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Summary

The cell envelope is essential for bacterial survival, as it forms a protective barrier that
shelters the cell from its environment. This envelope consists of an outer and an inner
membrane; both membranes are separated by the periplasm. In the periplasm, a
mesh-like layer called peptidoglycan, or murein, is present and is important for cell
shape and the protection against osmotic shock. The cell envelope includes three
groups of proteins. During my thesis, | focused on studying one of these groups, which
is lipoproteins. Lipoproteins, as their name subtly suggest, are globular proteins that
are covalently linked to a lipid moiety which anchors them in one of the two
membranes. This subset of proteins is involved in a wide range of vital bacterial
processes.

Lipoproteins can be retained in the inner membrane (IM) or can be transported to the
outer membrane (OM). The sorting and targeting of lipoproteins between the two
membranes is controlled by the Lol (Localization of lipoproteins) system. In this thesis,
| show that lipoprotein sorting is affected by the presence of an intrinsically disordered
region, that we call a linker, that is present at the N-terminal of half OM lipoproteins.
First, | show that deleting the linker re-routes OM lipoproteins to the IM, which has
functional consequences. Moreover, | found that the length, but not the sequence, of
this linker is important for correct lipoprotein sorting, on the condition that the linker
stays unstructured.

Second, | provide mechanistic details on the function of the linker, showing that the
disordered region works in a Lol-dependent manner.

Finally, | propose a model where the linker optimizes OM targeting as well as the

surface exposure of lipoproteins.






Organization of the thesis

This thesis is organized in four main sections: Introduction, Results, Discussion and

Conclusions. Annexes can be found at the end of the manuscript.

The Introduction is divided into three chapters. The first chapter provides an overview
on the cell envelope of Gram-negative bacteria. The second chapter focuses on
lipoproteins and describes the different aspects of their journey, conservation and
importance as antibiotic targets. Parts of this chapter were adapted from a review that
| co-authored and that was published in Current Opinion in Microbiology in March
2021. This review can be found in annex Il. The third chapter describes structural

disorder in proteins.

The Results section is divided into two chapters. In chapter |, we investigate the role
of the N-terminal intrinsically disordered region, called linker, displayed by half OM
lipoproteins. These findings are published in Nature Chemical Biology in July 2021.
Chapter Il presents preliminary unpublished data describing the efficient purification
of the periplasmic chaperone LolA in complex with a lipoprotein, in this case the stress

sensor RcsF devoid of its N-terminal linker.

The General Discussion section discusses the main findings of this thesis and the

different remaining open questions. This section is followed by the conclusion.

The References of this thesis, except the ones of the results section, are listed after

the conclusion section.



Finally, three annexes are included at the end of this thesis. The first one is the
published version of the paper presenting most of the results obtained during the
thesis (Chapter | of the Results). The second annex is our review on lipoproteins
published in Current Opinion in Microbiology. The third one is the Blog Post that we
were invited to write, by the Nature Chemical Biology journal, for the Behind the Paper
channel of the Nature Research Microbiology community website. This blog post is

related to our paper published In Nature Chemical Biology.



Research objectives

The cell envelope of Gram-negative bacteria is the first defense line against antibiotics
and environmental stresses. Different groups of proteins are present in the envelope
and ensure cellular protection. One of these groups includes globular proteins
anchored to the inner or the outer membrane by a lipid moiety and is called
lipoproteins. These lipidated proteins are essential for bacterial survival and fulfil a
variety of different functions. In consequence, lipoproteins have been drawing a lot of

attention lately and are considered a great target for the design of new antibiotics.

Lipoproteins can be retained in the IM or exported to the OM by the Lol system. The
first goal of my thesis was to study the role of an intrinsically disordered region,
present at the N-terminus of OM lipoproteins, in the sorting of lipoproteins between the
two membranes of the cell envelope. We found that this disordered region optimizes
OM targeting of lipoproteins by Lol. These findings are presented in chapter | of the

Results section.

The second goal of my thesis was to optimize the purification of the periplasmic
chaperone LolA in complex with a lipoprotein, in an attempt to determine its crystal
structure. Preliminary unpublished results are presented in chapter Il of the Results

section.
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Chapter I. The cell envelope of Gram-negative
bacteria

The cytoplasm of Gram-negative bacteria is surrounded by the cell envelope. This
three-layered structure is therefore exposed to the extracellular environment and thus
to antibiotics. Different machineries and proteins are present in this compartment to
ensure bacterial protection and resistance to virulence factors and antimicrobials. The

cell envelope is consequently very important and essential for the bacteria to survive.

The excessive inappropriate use of antibiotics has led to the appearance of antibiotic
resistance as a major global threat. One strategy to fight this resistance is to find new
targets and to develop new antimicrobials. Since the cell envelope is the first barrier
against toxic compounds, studying the envelope constitutes therefore a good strategy
to find novel targets. In this chapter, | will describe in detail the architecture and the

importance of the cell envelope of Gram-negative bacteria.

1.1. Architecture of the cell envelope

The cell envelope is the morphological hallmark of Gram-negative bacteria. It is
composed of two concentric membranes: the inner membrane (IM), which is in contact
with the cytoplasm, and the outer membrane (OM), which constitutes the interface with
the environment '. The inner and outer membranes are separated by the periplasm, a
compartment that represents 10-20% of the total cell volume and contains a thin layer
of peptidoglycan '. The envelope is required for growth and survival, maintaining cell
shape and providing osmotic protection to cells. The main focus of this study will be

the Enterobacteriaceae family, mainly Escherichia coli (E. coli), the model bacterium.

13



In E. coli, about one-third of all proteins are targeted to the cell envelope 2. Soluble
proteins are present in the periplasm where they participate in a variety of processes
including peptidoglycan assembly, disulfide bond formation and nutrient import.
Integral membrane proteins are present in both the inner and outer membranes; in the
OM, they typically adopt a B-barrel conformation 3. Another important group of
envelope proteins is the lipoproteins, which are globular proteins anchored to a
membrane by a lipid moiety 4 (Fig.1). Below, we will describe in detail the different

compartments of the cell envelope.

1.1.a. The outer membrane (OM)

The OM is the outermost layer of the Gram-negative cell envelope. Gram-positive
bacteria lack this layer. The OM is a unique membrane by its asymmetry. While the
inner leaflet is formed by phospholipids, the outer leaflet is composed by
lipopolysaccharides (LPS) (Fig.1). The LPS, also known as endotoxin, is a potent
inducer of the host immune system during a bacterial infection °. It is formed of three
parts: the hydrophobic lipid A, the oligosaccharide core and the O-antigen (Fig.1b).
The lipid A is the hydrophobic moiety that anchors the LPS to the OM outer leaflet. In
many Enterobacteriaceae, lipid A is an acylated [B-1-6 linked glucosamine
disaccharide. In E. coli and Salmonella, the glucosamines are phosphorylated at
positions 1 and 4’ and the lipid A is hexa-acylated 6. The oligosaccharide core is
divided into two parts: the inner and the outer cores. Within a genus or a family, the
inner core is usually conserved: it contains 3-deoxy-D-manno-octo-2-ulosonic acid
(KDO) and few heptose residues, some of which are phosphorylated. However, the
outer core shows more structural diversity and consists mostly of hexoses ’. This is

perhaps related to the fact that the outer core is exposed to external stresses such as

14



the host responses, bacteriophages. The outermost component of the LPS is the O-
antigen which consists of oligosaccharide repeating units. It is a highly variable chain
of carbohydrates. Some strains of E. coli, such as the K-12 strain used in this study,
lack the O-antigen, which is known to compromise their virulence 8. Moreover, the O-
antigen is replaced by colanic acid repeats when the capsular colanic acid synthesis
is induced °. The LPS molecules are bridged by the action of divalent Mg?* and Ca?*
cations. These positive charges counteract repulsion between negatively charged
phosphates in lipid A and in the core.

The different subunits of the LPS are exported from the IM to the OM by the
lipopolysaccharide transport (Lpt) machinery. Lpt proteins form a complex that spans
the cell envelope from the cytoplasm to the OM. The mechanism and the structure of
this machinery was recently reviewed in '°. Two major classes of proteins exist in the
OM: outer membrane -barrel proteins (OMPs) and lipoproteins. Functions of these

proteins will be discussed more in detail in section 1.2.

1.1.b. The periplasm

The periplasm is the region that separates the inner and the outer membranes. This
hydrophilic space is very important for cell viability because it includes a variety of
soluble proteins of different functions: proteases, phosphatases, holdases,
chaperones, etc. '-'3 (Fig.1).

A thin layer of crosslinked sugars and amino acids, termed peptidoglycan (PG) or cell
wall, lies within the periplasmic space (Fig.1). The PG protects the cell from osmotic
shocks and helps maintaining cell shape. It is a layered glycopolymer composed of N-
acetyl-glucosamine (Glc-Nac) and N-acetyl-muramic acid (Mur-Nac) crosslinked by

peptide bridges' (Fig.1). Many enzymes are involved in PG synthesis and remodeling

15



during cell division and elongations. Among these enzymes, glycosyltransferases are
the glycan chain polymerases and transpeptidases form peptide crosslinks. Penicillin
Binding Proteins (PBPs) of class A catalyze both reactions whereas PBPs of class B
are monofunctional transpeptidases '5. Being important for cell division and
elongation, PBPs are the target of the B-lactamase antibiotics. The PG mesh is not
totally separated from the OM. In fact, many proteins in the OM interact with this
glycopolymer. Among these proteins, Lpp (the Braun lipoprotein) is covalently
attached by the e-amino group of its C-terminal lysine residue to the peptide stem of
the PG 6. Pal (the peptidoglycan associated lipoprotein) is another OM lipoprotein
connected to the PG. However, Pal interacts non covalently with the PG through

hydrogen bonds and hydrophobic contacts'”-18.
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Figure 1. The components of the cell envelope of Gram-negative bacteria. a. The
cytoplasm of Gram-negative bacteria is surrounded by the cell-envelope, a structure
formed by an outer membrane (OM) and an inner membrane (IM) separated by a
hydrophilic space termed as periplasm. Integral proteins and few lipoproteins and tail-
anchored proteins are present in the IM. Some peripheral proteins are at the edge of
the IM. B-barrel proteins and lipoproteins decorate the OM. Soluble proteins, and a
thin layer of peptidoglycan are found in the periplasm. b. Structure of LPS from E. coli
K-12 strain. The LPS is composed of lipid A, the oligosaccharide core and the O-
antigen. The structure of LPS was adapted from (Wilson & Ruiz, 2021 1°).

1.1.c. The inner membrane (IM)

The IM, also called cytoplasmic membrane, is the inner most layer of the cell envelope.
It forms a hydrophobic barrier against the content of the cytoplasm. It is a phospholipid
bilayer. In E. coli, phosphatidyl ethanolamine and phosphatidyl glycerol are the main
phospholipids, but there is lesser amount of phosphatidyl serine and cardiolipin
(diphosphatidylglycerol) '. Although few lipoproteins, tail anchored proteins (proteins
with a C-terminal domain anchored in the IM) and peripheral associated IM proteins
are present in the IM, typical IM proteins are integral membrane proteins with a-
transmembrane helices '® (Fig.1). IM proteins usually function as enzymes,
translocation or extraction machineries. Since the periplasm is deprived of the energy
source, the Adenosine Tri Phosphate (ATP), these machineries take advantage of the
cytoplasmic ATP and the Proton Motive Force (PMF) to function. Since the IM forms
a hydrophobic barrier against the cytoplasm, two IM translocation machineries serve
as “bridge” for proteins to pass from the cytoplasm to the cell envelope. These
machineries are the general secretion route (Sec) and the Twin arginine translocation

pathway (Tat). Sec and Tat are used by unfolded and folded proteins, respectively 2°

(Fig.2).
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Lipoproteins and secreted proteins are post-translationally translocated through the
Sec complex. Briefly, after translation, the protein precursor binds to the cytoplasmic
chaperone SecB which keeps it in an unfolded state and prevents aggregation. The
complex will then bind to the peripheral ATPase SecA that will thread the polypeptide
through the IM translocon SecYEG. Once the protein threaded, the signal peptide of
secreted proteins is cleaved by the signal peptidase LepB. As for lipoproteins, the
signal peptide may be inserted in the IM through a lateral gate of SecYEG, thereby
tethering the lipoprotein to the IM. The signal peptide of lipoproteins is then cleaved
by the signal peptidase Il (more details are found in Chapter Il of the Introduction)
(Fig.2a) 2122, Moreover, the translocation of inner membrane integral proteins requires
the Sec pathway using the signal recognition particle (SRP) via a co-translational

pathway 23,

As for the Tat machinery, substrates present a signal peptide with a highly conserved
twin-arginine motif (S-R-R-x-F-L-K, where x is a polar amino acid) ?*. TAT-routed
translocation is an active PMF requiring process. Briefly, the signal peptide binds the
receptor TatBC. This binding triggers the PMF-dependent oligomerization of TatA to
form an active translocase complex and enable the translocation of the protein 2526

(Fig.2b).

1.2. Importance of the bacterial envelope
The bacterial envelope is very important for cell viability and survival due to the
presence of different components, each ensuring a specific role. Some of these

functions will be listed below.
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e The hydrophobicity of the OM protects the cell from toxic large hydrophilic
compounds like vancomycin. Vancomycin is a large hydrophilic antibiotic which
targets the PG. Moreover, the amphipathic nature of the LPS provides a

permeability barrier that protects the cell from different antibiotics ’. LPS are

also related to the pathogenicity of the bacterial strain.
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Figure 2. The translocation machineries. Schematic of the Sec and TAT dependent
protein translocations. The Sec (a) and TAT (b) systems are used for the translocation
of the unfolded or folded proteins, respectively. The images are adapted from 27 and?®.

Efflux pumps are present in the cell envelope. Therefore, the cell can eliminate
toxic compounds that previously entered from the extracellular environment.
In E. coli, the main efflux pump is AcrAB-TolC 28,

Many secretions systems span the cell envelope and are used by the pathogen
to deliver DNA or protein into the extracellular environment or into target cell?®.
Integral OM proteins (OMPs) share a common (-barrel structure and are very
important for the uptake and disposal of small hydrophilic molecules such
as nutrients and waste. OMPs are synthetized in the cytosol, translocated in an
unfolded state into the cell envelope through the Sec, transported to the OM by
periplasmic chaperones (SurA or DegP/Skp) where they interact with the Bam
(B-barrel assembly machinery) complex and fold into an OM integral B-barrel.
The Bam complex is formed of BamA, a B-barrel protein which has a
periplasmic tail of five flexible POTRA domains, and of four lipoproteins
BamB,C,D and E * (Fig.1). Some OMPs like OmpC and OmpF, function as
diffusion pores allowing entry of water-soluble molecules through the
hydrophobic OM. Therefore, they control cellular uptake of small molecules
including nutrients and antibacterial agents 3. OmpC and OmpF occur as
trimers in the OM 3233, OmpA, the most abundant OMP in E. coli, often adopts
a two-domain structure, with an N-terminal OM B-barrel and a C-terminal
globular domain in the periplasm 34. Therefore, in this conformation, OmpA is
unlikely to function as an efficient large channel. Instead, the C-terminal

periplasmic domain of OmpA was shown to interact with the PG leading to the
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OM integrity 3536, However, it has been proposed that OmpA can also fold into
a single, larger, OM B-barrel conferring a very low permeability rate to the cell
37-39_

Many lipoproteins are present in the cell envelope ensuring different essential
functions. Lipoproteins are proteins with a globular periplasmic domain
attached to the membrane by a lipid moiety (Fig.1). Having lipoproteins has a
major advantage for the bacterial cell. In fact, many lipoproteins decorate the
cell surface and are exposed to the extracellular environment while staying
anchored to the membrane. Thus, they are used by the bacteria as weapons
and virulence factors 4943, For instance, the factor-H binding protein at the
surface of Neisseria meningitidis is a key factor for its virulence and is

considered a vaccine antigen 4. More details on lipoproteins and their functions

are discussed in chapter Il of the Introduction.

Flagellum and pili are found on the surface of the cell envelope. These
filamentous proteinaceous structures are key to virulence. The flagellum
confers motility, adhesion and, in some cases, acts as a sensory organ .
Pili are implicated in cell motility and adhesion, biofilm formation and gene
transfer by conjugation 45,

Stress response systems of the cell envelope are used by bacteria as a
defense against external stresses (antibiotics, osmotic shock, etc.). These
systems detect damages in the cell envelope, and in response modulate genes
expression. E. coli has five major envelope stress response systems: Bae, the
bacterial phage shock protein system (Psp), the of dependent signaling
cascade, the Regulator of capsule synthesis (Rcs) system and Cpx. Bae, Rcs

and Cpx are two-component systems where a membrane embedded sensor
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histidine kinase activates a cytoplasmic response regulator. Bae is activated by
the presence of toxic compounds. Psp helps the cell in managing the impacts
of agents impairing the IM and the proton motive force. of is activated by the
accumulation of misfolded OMPs and LPS. Rcs is activated by stress that
triggers the envelope integrity by affecting the OM, the periplasm or the PG.
Finally, Cpx monitors the misfolding of proteins and lipoproteins trafficking and
maturation in the periplasm 4748. The Rcs and the Cpx stress responses will be

detailed in section 2.3 of chapter Il.

The functions cited above are among many important functions of the cell envelope,
but the list goes on. It is very clear that the cell envelope plays the role of a cargo ship

full of different components essential for the survival of bacteria.

In conclusion, the cell envelope plays a crucial role in the survival and the homeostasis
of Gram-negative bacteria. Since it encompasses several cellular defense
mechanisms, the cell envelope constitutes a weapon of resistance against various
antibiotics and toxic compounds. In the next chapter, we will focus on lipoproteins, the
main subject of my thesis, and we will discuss their characteristics, biogenesis, surface

exposure and importance in the cell.
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Chapter Il. Overview on lipoproteins

The content of this chapter is based on our review entitled “Lipoproteins in Gram-
negative bacteria: new insights into their biogenesis, subcellular targeting and
functional roles” that is published in Current Opinion in Microbiology in March 2021

(Annex II).

2.1. Biogenesis, translocation and maturation

2.1.a. Biogenesis and translocation

Lipoproteins are synthetized in the cytoplasm as precursors. They display an N-
terminal signal peptide that is ~25 amino acids long that generally presents a short,
positively charged region followed by a longer stretch of hydrophobic residues 9.
The last four residues of the signal peptide form a conserved ([LVI]*[ASTVI][GAS]
1C*") motif referred to as the lipobox %°. The lipobox functions as a molecular
determinant of lipid modification which is unique to bacteria; it can be used to predict
genes encoding lipoproteins in bacterial genomes %°. Only the cysteine at the last
position of the lipobox is strictly conserved: this cysteine will later become the first

residue (+1) of the mature protein (Fig.3a).

The vast majority of lipoproteins cross the IM in an unfolded state using the general
secretory system (Sec) (Fig.2) ®'. (See section 1.1.c for more details).

The IM complex SecDF, which usually facilitates the release of the polypeptide from
SecYEG, seems also to be important for the translocation of Lpp %2. Moreover, a few
studies showed that the translocation of Lpp does not require a functional SecB %3, but

depends on the SRP and the Sec-associated insertase (YidC) . This is quite
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surprising since SRP and YidC are usually used for the translocation of integral IM
proteins 2':55, This result might indicate that some lipoproteins use two translocations
pathway. To sum up, it seems that further studies are needed to confirm the final model
of lipoprotein’s translocation.

Beside the Sec system, few lipoproteins cross the IM in a folded state through the
twin-arginine translocation (TAT) machinery %657, Predicted TAT-dependent
lipoproteins are fast-folding and co-factor containing proteins such as hydrolases,
oxido-reductases, transporters and bonding proteins %. For instance, the OM
lipoprotein component of the efflux pump of Pseudomonas sp., OprM, is predicted to
use the TAT pathway °’. Phylogenic analysis showed that pathogenic organisms use
TAT less frequently compared to free-living organisms (See section 1.1.c for more

details).

2.1.b. Maturation

After translocation, the lipoprotein remains anchored to the IM by its N-terminal signal
peptide and undergoes several maturation steps. Three IM enzymes participate in this
process *° (Fig.3). The first enzyme is the prolipoprotein diacylglyceryl transferase
(Lgt), which catalyzes the covalent attachment of a diacylglyceryl moiety to the
cysteine of the lipobox by a thioether linkage. After addition of the diacylglyceryl
moiety, the signal peptide is cleaved by the signal peptidase Il (LspA), which generates
an apolipoprotein, with a cysteine as first residue. The third and last step of lipoprotein
maturation consists in acylating the N-terminal amino group of the cysteine, yielding a
mature lipoprotein with three acyl chains. This reaction is catalyzed by the
apolipoprotein N-acyltransferase (Lnt) (Fig.3). Lgt, LspA and Lnt are conserved and

essential in the majority of Gram-negative organisms, including pathogenic species 5%
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62; they are therefore attractive targets for the design of new antimicrobials. In the last
few years, important achievements have been made in the understanding of the
catalytic mechanisms of Lgt, LspA and Lnt. Below we will discuss these latest

discoveries.
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Figure 3. Lipoproteins structural domains and maturation. a. Schematic of
lipoprotein structural domains. Starting from the N-terminal region, a lipoprotein is
formed of a signal sequence with a lipobox, a Lol sorting sequence and a functional
domain. Many lipoproteins have an unstructured linker before the functional domain.
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b,c. Following translocation of the preprolipoprotein across the inner membrane, Lgt
catalyzes the addition of diacylglyceryl to the thiol group of the cysteine residue in the
lipobox, generating ‘prolipoprotein’ (1). The signal peptide is then cleaved by the
peptidase LspA (2), giving rise to ‘apolipoprotein’. The last step of the maturation
process, the acylation of the amino group of the now N-terminal cysteine, is catalyzed
by Lnt (3). The crystal structures of the three enzymes are shown in b: Lgt in complex
with phosphatidylglycerol (pdb: 5AZC), LspA in complex with globomycin (pdb: 5DIR)
and Lnt (pdb: 5VRG). The figure in ¢ is adapted from ©3.

o Prolipoprotein diacylglyceryl transferase (Lgt)
Lgtis an integral IM enzyme that catalyzes the first step of the maturation process: the
transfer of diacylglyceryl moiety from a phosphatidylglycerol of the IM to the sulfhydryl

group of the cysteine residue by a thioether linkage (Fig.3c) 6466,

The crystal structure of Lgt from E. coli 83 confirms the membrane topology of Lgt ¢’
and shows that Lgt has seven transmembrane (TM) helices which form the body of
the protein (or TM core), a periplasmic “head” and two amphipathic arms ©3 (Fig.4).
The TM core forms a major TM and a minor TM domains (Fig.4). A central cavity is
located between the two TM domains, and it contains two clefts exposed to the
membrane serving as potential entrance and exit for the substrates and the product,
respectively. Moreover, Lgt has a signature motif, a glycine-rich region with a highly
conserved arginine, important for the binding of the negatively charged
phosphatidylglycerol 6367:68 (Fig.4). Briefly, the proposed mechanism, based on the
structure, is that the phosphatidylglycerol, the donor, laterally enters the first binding
site from the front-cleft, slides to the second binding site, at the side-cleft, where the
preprolipoprotein is bound. The lipobox of the preprolipoprotein binds a highly

conserved HGGL motif on the second binding site of Lgt. The addition of acyl chains
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takes place at this site and then the prolipoprotein leaves laterally from this side-cleft
63,68_

Lgt is conserved in all classes of bacteria, it is essential for growth and the majority of
the essential residues are located in the membrane ©7. A recent study suggested that
Lgt could be weakly associated to the inner leaflet of the IM ©° instead of being a
transmembrane protein 6387, However, these data are not compatible with the

structure of Lgt and need to be carefully taken into consideration.
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Figure 4. Overall structure of E. coli Lgt. The image is adapted from 83 showing the
structure of E. coli Lgt with its different domains. The TM helices are numbered 1 to 7.

o The signal peptidase Il (LspA)

LspA is an endopeptidase that catalyzes the second step of lipoprotein maturation. It
cleaves the scissile peptide bond between the diacylglyceryl-modified cysteine (+1)
and the (-1) (G/A/S) residue forming apolipoprotein with the cysteine as the first
residue (Fig.3). The lipobox present in the signal sequence of the prolipoprotein is the
recognition sequence of LspA.

The reaction has a “check-point”, meaning that LspA will not cleave a non-diacylated
lipoprotein. The structure of LspA from two different bacteria, the Gram-negative
Pseudomonas aeruginosa (Pa) and the Gram-positive organism Staphyloccocus
aureus (Sa) were recently reported 7', In both organisms, LspA appears as a
monomer with four transmembrane a-helices and a periplasmic domain with an
amphiphilic B-sheet (B-cradle) that rests on the membrane and a periplasmic helix
(PH) loop (Fig.5). Interestingly, the PH blocks direct access from the periplasm to the

active site suggesting that the substrate laterally binds LspA.

The structures were solved in complex with antibiotics (globomycin for PaLspA and
SalLspA, and myxovirescin for SaLspA), which were found to block access to a region
identified as the catalytic site. The natural cyclic amphiphilic compound, Globomycin,
produced by the Gram-positive genus Streptomyces 72, inhibits LspA by binding its
catalytic site and leads to the accumulation of the prolipoprotein in the IM 7374,
Myxovirescin, or antibiotic TA, is another natural inhibitor of LspA produced by

Myxococcus sp. ’° that binds to the catalytic site. The active site contains two aspartate
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residues proposed to represent a catalytic dyad; the catalytic aspartates are located
in the transmembrane domain and point towards the outer surface of the membrane
7071 Protonation of the NH group of the cysteine, in the catalytic dyad, leads to peptide

bonds hydrolysis and therefore the cleavage of the signal peptide 7°.

Cytoplasm

Figure 5. Structure of LspA from P.aeruginosa in complex with globomycin.
Globomycin (GLM) is shown is stick yellow figure. TM helices are numbered MH1 to
MH4. The image is adapted from 7°.

o Apolipoprotein N-acyltransferase (Lnt)
The last maturation step of lipoproteins is catalyzed by Lnt: the addition of a third acyl
chain to the diacylated N-terminal cysteine (Fig.3). Lnt belongs to the nitrilase
superfamily enzymes that exist in animals, plants, fungi and certain prokaryotes.

Nitrilases superfamily consists of thiol enzymes involved in natural products synthesis
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and post-translational modifications. They catalyze nitrile and amide hydrolysis and N-
acylation of proteins. Nitrilase-related proteins are multimeric a-B-B-a sandwich
proteins with a conserved catalytic site: glutamate-lysine-cysteine ’’. Global and
structure-based sequence analysis classifies members of this superfamily into
different branches. Some, like Lnt, have an additional globular domain fused to the
nitrilase-related domain 7.

Recent publications reported the crystal structures of E. coli 88" and P. aeruginosa
Lnt 7°. Both enzymes are remarkably similar and present two domains, although they
have only 39% sequence identity. Interestingly, Lnt of P.aeruginosa is functional in E.
coli and can complement Int depletion 8. Lnt consists of a transmembrane domain
with eight a-helices providing support to a periplasmic nitrilase-like domain (Fig.6a).
Both domains are linked by two brace-like linkers. The region between the two
domains is the putative active pocket for substrate to enter and product to leave. Highly
conserved hydrophobic residues form a small channel leading from the active site
toward the cytoplasmic membrane. This hydrophobic cleft is enclosed by a loop from
each side (Fig.6c) 7879, A catalytic triad consisting of a cysteine, a glutamate and a
lysine is present in the periplasmic nitrilase domain, residing slightly above the
membrane surface (Fig.6b). The cysteine of the catalytic triad is about 13 A away from
the center of the transmembrane domain (Fig.6a). Interestingly, helix 3 (colored in
dark blue in Fig.6 a) has three conserved glycines, close to each other, which provide
a certain flexibility. This flexibility might be important to accommodate and orient the
vast variety of lipoproteins into the active site 7°. Moreover, a flexible amphipathic
disordered periplasmic loop plays the role of a lid protecting the active site. On the
other hand, the movement of this loop enables the catalytic site to be more accessible

to the substrates 8081,

33



Finally, the available biochemical and structural data support a two-steps ping-pong
mechanism for the N-acyltransferase reaction 7883-85, First, an acyl chain is transferred
from a phospholipid substrate (preferably phosphatidylethanolamine) to form a
thioester linkage with the catalytic cysteine of Lnt. In a second step, the acyl chain is
transferred from the cysteine to the a-amino group of the N-terminal cysteine of the

lipoprotein (Fig.3b).

Altogether, the high-resolution structures of Lgt, LspA and Lnt set the stage to the
identification of novel antibiotics targeting lipoprotein maturation 287, novel
fluorescent-based assays that were developed to monitor the activity of Lnt and LspA
in vitro will facilitate the search for specific inhibitors of these enzymes . The

conservation of these enzymes will be detailed in section 2.3 of this chapter.
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Domain

Figure 6. The overall structure of E. coli Lnt. a. Lnt has a membrane domain and a
periplasmic nitrilase-like domain. The catalytic cysteine 387 side chain in shown in
sphere representation (magenta: carbon, yellow: sulfur). b. Catalytic residues of Lnt
are shown in green stick representations. ¢. Surface representation of the hydrophobic
groove. Catalytic residues are shown in green stick representation. Residues lining
this channel are colored in a white-to-red scale based on the hydrophobicity degree:
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red color represents the most hydrophobic residues. Image a is adapted from 7® and
images b and c are adapted from 78,

2.2. Sorting and targeting of lipoproteins

Once matured, lipoproteins either remain in the IM or are exported to the OM. In E.
coli, most lipoproteins (~90%) are targeted to the OM %9 Lipoprotein extraction from
the IM and transport to the OM is carried out by the lipoprotein localization (Lol) system
92, Below we will discuss in detail sorting and targeting of lipoproteins by the Lol

system.

2.2.a. LolCDE

LolCDE is an IM ATP binding cassette (ABC) transporter which extracts lipoproteins
from the IM at the expense of cytoplasmic ATP hydrolysis and transfers them to the
soluble periplasmic chaperone LolA. LolA then shuttles the lipoprotein across the
periplasm for delivery to LolB, an OM lipoprotein in charge of OM insertion (Fig.7). It
was shown that the interaction between lipoproteins and LolCDE, LolA and LolB is
hydrophobic and sensitive to the dodecyl maltoside detergent (DDM) 9394, This is
expected since lipoproteins have the triacylated tail that needs to be protected from

the hydrophilic periplasm.

o LolCDE: an ABC transporter

The ABC transporters superfamily is a class of transporters that use ATP hydrolysis
as a source of energy to translocate substrates, ranging from ions to macromolecules,
across a membrane. They can function either as importers or as exporters. Around

5% of the genome of E. coli encodes ABC transporters. Only three of the 79 ABC
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transporters of E. coli are essential for bacterial growth: LoICDE, as well as MsbA and
LptBFG, which are two transporters both involved in the biogenesis and translocation
of LPS 95-°7_ The architecture of ABC transporters is conserved: they are formed of two
transmembrane domains (TMD) and two nucleotides binding domains (NBD), located
in the cytoplasm. TMDs form the ligand binding sites whereas each NBD forms an
ATP binding and hydrolysis site. NBDs are characterized by the presence of highly
conserved motifs. In contrast, TMDs are quite variable among ABC transporters and
their features depend on the translocated substrates %. The transporter bounces
between an open free state and a closed ATP-bound state: ATP binding causes the
dimerization of the two NBDs, which induces a conformational change in the TMDs
that is important for the translocation of the substrate. The release of phosphate and

NDP, after ATP hydrolysis, weakens the NBD dimer and discharges the substrate .

The LolCDE complex is formed of two TMDs (LolC and LolE), and two copies of LolD
which constitute the NBDs (Fig.7). LolC and LolE are homologous to each other with
a sequence identity of 26% '°°. They span the IM four times and open to the periplasm
by a large periplasmic domain.

It has been shown that the lipoprotein interacts with LolE while LolC acts as a scaffold
for LolA, and that ATP hydrolysis by LolD is important for the transfer of the lipoprotein
from LolE to LolA 91192 The LolCDE complex is able to bind one molecule of

lipoprotein and this binding increases the affinity of LolD to ATP 3,
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Figure 7. The Lol system transports lipoproteins to the outer membrane.
Lipoproteins which are destined to the outer membrane are extracted from the inner
membrane by LoICDE, an ABC transporter, and delivered to the periplasmic
chaperone LolA (1). The mouth-to-mouth interaction between LolA and LolB delivers
lipoproteins to LolB (2), which finally inserts lipoproteins in the outer membrane by a
poorly known mechanism (3). The crystal structure of LolA bound to the periplasmic
domain of LolC (pdb: 6F3Z) is shown.

o The Lol sorting signal

At the N-terminal part of the lipoprotein, the two residues (+2, +3) that follow the
cysteine make what is known as the Lol sorting signal (Fig.3a). In E. coli and other
Enterobacteriaceae, the general view is that Lol uses the residues adjacent to the
lipidated cysteine to sort inner and outer membrane lipoproteins. If the residue at
position +2 is an aspartate, the lipoprotein remains in the IM 103104 ‘most likely because
of strong electrostatic interactions between the negative charge of this residue and the

positive charge of the amine group of phosphatidylethanolamine that prevent
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lipoproteins from interacting with LolCDE '%. Moreover, this negative charge of the Lol
avoidance signal should be within a certain distance, around 2.7 A, from the Ca of the
second residue. Noteworthy, the residue at position +3 also plays a role and interacts
with the phosphatidylethanolamine: aspartate, glutamate and glutamine strengthen
inner membrane retention, whereas histidine and lysine weaken it 193194 |t is clear that
all these interactions form tight bonds between the lipoprotein and the IM, making it

difficult for the LolICDE to extract the lipoprotein.

