion could lead to non-controlled activity of DolP, which could be
toxic.
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7 TamB is a putative interactor of the BAM complex

Another putative interactor of the BAM complex was TamB, the inner membrane subunit of the
TAM module. TAM is a two-subunit complex, composed by TamA and TamB (Selkrig et al.,
2012). This complex participates in the assembly of autotransporters, such as p1121 of
Citrobacter rodentium or EhaA and Ag43 of E. coli. Experimental evidence has suggested that
TAM can be beneficial to promote efficient biogenesis of OMPs, including some
autotransporters and FimD of the chaperone-usher pathway (Babu et al., 2017; Bamert et al.,
2017; Selkrig et al., 2012).

TamA is a member of the Omp85 superfamily, evolutionary related to BamA (Bamert et al.,
2017; Heinz et al., 2015; Selkrig et al., 2015) with three POTRA domains in the periplasmic
space and a 16 stranded B-barrel. TamA interact with TamB via their periplasmic domains.
TamB is anchored to the IM via an N-terminal transmembrane segment (Josts et al., 2017,
Selkrig et al., 2012). Downstream of this sequence, TamB presents a large periplasmic domain
of unknown function, DUF 490 (Selkrig et al., 2012). To date, only a part of its soluble domain
has been solved by X-ray crystallography (residues 963 - 1138). The structure shows a
particular B-taco folding, revealing a hydrophobic interior in which amphipathic B-strands could
form a cavity for binding of cargo proteins. For this, it has been speculated that TamB may
have a role of chaperone (Josts et al., 2017). It has been hypothesized that its periplasmic
domain should be large enough to span the periplasm so it could reach TamA in the OM
(Selkrig et al., 2012).

The interaction between the BAM complex and TamB has been speculated in the past by
several authors. Indeed, in the model organism Borrelia burgdorferi, a bacterium that lacks
TamA, BamC and BamE, there is a functional complex composed by TamB and BamABD
(Igbal et al., 2016). Interestingly, while several bacterial genera lack TamA, almost all diderm
bacteria encode for a TamB-like protein with a DUF490 domain (Heinz et al., 2015). Moreover,
a global interactome analysis on E. coli envelope has suggested BAM and TAM could
cooperate for the biogenesis of autotransporters (Babu et al., 2017). Finally, TamB is
suggested to interact with the POTRA 1 domain of TamA and given that BamA and TamA have
conserved features (Bamert et al., 2017), it was proposed that TamB could interact with BamA
in a similar fashion (Selkrig et al., 2015, 2012) but experimental evidence was still missing. In
this context, the fact that TamB was identified in our BAM interactome is very interesting and
may constitute the first piece of evidence for a possible interaction between BAM and TAM.
We thus decided to further investigate this interaction in order to unravel the possible interplay
between BAM and TAM.
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7.1 TamB interacts with the BAM complex in vivo

We first aimed to confirm the interaction between TamB and BAM. To this end, we cloned the
gene encoding TamB fused to a poly-histidine tag to perform nickel-affinity chromatography
and check if BAM subunits are co-purified with TamB"®,
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Figure 33. TamB interacts with the BAM complex in vivo. A. Envelope fractions of BW25113 carrying pCtrl
or AtamB cells carrying pTamBHs were solubilized with 1% (w/v) DDM and subjected to Ni-affinity purification.
The load and elution fractions were analyzed by SDS-PAGE. Proteins were loaded to a SDS-PAGE and were
Coomassie Brilliant Blue stained (left). Proteins were transferred to a PVDF membrane and blotted protein from
load and elution fractions were detected by immunolabeling using the indicated antisera. Loads were set to
0.04% and elutions to 100%. * indicates a contaminant. B. Cartoon representation of the TamB structure
predicted by AlphaFold.
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TamB"* was produced in a AtamB strain (Baba et al., 2006). The total membrane fraction was
solubilized with 1% (w/v) DDM, as our preliminary analyses revealed digitonin was inefficient
in solubilizing TamB (data not shown). The solubilized total membrane and elution fractions
were analyzed by SDS-PAGE. A coloration by Coomassie Brilliant Blue revealed a major band
in the elution fractions at the expected size of 140 kDa of TamB"® (Fig. 33A, left panel),
suggesting that TamB"s was efficiently purified. Besides, we could observe few bands below
the bait protein. Of note, a band migrating with an apparent molecular weight of 25 kDa was
also present in the negative control, suggesting it is a contaminant of the purification. The
bands that are not present in this control are assumed to correspond to specific interactors of

TamB or some degradation products.

Western blot analyses revealed that TamA was co-purified with TamB"'s (Fig. 33A, right panel),
showing that the TamB-TamA interaction is preserved during sample preparation.
Interestingly, signals for several subunits of the BAM complex were obtained by using the
corresponding antibodies (Fig. 33A, right panel), confirming that TamB interacts with the BAM
complex and thus, confirming our interactome analysis. Of note, the abundant OmpA protein
was not co-purified with TamB"'s indicating that TamB interacts specifically with TamA but also
with subunits of the BAM complex in vivo. We did observe low levels of SurA, which is not
surprising as this chaperone can interact with the BAM complex.

7.2 The C-terminus of TamB is critical for the interaction with the BAM complex

TamB must span the PG to reach the OM and interact with TamA or BamA. However, to date,
no 3D-structure has been solved for the full protein (Josts et al., 2017). We used the predicted
AlphaFold 3D-structure of TamB available on the Uniprot server. AlphaFold is a high-
throughput software that enables to predict structures with high confidence (Jumper et al.,
2021). The model had a predicted Local Distance Difference Test (pLDDT) >90%. The
predicted structure reveals a hydrophobic N-terminal a-helical domain (corresponding to the
predicted IM-spanning segment of TamB) and a p-taco folding that may span the periplasmic
space (Fig. 33B). The predicted structure suggests that the p-taco folding extends almost all
the full TamB periplasmic domain, except for the very last residues at its C-terminus. The 70
last residues at the C-terminal domain fold in a particular conformation that resembles an open
B-barrel protein. Moreover, after analyzing the hydrophobicity of the periplasmic domain, we
observed that the last 70 residues have a hydrophobic surface and a hydrophilic interior, which
is the opposite of the hydrophobic distribution found in the B-taco subdomain. The hydrophobic
distribution of this C-terminal subdomain is similar to that observed in 3-barrel proteins (Fig

34A). Notably, the last residues of this domain are conserved among different TamB and it
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was speculated to have a function for the interaction with TamA (Heinz et al., 2015). It was
suggested that this motif could promote the recognition of OM substrates targeted to TAM.
Moreover, the last residues of the putative -barrel domain were similar to those found in 3-

signals, the recognition signals specific for 3-barrel proteins, suggesting they could play a role

in the recognition with the BAM complex, as for other B-barrel proteins.
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Figure 34. The C-terminus of TamB is crucial for the interaction with the BAM complex. A. . Cartoon
representation of the C-terminal domain of TamB predicted by AlphaFold. Brown surface represents
hydrophobic densities and blue, hydrophilic. B. Envelope fractions of AtamB cells carrying pTamBHs or
pTamBA7CMHis were solubilized with 1% (w/v) DDM and subjected to Ni-affinity purification. The load and elution
fractions were analyzed by SDS-PAGE and Coomassie Brilliant Blue stained (left). Proteins were transferred
to a PVDF membrane and blotted protein from total fractions were detected by immunolabeling using the
indicated antisera. C. Envelope fractions of AdegP carrying pTamBHis or pTamBA7¢His were solubilized with 1%
(w/v) DDM and subjected to Ni-affinity purification. The load and elution fractions were analyzed by SDS-PAGE.
Proteins were transferred to a PVDF membrane and blotted proteins from total and elution fractions were

detected by immunolabeling using the indicated antisera. Loads were set to 0.04% and elutions to 100%.

As part of a collaborative study with the team of Trevor Lithgow, Monash University, we
decided to test this hypothesis. To this end, we deleted the last seven residues, previously
demonstrated to be crucial for the interaction with TamA (Selkrig et al., 2012). E. coli AtamB
cells transformed with plasmid pTamB™s and pTamB*’“Hs were cultured and after IPTG
induction, pull down assays were performed from total membrane protein fractions obtained
as previously detailed. SDS-PAGE analysis showed a reduced amount of bait protein for
TamB*7°™’s in the elution fraction (Fig. 34B, left panel). Western blot analysis of the total
fraction revealed a clear band below the band that corresponds to the TamB that was a major
product with the samples expressing TamBA’“™s, We suspected that TamB*"“™s could be
partially degraded at its C-terminus, and we speculated that when TamB is truncated of its
seven last residues, it might become less stable and more susceptible to degradation

processes.

To assess this point, we decided to use a strain harbouring the deletion of the periplasmic
protease DegP. During oF stress response, degP is upregulated to maintain homeostasis of
the bacterial envelope by promoting folding and degradation of unfolded OMPs accumulated
in the periplasm (Jones et al., 1997; Krojer et al., 2008; Zhang et al., 2019). The function of
this protease has been related to the degradation of some non-competent BAM-mediated
assembly of OMPs in the periplasm, for example for OMPs with non-functional B-signals
(Combs and Silhavy, 2022; Soltes et al., 2017). Based on this, we hypothesized that the
deletion of degP could improve the stability of the truncated form of TamB, as this sequence
is very similar to a B-signal. AdegP cells were transformed with pTamB"'s and pTamB’“!s and
TamB"'s and TamB7“"s were purified as previously described. After SDS-PAGE and Western
blot analyses, we could observe that both versions of TamB were purified in similar amounts,

suggesting the purification issue observed previously was due to a degradation by DegP.
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Most notably, our Western blot analysis revealed that the deletion of the seven residues of the
C-terminus of TamB reduced the interaction with the subunits of the BAM complex compared
to its full version. Instead, the amount of co-purified TamA appeared marginally increased
using the truncated form of TamB (Fig. 34C, lanes 1-4). A similar result was obtained also
using high ionic strength during the purification procedure to be more stringent. Western blot
analyses showed that the deletion of the C-terminus of TamB still impairs the interaction with
BAM subunits but not with TamA (Fig. 34C, lanes 5-8). These results suggest that the C-
terminus of TamB is critical for the interaction with the BAM complex. When these residues
are deleted, TamB seems to have a reduced affinity towards BAM, while the interaction with
TamA seems to be increased. This finding suggests that TamA and the BAM complex may
compete for an interaction with TamB. It is possible that the interaction TamB-BAM or TamB-
TamA could be formed to respond to different needs for OM biogenesis. Interestingly, we
observed that TamB"'s was able to co-purify DolP in the presence of DDM and the deletion of
its C-terminus decreased the interaction, as other BAM subunits. At least two scenarios can
explain this result: TamB may stabilized the interaction of BAM with DolP, or a subunit of the

TAM complex directly interacts with DolP.

TamB2’C is more stable when DegP is missing, suggesting it is degraded by this protease. It
is known that BamA or BamD recognize B-signals of unfolded OMPs (Germany et al., 2021,
Lundquist et al., 2021; Ricci and Silhavy, 2019), suggesting these subunits may promote the
interaction with TamB by binding its C-terminal segment. More studies will be needed to further
investigate the TamB-BAM interaction and the role of the last seven residues of TamB. The
importance of the function of this TamB-BAM complex still needs to be characterized and it
would be interesting to study biogenesis of OMPs that benefit for both BAM and TAM, such as

FimD and some autotransporters (Bamert et al., 2017).
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Conclusions and perspectives

The BAM complex is an essential machinery of cell envelope of Gram-negative bacteria. Until
now, many studies have investigated its function to promote the biogenesis of OMP with the
objective to decipher its structure-function relationships. However, how the BAM complex is
able to coordinate its function with other machineries in the Gram-negative bacterial envelope
was still ill-defined.

This work aimed at defining the BAM interactome in the envelope of E. coli. Few of the
identified interactions were previously reported, while the majority of these had not been
described in the literature. We focused on two top-score interactors: DolP and TamB with the

objective of understanding the physiological roles of their interplay with the BAM complex.

The first part of this work focused on characterizing the interaction between DolP and BAM.
We obtained data suggesting that DolP has a dynamic organization, as we can observe the
formation of homooligomers of different sizes, a feature observed in another DolP ortholog in
Acinetobacter baumanii (Grinter et al., 2021). Moreover, our in vitro data suggests that when
DolP interacts with the BAM complex, it is probably in the form of a monomer or a dimer.
Whether the organization of DolP is a critical parameter that regulates its interaction with the
BAM complex is not yet fully understood, however we obtained some preliminary results that
could support this hypothesis. More studies have to be conducted to obtain information on how
DolP multimerization could regulate its function and whether these oligomeric states of DolP

could be related to specific roles.

We demonstrated that DolP is able to interact with OM-assembled BamA and the interaction
is mediated via the domain BON 1 of DolP. We showed that BamA at high levels can be
potentially detrimental for the cell, and we observed that DolP opposes this effect, restoring
normal growth. From a molecular point of view, the detrimental effect of BamA overproduction
on cell growth effect was linked to the accumulation of a non-properly folded conformation of
BamA that associates to the membrane fraction. Concomitant overproduction of DolP supports
BamA folding. This observation may explain why DolP expression is upregulated by cF, as
incremental levels of DolP could be beneficial to promote the folding of newly synthesized
BamA that is also upregulated during envelope stress. It is also important to highlight that the
deletion of dolP triggers the Rcs response, phenocopying the BamA depletion strain bamA101
(Cho et al., 2014). This result is in line with a model where efficient BamA assembly requires
DolP. These results suggest that the ct-mediated upregulation of DolP could play a role in
supporting the activity of the BAM complex as, upon activation of the envelope stress
response, the upregulation of BAM is needed to restore OMP biogenesis. This link between

the Rcs and the oF stress responses is reminiscent of the link between the ct-mediated
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upregulation of skp and its repression by the Cpx stress response: in fact, after ot activation,
skpis upregulated possibly to help alleviate BAM from stalled OMPs but also to hand misfolded
OMPs over to DegP for degradation. However, a prolonged activity of Skp is detrimental
because of the aberrant function to localize OMPs at the IM, therefore Skp is postranslationally
downregulated by Cpx (Combs and Silhavy, 2022; Grabowicz et al., 2016; Grabowicz and
Silhavy, 2017b).

Although, the functional link between DolP and BAM is still ill defined and in vitro analysis
should be conducted to gain insights into the mechanism by which DolP supports BAM folding

and activity, some mechanistic hypothesis can be raised.

It was shown that DolP can bind to negatively charged phospholipids (Bryant et al., 2020).
Lipid binding can play important regulatory roles on protein complex stability and function. For
instance, it was shown that cardiolipin improves the formation of the BAM-Sec holotranslocon
supercomplex (Alvira et al., 2020). We could speculate that the function of DolP could be
related to the biding/recruitment of this type of phospholipids at BAM sites and this could
improve the function of the BAM complex during OMP biogenesis by formation of a functional
OMP assembly machinery. However, in contrast to this hypothesis we have shown that a
mutation, W127E, in DolP that should abolish the ability of BON 2 to bind phospholipids (Bryant
et al., 2020) can nevertheless promote BamA folding. Lipid binding was however proposed to
be a general feature of BON domains (Yeats and Bateman, 2003) therefore it is possible that
DolP binds lipids by different mechanisms. Alternatively, DolP may function similar to a
chaperone promoting the folding of BamA during its assembly into the OM, as it was shown
for the DolP homolog OsmY that supports the folding of autotransporter proteins (Yan et al.,
2019).

Finally, we have shown an interaction of DolP with Pal. Although experiments conducted by
other members of the team have revealed that Pal is not required for mid-cell localization of
DolP (data not shown) this interaction highlights the critical role of DolP in coordinating a late
step of cell division as also Pal localizes at division septa. In light of the fact that BAM is more
concentrated at cell constriction sites (Consoli et al., 2021b) and that de novo assembly of
OMPs occurs preferentially at the mid-cell (Rassam et al., 2015), it will be interesting to

investigate whether DolP locally support BAM activity when it is localized at the mid-cell.

We also begun the characterization of the link between the structure and function of DolP. By
the generation of a collection of DolP mutant constructs, we were able to observe that the two
DolP BON domains play distinct roles. Globally, we can observe that BON 1 is sufficient to
promote BamA folding. Strikingly, however, the overproduction of this truncated form of DolP

is toxic. Whether this toxicity is caused by a deregulated activity of BON 1 on BamA (for
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instance by forming a stable complex that titrates BamA and prevents its assembly into a
functional BAM complex) will require further investigation. It will also be interesting to decipher
the ability of BON domains to promote biogenesis or proper folding of proteins and in particular
OMPs.

