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ABSTRACT

The discovery of Escherichia coli Lpp as the first protein with three acyl groups covalently attached to its N-terminal cysteine
residue defined a new class of bacterial proteins, the lipoproteins. Lipoproteins are extracytoplasmic, globular proteins that
are anchored to a membrane by a lipid moiety. Being anchored to the outer membrane, Lpp, which is also known as the
Braun lipoprotein, is small (5.8 kDa) and folds into a trimeric helical structure. It is also the numerically most abundant
protein in E. coli. A unique feature of Lpp is that its C-terminal lysine residue is covalently attached to the peptidoglycan,
providing the only covalent connection between the outer membrane and the cell wall. Here, we review the knowledge
gained on Lpp since its discovery in 1969 until the recent finding that Lpp functions as a major size determinant in the
bacterial cell envelope. We also discuss the role played by Lpp in virulence and highlight the major questions that remain to
be solved.
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INTRODUCTION

The envelope that characterizes Gram-negative bacterial cells
has attracted the attention of microbiologists since it was first
visualized by electron microscopy in the sixties (Claus and Roth
1964; Ushijima 1967). The Gram-negative cell envelope is a com-
plex macromolecular structure that features three distinct lay-
ers: the cytoplasmic membrane, also called inner membrane
(IM), the peptidoglycan sacculus (PG; also called murein) and
the outer membrane (OM), which constitutes the interface with
the environment. An aqueous, viscous compartment, called
periplasm, lies between the OM and the IM, thus containing
the PG (Silhavy, Kahne and Walker 2010). In the model bac-
terium Escherichia coli, the OM is covalently attached to the PG

via the lipoprotein Lpp, which is the focus of this review. Lpp,
also known as the Braun lipoprotein, is a small α-helical lipopro-
tein that is the numerically most abundant protein in E. coli.
Since its discovery almost 5 decades ago, Lpp has been the sub-
ject of intense scrutiny, researchers exploring its structural fea-
tures, biosynthesis, maturation, physiological function and role
during infection. Herein, we summarize the current knowledge
on this important envelope protein, discussing both the exper-
iments that led to its discovery and initial characterization and
the most recent achievements. We also highlight the fascinat-
ing questions that remain unsolved. We dedicate this review to
Prof. V. Braun, the discoverer of Lpp, on the occasion of his 80th
birthday.
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MAJOR PROPERTIES OF Lpp

Lpp, the first discovered lipoprotein

PG is a polymer consisting of linear glycan chains made of alter-
nating N-acetylglucosamine and N-acetylmuramic acid units.
The glycan strands are cross-linked together via short stem pep-
tides. In 1969, Braun and Rehn reported that when purified PG
sacculi were treated with trypsin, a lysine residue remained
covalently attached to about 1 out of every 10 repeating units
(Braun and Rehn 1969). This led them to conclude that this lysine
originated from a protein that was covalently bound to the PG
but had been released by the proteolytic treatment. In addition,
they also found that a lipid could be extracted from the prote-
olytic digestwhen it was treatedwith organic solvents, thus sug-
gesting that the protein that was linked to the PG by a lysine was
also anchored to a membrane by a lipid (Braun and Rehn 1969).
In 1972, the sequence of that protein was reported (Braun and
Bosch 1972b), revealing a highly repetitive nature and the pres-
ence of a C-terminal lysine residue bound via its ε-amino group
to the PG (Fig. 1A and B). A year later, in 1973, it was shown that
the protein was anchored to the OM via three acyl groups cova-
lently attached to an N-terminal cysteine residue (Hantke and
Braun 1973) (Fig. 1A). Because this protein was the first found
to exhibit these unusual features, it was first referred to as ‘the
lipoprotein’ (Braun and Rehn 1969) and only later as Lpp (Inouye,
Shaw and Shen 1977). In fact, Lpp turned out to be the first iden-
tified member of a large family of bacterial envelope proteins
that are attached to a membrane by a lipid moiety (Hayashi and
Wu 1990). A bacterium like E. coli expresses about 100 differ-
ent lipoproteins, which are targeted either to the IM or to the
OM, and that carry out important functions in cellular processes
such as envelope biogenesis, signal transduction, stress sens-
ing, virulence and cell division (Szewczyk and Collet 2016). Lpp
has remained a uniquemember among the lipoprotein family in
that it is so far the only one found to be covalently attached to
the PG.