Different sorting “rules” have been described in other bacteria. In P. aeruginosa for
instance, an aspartate is rarely found at position +2 and inner membrane retention
appears to be determined by residues at position +3 and +4 106107 while in Borrelia
burgdorferi, the causative agent of Lyme disease in humans, lipoproteins are secreted
to the OM by default %8, Moreover, the unfolded state of the N-terminal region of
lipoproteins in Borrelia was shown to be important for the OM targeting '°°.
Interestingly, it was recently shown that lipoproteins are correctly sorted in P.
aeruginosa cells expressing the E. coli LoICDE complex, despite differences in the
retention signal between these two species '°. To explain this surprising result, the
Lory lab proposed a general mechanism in which inner membrane retention results
from the ability of the N-terminal domain of IM lipoproteins to adopt a conformation
favoring strong interactions with the phospholipid bilayer ''°. This speculation might
be supported by a previous study where different phospholipids affected the sorting of

lipoproteins and the activity of LoICDE in E. coli '".
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o Possible lipoprotein’s extraction mechanism and interaction with LolA

Even though the Lol sorting signals are well characterized in some organisms, as
explained above, the molecular details of how a lipoprotein is extracted from the IM by
the LolICDE complex are still not well established. However, in the last few years,
progress has been made to reveal the molecular details of the interaction between a

lipoprotein, LoICDE and LolA.

First, the crystal structure of the periplasmic domain of LolC in complex with LolA was
solved and showed that two regions of LolC, known as hook and pad, are important
for the interaction with LolA %2 (Fig.7). The hook is formed by a B-hairpin structure
and the pad is a trio of surface residues. The structure showed that hydrophobic
interactions, hydrogen bonds and salt bridges exist between LolA and LolC '°2.
Moreover, it was previously shown that LolA interacts with LolC in a mouth-to-mouth

model and uses the same region to interact with LolC and then with LolB ''2.

Second, the sequence homology between LolICDE and MacB, a structure determined
ABC transporter involved in pumping toxic compounds out of the bacterial cell '3
helped researchers to study the structure of LoICDE. In fact, modeling of LolCDE in
complex with LolA was established %2, and showed that LolA is located ~60A away of
the IM, suggesting that mechano-transmission is implicated in lipoprotein extraction
and delivery to LolA. Another mechanism was recently proposed based on molecular
dynamics simulations that show that LolC facilitates lipoprotein transfer to LolA by
destabilizing the IM 4. In this study, the periplasmic domain of LolC, which usually
interacts with LolA (Fig.7), was shown to be close to the IM in the resting state (ATP

free state) which causes a deformation in the IM and a membrane thickness of about
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18 A. Whereas no such deformation was observed in the active state (ATP-bound
state) (Fig.8a). This observation suggests a model where the lipoprotein is directly

transferred from the IM to its binding site in LolA ' (Fig.8a).

Finally, the cryogenic electron microscopy (cryo-EM) structure of the full E. coli
LolCDE complex was recently solved providing structural insights into the mechanism
of lipoprotein extraction 511 (Fig.8b,c). Structures of LolICDE were obtained in
different states: lipoprotein-bound, pre-transport state in complex with LolA, ATP-
bound state and the apo- or free-state (Fig.8b). LoICDE consists of a heterodimer of
TMDs; LolC and LolE, and a homodimer of nucleotide binding domains (LolD). LolC
and LolE each contains four transmembrane domains with a periplasmic extension
around 20 A away from the IM (Fig.8b). The structure of liganded LolCDE with a
lipoprotein, likely Lpp, shows outward-open TMDs forming a V-shape central channel
with two lateral gates (Fig.8b). The lipoprotein is vertically associated with LolCDE,
with the triacyl chain pointing down and the ten visible amino acid of the lipoprotein
pointing up (Fig.8b). This orientation of the lipoprotein in complex with LoICDE is the
same as the orientation of the lipoprotein in the IM during its maturation. Thus, this
suggests that the lipoprotein is laterally extracted from the IM by the LolCDE.
Moreover, the structure shows that the acyl chains of the lipoprotein straddle the
channel of LolCDE, the four N-terminal residues of the lipoprotein are buried in the
channel whereas the rest of the polypeptide interacts with the periplasmic part of LolE
15 (Fig.8b,c). Regarding LolA, it seems that it binds to LolC only after the lipoprotein
was extracted from the IM, and that its hydrophobic cavity faces the central channel

of LoICDE (Fig.8b,c).
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The final proposed mechanism, based on the obtained structures, is that the acyl
chains of a lipoprotein laterally bind to the channel of LoICDE with the rest of the
polypeptide interacting with LolE. LolA binds to LolC and ATP binding induces
dimerization of LolD and the closure of the channel (Fig.8b,c). Upon ATP hydrolysis,
LolD dimers fall apart inducing a twist in LolC which aligns LolA to the hydrophobic
interior side of the periplasmic domain of LolC. At this stage, a kind of tunnel is formed
between LolA and LolC which enables the acyl chains of the lipoprotein to be
transported, from LolCDE to LolA, and the dissociation of the lipoprotein from LolICDE
(Fig.8b,c). At this point, LOICDE is ready to receive another lipoprotein and to start a

new cycle.

Based on these results, the first steps of lipoprotein binding to LolCDE are
independent of ATP binding, and the lipoprotein is bound in the upper channel of
LolCDE elevated from the IM (Fig.8b,c). The remaining question anyone can ask is
that how can this earlier step be energy independent? Well, the previous molecular
dynamic results "' suggest that membrane deformation, at the periplasmic domain of
LolC, brings phospholipids closer to LolC and thus reduces the energy requirement
for lipoprotein extraction ' (Fig.8a). This membrane deformation might be caused by
the conformational changes of LolC during ATP hydrolysis (Fig.8b,c). Thus,

lipoprotein extraction might occur laterally at an elevated membrane level.
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Figure 8. Extraction of the lipoprotein from the IM by the LolICDE complex and
its transport to the periplasmic chaperone LolA. a. Molecular simulation of the
LolCDE complex showing membrane deformation close to the periplasmic domain of
LolC, with the position of the phosphate changing by up to 18 A. LoIC, D, E and A are
shown in green, purple, yellow and orange, respectively. The image is adapted from
114 b. Cryo-EM structures of LoICDE-LolA in complex with a peptide in different states.
c. Schematic representation of lipoprotein extraction and transfer from LolCDE to LolA.
In b and c, LolC, D, E, A and the lipoprotein are shown in yellow, orange, green, red
and blue, respectively. (PL: periplasmic loop). The images in b and c are adapted
from'1°,

2.2.b. LolA and LolB

ATP hydrolysis by LolD causes lipoproteins to be released and delivered to the
periplasmic chaperone LolA. After crossing the periplasm, LolA delivers its lipoprotein
substrates to LolB by a mouth-to-mouth interaction 101.112,

LolA and LolB share a common structure despite the low sequence identity of 8%.
Both proteins have eleven stranded anti-parallel B-sheet which folds into an
incomplete B-barrel covered by three a-helices ''7. LolA has an extra C-terminal loop
and an extra B-sheet important for the efficient release of lipoproteins '8. The inner
surface of LolA and LolB forms a hydrophobic cavity that binds the lipid moiety of
substrate lipoproteins, thereby protecting the acyl chains from the hydrophilic
periplasm. The hydrophobicity of LolB’s cavity is higher than LolA’s, which can explain
the fact that the lipoprotein is transferred from LolA to LolB in a mouth-to -mouth
interaction, based on the affinity, without any source of energy °4112.117_Moreover, the
hydrophobic cavity of LolB is always open ready, to receive lipoproteins, whereas
LolA’s cavity is closed by hydrogen bonds and opens upon binding of a lipoprotein.
One additional difference is that LolB has a protruding loop important for membrane
targeting "%, whereas LolA has a C-terminal loop that is important for the releasing

activity of LolA, and that prevents the LolB independent transfer of lipoproteins to the
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membrane '8, These differences might be the reasons why LolA and LolB cannot

functionally replace each other 29,

Based on the structures, the proposed interaction mechanism is that LolA
accommodates the acyl chains on its hydrophobic concave side. Upon interaction with
LolB, the concave side of the (3-barrel of LolA contacts with the convex side of the 3-
barrel of LoIB. Thus, a kind of hydrophobic tunnel is formed by the hydrophobic insides
of LolA and LolIB (Fig.9). The acyl chains are therefore transferred through this tunnel
from LolA to LolB by a mouth-to-mouth interaction '?'. In the last step, LolB inserts the
lipoprotein in the inner leaflet of the OM. However, the mechanistic details of this step
are yet to be determined. However, it was shown that phosphatidylethanolamine is
important for membrane anchoring of lipoproteins by LolB. This might be related to the
fact that phosphatidylethanolamine causes curvature stress in the membrane and
affect lateral pressure in the membrane 2.

Finally, the hydrophobic cavity of LolA was considered large enough to only
accommodate one of the acyl chains of the lipoprotein substrates "7, but recent
molecular dynamics simulations questioned this idea, suggesting that it could in fact

fit up to three 2.

At the end, | would like to mention that until this day, there is no structure of a
lipoprotein in complex with any of the components of the Lol system that is available.
The determination of the structure of such complexes would definitely bring more
insights into the real mechanism used by lipoproteins to pass from the IM to the OM,

which would be of a great interest to find new inhibitors of the lipoprotein’s pathway.
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Figure 9. Mouth-to-mouth interaction of LolA and LolB. A hydrophobic tunnel is
formed by the inside cavities of LolA and LolB enabling the transfer of the lipoprotein.
LolA and LolB are presented in blue and green, respectively. The image is adapted
from 112,
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2.3. Conservation of the lipoprotein pathway

The evaluation of a protein’s conservation is very crucial as it gives us an idea on how
important the protein is. Below we will discuss the conservation of all the proteins

involved in lipoprotein’s pathway.

The two maturation enzymes, Lgt and LspA are conserved in all bacteria. However,

Lnt is only present in proteobacteria and actinomycetes 5°-62.

LolA is well conserved in Gram-negative bacteria, but LolB is only present in - and y-
proteobacteria 123, which indicates that other mechanisms mediating lipoprotein
insertion into the OM remain to be identified (Fig.10). In line with this idea, it was
recently reported that LolA and LolB, but not LolICDE, could be deleted under certain
specific conditions (including Ipp deletion) in E. coli, which suggests that at least one
alternative trafficking route to the OM exists in this bacterium 124, This idea will be

further discussed in section 2.5.

It is interesting to note that Gram-negative bacteria other than y-proteobacteria
express a homodimer of LolF proteins instead of a heterodimer of LolC and LolE
(Fig.10). LolF contains sequence features present in LolC and LolE. Bacteria that
express LolF, such as Francisella tularensis, Neisseria meningitidis, Acinetobacter
species and Helicobacter pylori can tolerate Lnt deletion'?®>'28. Therefore, LolF can
recognize not only triacylated lipoproteins but also diacylated ones. In this context,

LolF seems to be the ancestor of LolCE 29,
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Figure 10. Conservation of the Lol proteins among proteobacteria. LolA and LolD
are highly conserved. LolC and E are only present in y-proteobacteria and they are
replaced by LolF in other proteobacteria. LolB is conserved in y and 3-proteobacteria.
The image is adapted from 23

2.4. Surface exposure of lipoproteins

Some lipoproteins, after reaching the OM, cross the asymmetric lipid bilayer and reach
the cell surface, using poorly characterized mechanisms '3, Surface-exposed
lipoproteins, which are attractive candidates for vaccine development 3! and are often

required for virulence %2 | are common in certain bacterial species such as B.
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burgdorferi, where as many as two-thirds of all lipoproteins are surface-exposed 3.
Other bacteria commonly displaying lipoproteins on their surface include species from
the Bacteroides and Neisseria genus 3413 In contrast, only a handful lipoproteins
have been identified on the E. coli cell surface. Caution is required when considering
lipoprotein surface exposure: unambiguously determining whether a lipoprotein
crosses the OM or not is technically challenging due to the high yields of false positive.
Below we will discuss the different putative mechanisms used by lipoproteins to reach

the cell surface.

Recently, the Renzi lab discovered the presence of a lipoprotein N-terminal export
signal in the sequence of lipoproteins present in the Bacteroidetes phylum 137, This
sequence, which consists of conserved polar residues between positions +2 and +6,
is essential for the surface exposure of lipoproteins. This motif was not identified in the
sequence of lipoproteins present in the OM facing the periplasm. Interestingly, the
introduction of this motif in an OM lipoprotein that faces the periplasm leads to its
surface exposure '37. Another example of surface exposure-sequence relationship is
in the Borrelia genus. In fact, the unfolded state of the N-terminal domain of the
lipoprotein is essential for the lipoprotein to reach the surface of Borrelia '°.
Interestingly, both Borrelia and Bacteroidetes lack LolB, which implies that other
molecular mechanisms exist in these bacteria.

A few lipoproteins, including Pal and Lpp, were detected at the cell surface of E. coli.
However, little is known about how these lipoproteins reach the surface; LolB was
previously described by Tokuda's lab to be responsible of anchoring lipoproteins to
the inner leaflet of the OM by a poorly known mechanism '°. The next step, how

lipoproteins cross the OM and reach the cell surface, is still ambiguous.
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Lpp exists in two forms: covalently bound to the PG and free Lpp, at a ratio of 1:2 138,
The C-terminal lysine of Lpp is covalently attached to the PG in the periplasm whereas
the free form of Lpp was detected at the cell surface '*°. Pal, which participates in the
Tol-Pal complex that spans the cell envelope and is important for cell integrity and
survival, was also shown to interact non-covalently with the PG 7140 and to be surface-
exposed. The majority of Pal was shown to be internal and only 10 to 20% was

surface-exposed 41,

The most important question is how do these lipoproteins reach the surface? There is
no direct evidence on the mechanism used by these lipoproteins to reach the surface.
The most evident hypothesis is the existence of a potential lipoprotein-flippase in the
OM. It is obviously clear that more studies are required to identify the mechanism used
by some lipoproteins to reach the cell surface. This would be a huge step in the
microbiology field, as these potential flippase/ transporter would consist of an easy

antibacterial target for the design of new antibiotics.

Outer membrane proteins (OMPs) are used for the surface exposure of some

lipoproteins

The only E. coli lipoprotein that has been shown to reach the cell surface by different
groups and complementary techniques is the stress sensor RcsF 42144 Therefore,
RcsF has become a paradigm to investigate the mechanisms of lipoprotein surface
exposure in Enterobacteriacea. According to the current model, RcsF is exported to
the cell surface by the B-barrel assembly machinery (BAM) via the assembly of
complexes with 3-barrel proteins (Fig.11). The crystal structure of a complex between

RcsF and BamA, the core BAM component, has recently been solved by our lab'3. In
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this complex, which is considered to be an intermediate in the formation of the RcsF-
B-barrel complexes, RcsF binds inside the lumen of the BamA (-barrel interacting with
regions proposed to undergo a lateral opening during B-barrel insertion. The abundant
B-barrels OmpA, OmpC and OmpF were identified as potential vehicles for RcsF
surface-exposure 42143 However, by dissecting the OmpA-RcsF interaction in vivo
and in vitro, a recent publication by our lab showed that RcsF interacts with the C-
terminal periplasmic domain of OmpA, not with the N-terminal 3-barrel. We therefore
concluded that OmpA does not mediate the surface exposure of RcsF and predicted
that only OmpC and OmpF (which form large B-barrels) serve as vehicles for surface
exposure %6 (Fig.11).

Beside RcsF, other lipoproteins were also detected on the cell surface. BamC, a
lipoprotein of the BAM complex, is surface-exposed '#7. While the unstructured
conserved N-terminal domain of BamC is important for the interaction with BambD,
another lipoprotein of the BAM complex, the large folded C-terminal domain of BamC
is surface-exposed 8. A hydrophobic conserved motif in the N-terminal domain of
BamcC is thought to cross the membrane enabling the surface exposure of C-terminal
BamC. Interestingly, surface exposure of some lipoproteins in B. burgdorferi was
shown to be reduced when a putative BamA orthologue was depleted '4°. However,
more data are needed to demonstrate if this decrease is a direct result of BamA

depletion.

Finally, while BamA appears to be important for the surface exposure of some
lipoproteins, others do not need BamA to reach the cell surface. For instance, the
surface exposure of the pore-forming lipoproteins, CsgG '*® and Wza "%, is BamA

independent. In fact, monomers of CsgG and Wza are transported to the OM where
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they form homo-oligomers in a BamA-independent manner 92, In the final

conformation of CsgG and Wza, parts of the pore are surface-exposed.

Surface Lipoprotein Assembly Modulators (SLAMs) as a surface exposure

pathway for lipoproteins

Beside the OMPs, SLAMs is another pathway for lipoproteins to reach the surface 153
(Fig.11). SLAM consists of an N-terminal domain of tetratricopeptide and a 14-
stranded barrel domain (Fig.11). The barrel domain is essential for the function. It was
first identified in Neisseria meningitidis, but it is also presents in B-proteobacteria
154155 However, SLAM was not identified in Bacteroidetes 3. Thus, the surface

exposure mechanism of lipoproteins in this phylum remains to be discovered.

Neisserial lipoproteins essential for virulence, such as transferrin binding protein B
(TbpB) and factor-H binding protein (fHbp), were shown to have a long unstructured
N-terminal linker and to use the SLAM to reach the cell surface. Interestingly,
expression of TbpB in E. coli allowed this lipoprotein to reach the OM but not the
surface %%, However, when fused to Lpp’OmpA chimera of E. coli "%, or when co-
expressed with SLAM 95, neisserial lipoproteins were able decorate the bacterial
surface of E. coli.

Finally, structural analysis revealed that, despite their sequence diversity, putative
lipoproteins that use the SLAM to reach the surface share a common structural

domain: a flexible handle domain followed by an 8-stranded barrel domain’4,
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Secretion systems are important for some lipoproteins to reach the surface

Beside the abundant OMPs in bacteria and Slam, other systems are used by
lipoproteins to get to the surface. Among these systems, we cite the secretion
systems.

We count ten different types of secretion systems in Gram-negative bacteria that are
important for bacterial survival and virulence 2%157:158  However, a new secretion
system, type Xl, was recently shown to facilitate the secretion of lipoproteins but also
of non-lipidated proteins across the outer membrane '%°. This secretion system is
composed of an outer membrane protein of the DUF560 family, a family of unknown
function including Slam proteins, that is responsible of the translocation of soluble
proteins and lipoproteins across the outer membrane of animal-associated bacteria,
like Neisseria sp. Thus, this secretion system seems to be important for the virulence
of these bacterial species.

These systems are used by bacteria to secrete small molecules, DNA and proteins
into the extracellular environment or into target cells. Type V spans only the OM while
the other types span both membranes. Here we will focus on types Il and V secretion

systems since they are used by some lipoproteins to reach the cell surface (Fig.11).

Type |l secretion systems span the cell envelope and are used by bacteria to secrete
hydrolyzing enzymes and toxins into the extracellular environment. As an example of
lipoproteins that use this type of secretion system, we cite the lipoprotein PulA,
(pullulanase) of Klepsiella sp. PulA bypasses the Lol system and uses the type Il
secretion system to reach the outer face of the OM 60181 (Fig.11). Interestingly, the

lipidation of PulA was shown not to be required for its secretion '6°. However, the
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aspartate at the position +2 of PulA works as an IM retention signal in the absence of
a type Il secretion system 62,

Beside the type Il, Type V secretion systems are also used by some lipoproteins to
reach the surface. Type V, also known as autotransporter (AT), span the OM and are
unique in that their substrate, also called the passenger domain, and their secretion
pore, called the translocator domain, are fused and form one polypeptide (Fig.11). The
translocator domain is inserted as a (3-barrel in the OM which enables the secretion of
the passenger domain through the pore of the B-barrel '%3. Once again, the Bam
complex is important for catalyzing the membrane insertion of the 3-barrel domain of
the autotransporter. The lipoprotein NalP, of Neisseria meningitidis, is surface-
exposed by the type V system and the passenger domain of NalP is then secreted by
autolytic reaction. NalP is a serine-protease that catalyzes the release of other
surface-exposed protein. Interestingly, the lipidation of the (+1) cysteine of this
lipoprotein was shown to be important for the function of NalP, not for its biogenesis

and secretion 164,

Finally, a composite secretion system and a new class of lipoproteins have been
recently identified in enterotoxigenic E. coli. Here, the cysteine lipidation is replaced
by the acylation of a highly conserved N-terminal glycine residue '®°. Interestingly, the
outer membrane protein CexE is the first member of this new class of lipoproteins.
CexE is first cleaved by the signal peptidase | and its glycine residue is acylated by
AatD, a Lnt homolog. CexE is then surface-exposed by the Aat composite system that
shares similarities with the Lol and type | secretion system. Aap is another example of

this new class of lipoproteins that is present in enteroaggregative E. coli '6°.
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Figure 11. Examples of the different potential surface exposure systems present
in Gram-negative bacteria. These systems include the autotransporter system,
OMPs, SLAM and the type Il secretion system used by NalP, RcsF, Neisserial
lipoproteins and the pullulanase of Klepsiella pneumonia, respectively. The image is
adapted from 153,
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2.5. Diverse functions of lipoproteins

Now that we know about the processing of lipoproteins, it is time to go deeper into
their functional importance and to discuss why they are attractive targets for the design
of new antibiotics. Here | will describe the key features of selected lipoproteins. | focus

on the lipoproteins used in my study.

RcsF

RcsF, a small OM lipoprotein, is the stress sensor of the Rcs phosphorelay pathway
(Fig.12a). The Rcs is a two-component system found in many members of the
Enterobacteriaceae family. It is activated by a variety of cell envelope perturbations
affecting the OM, the PG and the periplasmic space '%6.%7. These perturbations
include exposure to cationic antimicrobial peptides, defects in LPS, treatment with -
lactam antibiotics or lysozymes, osmotic shock and deficiency in membrane-derived

oligosaccharides.

The Rcs system is composed of many proteins (Fig.12a). RcsF is the first component
of the Rcs cascade and is the only OM protein of the system. When RcsF senses
envelope stress, it activates the phosphorylation cascade. Thus, RcsC, the IM histidine
kinase, autophosphorylates and the phosphoryl group is then transferred to the IM
protein, RcsD, before being finally transferred to the response regulator RcsB
(Fig.12a). RcsB can then bind DNA to regulate gene expression as a homodimer or
heterodimer with RcsA, a non-phosphorylable transcription factor 168169,

IgaA, an IM protein with a periplasmic domain, is the only essential component of the
Rcs system, and it acts as a down regulator of the system by interacting with RcsD

142,170.171 (Fig.12a). Our lab showed that, in stress conditions, the interaction of RcsF
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with the periplasmic domain of IgaA alleviates the inhibitory effect of IgaA on the Rcs
pathway, thus inducing the cascade 42170, Whereas, in non-stressed conditions, RcsF
is funneled away from IgaA by interacting with BamA and other OMPs, and therefore
being surface-exposed 42

In response to Rcs activation, the expression of many genes is modulated such as the
genes involved in the biosynthesis of colanic acid, which is a protective
exopolysaccharide that is exported to the surface of the bacteria '"2. Production of this
capsule enables us to easily detect the colonies where the Rcs is activated, because
they appear mucoid. Moreover, many genes were also identified as members of the
Rcs regulon such as genes that encode proteins associated with membrane integrity,

bacterial motility, biofilm formation and cell division 173176,

Finally, the NMR and the crystal structures of RcsF have been reported few years ago
177,178 The structure shows that RcsF has an N-terminal intrinsically disordered region,
or what we call a linker, followed by a C-terminal globular domain which is formed of

4 stranded B-sheets surrounded by 2 a-helices on the sides (Fig.12b).
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Figure 12. RcsF functional and structural characteristics. a. The Rcs
phosphorelay cascade. RcsF senses envelope stresses and activates the
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phosphorelay cascade. When the phosphate group reaches the response regulator,
RcsB, expression of specific genes is modulated in response of the initial stress. The
figure is adapted from 4. b. NMR structure of RcsF with its amino acids sequence.
RcsF is composed of an N-terminal disordered linker followed by a C-terminal globular
domain. In the amino acids sequence, the signal sequence, the cysteine with the Lol
sorting signal, the N-terminal linker and the globular domain are marked in pink,
purple, blue and black, respectively. (pdb: 2L8Y)

NIpE

NIpE is an OM lipoprotein that is related to the Cpx two-components system (Fig.13).
The Cpx stress response is widespread among Enterobacteriaceae. It is activated by
perturbations of the envelope, mainly by misfolded proteins in the periplasm and when
the PG integrity is challenged, for instance when the cell is exposed to B-lactam
antibiotics 7%182 Cpx is composed of the histidine kinase CpxA that
autophosphorylates upon stress, and then transfers the phosphate group to the
response regulator CpxR. CpxR then binds to promoters of genes implicated in protein
folding and degradation, efflux pumps, periplasmic quality control, cell division,
adherence, etc. 79183 (Fig.13). Two more proteins, CpxP and NIpE, play important
roles in the Cpx pathway. CpxP acts as the inhibitor of the autophosphorylation of
CpxA, and NIpE was recently shown to monitor lipoproteins trafficking by activating
the Cpx 182184 |n fact, lipoproteins trafficking defects cause the accumulation of NIpE
in the IM. Therefore, NIpE activates the Cpx, as a protective response, by interacting
with CpxA. Finally, the overexpression of NIpE or its localization in the IM activate the

Cpx 180,
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Figure 13. Representation of the Cpx stress response. Upon stress, CpxA
autophosphorylates and then phosphorylates the response regulator CpxR. Thus,
CpxR modifies the expression levels of many genes. CpxP is the inhibitor of the Cpx
pathway, while NIpE is able of activating the Cpx system. The image is adapted from*’.

Interestingly, the activation of Cpx enables the deletion of /o/B and lolA genes, but not
IoICDE, in permissible conditions. These conditions include deletion of Lpp crosslinks
with the PG (Lpp?%58) and the deletion of osmB, which encodes a small OM lipoprotein
of unknown function '?4. This is related to the fact that the accumulation of Lpp and
OsmB in the IM is toxic to the cell; Lpp because it crosslinks with the PG, and OsmB
is suspected to form ion permeable pores in IM which perturbs the IM integrity. The

fact that LolA and LolB are needed in wild-type conditions means that they both ensure
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a quick and efficient transfer of these lipoproteins, that become toxic when in the IM.
Moreover, finding a condition where LolA and LoB can be deleted indicates that an
alternative route for lipoproteins trafficking exists in the cell. However, this route seems
to be like a “rescue plan” for the cell to ensure its viability. We could think that this
alternative pathway functions only when LolA and LolIB are absent or that, it is always

active as a helper of the Lol system.

Lpp

Lpp is the numerically most abundant protein in E. coli with 1 million copies per cell
185 One third of the Lpp molecules is covalently attached to the PG, therefore Lpp
functions as an a-helical tether covalently anchoring the OM to the peptidoglycan. This
attachment is mediated by three enzymes of the L-D transpeptidase family: LdtA, LdtB
and LdtC. Thus, the distance between the inner and the outer membranes is around
24.6 nm in E. coli. In the absence of this attachment, the OM pulls away from the cell
body and forms blebs, increasing the distance between the two membranes up to 27.7
nm 186.187 Recent study showed that Lpp can also detach from the PG due to the
action of the peptidoglycan meso-diaminopimelic acid protein amidase (DpaA) '®. Lpp
was also shown to dictate the size of the periplasm: increasing the length of Lpp
amplifies the distance between the inner and outer membranes 8718 This IM-OM
increased distance renders the cell unable to detect envelope alterations and to trigger
the Rcs stress system as a response %7,

Finally, given the crucial role played by Lpp in E. coli, it was intriguing that this protein
is present in only a small number of y-proteobacteria. Recent work addressed this
problem by discovering that in several Gram-negative species, the OM is covalently

attached to the PG by B-barrel proteins '°%1°1. Conserved residues at the N-terminus
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of these B-barrels mediate the attachment of these OMPs to the PG. For instance,
conserved N-terminal alanyl residues are found in the periplasmic part of the OMPs of
A. tumefaciens. In C. burnetii and in Brucella abortus, this tether is formed by N-
terminal glycyl residues and an alanyl-aspartyl motif, respectively. Beside OMPs,
lipoproteins other than Lpp can also mediate PG attachment. For instance, in Coxiella
burnetii, attachment is ensured by the OM lipoprotein LimB '°'. LimB, by its lysine

residue, is covalently attached to the mDAP of the PG, in a way similar to Lpp.

Pal

Pal is the OM component of the highly conserved Tol-Pal system '92. The core of Tol-
Pal consists of five proteins, three in the IM (TolA, TolQ and TolR), one in the periplasm
(TolB) and the OM lipoprotein Pal. Like Lpp, Pal links the OM to the PG by binding to
the free diaminopimelic acid residue in the peptidoglycan stem peptides '". This
interaction is however non-covalent but mediated by hydrophobic contacts and
hydrogen bonds.

The Tol-Pal system is important for cell division, for maintaining OM integrity and for
the uptake of colicins and filamentous phage DNA '92_In cell division, Tol-Pal stabilizes
the OM-PG connection during constriction. Interestingly, the Tol-Pal proteins, which
are dispersed along the cell envelope in non-dividing cells, are dynamically recruited
to the divisome near the time of constriction 93, The relocation of Pal at the division
site by TolB is an active process energized by the PMF 193195 An elegant mechanism
was recently proposed for the mobilization of Pal by TolB and its deposition at the site

of constriction in a process fueled by the PMF 194.195,
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NipD

NIpD is an OM lipoprotein that controls the activity of AmiC, one of the amidases that
contribute to septum cleavage during cell division 19197 The OM localization of NIpD
is important for regulating its activity '°8. Moreover, NlpD is crucial for coordinating OM
invagination and PG remodeling at the division site. Interestingly, the Tol-Pal complex
and YraP, an OM lipoprotein important for the OM integrity '992%°, were shown to be
required for the proper function of NIpD '%8. YraP, also named DolP (Division and OM
stress-associated lipid-binding protein), was shown to be also related to the divisome,

but its exact function remains to be established 198.199,

BamC

BamC is an OM lipoprotein associated with the Bam complex and its absence causes
a destabilization of the complex '8 BamC has a long unstructured N-terminal
conserved domain, of 100 residues, that is important for the interaction with BamD, an
essential component of the Bam complex 2°'. This interaction seems to play a
regulatory role in OMPs biogenesis, as the linker of BamC binds the proposed binding
pocket of BamD 29!, Structural studies of BamC revealed that its globular domain is

formed of two parts, with a helix-grip fold, connected by a short flexible linker 292:203,

Finally, after mentioning the characteristics and the roles of some lipoproteins, | would
like to say that these are only few examples of the different lipoproteins that decorate
the cell envelope, but the list goes on. Each lipoprotein has its own structure and

location in the cell envelope that are important for its function.
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In conclusion, lipoproteins constitute an essential component of the cell envelope.
Their diverse roles have been drawing a lot of attention lately, revealing how crucial
these proteins are in a wide range of vital processes. However, this is only the tip of
the iceberg: even in the well-studied model organism, E. coli, the function of most
lipoproteins remains to be established. Finally, as mentioned before, some lipoproteins
have an N-terminal intrinsically disordered region. The presence of this region and its
role in the lipoprotein’s pathway was the focus of my thesis and will be explored in the
results section. In chapter Ill, we will discuss more in detail about the disorder in

proteins.

2.6. Inhibition of the journey of lipoproteins

As we previously discussed at the beginning of this chapter, lipoproteins are
widespread and play different roles in the cell envelope of Gram-negative bacteria.
Since they fulfil a variety of different functions, they are essential for cell viability and
survival. Given their important roles, lipoproteins together with their targeting
machineries (the maturation enzymes and the Lol system) are considered a main
target for the development of new antibiotics. Below, we will summarize the latest
antimicrobials that have been discovered against the journey of lipoproteins.

e Molecules targeting the maturation enzymes

The three enzymes Lgt, LspA and Lnt are responsible for the maturation of lipoproteins
in the cell envelope of Gram-negative bacteria. Therefore, these enzymes are an
attractive target for the design of antibiotics.

The first inhibitor of Lgt, G2824, was recently identified 2°*. This molecule is a

macrocyclic peptide that inhibits the catalytic reaction of Lgt (Table 1). Interestingly,
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G2824 modestly inhibits growth of wild-type E. coli and A. baumannii, and this

inhibition increases with Ipp deletion.

Other compounds were found to inhibit the signal peptidase LspA: Globomycin and
Myxovirescin (Table 1). Globomycin is a natural polar compound produced by different
strains of Actinomycetes 2. It is specifically active against Gram-negative bacteria
and inhibits LspA in a non-competitive manner 74. Globomycin binds LspA via
hydrogen bonds and hydrophobic interactions. Analogs of globomycin were developed
and are more potent against LspA 2. These analogs were designed by modifying the
backbone of globomycin to become more hydrophobic and by introducing a positive
charged side chain, since the active site of LspA contains aspartate. Myxovirescin,
also called Myxobacterium-produced antibiotic TA, is a natural compound as well. It is
produced by Myxobacterium and inhibits LspA using a similar mechanism as the
globomycin 7°. Interestingly, overexpression of LspA or deletion of Jpp rescues the

cells when exposed to Globomycin or Myxovirescin.

It is quite remarkable how Lpp has a great effect on the mechanisms of all these
antimicrobials cited above. It was previously shown that the covalent linkage between
Lpp and the PG from the inner membrane is lethal for the cell 2°6. Therefore, deletion
of Ipp or the expression of an Lpp variant that cannot crosslink to the PG rescue the
lethal effect of Globomycin or Myxovirescin 752%, However, deletion of /pp increases
the inhibition of Lgt when cells are exposed to G2824 2%4, Due to these different effects
of Lpp, we can speculate that, during its maturation, Lpp can crosslink to the PG once
it gets diacylated by Lgt. However, this interpretation needs to be confirmed by further

experimental work.
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So far, no inhibitor of Lnt has been discovered. However, the development of novel in
vitro fluorescent-based assays to monitor the enzymatic activity of Lnt &, as well as
LspA 8, are promising tools for high-throughput screening libraries of molecules, and
the discovery of new inhibitors of these enzymes. Promising results were already
reported 8. In addition, the use of the high-resolution structures of Lgt, LspA and Lnt

can help in the design of novel antibiotics targeting the maturation pathway 8687,

e Inhibitors of the Lol pathway

Beside the maturation enzymes, the Lol pathway is also a good target for the design
of antimicrobials. Researchers were also focused on finding molecules that inhibit the

components of Lol 27,

So far, three inhibitors of the LolCDE complex have been identified. First,
pyridineimidazoles inhibit the release of lipoproteins from spheroplasts and inhibit
LolCDE 2. Similarly, G0507 is a pyrrolopyrimidinedione that binds to LolCDE and
inhibits the release of lipoproteins from the IM 2%°_ Interestingly, the deletion of Lpp
confers resistance against G0507 2°°. Finally, compound 2 with a pyrazole core was
also reported to have the same effect as G0507 2'°. Remarkably, the three

components share high structural similarity (Table 1).