Concerning the interaction with TamB and the BAM complex, we only started the
characterization of the interaction and more experiments are needed to investigate if this
interaction can lead to a function in promoting OMP biogenesis. A good candidate to analyze
is FimD or some autotransporters (such as p1121, EhaA and Ag43), as biogenesis of these
OMPs benefits from the expression of TAM (Babu et al., 2017; Bamert et al., 2017; Selkrig et
al., 2012).

More generally, more work is yet to be conducted to further characterize the other BAM
interacting proteins and eventually identify key BAM partners, providing new insights into the
regulation of BAM function and its interplay with other OM biogenesis machineries. These
investigations may pave the way for the identification of new targets for the development of
antimicrobial strategies to fight against noxious Gram-negative bacteria.
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Materials and Methods

1 Plasmid construction
Plasmids encoding for ectopic BAM, BamA, OmpA, DolP (except DolP¢FPHs) "and their tagged
and/or mutant versions are derivative from pTrc99A vector (Roman-Hernandez et al., 2014;
Szabady et al., 2005) that includes a Py promoter (IPTG inducible) and an ampicillin resistance
gene. Plasmid encoding for DolP®FPHs is derivative from pJF119eh (Firste et al., 1986) that

contains a P promoter (IPTG inducible) and an ampicillin resistance gene.

Plasmid pBAM"' has been already described in the literature (pJH114) and comprises an ORF
that encodes the five subunits of BAM (BamA-BamE) with a octahistidine tag fused to the
sequence of BamE at its C-terminus (Roman-Hernandez et al., 2014). For construction of
plasmid pBAMP™ the encoding genes for TEV-ProtA—His were amplified by PCR with primers
harboring extremities from plasmid pYM10 (Knop et al., 1999) and introduced by restriction-
free cloning into pBAM"' to replace the poly-histidine tag. The construct pPBAM was made by
introducing two stop codons between bamE and the protein A tag by site-directed

mutagenesis.

The plasmid pCtrl was created by excising the ORFs of BAM (bamA start codon to bamE stop
codon) from pJH114 (Roman-Hernandez et al., 2014) by site-directed mutagenesis. Plasmid
pBamA"s was generated by restriction-free cloning, inserting the bamA ORF without its stop
codon downstream of the Py promoter and upstream of an octahistidine encoding region in
pCirl.

Plasmids encoding the BamA variant deleted of the POTRA domains 1 or 2 were obtained by
site-directed mutagenesis deleting the portion of bamA ORFs corresponding to residues E22-
K89 or P92-G172, respectively.

Plasmid pDolP"s, pTamBMs and pOmpA"s were created by amplifying genomic dolP, tamB
and ompA sequence from the BW25113 strain to replace the bamABCDE ORFs in pJH114 by

using primers harboring flanking extremities to permit restriction-free cloning.

pDolPCPMis was created by amplifying dolP-gfp sequence from chromosomal mutant
described in the literature (Ranava et al., 2021). This DNA sequence was cloned in plasmid
pJF119eh by restriction free cloning. Finally, an octahistidine tag was introduced at the C-

terminus of GFP by restriction free cloning.

Plasmid pDolPP™* was created by amplifying the encoding gene of Protein A tag from

pBAMP™A and further restriction-free cloning, as previously described.
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The plasmid pBamA-DolP"s was generated by restriction-free cloning of the bamA ORF
between the Py, promoter and dolP in pDolPs. pDolPHs-BamA was built in two steps starting
from pDolP"s. First, the sequence of the E. coli K12 bamA ribosome-binding site was deleted,
positioning the dolP ORF eight nucleotides downstream of the ribosome-binding site of the
pTrc99a multiple cloning site. The resulting plasmid was then used to insert a segment of
pJH114 containing the entire bamA ORF including the E. coli bamA ribosome-binding site.

Mutations on the sequence of dolP (deletion, point mutations or amber codon mutations) were
introduced by site-directed mutagenesis using plasmids pDolP", pDolP¢FPHis pBamA-DolPHs
and pDolPHs* harboring mutation codons. All plasmid sequences were confirmed by

sequencing.

2 Cell cultures

2.1 Bacterial culture

Cells were grown in liquid cultures in Lysogenic Broth (LB) medium (1% (w/v) tryptone, 0.5%
(w/v) yeast extract, 1% NacCl), supplied from Fisher® or Difco®, supplemented with antibiotics
when necessary, at 30 or 37°C with an agitation of 180 rpm. Antibiotics were used at the
following concentrations: Ampicillin  (Amp) 100 pg/ml, Kanamycin (Kan) 50 pg/ml,
Chloramphenicol (Cm) 30 pg/ml, and Vancomycin (Van) 60 pg/ml, except if otherwise
indicated. For cultures on minimal medium (M9 salt 1X (33.7 mM NaxHPOa, 22 mM KH2POg,
8.55 mM NaCl, 9.35 mM NH4CI), 1 mM MgSOQO., 100 mM CaCl,, 0.2% glucose or glycerol, as

indicated), cells were grown in the same conditions.

2.2 Lambda red recombination

Strains used for this recombination were previously transformed with the thermosensitive
plasmid pKOBEG and they were freshly made electrocompetent as previously described, with
a few modifications, as follows. Cells were grown at 30°C and when they reached an early
exponential phase, they were induced by 0.05% arabinose to allow gene expression. They
were incubated until late mid-exponential phase and then they were heat shocked at 42°C (or
37°C) for 20 min cure for pKOBEG plasmid. They were then incubated on ice and they were
made electrocompetent, as previously described. Preparation of DNA fragments to recombine
was made by PCR amplification of the DNA sequence of interest with extremities of around 50
nt homologous to the sequence downstream and upstream for recombination. DNA sequence
included a kanamycin cassette surrounded by FRT sites, as described for pKD4 plasmid. DNA

sequence of dolP mutants was amplified from plasmid derivatives of pBamA-DolP"s and the
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two plasmid terminators were included in this construction downstream the ORF of dolP. PCR
amplification was made using high fidelity polymerase (PrimeStar, Takara Bio). This DNA was
purified by gel excision or by a purification kit. Then, at least 200 ng of DNA was used to
transform electrocompetent cells using electroporator in the same condition as previously
described. After phenotypic expression, cells were platted in appropriate medium
supplemented with antibiotics. Clones were assessed by PCR on colony and sequencing to

confirm the sequence.

2.3 Excision of antibiotic resistance

Cells harboring kanamycin cassette flanked by FRT sites were made chemically competent as
previously described and transformed with the thermosensitive plasmid pCP20, previously
described in the literature (Cherepanov and Wackernagel, 1995). After phenotypic expression,
cells were spread on LB supplemented with Cm and incubated overnight at 30°C. The next
day, single colonies were streaked in a fresh LB agar plate without antibiotic and grown
overnight at 42°C to cure for plasmid. The day after, single colonies were streaked once more
in three LB agar plates: one without antibiotic, one supplemented with Kan and the other with
Cm. The next day, positive clones were selected when they could not grow in the presence of
Kan nor Cm, but could grow on LB without antibiotic. For some strains, it was beneficial to
grow single colonies in liquid medium for 2 hours prior to make the first streak for thermic shock
to promote loss of plasmid. Positive colonies were confirmed by Western blot or PCR on

colony.

2.4 Preparation of electro competent cells

E. coli strain to transform was grown in 100 ml of LB medium using proper antibiotics (when
necessary) was inoculated with an overnight culture at an ODego of 0.05 approx. (dilution
1:100). When cultures reached an ODego 0f 0.6-0.8, cells were pelleted by centrifugation at 4°C
for 15 minutes at 6000 x g. Pellets were washed twice with sterile cold water (100 ml and 50
ml, respectively) and once with cold sterile glycerol 10% (25 ml) following the same conditions
of centrifugation. Then, pellets were resuspended in 0.5 ml of sterile glycerol 10% and they

were used for transformation using proper DNA.

Transformation was carried out using electroporator (Bio-Rad Gene Pulser Il). To transform,
50 pl of electrocompetent cells were mixed with 10-100 ng of DNA and transferred to an ice-
cold electroporation cuvette 1 mm. Electroporation was performed using the following settings:

voltage 1.75 kV, resistance 200 Q, capacitance 25 pF. Then, cells were mixed with 1 ml of LB
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medium and incubated for 1 h at 37°C to promote phenotypic expression. Then, a part of this
mix was plated on LB agar medium supplemented with proper antibiotics. For thermosensitive
plasmids, cells were incubated at 30°C.

2.5 Preparation of chemical competent cells

A culture of 100 ml of LB medium using proper antibiotics (when necessary) was inoculated
with an overnight culture at an ODeoo Of 0.05 approx. (dilution 1:100). When cultures reached
an ODego of 0.6-0.8, cells were pelleted by centrifugation at 4°C for 15 minutes at 6000 x g.
Then, pellets were washed with 5 ml of TFB1 (100 mM RbCl, 50 mM MnCl;, 30 mM potassium
acetate, 10 mM CacCl,, 15% glycerol), and then resuspended in 0.5 ml of TFB2 (10 mM MOPS,
10 mM RbCI, 75 mM CaCl,, 15% glycerol) following the same conditions of centrifugation. After
chilling on ice for 30 min, cells were ready for transformation using proper DNA.

Transformation was carried out via thermic shock. For this, 50 pl of cells were mixed with 10-
100 ng of DNA and incubated on ice for 10 min. Then, cells were incubated at 42°C for 45 s
and then on ice for 2 minutes. Then, 1 ml of LB medium was added and cells were incubated
for 1h at 37°C to induce phenotypic expression. Finally, a part of this mix was plated on LB
agar medium supplemented with proper antibiotics. The amount of this mix used for plating
depended on the DNA used for transformation and the strain, and it ranged between 25 — 1000
pl. For thermosensitive plasmids, thermic shock was done at 37°C and overnight culture,

phenotypic expression and incubation were done at 30°C.

2.6 P1 transduction

Two cultures were prepared: one donor and one acceptor strain. Donor strain was grown in
LB medium with proper antibiotics in the presence of 5 mM of CaCl.. When cells reached an
early exponential phase, WT bacteriophage Pl solution stock was added and cells were
incubated until complete lysis of bacteria. After this time, enough chloroform was added for 5
min at 37°C to create a separation phase. After a clarification spin, this cell lysate was used to
transduce an acceptor strain. Acceptor strain was grown using the same conditions in the
presence of 5 mM of CaCl, and when cells reached late exponential phase, cell lysate of the
donor strain was added to the cell culture. Cells were incubated for 30 min at 37°C and sodium
citrate pH 5.5 was added to this reaction to a final concentration of 166 mM. Then, cells were
collected by centrifugation for 5 min at 6000 rpm and resuspended in LB with 100 mM of
sodium citrate and incubated for 1h at 37°C. Then, cells were collected by centrifugation as

previously described and spread in LB agar with proper antibiotics.
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2.7 Spot test assay

Cells were inoculated in LB medium (Fisher®) at a dilution of 1:200 (ODeg0=0.03 approx.) and
cultured to mid-log phase. Then, cells were collected by centrifugation and kept on ice and
resuspended with M9 salts 1X to normalize at ODgoo=1. These samples were serially diluted
in ice-cold M9 salts prior to spotting on agar plates supplemented with proper antibiotics or
IPTG, as indicated.

2.8 SILAC labeling
E. coli MC4100 derivative or BW25113 strains transformed with pBAM or pBAMP™ were
grown overnight at 37°C in minimal medium supplemented with L-amino acids (1X M9 salt, 1
mM MgSO., 100 mM CacCl,, 0.2% glucose, 10 pg/ml Thiamine, 250 mg/L L-Arg (heavy or light),
250 mg/L L-Lys (heavy or light), 500 mg/mL L-Pro (light). Heavy amino acids are provided by

Eurisotop, Cambridge Isotope Laboratories, Inc® and light ones by Sigma Aldrich®). Overnight
precultures were used to inoculate 200 ml to a 1:100 dilution and cells were grown until
exponential phase (ODesw=0.5-0.6). The cultures were then induced with IPTG at a final
concentration of 400 uM and incubated for 1.5 hours.

2.9 B-galactosidase assay

Precultures of cells harboring chromosomal fusions of lacZ to promoter of interest were used
to inoculate fresh LB medium with proper antibiotics to a dilution 1:500. Cells were incubated
until mid-log phase ODggo 0f 0.3-0.5. Then, cells were chilled out on ice for 20 min and ODsoo
was recorded. Then, 250 pl of this sample was diluted 4 times with Z buffer (60 mM
Na;HPO4.7H20, 40 mM NaH;PO4.H-0, 10 mM KCI, ImM MgSO., 50 mM B-mercaptoethanol
(BME)) and cells were permeabilized by adding 25 pl chloroform and 50 pl of 0.1% SDS. After
mixing, samples were equilibrated 5 min at 28°C. Then, 200 pl of o-nitrophenyl-3-D-
galactoside (ONPG; 4 mg/mL diluted in 100 mM PBS buffer pH 7) solution were added. When
color changed to a visible yellow, reaction was stopped by adding 0.5 ml of 1M Na,COs. After
a clarifying spin, supernatant was used for record OD at 420 and 550 nm. Miller units were

calculated using the formula:

0D,50 — 1.75 ODss,

Mill its = 1000
HHerunits X t (min)x V (ml) x ODg
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2.10 Fluorescence microscopy and analysis

E. coli BW25113 harboring plasmids pDolP® s and derivatives were grown overnight in LB
medium supplemented with Amp. They were grown until an early exponential phase at 37°C
and then they were kept on ice for 10 min. Meanwhile, agarose (1% (w/v)) was diluted in a
phosphate-buffered saline (PBS) solution (137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO, 1.8
mM, KH2PO4) and pads were made. A volume of 0.6 pl of cell culture was then spotted in these
agarose pads and they were used for visualization by contrast/fluorescence microscopy. Cells
were imaged at 30°C using an Eclipse TI-E/B Nikon wide field epifluorescence inverted
microscope with a phase contrast objective (Plan APO LBDA 100X oil NA1.4 Phase) and a
Semrock filter mCherry (Ex: 562BP24; DM: 593; Em: 641BP75) or FITC (Ex: 482BP35; DM:
506; Em: 536BP40). Images were acquired using a CDD OrcaR2 (Hamamatsu) camera with
illumination at 100% from a HG Intensilight source and with an exposure time of 1-3 s, or using
a Neo 5.5 sCMOS (Andor) camera with illumination at 60% from a LED SPECTRA X source
(Lumencor) with an exposure time of 2 s. Nis-Elements AR software (Nikon) was used for
image capture. Image analysis was conducted using the Fiji and ImageJ software.

Collective profiles of fluorescence distribution versus the relative position along the cell axis
were generated using the Coli-Inspector macro run in ImageJ within the plugin ObjectJ
(Vischer et al., 2015). Fluorescence intensities were normalized to 100% for the maximum

value of fluorescence.

3 Cell fractionation

3.1 Preparation of crude envelope fraction

After growing cultures in the conditions described previously, cells were pelleted by
centrifugation at 6,000 x g for 15 min at 4°C. Then, pellets were resuspended in 3 mL of cold
20 mM Tris-HCI pH 8 for subsequent mechanical disruption at 0.82 kPa using Cell Disruption
(Constant Sustems LTD®). Then, this sample was centrifuged at 6,000 x g for 10 min at 4°C
to get rid of cell debris. The supernatant was then subjected to ultracentrifugation at 50000
rpom for 30 min at 4°C (rotor TLA 110). Supernatant was then discarded and the pellet

corresponding to the envelope fraction kept for further experiments.

3.2 Cell fractionation by sucrose gradients

We used a protocol previously described (Cian et al., 2020), with minor modifications. Cells
were grown in LB medium supplemented with antibiotics and collected, as previously

described. Then, cell pellets were resuspended in 12.5 ml of Buffer A (0.5 M sucrose, 10 mM
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Tris pH 7.5) supplemented with lysozyme to a concentration of 144 ug/ml, while agitating for 2
min on ice. Then, 12.5 ml of 1.5 mM EDTA were added while agitating for another 7 min on
ice. This sample was then centrifuged at 10000 x g for 10 min at 4 °C and pellet was kept. The
pellet was resuspended adding 25 ml of buffer B (0.2 M sucrose, 10 mM Tris pH 7.5), 55 pl of
1M MgCl, and 1 pl of protease inhibitor cocktail (Roche). Then, this sample was subjected to
mechanical disruption at 0.82 kPa, as previously described. After a clarifying spin at 5300 rpm
(rotor JS-5.3) for 15 min at 4°C, the supernatant was subjected to ultracentrifugtion at 184,000
x g and 4°C for 1h. The pellet was resuspended in 1 ml of the low-density isopycnic-sucrose
gradient solution (20% w/v sucrose, 1 mM EDTA, 1 mM Tris pH 7.5). Sucrose gradient was
prepared by dispensing isopycnic-sucrose gradient solutions (1 mM EDTA, 1 mM Tris pH 7.5
supplemented with sucrose, ranging from 20 to 73%). These sucrose solutions were
introduced successively to a centrifuge tube in the following order: 2 ml of 73% sucrose solution
(bottom), 4 ml of 53% sucrose solution (middle), 1 ml of resuspended pellet and 6 ml of 20%
solution (top). Tubes were placed in a cold swing SW41 rotor and centrifuged at 288,000 x g
for at least 16h at 4°C. After this step, two distinctive phases were visible, the IM (the upper

one) and the OM (the lower one) and they were collected by pipetting.