Soon after Lpp was identified in E. coli, the existence
of homologous PG-bound lipoproteins was reported in other
γ -proteobacteria, including Pseudomonas and Salmonella (Braun,
Rehn and Wolff 1970) (Fig. S1, Supporting Information). In this
latter bacterium, two lpp genes (lppA and lppB) are encoded in
tandem (Sha et al. 2004; Kroger et al. 2013), but only one of them
(LppA) is expressed under laboratory conditions. As of today,
Lpp has been identified in many γ -proteobacteria species, in-
cluding Enterobacteriaceae, Vibrionaceae, Shewanellaceae and
Pseudomonadaceae (Fig. S1, Supporting Information). From now
on, unless specified otherwise, we will focus on the Lpp protein
from E. coli.

The PG-bound C-terminal lysine residue is highly conserved
among Lpp homologues and often present in an YRK motif (Fig.
S1, Supporting Information) (Zhang and Wu 1992). Whereas it
is not surprising that mutating the C-terminal lysine results in
the loss of PG crosslinking, it is remarkable that replacing the
tyrosine or argininewith β-turn inducing amino acidswithin the
α-helix (Tyr76 replaced by Pro, Ser, Gly or Arg or Arg77 replaced
by Leu) or negatively charged residues (Asp, Glu), while keeping
the C-terminal lysine, also results in a reduced attachment of
Lpp to the PG (Zhang and Wu 1992). Finally, it is interesting to
note that some bacteria, including E. coli, Shigella flexneri, Shigella
boydii, Escherichia fergusonii, Shigella sonnei, Shigella dysenteriae and
Salmonella enterica encode in addition to lpp, an lpp paralog, yqhH,
inwhich the C-terminal lysine residue is replaced by a negatively
charged glutamate. The function of this protein, which is not
constitutively expressed in E. coli (Li et al. 2014), remains elusive.

Figure 1. Structural features of Lpp. (A) The lipoprotein Lpp (drawn as a
monomer) is anchored to the OM via a lipid moiety composed of three acyl
chains (red lines) that are attached to the N-terminal cysteine residue of the

mature protein. Lpp is also bound to mDap residues in the peptide stems of
the peptidoglycan via its C-terminal lysine residue. (B) Sequence of E. coli Lpp,
highlighting the signal sequence in blue, the lipidated cysteine residue in brown
and the C-terminal lysine in green. (C) Crystal structure of E. coli Lpp, showing

a trimeric α-helical coiled coil (PDB: 1EQ7). D-Ala, D-alanine; Cys, cysteine; Lys,
lysine; OM, outer-membrane.

Lpp is a massively abundant protein

Lpp is massively expressed; being present at around 1 million
copies per cell (Li et al. 2014). Consistently, the Lpp mRNA rep-
resents up to ∼10% of all cellular mRNAs and ∼8% of all trans-
lation events in standard conditions (Li et al. 2014). A couple of
interesting features can be highlighted here to explain how such
high expression levels can be reached. First, the promoter re-
gion of the lpp gene has a high AT content, not only in E. coli
(Nakamura and Inouye 1979), but also in Serratia marcescens
(Nakamura and Inouye 1980) and Erwinia amylovora (Yamagata,
Nakamura and Inouye 1981). Because high AT content is thought
to facilitate strand unwinding by the RNA polymerase for tran-
scription initiation, this feature likely favors the high transcrip-
tion efficiency of the lpp gene (Nakamura and Inouye 1979). A
second feature that can also contribute to the high expression
levels of Lpp is the fact that the Lpp mRNA is extraordinarily
stable, having a half-life of 12 min (Hirashima and Inouye 1973),
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which is substantially more than most other E. coli mRNAs (av-
erage half-life of 1.3 min [Ingraham et al. 1983]).