A22 is a known inhibitor of the cell wall biogenesis 2. MAC13243, a novel cyclic
compound, and A22 were thought to inhibit the periplasmic chaperone LolA 212213,
MAC13243 was also shown to permeabilize the OM of E. coli by inhibiting LolA 214, As
a result, cells become more sensitive to vancomycin, a large-scaffold antibiotic that

usually cannot cross the OM due to its high molecular weight 2'4. However, a recent
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study showed that LolA is unlikely to be the target of the two components, A22 and
MAC13243 25, These antimicrobials are more likely to inhibit the cell wall elongation
machinery by inactivating MreB, the actin-like protein, which leads to the OM

permeabilization 215,

Finally, it is important to mention that most of these compounds are only active after
permeabilization of the OM. It is therefore clear that, despite the significant effort to
discover new antimicrobials compounds, developing antibiotics against Gram-negative

bacteria remains a big challenge.

Compound Chemical structure Mechanism | Organism
of action
G2824 Macrocyclic | Inhibition
S peptide was shown
won, | inhibitor of | in E. coli
AN the catalytic | and A.
O v Ji J reaction of | baumannii
0 HN:”\” o N\L“EO Lgt
o
O HO" o
g
Globomycin Non- Moderate
HO competitive | inhibition
o j:fo inhibitor of | was shown
/\27NH LspA in most
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Myxovirescin Non- Inhibition
competitive | was shown
inhibitor of | in E. coli

(oO) © LspA
Pyridineimidazole Inhibitor of | Inhibition
(—0 " 0, =t the release | was shown
OW OW of in E. coli
= = lipoproteins
N:FN N—T_N by LolCDE
Compound 1 Compound 2
G0507 Inhibitor of | Inhibition
. the release | was shown
P of in E. coli
lipoproteins
by LolICDE
0
NN
0 N N S
Compound 2 Inhibitor of | Inhibition
(Pyrazole) o N the release | was shown
/@A [ ] of in E. coli
F = lipoproteins
by LolICDE
1 N
N~NH

Table 1. Different compounds targeting the pathway of lipoproteins in the cell
envelope of Gram-negative bacteria.
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Chapter lll. Intrinsic disorder in proteins

Many years ago, the structure-function relationship of a protein was the main dogma
in the biochemistry field. It has been always believed that a well-defined structure is a
prerequisite of a protein function, especially when it comes to enzymes. Few years
ago, a new concept of unstructured proteins, or what is also known by intrinsically
disordered proteins (IDPs), was introduced. IDPs are proteins that cannot fold into a
unique and stable secondary or tertiary structure. The structural disorder can be in
certain regions of a protein. In this case, we can talk about intrinsically disorder regions

(IDRs). In this chapter, | will discuss intrinsic disorder in proteins.

3.1. Overview on intrinsically disordered proteins

Around the turn of the millennium, many studies started to talk about the existence of
intrinsically disordered proteins or regions in proteins that are unstructured. Of course,
this new paradigm was hardly accepted at the beginning, but it then expanded. A data
base dedicated to structural disorder in proteins, DisProt, was then created 2'¢. Today
we can count about 50 bioinformatic algorithms predictors for disorder 217218, Most of
the predicting methods are based on the amino acid sequence of a protein. The

characteristics of a disordered sequence will be developed below, in section 3.1.a.

Structural disorder is abundant in all species, but it is significantly higher in eukaryotic
than prokaryotic proteins 219220, For instance, while only around 5% of the proteins of
E. coli are predicted to be disordered, this number increases to 28% in Mus musculus
218221 Interestingly, computational analysis showed that more than one third of

eukaryotic proteins have IDRs of more than 30 residues in length 222224, The fact that
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eukaryotes have more IDPs than prokaryotes was recently explained by the idea that
eukaryotic proteins have more extended linker regions, and that these linkers are more
disordered in eukaryotes 225, Another comparative study between E. coli and the yeast
S. cerevisiae showed that IDPs are three times more abundant in yeast than in the
bacterium 226, This difference was explained by the fact that disorder exists in
abundant proteins unique to yeast, such as proteins related to sporulation and meiosis
and in cycles regulators 2%6. However, we should be aware that the increased level of
disorder does not always increase with the complexity of an organism; for example,
the highest level of disorder is found in protists, which are unicellular eukaryotes like

algae 220

Below we will discuss more in detail the structural disorder in proteins, how it is studied

and the main functions of IDPs.

3.1.a Characteristics of intrinsic disorder

IDPs are often enriched in charged (often negatively charged), alanine and structure
breaking residues, like proline and glycine. These residues are called disorder
promoting amino acids. In contrast, hydrophobic and aromatic residues, in addition to
cysteine and asparagine, are rarely found in IDPs. This set of amino acids is called
order promoting residues 2%’ (Fig. 14a). The lack of hydrophobic residues in IDPs and
the high net charge ensure less driving force for protein compaction and more charges
repulsion, which can explain why IDPs cannot fold into a well-defined structure.
Moreover, IDPs have high conformational entropy and lack inter-residues contacts.
They are therefore considered to be highly dynamics and flexible and can be called

dancing proteins or protein clouds 228.
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Despite the fact that IDPs are dynamic structures, they interconvert, and they can
range from fully extended, random-coil-like, to more compact, pre-molten-globule-like,
molten-globule-like, until they become folded (Fig.14b). The hydrodynamic volume
increases with the unfolded state of the protein (Fig.14b). Interestingly, IDPs are
characterized by weak but specific binding, which explains the fact that they have an
adaptability in binding; they can bind different proteins where no shape

complementarity, in a lock and key manner, is needed.

Now that we know that disordered regions are enriched with disorder promoting
residues, the remaining question is where are these residues localized in a protein?
Well, it was shown that unfolded domains are non-homogeneously distributed in a
protein 22°. But it seems that residues at the protein tail are more disordered than
residues in the middle of the protein. However, internal intrinsically disordered regions
are important for the function of the protein, as they play the role of linkers or spacers
between folded domains. These linkers allow the folded domains to “move” and to
adapt different positions 22°. Other internal IDRs are important for interactions, and

they can fold upon binding with a ligand (See section 3.1.b for more details).

Finally, IDPs can be recognized by their special biochemical behavior. They bind less
sodium dodecyl sulfate (SDS) which can affect their migration in an SDS-PAGE: their
apparent molecular weight is 1.2 - 1.8 higher than the actual one ??”. This apparent
molecular weight is also observed in size exclusion chromatography. Moreover,
susceptibility to proteolysis increases with the flexibility of IDPs. However, they are

resistant to high temperatures and acidic pH 2%.
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3.1.b. Physiological functions of IDPs

A unique feature of IDPs is that they function either in their native unfolded state, or
when they become folded upon their binding to another protein. This inducing folding
is called disorder-to-order transition. If the unstructured domain folds into an a-helix or
a B-sheet, this domain is then called a-MoRF or B-MoRF, respectively, where MoRF
stands for Molecular Recognition Feature 23232 (Fig.14c). These disordered
segments promote protein-protein interactions. Given their importance for the protein’s
function, a new study describes a computational method to predict MoRFs regions in
a protein 232,

Although IDPs lack a 3D fold, they are functional, and they can interact with different
types of partners, like proteins and nucleic acids. Therefore, they can perform different
functions: signaling, regulation, control, interaction, inhibition, activation, protection
and stabilization. For instance, in yeast most of the IDPs are in the cell nucleus and
play a role in the regulation of transcription and cell signaling 22%. They can also play
the role of chaperones or dynamic lids 229233234, Moreover, IDPs are known to facilitate
many biological processes like the alternative splicing and the movement of the protein
through a narrow pore or channel like the proteasome 235236,

On the other hand, folded proteins are often related to catalysis such as enzymes,
translocation, binding and release of small molecules, etc. Although they are folded,
some enzymes contain some flexible disordered regions and loops that facilitate the
function of the enzyme 2%’. Interestingly, function of some folded proteins requires local
or even global unfolding (Fig.14c). The transition from disorder to order, or vice versa,
can be passive or active (Fig.14c). It is passive when it is induced by global
environmental factors like the pH, temperature, redox, light and mechanical force.

However, the transition is active if it is induced by the interaction with membranes,
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ligand binding, protein-protein interactions, interaction with nucleic acids, post-

translational modifications or release of auto inhibition 238,

Finally, one more characteristic of unfolded domains is that they can adopt different
folding structures depending on their interaction partner. Therefore, the same protein
might have many interacting partners. This plasticity seems to be essential on the
energetic level for the cell. In fact, it is less energy consuming for the cell to use one
IDP to interact with different partners, instead of producing different folded proteins,
each to interact with one partner. Some examples of IDPs that can bind to around 10-
100 partners are the cell cycle regulators proteins P21, P53 and the estrogen

receptor?®,
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Figure 14. Representation of the major characteristics of IDPs. a. Amino acid
composition of IDPs. Disprot 1.0 and Disprot 3.4 are disorder data sets, whereas
globular—3D is an order data set. IDPs are rich in disorder-promoting residues and
poor in order-promoting-residues. b. Conformation changes of IDPs. The
hydrodynamic volume of the protein increases with the flexibility degree. c. Factors
underlying the transition of order-disorder and vice-versa. The transition can be
passively induced by environmental factors, or actively induced by interaction with
another partner. The images in a and b are adapted from 227 and in ¢ from 22°.

Moreover, since cell cycle regulators proteins, like P53, are part of the IDPs family, it's
not surprising at all that IDPs proteins are involved in cancer 240-242_ |nterestingly, a
study showed that IDPs are more frequent in regulatory, cancer-associated and

cytoskeletal proteins than in proteins involved in metabolism and biosynthesis 24°.

3.1.c. Informative structural studies of IDPs

It is always important to reveal the structure of a protein since it gives more insight into
its function, important regions and characteristics. While the crystallography has been
the model technique to study a protein’s structure, this method has limits when it
comes to IDPs: flexible regions are invisible, giving rise to regions with missing
electron density 243. Other techniques have then been developed and used to study

IDPs 231243 Below we will cite some of these technics.

Structural disorder can be studied by Nuclear Magnetic Resonance (NMR) combined
with another structural techniques such as the small angle X-ray scattering (SAXS)
and molecular dynamics (MD) simulations 243244, However, NMR is one of the most
powerful tools in providing quantitative, not only qualitative, description of IDPs.

Moreover, IDPs can also be studied at the single molecule level by single-molecule
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fluorescence resonance energy transfer (smFRET). Conformational changes can be
visualized using atomic force microscopy (AFM), which enables us to study the
energetics and dynamics of IDPs 243, Finally, circular dichroism (CD) is also another
spectroscopic technique used to study IDPs.

Given the fact that during my thesis | was focused on E. coli, the next section will be

dedicated to discussing IDPs in bacteria.

3.2. IDPs in bacteria

IDPs content in bacterial species varies between 18% and 28% 22'. Structural disorder
exists in different protein types. First, it is present in proteins that can bind to DNA
such as the E. coli single-stranded DNA (ssDNA) binding proteins (SSBs) 246. SSBs
contain a hypervariable long disordered linker that governs the binding of the protein
to the ssDNA 246, Second, IDPs are also present in the divisome; a family of proteins
implicated in cell division 247, For instance, FtsZ, which scaffolds and recruit other
divisome proteins, contains a C-terminal disordered linker that connects its two
conserved globular domains 248-2%0_ This linker is essential for the function of FtsZ as
the deletion of this disorder region impairs cell division 25'. Another example is the
major player in the differentiation of Caulobacter crescentus, the polar organizing
protein (Pop)Z, which is 57% disordered 2%2. PopZ self-assembles and is able
therefore to bind to, at least, 8 different proteins 252.

IDPs also exist in the bacterial “weapons” like the bacteriocins. Bacteriocins produced
by bacteria are antimicrobial peptides or proteins used as toxins against a narrow
spectrum of bacterial species 2%3. Colicins are bacteriocins specific for E. coli that use
the OmpF porin to enter the cell 254, Colicin E9 has a long N-terminal disordered linker

that is essential for the entry of the toxin in the cell through OmpF 2%,
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The list of bacterial IDPs goes on. The biofilm of Bacillus subtilis contains amyloid-like
fibers whose association is mediated by the protein TapA 2%. NMR and CD studies
showed that TapA has a disordered C-terminal domain that weakly interacts with its
N-terminal structured domain, and that these domains gain a-helical structures with
increasing temperatures 2%7. Also, many curli proteins were shown to be disordered
like CsgF, CsgE 2°8 and CsgG '°. Curli are proteinaceous filaments present at the cell
surface of Enterobacteriaceae. They facilitate the biofilm formation, cell adhesion and
invasion and environmental persistence 2%°. CsgF and CsgE act as chaperone for the
attachment and the secretion of the curli, while CsgG is the curli pore protein 260261,
The N-terminal unfolded domain of CsgF was shown to adopt a-helical structure upon
binding to CsgG, while its highly flexible C-terminal domain is responsible for the
interaction with CsgB, the minor subunit of curli filaments 262, Moreover, disorder
seems to be important for the functionality of type Ill secretion system (T3SS) 23
T3SS acts as an injectosome to secrete effectors to the extracellular environment or
directly into the host cell. HrpO, a protein of the T3SS of P. syringae, is highly
disordered with coiled-coil and a-helical segments. It interacts via coiled-coll
interactions with HrpE, another component of the T3SS, and this interaction is

accompanied with a-helical ordering 253,

Finally, a few lipoproteins were shown to have a long N-terminal disordered flexible
linker like RcsF, Pal and BamC '77:178.202264-266 The presence and function of this
disordered domain in the lipoproteins of E. coli were the focus of my work during the

thesis and will be detailed in the Results section.
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In conclusion, structural disorder is widespread in many organisms: unicellular and
pluricellular, prokaryote and eukaryote. The discovery of structural disorder and its
conservation in different phyla grabbed the attention of the experts in the field for the
last few years. These latest studies led to the discovery of more insights regarding
the characteristics and the functions of structural disorder. However, the importance
of disorder in many proteins remains to be elucidated. The functional role of the
disordered region present at the N-terminal of many lipoproteins of E. coli will be

discussed in the Results section of this thesis.
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Section ll. Results
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In this section, | will present the results obtained during my thesis. As previously
explained in the research objectives at the beginning of the manuscript, the first goal
of my thesis was to elucidate the function of the linker, the intrinsically disordered
region present at the N-terminus of half of OM lipoproteins. During my thesis, | was
mainly interested in finding whether the N-terminal linker is important in the journey of
lipoproteins in the cell envelope of E. coli or not. First, | wanted to evaluate the
presence of the linker in the different lipoproteins of E. coli. Second, | wanted to define
how and where does the linker affect the sorting of lipoproteins in the cell envelope.
The results obtained were published in Nature Chemical Biology and will be presented
in Chapter I. | would like to mention that Dr. Joanna Szewczyk, a previous member of
the Collet lab, had already started working on the linker and obtained exciting results
regarding its importance in the OM targeting of RcsF. When | joined the lab, | took the
project over, confirmed key results previously obtained by Joanna, widened the search
to additional E. coli lipoproteins including NIpD, BamC and Pal, and decided to also
investigate the mechanistic importance of the linker by doing pull downs, protein
purifications and looking at each step of the maturation and transport pathways. The
second goal of my thesis was to obtain a pure, stable complex between the
periplasmic chaperone LolA and a substrate lipoprotein, with the objective to crystalize
it and solve its structure in order to gain further structural and molecular insights into

this reaction. Preliminary results are presented in Chapter II.
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Chapter I. Disorder is a critical component of
lipoprotein sorting in Gram-negative bacteria

The results presented in this chapter are published in Nature Chemical Biology. The

paper can be found is Annex I.
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Abstract

Gram-negative bacteria express structurally diverse lipoproteins in their envelope. Here
we found that approximately half of lipoproteins destined to the Escherichia coli outer
membrane display an intrinsically disordered linker at their N-terminus. Intrinsically
disordered regions are common in proteins, but establishing their importance in vivo has
remained challenging. As we sought to unravel how lipoproteins mature, we discovered
that unstructured linkers are required for optimal trafficking by the Lol lipoprotein
sorting system: linker deletion re-routes three unrelated lipoproteins to the inner
membrane. Focusing on the stress sensor ResF, we found that replacing the linker with
an artificial peptide restored normal outer membrane targeting only when the peptide
was of similar length and disordered. Overall, this study reveals the role played by
intrinsic disorder in lipoprotein sorting, providing mechanistic insight into the biogenesis
of these proteins and suggesting that evolution can select for intrinsic disorder that

supports protein function.
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Introduction

The cell envelope is the morphological hallmark of Escherichia coli and other Gram-negative
bacteria. It is composed of the inner membrane, a classical phospholipid bilayer, as well as the
outer membrane, an asymmetric bilayer with phospholipids in the inner leaflet and
lipopolysaccharides in the outer leaflet!. This lipid asymmetry enables the outer membrane to
function as a barrier that effectively prevents the diffusion of toxic compounds in the
environment into the cell. The inner and outer membranes are separated by the periplasm, a
viscous compartment that contains a thin layer of peptidoglycan also known as the cell wall'.
The cell envelope is essential for growth and survival, as illustrated by the fact that several
antibiotics such as the B-lactams target mechanisms of envelope assembly. Mechanisms
involved in envelope biogenesis and maintenance are therefore attractive targets for novel

antibacterial strategies.

Approximately one-third of E. coli proteins are targeted to the envelope, either as soluble
proteins present in the periplasm or as proteins inserted in one of the two membranes?. While
inner membrane proteins cross the lipid bilayer via one or more hydrophobic a-helices, proteins
inserted in the outer membrane generally adopt a B-barrel conformation®. Another important
group of envelope proteins is the lipoproteins, which are globular proteins anchored to one of
the two membranes by a lipid moiety*. Lipoproteins carry out a variety of important functions
in the cell envelope: they participate in the biogenesis of the outer membrane by inserting
lipopolysaccharide molecules™® and B-barrel proteins’, they function as stress sensors
triggering signal transduction cascades when envelope integrity is altered®, and they control
processes that are important for virulence®. The diverse roles played by lipoproteins in the cell
envelope has drawn a lot of attention lately, revealing how crucial these proteins are in a wide

range of vital processes and identifying them as attractive targets for antibiotic development.
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Yet, a detailed understanding of the mechanisms involved in lipoprotein maturation and

trafficking is still missing.

Lipoproteins are synthesized in the cytoplasm as precursors with an N-terminal signal
peptide!®. The last four C-terminal residues of this signal peptide, known as the lipobox,
function as a molecular determinant of lipid modification unique to bacteria; only the cysteine
at the last position of the lipobox is strictly conserved!!. After translocation across the inner
membrane, processing of pre-prolipoproteins into mature forms takes place on the periplasmic
side of the membrane. The thiol side-chain of the cysteine is first modified with a
diacylglyceryl moiety by prolipoprotein diacylglyceryl transferase (Lgt)!° (Supplementary
Figure 1a, step 1). Then, signal peptidase II (LspA) catalyzes cleavage of the signal peptide
N-terminally of the lipidated cysteine before apolipoprotein N-acyltransferase (Lnt) adds a
third acyl group to the N-terminal amino group of the cysteine (Supplementary Figure 1a,
steps 2-3). Most mature lipoproteins are then transported to the outer membrane by the Lol
system. Lol consists of LolCDE, an ABC transporter that extracts lipoproteins from the inner
membrane and transfers them to the soluble periplasmic chaperone LolA (Supplementary
Figure 1a, steps 4-5)!2. LolA escorts lipoproteins across the periplasm, binding their
hydrophobic lipid tail, and delivers them to the outer membrane lipoprotein LolB
(Supplementary Figure 1a, step 6). LolB finally anchors lipoproteins to the inner leaflet of
the outer membrane using a mechanism that remains poorly characterized (Supplementary

Figure 1a, step 7).

In most Gram-negative bacteria, a few lipoproteins remain in the inner membrane!. The

current view is that inner membrane retention depends on the identity of the two residues

located immediately downstream of the N-terminal cysteine on which the lipid moiety is
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attached!#; this sequence, two amino acids in length, is known as the Lol sorting signal. When
lipoproteins have an aspartate at position +2 and an aspartate, glutamate, or glutamine at

position +3, they remain in the inner membrane!>16

, possibly because strong electrostatic
interactions between the +2 aspartate and membrane phospholipids prevent their interaction
with LolCDE!". However, this model is largely based on data obtained in E. coli and variations
have been described in other bacteria. For instance, in the pathogen Pseudomonas aeruginosa,
an aspartate is rarely found at position +2 and inner membrane retention appears to be
determined by residues +3 and +4'%!°. Surprisingly, lipoproteins are well sorted in P.
aeruginosa cells expressing the E. coli LolCDE complex??, despite their different Lol sorting
signal. This result cannot be explained by the current model of lipoprotein sorting,

underscoring that our comprehension of the precise mechanism that governs the triage of

lipoproteins remains incomplete.

Excitingly, more unresolved questions regarding lipoprotein biogenesis have recently been
raised. First, it was reported that a LolA-LolB-independent trafficking route to the outer
membrane exists in E. coli?!, but the factors involved have remained unknown. Second,
although lipoproteins have traditionally been considered to be exposed to the periplasm in E.
coli and many other bacterial models!'®, a series of investigations have started to challenge this
view by identifying lipoproteins on the surface of E. coli, Vibrio cholerae, and Salmonella
Typhimurium?*?*. Overall, the field is beginning to explore a lipoprotein topological landscape
that is more complex than previously assumed and raising intriguing questions about the

signals that control surface targeting and exposure.

Here, stimulated by the hypothesis that crucial details of the mechanisms underlying

lipoprotein maturation remained to be elucidated, we sought to identify novel molecular
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determinants controlling lipoprotein biogenesis. First, we found that half of the outer
membrane lipoproteins display a long and intrinsically disordered linker at their N-terminus.
Intrigued by these unstructured segments, we probed their importance for the biogenesis of
ResF, NlpD, and Pal, three unrelated outer membrane lipoproteins. Unexpectedly, we found
that deleting the linker altered the targeting of all three lipoproteins to the outer membrane.
Focusing on RcsF, we determined that both the length and disordered character of the linker
were important; we also found that the linker is required for optimal processing by Lol. Our
observations reveal the unsuspected role played by protein intrinsic disorder in lipoprotein
cellular localization. We also propose a model in which disordered linkers are important for

targeting and/or displaying lipoproteins on the cell surface.
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Supplementary Figure 1. Lipoprotein maturation and sorting in the E. coli cell envelope
a. After processing by Lgt (step 1), LspA (step 2), and Lnt (step 3), a new lipoprotein either
remains in the inner membrane or is extracted by the LolCDE complex (step 4), depending on
the residues at position +2 and +3. LolCDE transfers the lipoprotein to the periplasmic
chaperone LolA (step 5), which delivers the lipoprotein to LolB (step 6). LolB, a lipoprotein
itself, inserts the lipoprotein in the outer membrane using a poorly understood mechanism (step

7). b. Schematic of lipoprotein structural domains. The N-terminal

signal sequence targets the

lipoprotein to the cell envelope; the last four amino acid residues of the signal sequence form

91



the lipobox. The last residue of the lipobox is the invariant cysteine that undergoes lipidation.
This cysteine, which is the first residue of the mature lipoprotein, is directly followed by the
sorting signal, a sequence of 2 or 3 amino acids that controls the sorting of mature lipoproteins
between the inner and outer membranes. The C-terminal portion of a mature lipoprotein is a
globular domain. An intrinsically disordered linker separates the sorting signal from the
globular domain in about half of E. coli lipoproteins (Fig. 1, Extended Data Fig. 1;
Supplementary Table 1). The lengths of the deleted disordered linkers of the unrelated
lipoproteins ResF, Pal, and NlpD are indicated. LP, lipoprotein.

Results

Half of lipoproteins present N-terminal disordered segments

In an attempt to discover novel molecular determinants controlling the cellular localization of
lipoproteins, we decided to systematically analyze the sequence of the lipoproteins encoded by
the E. coli genome (strain MG1655) in search of unidentified structural features. E. coli
encodes ~80 validated lipoproteins?’, of which 58 have been experimentally shown to localize

%, Comparative modeling of existing X-ray, cryogenic electron

in the outer membrane
microscopy (cryo-EM), and nuclear magnetic resonance (NMR) structures revealed that
approximately half of these outer membrane lipoproteins display a long segment (>22 residues)
that is predicted to be disordered at the N-terminus (Fig. 1, Extended Data Fig. 1,
Supplementary Table 1). In contrast, only one of the 8 lipoproteins that remain in the inner

membrane (DcrB; Extended Data Fig. 1., Supplementary Table 1) had a long, disordered

linker, suggesting that disordered peptides may be important for lipoprotein sorting.
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ResF NipD Pal BamC

Figure 1. Structural analysis of lipoproteins reveals that half of outer membrane
lipoproteins display an intrinsically disordered linker at the N-terminus. The structures of
the outer membrane lipoproteins RcsF, NlpD, Pal, and BamC were generated via comparative
modeling (Methods). The 39 remaining lipoproteins are shown in Extended Data Figure 1.
X-ray and cryo-EM structures are green, NMR structures are cyan, and structures built via
comparative modeling from the closest analog in the same PFAM group are orange. In all
cases, the N-terminal linker is magenta.
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Extended Data Figure 1. Structural analysis of lipoproteins reveals that half of outer
membrane lipoproteins display an intrinsically disordered linker at the N-terminus.
Structures were generated via comparative modeling. X-ray and cryo-EM structures are green,
NMR structures are cyan, and structures built via comparative modeling from the closest
analog in the same PFAM group are orange. In all cases, the N-terminal linker is magenta.
Lipoproteins targeting the outer membrane: OsmE, NIpC, MItB, NIpE, YajI, YefL, Nlpl, HsllJ,
Ybay, RIpA, AmiD, BamB, MItC, Ycal,, MItA, Ble, YghG, EmtA, BamD, LolB, MlaA, LoiP,
YraP, MIiC, LpoB, CsgG, YddW, YbhC, YedD, YgeR, YfiB, YbjP, YiaD, GfcE, PqiC, YfeY,
LptE, LpoA, BamE. Lipoproteins targeting the IM: DcrB, MetQ, NipA, ApbE,Y¢iN, YehR.
Synthetic constructs: ResFas, ResFas2, ResFass, ResFag.47, ResFrepa, ResFeol, Palazs.ss, BamC
728-98, NIpDa29_64.

Linker deletion perturbs outer membrane targeting

Intrigued by the presence of these N-terminal disordered segments in so many outer membrane
lipoproteins, we decided to investigate their functional importance. We selected three
structurally unrelated lipoproteins whose function could easily be assessed: the stress sensor
ResF (which triggers the Res signaling cascade when damage occurs in the envelope?’), NlpD
(which activates the periplasmic N-acetylmuramyl-L-alanine amidase AmiC, which is
involved in peptidoglycan cleavage during cell division?®), and the peptidoglycan-binding
lipoprotein Pal (which is important for outer membrane constriction during cell division??).
We began by preparing truncated versions of ResF, NlpD, and Pal devoid of their N-terminal
unstructured linkers (Supplementary Figure 1b, Extended Data Fig. 1; RcsFai9.47, Palazs.se,
and NlpDa2o.64). Note that the lipidated cysteine residue (+1) and the Lol sorting signal (the
amino acids at positions +2 and +3) were not altered in RcsFai9.47, Palazs.ss, and NlpDazo.s4,
nor in any of the constructs discussed below except in ResFepp (Supplementary Table 2). For
Pal, although the unstructured linker spans residues 25-68 (Fig. 1), we used Palazs.s6 because

Palas.¢s was either degraded or not detected by the antibody. We first tested whether the

95



truncated lipoproteins were still correctly extracted from the inner /and transported to the outer
membrane. The membrane fraction was prepared from cells expressing the three variants
independently, and the outer and inner membranes were separated using sucrose density
gradients (Methods). Whereas wild-type ResF, NlpD, and Pal were mostly detected (>90%) in
the outer membrane fraction, ~50% of RcsFai9.47 and ~60% of NlpDa2zo.es were retained in the
inner membrane (Fig. 2a, Extended Data Fig. 2a). An RcsF variant in which the Lol sorting
signal was replaced by two aspartates (RcsFepp) was used as a control for inner membrane
retention; as expected, ResFepp was mostly detected in the inner membrane (Extended Data
Fig. 3). The sorting of Pal was also affected, but to a lesser extent: 15% of Pala2¢.56 was retained
in the inner membrane (Extended Data Fig. 2b). Notably, the expression levels of the three
linker-less variants were similar (NlpDa2o.¢4) or lower (ResFai9.47; Palaze.s6) than those of the
wild-type proteins (Extended Data Fig. 4), indicating that accumulation in the inner

membrane did not result from increased protein abundance.

We then tested the impact of linker deletion on the function of these three proteins. In cells
expressing RcsFaio.47, the Res system was constitutively turned on (Fig. 2b); when RcsF
accumulates in the inner membrane, it becomes available for interaction with IgaA, its
downstream Rcs partner in the inner membrane?”*°, Likewise, expression of NlpDa2o-¢s4 did not
rescue the chaining phenotype (Fig. 2¢)’! exhibited by cells lacking both nlpD and envC, an
activator of the amidases AmiA and AmiB?®. Finally, Palaze.s¢ partially rescued the sensitivity
of the pal mutant to SDS-EDTA that results from increased membrane permeability*? (Fig.
2d). However, this observation needs to be considered with caution given that Palas.ss seemed
to be expressed at lower levels than wild-type Pal (Extended Data Fig. 4). Thus, preventing

normal targeting of RcsF, NlpD and Pal to the outer membrane had functional consequences.
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Figure 2. The N-terminal linker displayed by lipoproteins is important for outer
membrane targeting. a. The outer membrane (OM) and inner membrane (IM) were separated
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via centrifugation in a three-step sucrose density gradient (Methods). While ResFwt was found
predominantly in the OM, ResFai947 was substantially retained in the IM. Data are presented
as the ratio of signal intensity in a single fraction to the total intensity in all fractions. All
variants were expressed from plasmids (Supplementary Table 4). DsbD and Lpp were used
as controls for the OM and IM, respectively. b. The Rcs system is constitutively active when
the linker of ResF is missing. Res activity was measured with a beta-galactosidase assay in a
strain harboring a transcriptional rprA::lacZ fusion (Methods). All variants were expressed
from a plasmid. Results were normalized to expression levels of the ResF variants. Box-and-
whiskers plots are shown from minimum to maximum with the central line that marks the
median; first and third quartile with the whiskers are also shown; n = 6 biologically independent
experiments. ¢. Phase-contrast images of the envC::kan AnlpD mutant complemented with
NlpDwt or NlpDa2s.¢s. NlpDazo.ss only partially rescues the chaining phenotype of the
emvC::kan AnlpD double mutant. Scale bar, 5 um. d. Expression of Palxe.s6 does not rescue
the sensitivity of the pal::kan mutant to SDS-EDTA. Cells were grown in LB medium at 37 °C
until mid-log phase (ODsoo = 0.5). Tenfold serial dilutions were made in LB, plated onto LB
agar or LB agar supplemented with 0.01% SDS and 0.5 mM EDTA, and incubated at 37 °C.
Images in a, ¢, and d are representative of biological triplicates. Graph in a was created by
spline analysis of curves representing a mean of three independent experiments.
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Extended Data Fig. 2. The N-terminal linker of lipoproteins is important for outer
membrane targeting. The outer membrane (OM) and inner membrane (IM) were separated
via centrifugation in a three-step sucrose density gradient (Methods). While (a) NlpDwr, and
(b) Palwr were found predominantly in the OM, NlpDa2o4, and Palaze.ss were substantially
retained in the IM. Data are presented as the ratio of signal intensity in a single fraction to the
total intensity in all fractions. All variants were expressed from plasmids (Supplementary
Table 4). DsbD and Lpp were used as controls for the OM and IM, respectively. Images in a,
and b are representative of biological triplicates. Graphs in a and b were created by spline
analysis of curves representing a mean of three independent experiments.
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Extended Data Fig. 3. ResFcpp is retained in the inner membrane. a. Expression levels of
ResFwr and ResFepp. Cells expressing chromosomal ResFwr or ResFepp were grown in LB
until ODgoo = 0.7 and precipitated with trichloroacetic acid (Methods). Immunoblots were
performed using a-RcsF. b. The outer (OM) and inner (IM) membranes of cells expressing
chromosomal RcsFwr or ResFepp were separated by sucrose density gradient (Methods). While
ResFwr was found predominantly in the OM, RcsFCpp was retained in the IM. Images in a and
b are representative of three independent experiments.
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Extended Data Fig. 4. Expression levels of RcsFai9.47, Palaze.ss, and NIpDazogs. Cells were
grown at 37 °C in LB until ODsgo = 0.5 and precipitated with trichloroacetic acid (Methods).
Immunoblots were performed with o-RcsF, a-NlpD, and o-Pal antibodies. All images are
representative of three independent experiments.

Unstructured artificial linkers do the job

The results above were surprising because they revealed that the normal targeting of RcsF,
NlpD, and Pal to the outer membrane does not only require an appropriate Lol sorting signal,
as proposed by the current model for lipoprotein sorting!®, but also the presence of an N-
terminal linker. We selected RcsF, whose accumulation in the inner membrane can be easily
tracked by monitoring Rcs activity?” , to investigate the structural features of the linker
controlling lipoprotein maturation; keeping as little as 10% of the total pool of RcsF molecules

in the inner membrane is sufficient to fully activate Rcs?’.