3.3 Preparation of spheroplasts

Spheroplasts were prepared by collecting cells in early exponential phase by centrifugation at
6000 x g for 15 min at 4°C. Then, pellets were resuspended in 33 mM Tris-HCI, pH 8, 40%
(w/v) sucrose and normalized to an ODego Of 1. Then, lysozyme and EDTA were added to a
final concentration of 0.1 mg/ml and 2 mM, respectively. Samples were then incubated on ice
for 20 min to induce lysis. MgSO4was added to a final concentration of 10 mM and spheroplast
fraction was collected by centrifugation at 16000 x g. Supernatant was then ultracentrifuged at
50000 rpm (rotor TLA110) to remove any residual membrane fraction. Soluble fraction was
subjected to trichloroacetic acid (TCA) precipitation by adding 10% of ice-cold TCA. A final
clarifying spin was performed to get rid of the supernatant and to recover precipitated proteins
in the pellet A similar procedure, with a cell resuspension buffer lacking sucrose, was used to

lyse cells and obtain the membrane and soluble fractions.

4 Protein purification

4.1 Ni-NTA affinity native purification

Total membrane fraction were prepared from liquid cultures of 200 ml. Pellets were

resuspended for 1 hour at 4°C under agitation using 1.6 ml of imidazole solubilization buffer
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containing non-ionic detergents digitonin and/or DDM as indicated in figure legends (50 mM
Tris HCI pH 8, 150 mM NaCl, 2 mM PMSF, 1X cOmplete™ Protease Inhibitor Cocktail,
supplemented with detergents (digitonin and/or DDM, as specified), supplemented with 20 mM
of imidazole. Following a clarifying spin at 15000 x g for 15 min at 4°C, the supernatantwas
then mixed with 30-50 pl (representing 1 column volume) of Ni-NTA beads (Protino) previously
equilibrated with solubilization buffer. Binding was performed in batch for 1h at 4°C under mild
agitation. After this step, the mix was transferred to a microcolumn prior a low speed
centrifugation (30 seconds at 800 x g) to get rid of the flow-through. After extensive washes
using washing buffer containing 50 mM imidazole and a concentration of detergents of 0.3%
(w/v) digitonin and/or 0.03% (w/v) DDM, proteins were eluted with 3 column volumes with the

same buffer containing 500 mM imidazole.

4.2 |lgG-affinity native purification

Crude membrane fractions and total membrane fractions were obtained as previously
described. Membrane protein samples were mixed with 30-50 pl (representing 1 column
volume) of homemade IgG-sepharose beads (previously equilibrated with solubilization buffer)
for 1 to 1.5 h at 4°C under mild agitation. After binding, the mix was transferred to a
microcolumn prior a low speed centrifugation (30 seconds at 800 x g) to get rid of the flow-
through. Then, extensive washes were done using the solubilisation buffer supplemented with
0.3% digitonin or 0.03% DDM. Proteins were eluted by incubating overnight with 100 pl of
solubilisation buffer supplemented with 30 U of Invitrogen™ AcTEV™ protease, at 4 °C and
under agitation at 1000 rpm. The next day 20-25 pl of previously equilibrated Ni-NTA agarose
resin was added to the IgG-resin and incubated for 30 min at 4 °C at 1000 rpm. Then, elution
fraction was recovered by centrifugation for 1 min at 240 x g at 4 °C. An additional volume of
50 ul of wash buffer was used to fully extract eluted protein from the beads.

4.3 Protein purification scale-up using FPLC automate

In some cases, the proteins of interest were purified using an FPLC automate (AKTA Purifier
10 (GE Healthcare)) to scale-up the purification processes. After membrane solubilisation,
proteins were purified by Ni-affinity and size exclusion chromatography, adapting a previously
published protocol. Briefly, after membrane solubilization with 50 mM Tris-HCI pH 8.0, 150 mM
NaCl, and 1% (w/v) DDM, insoluble material was removed by ultracentrifugation at 100,000 x
g, 4°C for 1h. Solubilised proteins were loaded onto a Ni-column (HisTrap FF Crude, or
TALON, GE Healthcare) pre-equilibrated with equilibration buffer (50 mM Tris-HCI pH 8.0, 150
mM NaCl, and 0.03% (w/v) DDM) at 1 ml/min at 4°C. The column containing bound proteins
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was washed with equilibration buffer supplemented with 50 mM imidazole. Proteins were
eluted using equilibration buffer, applying a gradient of imidazole from 50 mM to 500 mM.
Proteins eluted were further separated by gel filtration using a HiLoad 16/600 Superdex 200
(GE Healthcare) in equilibration buffer using a flow rate of 1 ml/min. Eluted proteins were
concentrated using an ultrafiltration membrane with a 10 kDa molecular weight cut-off
(Vivaspin 6, Sartorius).

5 Analyses of protein-protein interaction

5.1 Chemical crosslink

Crude envelope fractions from strain transformed with pBamA-DolP"s were isolated as
described previously. These envelope pellets were resuspended in chemical crosslinker buffer
(10 mM PBS buffer, 100 mM NacCl, pH 7.4) and proteins were quantified using NanoDrop.
Crosslinker solution was freshly made by preparing a 25 uM solution of DSP, EGS, DSG or
BS3, diluted in DMSO or water following the providers recommendations (ThermoFischer).
Then, crosslinking was performed by adding 80 pl of envelope resuspension (i.e. 80-160 ug of
protein), to the crosslinker solution at a final concentration of 0.75 mM. Negative controls were
made under similar conditions without crosslinker. Samples were incubated for 30 min at 30°C
and 300 rpm and then glycine was added at 100 mM final to quench the reaction. Samples
were chilled on ice and then TCA precipitation was made as previously described. After this
step, pellets were resuspended with 70 pl of SDS solubilization buffer and boiled for 5 min at
98°C and 1000 rpm. RIPA buffer with 20 mM imidazole was then added at a final concentration
of 0.3% SDS and samples were agitated at 1000 rpm at room temperature for 5 min. After a
clarifying spin, samples were mixed with 30-50 pl (1 column volume) of preequilibrated Ni-NTA
agarose beads and incubated for 1 h at 4°C under mild agitation. Then, samples were
transferred to a microcolumn to get rid of the flow-through. After extensive washes with RIPA
buffer with 50 mM imidazole, proteins were eluted using 3 volumes of RIPA buffer

supplemented with 500 mM imidazole.

5.2 Site-specific photocrosslinking

Strains harboring deletion of dolP were transformed with pEVOL-pBpF (Chin et al., 2002) and
plasmids (pBamA-DolP"s or pDolP"s) containing amber codons in the sequence of DolP. Cells
were then cultured in M9 minimal medium supplemented with glucose or glycerol, as specified,
until early exponential phase. Cultures were then supplemented with 1 mM Bpa (Bachem) and

400 uM IPTG for 1.5 hr. Cultures were divided into two equal parts, one left on ice and one
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subjected to UV irradiation for 10 min on ice, using a UV-A LED light source (Tritan 365 MHB,
Spectroline). Cells were pelleted and kept at -20°C until needed. Then, pellets were
resuspended in 20 mM Tris pH 8 and subjected to mechanical disruption and envelope
isolation as previously described. Then, envelope fractions were solubilized using 80 pl of SDS
solubilization buffer (13% Glycerol, 195 mM Tris base, 15 uM EDTA, 4% SDS, 2 mM PMSF)
and boiled at 98°C and 1000 rpm for 5 min to denature samples. Then RIPA buffer (150 mM
NaCl, 1% NP-40 (IGePALCA-630), 0.5% Deoxycholicacid, 0.1% SDS, 50 mM Tris HCI pH 8)
supplemented with 20 mM imidazole was added to dilute SDS concentration to 0.3% and
samples were subjected to agitation at 1000 rpm for 5 min. Samples were then subjected to a
clarifying spin and supernatant was subjected to Ni-affinity chromatography, in batch mode as
previously described. After binding, extensive washes were done using RIPA buffer with 50
mM imidazole, and proteins were eluted using 500 mM imidazole in the same buffer. Equal
portions of the elution fractions were separated by SDS-PAGE and subjected to

immunoblotting.

5.3 In vitro reconstitution of protein-protein interaction

Envelope fractions were obtained from cells carrying pBAM™s or pDolPHs and cultured until
early exponential phase in LB medium at 37°C and subsequently supplemented with 400 uM

IPTG for 1.5 h to induce the expression of the BAM complex or DolP.

BAM-DolP reconstitution was performed by mixing equimolar concentrations of purified
proteins. This mix was incubated in equilibration buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl,
and 0.03% (w/v) DDM) for 1h at 4°C or for 30 min at 25°C. This reaction was diluted four times
using ice-cold blue native buffer. This mix was loaded into a 5-13 % homemade blue native
polyacrylamide gradient gel and proteins migrated at 4°C at a maximum of 16 mA per gel to
avoid heating of the sample. Proteins were analyzed by Coomassie Brilliant Blue staining or

Western blot.

6 Protein analyses

6.1 SDS-PAGE
Samples were mixed with Laemmli buffer (Bio-Rad) and proteins were separated bySDS-
PAGE using NUPAGE® Bis-Tris Mini Gel (Invitrogen®) or home-made gels. When indicated,
samples were boiled at 98°C. Migration was performed using 2-(N-morpholino) ethanesulfonic
acid (MES) buffer (50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.3) or 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer 1X (50 mM MOPS, 50 mM Tris Base; 0.1%
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SDS, 1 mM EDTA, pH 7.7) at 200 V for 30-50 min. For semi-native gels, the conditions of
migrations were done at 4°C and 120 V for 150 min.

Staining was made using Coomassie Brilliant Blue staining solution (0.2% (w/v) Coomassie
BB R-250, 10% (v/v) acetic acid, 25% (v/v) ethanol) for 20-40 , followed by several washes
using the distaining solution (10% (v/v) acetic acid, 40% (v/v) ethanol), until enough contrast

is obtained. Gels were washed with miliQ water and kept at 4°C.

6.2 Blue Native (BN)-PAGE
Protein analysis by BN-PAGE was made by using homemade gels, in polyacrylamide gradient
(4-16.5%). Protein samples were mixed with blue native buffer (20 mM Tris-HCI pH 7.4, 50
mM NacCl, 0.1 mM EDTA, 1% (w/v) digitonin, 10% w/v glycerol) and incubated for 15 min on
ice. After a clarifying spin, samples were mixed with blue native loading dye (5% Coomassie
BB G-250, 100 mM Bis-Tris-HCI, pH 7.0, 500 mM 6-aminocaproic acid) and loaded on the gel.

Migration was performed overnight at a maximal intensity of 16 mA per gel.. Staining was done

using Coomassie Brilliant Blue Brilliant as previously described.

6.3 Western blot
After separation by SDS-PAGE, proteins were transferred to a polyvinylidene fluoride (PVDF)
activated membrane (Immobilon®-P) for 150 min at 250 mA using 1X Blot Buffer (20 mM Tris,
150 mM glycine, 0.02% (w/v) SDS, 20% (v/v) ethanol) using a semidry transfer cell. To control
the transfer of the proteins onto the membrane, a short staining of the membrane was done
using Coomassie Brilliant Blue followed by a complete destaining using 96% ethanol. Then,
washes were made using 1X TBS (150 mM NaCl, 50 mM Tris-HCI pH 7.6) and the membrane
was saturated using 5% skin milk (Rota®) in TBST (TBS supplemented with 0.5% (v/v) Tween
20) for at least 30 min. After this incubation, primary antibodies diluted 1:500 in 5% skin
milk/TBST were incubated with the membrane for 2-3h at room temperature, or overnight at
4°C. After washes of the membrane with TBS, a secondary antibody (dilution 1:5000, 5% skin
milk/TBST) was incubated for 45-60 min. Proteins were detected by Clarity Western enhanced
chemoluminescence (ECL) blotting substrate (Bio-Rad), using Fijiflm® LAAS 4000 and Image
Reader software. The signal intensities of protein bands were quantified using a Multi Gauge

(Fuijifilm) software.

Western blots were performed using epitope-specific rabbit polyclonal antisera, with the

exception of RpoB that was labelled using a mouse monoclonal antibody (NeoClone
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Biotechnology). The secondary immunodetection was conducted using anti-rabbit or anti-

mouse antibodies conjugated to horseradish peroxidase produced in goat (Sigma).

6.4 Heat-modifiability assay

After resuspension of total cell lysates or crude envelope fractions, samples were normalized
according to their ODsoo and equal amounts were mixed with Laemmli buffer. Two aliquots
were taken from each sample, one was kept on ice and the other was denatured. For
denaturation, samples were incubated at 98°C for 7 min and 1000 rpm of agitation. Then, SDS-
PAGE was carried out at 4°C and 110 V for 2.5 h.

7 Mass spectrometry analyses
All mass spectrometry (MS) analyses were done at the Toulouse Proteomics Infrastructure

(https://www.ipbs.fr/toulouse-proteomics-infrastructure).

7.1 SILAC NanoLC ESI MS-MS analysis
After proteins were digested with trypsin, peptides were analyzed by nanoLC-MS/MS: Nano-

Cap-System NCS-3500RS coupled to a Q-ExactivePlus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). Five ul (i.e. 5 pg) of each sample were loaded onto a C18 guard
column (300 um ID x 5 mm, Dionex) at 20 pl/min in 5% acetonitrile, 0.05% TFA. After 5 min of
desalting, peptides were loaded onto a C18 analytical column (75 um ID x 50 cm, Reprosil)
equilibrated in 95% solvent A (5% acetonitrile, 0.2% formic acid) and 5% solvent B (80%
acetonitrile, 0.2% formic acid). The peptides are eluted following a 5 to 50% solvent B gradient
for 105 min at a flow rate of 300 nl/min (total run of 160 min, gradient of 105 min). The mass
spectrometer operates in "data-dependent acquisition mode" with XCalibur (software). The
Survey scan MS is done in the Orbitrap with a mass range of 350-1500 m/z and a resolution
of 70000. The 10 most intense ions on each survey scan are selected for the HCD
fragmentation, the resulting fragments are analyzed in Orbitrap at 17500 resolution. A dynamic

exclusion of 30 seconds is used to avoid repetitive selections of the same peptide.

Identification and quantitative analysis were performed with Maxquant software (v 1.5.5.1).
Andromeda is used for research in a SwissProt database of E. coli; in which were added the
sequences of the most frequently observed contaminants as well as the reverse sequences of
all the peptides in the library. A maximum of 2 “missed cleavages” are allowed. The

carbamidomethylcysteine was defined as a fixed modification while N-acetylation protein and
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methionine oxidation were defined as variable modifications. The allowed mass deviation was
set at 4.5 ppm for precursor ions and 20 ppm for MS/MS fragments. For validation, the false
positive rate (FDR) at peptide and protein level was set at 1%.

7.2 MALDI-TOF MS

After protein separation by SDS-PAGE, gels were subjected to Coomassie Brilliant Blue

staining. Bands of interest were excised and cut into pieces. Then, these pieces were washed
twice with 100 pl of 25 mM ammonium bicarbonate, 50% (v/v) acetonitrile for 10 min under
agitation. Bands were dried using a Speed Vac and then rehydrated with 10 pl of a solution of
modified trypsin (Promega) at 10 pg/ml in 25 mM ammonium bicarbonate and digested
overnight at 37°C. Acetonitrile was then added to the digest to a final concentration of 10%
(v/v). Samples were then sonicated for 5 min and 1 pl of this solution was spotted o a sample
plate of the mass spectrometer, mixed with 1 pl of matrix solution (6 mg/ml of a-cyano-4-

hydroxycynnamic acid in 50% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic acid).

Analysis was performed using a MALDI-TOF/TOF mass spectrometer (Voyager 5800, Applied
Biosystems/MDS, Sciex) in positive reflectron mode with the following parameters:
accelerating voltage, 20 kV; grid voltage, 68%; extraction delay time, 200 ns; shoot number,
1000. Acquisition range was between 750 and 3000 m/z. Spectra were treated using the Data
Explorer software (Applied Biosystems).