Lpp is so abundant that it is not surprising that cells turn
down its synthesis when problems occur in the assembly of the
bacterial cell envelope. Indeed, it was recently shown that Lpp
synthesis is under control of sigmaE, an essential sigma factor
that induces a stress response when problems occur in β-barrel
folding or LPS targeting to the OM (Lima et al. 2013). This con-
trol is exerted at the post-transcriptional level by micL, an sRNA
that is induced by sigmaE (Guo et al. 2014) and that represses
Lpp translation by blocking ribosome initiation. Given the high
stability of the Lpp mRNA, blocking its translation appears to
be a more efficient mechanism to rapidly lower the flux of Lpp
molecules to the cell envelope than transcriptional repression.

How is Lpp crosslinked to the PG?

The binding of Lpp to the PG is catalyzed by L,D-transpeptidases
that covalently link the ε-amino group of the C-terminal lysine
of Lpp to the carboxyl group of the meso-diaminopimelic acid
(mDAP) residues present in the PG peptide stems (Fig. 1A). As
mentioned above, experiments carried out by Braun and col-
leagues using purified, trypsin-digested PG sacculi established
that binding between Lpp and the PG occurs every 10th to 12th
mDAP residue (Braun and Rehn 1969). In addition, using immu-
noelectron microscopy, it was also deduced by visual inspection
that the distribution of bound Lpp was homogeneous over the
entire sacculus (Hiemstra et al. 1987), although this deduction
still awaits confirmation using modern approaches (see section
Conclusions and Perspectives).

In E. coli, three L,D-transpeptidases, ErfK, YbiS and YcfS (re-
named LdtA, LdtB and LdtC, respectively), are able to catalyze
the crosslinking of Lpp to the PG (Magnet et al. 2007). All three
enzymes are homologous and present a conserved cysteine
residue in their catalytic site. This residue, which is prone to
oxidation by reactive oxygen species, is protected from irre-
versible inactivation by the oxidoreductase DsbG (Depuydt et al.
2009). DsbG functions in a periplasmic reductive pathway fueled
by electrons originating from the cytoplasmic pool of NADPH
(Depuydt et al. 2011). LdtB appears to be themost important L,D-
transpeptidase in exponential phase for at least two reasons.
First, it is substantially more abundant than LdtA and LdtC, be-
ing present at around 5000 copies per cell, in comparison to 500
copies for LdtC and 70 for LdtA (Li et al. 2014). Second, Magnet
et al. showed that the formation of Lpp-PG crosslinks is almost
abolished in cells lacking this enzyme (Magnet et al. 2007). Why
cells express three different L,D-transpeptidases remains un-
clear and suggests that these enzymes may have specific roles
to play under certain conditions.

A fraction of the Lpp pool is not attached to the PG

Shortly after the discovery of Lpp, Inouye and colleagues re-
ported that a fraction of the Lpp pool was not covalently bound
to the PG (Inouye, Shawand Shen 1972), remaining free in the en-
velope. Interestingly, the free form of Lpp seems to keep the abil-
ity to interact with the PG non-covalently (Hancock et al. 1981;
Choi et al. 1986; Clark and Bavoil 2002), but the molecular de-
tails of the interaction remain unknown. In cells grown under
normal conditions, the free and bound forms of Lpp co-exist in
an approximate 2:1 ratio, respectively (Inouye, Shaw and Shen
1972). Interestingly, this ratio varies depending on the growth
stage, the binding of Lpp to PG increasing by 70% when cells en-
ter stationary phase (Glauner, Holtje and Schwarz 1988). In addi-