We first tested whether changing the sequence of the N-terminal segment while preserving its
disordered character still yielded normal targeting of the protein to the outer membrane. To
that end, we prepared an RcsF variant in which the N-terminal linker was replaced by an
artificial, unstructured sequence (Supplementary Table 2, Extended Data Fig. 1, Extended

Data Fig. S) of similar length and consisting mostly of Glycine-Serine repeats (RcsFags).
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Substituting the wild-type linker with this artificial sequence was remarkably well tolerated by
RcsF: ResFas was targeted normally to the outer membrane (Fig. 3a, Extended Data Fig. 1,
Supplementary Figure 2a) and did not constitutively activate the stress system (Fig. 3b).
Thus, although RcsFgs has an N-terminus with a completely different primary structure, it

behaved like the wild-type protein.
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Extended Data Fig. 5. Schematic of RcsF variants used in this study and their
distributions in the outer membrane (OM) and inner membrane (IM). RcsFas, ResFasa,
and RcsFass have linkers that are disordered and mostly consist of GS repeats. The linker of
ResFas 1s the same length as the linker of ResFwr. ResFas2 and ResFass are shorter than
ResFwr. Regions of ResFripa and ResFeor fold into alpha helices borrowed from the sequences
of FkpA and colicin Ia, respectively.
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We then investigated whether the N-terminal linker required a minimal length for proper
targeting and function. We therefore constructed two RcsF variants with shorter, unstructured,
artificial linkers (RcsFgs2 and ResFess, with linkers of 18 and 10 residues, respectively;
Supplementary Table 2, Extended Data Fig. 1, Extended Data Fig. 5). Importantly, RcsFas2
and, to a greater extent, RcsFgs3 did not properly localize to the outer membrane: the shorter
the linker, the more RcsF remained in the inner membrane (Fig. 3a, Extended Data Fig. 1,
Supplementary Figure 2a). Consistent with the amount of RcsFgs2 and ResFass retained in

the inner membrane, Rcs activation levels were inversely related to linker length (Fig. 3b).
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Figure 3. The length and the disordered character of the RcsF linker play key roles in
ResF targeting to the outer membrane. a. The outer membrane (OM) and inner membrane
(IM) were separated via centrifugation in a three-step sucrose density gradient (Methods).
DsbD and Lpp were used as controls for the OM and IM, respectively. The longer the linker,
the more protein was correctly translocated to the IM. All variants were expressed from
plasmids (Supplementary Table 4). Aligned dot-plots are shown with a line at mean +
standard deviation of n = 3 biologically independent experiments. Images are representative of
experiments and immunoblots performed in biological triplicate. b. Rcs activity was measured
with a beta-galactosidase assay in a strain harboring a transcriptional rprA4::lacZ fusion. All
variants were expressed from a plasmid. Results were normalized to expression levels of ResF
variants. Box-and-whiskers plots are shown from minimum to maximum with the central line
that marks the median; first and third quartile with the whiskers are also shown; n = 6
biologically independent experiments. Res activity relates to the quantity of ResF retained in
the inner membrane. ¢. ResF mutants harboring alpha helical linkers (ResFrpa and ResFeor)
were subjected to two consecutive centrifugations in sucrose density gradients. Both mutants
were inefficiently translocated from the IM to the OM. All variants are expressed from
plasmids. Aligned dot-plots are shown with a line at mean + standard deviation of n = 3
biologically independent experiments. Images are representative of experiments and
immunoblots performed in biological triplicate. d. The Res system was constitutively active in
ResFrpa and ResFeol strains; activation levels were comparable to those of ResFar9.47. Res
activity was measured as in b. Results were normalized as in b. Box-and-whiskers plots are
shown from minimum to maximum with the central line that marks the median; first and third
quartile with the whiskers are also shown; n = 6 biologically independent experiments.
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Supplementary Figure 2. Gels of sucrose gradients of Figure 3, showing that the length
and the disordered character of the RcsF linker play key roles in RcsF targeting to the
outer membrane. a, b. The outer membrane (OM) and inner membrane (IM) were separated
via centrifugation in a three-step sucrose density gradient (Methods). DsbD and Lpp were used
as controls for the OM and IM, respectively. All variants were expressed from plasmids
(Supplementary Table 4). (a) The longer the linker, the more protein was correctly
translocated to the IM. (b) ResF mutants harboring alpha helical linkers (ResFripa and ResFeor)
were inefficiently translocated from the IM to the OM. Images in a and b are representative of
experiments and immunoblots performed in biological triplicate.

The disordered character of the linker is crucial

Taken together, the results above demonstrated that the ResF linker can be replaced with an
artificial sequence lacking secondary structure, provided that it 1s of appropriate length. Next,
we sought to directly probe the importance of having a disordered linker by replacing the ResF
linker with an alpha-helical segment 35 amino acids long from the periplasmic chaperone FkpA
(ResFripa; Supplementary Table 2, Extended Data Fig. 1, Extended Data Fig. S).
Introducing order at the N-terminus of ResF dramatically impacted the protein distribution
between the two membranes: ResFripa was substantially retained in the inner membrane (Fig.

3¢, Supplementary Figure 2b) and constitutively activated Res (Fig. 3d). As alpha-helical
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segments are considerably shorter than unstructured sequences containing a similar number of
amino acids, we also prepared an RcsF variant (ResFeo) with a longer alpha helix from the
helical segment of colicin Ia, which is 73 amino acids in length and also predicted to remain
folded in the ResFeq construct (Supplementary Table 2, Extended Data Fig. 1, Extended
Data Fig. 5). However, doubling the size of the helix had no impact, with RcsFeo behaving
similarly to RcsFrpa (Fig. 3¢, 3d, Supplementary Figure 2b). Together, these data
demonstrate that having an N-terminal disordered linker downstream of the Lol sorting signal
is required to correctly target ResF to the outer membrane. The length of the linker is important,
but the sequence is not, on the condition that the linker does not fold into a defined secondary

structure.

A disordered linker is needed for optimal processing by Lol

Our finding that N-terminal disordered linkers function as molecular determinants of the
targeting of lipoproteins to the outer membrane raised the question of whether these linkers
work in a Lol-dependent or Lol-independent manner. To address this mechanistic question, we
tested the impact of deleting Ipp on the targeting of RcsFai9.47. The lipoprotein Lpp, also known
as the Braun lipoprotein, covalently tethers the outer membrane to the peptidoglycan and
controls the size of the periplasm®***. Being expressed at ~1 million copies per cell*’, Lpp is
numerically the most abundant protein in £. coli. Thus, by deleting Ipp, we considerably
decreased the load on the Lol system by removing its most abundant substrate. Remarkably,
lpp deletion partly rescued the targeting of RcsFaiou7 to the outer membrane (Fig. 4a),
indicating that the linker functions in a Lol-dependent manner and suggesting that
accumulation of RcsFai9.47 in the inner membrane results from a decreased ability of the Lol
system to process the linker-less RcsF variant. In agreement with this idea, normal targeting of

NlpDazo-64 to the outer membrane was restored in cells lacking Lpp (Fig. 4a). Palazs.ss could
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not be tested because membrane fractionation failed with Ipp pal double mutant cells whether

or not they expressed Palass.ss (the Ipp pal double mutant is viable but highly mucoid).
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Figure 4. N-terminal disordered linkers interact with the Lol system to target lipoproteins
to the outer membrane. a. Deleting Lpp rescues targeting of ResFai947 and NlpDazo.es to the
outer membrane. The outer and inner membranes were separated via centrifugation in a sucrose
density gradient (Methods). ResFa19.47 and NlpDazoss accumulate in the inner membrane of
cells expressing Lpp, the most abundant Lol substrate. Deletion of /pp improves their targeting
to the outer membrane. Aligned dot-plots are shown with a line at mean + standard deviation
of n =3 biologically independent experiments. The significance of differences among bacterial
strains was assessed according to analysis of variance (ANOVA), followed by the application
of Tukey’s multiple comparison test. No adjustments were made for multiple comparison.
ResF variants were expressed from the chromosome and NlpD variants were expressed from a
plasmid. b. In vitro pull-down experiments show that RcsFwr and RcsFaio.47 are transferred
from LolA to LolB. Lol A-ResFwr and LolA-ResFai9.47 complexes were obtained by LolA-His
affinity chromatography followed by size exclusion chromatography (Methods). Each complex
was incubated with LolB-Strep that was previously purified via Strep-Tactin affinity
chromatography (Methods). Both ResF variants were eluted in complex with LolB-strep, while
LolA was only present in the flow through. I, input; FT, flow through; E, eluate. n = 3
biologically independent experiments.

To obtain further insights into the mechanism at play here, we next monitored whether linker
deletion impacted the transfer of ResF from LolA to LolB in vitro. LolA with a C-terminal His-
tag was expressed in the periplasm of cells expressing wild-type ResF or ResFai9.47 and purified
to near homogeneity via affinity chromatography (Methods; Extended Data Fig. 6). Both
ResFwrand ResFaio.47 were detected in immunoblots of the fractions containing purified LolA
(Extended Data Fig. 6), indicating that both proteins form a soluble complex with LolA and
confirming that they use this chaperone for transport across the periplasm. LolB was expressed
as a soluble protein in the cytoplasm and purified by taking advantage of a C-terminal Strep-
tag; LolB, which has more affinity for lipoproteins than Lol A 3¢, was then incubated with Lol A-
ResF wr or LolA-ResFaio47 and pulled-down using Strep-Tactin beads (Methods). As both
ResF wr and ResFaio.47 were detected in the LolB-containing pulled-down fractions (Fig. 4b),
we conclude that both proteins were transferred from LolA to LolB. Thus, the linker is not

required for the transfer of ResF from LolA to LolB.
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Extended Data Fig. 6. Complexes between LolA and ResFwrt or ResFarg.47 can be purified.
Both ResFwr (a) and ResFaiou7 (b) were eluted in complex with LolA-His via affinity
chromatography followed by size exclusion chromatography. Elution fractions were analyzed
via SDS-PAGE and proteins stained with Coomassie Brilliant Blue (Methods).
Chromosomally-encoded ResF variants were detected by immunoblotting fractions with -
ResF antibodies. Images are representative of three independent experiments.

We then focused on the LolCDE ABC transporter in charge of extracting outer membrane
lipoproteins and transferring them to LolA. The structure of LolCDE in complex with a
lipoprotein substrate was recently reported®’. Although most of the lipoprotein polypeptide
chain is non-visible in the structure, the triacylated N-terminal cysteine could be found inside
a channel located between the plane of the membrane and the periplasmic domains of LolC
and LolD. We thus hypothesized that N-terminal flexible linkers might be important to limit
clashes between the lipoprotein substrate and the periplasmic domains of LolC and LolD. To
test whether having a disordered linker increases the efficiency of LolCDE in lipoprotein
extraction, we monitored the impact of over-expressing all LolCDE components (Extended
Data Fig. 7a) on the targeting of RcsFai9.47 to the outer membrane. However, we found that

over-expression of LolCDE had no effect (Extended Data Fig. 7b).
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Extended Data Fig. 7. Overexpression of LolCDE does not restore targeting of ResFaro.
47. a. Expression level of LolCDE-His. Cells were grown in LB plus 0.2% arabinose at 37 °C
until ODgoo = 0.7 (Methods). Membrane and soluble fractions were separated with a sucrose
density gradient (Methods). LolE-His was detected in the inner membrane fraction by
immunoblotting with a-His (Methods). Images are representative of three independent
experiments. b. The outer membrane (OM) and inner membrane (IM) were separated with a
sucrose density gradient. Expression of LolCDE did not rescue OM targeting of RcsFai9-47.
Images are representative of experiments performed in biological triplicate.

Finally, we tested whether linker deletion impacted the processing of RcsFai9-47 by the enzymes
involved in lipoprotein maturation (Lgt, LspA, and Lnt; Supplementary Figure 1a). We found
that overexpressing Lgt, LspA and Lnt had no impact on membrane targeting (Extended Data
Fig. 8). Further, the immature forms of RcsFai947 that accumulate when these enzymes are
depleted (Extended Data Fig. 9) were not detected when these enzymes are expressed,
indicating that deletion of the linker does not block the processing of RcsFai9-47 by the enzymes
of the maturation pathway. Thus, taken together, our results suggest that retention of RcsFaio-

47 in the inner membrane does not result from the impairment of a specific step, but rather from
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less efficient processing of the truncated lipoprotein by the entire lipoprotein maturation

pathway (see Discussion).
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Extended Data Fig. 8. Overexpressing Lgt, LspA, and Lnt does not rescue the targeting
of RcsFai9-47 to the outer membrane. a. Expression levels of Lgt, LspA, and Lnt. Cells were
grown in LB (plus 25 uM IPTG for cells expressing LspA) at 37 °C until ODgoo = 0.7
(Methods). Outer membrane (OM) and inner membrane (IM) were separated with a sucrose
density gradient (Methods). Lgt-Myc and Lnt-Myc were detected in the IM via immunoblotting
with a-Myc. LspA-Flag was detected in the IM with a-Flag. b. Cells overexpressing Lgt,
LspA, or Lnt were exposed to a sucrose density gradient (Methods). RcsFai9.47 was retained in
the IM in all conditions. Images in a and b are representative of three independent experiments.
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Extended Data Fig. 9. RcsFai9.47 is processed by Lgt and Lnt. a. Lgt replete (+) or deplete
samples were obtained by growing cells in the presence or absence of L-arabinose. Overnight
cultures were grown at 37°C in LB medium with 0.2 % arabinose; cells were then diluted in
fresh LB medium and grown at 37°C in the absence of L-arabinose for the indicated times to
deplete Lgt. b. Lnt replete (+) or deplete samples were obtained from cultures supplemented
with L-arabinose or fucose, respectively. Overnight cultures were grown at 37°C in LB
medium in the presence of 0.2 % arabinose; cells were then washed with fresh LB medium,
diluted in LB supplemented with 0.2 % fucose and grown at 37°C for the indicated times to
deplete Lnt. Protein samples were subjected to SDS-PAGE tricine or Tris-glycine 16% gel and
probed for Lpp and RcsF by immunoblotting. PreproLpp (in the case of Lgt depletion) and
apoLpp (in the case of Lnt depletion) are noted as *. The same annotation is used for RcsF
variants. The prepro and apo forms of Lpp, RcsFwr and RcsFA19-47 are detected only when
Lgt and Lnt are depleted. This indicates that RcsFaiv-47 and, as expected ResF and Lpp, are
processed by Lgt and Lnt. Images in a and b are representative of biological triplicates.

Are linkers important for surface exposure?

We noted that two of the lipoproteins under investigation here, Pal and RcsF, have been
reported to be surface-exposed?’=%3 A topology model has been proposed to explain how
RcsF reaches the surface: the lipid moiety of RcsF is anchored in the outer leaflet of the outer

membrane while the N-terminal linker is exposed on the cell surface before being threaded
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through the lumen of B-barrel proteins®®. Thus, in this topology, the linker allows ResF to cross
the outer membrane. It was therefore tempting to speculate that N-terminal disordered linkers
may be used by lipoproteins as a structural device to cross the outer membrane and reach the
cell surface. In addition, the accumulation of RcsFai9.47 in the inner membrane (Fig. 2a) also
suggests that Lol may be using N-terminal linkers to recognize lipoproteins destined to the cell
surface before their extraction from the inner membrane in order to optimize their targeting to
the machinery exporting them to their final destination (BAM in the case of ResF273%40). To
further investigate the link between disordered linkers and surface exposure, we tested whether
NlpD could be detected on the cell surface, which turned out to be the case (Extended Data
Fig. 10a). In addition, we found that the N-terminal linker of BamC, a lipoprotein with access

41,42

to the cell surface *>**, is important for normal outer membrane targeting (Extended Data Fig.

10b, 10c¢).
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Extended Data Fig. 10. The disordered linker of BamC and NIpD, two proteins that can
be detected on the cell surface, is important for targeting to the outer membrane (OM).
a. NIpD is exposed on the cell surface. Fixed cells were spotted (with or without
permeabilization with lysozyme and EDTA) onto nitrocellulose membranes and probed with
anti-NlpD antibodies. NIpD is detected on non-permeabilized cells, indicating that the protein
is on the cell surface. An HA-tagged version of the periplasmic, soluble protein FkpA,
expressed from the chromosome, was used as a permeabilization control. HA-tagged FkpA can
only be detected with anti-HA antibodies following permeabilization. b,c. The disordered
linker of BamC is important for its targeting to the outer membrane (OM). b. Expression levels
of BamCwr-Flag and BamC azg9s-Flag. The BamC variants were expressed from a plasmid
with a C-terminal Flag-tag. Cells were grown in LB plus IPTG; when ODsoo reached 0.6, cells
were precipitated with trichloroacetic acid (Methods). Samples were subjected to SDS-PAGE
and probed with a-Flag-tag antibodies. ¢. Cells expressing BamCwr-Flag and BamCazs-0s-Flag
were grown in LB plus IPTG until ODgoo reached 0.7. Cells were then subjected to
fractionation; the outer (OM) and inner (IM) membranes were separated by sucrose density
gradient (Methods). Deletion of the linker of BamC alters the targeting of this lipoprotein to
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the OM: more BamCas.95 is detected in the IM fractions than BamCwr. Images in a, b,c are
representative of biological triplicate.

Discussion

Lipoproteins are crucial for essential cellular processes such as envelope assembly and
virulence. However, despite their functional importance and their potential as targets for new
antibacterial therapies, we only have a vague understanding of the molecular factors that
control their biogenesis. By discovering the role played by N-terminal disordered linkers in
lipoprotein sorting, this study adds an important new layer to our comprehension of lipoprotein
biogenesis in Gram-negative bacteria. Critically, it also indicates that the current model of
lipoprotein sorting—that sorting between the two membranes is controlled by the 2 or 3
residues that are adjacent to the lipidated cysteine—needs to be revised. Lipoproteins with
unstructured linkers at their N-terminus are commonly found in Gram-negative bacteria
including many pathogens (see below); further work will be required to determine whether
these linkers control lipoprotein targeting in organisms other than E. coli, laying the foundation

for designing new antibiotics.

It was previously shown that both /lol4 and lolB (but not lolCDE) can be deleted under specific
conditions?!, suggesting at least one alternate route for the transport of lipoproteins across the
periplasm and their delivery to the outer membrane. During this investigation, we envisaged
the possibility that the linker could be required to transport lipoproteins via a yet-to-be-
identified pathway independent of LolA/LolB. However, our observations that both RcsF and
ResFai9-47 were found in complex with LolA (Extended Data Fig. 6) and were transferred by

LolA to LolB (Fig. 4b) does not support this hypothesis. Instead, our data clearly indicate that
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lipoproteins with N-terminal linkers still depend on the Lol system for extraction from the inner
membrane and transport to the outer membrane (Supplementary Figure 1a); they also suggest

that N-terminal linkers improve lipoprotein processing by Lol (see below).

The general view is that outer membrane lipoproteins remain oriented toward the periplasm.
Excitingly, a series of reports have started to challenge this paradigm by identifying surface-
exposed lipoproteins in E. coli and other bacteria 2?3, By showing that four surface-exposed
lipoproteins (ResF, Pal, NipD, BamC) have an N-terminal linker that is important for outer
membrane targeting, our results also support a model in which N-terminal disordered linkers
are important for displaying lipoproteins on the cell surface. Investigating whether a dedicated
Lol-dependent route exists for surface-exposed lipoproteins will be the subject of future
research. It is worth noting that N-terminal linkers are commonly found in lipoproteins
expressed by the pathogens Borrelia burgdorferi and Neisseria meningitidis®>***, lipoprotein

surface exposure is common in these pathogens.

Our work also delivers crucial insights into the functional importance of disordered segments
in proteins in general. Most proteins are thought to present portions that are intrinsically
disordered. For instance, it is estimated that 30-50% of eukaryotic proteins contain regions that
do not adopt a defined secondary structure in vitro*. However, demonstrating that these
unstructured regions are functionally important in vivo is challenging. By showing that an N-
terminal disordered segment downstream of the Lol signal is required for the correct sorting of
lipoproteins, our work provides direct evidence that evolution has selected intrinsic disorder

by function.
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In conclusion, the data reported here establish that the triage of lipoproteins between the inner

and outer membranes is not solely controlled by the Lol sorting signal; additional molecular

determinants, such as protein intrinsic disorder, are also involved. Our data further highlight

the previously unrecognized heterogeneity of the important lipoprotein family and call for a

careful evaluation of the maturation pathways of these lipoproteins.
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METHODS

Bacterial growth conditions

Bacterial strains used in this study are listed in Supplementary Table 3. Bacterial cells were
cultured in Luria broth (LB) at 37 °C unless stated otherwise. The following antibiotics were
added when appropriate: spectinomycin (100 pg/mL), ampicillin (200 pg/ml),
chloramphenicol (25 pg/mL), and kanamycin (50 pg/mL). L-arabinose (0.2%), isopropyl-B-D-
thiogalactoside (IPTG; 20 pM to 1 mM) and L-fucose (0.2%) were used for induction or

repression when appropriate.

Bacterial strains and plasmids

DH300 (a derivative of Escherichia coli MG1655 carrying a chromosomal rprA::lacZ fusion
at the ) attachment site**) was used as wildtype throughout the study. All deletion mutants were
obtained by transferring the corresponding alleles from the Keio collection*® (kan®) into
DH300% via P1 phage transduction. Deletions were verified by PCR and the absence of the
protein was verified via immunoblotting (when possible). If necessary, the kanamycin cassette
was removed via site-specific recombination mediated by the yeast Flp recombinase with
pCP20 vector’. All strains expressing the ResF mutants used for subcellular fractionation

lacked rcsB in order to prevent induction of Rcs.

The plasmids used in this study are listed in Supplementary Table 4 and the primers appear
in Supplementary Table 5. RcsF, Pal, and NipD were expressed from the low-copy vector
pAM238*® containing the SC101 origin of replication and the lac promoter. To produce
pSC202 for ResF expression, resF (including approximately 30 base pairs upstream of the

coding sequence) was amplified by PCR from the chromosome of DH300 (primer pair
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SH ResF(Pstl)-R and SH_ResFU-R (kpnl)-F). The amplification product was digested with
Kpnl and Pstl and inserted into pAM238, resulting in pSC202. nipD was amplified using
primers JR1 and JR2 and pal was amplified with primers JS145 and JS146. Amplification
products were digested with PstI-Xbal and Kpnl-Xbal, respectively, generating pJRS (for
NlpD expression) and pJS20 (for Pal expression). To clone rcsF419-47, the nucleotides encoding
the RecsF signal sequence were amplified using primers SH ResFU-R(kpnl) F and
SH RcsFss-Fsg (Ncol) R, and those encoding the RcsF signaling domain were amplified
using primers SH RcsFss-Fsg (Ncol) R and SH RcesF(Pstl) R. In both cases, pSC202 was
used as template. Then, overlapping PCR was performed using SH ResFUR(kpnl) F and
SH ResF(Pstl) R from the two PCR products previously obtained. The final product was
digested with Kpnl and Pstl, and ligated with pAM238 pre-digested with the same enzymes,
yielding pSC201. To add a GS linker (Ser-Gly-Ser-Gly-Ser-Gly-Ala-Met) into pSC201, the
primers SH GS linker F and SH GS linker R were mixed, boiled, annealed at room
temperature, and ligated with pSC201 pre-digested with Neol, generating pSC198. pSC199
was generated similarly, but using primers SH _SG linker F and SH SG linker R and plasmid
pSC198. pSC200 was generated using primers SH Da linker F and SH SG linker R and

plasmid pSC199.

resFripa and resFeo were obtained by inserting DNA sequences corresponding to helical linker
fragments (FkpA Ser94-Glu125 and colicin IA Tle213-Lys282) into rcsF19-47 at Neol and Rsrll
restriction sites. The fkpA4 gene fragment was amplified from the £. coli MC4100 chromosome
(JS50/J851 primers) and the cia gene fragment was chemically synthetized as a gene block by
Integrated DNA Technologies (IDT). The resulting plasmids were pJS18 and pJS27,
respectively. pAM238 does not contain the lacig repressor. Therefore, to enable expression-

level regulation by IPTG, strains containing the pAM238 plasmids expressing ResF variants
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were co-transformed with pET22b, a high-copy plasmid from a different incompatibility group
(pBR223 origin of replication, Novagen) containing the laclg repressor. Chromosomal
insertion of rcsF419.47 or resFepp at the resF locus was performed via A-Red recombineering®
with pSIMS5-Tet plasmid (a gift of D. Hughes). In the first step, the cat-sacB cassette was
introduced and later replaced by mutant rcsF. The same technique was used to add an HA tag

to the chromosomal fkpA gene.

The pal allele lacking the linker region (palszs.56) was created via overlapping PCR. The pJS20
plasmid served as template for PCR with the M13R/M13F external primers and JS152/JS153
internal primers. The truncated allele was cloned into pAM238 at the same restriction sites as
the full-length allele, producing pJS24. The nipD allele lacking the linker regions (ni{pD429-64)
was created via overlapping PCR. E. coli chromosomal nipD served as template for the PCR,
with JR1/JR2 as external primers and JR7/JR8 as internal primers. The truncated allele was

then cloned into pAM238 at the same restriction sites as the full-length allele, producing pJR10.

To clone bamCwr with a C-terminal Flag-tag, the chromosomal bam(C gene was amplified by
PCR using primers JR92 and JR93 and then inserted into pSC213, a modified IPTG-regulated
pAM?238 with a ribosome binding site and a C-terminal Flag-tag, previously digested with the
restriction enzymes Ncol and Xbal, using the NEB Gibson master mix. To clone bamC42s.08
with a C-terminal Flag-tag using pSC213, bamCj.27 and bamCog_34¢ were amplified by PCR
using the chromosomal bam(C gene and primers JR92/JR94 and JRIS5/IR96, respectively.
pSC213 was digested using restriction enzymes Ncol and Xbal. bamC2s.9s was then created
by mixing PCR products (bamC.z7and bamC e9.344) with digested pSC213 and the NEB Gibson
master mix. BamCwr and BamCazs.9s were induced using 20 uM and 40 uM of IPTG,

respectively (Extended Data Figure 10).
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The chromosomal [0lCDE operon was amplified via PCR using primers JS277 and JS278
(adding a C-terminal His-tag to LolE) and then inserted into pBAD33 using the restriction sites
Pstl and Xbal, resulting in pJR203. The expression level of LolE-His was verified via

immunoblotting.

The sequence encoding lolB without its N-terminal cysteine was first amplified from the
chromosome via PCR using primers JR50/PL387 (adding a C-terminal Strep-tag). It was then
cloned into pET28a using the restriction sites Xbal and Pstl, generating plasmid pJR90. lol4
was amplified using chromosomal lol4 as PCR template for primers JR30/JR31 (JR31 contains
the sequence of a His-tag) and then cloned into pBAD18 using Kpnl and Xbal, resulting in

pJR4S.

The genes encoding Lgt and Lnt were amplified from the chromosome with PCR primers
AG389/AG403 and AG393/JR74, respectively. AG403 and JR74 also encode a Myc-tag. PCR
products were cloned into pAM238 using Kpnl and Pstl. Expression levels of the proteins
constitutively expressed from the plasmid were verified via immunoblotting (Extended Data
Fig. 8). IspA was amplified with PCR primers JR77/JR78. The PCR product was cloned into
pSC213, a modified IPTG-regulated pAM238 with a ribosome binding site and a C-terminal

Flag-tag, using Ncol and Xbal. Expression of LspA-Flag was induced by adding 25 uM IPTG.

Cell fractionation and sucrose density gradients
Cell fractionation was performed as described previously *° with some modifications. Four
hundred milliliters of cells were grown at 37°C in LB until the optical density at 600 nm

(ODsoo) of the culture reached 0.7. Cells were harvested via centrifugation at 6,000 x g at 4 °C

125



for 15 min, washed with TE buffer (50 mM Tris-HCI1 pH 8, 1 mM EDTA), and resuspended in
20 mL of the same buffer. The washing step was skipped with the Alpp strains to prevent the
loss of outer membrane vesicles. DNase I (1 mg, Roche), RNase A (1 mg, Thermo Scientific),
and a half tablet of a protease inhibitor cocktail (cOmplete EDTA-free Protease Inhibitor
Cocktail tablets; Roche) were added to cell suspensions, and cells were passed through a
French pressure cell at 1,500 psi. After adding MgCl; to a final concentration of 2 mM, the
lysate was centrifuged at 5,000 x g at 4 °C for 15 min in order to remove cell debris. Then, 16
mL of supernatant were placed on top of atwo-step sucrose gradient (2.3 mL of 2.02 M sucrose
in 10 mM HEPES pH 7.5 and 6.6 mL of 0.77 M sucrose in 10 mM HEPES pH 7.5). The
samples were centrifuged at 180,000 x g for 3 h at 4 °C in a 55.2 Ti Beckman rotor. After
centrifugation, the soluble fraction and the membrane fraction were collected. The membrane
fraction was diluted four times with 10 mM HEPES pH 7.5. To separate the inner and the outer
membranes, 7 mL of the diluted membrane fraction were loaded on top of a second sucrose
gradient (10.5 mL of 2.02 M sucrose, 12.5 mL of 1.44 M sucrose, 7 mL of 0.77 M sucrose,
always in 10 mM HEPES pH 7.5). The samples were then centrifuged at 112,000 x g for 16 h
at 10 °C in a SW 28 Beckman rotor. Approximately 30 fractions of 1.5 mL were collected and
odd-numbered fractions were subjected to SDS-PAGE, transferred onto a nitrocellulose
membrane, and probed with specific antibodies. Graphs were created in GraphPad Prism 9 via
spline analysis of the curves representing a mean of three independent experiments. Aligned
dot-plots representing the outer and inner membrane percentages were created in GraphPad

Prism 9 by measuring the area under the curve for each experiment.

Immunoblotting

Protein samples were separated via 10% or 4-12% SDS-PAGE (Life Technologies) and

transferred onto nitrocellulose membranes (GE Healthcare Life Sciences). The membranes
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were blocked with 5% skim milk in 50 mM Tris-HCI pH 7.6, 0.15 M NaCl, and 0.1% Tween
20 (TBS-T). TBS-T was used in all subsequent immunoblotting steps. The primary antibodies
were diluted 5,000 to 20,000 times in 1% skim milk in TBS-T and incubated with the
membrane for 1 h at room temperature. The anti-ResF, anti-DsbD, anti-Lpp and anti-NlpD
antisera were generated by our lab. These antibodies were used at 1/20,000, 1/9,000, 1/7,000
and 1/10,000, respectively. Anti-Pal, used at 1/20,000, was a gift from R. Lloubes and anti-
His, used at 1/10,000, is a peroxidase-conjugated antibody (Qiagen). Anti-HA (Biolegend
MMS-101R), used at 1/1,000, and anti-Flag (Sigma), used at 1/10,000, are mouse antisera
while anti-Myc (Santa Cruz Biotechnology), used at 1/7,000, is a rabbit antiserum. The
membranes were incubated for 1 h at room temperature with horseradish peroxidase-
conjugated goat anti-rabbit IgG or anti-mouse (Sigma) at a 1:10,000 dilution. Labelled proteins
were detected via enhanced chemiluminescence (Pierce ECL Western Blotting Substrate,
Thermo Scientific) and visualized using X-ray film (Fuji) or a camera (Image Quant LAS 4000
and Vilber Fusion solo S). In order to quantify proteins levels, band intensities were measured

using ImagelJ version 1.46r (National Institutes of Health).

Testing the surface exposure of NIpD using dot-blots

The dot-blot method was adapted from . Cells were grown in LB medium to an ODeoo of 0.5.
Cells were directly fixed for 15 min at room temperature with 0.04 % glutaraldehyde and 2 %
formaldehyde. 2 x 1 mL of cells were centrifuged for 1 min at 16,000 x g. Fixed cells were
resuspended in PBS. For permeabilization, cells were incubated for 30 min at 4°C in a buffer
containing lysozyme (1 mg/mlL) and EDTA (10 mM). After centrifugation, they were
resuspended in PBS. Cells (2 ml) were then spotted on nitrocellulose membranes and the spots
were left to dry completely. The membranes were blocked for 30 min with 5 % (w/v) skim

milk in TBS. Membranes were washed 5 min in TBS-Tween 20 0.05 % (TBS-T 0.05 %) and
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then incubated for 1 h at room temperature with primary antibody solutions. The anti-NlpD
antibody was diluted 3,000 times with 1 % skim milk in TBS. Anti-HA mouse antibody
(Biolegend MMS-101R) was diluted 1,000 times in BSA 2 % in TBS. Membranes were washed
3 times 5 min in TBS-T 0.05 % and incubated for 1 h at room temperature with secondary
antibody solutions: anti-rabbit-HRP (Cytiva NA934) or anti-mouse-HRP (Sigma A4416)
diluted 2,000 times with skim milk 5 % in TBS. Membranes were washed three times 5 min in
TBS-T 0.05 %. Labeled proteins were detected with standard ECL or Substrate HRP

Immobilon (Millipore) and visualized with a CCD camera.

p-galactosidase assay

B-galactosidase activity was measured as described previously®'. Briefly, cells harboring
Prprd-lacZ at the attB phage lambda site on the chromosome were diluted 1:100 from over-
night cultures in LB, then incubated at 37°C and harvested at ODgoo = 0.6. 20 uL of cells were
harvested and incubated with 80 uL of permeabilization solution (60 mM Na,HPO4-2H,0, 40
mM NaH2PO4-H20, 10 mM KCI, 1 mM MgSO4-7H20, 50 mM B-mercaptoethanol) for 45 min
at room temperature. Then, 600 ul, of substrate (1 mg/mL O-nitrophenyl-p3-d-galactoside, 50
mM B-mercaptoethanol) were added. The mixture was further incubated at 30°C for 20-90 min.
The reaction was then stopped by adding 700 uLL of 1 M Na;COs3 and absorbance was measured
at 420 nm. The standardized amount of galactosidase activity was reported in Miller units. The
ration of Prprd-lacZ induction was calculated relative to the basal level in a WT strain.
Expression-level estimations were performed as follows. Cultures used for B-galactosidase
activity (0.5 mL per culture) were precipitated with 10% trichloroacetic acid, washed with ice-
cold acetone, and resuspended in 0.2 mL Laemmli SDS sample buffer. Samples (5 uL) were
subjected to SDS-PAGE and immunoblotted with anti-RcsF antibody. Box and whisker plots

were prepared using GraphPad Prism 9.
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SDS-EDTA sensitivity assay

Cells were grown in LB at 37 °C until they reached an ODsoo of 0.7. Tenfold serial dilutions
were made in LB and plated on LB agar supplemented with spectinomycin (100 pg/mlL) when
necessary. Plates were incubated at 37 °C. To evaluate the sensitivity of the pal mutant, plates

were supplemented with 0.01% SDS and 0.5 mM EDTA.