7.3 Fragmentation of crosslink products by NanoLC-MS/MS

To analyze crosslink products, 70 pg of eluted proteins from each sample (+ UV or — UV) were
digested with trypsin (Promega) using S-Trap Micro spin columns (Protifi) according to the
manufacturer’s instruction (HaileMariam et al., 2018). Digested peptide extracts were analyzed
by online nanoLC using an UltiMate 3000 RSLCnano LC system (ThermoScientific) coupled
with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) operating in positive
mode. Five microliters of each sample (5 ug) were loaded onto a 300 um ID x5 mm PepMap
C18 pre-column (Thermo Scientific) at 20 pl/min in 2% (v/v) acetonitrile, 0.05% (v/v)
trifluoroacetic acid. After 3 min of desalting, peptides were on-line separated on a 75 ym ID x
50 cm C18 column (in-house packed with Reprosil C18-AQ Pur 3 um resin, Dr. Maisch;
Proxeon Biosystems) equilibrated in 90% buffer A (0.2% (v/v) formic acid), with a gradient of
10-30% buffer B (80% (v/v) acetonitrile, 0.2% (v/v) formic acid) for 100 min, then 30-45% for
20 min at 300 nl/min. The instrument was operated in data-dependent acquisition mode using

a top-speed approach (cycle time of 3 s). Survey scans MS were acquired in the Orbitrap over
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375-1800 m/z with a resolution of 120,000 (at 200 m/z), an automatic gain control (AGC) target
of 4e5, and a maximum injection time (IT) of 50 ms. Most intense ions (2+ to 7+) were selected
at 1.6 m/z with quadrupole and fragmented by Higher Energy Collisional Dissociation (HCD).
The monoisotopic precursor selection was turned on, the intensity threshold for fragmentation
was set to 25,000, and the normalized collision energy (NCE) was set to 30%. The resulting
fragments were analyzed in the Orbitrap with a resolution of 30,000 (at 200 m/z), an AGC
target of 1e5, and a maximum IT of 100 ms. Dynamic exclusion was used within 30 s with a
10 ppm tolerance. The ion at 445.120025 m/z was used as lock mass. The dipeptides were
searched manually in Xcalibur using ms2 reporter ions of the modified peptide (m/z 159.11,
187.11; 244.13) and MSMS spectra of the crosslinked peptides were annotated manually using
GPMAW (Peri et al., 2001).

8 Bioinformatic analysis of DolP/YraP sequences in y-proteobacteria

The dataset was obtained by analysing 266 non-redundant fully sequenced and annotated vy-
proteobacteria. Non-redundant means that if the genomes of several strains of the same
species were present, only one genome was considered in the analysis. DolP/YraP has been
identified in 196 of the 266 genomes, representing about 74% of the y-proteobacteria. To avoid
gaps in this alignment, all positions conserved in at least 90% of these genomes were
considered. Then, these sequences were plotted using WebLogo
(http://weblogo.berkeley.edu/logo.cqi).

9 Strains

Name Genotype and relevant features Source

AD202 F-, [araD139]B/r, A(argF-lac)169, | (Akiyama and Ito,

(MC4100) ompT1000::kan, A-, flnhD5301, A(fruK- | 1990)
yeiR)725(fruA25), relAl, rpsL150(strR), rbsR22,
A(fimB-fimE)632(::1S1), deoC1

BW25113 A(araD-araB)567 A(rhaD-rhaB)568 | (Grenier et al., 2014)
lacz4787(::rrnB-3) hsdR514 rph-1  (wild-type
reference)

Stellar F—, endAl, supE44, thi-1, recAl, relAl, gyrA96, | Clontech®
phoA, _80d lacZ_ M15, A(lacZYA - argF) U169,
A (mrr - hsdRMS - mcrBC), AmcrA, 1—
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AdolP BW25113 AdolP (Ranava et al.,
2021)
AtamB BW25113 tamB::kan (Grenier et al., 2014)
AdegP BW25113 degP::kan (Ranava et al.,
2021)
AompA BW25113 ompA::kan (Ranava et al.,
2021)
AwaaD BW25113 waaD::kan (Grenier et al., 2014)
MC4100 MC4100 ara® rprAl42p::lacZ (Castanié-Cornet et
rprA::lacz al., 2006)
MC4100 MC4100 ara® rprAl42p::lacZ dolP::kan This study
rprA::lacZ AdolP
MC4100 MC4100 ara® rprAl142p::lacZ bamA101::kan This study
rprA::lacz
bamA101
MC4100 MC4100 ara® rprAl42p::lacZ surA::kan This study
rprA::lacZ AsurA
MC4100 MC4100 ara® rprAl42p::lacZ skp::kan This study
rprA::lacZ Askp
MC4100 MC4100 ara® rprAl142p::lacZ bamE::kan This study
rprA::lacz
AbamE
10 Plasmids
Name Relevant features Source
pCitrl Reference empty vector for ectopic protein | (Ranava et al.,
expression 2021)
pBAM Ectopic expression of all 5 BAM subunits (Ranava et al.,
2021)
pBAMMs Ectopic expression of all 5 BAM subunits; BamE is | (Roman-
(pJH114) C-terminally His-tagged Hernandez et al.,
2014)
pBAMProtA Ectopic expression of all 5 BAM subunits; BamE is | (Ranava et al.,

C-terminally Protein A and His-tagged; a TEV site

2021)
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amino acid linker is positioned immediately

upstream of the tag

pBAMAPllProtA

Ectopic expression of all 5 BAM subunits; BamA
harbours the deletion of POTRA1 and BamE is C-
terminally Protein A-tagged; a TEV site amino acid
linker is positioned immediately upstream of the
tag

(Ranava et
2021)

al.,

pBAMAPZ/ProtA

Ectopic expression of all 5 BAM subunits; BamA
harbours the deletion of POTRA2 and BamE is C-
terminally Protein A-tagged; a TEV site amino acid
linker is positioned immediately upstream of the

tag

(Ranava et
2021)

al.,

pBamA

Ectopic expression of wild-type BamA

(Ranava et
2021)

al.,

pBamA-DolPHs

Ectopic expression of BamA and C-terminally His-

tagged DolP.

(Ranava et
2021)

al.,

pBamA-
pDolpAMB/His

Ectopic expression of BamA and C-terminally His-
tagged DolP. The sequence of the dolP open
reading frame was mutated to introduce an amber

codon in place of the residue indicated.

(Ranava et
2021)

al.,

pBamAP1-DolPHis

Ectopic expression of a BamA variant lacking
POTRAL and C-terminally His-tagged DolP

(Ranava et
2021)

al.,

pBamA?2P2-DolpPHis

Ectopic expression of a BamA variant lacking
POTRA2 and C-terminally His-tagged DolP

(Ranava et
2021)

al.,

pDolP

Ectopic expression of wild-type DolP (no tag)

(Ranava et
2021)

al.,

pDolPProt

Ectopic expression of C-terminally protein A-
tagged DolP, a TEV site amino acid linker is

positioned immediately upstream of the tag.

(Ranava et
2021)

al.,

pDolP*s

Ectopic expression of C-terminally His-tagged
DolP.

(Ranava et
2021)

al.,

pDolpAMB/His

Ectopic expression of C-terminally His-tagged
DolP. The sequence of the dolP open reading
frame was mutated to introduce an amber codon

in place of the residue indicated

This study
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pDolP"s-BamA

Ectopic expression of C-terminally His-tagged
DolP and BamA. Compared to pBamA-DolPHs,
this plasmid allows a more efficient overproduction
of DolP.

(Ranava et al.,
2021)

pDolPABONLHis_ Ectopic expression of C-terminally His-tagged | This study
BamA DolP and BamA. The sequence of the dolP open

reading frame was mutated to introduce deletion

of BON 1
pDolPABON2/His_ Ectopic expression of C-terminally His-tagged | This study

BamA

DolP and BamA. The sequence of the dolP open
reading frame was mutated to introduce deletion
of BON 1

pompAHis

Ectopic expression of C-terminally His-tagged
OmpA

(Ranava et al.,
2021)

pPEVOL-pBpF

Expression of tRNA synthetase and tRNA for the
in vivo incorporation of Bpa at protein positions
encoded by an amber codon

(Chin et al,
2002)

pYM10

TEV site and the tandem Protein-A tagging

construct

(Knop et al.,
1999)

pDolpGFP/His

Ectopic expression of C-terminally GFP and His-
tagged DolP. The sequence of the dolP open
reading frame was mutated to introduce mutation

to Ala, as indicated

This study

PDOlpABONllGFP/HiS

Ectopic expression of C-terminally GFP and His-
tagged DolP and BamA. The sequence of the dolP
open reading frame was mutated to delete BON 1

This study

pDOIP ABON2GFP/His

Ectopic expression of C-terminally GFP and His-
tagged DolP and BamA. The sequence of the dolP

open reading frame was mutated to delete BON 2

This study

pDolPHis*

Ectopic expression of C-terminally His-tagged
DolP. This plasmid allows a more efficient

overproduction of DolP compared to pDolPHs,

This study

pDolpABONl/His*

Ectopic expression of C-terminally His-tagged
DolP. The sequence of the dolP open reading

frame was mutated to delete BON 1

This study
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pDolpABONZIHis*

Ectopic expression of C-terminally His-tagged
DolP. The sequence of the dolP open reading
frame was mutated to delete BON 2

This study

pKOBEG

This plasmid encodes for the lambda red

machinery to perform recombination

(Chaveroche et
al., 2000)
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Abstract In Proteobacteria, integral outer membrane proteins (OMPs) are crucial for the
maintenance of the envelope permeability barrier to some antibiotics and detergents. In
Enterobacteria, envelope stress caused by unfolded OMPs activates the sigmaE (c5) transcriptional
response. 6= upregulates OMP biogenesis factors, including the B-barrel assembly machinery
(BAM) that catalyses OMP folding. Here we report that DolP (formerly YraP), a GE-upregulated and
poorly understood outer membrane lipoprotein, is crucial for fitness in cells that undergo envelope
stress. We demonstrate that DolP interacts with the BAM complex by associating with outer
membrane-assembled BamA. We provide evidence that DolP is important for proper folding of
BamA that overaccumulates in the outer membrane, thus supporting OMP biogenesis and
envelope integrity. Notably, mid-cell recruitment of DolP had been linked to regulation of septal
peptidoglycan remodelling by an unknown mechanism. We now reveal that, during envelope stress,
DolP loses its association with the mid-cell, thereby suggesting a mechanistic link between
envelope stress caused by impaired OMP biogenesis and the regulation of a late step of cell
division.

Introduction

The outer membrane (OM) of Gram-negative bacteria forms a protective barrier against harmful
compounds, including several antimicrobials. This envelope structure surrounds the inner membrane
and the periplasm that contains the peptidoglycan, a net-like structure made of glycan chains and
interconnecting peptides. During cell division, the multi-layered envelope structure is remodelled by
the divisome machinery (den Blaauwen et al., 2017). At a late step of division, septal peptidoglycan
synthesized by the divisome undergoes splitting, initiating the formation of the new poles of adja-
cent daughter cells. Finally, remodelling of the OM barrier completes formation of the new poles in
the cell offspring. The mechanisms by which cells coordinate OM remodelling with peptidoglycan
splitting, preserving the permeability barrier of this protective membrane, are ill-defined
(Egan et al., 2020).

Integral outer membrane proteins (OMPs) are crucial to maintain the OM permeability barrier.
OMPs fold into amphipathic B-barrel structures that span the OM and carry out a variety of tasks.
Porins are OMPs that facilitate the diffusion of small metabolites. Other OMPs function as cofactor
transporters, secretory channels, or machineries for the assembly of proteins and lipopolysaccharide
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(LPS), a structural component of the external OM leaflet that prevents the diffusion of noxious chem-
icals (Calmettes et al., 2015; Nikaido, 2003). The B-barrel assembly machinery (BAM) is a multi-sub-
unit complex that mediates the folding and membrane insertion of OMPs transiting through the
periplasm (Ranava et al., 2018; Schiffrin et al., 2017). The essential and evolutionarily conserved
BamA insertase subunit is an OMP consisting of an amino (N)-terminal periplasmic domain made of
polypeptide transport-associated (POTRA or P) motifs and a carboxy (C)-terminal 16-stranded B-bar-
rel membrane domain that catalyses OMP biogenesis (Ranava et al., 2018). The flexible pairing of
B-strands 1 and 16 of the BamA B-barrel controls a lateral gate connecting the interior of the barrel
towards the surrounding lipid bilayer (Bakelar et al., 2016; Gu et al., 2016; ladanza et al., 2016;
Noinaj et al., 2013). Conformational dynamics of the BamA B-barrel region proximal to the lateral
gate is thought to locally increase the entropy of the surrounding lipid bilayer (Doerner and Sousa,
2017; Noinaj et al., 2013) and to assist the insertion of nascent OMPs into the OM (Doyle and
Bernstein, 2019; Gu et al., 2016; Tomasek et al., 2020). The N-terminal periplasmic portion of
BamA from the enterobacterium Escherichia coli contains five POTRA motifs that serve as a scaffold
for four lipoproteins, BamBCDE, which assist BamA during OMP biogenesis (Kim et al., 2007;
Sklar et al., 2007, Wu et al., 2005). The N-terminal POTRA motif is also the docking site for the
periplasmic chaperone SurA (Bennion et al., 2010). Together with the chaperones Skp and DegP,
SurA contributes to monitor unfolded OMPs transported into the periplasm by the inner membrane
general secretory (Sec) apparatus (Crane and Randall, 2017, Rizzitello et al., 2001).

Defective OMP assembly causes periplasmic accumulation of unfolded protein transport inter-
mediates. This envelope stress is signalled across the inner membrane to induce the sigmaE (65)-
mediated transcriptional response (Walsh et al., 2003). In the absence of a stress, o is sequestered
by the inner membrane-spanning RseA factor. By-products of misfolded OMP turnover activate deg-
radation of RseA, liberating oF (Ades, 2008). The 6 response copes with stress (i) by upregulating
genes involved in OMP biogenesis, such as the bam genes (Rhodius et al., 2006), and (ii) by lower-
ing the OMP biogenesis burden via a post-transcriptional mechanism (Guillier et al., 2006). Whereas
o is essential (De Las Penas et al., 1997a), a tight control of cytosolic 6% availability is necessary for
optimal cell fitness and to prevent a potentially detrimental effect on the envelope (De Las Penas
et al., 1997b; Missiakas et al., 1997; Nicoloff et al., 2017). Remarkably, the functions of a number
of genes upregulated by 6t remain unknown. Among those, dolP/yraP (recently renamed division
and OM stress-associated lipid-binding protein) encodes an ~20 kDa OM-anchored lipoprotein
largely conserved in y and B proteobacteria that is crucial for OM integrity and pathogenicity
(Bos et al., 2014; Bryant et al., 2020; Morris et al., 2018; Onufryk et al., 2005; Seib et al., 2019).
DolP consists of two consecutive BON (bacterial OsmY and nodulation) domains, a family of con-
served folding motifs named after the osmotic stress-induced periplasmic protein OsmY (Yeats and
Bateman, 2003). During a late step of cell division, DolP localizes at the mid-cell where it contrib-
utes to the regulation of septal peptidoglycan splitting by an unknown mechanism (Tsang et al.,
2017). A recent structural analysis of DolP reveals a phospholipid-binding site in the C-terminal BON
domain (Bryant et al., 2020). It remains unclear, however, why DolP is upregulated in response to
o activation and how this lipoprotein helps coping with envelope stress.

By using a genome-wide synthetic-defect screen, we show that DolP is particularly important
when the BAM complex is defective and under envelope stress conditions. We demonstrate that
DolP interacts with the BAM complex in the OM and supports the proper folding and functioning of
the BamA subunit. Taken together our results indicate that DolP functions as a fitness factor during
activation of the o response and that BamA is a molecular target of the fitness role of DolP. We
also reveal that, upon envelope stress, DolP loses its association with the mid-cell, thus suggesting a
possible link between the envelope stress response and septal peptidoglycan hydrolysis during a
late step of cell division.