tion, changes in the structure of the PG also appear to impact the
abundance of Lpp-PG crosslinks. For instance, deleting ynhG and
ycbB, two genes responsible for the formation of mDAP-mDAP
crosslinks, increases the amount of PG-bound Lpp by 2-fold, per-
haps because more mDAP residues are available for crosslinking
with Lpp (Schwechheimer, Kulp and Kuehn 2014). Intriguingly,
the lpp gene is encoded right next, although in the opposite ori-
entation, to ynhG, further suggesting a functional link between
these two genes (Schwechheimer, Kulp and Kuehn 2014). In the
same line, PG-Lpp crosslinking levels decrease by 40%when cells
lack NlpI, a lipoprotein that was proposed to control the activ-
ity of the PG endopeptidase Spr (Schwechheimer, Rodriguez and
Kuehn 2015), but double when cells are treated withmecillinam,
a β-lactam that targets PBP2, a transpeptidase involved in PG as-
sembly (Braun and Wolff 1975). Thus, altogether, these results
suggest a link between Lpp crosslinking to PG and PG synthesis,
but further studies are required to clarify this.

Interestingly, Cowles and co-workers recently reported that
the C-terminal moiety of the free form of Lpp could be labeled
by NHS-LCLC-biotin, an amine-reactive, biotinylated probe that
is OM impermeable (Cowles et al. 2011). Thus, in contrast to
the general view that E. coli OM lipoproteins face the periplasm
(Szewczyk and Collet 2016), these results indicated that free Lpp
is exposed on the surface. Consistently, the amount of surface-
exposed Lpp was increased in cells expressing the Lpp mutant
lacking the C-terminal lysine residue, whereas no labeling of Lpp
was detected in cells expressing lpp�17–37, an Lpp variant that
only exists as PG-bound (Cowles et al. 2011). How Lpp crosses
the OM to reach the surface remains completely unknown.

THE STRUCTURE OF Lpp

The features of the primary sequence of Lpp (58 residues in
the E. coli mature protein) suggested that the protein was
α-helical (Braun and Bosch 1972a), which was confirmed by
circular dichroism (Braun et al. 1976; Lee, Cheng and In-
ouye 1977). In addition, the presence of a seven amino acid
repeat (known as the heptad repeat) in which positions 1
and 4 are occupied by a hydrophobic residue was consis-
tent with the formation of an α-helical coiled coil. These
initial predictions were confirmed when the crystal struc-
ture of E. coli Lpp was finally solved (Shu et al. 2000; Liu,
Cao and Lu 2002), revealing that the protein folds into an
α-helical trimeric coiled-coil (Fig. 1C). The structure of Lpp
presents three domains: an N-terminal capping motif, a long
(residues 5–53) coiled-coil domain consisting of three parallel α

helices and a hydrophobic helix-termination motif.
In vitro analysis of the melting profile of Lpp showed that for-

mation of the trimeric structure is a very slow process since it
requires the alignment of the three strands in a helical confor-
mation (Dragan et al. 2004). As soon as it is achieved, however, all
three strands cooperatively collapse into a three-stranded coiled
coil (Dragan et al. 2004). Unfolding of the Lpp rigid trimeric struc-
ture is even slower, since it requires the simultaneous break-
ing of all van der Waals contacts and salt bridges between the
strands (Dragan et al. 2004).

FUNCTIONS OF Lpp

PG-bound Lpp maintains envelope integrity

Perhaps surprisingly, given the abundance of Lpp and its role in
attaching the OM to the PG, E. coli cells lacking Lpp are viable and
have no major growth defect under laboratory conditions. They
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exhibit, however, several phenotypes, including an increased
sensitivity to hydrophobic antibiotics, chelating agents and toxic
compounds such as SDS, EDTA, deoxycholate, dibucain and
vancomycin (Hirota et al. 1977; Yem and Wu 1978; Cascales et al.
2002; Nichols et al. 2011). They also release periplasmic proteins
to the extracellular medium (Hirota et al. 1977; Yem and Wu
1978). In addition, �lpp mutants also form OM blebs (Hoekstra
et al. 1976; Suzuki et al. 1978; Schwechheimer, Kulp and Kuehn
2014; Cohen et al. 2017), thus suggesting that Lpp functions as
a tether for the OM under normal growth conditions, prevent-
ing this membrane to tear apart from the cell. Interestingly, cells
expressing an Lpp variant lacking the C-terminal lysine (lpp�K58)
or deleted for the three L,D-transpeptidases that crosslink Lpp
to the PG share most of the phenotypes of the �lpp mutant
(Sanders and Pavelka 2013; Asmar et al. 2017), which further
highlights the important structural role played by Lpp in pro-
viding the only covalent attachment between the OM and the
PG layer.