Microscopy image acquisition

Cells were grown in LB at 37 °C until ODsoo = 0.5. Cells growing in exponential phase were
spotted onto a 1% agarose phosphate-buffered saline pad for imaging. Images were taken at
21°C. Cells were imaged on a Nikon Eclipse Ti2-E inverted fluorescence microscope with a
CFI Plan Apochromat DM Lambda 100X Oil, N.A. 1.45, W.D. 0.13 mm objective. Images
were collected on a Prime 95B 25 mm camera (Photometrics). We used a Cy5-4050C (32 mm)
filter cube (Nikon). Image acquisition was performed with NIS-Element Advance Research
version 4.5. Whole field pictures are 2048 x 2048 pixels, 1 pixel accounts for 0.11 x 0.11 pm.
Exposure time for phase contrast images were taken for 70 ms with a 75 % light intensity with

SOLA II shutter. Display range: 5402 — 11791.

Protein purification

JRI0 cells were grown in LB supplemented with kanamycin (50 pg/mL) at 37 °C. When the
culture ODsoo reached 0.5, the expression of cytoplasmic LolB-Strep was induced with 1 mM
IPTG. Cells (1 L) were pelleted when they reached ODsoo = 3 and resuspended in 25 mL of
buffer A (200 mM NaCl and 50 mM NaPi, pH 8) containing one tablet of cOmplete EDTA-
free Protease Inhibitor Cocktail (Roche). Cells were lysed via two passages through a French

pressure cell at 1,500 psi. The lysate was centrifuged at 30,000 x g for 40 min at 4 °C in a JA
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20 rotor and the supernatant was mixed with Strep-Tactin resin (IBA Lifesciences) previously
equilibrated with buffer A. After washing the resin with 10 column volumes of buffer A, LolB-
Strep was eluted with 5 column volumes of buffer A supplemented with 5 mM desthiobiotin.

LolB-Strep was finally desalted using a PD10 column (GE Healthcare).

Soluble LolA-ResFwr and LolA-ResFaig47 complexes were purified via affinity
chromatography as follows. Cells co-expressing LolA either with wild-type RcsF (JR47) or
ResFaio47 (JR44) were grown in LB at 37 °C supplemented with 200 png/mL ampicillin until
an ODsoo of 0.5. Protein expression was then induced with 0.2% arabinose. Cells (1 L) were
pelleted at an ODsoo of 3 and resuspended in 25 mL of buffer A containing one tablet of
protease inhibitor cocktail. Cells were lysed via two passages through a French pressure cell at
1,500 psi. The lysate was centrifuged at 45,000 x g for 30 min at 4 °C using a 55.2 Ti Beckman
rotor. To obtain the soluble fraction, the supernatant was centrifuged at 180,000 x g for 1 h at
4 °C using the same rotor. The supernatant was added to a His Trap HP column (Merck)
previously equilibrated with buffer A. The column was washed with 10 column volumes of
buffer A supplemented with 20 mM imidazole and LolA-His was eluted using a gradient of
imidazole (from 20 mM to 300 mM). The fractions obtained were analyzed via SDS-PAGE,;
LolA was detected around 25 kDa. RcsF variants and LolA-His were detected via
immunoblotting with an anti-RcsF and anti-His antibodies, respectively. Fractions containing
LolA-RcsF variants were pooled, concentrated to 1 mL using a Vivaspin 4 Turbo concentrator
(Cut-off 5 kDa; Sartorius), and purified via size-exclusion chromatography with a Superdex

S75-10/300 column (GE Healthcare).

Pull down and transfer of RcesF variants from LolA to LolB
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LolB-Strep was incubated at 30 °C for 20 min under agitation with LolA-RcsFwr or with LolA-
ResFar9.47 (LolA-ResFwr and LolA-ResFaio.47 complexes were purified as described above).
The mixture was added to magnetic Strep beads (MagStrep type 3 beads, IBA Life science)
previously equilibrated with buffer A and incubated for 30 min at 4 °C on a roller. After
washing the beads with the same buffer, LolB-Strep was eluted with buffer A supplemented
with 50 mM biotin. Samples were analyzed via SDS-PAGE and Lol A and LolB were detected
with Coomassie Brilliant Blue (Bio-Rad). ResF was detected via immunoblotting with an anti-

ResF antibody.

Depletion of the maturation enzymes L.gt and Lnt

Lgt null strains (JR301 and JR302) expressing Lgt from an arabinose-inducible promoter on
the pCHAP9231 plasmid®? were prepared using P1 phage transduction from the Lgt null strain
PAP9403 32 (gift from N. Buddelmeijer, Pasteur, France). Overnight cultures were grown at
37°C in LB medium in the presence of 0.2 % arabinose (to allow expression of Lgt) and
chloramphenicol (pCHAP9231 has chloramphenicol resistance). Cells were then diluted in
fresh LB medium and grown at 37°C until growth arrest was observed and ODsoo remained
constant. Cells were then precipitated with 10 % trichloroacetic acid, washed with ice-cold
acetone and resuspended in tricine SDS sample buffer. Samples were subjected to SDS-PAGE

using tricine 16 % gel at 125 V, and immunoblotted with anti-Lpp and anti-ResF antibodies.

The Lnt null strain PAP8504 %% is a kind gift from N. Buddelmeijer. In PAP8504 strain, an
arabinose inducible promoter controls the expression of the chromosomal [nt gene. Overnight
precultures were grown at 37°C in LB medium in the presence of 0.2 % arabinose to allow the
expression of Lnt. Precultures were then washed three times with fresh LB medium and diluted

1:100 in LB supplemented with 0.2 % fucose. When growth arrest was observed and ODsoo
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remained constant, cells were precipitated as described previously. Samples were resuspended
in Tris-glycine SDS sample buffer and subjected to SDS-PAGE using Tris-glycine 16 % gel at
125 V, and immunoblotted with anti-Lpp and anti-RcsF antibodies. To monitor the impact of
Lnt depletion on ResFaro47, plasmid pSC201 was introduced in PAP8504, yielding strain

JR320.

Structural analysis of lipoproteins

When X-ray, cryo-EM, or NMR structures were available, the missing residues were
completed through comparative modeling using MODELLER version 9.22%*. If no structure of
the lipoprotein was available, then the most pertinent analogous structure from proteins
belonging to the same PFAM group was used as template for comparative modeling. The linker
was defined as the unstructured fragment from the N-terminal Cys of the mature form until the
first residue with well-defined secondary structure (a-helix or B-strand) belonging to a globular
domain. Short, intermediate, and long linkers had lengths of <12, 12-22, and >22 residues,

respectively. Images were generated using UCSF Chimera version 1.13.1°%.

Statistical methods
The significance of differences among bacterial strains was assessed using GraphPad Prism 9
according to analysis of variance (ANOVA), followed by the application of Tukey’s multiple

comparison test.
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Supplementary Table 1. List of the verified lipoproteins of E. coli used for the structural
analysis in this study

Supplementary Table 2. RcsF mutants used in this study and the amino acid sequences of

their corresponding N-terminal linkers. The acylated cysteine is the first residue listed

RcsF linkers Amino acid sequence
ResFwr CSMLSRSPVEPVQSTAPQPKAEPAKPKAPRATPY
ResFeoo CDDLSRSPVEPVQSTAPQPKAEPAKPKAPRATPY
RecsFaga7 CSMGPV
ResFes CSMSLFDAPAMSGSGSGAMSGSGSGAMPY
ResFes2 CSMSGSGSGAMSGSGSGAMPY
ResFess CSMSGSGSGAMPY
ResFekpa CSMGSDQEIEQTLQAFEARVKSSAQAKMEKDAADNEPY
ResFeol CSMGILDTRLSELEKNGGAALAVLDAQQARLLGQQTRNDRAISEARNKLSSVTESLNTARNALTRAEQQLTQ

QKPV
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Supplementary Table 3. E. coli strains used in this study

Strains Genotype and description Source

DH300 rprA-lacZ MG1655 (argF-lac) U169 45
Keio  collection | resF::kan, rcsB:kan, pal::kan, nlpD::kan, envC::kan, lpp::kan, | %
single mutants

bamC::kan
XL1-Blue endAl gyrA96 (nalR) thi-1 recAl reldl lac glnV44F’ [::Tnl0 Stratagene

proAB* lacF A(lacZ)M15] hsdR17 (rx’ mx*)
BL21 F- ompT hsdSB (1B- mB-) gal dem (DE3) Novagen
J541 DH300 AresF pAM238 This study
TS265 DH300 ArcsF pJS18 This study
13346 DH300 ArcsF resB::kan pET22b This study
IS267 JS346 pJS18 This study
JS325 DH300 pal::kan This study
IS331 JS325 pJsS20 This study
JS345 JS325 pJS24 This study
JS360 DH300 AresF pIS27 This study
JS363 IS346 pJS27 This study
IS364 DH300 AresF pSC202 This study
JS372 DH300 AresF pSC201 This study
JS395 JS346 pSC198 This study
IS396 JS346 pSC199 This study
JS397 JS346 pSC200 This study
JS398 JS346 pSC201 This study
JS573 JS346 pSC202 This study
IS574 DH300 AresF pSC198 This study
JS575 DH300 AresF pSC199 This study
JS576 DH300 ArcsF pSC200 This study
18639 AresB lpp:tkan resF:iresFaloqr This study
JS632 resB:ikan vesE:ivesFeop This study
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JR30 nipD::kan This study
JR31 JR30pIR8 This study
JR32 JR30pJR10 This study
JR2 DH300 pAM238 This study
JR88 BL21 resF:kan This study
JR90 JR88 pET28-cytoplasmic LolB-Strep This study
JR187 resBiikan vesF:iresFarosr This study
JR149 AnlpD This study
JR121 AnlpD envC::kan This study
JR122 JR121 pIR8 This study
JR123 JR121 pIR10 This study
JR188 JR187 pAM238 This study
JR191 JR187 pAG833 This study
JR204 JR187 pJR203 This study
JR19%4 JR187 pBAD33 This study
JR211 JR187 pJR209 This study
JR257 JR187 pJR239 This study
JR274 JR149 Ipp::kan This study
JR279 JR274 pJR10 This study
JR292 JS325 pAM238 This study
JR293 JR187 pSC213 This study
JR44 resB:zkan vesF:ivesFaio a7 pJR4S This study
JR47 resB:kan pJR48 This study
JR77 resB:ikan vesFrivresF a7 pPBAD18 This study
JR78 resB:kan pBADI1S This study
JR311 bamC::kan pSC213-BamCwr-Flag This study
JR312 bamC:kan pSC213-BamC pg.08-Flag This study
PAP9403 BW25113 Igt::Kann{(pCHAP9231) 52

JR301 Arcsb Igt::kan pCHAP9231 This study
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JR302 Arcsb resF:ivesFaio.e7 Igt::kan pCHAP9231 This study
PAP8504 BW?25113 ybeX-(kan-rpoCter-paraB)-Int 3

JR320 PAP8504 pSC201 This study
JR41 Arcsh This study
NCA99 MG1655 fkpA::fkpA-HA This study
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Supplementary Table 4. Plasmids used in this study

Plasmids Features Source
pAM238 IPTG-regulated Pis, pSC101-based, spectinomycin (no laclQ) a8
pBADI18 Arabinose inducible Ppap, ampicillin 36
pBAD33 Arabinose inducible Pgap, chloramphenicol 56
pET28a IPTG regulated T7 promoter, kanamycin Novagen
pET22b IPTG regulated T7 promoter, ampicillin Novagen
pCP20 FLP*, A cI857, X pr Rep®, ampicillin, chloramphenicol 47
pSIMS-Tet pSC101 plasmid, repAts, tetRA, A-Red (Gram-Beta-Exo), cI857, | Gift from D. Hughes

tetracycline
pIS18 PAM?238 ResFrrpa FkpA linker (S94-E125) This study
pJS20 PAM238 Palwr This study
pIS24 PAM238 Palzs.s6 This study
pIsS27 PAM238 ResFeol Colicin Ia linker (1213-K282) This study
pSC198 PAM238 ResFass (Ci6517Mi1sS10G SGSGAMG) This study
pSC199 PAM238 ResFas2 (Ci6S17MisS19GSGSGAMSGSGSGAM This study

G
pSC200 piM238 ResFas (CieS17MisS10LFDAPAMSGSGSGAM This study

SGSGSGAMG)
pSC201 PAM238 ResF a1047 (C16S17M1sG10P20) This study
pSC202 PAM238 ResFwr This study
pJR8 PAM238 NlpDwr This study
pIR10 PAM238 NlpD2e-64 (C26527D28A29) This study
pIR48 pBADI18 LolA-6xHis This study
pIR90 pET28 Cytoplasmic LolB-Strep This study
pJR203 pBAD33 LolCDE-6xHis This study
pIR209 PAM238 Lnt-Myc This study
pIR239 pSC213 LspA-Flag This study
pSC213 pAM238, IPTG-regulated Pi, laclQ, triple Flag tag This study
PAGS33 PAM238 Lgt-Myc This study
pJR311 pSC213 BamCwr-Flag This study
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pJR312 PSC213 BamC pzs.05-Flag This study

pCHAP9231 pBAD18s-Cm-lgtWT-c-myc2 52

56. Guzman, L.M., Belin, D., Carson, M.J. & Beckwith, J. Tight regulation, modulation,
and high-level expression by vectors containing the arabinose PBAD promoter. J
Bacteriol 177, 4121-30 (1995).
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Supplementary Table 5. Primers used in this study

Primer

Sequence 5’ to 3’

JS50 FkpAlinker fw

acatccatggggtccgaccaagagatcgaac

JS51 FkpAlinker rv

atgtcggaccggttegttatcageegegtc

75143 Pal -100b

cgtettccggceaactgatgg

7S144_Pal +100b

ttggtgcctgagcaaaageg

75145 Pal fw

ACATggtaccTTAATTGAATAGTAAAGGAATC

JS146 Pal rv

ATGTtctagaTT Agtaaaccagtaccgeac

JS152 PalNoLinker
overlapPCR_ fw

tgttettccaacCAGGCTCGTCTGCAAATG

JS153 PalNoLinker
overlapPCR_ rv

CAGACGAGCCTGgttggaagaacatgecge

73277 LolCDEHis_f
w

ACATtctagaTCTTTGCTACAGCAACCAGAC

75278 _LolCDE _His_
v

ATGTctgeagTTAGTGATGGTGATGGTGATGACC Ccetggecgcetaaggacteg

JS289 lred catSacBi

tcctgattcaatattgacgttttgatcatacattgaggaaatact AAAATGAGACGTTGATCGGCACG

n ResF fw

JS290 lred catSacBi | tatagggcgagcgaataacgectatttgetcgaactggaaactgcATCAAAGGGAAAACTGTCCA
n ResF rev

JS291 lred ResF cat | tcctgattcaatattgacgttttgatcatacattgaggaaatact ATGCGTGCTTTACCGATCTGTT
SacBout_fw

JS292 Ired ResF cat | tatagggcgagegaataacgectatttgetegaactggaaactgc TCATTTCGCCGTAATGTTAAGC
SacBout_rv

JS293 junctionllred | gecggagcetgttaaaggctg

ResFup fw

JS294 junction2lred | gagcaatgagatgcagttcg

ResFdown_rv

IS295 junctionllred | CGGGCAAGAATGTGAATAAAGG

cat-out_rv

IS296 junction2lred | GCTGTACCTCAAGCGAAAGG

sacB-out_fw

MI13R CAGGAAACAGCTATGACCATG

M13F TGTAAAACGACGGCCAGT

PL145 rcsF_-100b cgctttttaccagacctgge

PL146 rosF +100

atatcattcaggacgggcgcettgece

PL153 resB_-100b

acatctgattcgtgagaagg

PL154 rcsB+100b

taatgggaatcgtaggeegg

PL168_Fw Ipp_-100

CAATTTTTTTATCTAAAACCCAGCG
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PL169 Rv_lIpp_+100

CCAGAGCAAGGGAATATGTTACGCG

SH_Da linker F

CATGaGcTTATTCGACGCGCCGGe

SH Da linker R

catggCCGGCGCGTCGAATAAECH

SH_ResF(Pstl) R

2agaCTGCAGtcaITTTCGCCGTAATGTTAAG

SH ResFUR(kpnI) F

GAGGGTACCcgttttgatcatacattg

ResFss-Fsg (Ncol) F

GCGGCTGTTCCATGGggccggtecgaatttatac

ResFss-Fsg (Ncol) R

ogaccggccCCATGGAACAGCCGCTITAGCATGAG

SH_GS linker F CATGagtggctctggatctggtec

SH_GS linker R catggcaccagatccagagccact

JR1 NlpD_fw GAGATCTAGATTATTAACCAATTTTTCCTGGGGGATAA
JR2 NlpD_rv AGAGCTGCAGTTATCGCTGCGGCAAATAACGCA

JR7 NlpDoverlap f
w

GGCTGGCAGGCTGTTCTGACGCGCAGCAACCGCAAATTCA

JR8 NlpDoverlap rv

TGAATTTGCGGTTGCTGCGCGTCAGAACAGCCTGCCAGCC

JR23_Fw _NIpD-98

CAGGTCAGCGTATCGTGAACATC

JR24 Rv_NIpD+100

TCATTTAAATCATGAACTTTCAGCG

JR30 Fw LolA - ACATGGTACCCGGGAGTGACGTAATTTGAGGAAT

28 pBADI18

JR31 Rev_LolA His | ATGTTCTAGAttaatgatgatgatgatgatgctcgaGCTTACGTTGATCATCTACCGTGAC
_pBADI38

JR50 Rev_cytoplasm | CCAACTCGAGTCACTTTTCGAACTGCGGGTGGCTCCAGCTTGCTTTCACTATCCA
ic_ LolB nostop Stre | GTTATCCAT

pTag stop

JR56-Fw--100-envC | GTTGTCGCTG ATGGGTA

JR57-Rev-+100envC | AATCATCAATGACGATGGCA

JR74-Rev-Lnt-
myctag-Pstl

AAAAACTGCAGctacaggtcttettegetaatcagtttctgttegettgc TTTACGTCGCTGACGCAGAC

JR77-Fw-Ncol-LspA

2agaCCATGGgtAGTCAATCGATCTGTTCAAC

JR78-Rev-LspA-no

gagaGGATCCTTGTTTTTTCGCTCTAG

stop-BamHI

AG389 lgt - AAAAAggtaccTTCAATCGCTGTTCTCTITTC
49 Fw_Kpnl

AG393 Int - AAAAAggtacc ACCCCAGCCGAAGCTGGATG
49 Fw Kpnl

AG403 lgt mycCT_
Pstl

AAAAACTGCAGcetacaggtcttettcgcetaatcagtttetgttcgcttgcGGAAACGTGTTGCTGTGGGC

PL387-LolBwoss-
Fw-Ncol

acacCCATGGcecgttaccacgeccaaagg

Fw-catsacB-fkpa

GTTAACCCTGGGGTGAGATGCCCCGATCCTGGAGATATGGAAAATGAGACGTTGATCGGCACG
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RV-catsacB -fkpa

TAAAAAAACCGCCGCCTGGTCAGGCGGCGGTTCTTAATGCATCAAAGGGAAAACTGTCCA

Fw-fkpa-cter-HA

GTTAACCCTGGGGTGAGATGCCCCGATCCTGGAGATATGGATGAAATCACTGTTTAAAGTAAC

RV-fkpa-cter-HA  +
2aa

TAAAAAAACCGCCGCCTGGTCAGGCGGCGGTTCTTAATGCCTACGCATAATCCGGCACATCATACG
GATAGCTTGCTTTTTTAGCAGAATCTGCGG

JR92-Fw-BamC-FL

acaggaaacagaccatgggtGCTTACTCTGTTCAAAAGTCG

JR93-Rv-BamC-FL

tggtctttgtagtctctagaCTTGCTAAACGCAGCCTG

JR94-Rv-BamC-Linker

cgeecgtgaaAGAACTACAGGCAGCGAG

JRI95-Fw-BamC-Linker

ctgtagttctTTCACGGGCGATACCGCTTC

JR96-Rv-BamC-Linker

tggtctttgtagtctctagaCTTGCTAAACGCAGCCTGG

JR97-Fw--100 Igt CCTTGTGCTA TTATTCGC

JR98-Rv-+100 Igt GACCAAAAATGGAAAGCG

bamC EUHR F tgtaaggaactgggtcttg

bamC EDHR R ttatccgaactacgtecg

Colicinlalinker acatccatgggg ATTCTGGACACGCGGTTGTCAGAGCTGGAAAAAAATGGCGGGGCAG
geneBLOCK CCCTTGCCGTTCTTGATGCACAACAGGCCCGTCTGCTCGGGCAGCAGACACGGA

ATGACAGGGCCATTTCAGAGGCACGGAATAAACTCAGTTCAGTGACGGAATCG
CTTAACACGGCCCGTAATGCATTAACCAGAGCTGAACAACAGCTGACGCAACA
GAAAgcggtcegacat
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Chapter Il. Structural insights into the LolA-
RcsF complex

In this chapter, | will briefly present promising preliminary results that can lead us to

the structure of LolA in complex with a lipoprotein, in this case RcsFa19.47.
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Introduction

The urgent threat of antibiotic resistance and the global shortage of novel
antimicrobials force scientific researchers to find new targets, by exploring all bacterial
compartments and all the possible cellular pathways, hoping to find a promising spot.
We previously discussed, in chapter Il of the introduction, the importance of
lipoproteins for the viability of the bacteria. Being responsible of the transport of
lipoproteins in the cell envelope, the Lol system is one of the attractive pathways for
the design of antibiotics. One strategy to design an antibiotic is to study the structure
of the target, as well as its mechanism of action!. Although the structures of the
different components of the Lol system have been solved (LolA?, LolB?, and LolCDE?),
none of them encompasses a lipoprotein in complex. It is true that the structure of
LolA, LolB or LolICDE might be enough to design possible antimicrobials, however
there is no doubt that if the structure of one the constituents of the Lol system exists
in complex with a lipoprotein, this new structure will give more insights into the
interaction between a Lol component and lipoproteins. It might also lead to answer the
remaining questions regarding the mechanistic details of the interaction between Lol
and lipoproteins. For instance, we could have more insights into the mechanism used
by LolB to insert lipoproteins in the OM. We could also answer the question regarding
how many acyl chains bind inside the cavity of LolA and LolB: are there three acyl
chains present inside of this cavity, two or only one? In this chapter, | will present
preliminary results that show a promising way into the determination of the crystal
structure of LolA in complex with the variant of RcsF that lacks its disorder linker

(ResFatg-47).
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Results

RcsFwr and RcsF a19.47 co-elute with the periplasmic chaperone LolA

As previously shown in chapter | of the results section, RcsFwr and the linker-less
variant, RcsFa1947, can both co-elute with the periplasmic chaperone LolA (Extended
Data Fig.6). Both complexes LolA-RcsFwr and LolA-RcsFatg-47 were obtained after a
histidine affinity purification and a size-exclusion chromatography. However, we
noticed that the LolA-RcsFa1g-47 complex was more stable in vitro than LolA-RcsFwr.
In fact, the purified LolA-RcsFwr complex aggregates after being conserved at -80°C,
which is not the case of the LolA-RcsFa1947 complex. This could be explained by the
high flexibility of the N-terminal linker of RcsFwr that might destabilize the purified
complex in vitro. Indeed, IDPs are very hard to crystallize for instance, due to the lack
of their conformational stability in vitro, which constitutes a barrier against the

formation of crystals*?.

Towards the structure determination of LolA-RcsFa19.47

Based on the co-elution results, we decided to take advantage of the in vitro stability
of the LolA-RcsFa1947 complex and try to solve the structure of a liganded LolA. To
optimize the purification, the nickel affinity purification was followed up by a second
affinity chromatography step by taking advantage of a Strep-tag fused to the C-
terminus of RcsFa1947. Therefore, we first pulled on the histidine tag of LolA (Fig.1a)
and then on the Strep-tag of RcsFa1947 (Fig.1b). The elution fractions obtained were
finally subjected to size exclusion chromatography (Fig.1c). The complex obtained

after the three purification steps is stable and does not form aggregates, which opens
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the way to the resolution of the crystal structure of LoIA-RcsFa19.47. Trials for obtaining

crystals from this complex are still ongoing.

$

95-/7

3'\
¢ S-S @ $ Elution fractions
2

SR $
MW(kDa)1 2 3 1 3 MWkKDa) S & 1 2 1 2 MW(kDa)&

35 35- 35-

25 S «— LolA-His 25 M- - <— LolA-His 254 <— LolA-His
15, 15- 15
= = <+— RcsFaqg.47-Strep <«— RcsFpg.47-Strep
10 10- 10.
Histidine purification Strep-Tactin purification Size exclusion chromatography

Figure 1. Three steps purification of the LolA-RcsFa19.47 complex. The periplasmic
complex LolA-RcsFarg.47 was purified by affinity chromatography using the His and the
Strep tags of LolA and ResFairg.47, respectively (a,b). The complex was then subjected
to size-exclusion chromatography (c).

Discussion

The Lol system has been studied in detail by many groups for more than thirty years.
It is still a spotlight for research, due to its importance for bacterial survival. However,
so far, none of the available structures show a lipoprotein bound to a Lol component.
This is an obvious indicator that purifying of a Lol-lipoprotein complex and solving its
structure is challenging. Few years ago, the group of Tokuda had to use around 12
liters of cell cultures, co-expressing LolA and the lipoprotein Pal, to obtain a pure
complex after size-exclusion chromatography®. A Flag-tag and a Histidine-tag were

added to LolA and Pal, respectively. However, when the complex was purified by a

147



two-steps purification (first pulling on LolA and then on Pal), the yield of LolA-Pal
obtained was very low (100 ng/L of culture) 8. Therefore, the complex was purified
using a one-step His-tag affinity purification followed by a size-exclusion
chromatography®. Next the authors tried to increase the amount of the periplasmic
LolA-Pal complex by depleting LolB and deleting the most abundant lipoprotein, Lpp.
By doing this, they managed to increase the amount of periplasmic Pal by about four
times. This clearly highlights how fast and efficient is the transfer of lipoproteins from
the inner to the outer membranes in the cell envelope by the Lol system. It also proves
how difficult it is to purify the periplasmic chaperone LolA in complex with a lipoprotein

from wild-type cells.

Here we were able to obtain sufficient amount of LolA in complex with the linker-less
RcsF variant, RcsFa1g-47 (Fig.1). The LolA-RcsFaig47 complex was obtained from three
liters of culture. Moreover, the complex can be kept at -80°C for months without
forming aggregates, even after several freeze-thaw cycles. Therefore, our results open
the way to the determination of the structure of LolA in complex with a lipoprotein. It is
indeed an important step to purify a stable high-yielding in vitro complex between LolA
and a lipoprotein. Now, we are trying different crystallization and purifications
conditions to obtain promising crystals. We hope in the future to finally solve the

structure of the liganded LolA.

The structure of LolA revealed the importance of the arginine residue at position 43
(R43) at the lid of LolA”. Mutating this residue into leucine leads to an increase of the
hydrophobic interaction between LolA and the lipoprotein. The transfer of lipoproteins

from LolA to LolB occurs in an energy independent manner and is due to the increased
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affinity of lipoproteins to LolB®. The LolA(R43L) mutant accepts lipoproteins from
LolCDE but fails to transfer them to LolB, because of the increased affinity between
LolA(R43L) and the acyl chains of the lipoprotein®. These data suggest that another
way to copurify the lipoprotein in complex with LolA, at high yields, would be to express

the R43L mutant of LolA in the periplasm.

Given the bacterial antibiotic resistance crisis that the world is facing, finding new
antimicrobials is urgently required. Thus, determining the structure of LolA bound to a
lipoprotein is essential, because this structure will help identifying all the key residues
important for the interaction of LolA with a substrate.

Previous studies showed two residues that are important for LolA’s activity. First, the
arginine at position 43 is a key residue for the opening and the closure of LolA’s lid 2.
In fact, after the release of a lipoprotein, the lid of LolA is closed by hydrogen bonds
formed between R43 and residues of the a1 and a2 helices of LolA 210 Second,
substitution of phenylalanine at position 47 by polar residues inhibits the ability of LolA
to accept lipoproteins from LoICDE’. However, more residues of LolA definitely affect
its activity and the movement of its lid. Therefore, these residues influence the binding
and release of lipoproteins by LolA. Thus, by solving the structure of a LolA in complex
with RcsF, we hope to identify all these critical regions and residues. We expect that
this structure will also be useful to design new antimicrobial that can potentially bind
the cavity of LolA and block the interaction of this periplasmic chaperone with

lipoproteins.

Finally, beside the role of the structural determination in the design of new

antimicrobials, solving the structure of LolA in complex with a substrate can answer
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the remaining questions regarding the binding of lipoproteins. For instance, it is still
not clear how many acyl chains bind the cavity of LolA. According to the structure of
LolA, one acyl chain can fit inside the hydrophobic cavity of the periplasmic
chaperone?. However, simulation studies showed that the cavity can get enlarged and
accommodate the three acyl chains ''. Thus, solving the structure of liganded-LolA

will definitely answer the question.
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Methods

Bacterial growth conditions
Bacterial strains used in this study are listed in Table 1. Bacterial cells were cultured
in Luria broth (LB) at 37 °C. The ampicillin (200 yg/mL) antibiotic was added, and L-

arabinose (0.2%) was used for induction when appropriate.

Bacterial strains and plasmids

DH300 (a derivative of Escherichia coli MG1655 carrying a chromosomal rprA::facZ
fusion at the A attachment site'?) was used as wildtype throughout the study. All
deletion mutants were obtained by transferring the corresponding alleles from the Keio
collection™ (kanR) into DH300'? via P1 phage transduction. Deletions were verified by
PCR and the absence of the protein was verified via immunoblotting (when possible).
If necessary, the kanamycin cassette was removed via site-specific recombination
mediated by the yeast Flp recombinase with pCP20 vector'. All strains expressing
the RcsF mutant lacked resB in order to prevent induction of Rcs.

The plasmids and the primers used in this study are listed in Table 2 and 3,
respectively.

To generate a pBAD18 vector expressing LolA-His and RcsFa1g47 -Strep, cloning was
performed as follow. First, /o/A was amplified using chromosomal /o/A as PCR
template for primers JR30/JR31 (JR31 contains the sequence of a His-tag) and then
cloned into pBAD18 using Kpnl and Xbal, resulting in pJR48. Chromosomal rcsFa19-47
was then amplified by PCR using primers JR53/JR54 (JR54 contains the sequence of
a Strep-tag) and then cloned into pJR48, downstream of /o/A-his, using Xbal and Sall,

resulting in pJR127.
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Protein purification

Soluble LolA-RcsFa1947 complex was purified via affinity chromatography as follows.
Cells co-expressing LolA with RcsFa1e47 (JR147) were grown in LB at 37°C
supplemented with 200 ug/mL ampicillin until an ODsoo of 0.5. Protein expression was
then induced with 0.2% arabinose. Cells were pelleted at an ODegyo of 3 and
resuspended in buffer A (200 mM NaCl and 50 mM NaPi at pH 8) containing a tablet
of protease inhibitor cocktail. Cells were lysed via two passages through a French
pressure cell at 1,500 psi. The lysate was centrifuged at 45,000 x g for 30 min at 4 °C
using a 55.2 Ti Beckman rotor. To obtain the soluble fraction, the supernatant was
centrifuged at 180,000 x g for 1 h at 4 °C using the same rotor. The supernatant was
added to a His Trap HP column previously equilibrated with buffer A. The column was
washed three times with 10 column volumes of buffer A supplemented with 20 mM
imidazole and LolA-His was eluted using the buffer A supplemented with 300 mM of
imidazole. The fractions obtained were analyzed via SDS-PAGE; LolA was detected
around 25 kDa and RcsFa1g.47 between 10 and 15 kDa. Elution fractions containing
LolA-RcsFa19-47 were mixed with Strep-Tactin resin previously equilibrated with buffer
A. After washing the resin with 10 column volumes of buffer A, RcsFa1947 -Strep was
eluted with 5 column volumes of buffer A supplemented with 2.5 mM desthiobiotin.
Eluted fractions were then concentrated to 1 mL using a Vivaspin 4 Turbo concentrator

and purified via size-exclusion chromatography with a Superdex S75-10/300 column.