Results

A genome-wide synthetic-defect screen identifies dolP genetic
interactions

The mutant allele AdolP::kan (Baba et al., 2006) was introduced into E. coli BW25113 by P1 trans-
duction. The resulting AdolP strain grew normally on LB medium, but was highly susceptible to
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Figure 1. Genome-wide screen of dolP genetic interactions. (A) The deletion of dolP impairs OM integrity. The indicated strains were serially diluted
and spotted onto LB agar plates lacking or supplemented with 60 nug/ml vancomycin as indicated. (B) Schematic representation of the CRISPR-based
gene silencing approach. LC-E75 (dolP") or its AdolP derivative strain, both carrying dcas? under the control of an anhydrotetracycline (aTc)-inducible
promoter in their chromosome were transformed with a library of plasmids encoding gene-specific sgRNAs. The library covers any E. coli MG1655

Figure 1 continued on next page
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Figure 1 continued

genetic features with an average of five sgRNAs per gene. Pooled transformed cells were cultured to early exponential phase prior to plasmid
extraction and quantitative lllumina sequencing to assess the initial distribution of sgRNA constructs in each culture (tsiarr). Upon addition of 1 uM aTc
to induce sgRNA-mediated targeting of dcas? for approximately 17 generations, samples of cells from each culture were newly subjected to plasmid
extraction and lllumina sequencing to determine the final distribution of sgRNA constructs (tend). (C) Left: Comparison of gene scores obtained in dolP*
and AdolP screens. The log2 fold-change (log2FC) between teng and tsiare calculated for each sgRNAs (Figure 1—figure supplement 2B) was grouped
by gene target, and their median was used to derive fitness gene scores (see also Figure 1—source data 1 and 2). Right: Volcano plot of the dolP
genetic interaction scores. The x-axis shows a genetic interaction score calculated for each gene based on the minimum hypergeometric (mHG) test
conducted on the ranked difference of sgRNA-specific log2FC values between the AdolP and the dolP" screens. The y-axis shows the log10 of the false
discovery rate (FDR) of the test. The dashed line shows FDR = 0.05. In both panels, genes highlighted in orange have FDR < 0.05 and G| >1 whereas
genes highlighted in red have FDR < 0.05 and Gl > 2. (D and E) Validation of the genetic interactions determined in (C). (D) LC-E75 (dolP") or its AdolP
derivative strain expressing sgRNAs that target the indicated genes were serially diluted and spotted on LB agar lacking or supplemented with aTc to
induce expression of dcas?, as indicated. (E) BW25113 derivative cells deleted of rseA or both rseA and dolP were transformed with an empty vector
(pCtrl) or a plasmid encoding DolP (pDolP™). Ectopic expression of DolP™® was driven by the leaky transcriptional activity of Py, in the absence of
IPTG. (D and E) Ten-fold serial dilutions of the indicated transformants were spotted on LB agar.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Log2FC values of sgRNAs in the screens conducted with wild-type or AdolP cells.
Source data 2. Genetic interaction scores.

Figure supplement 1. The deletion of dolP severely impairs growth in the presence of vancomycin.
Figure supplement 2. Reproducibility of the CRISPRi screens and ontology analysis of gene hits.

vancomycin (Figure 1A and Figure 1—figure supplement 1A). This antibiotic is normally excluded
from the OM of wild-type cells but inhibits growth of cells lacking OMP biogenesis factors such as
skp and surA (Figure 1—figure supplement 1B). The expression of C-terminally tagged DolP pro-
tein variants in place of its wild-type form restored vancomycin resistance (Figure 1A and Figure 1—
figure supplement 1C). This result supports the notion that DolP is important for envelope integrity
(Bos et al., 2014; Onufryk et al., 2005; Seib et al., 2019; Tsang et al., 2017). However, the role of
DolP during envelope stress remains poorly understood.

To gain insights into the role of DolP, we subjected AdolP cells to a genome-wide synthetic-
defect screen exploiting a Clustered Regularly Interspaced Short Palindromic Repeat interference
(CRISPRI) approach. Targeting of the catalytically inactive dCas9 nuclease by gene-specific single
guide RNAs (sgRNAs) enables gene repression (Figure 1B; Cui et al., 2018). The EcoWG1 sgRNA
library targeting the entire genome of E. coli MG1655 (Calvo-Villamanian et al., 2020) was intro-
duced into isogenic AdolP or dolP* MG1655-derivative strains. The fitness of each knockdown was
then compared in these backgrounds by deep-sequencing of the sgRNA library after ~17 growth
generations. The outputs obtained from two independent tests were highly reproducible (Figure 17—
figure supplement 2A). A strong fitness defect in the AdolP strain was caused by the targeting of
envC, followed by the targeting of ftsX and ftsE (Figure 1C, Figure 1—figure supplement 2B, Fig-
ure 1—source data 1 and 2). A validation growth test showed that the synthetic fitness defect
observed for AdolP cells was caused by dCas9-dependent silencing of ftsX and envC (Figure 1D,
panels 6 and 7). The ABC transporter-like complex FtsE/FtsX has multiple roles in organizing the cell
divisome, including the recruitment of periplasmic EnvC, a LytM domain-containing factor required
for the activation of amidases that hydrolyse septal peptidoglycan (Pichoff et al., 2019). This pepti-
doglycan remodelling reaction is mediated by two sets of highly controlled and partially redundant
amidases, AmiA/AmiB and AmiC (Heidrich et al., 2001; Uehara et al., 2009). Whereas AmiA and
AmiB are activated at the inner membrane/peptidoglycan interface by the coordinated action of
FtsE/FtsX and EnvC, activation of AmiC requires the OM-anchored LytM domain-containing lipopro-
tein NlpD (Uehara et al., 2010; Yang et al., 2011). Under laboratory conditions, the activity of only
one of these two pathways is sufficient for septal peptidoglycan splitting, whereas inhibition of both
pathways leads to the formation of chains of partially divided cells, i.e., cells that have begun to
divide but that are blocked at the step of septal peptidoglycan splitting (Uehara et al., 2010). A
recent report showed that dolP is necessary for completion of septal peptidoglycan splitting and cell
separation when the AmiA/AmiB pathway is inactive, somehow linking DolP to AmiC activation
(Tsang et al., 2017). Thus, the reduced fitness caused by silencing of envC, ftsE, or ftsX in AdolP
cells (Figure 1C) can be explained by the impaired cell separation when both the AmiA/AmiB and
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the AmiC pathways are not active. In keeping with this notion, amiA itself was found among the neg-
ative fitness hits of the CRISPRi screen (Figure 1C). The amiB gene was not a hit (Figure 1—source
data 2) probably because AmiA is sufficient to split septal peptidoglycan in the absence of other
amidases (Chung et al., 2009).

Most importantly, the CRISPRi approach identified novel dolP-genetic interactions that had a
score similar to that obtained for amiA (Figure 1C). These included an interaction with rseA, encod-
ing the inner membrane c-sequestering factor, as well as with bamD, encoding an essential subunit
of the BAM complex (Malinverni et al., 2006; Onufryk et al., 2005). In accordance with the screen
output, a serial dilution assay confirmed that CRISPRi reducing the levels of BamD or of its stoichio-
metric interactor BamE (Figure 1—figure supplement 2D) causes a fitness defect in cells lacking
DolP (Figure 1D, panels 8 and 9). In addition, the interaction of dolP with rseA was confirmed in the
genetic background of a BW25113 strain (Figure 1E). Further genes, involved in OMP biogenesis
and more generally in protein secretion, had a lower interaction score (Figure 1—source data 2 and
Figure 1—figure supplement 2C) and are highlighted in Figure 1C. These comprise bamA, the
OMP chaperone-encoding gene surA, as well as the genes encoding the Sec ancillary complex
SecDF-YajC that contributes to efficient secretion of proteins including OMPs (Crane and Randall,
2017) and that was shown to interact with the BAM complex (Alvira et al., 2020; Carlson et al.,
2019). Collectively, the results of the CRISPRi screen indicate that the function of DolP is particularly
critical for cell fitness upon inactivation of septal peptidoglycan hydrolysis by AmiA, as well as when
the BAM complex is defective or the assembly of proteins in the OM is impaired.

DolP improves cell fitness when the OM undergoes stress

The newly identified genetic interaction between dolP and bamD (Figure 1C and D) points to a pos-
sible role of DolP in OM biogenesis. However, the overall protein profile of the crude envelope frac-
tion was not affected by the deletion of dolP (Figure 2—figure supplement 1A, lanes 1-4). OMPs
such as the abundant OmpA and OmpC (Li et al., 2014) can be recognized by the characteristic
heat-modifiable migration patterns of their B-barrel domains when separated by SDS-PAGE (Fig-
ure 2—figure supplement 1A-C; Nakamura and Mizushima, 1976). The envelope protein profiles
were not affected also when dolP was deleted in cells lacking one of the OMP periplasmic chaper-
ones Skp or DegP (Figure 2—figure supplement 1A, lanes 5-12). Furthermore, the levels of BamA
and BamE, which are susceptible of oF-mediated regulation, were not increased in AdolP cells
(Figure 2A). Taken together, these observations suggest that if DolP plays a role in OM biogenesis,
this would probably be indirectly related to the process of OMP assembly.

To further test the role of DolP under envelope stress conditions, we deleted dolP in a strain lack-
ing bamB, which was identified with a lower genetic score by the CRISPRi approach (Figure 1—
source data 2). In AbamB cells, the of response is partially activated (Charlson et al., 2006;
Wau et al., 2005), causing the upregulation of bam genes (Figure 2B). A strain carrying the simulta-
neous deletion of dolP and bamB was viable but growth-defective. Normal growth was restored by
ectopic expression of a C-terminally polyhistidine tagged DolP protein variant (Figure 2C). As
expected, the AbamB envelope protein profile presented a marked reduction of the major heat-
modifiable OMPs, OmpA and OmpC. The concomitant lack of DolP had no additional effect on the
levels of these OMPs (Figure 2—figure supplement 1A, lanes 13-18). However, we noticed that the
levels of BamA, which presents the typical heat modifiable behaviour of OMPs, were reduced in this
strain (Figure 2D). Furthermore, phase-contrast microscopy analysis of the same AdolP AbamB strain
revealed a number of cells with altered morphology (Figure 2E). Taken together, these results cor-
roborate the importance of DolP when the BAM complex is defective and point to a possible role of
DolP in maintaining BamA levels during envelope stress.

DolP supports proper folding and function of BamA

In part because we found DolP to be critical in cells with an impaired BAM complex and in part
because the BAM complex is upregulated upon activation of the 6& response, we wished to explore
the effect of BAM overproduction in dolP™ and AdolP cells. To this end, the genes encoding wild-
type BamABCD and a C-terminally polyhistidine-tagged BamE protein variant were ectopically
expressed via the isopropylthiogalactoside (IPTG)-inducible trc promoter (P..) as a transcriptional
unit, adapting a previously established method (Roman-Hernandez et al., 2014). With 400 uM
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Figure 2. DolP promotes fitness in cells that undergo envelope stress. (A) One- and three-fold amounts of the total cell lysate fractions obtained from a
BW25113 (dolP”) strain and a derivative AdolP strain were analysed by SDS-PAGE and immunoblotting using the indicated antisera. (B) One-, two-, and
three-fold amounts of the total cell lysate fractions obtained from a BW25113 (bamB™) strain and a derivative AbamB strain were analysed by SDS-PAGE
and immunoblotting using the indicated antisera. (C) BW25113 and derivative cells deleted of dolP, bamB, or both genes were cultured, serially
diluted, and spotted on LB agar. Cells deleted of both dolP and bamB and transformed with pDolPHi'S were cultured, serially diluted, and spotted on LB
agar supplemented with ampicillin. (D) The envelope fractions of the indicated strains were analysed by SDS-PAGE and immunoblotting. Prior to gel
loading, samples were incubated at 25°C (Boiling —) or 99°C (Boiling +). The total amounts of BamA in AbamB dolP* and AbamB AdolP strains were
quantified, normalized to the amount of the inner membrane protein CyoA, and expressed as percentage of the value obtained for the AbamB dolP*
sample. Data are reported as means + standard error of the mean (SEM, N = 3). u, unfolded; f, folded. (E) Overnight cultures of BW25113 (control),
AdolP, AbamB, and AdolP AbamB, were freshly diluted in LB medium and re-incubated at 30°C until ODgop = 0.3. Cells were visualized on 1% (w/v)
agarose pads by phase contrast microscopy. Bar = 5 um.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. DolP does not play a direct role in OMP biogenesis.

IPTG, the amounts of BAM subunits that accumulated in the cell membrane fraction were roughly
similar to those of the major OMPs OmpA or OmpC (Figure 3A, lane 2). Importantly, we noticed
that BAM overproduction caused a partial detrimental effect in the wild-type BW25113 strain
(Figure 3B). The detrimental effect was more severe in a AdolP strain (Figure 3B). This difference
was particularly noticeable with 200 uM IPTG, which had a minor inhibitory effect on the growth of
wild-type cells but strongly impaired the growth of a AdolP strain. Similar to dolP, skp is upregulated
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Figure 3. DolP opposes an envelope detrimental effect caused by BamA overaccumulation in the OM. (A) BW25113 cells harbouring pBAM™* where
indicated were cultured and supplemented with no IPTG or 400 uM IPTG for 1 hr prior to collecting cells. The protein contents of the envelope
fractions were analysed by SDS-PAGE and coomassie staining. Prior to loading, samples were heated for 5 min at 90°C, a temperature which is not

sufficient to fully denature OmpA (folded OmpA, fOmpA). The band of BamB overlaps with the band of the major porin unfolded OmpC (UOmMpPC). (B)
Figure 3 continued on next page
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Figure 3 continued

The BW25113 and the derivative AdolP, Askp, or AompA strains carrying an empty control vector (pCtrl) or pBAM™'® were serially diluted and spotted
onto LB agar supplemented with IPTG as indicated. (C) BW25113 cells carrying a control empty vector (pCtrl), or the indicated plasmids for ectopic
overproduction of BAM, or subsets of BAM subunits, or OmpA™* were serially diluted and spotted onto LB agar containing 400 uM IPTG. The
diagrams depict the overproduced proteins. (D) BW25113 and derivative AdolP cells carrying the indicated plasmids for ectopic overproduction of
either BamA alone or both DolP* and BamA were serially diluted and spotted onto LB agar supplemented with IPTG as indicated. (E) BW25113 cells
carrying the indicated plasmids were cultured overnight and streaked onto LB agar containing IPTG and vancomycin as indicated. (F) Heat-modifiability
of BamA in wild-type and AdolP cells carrying the indicated plasmids. When the cultures reached the mid-exponential phase, the expression of BamA
was induced for 2 hr with 200 uM IPTG. Total cell proteins were incubated at 25°C (Boiling —) or at 99°C (Boiling +), separated by SDS-PAGE and
analysed by immunoblotting using the indicated antisera. u, unfolded; f, folded. (G) Heat modifiability of the protein contents of the envelope fraction
of BW25113 (dolP*) or AdolP cells carrying no vector or transformed with pBamA or pDolP"*-BamA. Plasmid-borne genes were induced with 200 uM
IPTG for 2 hr prior to collecting cells. The envelope fractions were mixed with SDS-PAGE loading buffer, incubated at 25°C (Boiling —) or 99°C (Boiling
+) for 10 min, and analysed by SDS-PAGE and coomassie staining. u, unfolded.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. The detrimental effect of BAM overproduction is caused by the overaccumulation of BamA in the OM.

by 6F and its deletion causes sensitivity to vancomycin (Figure 1—figure supplement 1B). In con-
trast to AdolP, a Askp strain harbouring the same BAM overproduction plasmid could grow as effi-
ciently as the wild-type reference (Figure 3B). Similarly, cells lacking OmpA, which is downregulated
by & activation, could tolerate BAM overproduction (Figure 3B). These results suggest a specific
effect of DolP in supporting cell fitness when BAM is overproduced.

The excess of BamA alone was responsible for the observed growth defect, as the excess of dif-
ferent subsets of BAM subunits that did not include BamA or an excess of OmpA obtained using a
similar overproduction plasmid (see also the subsequent description of Figure 5—figure supple-
ment 3C) had no detectable effects in our growth tests (Figure 3C). The detrimental effect of BAM
overproduction was caused by the overaccumulation of BamA in the OM, as the overproduction of
an assembly-defective BamA variant, BamA"", that lacks the N-terminal POTRA1 motif and that
largely accumulates in the periplasm (Bennion et al., 2010), did not impair growth to the same
extent (Figure 3—figure supplement TA-1C). Strikingly, the growth defect caused by the overpro-
duction of BamA was fully rescued by the concomitant overproduction of DolP (Figure 3D), indicat-
ing a dose-dependent positive-fitness effect of DolP. Most importantly, we noticed that a lower
induction of BamA expression (50 uM IPTG) did not cause any major growth defect but determined
a marked sensitivity of wild-type cells to vancomycin (Figure 3E). Even under these conditions, the
concomitant overproduction of DolP was beneficial and restored growth, thus revealing that DolP
contributes to rescue an OM integrity defect caused by increased BamA levels (Figure 3E).