Wewould like to highlight here the role of Pal and OmpA, two
proteins that also contribute to envelope integrity by connect-
ing the OM to the PG, although non-covalently. Pal is an abun-
dant OM lipoprotein (60 000 copies per cell [Li et al. 2014]) that
is part of the transenvelope Tol-Pal system. Tol-Pal is thought
to play a role in membrane constriction (Gerding et al. 2007)
during cell division and in phospholipid retrograde transport
(Shrivastava, Jiang and Chng 2017). OmpA is an abundant (207
000 copies per cell [Li et al. 2014]), widely conserved OM protein,
which adopts a two-domain structure with an N-terminal eight-
stranded β-barrel inserted in the OM (Pautsch and Schulz 1998)
and a C-terminal, globular domain present in the periplasm. Al-
though Pal and the periplasmic domain of OmpA have low se-
quence similarity, they both fold into a homologous structure
that is able to bind non-covalently to the PG (recently reviewed
in [Egan 2018]), thereby cooperating with Lpp in connecting the
two outermost envelope layers. Consistently, Pal overexpression
was shown to complement the sensitivity of �lpp mutants to
SDS and vancomycin and to decrease bleb formation (Cascales
et al. 2002). It is tempting to speculate that by evolving different
proteins capable to connect the OM to the PG either covalently or
non-covalently, bacteria are able to modulate the type of PG-OM
connection along the cell axis to optimize cellular processes.

PG-bound Lpp is a distance keeper

It was intuitive for the scientific community that the distance
between the OM and the PG was dependent on the length of Lpp
(Braun and Wu 1994). However, it is only recently that the func-
tion of Lpp as a key determinant of the size of the envelope was
experimentally demonstrated. In studies performed in S. enter-
ica (Cohen et al. 2017) and E. coli (Asmar et al. 2017), it was in-
deed shown that the distance between the IM and the OM was
increased in cells expressing longer Lpp variants from the lpp
locus (Asmar et al. 2017; Cohen et al. 2017) (Fig. 2). Remarkably,
the increase was proportional to the length of Lpp. Insertions of
14 (Lpp+14) or 21 residues (Lpp+21) augmented the IM-to-OM dis-
tance by 3 and 4 nm, respectively, as measured by cryo-electron
microscopy (cryo-EM), a technique in which cells are preserved
in a frozen-hydrated, near-native state (Asmar et al. 2017). It was
therefore concluded that Lpp dictates the size of the periplasm.

In addition, the use of these Lpp length variants also brought
important new insights into the cell envelope architecture. First,
Cohen et al. showed that controlling the IM-to-OM distance is re-
quired for the OM to exert physical pressure on structures span-
ning the intermembrane space. In particular, they studied the

length of the rod, a portion of the flagellum that forms a drive
shaft transmitting torque generated by the cytoplasmicmotor to
the external filament. The authors found that the defined length
of the rod (25 nm) is determined by the width of the space be-
tween the IM and the OM. Increasing the intermembrane dis-
tance alleviated the physical pressure of the OM on the rod
allowing it to extend beyond 25 nm (Fig. 2) (Cohen et al. 2017).
Second, we showed that strict control over the IM-to-OM dis-
tance is required for effective envelope surveillance and pro-
tection during exponential growth. Indeed, we found that in-
creasing the length of Lpp resulted in the inability of the OM
stress sensor lipoprotein RcsF to transfer stress signals to IgaA,
its downstream partner in the IM (Cho et al. 2014), thus prevent-
ing the activation of the Regulation of Capsule Synthesis (Rcs)
stress response systemwhen peptidoglycan damage occurs (As-
mar et al. 2017). Remarkably, efficient signaling could be restored
by increasing the length of the intrinsically disordered linker
(Asmar et al. 2017) that RcsF displays at its N-terminus (Leverrier
et al. 2011; Rogov et al. 2011). This study demonstrated the phys-
iological importance of the size of the envelope, suggesting that
cellular architecture and the structure of transenvelope protein
complexes have been evolutionarily co-optimized for correct
function.