152



Table 1. E. coli strains used in this study

Strain Genotype and description Source

DH300 rprA-lacZ MG1655 (argF-lac) U169 12

Keio collection | rcsB::kan, rcsF::kan 13

mutants

XL1-blue endA1 gyrA96 (nalR) thi-1 recA1 relA1 lac | Stratagene
ginV44F’ [:Tn10 proAB+ laclq D(lacZ)M15]
hsdR 17 (rK- mK+)

NH295 DH300 ArcsB ArcsF This study

JR147 NH295 pJR127 This study

Table 2. Plasmids used in this study

Plasmid Features Source
pBAD18 Arabinose inducible Pgap, ampicillin 15
pJR48 pBAD18 LolA-6xHis This study
pJR127 pBAD18 LolA-6xHis- RcsFa1947-Strep This study

Table 3. Primers

used in this study

Primer

Sequence 5’ to 3’

pBAD18

JR30_Fw_LolA_28_ ACATGGTACCCGGGAGTGACGTAATTTGAGGAAT

_pBAD18

JR31_Rev_LolA_His ATGTTCTAGAttaatgatgatgatgatgatgctcgaGCTTACGTTG

ATCATCTACCGTGAC

JR53-Fw-RcsF-Xbal TTGGTCTAGACGTTTTGATCATACATTGAG

JR54-Rv-RcsF-
streptagged-Sall

TTGGGTCGACTCACTTTTCGAACTGCGGGTGGCTCC
AGCTTGCTTTCGCCGTAATGTTAAGCG
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Section Illl. General Discussion
and perspectives
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By the time | joined the lab, the journey of lipoproteins in the cell envelope of Gram-
negative bacteria had already been intensely studied 2%7. It was considered that the
key factors controlling the sorting of lipoproteins between the two membranes had
been identified in E. coli and that Lol was the only system responsible for lipoprotein
transport between the inner and the outer membranes. However, recent studies have
challenged this view and suggested the presence of distinct factors that affect the
sorting and transport of lipoproteins. In this section, | will first discuss the results
obtained during my thesis, calling for a revision of the model of lipoprotein sorting.
Then, | will talk about the different structural studies of the Lol components in complex

with a lipoprotein.

Disorder in the journey of lipoproteins

Before | joined to lab, Joanna Szewczyk was already working on the lipoprotein RcsF
and tried to reveal the role of its linker, the N-terminal intrinsically disordered region.
By deleting the linker of RcsF (residues 19-47), she showed that this unstructured
domain is important for the correct OM targeting of RcsF. In fact, around 90% of
RcsFwr are present in the OM while 50% of RcsFa19.47 are retained in the IM (Fig. 15
and Fig.1 of Chap. | of the Results section). She was also able to show that the
length, but not the sequence, of the linker is important on the condition that this linker
stays unfolded. However, this was a side project for Joanna, and she did not have time
to finish the story. Intrigued by these exciting results, | took over the project and tried

to reveal the role of unstructured linkers in lipoprotein sorting.

The first thing | wanted to know was if the presence and the effect of the linker are

specific to RcsF or applicable to other lipoproteins. With the help of Dr. Bogdan I. lorga,
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we showed that half of E. coli OM lipoproteins have a long, disordered N-terminal linker
(Fig. 1, Extended Data Fig.1 and Supplementary Table 1 of Chap. | of the Results
section). This unexpected result pushed me to test the effect of linker deletion on
additional lipoproteins. | was then able to show that deleting the linker of NiIpD, Pal
and BamC affects their OM targeting (Extended Data Fig.2 & 10c of Chap. | of the
Results section). It is quite amazing how different lipoproteins share the presence of
an unfolded N-terminus domain that is not conserved, neither in terms of amino acid
sequence nor in length. The only common feature is the disorder of the linker. Despite
being different, the linkers of RcsF, NIpD, Pal and BamC affect the OM targeting of

these lipoproteins which leads to functional consequences.

The importance of the linker in OM targeting, shown during my thesis, fits well with the
fact that in some bacteria, outer membrane targeting and surface exposure do not only
depend on a sorting signal. For instance, in Borrelia sp., the presence of an N-terminal

disordered region is required for lipoproteins to reach the cell surface 2.

The linker functions in a Lol-dependent manner

The most challenging part of my project was to reveal the mechanism used by the
linker to affect the OM targeting of lipoproteins. The first question that came to my

mind was if the linker works in a Lol dependent manner or not.

To answer this question, | expressed an RcsF variant with two aspartates at positions
+2 +3 (RcsFeop), as the aspartate is a Lol avoidance residue 25°. Although the linker
is present in ResFcpp, this ResF variant is highly retained in the IM of E. coli (Extended

Data Fig.3 of Chap. | of the Results section). This result clearly
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shows that, despite having an N-terminal linker, the sorting of RcsF still follows the +2
rule of Lol.

Based on this result, | then questioned if the linker affects the interaction between the
lipoprotein and the components of the Lol system. However, RcsFwr and RcsFa19.47,
both co-purifies with the periplasmic chaperone LolA (Extended Data Fig.6 of Chap.
| of the Results section) and can be transferred in vitro to the soluble variant of LolB
(Fig.4b of Chap. | of the Results section). Moreover, RcsFa19.47is still retained in the
IM even when the LolICDE complex or one of the three maturation enzymes (Lgt, LspA
and Lnt) is overexpressed (Extended Data Fig.7 & 8 of Chap. | of the Results
section). Altogether, these results indicate that the absence of the linker does not
prevent the interaction of RcsF with LolA, LolB, LolCDE or the maturation enzymes.
However, one thing is sure; the linker is important for efficient OM targeting of RcsF,
NIpD, Pal and BamC.

Based on the results | obtained, | showed that the linker is required for correct OM

lipoprotein targeting in a Lol dependent manner.

159



Outer membrane

< (:'-'.-
( \ \
Periplasm
RCSFA19-47
\) \)

Inner membrane

Cytoplasm

Figure 15. Recapitulative model for the importance of the linker in the sorting of
lipoproteins in the cell envelope of E. coli. The full-length RcsF, RcsFwr, is correctly
targeted to the OM, while the RcsF variant devoid of its linker, RcsF a19.47, is partially
retained in the IM.

The linker ensures the efficiency of lipoprotein biogenesis

Lpp is present at ~1 million copies per cell '8, and its OM targeting is a must as the
accumulation of Lpp in the IM is toxic for the cell 2°6. Therefore, | thought that Lol could
be giving the privilege for OM targeting of Lpp at the expense of other lipoproteins. To
test this, | checked the sorting of lipoproteins devoid of their linker in Alpp cells.
Surprisingly, deleting Ipp rescues the OM targeting of the linker-less lipoproteins, RcsF
a9-47 and NIpD a29.64 (Fig.4a of Chap. | of the Results section). This result indicates
that the accumulation of lipoproteins devoid of their linker in the inner membrane

comes from a decreased ability of Lol to process these variants of lipoproteins. It also
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means that, in E. coli, the role of the linker is to optimize the processing of lipoproteins

in the cell envelope in the presence of the highly abundant lipoprotein Lpp.

Why do some lipoproteins need an N-terminal linker?

After showing that the linker is important for efficient OM targeting of RcsF, | was
intrigued by the presence of the linker at the N-terminus of some OM lipoproteins, not
all of them. The evident question to me was why do some lipoproteins need a linker?

What is the common feature between these lipoproteins?

While | was trying to find what was in common between the lipoproteins that have a
linker, | noticed that RcsF 142143 Pal 41 and BamC '47-148 gre all surface-exposed.
Therefore, | wondered if the linker of these lipoproteins is important for their surface
exposure, and for Lol to recognize surface-exposed lipoproteins. | then showed that
NIpD is also exposed on the cell surface of E. coli (Extended Data Fig.10 of Chap. |
of the Results section). The fact that the four lipoproteins are surface-exposed and
have a disordered linker whose deletion retains the lipoprotein in the IM suggests that
the N-terminus linker might be important for the Lol to recognize surface-exposed
lipoproteins and to optimize their targeting to the OM. This idea of having a linker that
is important for the surface exposure of lipoproteins is not new. In fact, in Borrelia sp.,
the presence of a disordered N-terminal sequence is required for the lipoproteins to

reach the surface 108.268,

More experiments need to be done to validate the relationship between the presence

of N-terminal linkers and surface exposure. One key experiment would be to detect

the surface exposure of lipoproteins devoid of their linkers such as RcsFai19.47,
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NIpD a29-64, Pal a26.56 and BamC a2s.9s. Another experiment that could be done would
be to add the N-terminal linker of RcsFwr to an outer membrane lipoprotein that is not
on the cell surface, and to evaluate if this linker addition would send the tested

lipoprotein to the cell surface.

Finally, little is known about how lipoproteins reach the cell surface. Is it possible that
the linker facilitates the interaction with possible transporters like BamA, OMPs and
SLAMs? Could it be that LolB interacts with these transporters, and that the linker of
the lipoprotein facilitates this interaction? Is it possible that unidentified flippases exist
in the OM and are responsible of the surface exposure of lipoproteins? Could the
disordered linker be important for lipoproteins to be recognized by these flippases and
to interact with them? It is clear that many questions remain to be answered. Hopefully,
future studies will clarify the mechanistic details about the whole lipoprotein journey in

the cell envelope.

To sum up, the data obtained during my thesis shows that, in E. coli, a disordered
region at the N-terminus of half of OM lipoproteins is important for efficient OM
targeting and calls for a revision of the lipoprotein sorting model. Although | could not
specify at which step the linker interfere with the journey of the lipoproteins in the cell
envelope, and how, the results obtained are of a great interest as they show that novel
molecular determinants, the linker for example, exist in the cell in addition to the Lol
system, and that the current understanding of lipoprotein transport by Lol is

incomplete.
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Where could the N-terminal linker be interfering?

As discussed above, during my thesis, | showed the importance of the linker in
ensuring an efficient transport of the lipoproteins in the cell envelope of E. coli.
However, | could not determine at which step, the linker is affecting the lipoprotein’s
pathway. Despite the difficulty in showing this, we can speculate by proposing different

hypotheses.

First, as we proposed in the paper (Chapter | of the results section), the linker could
be important to optimize the different steps in the journey of lipoproteins. Since these
steps are successive and dependent on each other, we can imagine the pathway of
lipoproteins as a corridor with several doors parallel to each other (Fig. 16a). You
cannot arrive to the end of this corridor unless you open and pass all the doors. If you
force the opening of one door, this will not be enough to arrive to the end. The same
model applies here; the overexpression of one of the different maturation enzymes
and the Lol components was not enough to observe an enhancement in the OM
targeting of RcsFat9.47. It might have been the case if we could overexpress all the

proteins (Lgt, Lsp, Lnt, LoICDE, LolA and LolB), which is technically quite impossible.

Another hypothesis where the linker could be interfering is in the interaction between
the lipoprotein and LolCDE. Recently, the cryo-EM structure of LOICDE complex was
solved 15116 and shows the first ten N-terminal residues of the lipoprotein, potentially
Lpp, inside of the central channel of LolCE, with the acyl chains pointing down and the
ten residues pointing up (Fig.8b, c). In this model, the authors propose that the
globular domain of the lipoprotein interacts with the periplasmic domain of LolE

(Fig.8c). However, the in vivo and in vitro crosslinking between LolE and Pal shows
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that the N-terminal residues of Pal, at positions 4 and 5, interact with LolE, while no
crosslinking is detected between LolE and residues in the globular domain of Pal, at
positions 100 and 147 '9'. Moreover, LoICDE is important for the IM extraction of
different lipoproteins. However, lipoproteins have different globular domain and so it
is hard to imagine that LolE can interact with the globular domain of the different OM
lipoproteins of E. coli. Thus, having a disordered linker at the N-terminus of the
lipoprotein might facilitate the interaction of the lipoprotein with LoICDE, by pushing
the globular domain of the lipoprotein away from LolE (Fig. 16b). This would prevent
the steric hindrance between the globular domain of the lipoprotein and the
periplasmic domain of LolE, thus accelerating the extraction of the lipoprotein from the
IM. We could then imagine that the linker is interacting with LolE and that this

interaction is mediated by hydrogen bonds, polar and electrostatic interactions.
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Figure 16. Proposed models where the N-terminal disordered linker might be
interfering with the lipoprotein’s pathway. a. The linker might be important for an
efficient interaction with each component of the lipoprotein pathway. b. The linker
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could facilitate the interaction with LolICDE by avoiding the steric hindrance between
LolE and the lipoprotein. LP: Lipoprotein.

What about other bacteria?

At the end, it is important to mention that the results | got during my thesis were
obtained in E. coli. It will be very interesting to see if N-terminal disorder exists in the
lipoproteins of other Gram-negative bacteria, and if it also impacts OM targeting of
lipoproteins, the way it does in E. coli. During my thesis, | showed that the linker is
important for an efficient transport of lipoproteins, potentially the surface-exposed
ones, in the presence of the abundant Lpp, in E. coli. A bacterium in which disorder
has been shown to play a role is Borrelia. In fact, a disordered N-terminal region is
essential for lipoproteins to reach the surface of Borrelia '°°2¢® where most of these
lipoproteins act as virulence factors 279271, Thus, reaching the surface seems to be
essential for the survival of Borrelia. However, the details of the mechanism are

unknown.
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Light at the end of the tunnel: towards the structural determination of the Lol

components liganded to a lipoprotein

In the last few years, many research groups doubled the effort to determine the
structure of a Lol component in complex with a lipoprotein. Although recent studies
showed promising results 415 the resolution of such structure has not been

completed yet.

The recent cryo-EM structure of E. coli LOICDE was obtained in complex with a triacyl-
cysteine and a peptide of ten amino acids of a lipoprotein, potentially Lpp 5. The
decapeptide of the lipoprotein appears to be bound in the V-shape central channel of
LolCDE above the IM (Fig. 8). The authors propose a model of lipoprotein extraction
by LolICDE where the globular domain of the lipoprotein interacts with the periplasmic
domain of LolE (See section 2.2.a. of chapter Il of the Introduction for more details
about the extraction model). Although the globular domain of the lipoprotein was not
detected in the structure, this study is of a great interest, as it opens the way toward
the determination of complete mechanistic details on lipoprotein extraction by LolCDE.
However, many questions remain unanswered. Is it possible that all lipoproteins have
the same interaction mechanism with LoICDE? Where are the exact interaction
regions between LolE and the lipoprotein? Is the lipoprotein well folded at this stage?

Future investigations are definitely required.

During my thesis, | managed to purify a stable periplasmic complex between the
chaperone LolA and a lipoprotein, in this case RcsFa19.47 (Fig.1 of Chap. Il of the
Results section). For some, this might seem familiar as any other protein purification.

However, this result is an important step in the lipoprotein field, as the purification of
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an in vitro large-scale liganded LolA has always been very challenging 272. Moreover,
LolA-lipoproteins complexes are usually obtained after their release from spheroplasts
and addition of previously purified LolA in the medium 273, Here, we show that a stable
in vitro periplasmic complex between LolA and RcsFa19-47 can be obtained after three
purification steps (Chap Il of the Results section). We hope in the future to be able
to determine the crystal structure of the LoA- RcsFa19.47 complex. The resolution of this
structure will definitely answer many remaining questions. So far, the molecular
interaction details between LolA and the lipid moiety of a lipoprotein are still
ambiguous. In fact, it is still unknown whether LolA can bind one "7 or the three 122
acyl chains that are attached to the cysteine of a lipoprotein. Moreover, the structure
of LolA of P. aeruginosa presents hydrophobic surface patches that were shown to be
important for the binding of the acyl chains of lipoproteins 274. Thus, resolving the
structure of a LolA-lipoprotein complex might help in understanding the exact
mechanism of interaction between the periplasmic chaperone and lipoproteins.
Hence, the purification results obtained during my thesis, and discussed in chapter I
of the Results section, are a first step that might lead us to the bottom of this mystery.
Finally, let’s not forget one last important structure to be solved: LolB-lipoprotein. The
determination of the structure of LolB in complex with a lipoprotein can give us more

insights into the mechanism used by LolB to anchor lipoproteins in the OM.

In the end, despite all the remaining questions in the lipoprotein field, hopefully future
studies will elucidate the molecular details regarding the sorting, the transport and the
surface exposure of lipoproteins. Defining the exact mechanisms of interaction

between a lipoprotein and Lol would help in the design of new antimicrobials that block
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these interactions. Such discoveries are essential in fighting the antibiotic resistance

crisis.
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Section IV. Conclusion
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By the time | joined the Collet lab, lipoproteins in the cell envelope of E. coli were
already under the spotlight. Different mechanistic aspects of the stress sensor, RcsF,
were being studied by many lab members. The importance of the intrinsically
disordered region in lipoprotein sorting was a side project for Joanna Szewczyk. |

therefore took over the project and tried to finish the story.

To sum up, lipoproteins are proteins covalently linked to a lipid moiety that anchors
them to the IM or the OM. They consist of an essential group of proteins important for
the cell viability, as they fulfil a variety of different functions in the cell envelope. During
my PhD thesis, | was able to clarify the importance of the intrinsically disordered linker
present at the N-terminal of half OM lipoproteins; half of the OM lipoproteins have a
long linker that consists of more than 22 residues. | showed that the presence of this
linker is crucial for the lipoprotein to efficiently reach the OM by the Lol machinery. The
linker-less mutant of a lipoprotein is retained in the IM and partially reaches the OM.
Moreover, the length and the disorder character of the linker are important for the
correct OM targeting of the lipoprotein. | was also able to show that lipoproteins, with
or without the linker, use the Lol system to travel throughout the cell envelope.
However, it seems that the presence of the most abundant lipoprotein, Lpp, has a
significant role in the story. In fact, deleting Ipp restores the OM targeting of linker-less
lipoproteins. This result shows that the disorder linker optimizes the processing of
lipoproteins by the Lol system. Finally, we proposed that the linker could be used by

OM lipoproteins, such as RcsF, BamC, NIpD and Pal, to reach the cell surface.

Finally, | am very happy that | could participate in a better understanding of the

lipoprotein pathway, and to bring new insights into this field.
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At the end of this journey, | cannot help but express my gratitude for the Collet lab. |
am very happy with my PhD adventure and the scientific person | became. | learned
patience, resilience and persistence. The road was not easy at all, but it was worth the
hard work, and as Erol Ozan once said: “Some beautiful paths cannot be discovered

without getting lost”.
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Disorder is a critical component of lipoprotein
sorting in Gram-negative bacteria

Jessica El Rayes'?5, Joanna Szewczyk'?*, Michaél Deghelt'?, Naemi Csoma'?, André Matagne?,
Bogdan I. lorga(®*4, Seung-Hyun Cho®"? and Jean-Francois Collet®"2%

Gram-negative bacteria express structurally diverse lipoproteins in their cell envelope. Here, we find that approximately half
of lipoproteins destined to the Escherichia coli outer membrane display an intrinsically disordered linker at their N terminus.
Intrinsically disordered regions are common in proteins, but establishing their importance in vivo has remained challenging.
As we sought to unravel how lipoproteins mature, we discovered that unstructured linkers are required for optimal trafficking
by the Lol lipoprotein sorting system, whereby linker deletion re-routes three unrelated lipoproteins to the inner membrane.
Focusing on the stress sensor RcsF, we found that replacing the linker with an artificial peptide restored normal outer-membrane
targeting only when the peptide was of similar length and disordered. Overall, this study reveals the role played by intrinsic
disorder in lipoprotein sorting, providing mechanistic insight into the biogenesis of these proteins and suggesting that evolu-

tion can select for intrinsic disorder that supports protein function.

coli and other Gram-negative bacteria. It is composed of the

inner membrane (a classical phospholipid bilayer) and the
outer membrane (an asymmetric bilayer with phospholipids in the
inner leaflet and lipopolysaccharides in the outer leaflet)'. This lipid
asymmetry enables the outer membrane to function as a barrier that
effectively prevents the diffusion of toxic compounds from the envi-
ronment and into the cell. The inner and outer membranes are sepa-
rated by the periplasm, a viscous compartment that contains a thin
layer of peptidoglycan, also known as the cell wall'. The cell enve-
lope is essential for growth and survival, as illustrated by the fact
that several antibiotics, such as the p-lactams, target mechanisms
of envelope assembly. Mechanisms involved in envelope biogenesis
and maintenance are therefore attractive targets for novel antibacte-
rial strategies.

Approximately one-third of E. coli proteins are targeted to
the envelope, either as soluble proteins present in the periplasm
or as proteins inserted in one of the two membranes’. Although
inner-membrane proteins cross the lipid bilayer via one or more
hydrophobic a-helices, proteins inserted in the outer membrane
generally adopt a f-barrel conformation’. Another important
group of envelope proteins comprises the lipoproteins, which
are globular proteins anchored to one of the two membranes by
a lipid moiety’. Lipoproteins carry out a variety of important
functions in the cell envelope: they participate in biogenesis of
the outer membrane by inserting lipopolysaccharide molecules™
and P-barrel proteins’, they function as stress sensors triggering
signal transduction cascades when envelope integrity is altered?,
and they control processes that are important for virulence’. The
diverse roles played by lipoproteins in the cell envelope have drawn
alot of attention, revealing how crucial these proteins are in a wide
range of vital processes and identifying them as attractive targets
for antibiotic development. Yet, a detailed understanding of the
mechanisms involved in lipoprotein maturation and trafficking is
still missing.

| he cell envelope is the morphological hallmark of Escherichia

Lipoproteins are synthesized in the cytoplasm as precursors with
an N-terminal signal peptide'®. The last four C-terminal residues
of this signal peptide, known as the lipobox, function as a molecu-
lar determinant of lipid modification unique to bacteria; only the
cysteine at the last position of the lipobox is strictly conserved!'.
After translocation across the inner membrane, processing of
pre-prolipoproteins into mature forms takes place on the periplas-
mic side of the membrane. The thiol side chain of the cysteine is
first modified with a diacylglyceryl moiety by prolipoprotein dia-
cylglyceryl transferase (Lgt)'” (Supplementary Fig. 1a, step 1), then
signal peptidase II (LspA) catalyzes cleavage of the signal pep-
tide N-terminally of the lipidated cysteine before apolipoprotein
N-acyltransferase (Lnt) adds a third acyl group to the N-terminal
amino group of the cysteine (Supplementary Fig. la, steps 2-3).
Most mature lipoproteins are then transported to the outer mem-
brane by the Lol system. Lol consists of LoICDE, an ABC transporter
that extracts lipoproteins from the inner membrane and transfers
them to the soluble periplasmic chaperone LolA (Supplementary
Fig. 1la, steps 4-5)'%. LolA escorts lipoproteins across the peri-
plasm, binding their hydrophobic lipid tail, and delivers them to the
outer-membrane lipoprotein LolB (Supplementary Fig. 1a, step 6).
LolB finally anchors lipoproteins to the inner leaflet of the outer
membrane using a mechanism that remains poorly characterized
(Supplementary Fig. 1a, step 7).

In most Gram-negative bacteria, a few lipoproteins remain in the
inner membrane'’. The current view is that inner-membrane reten-
tion depends on the identity of the two residues located immediately
downstream of the N-terminal cysteine on which the lipid moiety
is attached'’; this sequence, two amino acids in length, is known
as the Lol sorting signal. When lipoproteins have an aspartate at
position +2 and an aspartate, glutamate or glutamine at position
+3, they remain in the inner membrane'*'¢, possibly because strong
electrostatic interactions between the +2 aspartate and membrane
phospholipids prevent their interaction with LolCDE". However,
this model is largely based on data obtained in E. coli and variations
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Fig. 1| Structural analysis of lipoproteins reveals that half of outer-membrane lipoproteins display an intrinsically disordered linker at the N terminus.
The structures of the outer-membrane lipoproteins ResF, NIpD, Pal and BamC were generated by comparative modeling (Methods). The 39 remaining
lipoproteins are shown in Extended Data Fig. 1. X-ray and cryo-EM structures are green, NMR structures are cyan, and structures built by comparative
modeling from the closest analog in the same PFAM group are orange. In all cases, the N-terminal linker is magenta.

have been described in other bacteria. For example, in the pathogen
Pseudomonas aeruginosa, an aspartate is rarely found at position
+2, and inner-membrane retention appears to be determined by
residues 43 and +4'%'°. Surprisingly, lipoproteins are well sorted in
P, aeruginosa cells expressing the E. coli LoICDE complex”, despite
their different Lol sorting signal. This result cannot be explained
by the current model of lipoprotein sorting, underscoring that our
comprehension of the precise mechanism that governs the triage of
lipoproteins remains incomplete.

Excitingly, more unresolved questions regarding lipoprotein
biogenesis have recently been raised. First, it was reported that a
LolA-LolB-independent trafficking route to the outer membrane
exists in E. coli*, but the factors involved have remained unknown.
Second, although lipoproteins have traditionally been considered
to be exposed to the periplasm in E. coli and many other bacterial
models'®, a series of investigations have started to challenge this
view by identifying lipoproteins on the surface of E. coli, Vibrio chol-
erae and Salmonella typhimurium®-*. Overall, the field is beginning
to explore a lipoprotein topological landscape that is more complex
than previously assumed, raising intriguing questions about the sig-
nals that control surface targeting and exposure.

Stimulated by the hypothesis that crucial details of the mecha-
nisms underlying lipoprotein maturation remained to be elucidated,

we sought to identify molecular determinants controlling lipopro-
tein biogenesis. First, we found that half of the outer-membrane
lipoproteins display along and intrinsically disordered linker at their
N terminus. Intrigued by these unstructured segments, we probed
their importance for the biogenesis of RcsE NIpD and Pal, three
unrelated outer-membrane lipoproteins. Unexpectedly, we found
that deleting the linker altered the targeting of all three lipoproteins
to the outer membrane. Focusing on RcsE, we determined that both
the length and disordered character of the linker were important.
‘We also found that the linker is required for optimal processing by
Lol. Our observations reveal the unsuspected role played by protein
intrinsic disorder in lipoprotein cellular localization. We propose a
model in which disordered linkers are important for targeting and/
or displaying lipoproteins on the cell surface.

Results

Half of lipoproteins present N-terminal disordered segments.
In an attempt to discover novel molecular determinants control-
ling the cellular localization of lipoproteins, we decided to system-
atically analyze the sequence of the lipoproteins encoded by the
E. coli genome (strain MG1655) in search of unidentified structural
features. Escherichia coli encodes approximately 80 validated lipo-
proteins”, of which 58 have been shown experimentally to localize
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in the outer membrane®. Comparative modeling of existing X-ray,
cryo-EM and NMR structures revealed that approximately half of
these outer-membrane lipoproteins display a long segment (>22
residues) that is predicted to be disordered at the N terminus (Fig. 1,
Extended Data Fig. 1 and Supplementary Table 1). By contrast, only
one of the eight lipoproteins that remain in the inner membrane
(DcrB; Extended Data Fig. 1 and Supplementary Table 1) had a
long, disordered linker, suggesting that disordered peptides may be
important for lipoprotein sorting.

Linker deletion perturbs outer-membrane targeting. Intrigued
by the presence of these N-terminal disordered segments in so
many outer-membrane lipoproteins, we decided to investigate
their functional importance. We selected three structurally unre-
lated lipoproteins whose function could easily be assessed: the
stress sensor RcsF (which triggers the Rcs signaling cascade when
damage occurs in the envelope”), NlpD (which activates the peri-
plasmic N-acetylmuramyl-r-alanine amidase AmiC, which is
involved in peptidoglycan cleavage during cell division”) and the
peptidoglycan-binding lipoprotein Pal (which is important for
outer-membrane constriction during cell division®).

‘We began by preparing truncated versions of ResE, NlpD and Pal,
devoid of their N-terminal unstructured linkers (Supplementary
Fig. 1b and Extended Data Fig. 1; RcsF, j_y7, Pal 56 s and NIpD 55_¢y).
Note that the lipidated cysteine residue (+1) and the Lol sorting
signal (the amino acids at positions +2 and +3) were not altered in
ResFEy 5_47 Palayess and NIpD,o_g, nor in any of the constructs dis-
cussed below except in ResFepp (Supplementary Table 2). For Pal,
although the unstructured linker spans residues 25-68 (Fig. 1), we
used Pal,,¢ ;¢ because Pal,,;_ was either degraded or not detected
by the antibody. We first tested whether the truncated lipopro-
teins were still correctly extracted from the inner membrane and
transported to the outer membrane. The membrane fraction was
prepared from cells expressing the three variants independently,
and the outer and inner membranes were separated using sucrose
density gradients (Methods). Whereas wild-type RcsE, NlpD and
Pal were mostly detected (>90%) in the outer-membrane frac-
tion, ~50% of ResF,,,, and ~60% of NIpD,,,_, were retained in
the inner membrane (Fig. 2a and Extended Data Fig. 2a). An RcsF
variant in which the Lol sorting signal was replaced by two aspar-
tates (ResFepp) was used as a control for inner-membrane retention.
As expected, ResFopp, was mostly detected in the inner membrane
(Extended Data Fig. 3). The sorting of Pal was also affected, but to a
lesser extent, with 15% of Pal,, ., retained in the inner membrane
(Extended Data Fig. 2b). Notably, the expression levels of the three
linker-less variants were similar (NIpD,,_,) or lower (RcsF, i3
Pal,;¢_s¢) than those of the wild-type proteins (Extended Data Fig. 4),
indicating that accumulation in the inner membrane did not result
from increased protein abundance.

We then tested the impact of linker deletion on the function of
these three proteins. In cells expressing RcsF, ;. the Rcs system

ARTICLES

was constitutively turned on (Fig. 2b). When RcsF accumulates in
the inner membrane, it becomes available for interaction with IgaA,
its downstream Rcs partner in the inner membrane””. Similarly,
expression of NIpD,q ¢ did not rescue the chaining phenotype
(Fig. 2¢)”" exhibited by cells lacking both nipD and envC, an activa-
tor of amidases AmiA and AmiB?. Finally, Pal,, ¢ partially res-
cued the sensitivity of the pal mutant to SDS-EDTA that results
from increased membrane permeability” (Fig. 2d). However, this
observation needs to be considered with caution given that Pal, ¢¢
seemed to be expressed at lower levels than wild-type Pal (Extended
Data Fig. 4). Thus, preventing normal targeting of RcsE NlpD and
Pal to the outer membrane has functional consequences.

Unstructured artificial linkers do the job. The above results were
surprising because they revealed that the normal targeting of RcsE,
NlpD and Pal to the outer membrane not only requires an appropri-
ate Lol sorting signal, as proposed by the current model for lipo-
protein sorting'’, but also the presence of an N-terminal linker. We
selected ResE, the accumulation of which in the inner membrane
can be tracked easily by monitoring Res activity”, to investigate the
structural features of the linker controlling lipoprotein maturation.
Keeping as little as 10% of the total pool of RcsF molecules in the
inner membrane is sufficient to fully activate Res”.

‘We first tested whether changing the sequence of the N-terminal
segment while preserving its disordered character still yielded nor-
mal targeting of the protein to the outer membrane. To that end,
we prepared an RcsF variant in which the N-terminal linker was
replaced by an artificial, unstructured sequence (Supplementary
Table 2 and Extended Data Figs. 1 and 5) of similar length and con-
sisting mostly of glycine-serine repeats (RcsFg;). Substituting the
wild-type linker with this artificial sequence was remarkably well
tolerated by ResF: ResE,; was targeted normally to the outer mem-
brane (Fig. 3a, Extended Data Fig. 1 and Supplementary Fig,. 2a)
and did not constitutively activate the stress system (Fig. 3b). Thus,
although RcsEg has an N terminus with a completely different pri-
mary structure, it behaved like the wild-type protein.

‘We then investigated whether the N-terminal linker required
a minimal length for proper targeting and function. We there-
fore constructed two RcsF variants with shorter, unstructured,
artificial linkers (RcsFgg, and RcsFgg,;, with linkers of 18 and 10
residues, respectively; Supplementary Table 2 and Extended Data
Figs. 1 and 5). Importantly, ResFg, and, to a greater extent, RcsFg;
did not properly localize to the outer membrane: the shorter the
linker, the more RcsF remained in the inner membrane (Fig. 3a,
Extended Data Fig. 1 and Supplementary Fig. 2a). Consistent with
the amount of RcsFg, and ResFgg; retained in the inner membrane,
Rces activation levels were inversely related to linker length (Fig. 3b).