To better understand this phenotype, we analysed the levels of heat-modifiable (properly folded)
versus non-heat-modifiable (improperly folded) BamA in cells overproducing equal amounts of
BamA and lacking or expressing different levels of DolP. A large fraction of overproduced BamA in
wild-type or AdolP cells was non-heat-modifiable (Figure 3F, lanes 1-4). Given that overproduced
BamA did not accumulate in the periplasm (Figure 3—figure supplement 1D), we deduce that
improperly folded BamA is associated with the OM. In contrast to BamA, OmpA that was overpro-
duced with a similar plasmid and the same amount of inducer was quantitatively heat-modifiable
(Figure 3—figure supplement 1E), indicating that this degree of protein expression did not saturate
the OMP biogenesis machinery. We noticed that cells overproducing BamA had reduced OMP levels
(Figure 3G, lanes 5-8), suggesting that improperly folded BamA may interfere with the OMP bio-
genesis activity of the endogenous BAM complex. Strikingly, when DolP was concomitantly overpro-
duced with BamA, virtually all BamA was found to be heat-modifiable, suggesting that it could
properly fold (Figure 3F, lanes 5-8). The overproduction of DolP partially rescued the wild-type level
of OMPs (Figure 3G, lanes 9-12), indicating some degree of restoration of the BamA function. The
fact that the wild-type OMP levels were not fully restored probably owes to the lack of stoichiomet-
ric amounts of the BAM lipoproteins compared to the amount of BamA in these cells. Taken
together these results suggest that the detrimental effects inherent to incremental BamA expression
correlate well with the observed BamA folding defect. Most importantly, DolP can restore proper
folding of BamA rescuing OM integrity. We could not detect the non-heat-modifiable form of BamA
produced at endogenous levels in a AdolP genetic background (Figure 3—figure supplement 1E).
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It is possible that low levels of improperly folded BamA would be promptly degraded (Narita et al.,
2013), whereas when BamA is produced at higher levels, the larger fraction of improperly folded
BamA may not be degraded as efficiently and is thus detected. Overall, these results indicate that
DolP supports proper folding and functioning of BamaA.

DolP interacts with BamA assembled in the OM

We wished to investigate whether DolP physically interacts with the BAM complex. In a first set of
pull-downs, we exploited the specificity of staphylococcal protein A-lgG binding to investigate a
possible BAM-DolP association. A construct encoding C-terminally protein A-tagged DolP was
ectopically expressed in AdolP cells. The envelope of cells expressing DolPP™* was solubilized using
digitonin as main mild-detergent component prior to IgG-affinity chromatography (Figure 4A, Coo-
massie staining). Site-specific enzymatic cleavage of an amino acid linker between DolP and the pro-
tein A tag was used for protein elution. Notably, BamA, BamC, BamD, and BamE were
immunodetected in the elution fraction of protein A-tagged DolP (Figure 4A, lane 3). In contrast,
the membrane proteins OmpA and CyoA, and cytosolic RpoB were not detected. Next, BAMP™%
(consisting of wild-type BamABCD and a C-terminally protein A-tagged BamE protein variant) was
ectopically overproduced to isolate the BAM complex via IgG-affinity purification (Figure 4—figure
supplement 1A, Coomassie staining). Along with the BamE bait and other subunits of the BAM
complex, DolP was also immunodetected in the elution fraction (Figure 4—figure supplement 1A,
lane 3). Other proteins of the bacterial envelope (Skp, LamB, OmpA, and F;f of the F1{Fo ATP syn-
thase) or cytosolic RpoB were not detected. Taken together, our native pull-down analysis indicates
that DolP and BAM have affinity for each other.

To explore whether the central BAM subunit, BamA, is a critical determinant of the BAM-DolP
interaction, we performed Ni-affinity purification using the solubilized envelope fraction obtained
from cells overproducing BamA and C-terminally polyhistidine-tagged DolP. Under these conditions,
BamA was efficiently co-eluted together with DolP™*, demonstrating that BamA and DolP can inter-
act even in the absence of stoichiometric amounts of the BAM lipoproteins (Figure 4B, Coomassie
staining). To assess if the interaction of DolP and BAM takes place at the OM, DolPH* was overpro-
duced together with the assembly-defective form BamA"". When expressed together with DolPH,
assembly-defective BamA*"" was highly depleted in the corresponding eluate (Figure 4B, lane 7),
even though BamA*"" was only marginally reduced in the crude envelope fraction with respect to
wild-type BamA (Figure 4B, lane 3). In contrast to BamA*"!, the BamA”"? variant, which is efficiently
assembled into the OM (Figure 3—figure supplement 1C), was co-eluted to a similar extent as
wild-type BamA (Figure 4B, lane 8). We conclude that DolP has affinity for OM-assembled BamA.

To verify the proximity of DolP to BamA in living cells, we performed in vivo site-directed photo-
crosslinking. A photo-activatable amino acid analog, p-benzoyl-L-phenylalanine (Bpa), was intro-
duced by amber suppression (Chin et al., 2002) at 17 distinct positions in DolP, three in the linker
between the N-terminal lipid-modified cysteine residue and the first BON domain (BON1), eight in
BON1, and six in the second BON domain (BON2). Bpa can crosslink with other amino acids at a dis-
tance of 3-4 A, possibly revealing direct protein—protein interactions. Upon UV irradiation and Ni-
affinity purification of DolP, several crosslink products were identified by immunoblotting (Figure 4C
and Figure 4—figure supplement 1B). Using both anti-DolP and anti-BamA antibodies, a crosslink
product of approximately 115 kDa was detected with samples containing Bpa at positions V52, V72
and, to a lower extent, V101. Notably, positions V52, V72, and V101 are proximal in the three-
dimensional structure of DolP with their side chains exposed on the surface of BON1 and oriented
away from BON2 (Figure 4C). Thus, these results identify in BON1 a site of interaction of DolP with
BamA. In addition, a major crosslink product with an apparent molecular weight of 55 kDa was
detected with Bpa at several DolP positions, and most prominently V52, 164, V72, and V101 of
BON1. This product is approximately 35 kDa larger than the mass of DolP. When analysed by
MALDI-TOF mass spectrometry, tryptic peptides of DolP and OmpA (37 kDa) were identified in the
55 kDa crosslink products obtained with Bpa at position V41 and V52 (Figure 4—figure supplement
2A-C). LC-MS/MS analysis further identified a peptide of the C-terminal domain of OmpA, which
localizes in the periplasm (Ishida et al., 2014), to be crosslinked by Bpa at position V52 of DolP (Fig-
ure 4—figure supplement 2D-2F). Thus, whereas OmpA could not be detected in native pull-
downs of affinity-tagged DolP, it was efficiently crosslinked. Compared to AdolP, cells lacking OmpA
are not susceptible to vancomycin treatment (Figure 4—figure supplement 1D) and can tolerate
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Figure 4. DolP associates with the BAM complex via an interaction with BamA. (A) The envelope fractions of BW25113 cells carrying the indicated
plasmids were solubilized with 1% (w/v) digitonin and 0.1% (w/v) DDM and subjected to 1gG affinity purification of protein A-tagged DolP. The load and

elution fractions were analysed by SDS-PAGE. The coomassie staining of the elution of protein A-tagged DolP is shown below the diagrams
representing the overproduced protein. Blotted proteins from load and elution fractions were detected by immunolabelling using the indicated

Figure 4 continued on next page
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Figure 4 continued

antisera. Load 0.5%; Elution 100%. The asterisk indicates the TEV-digestion product of DolPP™*. (B) The envelope fractions of BW25113 cells carrying
the plasmids overproducing His-tagged DolP and the indicated BamA protein variants (deleted of POTRAT or of POTRA2) were solubilized with 1% (w/
v) digitonin and 0.1% (w/v) DDM and subjected to Ni-affinity purification. The load and elution fractions were analysed by SDS-PAGE. The coomassie
staining of the elution of His-tagged DolP overproduced together with wild-type BamA is shown below the diagram representing the overproduced
proteins. Blotted protein from load and elution fractions were detected by immunolabelling using the indicated antisera. Load 2%; Elution 100%. The
amount of BamA co-isolated with DolP"* was normalized to the amount of BamA detected in the load fraction. The value obtained for the pBamA-
DolpPHis sample was set to 100%. The average of the relative amounts of co-isolated BamA®"" and BamA2F? are as follows: BamA2™", 16.5% (N = 2: 1st
exp. 23.6%; 2nd exp. 9.3%); BamA®P?, 81.2% (N = 2; 1st exp. 101.8%; 2nd exp. 60.6%). (C) UV photo-crosslinking of AdolP cells transformed with pEVOL-
pBpF and pBamA-DolP"' harbouring an amber codon at the indicated position of the dolP ORF. Upon Ni-affinity chromatography of DolP™, eluates
obtained from UV irradiated samples were separated by SDS-PAGE and analysed by immunoblotting using the indicated antisera. The total envelope
fraction of cells expressing DolPH® with Bpa at position V52 (non-irradiated) is shown in the first lane and serves as a reference for the migration of non-
crosslinked DolP and BamA. Arrowheads indicate crosslinked products detected with both DolP and BamA antisera. Analysis of eluates obtained from
non-irradiated samples are shown in Figure 4—figure supplement 1B. The amino acid residues replaced with Bpa are indicated on the structure of
DolP, PDB: 7A2D (Bryant et al., 2020). In purple are the positions crosslinked to BamA. (D) The envelope fraction of BW25113 cells overproducing
DolP"* or the BAM complex containing C-terminally His-tagged BamE was subjected to protein extraction with 1% (w/v) DDM, Ni-affinity purification,
and gel filtration chromatography. The elution fractions were analysed by SDS-PAGE and coomassie staining. The double asterisk indicates a
contaminant protein in the elution of DolP. (E) Roughly equimolar quantities of purified His-tagged BAM complex and DolP were incubated alone for 1
hr at 4°C (lanes 1, 2, and 7), or together for 1 hr at 4°C (lanes 3 and 6) or for 30 min at 25°C (lanes 4 and 5), prior to blue native-PAGE and
immunoblotting using the indicated antisera.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Analysis of the DolP-BamA interaction.
Figure supplement 2. Mass spectrometry analyses of the DolP-OmpA crosslink product.

the overproduction of BamA (Figure 3B), suggesting that OmpA is not required for DolP function.
Finally, a series of crosslink products with molecular weights approximately two to six times the
mass of DolP were detected with anti-DolP antibodies when Bpa was introduced at position F157
(Figure 4C), suggesting that DolP can form oligomers.

In seeking a detergent that would interfere with the interaction of BAM and DolP, and allow their
purification as separate components, we solubilized the envelope fraction with increasing amounts
of n-dodecyl B-D-maltoside (DDM), a detergent previously used to isolate the native BAM complex
(Roman-Hernandez et al., 2014). At concentrations of DDM between 0.3% (w/v) and 1% (w/v), we
observed a drastic reduction in the amounts of BAM subunits that were co-eluted with DolP™ (Fig-
ure 4—figure supplement 1C), indicating that the BAM-DolP interaction is sensitive to DDM. We
thus used 1% (w/v) DDM to extract and purify His-tagged DolP or His-tagged BAM as separate com-
ponents (Figure 4D). When analysed by blue native-PAGE and immunoblotting, purified DolP gave
rise to a diffused signal at around 450 kDa (Figure 4E, lane 1), suggesting a dynamic multimeric
organization of this protein. Purified BAM migrated as expected at 250 kDa (Figure 4E, lane 7).
When roughly equimolar amounts of purified BAM and DolP were pre-incubated in the presence of
a low DDM concentration and subsequently resolved by blue native-PAGE, a complex with an appar-
ent molecular weight higher than that of the BAM complex was detected with both anti-BamA- and
anti-DolP-specific antibodies (Figure 4E, lanes 3-6), suggesting that DolP can associate with the
penta-subunit BAM complex. Taken together our results demonstrate that DolP can interact with
the BAM complex, making direct contacts with OM-assembled BamA.

BamA overaccumulation in the OM reduces DolP mid-cell localization

In light of our observation that DolP interacts with BAM, we asked whether the envelope localization
patterns of DolP and BAM are reciprocally linked. First, we monitored the effect of DolP expression
on the localization of the chromosomally encoded BamD™"*"™ subunit of the BAM complex. This
protein generated a fluorescence signal throughout the envelope that was not affected by the lack
or the overproduction of DolP (Figure 5—figure supplement 1). Next, we checked the effect on
DolP localization of BAM overaccumulation in the OM. DolP associates with the OM and accumu-
lates at mid-cell during a late step of cell division (Tsang et al., 2017). To monitor the localization of
DolP, we used a strain harbouring a chromosomal dolP-gfp fusion (Figure 1A). The localization of
the DolP®™" fusion protein (Figure 5—figure supplement 2A) was analysed concomitantly with two
other chromosomally encoded markers of the division septum, ZipA™"*™ or NlpD™ "™, ZipA is
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involved in an early step of divisome assembly and accumulates at division sites before, as well as,
during envelope constriction (Figure 5—figure supplement 2B; Hale and de Boer, 1997). Instead,
NIpD is a late marker of cell division involved in the activation of AmiC and accumulates at septa
that are already undergoing constriction (Figure 5—figure supplement 2C; Uehara et al., 2009,
Uehara et al., 2010). DolP®™ accumulated at mid-cell sites where the envelope appeared invagi-
nated, showing a localization pattern similar to that of NIpD™"*"™ (Figure 5—figure supplement
2C; Tsang et al., 2017). We investigated the effect of short-lived (1 hr) BAM overproduction on
DolPSFP localization. Strikingly, we found that BAM overproduction depleted DolP¢"" from mid-cell
sites (Figure 5A, plot, and Figure 5—figure supplement 3A, left). In contrast, no obvious effects on
cell division nor on mid-cell recruitment of ZipA™"*™ and NIpD™ "™ were observed (Figure 5—
figure supplement 3B). The overproduction of BamA alone was sufficient to alter the distribution of
the DolP®" fluorescence signal in constricting cells, with its intensity being reduced at constriction
sites but enhanced at decentred positions along the cell axis (Figure 5—figure supplement 3A). In
contrast, the overproduction of only the four BAM lipoproteins (Figure 5—figure supplement 3A,
right) as well as the overproduction of OmpA (Figure 5—figure supplement 3C) had no obvious
effects on DolP mid-cell localization.

As BAM catalyses OMP assembly, we asked whether this activity interferes with DolP mid-cell
localization. To address this question, we made use of an inactive BamA mutant form (Figure 5—fig-
ure supplement 4A) harbouring a polyhistidine peptide extension at its C-terminal B-strand
(Hartmann et al., 2018). Similar to the overaccumulation of the BAM complex or BamA, the overac-
cumulation of BamA™® interfered with DolP mid-cell localization (Figure 5—figure supplement 4B
and C), without affecting ZipA™"*™ and NlpD™“"*™ (Figure 5—figure supplement 3D), indicating
that the cellular localization of DolP does not depend on the OMP-assembly activity of BamA. In
contrast, the ability of BamA to assemble into the OM was a critical determinant of the observed
septal depletion of DolP. In fact, the periplasm-accumulating BamA*""" variant (Figure 5—figure
supplement 4D) did not impair DolP®"" mid-cell localization (Figure 5—figure supplement 4B, cen-
tre), whereas the OM-overaccumulating BamA2F/His did (Figure 5—figure supplement 4B, right,
4C and 4D). Taken together, these results suggest that the overaccumulation of BamA in the OM
interferes with the recruitment of DolP at mid-cell sites.

DolP mid-cell localization is impaired under envelope stress conditions
Given that DolP is critical for fitness under envelope stress conditions, we wished to know whether
envelope stress would influence the localization of DolPS™?. To this end, first we analysed the locali-
zation of DolP®F” in strains lacking either the OMP chaperone SurA or the lipoprotein BamB. Both
AsurA and AbamB strains are defective in OMP biogenesis and produce higher levels of BAM com-
plex due to activation of the of response (Charlson et al., 2006; Rouviére and Gross, 1996;
Vertommen et al., 2009, Wu et al., 2005). Importantly, the frequency of mid-cell labelling by
DolPS™ was reduced in AsurA cells both in minimal (Figure 5—figure supplement 5A, centre) and
LB (Figure 5B) culture media. In contrast, lack of SurA did not affect septal recruitment of the late
cell division marker NlpD (Figure 5—figure supplement 5B). The analysis of the fluorescence plot
profiles of constricted cells clearly showed a marked reduction of the DolPSF” signal at mid-cell sites
and higher fluorescence levels at decentred positions along the cell axis (Figure 5B, right plot). As
for the AsurA strain, DolP®™" accumulated at the mid-cell with a lower frequency when bamB was
deleted (Figure 5—figure supplement 5A, bottom). Together, these results indicate that, during
envelope stress, DolP is depleted at mid-cell sites.