In this context, it is interesting to note that the length of Lpp
is highly conserved among species with only small variations
ranging from 1 to 8 amino acids (Fig. S1, Supporting Informa-
tion). Intriguingly, Baumania cicadellinicola, a γ -proteobacterium,
has an exceptionally long Lpp protein with 34 additional amino
acids (Uniprot accession number: AKZ65694.1), suggesting that
the size of its envelope might be larger. However, this has never
been investigated so far.

Functions of the free form of Lpp

In contrast to the bound form of Lpp, whose structural and func-
tional importance has been demonstrated, the role of the free
form remains unclear. Soon after its discovery, it was first pro-
posed that it could create diffusion pores through the OM (In-
ouye 1974). However, the fact that �lpp mutants are not altered
for permeability to hydrophilic molecules (Nakae 1976) and that
Lpp did not produce pores in an in vitro reconstitution assay
quickly argued against this hypothesis. An alternative hypothe-
sis that remains worth exploring is that cells maintain a pool of
free Lpp molecules, available for cross-linking, to enable them
to modulate the level of covalent attachment between the PG
and the OM during the cell cycle or along the cell axis. Sup-
porting this idea, bacterial cells increase the number of cova-
lent connections between the OM and the PG when they enter
stationary phase (see above). In addition, it is also possible that
cells respond to specific envelope stress conditions by increas-
ing the number of Lpp-PG crosslinks, whichwould require a pool
of readily available Lpp molecules. Further experimental work
is required to test this hypothesis and to elucidate the function
of free Lpp. The recent identification of the free form of Lpp on
the cell surface (Cowles et al. 2011) only makes this task more
challenging.

Function of Lpp in virulence

We also would like to briefly highlight here that Lpp does not
only play a structural role in the cell envelope, but is also impor-
tant for bacterial pathogenesis, either by contributing directly or
indirectly to the virulence of the pathogen or by modulating the
immune response of the host. For instance, in the pathogenic E.
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Figure 2. Peptidoglycan-bound Lpp controls the size of the envelope, which is important for flagellum assembly and intermembrane communication. Lpp was recently

shown to be a major determinant of the size of the envelope: increasing the length of Lpp (Lpp+14) increases the distance between the inner and the OM. Because
the length of the rod of the flagellum (25 nm) is limited by the intermembrane distance, increasing the size of the envelope allows rod length to extend beyond this
value (Cohen et al. 2017). In addition, increasing the intermembrane distance also prevents the outer membrane lipoprotein stress sensor RcsF to interact with IgaA,

its downstream partner in the IM in conditions of envelope stress, thus preventing the activation of the Rcs signaling cascade (Asmar et al. 2017). C-ring, cytoplasmic
ring; ft3ss, flagellar type III secretion system; IM, inner-membrane; L-ring, Lipopolysaccharides ring; MS-ring, membrane-supramembrane ring; OM, outer-membrane;
PG, peptidoglycan; P-ring, peptidoglycan ring.

coli strain O157:H7, lpp deletion has been shown to induce the
Cpx stress response system (Uhlich et al. 2009), which in turn
reduces cell invasiveness by turning down biofilm formation.
Similarly, in Salmonella Typhimurium, the absence of Lpp re-
sulted in reduced virulence and host cell invasion (Sha et al.
2004), probably caused by the downregulation of a series of im-
portant factors including components of the type III secretion
system and of the flagellar apparatus (Fadl et al. 2006). More re-
cently, in the uropathogenic E. coli strain CFT073, the �lpp dele-
tion mutant was shown to be sensitive to serum killing in vitro
and to be impaired in its ability to produce capsular polysaccha-
rides, a major virulence determinant (Diao et al. 2017). Interest-
ingly, the authors showed a correlation between impairment of
the Lpp-PG attachment and the correct localization of the cap-
sule polysaccharide translocon KpsD, which could explain the
observed defect in capsule production.