The disordered character of the linker is crucial. Taken together,
the results above demonstrated that the RcsF linker can be replaced
with an artificial sequence lacking secondary structure, provided

-
r

Fig. 2 | The N-terminal linker displayed by lipoproteins is important for outer-membrane targeting. a, The outer membrane (OM) and inner membrane
(IM) were separated by centrifugation in a three-step sucrose density gradient (Methods). Although ResFy,r was found predominantly in the outer
membrane, ResF 4.4, Was substantially retained in the inner membrane. Data are presented as the ratio of signal intensity in a single fraction to the

total intensity in all fractions. All variants were expressed from plasmids (Supplementary Table 4). DsbD and Lpp were used as controls for the outer
membrane and inner membrane, respectively. b, The Rcs system is constitutively active when the linker of ResF is missing. Res activity was measured
with a B-galactosidase assay in a strain harboring a transcriptional rprAzlacZ fusion (Methods). All variants were expressed from a plasmid. Results were
normalized to expression levels of the ResF variants. Box-and-whisker plots are shown from minimum to maximum, with the central line marking the
median and the first and third quartiles shown by whiskers; n=#6 biologically independent experiments. ¢, Phase-contrast images of the envC:kan AnfpD
mutant complemented with NIpDyr of NIpDass.es. NIpDass.cs only partially rescues the chaining phenotype of the envCirkan AnlpD double mutant. Scale
bars, 5um. d, Expression of Pal,,e.cs does not rescue the sensitivity of the palzkan mutant to SDS-EDTA. Cells were grown in LB medium at 37 °C until
mid-log phase (0D, =0.5). Tenfold serial dilutions were made in LB medium, plated onto LB agar or LB agar supplemented with 0.01% SDS and 0.5 mM
EDTA, and incubated at 37°C. Images in a, ¢ and d are representative of biological triplicates. The graphs in a were created by spline analysis of curves

representing a mean of three independent experiments.
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that it is of appropriate length. Next, we sought to directly probe
the importance of having a disordered linker by replacing the ResF
linker with an o-helical segment, 35 amino acids long, from the
periplasmic chaperone FkpA (RcsFg,,,; Supplementary Table 2 and
Extended Data Figs. 1 and 5). Introducing order at the N terminus
of ResF dramatically impacted the protein distribution between the
two membranes: ResFy,,, was substantially retained in the inner
membrane (Fig. 3¢ and Supplementary Fig. 2b) and constitutively

activated Rcs (Fig. 3d). As a-helical segments are considerably
shorter than unstructured sequences containing a similar num-
ber of amino acids, we also prepared an RcsF variant (RcsF,,)
with a longer a-helix from the helical segment of colicin Ia, which
is 73 amino acids in length and also predicted to remain folded
in the RcsF,, construct (Supplementary Table 2 and Extended
Data Figs. 1 and 5). However, doubling the size of the helix had
no impact, with ResF,, behaving similarly to ResFy,, (Fig. 3c.d
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Fig. 3 | The length and the disordered character of the RcsF linker play key roles in RcsF targeting to the outer membrane. a, The outer and inner
membranes were separated by centrifugation in a three-step sucrose density gradient (Methods). DsbD and Lpp were used as controls for the outer and
inner membrane, respectively. The longer the linker, the more protein was correctly translocated to the inner membrane. All variants were expressed from
plasmids (Supplementary Table 4). Aligned dot plots are shown with mean + standard deviation of n=23 biologically independent experiments. Images are
representative of experiments and immunoblots performed in biological triplicate. b, Res activity was measured with a B-galactosidase assay in a strain
harboring a transcriptional rprAzlacZ fusion. All variants were expressed from a plasmid. Results were normalized to expression levels of RcsF variants.
Box-and-whisker plots are shown from minimum to maximum, with the central line marking the median and the first and third quartiles shown as whiskers;
n=6 biologically independent experiments. Rcs activity relates to the quantity of ResF retained in the inner membrane. ¢, ResF mutants harboring a-helical
linkers (ResFeyg, and ResF,) were subjected to two consecutive centrifugations in sucrose density gradients. Both mutants were inefficiently translocated
from the inner to the outer membrane. All variants are expressed from plasmids. Aligned dot plots are shown with mean+standard deviation of n=3
biologically independent experiments. Images are representative of experiments and immunoblots were performed in biological triplicate. d, The Rcs
system was constitutively active in ResFgg, and ResFe, strains. Activation levels were comparable to those of ResF .47 Res activity was measured as inb
Results were normalized as in b. Box-and-whisker plots are shown from minimum to maximum with the central line marking the median and the first and
third quartiles shown as whiskers; n= 6 biologically independent experiments.

and Supplementary Fig. 2b). Together, these data demonstrate A disordered linker is needed for optimal processing by Lol.
that having an N-terminal disordered linker downstream of the = Our finding that N-terminal disordered linkers function as molec-
Lol sorting signal is required to correctly target RcsF to the outer  ular determinants of the targeting of lipoproteins to the outer
membrane. The length of the linker is important, but the sequence  membrane raised the question of whether these linkers work in a
is not, on the condition that the linker does not fold into a defined  Lol-dependent or Lol-independent manner. To address this mecha-
secondary structure. nistic question, we tested the impact of deleting Ipp on the targeting
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Fig. 4 | N-terminal disordered linkers interact with the Lol system to
target lipoproteins to the outer membrane. a, Deleting Lpp rescues
targeting of ResF .4 and NIpD .4 to the outer membrane. The outer
and inner membranes were separated by centrifugation in a sucrose
density gradient (Methods). ResF ys.¢7 and NIpD 4p6.¢4 accumulate in the
inner membrane of cells expressing Lpp, the most abundant Lol substrate.
Deletion of fpp improves their targeting to the outer membrane. Aligned
dot plots are shown with mean + standard deviation of n= 3 biologically
independent experiments. The significance of differences among bacterial
strains was assessed according to analysis of variance (ANOVA), followed
by the application of Tukey's multiple comparison test. No adjustments
were made for multiple comparison. ResF variants were expressed from the
chromosome and NIpD variants were expressed from a plasmid. b, In vitro
pulldown experiments show that ResFyr and ResF 4.4 are transferred
from LolAto LolB. Lol A-ResFy, and Lol A-ResF 6.4y complexes were
obtained by LolA-His affinity chromatography followed by size exclusion
chromatography (Methods). Each complex was incubated with LolB-Strep
that had been previously purified via Strep-Tactin affinity chromatography
(Methods). Both ResF variants were eluted in complex with LolB-strep,
whereas LolA was only present in the flow through. |, input; FT, flow
through; E, eluate. n=3 biologically independent experiments.

of ResF, 547 The lipoprotein Lpp, also known as the Braun lipo-
protein, covalently tethers the outer membrane to the peptidogly-
can and controls the size of the periplasm’***. Being expressed at
~1 million copies per cell, Lpp is numerically the most abundant
protein in E. coli. Thus, by deleting Ipp, we considerably decreased
the load on the Lol system by removing its most abundant substrate.
Remarkably, Ipp deletion partly rescued the targeting of RcsF, sy,

to the outer membrane (Fig. 4a), indicating that the linker func-
tions in a Lol-dependent manner and suggesting that accumula-
tion of RcsF, ., in the inner membrane results from a decreased
ability of the Lol system to process the linker-less RcsF variant. In
agreement with this idea, normal targeting of N1pD,,,_¢, to the outer
membrane was restored in cells lacking Lpp (Fig. 4a). Pal ¢ ss could
not be tested because membrane fractionation failed with Ipp pal
double-mutant cells whether or not they expressed Pal,,. ., (the Ipp
pal double mutant is viable but highly mucoid).

To obtain further insights into the mechanism at play here, we
next monitored whether linker deletion impacted the transfer of
ResF from LolA to LolB in vitro. LolA with a C-terminal His-tag
was expressed in the periplasm of cells expressing wild-type RcsF
or ResF, ; ,, and purified to near homogeneity by affinity chroma-
tography (Methods and Extended Data Fig. 6). Both RcsFy,; and
ResE, o4, were detected in immunoblots of the fractions containing
purified LolA (Extended Data Fig. 6), indicating that both proteins
form a soluble complex with LolA and confirming that they use this
chaperone for transport across the periplasm. LolB was expressed
as a soluble protein in the cytoplasm and purified by taking advan-
tage of a C-terminal Strep-tag. LolB, which has more affinity for
lipoproteins than LolA™, was then incubated with LolA-RcsFyr
or LolA-RcsF, s, and pulled down using Strep-Tactin beads
(Methods). As both RcsFyp and ResF, ;. ,, were detected in the
LolB-containing pulled-down fractions (Fig. 4b), we conclude that
both proteins were transferred from LolA to LolB. Thus, the linker
is not required for the transfer of ResF from LolA to LolB.

We then focused on the LolCDE ABC transporter in charge of
extracting outer-membrane lipoproteins and transferring them
to LolA. The structure of LolCDE in complex with a lipoprotein
substrate was recently reported”. Although most of the lipopro-
tein polypeptide chain is non-visible in the structure, the triacyl-
ated N-terminal cysteine could be found inside a channel located
between the plane of the membrane and the periplasmic domains
of LolC and LolD. We thus hypothesized that N-terminal flexible
linkers might be important to limit clashes between the lipopro-
tein substrate and the periplasmic domains of LolC and LolD. To
test whether having a disordered linker increases the efficiency
of LolCDE in lipoprotein extraction, we monitored the impact of
overexpressing all LolCDE components (Extended Data Fig. 7a)
on the targeting of RcsF,,,_; to the outer membrane. However,
we found that overexpression of LolCDE had no effect (Extended
Data Fig. 7b).

Finally, we tested whether linker deletion impacted the process-
ing of ResF, 5, by the enzymes involved in lipoprotein maturation
(Lgt, LspA and Lnt; Supplementary Fig. 1a). We found that over-
expressing Lgt, LspA and Lnt had no impact on membrane tar-
geting (Extended Data Fig. 8). Furthermore, the immature forms
of ResF, sy, that accumulate when these enzymes are depleted
(Extended Data Fig. 9) were not detected when these enzymes are
expressed, indicating that deletion of the linker does not block the
processing of ResF, 4, by the enzymes of the maturation pathway.
Thus, taken together, our results suggest that retention of ResF, 5,
in the inner membrane does not result from the impairment of a
specific step, but rather from less efficient processing of the trun-
cated lipoprotein by the entire lipoprotein maturation pathway
(Discussion).

Are linkers important for surface exposure? We noted that two
of the lipoproteins under investigation here, Pal and RcsE have
been reported to be surface-exposed”***. A topology model has
been proposed to explain how RcsF reaches the surface, where the
lipid moiety of RcsF is anchored in the outer leaflet of the outer
membrane while the N-terminal linker is exposed on the cell sur-
face before being threaded through the lumen of f-barrel proteins™.
Thus, in this topology, the linker allows RcsF to cross the outer
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membrane. It was therefore tempting to speculate that N-terminal
disordered linkers may be used by lipoproteins as a structural device
to cross the outer membrane and reach the cell surface. In addi-
tion, the accumulation of ResF, .y, in the inner membrane (Fig. 2a)
also suggests that Lol may be using N-terminal linkers to recognize
lipoproteins destined to the cell surface before their extraction from
the inner membrane to optimize their targeting to the machin-
ery exporting them to their final destination (f-Barrel Assembly
Machinery (BAM) in the case of ResF?**°). To further investigate
the link between disordered linkers and surface exposure, we tested
whether NIpD could be detected on the cell surface, which turned
out to be the case (Extended Data Fig. 10a). In addition, we found
that the N-terminal linker of BamC, a lipoprotein with access to the
cell surface’'#, is important for normal outer-membrane targeting
(Extended Data Fig. 10b,c).

Discussion

Lipoproteins are crucial for essential cellular processes such as
envelope assembly and virulence. However, despite their functional
importance and their potential as targets for new antibacterial
therapies, we only have a vague understanding of the molecular fac-
tors that control their biogenesis. By discovering the role played by
N-terminal disordered linkers in lipoprotein sorting, this study adds
an important new layer to our comprehension of lipoprotein bio-
genesis in Gram-negative bacteria. Critically, it also indicates that
the current model of lipoprotein sorting—that sorting between the
two membranes is controlled by the two or three residues that are
adjacent to the lipidated cysteine—needs to be revised. Lipoproteins
with unstructured linkers at their N terminus are commonly found
in Gram-negative bacteria, including many pathogens (see below),
and further work will be required to determine whether these link-
ers control lipoprotein targeting in organisms other than E. coli, lay-
ing the foundation for designing new antibiotics.

It was previously shown that both lolA and lolB (but not lo! CDE)
can be deleted under specific conditions”, suggesting at least one
alternate route for the transport of lipoproteins across the periplasm
and their delivery to the outer membrane. During this investiga-
tion, we envisaged the possibility that the linker could be required to
transport lipoproteins via a yet-to-be-identified pathway indepen-
dent of LolA/LolB. However, our observations that both RcsF and
ResF, o4, were found in complex with LolA (Extended Data Fig. 6)
and were transferred by LolA to LolB (Fig. 4b) do not support this
hypothesis. Instead, our data clearly indicate that lipoproteins with
N-terminal linkers still depend on the Lol system for extraction
from the inner membrane and transport to the outer membrane
(Supplementary Fig. 1a). They also suggest that N-terminal linkers
improve lipoprotein processing by Lol (see below).

The general view is that outer-membrane lipoproteins remain
oriented toward the periplasm. Excitingly, a series of reports have
started to challenge this paradigm by identifying surface-exposed
lipoproteins in E. coli and other bacteria’»*. By showing that four
surface-exposed lipoproteins (RcsE Pal, NlpD and BamC) have an
N-terminal linker that is important for outer-membrane targeting,
our results also support a model in which N-terminal disordered
linkers are important for displaying lipoproteins on the cell surface.
Investigating whether a dedicated Lol-dependent route exists for
surface-exposed lipoproteins will be the subject of future research.
It is worth noting that N-terminal linkers are commonly found in
lipoproteins expressed by the pathogens Borrelia burgdorferi and
Neisseria meningitidis™*’, and lipoprotein surface exposure is com-
mon in these pathogens.

Our work also delivers crucial insights into the functional impor-
tance of disordered segments in proteins in general. Most proteins
are thought to present portions that are intrinsically disordered.
For example, it is estimated that 30-50% of eukaryotic proteins
contain regions that do not adopt a defined secondary structure
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in vitro*. However, demonstrating that these unstructured regions
are functionally important in vivo is challenging. By showing that
an N-terminal disordered segment downstream of the Lol signal is
required for the correct sorting of lipoproteins, our work provides
direct evidence that evolution has selected intrinsic disorder by
function.

In conclusion, the data reported here establish that the triage of
lipoproteins between the inner and outer membranes are not solely
controlled by the Lol sorting signal; additional molecular determi-
nants, such as protein intrinsic disorder, are also involved. Our data
further highlight the previously unrecognized heterogeneity of the
important lipoprotein family and call for a careful evaluation of the
maturation pathways of these lipoproteins.
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Methods

Bacterial growth conditions. The bacterial strains used in this study are listed in
Supplementary Table 3. Bacterial cells were cultured in Luria broth (LB) at 37°C
unless stated otherwise. The following antibiotics were added when appropriate:
spectinomycin (100 ug ml™), ampicillin (200 g m1™), chloramphenicol (25 jig ml™)
and kanamycin (50 ugml™). L-arabinose (0.2%), isopropyl-f-p-thiogalactoside
(IPTG; 20 uM to 1 mM) and L-fucose (0.2%) were used for induction or repression
when appropriate.

Bacterial strains and plasmids. DH300 (a derivative of E. coli MG1655 carrying

a chromosomal rprA::lacZ fusion at the } attachment site’”) was used as wild

type throughout the study. All deletion mutants were obtained by transferring

the corresponding alleles from the Keio collection” (kan*) into DH300* via P1
phage transduction. Deletions were verified by PCR and the absence of the protein
was verified by immunoblotting (when possible). If necessary, the kanamycin
cassette was removed via site-specific recombination mediated by the yeast Flp
recombinase with pCP20 vector'”. All strains expressing the ResF mutants used for
subcellular fractionation lacked 7csB to prevent induction of Rcs.

The plasmids used in this study are listed in Supplementary Table 4 and the
primers in Supplementary Table 5. RcsE, Pal and NlpD were expressed from the
low-copy vector pAM238** containing the SC101 origin of replication and the lac
promoter. To produce pSC202 for RcsF expression, 7csF (including ~30 base pairs
upstream of the coding sequence) was amplified by PCR from the chromosome
of DH300 (primer pair SH_RcsF(PstI)-R and SH_RcsFU-R (kpnl)-F). The
amplification product was digested with KpnI and PstIand inserted into pAM238,
resulting in pSC202. nipD was amplified using primers JR1 and JR2 and pal was
amplified with primers J$145 and JS146. Amplification products were digested
with Pstl-Xbal and KpnI-Xbal, respectively, generating pJR8 (for NIpD expression)
and pJS20 (for Pal expression). To clone rcsE, o, the nucleotides encoding the
ResF signal sequence were amplified using primers SH_RcsFU-R(kpnI)_F and
SH_RcsFss-Fsg (NcoI)_R, and those encoding the ResF signaling domain were
amplified using primers SH_RcsFss-Fsg (NcoI)_R and SH_RcsF(PstI)_R. In both
cases, pSC202 was used as template. Overlapping PCR was then performed using
SH_RcsFUR(kpnI)_F and SH_RcsF(PstI)_R from the two PCR products previously
obtained. The final product was digested with KpnI and PstI, and ligated with
pAM238 pre-digested with the same enzymes, yielding pSC201. To add a GS linker
(Ser-Gly-Ser-Gly-Ser-Gly-Ala-Met) into pSC201, primers SH_GS linker_F and
SH_GS linker_R were mixed, boiled, annealed at room temperature, and ligated
with pSC201 pre-digested with Ncol, generating pSC198. pSC199 was generated
similarly, but using primers SH_SG linker_F and SH_SG linker_R and plasmid
pSC198. pSC200 was generated using primers SH_Da linker_F and SH_SG
linker_R and plasmid pSC199.

7CsFy,,4 and resF,,; were obtained by inserting DNA sequences corresponding
to helical linker fragments (FkpA Ser94-Glu125 and colicin IA Ile213-Lys282)
into 7csF, 5,7 at Ncol and RsrlIl restriction sites. The fkpA gene fragment was
amplified from the E. coli MC4100 chromosome (JS50/JS51 primers) and the cia
gene fragment was chemically synthetized as a gene block by Integrated DNA
Technologies (IDT). The resulting plasmids were pJS18 and pJS27, respectively.
pAM238 does not contain the lacIg repressor. Therefore, to enable expression-level
regulation by IPTG, strains containing the pAM238 plasmids expressing RcsF
variants were co-transformed with pET22b, a high-copy plasmid from a different
incompatibility group (pBR223 origin of replication; Novagen) containing the
laclq repressor. Chromosomal insertion of #csF, o, OF 765 Fopp, at the rcsF locus
was performed via A-Red recombineering® with pSIM5-Tet plasmid (a gift
of D. Hughes). In the first step, the cat-sacB cassette was introduced and later
replaced by mutant rcsF. The same technique was used to add a human influenza
hemagglutinin (HA) tag to the chromosomal fkpA gene.

The pal allele lacking the linker region (pal, ,;_s¢) was created using overlapping
PCR. The pJS20 plasmid served as template for PCR with the M13R/M13F external
primers and J$152/J8153 internal primers. The truncated allele was cloned into
pAM238 at the same restriction sites as the full-length allele, producing pJS24. The
nipD allele lacking the linker regions (nlpD,,, ,,) was created by overlapping PCR.
Escherichia coli chromosomal nipD served as template for the PCR, with JR1/JR2
as external primers and JR7/JR8 as internal primers. The truncated allele was then
cloned into pAM238 at the same restriction sites as the full-length allele, producing
pJR10.

To clone bamC,, with a C-terminal Flag-tag, the chromosomal amC gene was
amplified by PCR using primers JR92 and JR93 and then inserted into pSC213, a
modified IPTG-regulated pAM238 with a ribosome binding site and a C-terminal
Flag-tag, previously digested with the restriction enzymes Ncol and Xbal, using
NEB Gibson Master Mix. To clone bamC, 5 _¢ with a C-terminal Flag-tag using
pSC213, bamC,_,; and bamCyy_;,, were amplified by PCR using the chromosomal
bamC gene and primers JR92/JR94 and JR95/JR96, respectively. pSC213 was
digested using restriction enzymes Ncol and Xbal. bamC,,; o was then created by
mixing PCR products (bamC,_, and bamC,,_,,,) with digested pSC213 and NEB
Gibson Master Nix. BamC,,; and BamC,,; 5, were induced using 20 M and 40 pM
of IPTG, respectively (Extended Data Fig. 10).

The chromosomal lo!CDE operon was amplified via PCR using primers J$277
and J$278 (adding a C-terminal His-tag to LolE) and then inserted into pBAD33
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using the restriction sites PstI and Xbal, resulting in pJR203. The expression level
of LolE-His was verified by immunoblotting.

The sequence encoding lolB without its N-terminal cysteine was first amplified
from the chromosome via PCR using primers JR50/PL387 (adding a C-terminal
Strep-tag). It was then cloned into pET28a using the restriction sites Xbal and Pstl,
generating plasmid pJR90. lo/A was amplified using chromosomal lo/A as PCR
template for primers JR30/JR31 (JR31 contains the sequence of a His-tag) and then
cloned into pBAD18 using Kpnl and Xbal, resulting in pJR48.

The genes encoding Lgt and Lnt were amplified from the chromosome with
PCR primers AG389/AG403 and AG393/JR74, respectively. AG403 and JR74
also encode a Myc-tag, PCR products were cloned into pAM238 using KpnI and
Pstl. Expression levels of the proteins constitutively expressed from the plasmid
were verified viaimmunoblotting (Extended Data Fig. 8). IspA was amplified with
PCR primers JR77/JR78. The PCR product was cloned into p§C213, a modified
IPTG-regulated pAM238 with a ribosome binding site and a C-terminal Flag-tag,
using Ncol and Xbal. Expression of LspA- Flag was induced by adding 25 pM IPTG.

Cell fractionation and sucrose density gradients. Cell fractionation was
performed as described previously” with some modifications. Cells (400 ml)

were grown at 37°C in LB medium until the optical density at 600 nm (OD,,,) of
the culture reached 0.7. Cells were collected by centrifugation at 6,000¢ at 4°C

for 15 min, washed with TE buffer (50 mM Tris-HCl pH 8, 1 mM EDTA) and
resuspended in 20m1 of the same buffer. The washing step was skipped with

the Alpp strains to prevent the loss of outer-membrane vesicles. DNase I (1 mg,
Roche), RNase A (1mg, Thermo Scientific) and a half tablet of a protease inhibitor
cocktail (cOmplete EDTA-free Protease Inhibitor Cocktail tablets; Roche) were
added to cell suspensions, and the cells were passed through a French pressure

cell at 1,500 p.s.i. After adding MgCl, to afinal concentration of 2 mM, the lysate
was centrifuged at 5,000¢ at 4°C for 15min to remove cell debris. Then, 16 ml of
supernatant was placed on top of a two-step sucrose gradient (2.3 ml of 2.02M
sucrose in 10mM HEPES pH 7.5 and 6.6 ml of 0.77M sucrose in 10 mM HEPES
pH?7.5). The samples were centrifuged at 180,000¢ for 3hat4°Cina55.2 Ti
Beckman rotor. After centrifugation, the soluble fraction and the membrane
fraction were collected. The membrane fraction was diluted four times with 10 mM
HEPES pH 7.5. To separate the inner and outer membranes, 7 ml of the diluted
membrane fraction was loaded on top of a second sucrose gradient (10.5ml of
2.02 M sucrose, 12.5ml of 1.44 M sucrose, 7 ml of 0.77 M sucrose, always in 10 mM
HEPES pH?7.5). The samples were then centrifuged at 112,000¢ for 16 h at 10°C

in a SW 28 Beckman rotor. Approximately 30 fractions of 1.5 ml were collected
and odd-numbered fractions were subjected to SDS-PAGE, transferred onto a
nitrocellulose membrane and probed with specific antibodies. Graphs were created
in GraphPad Prism 9 via spline analysis of the curves representing a mean of three
independent experiments. Aligned dot plots representing the outer and inner
membrane percentages were created in GraphPad Prism 9 by measuring the area
under the curve for each experiment.

Immunoblotting. Protein samples were separated via 10% or 4-12% SDS-PAGE
(Life Technologies) and transferred onto nitrocellulose membranes (GE Healthcare
Life Sciences). The membranes were blocked with 5% skimmed milk in 50 mM
Tris-HCI pH7.6, 0.15M NaCl and 0.1% Tween 20 (TBS-T). TBS-T was used in all
subsequent immunoblotting steps. The primary antibodies were diluted 5,000 to
20,000 times in 1% skimmed milk in TBS-T and incubated with the membrane

for 1h at room temperature. The anti-RcsE anti-DsbD, anti-Lpp and anti-NlpD
antisera were generated by our laboratory. These antibodies were used at 1/20,000,
1/9,000, 1/7,000 and 1/10,000, respectively. Anti-Pal, used at 1/20,000, was a

gift from R. Lloubés and anti-His, used at 1/10,000, is a peroxidase-conjugated
antibody (Qiagen). Anti-HA (Biolegend MMS-101R), used at 1/1,000, and
anti-Flag (Sigma), used at 1/10,000, are mouse antisera, whereas anti-Myc (Santa
Cruz Biotechnology), used at 1/7,000, is a rabbit antiserum. The membranes

were incubated for 1h at room temperature with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin-G or anti-mouse (Sigma) at a
1:10,000 dilution. Labeled proteins were detected via enhanced chemiluminescence
(Pierce enhanced chemiluminescence (ECL) western blotting substrate, Thermo
Scientific) and visualized using X-ray film (Fuji) or a camera (Image Quant LAS
4000 and Vilber Fusion solo §). To quantify proteins levels, band intensities were
measured using Image] version 1.46r (National Institutes of Health).

Testing the surface exposure of NIpD using dot blots. The dot-blot method was
adapted from ref. #7. Cells were grown in LB medium to an OD,, of 0.5. Cells were
directly fixed for 15min at room temperature with 0.04% glutaraldehyde and 2%
formaldehyde. 2 1 ml of cells were centrifuged for 1 min at 16,000g. Fixed cells
were resuspended in PBS. For permeabilization, cells were incubated for 30 min

at 4°C ina buffer containing lysozyme (1 mgml™) and EDTA (10 mM). After
centrifugation, they were resuspended in PBS. Cells (2 ml) were then spotted on
nitrocellulose membranes and the spots were left to dry completely. The membranes
were blocked for 30 min with 5% (wt/vol) skimmed milk in TBS. Membranes were
washed for 5min in TBS-Tween 20 0.05% (TBS-T 0.05%) and then incubated for
1h at room temperature with primary antibody solutions. The anti-NIpD antibody
was diluted 3,000 times with 1% skimmed milk in TBS. Anti-HA mouse antibody
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(Biolegend MMS-101R) was diluted 1,000 times in BSA 2% in TBS. Membranes
were washed three times for 5min in TBS-T 0.05% and incubated for 1h at room
temperature with secondary antibody solutions: anti-rabbit-HRP (Cytiva NA934) or
anti-mouse-HRP (Sigma A4416) diluted 2,000 times with skimmed milk 5% in TBS.
Membranes were washed three times for 5min in TBS-T 0.05%. Labeled proteins
were detected with standard ECL or Immobilon HRP substrate (Millipore) and
visualized with a charge-coupled device camera.

B-galactosidase assay. p-galactosidase activity was measured as described
previously”. Briefly, cells harboring PrprA-lacZ at the attB phage lambda

site on the chromosome were diluted 1:100 from overnight cultures in LB
medium, then incubated at 37°C and collected at OD,,,=0.6. Cells (20 pl)

were collected and incubated with 80 il of permeabilization solution (60 mM
Na,HPO,2H,0, 40 mM NaH,PO,-H,0, 10mM KCl, 1 mM MgSO, 7H,0, 50mM
f-mercaptoethanol) for 45min at room temperature. Then, 600 il of substrate

(1 mgml™ o-nitrophenyl-f-p-galactoside, 50 mM (-mercaptoethanol) were added.
The mixture was further incubated at 30 °C for 20-90 min. The reaction was then
stopped by adding 700 pl of 1 M Na,CO, and absorbance was measured at 420 nm.
The standardized amount of galactosidase activity was reported in Miller units.
The ratio of PrprA-lacZ induction was calculated relative to the basal level in a
wild-type strain. Expression-level estimations were performed as follows. Cultures
used for f-galactosidase activity (0.5 ml per culture) were precipitated with 10%
trichloroacetic acid, washed with ice-cold acetone and resuspended in 0.2 ml of
Laemmli SDS sample buffer. Samples (5 l) were subjected to SDS-PAGE and
immunoblotted with anti-RcsF antibody. Box-and-whisker plots were prepared
using GraphPad Prism 9.

SDS-EDTA sensitivity assay. Cells were grown in LB medium at 37 °C until they
reached an ODyg, 0f 0.7. Tenfold serial dilutions were made in LB medium and
plated on LB agar supplemented with spectinomycin (100 pg ml™') when necessary.
Plates were incubated at 37 °C. To evaluate the sensitivity of the pal mutant, plates
were supplemented with 0.01% SDS and 0.5mM EDTA.

Microscopy image acquisition. Cells were grown in LB medium at 37 °C until an
OD,y, of 0.5. Cells growing in exponential phase were spotted onto a1% agarose
PBS pad for imaging, Images were taken at 21 °C. Cells were imaged on a Nikon
Eclipse Ti2-E inverted fluorescence microscope with a CFI Plan Apochromat DM
Lambda X100 oil, 1.45-numerical-aperture, 0.13-mm-working-distance objective.
Images were collected on a Prime 95B 25-mm camera (Photometrics). We used a
Cy5-4050C (32mm) filter cube (Nikon). Image acquisition was performed with
NIS-Element Advance Research version 4.5. Whole-field pictures had 2,048 X 2,048
pixels, where 1 pixel accounts for 0.11 % 0.11 pm. The exposure time for phase
contrast images was 70 ms with 75% light intensity, using a SOLA II shutter. The
display range was 5,402-11,791.

Protein purification. JR90 cells were grown in LB medium supplemented

with kanamycin (50 pg ml™') at 37 °C. When the culture OD,,, reached 0.5, the
expression of cytoplasmic LolB-Strep was induced with 1 mM IPTG. Cells (11)
were pelleted when they reached an ODy, of 3 and resuspended in 25 ml of buffer
A (200 mM NaCl and 50 mM NaPi, pH 8) containing one tablet of cOmplete
EDTA-free Protease Inhibitor Cocktail (Roche). Cells were lysed via two passages
through a French pressure cell at 1,500 p.s.i. The lysate was centrifuged at 30,000¢
for 40 min at 4°C in a JA 20 rotor and the supernatant was mixed with Strep-Tactin
resin (IBA Lifesciences) previously equilibrated with buffer A. After washing the
resin with 10 column volumes of buffer A, LolB-Strep was eluted with five column
volumes of buffer A supplemented with 5mM desthiobiotin. LolB-Strep was finally
desalted using a PD10 column (GE Healthcare).

Soluble LolA-ResE,,; and LolA-ResE,,, , complexes were purified by affinity
chromatography as follows. Cells co-expressing LolA either with wild-type RcsF
(JR47) or RcsF, o 4, (TR44) were grown in LB medium at 37 °C supplemented
with 200 pg mI™* ampicillin until reaching an ODg,, of 0.5. Protein expression
was then induced with 0.2% arabinose. Cells (11) were pelleted at an OD,,, of 3
and resuspended in 25 ml of buffer A containing one tablet of protease inhibitor
cocktail. Cells were lysed by two passages through a French pressure cell at
1,500 p.s.i. The lysate was centrifuged at 45,000¢ for 30 min at 4°C using a 55.2 Ti
Beckman rotor. To obtain the soluble fraction, the supernatant was centrifuged at
180,000¢ for 1h at 4°C using the same rotor. The supernatant was added to a His
Trap HP column (Merck) previously equilibrated with buffer A. The column was
washed with 10 column volumes of buffer A supplemented with 20 mM imidazole
and LolA-His was eluted using a gradient of imidazole (from 20 mM to 300 mM).
The fractions obtained were analyzed using SDS-PAGE, and LolA was detected
around 25 kDa. ResF variants and LolA-His were detected by immunoblotting with
anti-ResF and anti-His antibodies, respectively. Fractions containing LolA-RcsF
variants were pooled, concentrated to 1 ml using a Vivaspin 4 Turbo concentrator
(cutoff of 5 kDa, Sartorius) and purified using size-exclusion chromatography with
a Superdex $75-10/300 column (GE Healthcare).

Pulldown and transfer of RcsF variants from LolA to LolB. LolB-Strep
was incubated at 30 °C for 20 min under agitation with LolA-RcsF,.; or with

LolA-RcsF, o 47 (LolA-ResFyr and LolA-RcsF, y,_, complexes were purified as
described above). The mixture was added to magnetic Strep beads (MagStrep type
3 beads, IBA Life Science) previously equilibrated with buffer A and incubated for
30min at 4°C on a roller. After washing the beads with the same buffer, LolB-Strep
was eluted with buffer A supplemented with 50 mM biotin. Samples were analyzed
via SDS-PAGE and LolA and LolB were detected with Coomassie Brilliant Blue
(Bio-Rad). RcsF was detected by immunoblotting with an anti-ResF antibody.

Depletion of the maturation enzymes Lgt and Lat. Lgt null strains (JR301 and
JR302) expressing Lgt from an arabinose-inducible promoter on the pCHAP9231
plasmid* were prepared using P1 phage transduction from the Lgt null strain
PAP9403° (gift from N. Buddelmeijer). Overnight cultures were grown at 37°C
in LB medium in the presence of 0.2% arabinose (to allow expression of Lgt)

and chloramphenicol (pCHAP9231 has chloramphenicol resistance). Cells were
then diluted in fresh LB medium and grown at 37°C until growth arrest was
observed and OD,,, remained constant. Cells were then precipitated with 10%
trichloroacetic acid, washed with ice-cold acetone and resuspended in tricine SDS
sample buffer. Samples were subjected to SDS-PAGE using tricine 16% gel at 125V,
and immunoblotted with anti-Lpp and anti-RcsF antibodies.

The Lt null strain PAP8504°° was a kind gift from N. Buddelmeijer. In the
PAP8504 strain, an arabinose-inducible promoter controls the expression of the
chromosomal Int gene. Overnight precultures were grown at 37 °C in LB medium
in the presence of 0.2% arabinose to allow the expression of Lnt. Precultures were
then washed three times with fresh LB medium and diluted 1:100 in LB medium
supplemented with 0.2% fucose. When growth arrest was observed and ODy,,
remained constant, cells were precipitated as described previously. Samples were
resuspended in Tris-glycine SDS sample buffer and subjected to SDS-PAGE using
Tris-glycine 16% gel at 125V, and immunoblotted with anti-Lpp and anti-RcsF
antibodies. To monitor the impact of Lnt depletion on ResFo 7 plasmid pSC201
was introduced in PAP8504, yielding strain JR320.