Because the levels of OmpA and OmpC are reduced under envelope stress conditions, we inves-
tigated if these OMPs are required for the mid-cell localization of DolP. In both ompA or ompC
deletion strains, we observed marked DolP®™" intensities at cell constriction sites, indicating that nei-
ther OmpA nor OmpC are crucial for DolP mid-cell localization (Figure 5C and Figure 5—figure
supplement 5C). Nevertheless, the plot collective profile of DolP™ in AompA showed a marginal
reduction of fluorescence intensity at the mid-cell and a similarly small increment at non-septal posi-
tions. Like BamA, OmpA was crosslinked with DolP at position V52. By monitoring this crosslink reac-
tion, we found that the DolP-BamA association is enhanced in the absence of OmpA (Figure 5D),
suggesting that OmpA competes with BamA for an interaction with DolP. Hence, the depletion of
OmpA in stressed cells might favour the interaction of DolP with BamA.
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Figure 5. BamA overaccumulation in the OM and envelope stress interfere with the mid-cell localization of DolP. (A) Overnight cultures of BW25113
cells harbouring the chromosomal fusion dolP-gfp and transformed with either pCtrl (empty vector) or pBamA were freshly diluted in minimal M9
medium, incubated at 30°C until ODggo = 0.1 and supplemented with 400 uM IPTG for 1 hr. Cell samples were visualized on 1% (w/v) agarose pads by
phase contrast and fluorescence microscopy. Arrowheads indicate envelope constriction sites between forming daughter cells. Bar = 5 um. The

Figure 5 continued on next page
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Figure 5 continued

collective profiles of fluorescence distribution versus the relative position along the cell axis were plotted: pCtrl, blue; pBamA, orange; pBAM™, grey
(images of cells transformed with pBAM"' are shown in Figure 5—figure supplement 3A). Only cells with a constriction (N = 361, pCtrl; N = 187,
pBamA; N = 187, pBAM™) were taken into account for the collective profile plots. Fluorescence intensities were normalized to the mid-cell value
obtained for the control sample. (B) Overnight cultures of BW25113 (control) or AsurA derivative cells carrying the dolP-gfpo chromosomal fusion were
freshly diluted in LB medium and incubated at 30°C until ODggp = 0.3. Cell samples were visualized as in (A). Bar = 5 um. The collective profiles of
fluorescence distribution versus the relative position along the cell axis is shown for AsurA cells (orange) and surA™ control cells (blue). Only cells with a
constriction (N = 318, Control; N = 320, AsurA) were taken into account for the collective profile plots. Fluorescence intensities were normalized to the
mid-cell value obtained for the control sample. (C) Overnight cultures of AompA cells carrying the dolP-gfp chromosomal fusion were cultured and
visualized as in (B). Bar = 5 um. The collective profiles of fluorescence distribution versus the relative position along the cell axis is shown for AompA
cells (orange) and an ompA™ (control) strain that was cultured and visualized in a parallel experiment (blue). Only cells with a constriction (N = 287,
Control; N = 193, AompA) were taken into account for the collective profile plots. Fluorescence intensities were normalized to the mid-cell value
obtained for the control sample. (D) UV photo-crosslinking of AdolP and AdolP AompA cells transformed with pBamA-DolPH harbouring an amber
codon at position V52 of the dolP ORF. Signals obtained with the anti-BamA antiserum were quantified and showed in the histogram. The amount of
DolP-BamA crosslink product obtained with samples lacking OmpA is expressed as fold change of the amount of the same product obtained in
samples expressing OmpA. Data are reported as mean + SEM (N = 3).

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Effect of the lack or the overproduction of DolP on BAM localization.

Figure supplement 2. DolP®™, NIpD™“"*"™, and ZipA™"*™ mid-cell localization patterns.

Figure supplement 3. Overproduction of BAM influences septal recruitment of DolPS ™ but not NIpD™"e™ or ZipA™Cher.
Figure supplement 4. BamA overaccumulation in the OM impairs mid-cell localization of DolPSF".

Figure supplement 5. Envelope stress influences the localization of DolP®F.

Discussion

Upon envelope stress, the BAM complex and other OM biogenesis factors are upregulated to meet
the cellular demand for OMP assembly. The role of DolP, which is also upregulated by the envelope
stress response, was unclear. In our study, we uncover that DolP supports cell fitness under envelope
stress conditions and we demonstrate that the BAM complex, in particular its central catalytic sub-
unit BamA, is a direct target of such fitness function.

First we have shown that in cells that lack BamB and undergo envelope stress, DolP is important
to maintain the levels of BamA. Next, we have exploited the observation that, when overproduced,
BamA impairs OM integrity, causing a detrimental effect dependent on its accumulation in the OM.
Under these conditions, a significant portion of membrane-embedded BamA is improperly folded
and OMP biogenesis is reduced. We have shown that an increment of DolP expression rescues
proper folding of BamA and, to some extent, efficient OMP biogenesis. Finally, we have demon-
strated that DolP directly interacts with the BAM complex in the OM, making contacts to BamA.
Taken together, these results strongly suggest that DolP contributes to preserve the OM integrity
by supporting the function of BamA, thus shedding some light on how DolP copes with envelope
stress.

In addition to promoting efficient OMP biogenesis, proper folding of BamA may be necessary to
regulate the dynamics of this protein in the OM. As part of the mechanism by which BAM functions
in OMP biogenesis, BamA is predicted to interfere with the organization of the surrounding lipid
bilayer and to generate an energetically favourable environment for the insertion of nascent OMPs
in the OM (Fleming, 2015; Horne et al., 2020). BamA-mediated destabilization of a lipid bilayer
was shown by molecular dynamics simulations, as well as by reconstituting both BamA into proteoli-
posomes and the BAM complex into nanodiscs (ladanza et al., 2020; Noinaj et al., 2013,
Sinnige et al., 2014). Furthermore, when reconstituted into a lipid bilayer, BamA can form pores
characterized by variable conductance (Stegmeier and Andersen, 2006). With an improperly folded
conformation, these features of BamA may be uncontrolled and potentially detrimental for OM
integrity. The finding that DolP supports proper folding of BamA provides an explanation as to how
DolP helps preserving OM integrity. This role of DolP is reminiscent of the chaperone function attrib-
uted to a different dual BON-domain protein, OsmY, which promotes the folding of a specific sub-
class of OMPs (Yan et al., 2019). We speculate that, by associating with BamA, DolP directly
contributes to its folding in the OM. The evidence that DolP associates but does not form a stoichio-
metric complex with BAM is consistent with the hypothesis that DolP may transiently act on BamA
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similar to a chaperone. Notably, although the chaperone SurA is not required for BamA assembly in
the OM, it was shown that in the absence of this factor a portion of BamA is proteolytically
degraded (Bennion et al., 2010; Narita et al., 2013). It is thus tempting to explain the quasi-lethal
phenotype of a double surA and dolP deletion strain (Onufryk et al., 2005) with a scenario where at
least SurA or DolP must be expressed to maintain BamA in a properly folded conformation. Further
studies will be warranted to determine in detail the molecular bases of how DolP helps preserving
the proper folding of BamA in the OM.

The observation that DolP binds anionic phospholipids, such as phosphatidylglycerol and cardioli-
pin (Bryant et al., 2020), is particularly interesting in the contest of the BAM-DolP interaction. Phos-
pholipid binding is mediated by residues in BON2 of DolP, away from to the site of interaction with
BamA that we have identified in BON1. Conceivably, the binding of BamA may not interfere with
the ability of DolP to interact with phospholipids. However, whether phospholipid binding by DolP
plays a role in supporting proper folding and activity of BamA remains to be determined. In an in
vitro experimental set-up, the OMP-assembly activity of BamA is only marginally dependent on the
surrounding lipid content (Hussain and Bernstein, 2018). It is intriguing however that amino acid
residues of the BamA POTRA domains can make contact with the lipid head-groups on the periplas-
mic surface of the OM and that BamE interacts with an anionic phospholipid (Fleming et al., 2016;
Knowles et al., 2011). Thus, two non-mutually exclusive scenarios should be considered: (i) enrich-
ing the BAM sites with negatively charged phospholipids may be part of the mechanism by which
DolP contributes to maintain BamA in a properly folded conformation; (ii) DolP may interact with
phospholipids in proximity of the BAM complex and form a structure that helps preserving the integ-
rity of these sites. Of note, we have obtained some evidence that DolP can form oligomers, but it
remains to be established whether these DolP structures form in proximity of the BAM complex.

Whereas we have shown that DolP restores an OM integrity defect inherent to BamA expression,
we cannot exclude that also other OM features determined by the activation of the envelope stress
response require the activity of DolP. In any event, a key finding of our study is that DolP mid-cell
localization is sensitive to envelope stress conditions. During envelope stress, the OM undergoes a
significant alteration of its protein composition, with a marked downregulation of porins and OmpA
(Rhodius et al., 2006). OMPs are largely arranged in clusters (Gunasinghe et al., 2018;
Jarosfawski et al., 2009; Rassam et al., 2015) embedded by highly organized LPS molecules in the
external leaflet of the OM (Nikaido, 2003) and the rigidity of their B-barrel structures contributes to
the mechanical stiffness of the OM (Lessen et al., 2018). Downregulation targets of % also include
the lipoproteins Pal and Lpp (Gogol et al., 2011; Guo et al., 2014), which are critical for OM integ-
rity (Asmar and Collet, 2018; Cascales et al., 2002). Importantly, we have shown that the overaccu-
mulation of BAM in the OM influences DolP localization, suggesting that during stress the
upregulation of BamA contributes to deplete DolP from cell constriction sites. We have also
obtained evidence that OmpA competes with BamA for an interaction with DolP. A role of OmpA in
buffering the function of an envelope stress factor has been reported (Dekoninck et al., 2020). We
propose that during envelope stress, the depletion of OmpA might enhance the interaction of DolP
with BamA.

Distinct biogenesis and surveillance pathways are required to maintain the protective function of
the multi-layered envelope of Gram-negative bacteria (Egan et al., 2020). The hits of our CRISPRi
synthetic-defect screen in AdolP cells include mainly genes involved in efficient transport and assem-
bly of OMPs or in the activation of the 6"-mediated envelope stress response, which is consistent
with the notion that DolP supports the high demand for OMP biogenesis during stress. In addition,
genes involved in the activation of the AmiA pathway of septal peptidoglycan splitting were identi-
fied. This result is in line with the conclusions of a previous study implicating DolP in the regulation
of the NlpD-mediated activation of AmiC (Tsang et al., 2017). Cells lacking both NIpD and AmiC
have reduced OM integrity, which contributes to explain the vancomycin sensitivity of AdolP cells
(Tsang et al., 2017). Intriguingly, our observation that mid-cell localization of DolP is reduced under
envelope stress conditions points to a possible role of DolP in linking envelope stress to septal pep-
tidoglycan hydrolysis. Reduced levels of DolP at mid-cell sites, and thus impaired AmiC activation
(Tsang et al., 2017), could play an important role in coping with envelope stress, for instance by reg-
ulating the window of time available to restore efficient OMP biogenesis prior to completing the for-
mation of the new poles in the cell offspring.
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In summary, our results reveal an unprecedented function for DolP in supporting the correct fold-
ing of BamA, providing an explanation as to how DolP promotes OM integrity and why this factor is
upregulated during envelope stress. The identified role of DolP in supporting the BamA function
represents a potentially exploitable target in the development of alternative antibacterial therapies.
The re-localization of DolP during stress points to a mechanistic link between activation of the enve-
lope stress response and a late step of cell division that will be interesting to investigate in future
studies.

Materials and methods

Bacterial strains and growth conditions

All E. coli strains used in this study are listed in Supplementary file 1. Strains newly generated for
this study derive from BW25113 [A(araD-araB)567 A(rhaD-rhaB)568 AlacZ4787 (::rrnB-3) hsdR514
rph-1] (Grenier et al., 2014) or MG1655 (F~ A~ ilvG™ rfb-50 rph-1) (Blattner et al., 1997). Deletions
of dolP, rseA, surA, bamB, degP, skp, ompA, or ompC were achieved by P1 transduction of the
AdolP::kan, ArseA::kan, AsurA::kan, AbamB::kan, AdegP::kan, Askp::kan, AompA::kan, or AompC::
kan alleles, respectively, obtained from the corresponding Keio collection strains (Baba et al., 2006).
BW25113 derivative strains harbouring chromosomal fusions of constructs encoding superfolder
GFP downstream of dolP or mCherry downstream of nlpD, zipA, and bamD were obtained by A-red
recombination as previously described (Datsenko and Wanner, 2000). Briefly, a kanamycin-resis-
tance cassette was amplified from plasmid pKD4 using oligonucleotides carrying extensions of
approximately 50 nucleotides homologous to regions immediately upstream or downstream the
stop codon of the interested genes. Dpnl-digested and purified PCR products were electroporated
into the BW25113 or derivative strains. Recombinant clones were selected at 37°C on LB agar plates
containing kanamycin. When necessary, the kanamycin-resistance cassette inserted into a mutated
locus (gene deletion or fusion) was removed upon transformation with the heat-curable plasmid
pCP20 (Datsenko and Wanner, 2000). The MG1655 derivative strain LC-E75, harbouring a dCas9-
encoding construct under the control of the P..; promoter, has been described (Cui et al., 2018).
Cells were cultured in home-made lysogeny broth (LB) medium (1% (w/v)) tryptone, 0.5% (w/v) yeast
extract, 5 mg/ml (NaCl), commercially available Miller LB Broth (Sigma) or M9 minimal medium con-
taining M9 salts (33.7 mM NayHPO4, 22 mM KH,PO,, 8.55 mM NaCl, 9.35 mM NH,Cl) and supple-
mented with 0.2% w/v glycerol and all the amino acids. Antibiotics were used at the following
concentrations: ampicillin 100 pg/ml, kanamycin 50 pg/ml, and vancomycin 60 pg/ml. For spot tests,
cells were cultured to mid-log phase, washed with M9 salts, and serially diluted in ice-cold M9 salts
prior to spotting on agar plates.

Plasmid construction

All plasmids used in this study are listed in Supplementary file 2. Plasmids for the ectopic expres-
sion of BAM subunits, DolP, or OmpA are derived from a pTrc99a vector. The plasmid pBAM™
(pJH114), which harbours a P, promoter followed by the sequences of the E. coli K12 bamA ribo-
some-binding site, the bamABCDE open reading frames, and an octahistidine tag fused downstream
of bamE, was described (Roman-Hernandez et al., 2014). The region of pBAM™ comprising the
segment that spans from the bamA start codon to the bamE stop codon was deleted by site-
directed mutagenesis, generating pCtrl. Plasmids pBamA™* was generated by restriction-free clon-
ing, inserting the bamA ORF without its stop codon downstream of the P, promoter and upstream
of the octahistidine encoding region in pCtrl. pBamA™ was subjected to site-directed mutagenesis
to generate pBamA, encoding wild-type, non-tagged BamA. The dolP ORF amplified from the
BW25113 genomic DNA was used to replace the bamABCDE ORFs in pJH114 by restriction-free
cloning, generating pDolP"*. The plasmid pBamA-DolP"* was generated by restriction-free cloning
of the bamA ORF between the P, promoter and dolP in pDolP". Where indicated, site-directed
mutagenesis on pBamA-DolP™ or pDolPH* was used to replace specific dolP codons with an amber
codon. pDolP™-BamA was built in two steps starting from pDolP". First, the sequence of the E.
coli K12 bamA ribosome-binding site was deleted positioning the dolP ORF eight nucleotides down-
stream of the ribosome-binding site of the pTrc99a multiple cloning site. The resulting plasmid was
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then used to insert a segment of pJH114 containing the entire bamA ORF including the E. coli
bamA ribosome-binding site.

Site-directed mutagenesis was conducted on pBAM™® (pJH114) to obtain pBamACDE™*, pBa-
mABDE"*, pBamBCDE""*, and pBamCDE"". A sequence encoding the tobacco etch virus protease
cleavage site (TEV site) followed by a tandem Protein A tag was amplified from pYM10 (Knop et al.,
1999) and fused by restriction-free cloning with the last codon of the bamE gene in pBAM™® to gen-
erate pBAMP™* A stop codon was introduced downstream of the bamE last codon to generate
pBAM. Plasmids encoding the AP1 and AP2 BamA variant were obtained by site-directed mutagene-
sis deleting the portion of bamA ORFs corresponding to residues E22-K89 or P92-G172, respec-
tively. The TEV site and the tandem Protein A construct amplified from pYM10 were inserted by
restriction-free cloning downstream of the dolP last codon in pDolP™*, generating pDolP""*, pDolP
was derived from pDolPP™* using site-directed mutagenesis to introduce a stop codon immediately
downstream of the dolP ORF. The ompA ORF was amplified from the BW25113 genomic DNA and
inserted by restriction-free cloning between P, and the His-tag encoding construct of pCtrl to gen-
erate pOmpA"™®. The sgRNAs plasmids are derived from psgRNAcos (Cui et al., 2018). To generate
sgRNA-encoding plasmids the DNA sequences AGCTGCACCTGCTGCGAATA (bamD sgRNA, plas-
mid pCAT187), GTAAACCACTCGCTCCAGAG (bamE sgRNA, plasmid pCAT189), CTCATCCGCG
TGGGCGGAAA (envC sgRNA, plasmid pCAT191), and CTGAGCCGCCGACCGATTTA (ftsX sgRNA,
pCAT193) were inserted into a Bsal site of the psgRNAcos.