From the host perspective, E. coli Lpp has been shown to
contribute to the activation of an inflammatory response in

epithelial cells (Neilsen, Zimmerman and McIntyre 2001) and to
the septic and inflammatory responses in mice (Lakshmikanth
et al. 2016). Lpp appears to act through TLR2 (Aliprantis et al.
1999; Lakshmikanth et al. 2016), a toll-like receptor (TLR) that
recognizes the broadest range of ligands activating
macrophages during infection (Jiménez-Dalmaroni, Gerswhin
and Adamopoulos 2016). The ability of TLR2 and other TLRs to
recognize lipoproteins like Lpp is now being taken advantage of
by synthetic lipopeptides that are used for vaccination without
additional adjuvants (Zaman and Toth 2013).

Lpp AND BIOTECHNOLOGICAL APPLICATIONS

The unique structural features of Lpp, its cellular abundance
and high stability have inspired many biological applications.
For instance, due to their increased OM permeability, E. coli
cells deleted for lpp exhibit an improved ability to secrete re-
combinant proteins directly into the culture medium (Shin and
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Chen 2008), thus facilitating subsequent detection and purifica-
tion. The secretion of recombinant proteins in the external en-
vironment without cell lysis is also interesting for the produc-
tion of enzymes involved in the degradation of toxic pollutants.
Additionally, because lpp deletion increases OM permeability
without substantially affecting cellular growth, it can also be
used to facilitate the entry of substrates of recombinant en-
zymes produced by the cell (Ni, Reye and Chen 2007; Chen et al.
2014). Finally, while cells deleted for lpp were proposed as at-
tenuated live vaccine candidates against Salmonella (Liu et al.
2008; Erova et al. 2016) and Yersinia (Sha et al. 2008), recombinant
OprI (Lpp in Pseudomonas aeruginosa) was tested as a vaccine and
found to protect mice against P. aeruginosa (Finke et al. 1990).

CONCLUSIONS AND PERSPECTIVES

Lpp, the first ever discovered lipoprotein, has been studied since
the late sixties from different perspectives. At first, it served as
a paradigm for lipoprotein biosynthesis and maturation, before
interest aroused not only for its involvement in virulence and
infection but also for its structural role in the bacterial cell enve-
lope. In particular, the important role played by the bound form
of Lpp in tethering theOM to the PG and inmaintaining periplas-
mic size has been recently unraveled. In that respect, future re-
search should address to which extent envelope-spanning sys-
tems in E. coli and other bacteria are dependent on strict control
over the IM-to-OM distance by Lpp. It will also be interesting to
elucidate how the OM-PG connection is maintained in bacteria
that do not express Lpp. It is possible that these bacteria rely on
proteins like Pal and OmpA to tether the OM to the PG and con-
trol the size of the envelope via non-covalent interactions. Alter-
natively, it is also possible that other envelope proteins, lipopro-
teins or β-barrels, will be found to be covalently cross-linked to
the PG in the future.

Importantly, despite the impressive wealth of knowledge
gained on Lpp, crucial questions remain unsolved regarding this
protein. For instance, it remains to be carefully investigated
where and when the crosslinking of Lpp to the PG occurs, if
the distribution of bound Lpp is homogeneous along the cell
axis and at the pole and how cells control the ratio between the
bound and free forms of this protein. In the same line, further
work will reveal why bacteria like E. coli express different L,D-
transpeptidases, such a redundancy supporting the hypothesis
that these enzymes carry out specific yet complementary func-
tions. Finally, how the different pathways involved in OM and PG
biogenesis depend on the attachment of Lpp to the PG for coor-
dination and how the free form of Lpp reaches the cell surface
are additional aspects that are worth exploring. Although Lpp
has been studied for 5 decades, this small, yet fascinating pro-
tein keeps several well-guarded secrets. To reveal them, scien-
tists will benefit from recent technological advances, in particu-
lar in microscopy and labeling approaches that should facilitate
the exploration of Lpp function at the spatio-temporal level.
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