Structural analysis of lipoproteins. When X-ray, cryo-EM or NMR structures
were available, the missing residues were completed through comparative modeling
using MODELLER version 9.22%. If no structure of the lipoprotein was available,
then the most pertinent analogous structure from proteins belonging to the same
PFAM group was used as template for comparative modeling, The linker was
defined as the unstructured fragment from the N-terminal Cys of the mature form
until the first residue with well-defined secondary structure («-helix or f-strand)
belonging to a globular domain. Short, intermediate and long linkers had lengths
of <12, 12-22 and >>22 residues, respectively. Images were generated using UCSF
Chimera version 1.13.1%°,

Statistical methods. The significance of differences among bacterial strains was
assessed using GraphPad Prism 9 according to analysis of variance (ANOVA),
followed by the application of Tukey’s multiple comparison test.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability
Source data are provided with this paper. All other data generated or analyzed
during this study are included in this paper and its Supplementary Information file.
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Lipoproteins targeting the outer membrane
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Extended Data Fig. 1| Structural analysis of lipoproteins reveals that half of outer membrane lipoproteins display an intrinsically disordered linker at
the N-terminus. Structures were generated via comparative modeling. X-ray and cryo-EM structures are green, NMR structures are cyan, and structures
built via comparative modeling from the closest analog in the same PFAM group are orange. In all cases, the N-terminal linker is magenta. Lipoproteins
targeting the outer membrane: OsmE, NIpC, MItB, NIpE, Yajl, YcfL, Nlpl, HslJ, YbaY, RIpA, AmiD, BamB, MItC, Ycal, MItA, Blc, YghG, EmtA, BamD, LolB,
MilaA, LoiP, YraP, MIiC, LpoB, CsgG, YddW, YbhC, YedD, YgeR, YfiB, YbjP, YiaD, GfcE, PqiC, YfeY, LptE, LpoA, BamE. Lipoproteins targeting the IM: DcrB,
MetQ, NIpA, ApbE,Yc)N, YehR. Synthetic constructs: ResFas, ResFasy, ResFass ResFyio-i7, ResFria, ResFo,Pal g se, BamC 52605, NIPD yp0 4.
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Extended Data Fig. 2 | The N-terminal linker of lipoproteins is important for outer membrane targeting. The outer membrane (OM) and inner membrane
(IM) were separated via centrifugation in a three-step sucrose density gradient (Methods). While (a) NIpD,,;, and (b) Pal,,; were found predominantly

in the OM, NIpD 504 and Pal,,._c. were substantially retained in the IM. Data are presented as the ratio of signal intensity in a single fraction to the total
intensity in all fractions. All variants were expressed from plasmids (Supplementary Table 4). DsbD and Lpp were used as controls for the OM and IM,
respectively. Images in a, and b are representative of biological triplicates. Graphs in a and b were created by spline analysis of curves representing a mean

of three independent experiments.
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Extended Data Fig. 3 | RcsFy, is retained in the inner membrane. a, Expression levels of ResFy,; and ResFepp,. Cells expressing chromosomal ResF,,; or
ResFepp were grown in LB until OD,,=0.7 and precipitated with trichloroacetic acid (Methods). Immunoblots were performed using a-RcsF. b, The outer
(OM) and inner (IM) membranes of cells expressing chromosomal ResF,,; or ResFepp were separated by sucrose density gradient (Methods). While
ResF . was found predominantly in the OM, ResFCpp, was retained in the IM. Images in a and b are representative of three independent experiments.
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Extended Data Fig. 4 | Expression levels of RcsFyq_47, Palyys 6 and NIpD 0 ¢4 Cells were grown at 37 °C in LB until ODy,=0.5 and precipitated
with trichloroacetic acid (Methods). Immunoblots were performed with a-RcsF, a-NIpD, and a-Pal antibodies. All images are representative of three
independent experiments.
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Extended Data Fig. 5 | Schematic of ResF variants used in this study and their distributions in the outer membrane (OM) and inner membrane (IM).
ResFgs, ResFes,, and ResFgg, have linkers that are disordered and mostly consist of GS repeats. The linker of ResFg; is the same length as the linker of ResF,r.
ResFs; and ResFeg, are shorter than ResFy, .. Regions of ResFry,, and ResF, fold into alpha helices borrowed from the sequences of FkpA and colicin la,
respectively.
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Extended Data Fig. 6 | Complexes between LolA and ResFy; or ResF, o, can be purified. Both ResF, (@) and ResF o, (b) were eluted in complex with
LolA-His via affinity chromatography followed by size exclusion chromatography. Elution fractions were analyzed via SDS-PAGE and proteins stained with

Coomassie Brilliant Blue (Methods). Chromosomally-encoded RecsF variants were detected by immunoblotting fractions with a-RcsF antibodies. Images
are representative of three independent experiments.
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Extended Data Fig. 7 | Overexpression of LoICDE does not restore targeting of ResF ,0_,. @, Expression level of LolCDE-His. Cells were grown in LB
plus 0.2% arabinose at 37 °C until OD,,,=0.7 (Methods). Membrane and soluble fractions were separated with a sucrose density gradient (Methods).
LolE-His was detected in the inner membrane fraction by immunoblotting with a-His (Methods). Images are representative of three independent
experiments. b, The outer membrane (OM) and inner membrane (IM) were separated with a sucrose density gradient. Expression of LolCDE did not
rescue OM targeting of ResF 1047, IMmages are representative of experiments performed in biological triplicate.

NATURE CHEMICAL BIOLOGY | www.nature.com/naturechemicalbiology

214



NATURE CHEMICAL BIOLOGY ARTICLES

a
5 o) o
REY <\ <@ W W
. «\Q‘d Q\::Q ?"(\Q\‘! Q\,Q"' Q\;\\'
kDa OM IM OM IM kDa OMIM OMIM OM IM
55-
25- -  <«——Lnt-Myc
- <«——LspA-Flag (a-Myc)
(a-Flag)
15- 861 - <«—Lgt-Myc
25- (o-Myc)
b
kDa OM M kDa oM M
- - . s <« DsbD 55 » <« DsbD
15- 15-
0 BB s . <« ResF, o S . . o . ResF, .
o RS <«—Lpp - ARARAR &« <« Lpp
Empty vector pLspA-Flag
kDa OM M oM M oM M
55 T - . <« DsbD
15-
o Sovcodeone - —— - L —— <«— ResF,
AAanas - - <«— Lpp
10-
Empty vector pLgt-Myc pLnt-Myc

Extended Data Fig. 8 | Overexpressing Lgt, LspA, and Lnt does not rescue the targeting of RcsF,_4; to the outer membrane. a, Expression levels of

Lgt, LspA, and Lnt. Cells were grown in LB (plus 25 uM IPTG for cells expressing LspA) at 37 °C until ODy,=0.7 (Methods). Outer membrane (OM) and
inner membrane (IM) were separated with a sucrose density gradient (Methods). Lgt-Myc and Lnt-Myc were detected in the IM via immunoblotting with
a-Myc. LspA-Flag was detected in the IM with a-Flag. b, Cells overexpressing Lgt, LspA, or Lnt were exposed to a sucrose density gradient (Methods).
ResF 0.7 Was retained in the IM in all conditions. Images in a and b are representative of three independent experiments.
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Extended Data Fig. 9 | ResF, o4, is processed by Lgt and Lnt. a, Lgt replete (+) or deplete samples were obtained by growing cells in the presence or
absence of L-arabinose. Overnight cultures were grown at 37 °C in LB medium with 0.2 % arabinose; cells were then diluted in fresh LB medium and
grown at 37 °C in the absence of L-arabinose for the indicated times to deplete Lgt. b, Lnt replete (+) or deplete samples were obtained from cultures
supplemented with L-arabinose or fucose, respectively. Overnight cultures were grown at 37 °C in LB medium in the presence of 0.2 % arabinose; cells
were then washed with fresh LB medium, diluted in LB supplemented with 0.2 % fucose and grown at 37 °C for the indicated times to deplete Lnt. Protein
samples were subjected to SDS-PAGE tricine or Tris-glycine 16% gel and probed for Lpp and ResF by immunoblotting. PreproLpp (in the case of Lgt
depletion) and apolLpp (in the case of Lnt depletion) are noted as *. The same annotation is used for RcsF variants. The prepro and apo forms of Lpp,
ResFyr and ResFA19-47 are detected only when Lgt and Lnt are depleted. This indicates that ResF 0., and, as expected ResF and Lpp, are processed by
Lgt and Lnt. Images in a and b are representative of biological triplicates.
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Extended Data Fig. 10 | The disordered linker of BamC and NIpD, two proteins that can be detected on the cell surface, is important for targeting to

the outer membrane (OM). a, NIpD is exposed on the cell surface. Fixed cells were spotted (with or without permeabilization with lysozyme and EDTA)
onto nitrocellulose membranes and probed with anti-NIpD antibodies. NIpD is detected on non-permeabilized cells, indicating that the protein is on the
cell surface. An HA-tagged version of the periplasmic, soluble protein FkpA, expressed from the chromosome, was used as a permeabilization control
HA-tagged FkpA can only be detected with anti-HA antibodies following permeabilization. b,c, The disordered linker of BamC is important for its targeting
to the outer membrane (OM). b, Expression levels of BamC,,-Flag and BamC ,,;_o5-Flag. The BamC variants were expressed from a plasmid with a
C-terminal Flag-tag. Cells were grown in LB plus IPTG; when OD,, reached 0.6, cells were precipitated with trichloroacetic acid (Methods). Samples were
subjected to SDS-PAGE and probed with a-Flag-tag antibodies. ¢. Cells expressing BamC,,;-Flag and BamC ,,;_o;-Flag were grown in LB plus IPTG until
OD¢yo reached 0.7. Cells were then subjected to fractionation; the outer (OM) and inner (IM) membranes were separated by sucrose density gradient
(Methods). Deletion of the linker of BamC alters the targeting of this lipoprotein to the OM: more BamC,,, o, is detected in the IM fractions than BamCy,;.
Images in a, b,c are representative of biological triplicate.
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Bacterial lipoproteins are globular proteins anchored to a
membrane by a lipid moiety. By discovering new functions
carried out by lipoproteins, recent research has highlighted the
crucial roles played by these proteins in the cell envelope of
Gram-negative bacteria. Here, after discussing the wide range
of activities carried out by lipoproteins in the model bacterium
Escherichia coli, we review new insights into the essential
mechanisms involved in lipoprotein maturation, sorting and
targeting to their final destination. A special attention will also
be given to the recent identification of lipoproteins on the
surface of E. coli and of other bacteria. The renewed interest in
lipoproteins is driven by the need to identify novel targets for
antibiotic development.
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Introduction

T'he cell envelope is the morphological hallmark of Gram-
negative bacteria. It is composed of two concentric mem-
branes: the inner membrane, which is in contact with the
cytoplasm, and the outer membrane, which constitutes
the interface with the environment [1]. The inner and
outer membranes are separated by the periplasm, a com-
partment that represents 10-20% of the total cell volume
and contains a thin layer of peptidoglycan [1]. The

P

® CrossMark

envelope is required for growth and survival, maintaining
cell shape and providing osmotic protection to cells.

In the model bacterium Escherichia coli, about one-third of
all proteins are targeted to the cell envelope [2]. Soluble
proteins are present in the periplasm where they partici-
pate in a variety of processes including peptidoglycan
assembly, disulfide bond formation and nutrient import.
Integral membrane proteins are present in both the inner
and outer membranes; in the outer membrane, they
typically adopt a B-barrel conformation [3]. Another
important group of envelope proteins is the lipoproteins,
which are globular proteins anchored to a membrane by a
lipid moiety [4]. Lipoproteins will be the focus of this
article.

Lipoproteins exert diverse functions in the cell
envelope

A bacterium like £. co/i can produce and contains ~80
different lipoproteins in its cell envelope [5-7]. These
proteins fulfill a variety of important functions (Figure 1).
Whereas some, like the outer membrane stress sensors
NIpE and RcsF, monitor envelope integrity [8], others
play a role in virulence or in envelope biogenesis. For
instance, the essential lipoproteins BamD and LptE are
required for the assembly of the outer membrane [9,10]:
BamD is one of the accessory lipoproteins of the B-barrel
assembly machinery (BAM) [3,11] (see the review by
T'omasek and Kahne in this issue), while LptE is involved
in the trans-envelope complex that transports lipopoly-
saccharide molecules across the periplasm and inserts
them into the outer membrane [12] (see the review by
Wilson and Ruiz in this issue). DolP (YraP) is another
example of a lipoprotein that is important for the integrity
of the outer membrane [13] (Ranava ¢ a/., bioRxiv doi:
10.1101/2020.09.23.308296), but its exact function
remains to be established. The structure of DolP was
recently reported, revealing that the protein is composed
of two BON (Bacterial OsmY and Nodulation) domains
[13]. Interestingly, the C-terminal BON domain binds
anionic phospholipids, an interaction which is important
for the function of DolP and its localization to the site of
cell division [13].

7 Given his role as Guest Editor, Jean-Francois Collet had no involvement in the peer-review of this article and has no access to information
regarding its peer-review. Full responsibility for the editorial process for this article was delegated to Angelika Griindling.
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Figure 1
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Lipoproteins are involved in a wide range of vital processes in Gram-negative bacteria.

Lipoproteins also play important roles in peptidoglycan
synthesis and remodeling. Examples include LpoA and
LpoB, two outer membrane lipoproteins that regulate the
transpeptidase activity of the peptidoglycan synthases
PBP1A and PBP1B, respectively [14,15] (see the review
by Pazos and Vollmer in this issue), and NlpD, which
controls the activity of AmiC, one of the amidases that
contribute to septum cleavage during cell division [16,17].
"The list of lipoproteins involved in peptidoglycan remo-
deling keeps growing: the outer membrane lipoprotein
YddW (renamed DigH) was recently identified as a divi-
some-localized glycosyl hydrolase able to cleave denuded
peptide-free glycan strands [18], while N1pl was reported
to scaffold peptidoglycan hydrolases and to contribute to
complexes active in peptidoglycan synthesis during cell
elongation and division [19].

Lipoproteins also are important for controlling the archi-
tecture of the cell envelope, for instance by connecting
the outer membrane to the peptidoglycan. To that
respect, we will now briefly discuss recent studies that
brought new insights into two of the most studied E. co/i
lipoproteins, Lpp and Pal.

Lpp, the numerically most abundant protein in E. co/z
with 1 million copies per cell [20], functions as an «-heli-
cal tether covalently anchoring the outer membrane to
the peptidoglycan: in its absence, the outer membrane
pulls away from the cell body and forms blebs [21-23].
Lpp was also shown to dictate the size of the periplasm:
increasing the length of Lpp augments the distance
between the inner and outer membranes [22,23], which
has functional consequences. First, it impacts the size of
structures such as the flagellum rod spanning the inter-
membrane space [22]. Second, it renders cells unable to
detect envelope alterations and to trigger the Rcs stress
system as a response [23]. Given the crucial role played by
Lpp in E. coli, it was intriguing that this protein is only
present in a small number of y-proteobacteria. Recent
work addressed this problem by discovering that in sev-
eral Gram-negative species, the outer membrane is cova-
lently attached to the peptidoglycan by B-barrel proteins

and, in Coxiella burnenii, by the lipoprotein LimB
[24°°,25%°].

New insights have also been reported on Pal, the outer
membrane component of the highly conserved Tol-Pal
system [26]. The core of Tol-Pal consists of five proteins,
3 in the inner membrane (TolA, TolQ and TolR), one in
the periplasm (TolB) and Pal. Like Lpp, Pal links the
outer membrane to the peptidoglycan by binding to free
diaminopimelic acid residue in the peptidoglycan stem
peptides [27]; this interaction is however non-covalent.
Tol-Pal is important in cell division, for maintaining OM
integrity and for the uptake of colicins and of filamentous
phage DNA [26]. In cell division, Tol-Pal stabilizes the
outer membrane-peptidoglycan connection during con-
striction. Interestingly, the de Boer laboratory reported
that Tol-Pal proteins, which are dispersed along the cell
envelope in non-dividing cells, are dynamically recruited
to the divisome near the time of constriction initiation
[28]. The relocation of Pal at the division site, which was
recently confirmed using functional, chromosomally-
encoded proteins fused to fluorescent markers [29,30°],
was puzzling given that the interaction of Pal with the cell
wall limits its ability to laterally diffuse. De Boer and
colleagues speculated that TolB, which binds Pal in a
mutually exclusive manner with peptidoglycan, was
involved in Pal’s relocation by forming mobile TolB-
Pal complexes [28]. Recent work experimentally con-
firmed this hypothesis and proposed an elegant mecha-
nism [30°] for the mobilization of Pal by TolB and its
deposition at the site of constriction in a process fueled by
the proton motor force [29,30°].

The journey of lipoproteins in the envelope
The maturation of lipoproteins

Lipoproteins are synthetized in the cytoplasm as precur-
sors. They display an N-terminal signal peptide that is
~25 amino acids long and generally presents a short,
positively charged region followed by a longer stretch
of hydrophobic residues [31,32]. The last four residues of
the signal peptide form a conserved ([LVIJ[ASTVI]
[GAS]IC) motif referred to as the lipobox [32]. The

Current Opinion in Microbiology 2021, 61:25-34
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lipobox functions as a molecular determinant of lipid
modification which is unique to bacteria; it can be used
to predict genes encoding lipoproteins in bacterial gen-
omes [32]. Only the cysteine at the last position of the
lipobox is strictly conserved: this cysteine will later
become the first residue of the mature protein.

The vast majority of lipoproteins cross the inner mem-
brane in an unfolded state using the general secretory
system (Sec) [33]. A few, however, cross the inner mem-
brane in a folded state through the twin-arginine translo-
cation (TAT) machinery [34]. After translocation, the
lipoprotein remains anchored to the inner membrane
by its N-terminal signal peptide and undergoes several
maturation steps. Three inner membrane enzymes par-
ticipate in this process [35] (Figure 2). The first enzyme is
the prolipoprotein diacylglyceryl transferase (Lgt), which
catalyzes the covalent attachment of a diacylglyceryl
moiety to the cysteine of the lipobox by a thioether
linkage. After addition of the diacylglyceryl moiety, the
signal peptide is cleaved by the signal peptidase II
(LspA), which generates an apolipoprotein, with a cyste-
ine as first residue. The third and last step of lipoprotein
maturation consists in acylating the N-terminal amino
group of the cysteine, yielding a mature lipoprotein with
three acyl chains. This reaction is catalyzed by the apoli-
poprotein N-acyltransferase (Lnt). Lgt, LspA and Lnt are
conserved and essential in the majority of Gram-negative
organisms, including pathogenic species [35-38]; they are

Figure 2

therefore attractive targets for the design of new
antimicrobials.

In the last few years, important achievements have been
made in the understanding of the catalytic mechanisms of
Lgt, LspA and Lnt. First, the crystal structure of E. coli
Lgt was solved (Figure 2) in complex with either phos-
phatidylglycerol or palmitic acid [39], allowing potential
mechanisms for the transacylation reaction between
phosphatidylglycerol and the preprolipoprotein to be
proposed [39,40]. Second, the structure of LspA from
two different bacteria, the Gram-negative Pseudomonas
aeruginosa (Figure 2) and the Gram-positive organism
Staphyloccocus aurens were reported [41,42°]. In both
organisms, LspA appears as a monomer with four trans-
membrane a-helices and a periplasmic domain with an
amphiphilic B-sheet that rests on the membrane. The
structures were solved in complex with antibiotics (glo-
bomycin for PalLspA and SazLspA, and myxovirescin for
Sal.spA), which were found to block access to a region
identified as the catalytic site. The active site contains
two aspartate residues proposed to represent a catalytic
dyad with a general acid—base role; the catalytic aspartates
are located in the transmembrane domain and point
towards the outer surface of the membrane. Finally,
recent publications reported the crystal structures of .
coli [43°,44-46] and P. aeruginosa Lint [45]. Both enzymes
are remarkably similar and consist of a transmembrane
domain with eight a-helices providing support to a

Periplasm
3
™
Q
~ S
Lnt Inner membrane
Cytoplasm
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Three inner membrane proteins catalyze lipoprotein maturation. Following translocation of the preprolipoprotein across the inner membrane,
Lgt catalyzes the addition of diacylglyceryl to the thiol group of the cysteine residue in the lipobox, generating “prolipoprotein” (1). The signal
peptide is then cleaved by the peptidase LspA (2), giving rise to “apolipoprotein”. The last step of the maturation process, the acylation of the
amino group of the now N-terminal cysteine, is catalyzed by Lnt (3). The crystal structures of the three enzymes are shown: Lgt in complex with
phosphatidylglycerol (pdb: 5AZC), LspA in complex with globomycin (pdb: SDIR) and Lnt (pdb: 5VRG). LP: Lipoprotein; C: Cysteine.
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periplasmic nitrilase-like domain (Figure 2). A catalytic
triad consisting of a cysteine, a glutamate and a lysine is
present in the periplasmic domain, residing slightly above
the membrane surface. The available biochemical and
structural data support a two-steps ping-pong mechanism
for the N-acyltransferase reaction [46-48]. First, an acyl
chain is transferred from a phospholipid substrate (pref-
erably phosphatidylethanolamine) to form a thioester
linkage with the catalytic cysteine of Lnt. In a second
step, the acyl chain is transferred from the cysteine to the
a-amino group of the N-terminal cysteine of the lipopro-
tein. Altogether, the high-resolution structures of Lgt,
LspA and Lnt set the stage to the identification of novel
antibiotics targeting lipoprotein maturation [49°,50°];
novel fluorescent-based assays that were developed to
monitor the activity of Lint and LspA iz vitro will facilitate
the search for specific inhibitors of these enzymes [51,52].

Dispatching lipoproteins to their final destination

Once matured, lipoproteins either remain in the inner
membrane or are exported to the outer membrane. In £.
coli, most lipoproteins (~90%) are targeted to the outer
membrane [53,54]. Lipoprotein extraction from the inner
membrane and transport to the outer membrane is carried

Figure 3

out by the Lol system (Figure 3). Lol consists of the inner
membrane ABC transporter LolCDE, which extracts
lipoproteins from the inner membrane at the expense
of ATP hydrolysis and transfers them to the soluble
periplasmic chaperone LolA [55]. LolA then shuttles
the lipoprotein across the periplasm for delivery to LolB,
an outer membrane lipoprotein in charge of outer mem-
brane insertion [55]. In E. co/i, the current view is that Lol
uses the residue adjacent to the lipidated cysteine to sort
inner and outer membrane lipoproteins. If the residue at
position +2 is an aspartate, the lipoprotein remains in the
inner membrane [56,57], most likely because of strong
electrostatic interactions between this residue and the
headgroups of anionic phospholipids that prevent lipo-
proteins from interacting with LolCDE [58]. Noteworthy,
the residue at position +3 also plays a role: aspartate,
glutamate and glutamine strengthen inner membrane
retention, whereas histidine and lysine weaken it
[56,57]. Different mechanisms have been described in
other bacteria. In P. aeruginosa for instance, an aspartate is
rarely found at position +2 and inner membrane retention
appears to be determined by residues at position +3 and
+4 [59,601, while in Borrelia burgdorferi, the causative
agent of Lyme disease in humans, lipoproteins are
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The Lol system transports lipoproteins to the outer membrane. Lipoproteins which are destined to the outer membrane are extracted from the
inner membrane by LolCDE, an ABC transporter, and delivered to the periplasmic chaperone LolA (1). The mouth-to-mouth interaction between
LolA and LolB delivers lipoproteins to LolB (2), which finally inserts lipoproteins in the outer membrane by a poorly known mechanism (3). The
crystal structure of LolA bound to the periplasmic domain of LolC (pdb: 6F3Z) is shown. LP: Lipoprotein.
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secreted to the outer membrane by default [61]. Interest-
ingly, it was recently shown that lipoproteins are correctly
sorted in P. aeruginosa cells expressing the E. co/i LolCDE
complex, despite differences in the retention signal
between these two species [62°]. T'o explain this surpris-
ing result, a more general mechanism was proposed in
which inner membrane retention results from the ability
of the N-terminal domain of inner membrane lipoproteins
to adopt a conformation favoring strong interactions with
the phospholipid bilayer [62°]. Finally, in a recent study,
we found that approximately half of lipoproteins destined
to the E. coli outer membrane display an intrinsically
disordered linker at their N-terminus and that these
linkers are required for optimal trafficking by the Lol
system and normal targeting to the outer membrane
(IMN El Rayes & Szewczyk et al, bioRxiv doi:
10.1101/2021.01.05.425367).  Clearly, further work
remains to be done to fully comprehend how Gram-
negative bacteria control the triage of lipoproteins
between their two membranes.

When lipoproteins do not have an inner membrane reten-
tion signal, they are extracted from the membrane by
LolCDE. LolCDE comprises a heterodimer of the inte-
gral membrane proteins LolC and LolE and a homodimer
of the peripheral membrane protein LolD [63,64]. LolD,
present on the cytoplasmic side of the inner membrane,
has a nucleotide binding domain that is responsible for
ATP hydrolysis, thus providing the energy necessary for
lipoprotein extraction. The mechanism by which
LolCDE couples ATP hydrolysis, lipoprotein extraction
and delivery to LolA remains unclear. Current data sup-
porta model in which lipoprotein substrates bind to LolE,
before being passed on to LolA, while LolC would actasa
scaffold for LolA [65,66°°]. On the basis of molecular
dynamics simulations, LolC was also recently proposed to
facilitate lipoprotein transfer to LolA by destabilizing the
inner membrane [67°].

The structure of a complex between LolA and the peri-
plasmic domain of LolC has been solved [66°°], but the
structure of the full LolCDE complex remains unknown.
However, a model has been built on the basis of the
structure of MacB, an antibiotic transporter that is homol-
ogous to LolCDE [66°°]. This model shows LolCDE in
two conformations, corresponding to the nucleotide-free
state and the ATP-bound state [66°°]. In both conforma-
tions, LolA is located on top of LolCDE, ~60 A away
from the inner membrane, thus suggesting that lipopro-
teins, with their hydrophobic lipid moiety, travel a rela-
tively long distance before reaching LolA. The molecular
details of this “migration” as well as the potential role of
LolCi in membrane deformation suggested by molecular
dynamics simulations [67°] remain to be determined. It is
interesting to note that some Gram-negative bacteria
express a homodimer of LolF proteins instead of a het-
erodimer of LolC and LolE. Bacteria that express LolF,

such as Francisella tularensis, Neisseria meningitidis, Acine-
tobacter species and Helicobacter pylori can tolerate Lnt
deletion [68-71].

ATP hydrolysis by LolD causes lipoproteins to be
released and delivered to the periplasmic chaperone LolA
[65]. LolA folds into an incomplete B-barrel forming a
hydrophobic cavity that binds the lipid moiety of sub-
strate lipoproteins, thereby protecting the acyl chains
from the hydrophilic periplasm. The hydrophobic cavity
of LolA was considered large enough to only accommo-
date one of the acyl chains of the lipoprotein substrates
[72], but recent molecular dynamics simulations ques-
tioned this idea, suggesting that it could in fact fit up to
three [73]. After crossing the periplasm, LolA delivers its
lipoprotein substrates to LolB by a mouth to mouth
interaction [74]. LolB, which is a structural homolog of
LolA, then anchors the lipoprotein into the inner leaflet of
the outer membrane via an unknown mechanism [75].
LolA is well conserved in Gram-negative bacteria, but
LolB is only present in y- and pB-proteobacteria [35,76],
which indicates that other mechanisms mediating lipo-
protein insertion into the outer membrane remain to be
identified. In line with this idea, it was recently reported
that LolA and LolB, but not LolCDE, could be deleted
under certain specific conditions {including /#p deletion)
in E. cofi, which suggests that at least one alternative
trafficking route to the outer membrane exists in this
bacterium [77].

Monitoring lipoprotein trafficking

Given the crucial function played by many outer mem-
brane lipoproteins, bacteria have evolved molecular sys-
tems to monitor their trafficking across the cell envelope.
In E. co/i, failure to target outer membrane lipoproteins to
their final destination triggers two envelope stress
responses, Recs and Cpx [77-81]. While Rcs copes with
outer membrane and peptidoglycan defects [82°], Cpx
responds to a broad range of perturbations, including
protein misfolding and inner membrane stress [83]. Both
Res and Cpx can be triggered by an outer membrane
lipoprotein, RcsF and NIpE, respectively [8]. When
perturbations occur in lipoprotein trafficking, RcsF and
NIpE accumulate in the inner membrane, where they can
reach their downstream partner (IgaA for ResF [80,81]
and CpxA for NIpE [78,79]), thereby activating their
respective signaling cascade. Although Rcs activation
leads to higher /0/A expression [84], which should help
fix the damage, it does not provide a fitness advantage
when trafficking is perturbed, in contrast to Cpx activa-
tion which is beneficial to mutants with defective lipo-
protein biogenesis [77-79].

Surface exposed lipoproteins and lipoprotein-
OMP complexes

Some lipoproteins, after reaching the outer membrane,
cross the asymmetric lipid bilayer and reach the cell
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Figure 4
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The structure of a complex between the lipoprotein ResF and BamA suggests a push-and-pull mechanism for the export of lipoproteins
to the cell surface. Ribbon diagram of the BamA-RcsF complex in side (a) and periplasmic (b) view. BamA, cyan; ResF, purple. ResF is located

deep inside the lumen of the BamA B-barrel.

surface, using poorly characterized mechanisms [37,85].
Surface-exposed lipoproteins, which are attractive candi-
dates for vaccine development [86] and often are required
for virulence [87], are common in certain bacterial species
such as B. burgdorferi, where as many as two-thirds of all
lipoproteins are surface-exposed [88]. Other bacteria
commonly displaying lipoproteins on their surface
include species from the Bacteroides and Neisseria genus
[89-91]. In Neisseria, surface exposure involves a Surface
Lipoprotein Assembly Modulator (SLAM) [92], an outer
membrane protein with an N-terminal domain and a 14-
stranded 3-barrel which is required for virulence [91]. In
contrast, only a handful lipoproteins, including Lpp and
Pal, have been identified on the E. co/i cell surface [80,93—
99]. Caution is required when considering lipoprotein
surface exposure: unambiguously determining whether
a lipoprotein crosses the outer membrane or not is tech-
nically challenging due to the high yields of false positive.
The only E. coli lipoprotein that has been shown to reach
the cell surface by different groups and complementary
techniques is the stress sensor ResF [80,96,100]. There-
tfore, ResF has become a paradigm to investigate the
mechanisms of lipoprotein surface exposure in Entero-
bacteriacea. According to the current model, ResF is
exported to the cell surface by the B-barrel assembly
machinery (BAM) via the assembly of complexes with
B-barrel proteins. The crystal structure of a complex
between RcsF and BamA, the core BAM component,
has recently been solved [101°°]. In this complex, which is

considered to be an intermediate in the formation of the
ResF-B-barrel complexes, ResF binds inside the lumen of
the BamA B-barrel (Figure 4), interacting with regions
proposed to undergo a lateral opening during -barrel
insertion. This structure suggests a push-and-pull mech-
anism for the transfer of ResF to its B-barrel partners
[101°°] and provides a molecular explanation to the
observation that ResF accumulation on BamA lethally
blocks B-barrel assembly [102°,103°]. Interestingly, ResF
uses its interaction with BamA to detect stress in the cell
envelope: when damage occurs in the peptidoglycan or
the outer membrane, newly synthesized ResF molecules
fail to interact with BamA, they are not exported to the
surface and remain exposed to the periplasm, which
allows them to trigger the Rcs signaling cascade by reach-
ing IgaA [80,81].

The abundant B-barrels OmpA, OmpC and OmpF were
identified as potential vehicles for ResF surface-exposure
[80,96]. However, by dissecting the OmpA-RcsF interac-
tion iz vivo and in vitro, we found that ResF interacts with
the C-terminal, periplasmic domain of OmpA, not with the
N-terminal 3-barrel. We therefore concluded that OmpA
does not mediate the surface exposure of ResF and pre-
dicted that only OmpC and OmpF (which form large
B-barrels) serve as vehicles for surface exposure [104].

Conclusions
The diverse roles played by lipoproteins in the cell
envelope have been drawing a lot of attention lately,
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revealing how crucial these proteins are in a wide range of
vital processes. However, this is only the tip of the
iceberg: even in the well-studied model organism E. co/i,
the function of most lipoproteins remains to be discov-
ered. Future research will also establish whether lipopro-
teins commonly decorate the bacterial surface, which
could change our view of the cell envelope, and deter-
mine whether surface-exposed lipoproteins use BAM as a
general machinery to cross the outer membrane or if other
machineries, like SLAM [105], are involved. Finally,
future research will also identify potential alternative
trafficking routes across the periplasm and address how
lipoproteins are inserted in the outer membrane of bac-
teria missing LolB. Addressing these questions will open
the way to novel antibiotics by providing both new
molecular targets and crucial mechanistic information.
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In Gram-negative bacteria, many proteins are anchored to the inner or the outer
membrane via a lipid moiety. This group of proteins is called lipoproteins. They are
important for the viability of the cell as they fulfil a variety of different functions .
Some are stress sensors, others participate in the biogenesis and the integrity of the

cell envelope, while some contribute to the bacterial virulence.

With the help of our collaborator Dr. Bogdan I. Iorga, we were able to show that half
of the outer membrane lipoproteins of E. coli display a long N-terminal intrinsically
disordered region composed of more than 22 residues. Intrigued by the presence of
these unstructured linkers, we decided to study their role in the targeting of the

lipoproteins of E. coli.

The current paradigm is that the sorting of lipoproteins between the inner and outer
membranes depends on the identity of two amino acids (the “Lol sorting signal”)
located at the N-terminus of the protein, next to the lipidated cysteine residue 2. Our
results challenge this widely accepted model by showing that correct trafficking by
the Lol lipoprotein sorting system and targeting to the outer membrane also depend
on the N-terminal intrinsically disordered linkers. We determined that the length of
the linker is important, but the sequence is not, on the condition that it cannot fold

into a defined secondary structure. Focusing on three structurally unrelated outer

235



membrane lipoproteins (RcsF, Pal and NIpD), we showed the functional relevance of
our findings. Additionally, we demonstrated that N-terminal disordered segments are
required for optimal processing of lipoproteins by the Lol system: decreasing the load
of the Lol system by deleting the gene encoding Lpp, the most abundant lipoprotein
in E. coli, rescues outer membrane targeting of lipoproteins variants devoid of their
N-terminal linker. Finally, our results also suggest that unstructured linkers might be

used by lipoproteins to cross the outer membrane and reach the cell surface.

Altogether, our results provide important mechanistic insights into the biogenesis of
lipoproteins, which are attracting a lot of attention due to their crucial cellular

functions and potential as targets for new antibacterials.
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Excitingly, our work also provides direct evidence that evolution can select protein
intrinsic disorder by function. Most proteins present segments that are intrinsically
disordered (it is estimated that 30-50% of eukaryotic proteins contain regions that do
not adopt a defined secondary structure in vitro 3). However, demonstrating that
these unstructured regions are functionally important in vivo has been challenging.
By showing that displaying an N-terminal disordered segment downstream of the Lol
signal is required for the correct sorting of some lipoproteins, the current

investigation provides crucial functional evidence that disorder matters.

To find out about our results and the role of disorder in lipoprotein processing, you

can find our full publication by using the following link:

https: /www.nature.com /articles/s41589-021-00845-z
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