CRISPRi screen and data analysis

Strain LC-E75 (dolP*) and its AdolP derivative were transformed with the EcoWG1 library which con-
tains five guides per gene as previously described (Calvo-Villamanan et al., 2020). After culturing
pooled transformant cells in LB at 37°C to early exponential phase (optical density at 600 nm [ODgq0]
=0.2), a sample was withdrawn for plasmid isolation (tsax). Subsequently, cultures were supple-
mented with 1 UM anhydrotetracycline (aTc) to induce dCas9 expression and further incubated at
37°C. When cultures reached an ODggg of 2 they were diluted 1:100 into LB supplemented with 1
UM aTc and incubated at the same temperature until an ODggo of 2. This step was repeated one
more time prior to withdrawing a sample for isolation of plasmid DNA (tenq). Sequencing indexes
were used to assign reads to each sample. lllumina sequencing samples were prepared and analysed
as previously described (Cui et al., 2018). Briefly, a two-step PCR was performed with Phusion poly-
merase (Thermo Scientific) using indexed primers. The first PCR adds the first index and the second
PCR adds the second index and flow-cell attachment sequences. Pooled PCR products were gel-
purified. Sequencing was performed on a NextSeq550 machine (lllumina). The total number of reads
obtained for each sample was used to normalize raw reads by sample size. Replicates were pooled
to increase depth before another normalization by sample size. Guides with less than 100 normalized
read counts in initial time points were discarded. For each screen, sgRNA fitness was calculated as
the log2-transformed ratio of normalized reads counts between the final and the initial time point:

10g2FC = log2 ( Normalized readsfinq + 1 )

Normalized readsipisia; + 1

For each sample, log2FC values were centred by subtracting the median log2FC of non-targeting
control guides. We then calculated for each sgRNA the difference of log2FC value between the
AdolP screen and the dolP* screen. Guides were ranked from the lowest negative values (negative
fitness effect in AdolP compared to dolP*) to the highest positive values (positive fitness effect in
AdolP compared to dolP*) and the significance of the interaction between dolP and each gene was
evaluated by performing a minimum hypergeometric (mHG) test on the ranked list for each gene
using the mHG R package (v. 1.1) (McLeay and Bailey, 2010). False-discovery rate (FDR) was used
to correct p-values for multiple testing. For each gene, the median difference of log2FC between
AdolP and dolP" screens was used as a measure of the genetic interaction.

Cell fractionation

To prepare whole-cell lysates, cells were cultured to early exponential phase (ODggo = 0.2-0.3) in LB
medium at 37°C and collected. Where indicated, IPTG was added 1 or 2 hr prior to cell collection, as
indicated. Cells were pelleted by centrifugation, washed once with M9 salt, and lysed with Laemmli
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Sample Buffer (Bio-Rad) (69 mM Tris-HCI, pH 6.8, 11.1% [v/v] glycerol, 1.1% [w/V] lithium dodecyl sul-
phate [LDS], 0.005% [w/v] bromophenol blue, supplemented with 357 mM B-mercaptoethanol and 2
mM phenylmethylsulfonyl fluoride [PMSF]). The whole-cell lysates were heat-denatured at 98°C for 5
min prior SDS-PAGE analysis.

To obtain spheroplasts cells were cultured to early exponential phase, collected by centrifugation,
resuspended in 33 mM Tris-HCI, pH 8, 40% (w/v) sucrose to an ODg of 1. The cell suspension was
then supplemented with 0.1 mg/ml lysozyme (Sigma), 2 mM EDTA, and incubated on ice for 20 min
to induce lysis. After addition of 10 mM MgSQy,, the spheroplast fraction was collected by centrifu-
gation at 16,000 x g. The supernatant was further centrifuged at 100,000 x g to remove any resid-
ual membrane fraction, which was discarded. The obtained soluble (periplasm) fraction was
subjected to protein precipitation by adding 10% (w/v) trichloroacetic acid (TCA). TCA precipitates
were solubilized in Laemmli Sample Buffer (Bio-Rad) prior to SDS-PAGE analysis. A similar proce-
dure, with a cell resuspension buffer lacking sucrose, was used to lyse cells and obtain the mem-
brane and soluble fractions.

The crude envelope fractions directly analysed by SDS-PAGE or used for native affinity purifica-
tion of affinity tagged BAM complex or DolP were prepared from cells that were cultured in LB until
early exponential phase and, where indicated, supplemented with 400 uM IPTG for 1 or 2 hr (as
reported in the figure legends) to induce ectopic protein expression. Cells were collected by centri-
fugation at 6000 x g at 4°C, resuspended in 20 mM Tris-HC| pH 8, and mechanically disrupted using
a Cell Disruptor (Constant Systems LTD) set to 0.82 kPa. The obtained cell lysate fractions were clari-
fied by centrifugation at 6000 x g and 4°C. The supernatant was then subjected to ultracentrifuga-
tion at 100,000 x g at 4°C to collect the envelope fraction.

Protein heat-modifiability

Whole-cell lysates or the crude envelope fractions diluted in Laemmli Sample Buffer were incubated
at different temperatures (as indicated in figures and figure legends) prior to analysis by SDS-PAGE
and immunoblotting. For the analysis of BamA heat-modifiability, samples were incubated either at
25°C or at 99°C for 10 min and gel electrophoresis was conducted at 4°C.

Isolation of native protein complexes by IgG- or nickel-affinity
chromatography

The envelope fraction was resuspended at a concentration of approximately 10 mg/ml in solubiliza-
tion buffer (20 mM Tris-HCI pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 2 mM PMSF) supplemented with
EDTA-free protease inhibitor cocktail (Roche), and 1.1% (w/v) of a mild detergent component corre-
sponding to digitonin (Merck) and DDM (Merck) as indicated in figure legends. To facilitate extrac-
tion of membrane proteins, samples were subjected to mild agitation for 1 hr at 4°C. Insoluble
material was removed by centrifugation at 16,000 x g at 4°C. To perform IgG affinity purification,
membrane-extracted proteins were incubated for 1.5 hr at 4°C with purified human IgG (Sigma) that
had been previously coupled with CNBr-activated Sepharose beads (GE Healthcare). After extensive
washes of the resin with solubilization buffer containing 0.3% (w/v) digitonin and 0.03% (w/v) DDM,
bound proteins were eluted by incubation with AcTEV protease (ThermoFisher) overnight at 4°C
under mild agitation. To perform nickel (Ni)-affinity purification, membrane-extracted proteins were
supplemented with 20 mM imidazole and incubated with Protino Ni-NTA agarose beads (Macherey-
Nagel) for 1 hr at 4°C. After extensive washes of the resin with solubilization buffer supplemented
with 50 mM imidazole, 0.3% (w/v) digitonin, 0.03% (w/v) DDM, and the EDTA-free protease inhibitor
cocktail (Roche), bound proteins were eluted using the same buffer supplemented with 500 mM
imidazole.

In vitro reconstitution of the BAM-DolP interaction and BN-PAGE
analysis

Envelope fractions were obtained from cells carrying pBAM™® or pDolP™ and cultured until early
exponential phase in LB medium at 37°C and subsequently supplemented with 400 uM IPTG for 1.5
hr to induce the expression of the BAM complex genes or dolP. The envelope fractions were solubi-
lized and purified by Ni-affinity and size exclusion chromatography, adapting a previously published
protocol. Briefly, after membrane solubilization with 50 mM Tris-HCI pH 8.0, 150 mM NaCl, and 1%
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(w/v) DDM, and removal of insoluble material by ultracentrifugation at 100,000 x g, 4°C, soluble pro-
teins were loaded onto a Ni-column (HisTrap FF Crude, GE Healthcare) pre-equilibrated with 50 mM
Tris-HCI pH 8.0, 150 mM NaCl, and 0.03% (w/v) DDM (equilibration buffer), using an AKTA Purifier
10 (GE Healthcare) at 4°C. The column containing bound proteins was washed with equilibration
buffer supplemented with 50 mM imidazole. Proteins were eluted in equilibration buffer, applying a
gradient of imidazole from 50 mM to 500 mM and further separated by gel filtration using an HiLoad
16/600 Superdex 200 (GE Healthcare) in equilibration buffer. Eluted proteins were concentrated
using an ultrafiltration membrane with a 10 kDa molecular weight cutoff (Vivaspin 6, Sartorius). To
reconstitute the BAM-DolP complex in vitro, equimolar concentrations of purified BAM and DolP
were used. Purified proteins were mixed in equilibration buffer for 1 hr at 4°C or for 30 min at 25°C
as indicated in figure legends. The reaction was further diluted 1:4 times in ice-cold blue native
buffer (20 mM Tris-HCI pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 1% [w/v] digitonin, 10% w/v glycerol)
and ice cold blue native loading buffer (5% coomassie brilliant blue G-250, 100 mM Bis-Tris-HCl, pH
7.0, 500 mM 6-aminocaproic acid) prior to loading onto home-made 5-13% blue native polyacryl-
amide gradient gels. Resolved protein complexes were blotted onto a PVDF membrane and immu-
nolabelled. Where non-relevant gel lanes were removed, a white space was used to separate
contiguous parts of the same gel.

Site-directed photo-crosslinking

Cells harbouring pEVOL-pBpF (Chin et al., 2002) and pBamA-DolP™ or pDolP"* with single amber
codon substitutions in the dolP open reading frame were cultured in minimal media until early expo-
nential phase, supplemented with 1 mM Bpa (Bachem) and 400 uM IPTG for 1.5 hr. Cultures were
divided into two equal parts, one left on ice and one subjected to UV irradiation for 10 min on ice,
using a UV-A LED light source (Tritan 365 MHB, Spectroline). Harvested cells were mechanically dis-
rupted to obtain the envelope fraction as described above. Envelope fractions were solubilized in
200 mM Tris-HCI, pH 8, 12% (w/v) glycerol, 4% (w/v) SDS, 15 mM EDTA, and 2 mM PMSF. After a
clarifying spin, the supernatants were diluted 20-fold in RIPA buffer (50 mM Tris/HCI, pH 8, 150 mM
NaCl, 1% [v/v] NP-40, 0.5%[w/v] sodium deoxycholate, 0.1% [w/v] SDS) supplemented with 20 mM
imidazole and subjected to Ni-affinity chromatography. After extensive washing with RIPA buffer
containing 50 mM imidazole, proteins were eluted with the same buffer containing 500 mM imidaz-
ole. Equal portions of the elution fractions were separated by SDS-PAGE and subjected to
immunoblotting.

Antibodies and western blotting

Proteins separated by SDS-PAGE or blue native-PAGE were transferred onto PVDF membranes
(Merck). After blocking with skim milk, membranes were immunolabelled using epitope-specific rab-
bit polyclonal antisera, with the exception of RpoB that was labelled using a mouse monoclonal anti-
body (NeoClone Biotechnology). The F4B subunit of the ATP F{F5 synthase was detected using a
rabbit polyclonal antiserum raised against an epitope of the homologous protein of Saccharomyces
cerevisiae (Atp2). The secondary immunodecoration was conducted using anti-rabbit or anti-mouse
antibodies conjugated to horseradish peroxidase produced in goat (Sigma). Protein signals were
generated using a Clarity Western ECL blotting substrate (Bio-Rad) and detected using a LAS-4000
(Fujifilm) system. The signal intensities of protein bands were quantified using a Multi Gauge (Fuji-
film) software.

Mass spectrometry analyses

MALDI-TOF MS: Coomassie-stained bands of interest were excised from SDS-polyacrylamide gels
and cut into pieces. Samples were washed twice with 100 pl of 25 mM ammonium bicarbonate, 50%
(v/v) acetonitrile for 10 min under agitation.

After drying, the gel pieces were rehydrated with 10 pl of 10 ug/ml modified trypsin (Promega) in
25 mM ammonium bicarbonate and digested overnight at 37°C. Acetonitrile was added to the
digest to a final concentration of 10% (v/v). After 5 min sonication, 1 ul of the extracted peptide mix-
ture was spotted on the sample plate of the mass spectrometer with 1 ul of the matrix solution (6
mg/ml of o-cyano-4-hydroxycynnamic acid in 50% [v/v] acetonitrile and 0.1% [v/v] trifluoroacetic
acid). The analysis was performed using a MALDI-TOF/TOF mass spectrometer (Voyager 5800,
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Applied Biosystems/MDS, Sciex) in positive reflectron mode with the following parameters: acceler-
ating voltage, 20 kV; grid voltage, 68%; extraction delay time, 200 ns; shoot number, 1000. Acquisi-
tion range was between 750 and 3000 m/z. Spectra were treated using the Data Explorer software
(Applied Biosystems).

NanoLC-MS/MS: 70 ug of eluted proteins from each sample (+ UV or — UV) were digested with
trypsin (Promega) using S-Trap Micro spin columns (Protifi) according to the manufacturer’s instruc-
tion (HaileMariam et al., 2018). Digested peptide extracts were analysed by online nanoLC using
an UltiMate 3000 RSLCnano LC system (ThermoScientific) coupled with an Orbitrap Fusion Tribrid
mass spectrometer (Thermo Scientific) operating in positive mode. Five microliters of each sample (5
1g) were loaded onto a 300 um ID x5 mm PepMap C18 pre-column (Thermo Scientific) at 20 pl/min
in 2% (v/v) acetonitrile, 0.05% (v/v) trifluoroacetic acid. After 3 min of desalting, peptides were on-
line separated on a 75 um ID x 50 cm C18 column (in-house packed with Reprosil C18-AQ Pur 3 um
resin, Dr. Maisch; Proxeon Biosystems) equilibrated in 90% buffer A (0.2% [v/v] formic acid), with a
gradient of 10-30% buffer B (80% [v/v] acetonitrile, 0.2% [v/v] formic acid) for 100 min, then 30-45%
for 20 min at 300 nl/min. The instrument was operated in data-dependent acquisition mode using a
top-speed approach (cycle time of 3 s). Survey scans MS were acquired in the Orbitrap over 375-
1800 m/z with a resolution of 120,000 (at 200 m/z), an automatic gain control (AGC) target of 4e5,
and a maximum injection time (IT) of 50 ms. Most intense ions (2+ to 7+) were selected at 1.6 m/z
with quadrupole and fragmented by Higher Energy Collisional Dissociation (HCD). The monoisotopic
precursor selection was turned on, the intensity threshold for fragmentation was set to 25,000, and
the normalized collision energy (NCE) was set to 30%. The resulting fragments were analysed in the
Orbitrap with a resolution of 30,000 (at 200 m/z), an AGC target of 1e5, and a maximum IT of 100
ms. Dynamic exclusion was used within 30 s with a 10 ppm tolerance. The ion at 445.120025 m/z
was used as lock mass. The dipeptides were searched manually in Xcalibur using ms2 reporter ions
of the modified peptide (m/z 159.11; 187.11; 244.13) and MSMS spectra of the crosslinked peptides
were annotated manually using GPMAW (Peri et al., 2001).

Epifluorescence microscopy and analysis

Overnight cultures of E. coli BW25113 and its derivative strains were diluted into fresh M9 medium
containing 0.2% glycerol or LB medium and grown at 30°C to ODggo = 0.2-0.3. When indicated, cul-
tures were supplemented with 400 uM of IPTG to induce ectopic expression of plasmid-borne genes
for 1 hr prior to collecting samples for microscopy analysis. Culture volumes of 0.6 ul were deposited
directly onto slides coated with 1% (w/v) agarose in a phosphate-buffered saline solution and visual-
ized by epifluorescence microscopy. Cells were imaged at 30°C using an Eclipse TI-E/B Nikon wide
field epifluorescence inverted microscope with a phase contrast objective (Plan APO LBDA 100X oil
NA1.4 Phase) and a Semrock filter mCherry (Ex: 562BP24; DM: 593; Em: 641BP75) or FITC (Ex:
482BP35; DM: 506; Em: 536BP40). Images were acquired using a CDD OrcaR2 (Hamamatsu) camera
with illumination at 100% from a HG Intensilight source and with an exposure time of 1-3 s, or using
a Neo 5.5 sCMOS (Andor) camera with illumination at 60% from a LED SPECTRA X source (Lumen-
cor) with an exposure time of 2 s. Nis-Elements AR software (Nikon) was used for image capture.
Image analysis was conducted using the Fiji and ImageJ software. The fraction of cells with DolPSPF
signals at mid-cell sites was estimated using the Fiji Cell Counter plugin. Collective profiles of fluo-
rescence distribution versus the relative position along the cell axis were generated using the Coli-
Inspector macro run in ImageJ within the plugin ObjectJ (Vischer et al., 2015), selecting only cells
with a constriction (80% of cell diameter) as qualified objects. Fluorescence intensities were normal-
ized to the mid-cell intensity measured for a control reference strain harbouring the chromosomal
dolP-gfp fusion.
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